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SUMMARY

This paper presents the evolution of the structural design of one of the tallest structures in
the world. The architectural design was develypeehrdad Yazdani &annon Design
Group.

1. INTRODUCTION

A great structural design starts with an architectural vision and the desire by the structural
engineer to makliis vision become a reality with consideration of the environmental and
human loaihg acting on the structure during its. lifee basic architectural visiohthe
Guangzhou Toweis threetwisting ierconnectedegs;see Figurel, taken from our
computer model of the structufiéhe architectural plan at each level of the towergotate

and twists. Also the diamond pattern provides visual elegance and structural stability. As a
structural engineer we always try to develop our own vision of the best structural system that
comgiments the architectural visiorhe basic structural visibare is of &iving Sructure

that can be adapted and improved from a structural engineering perspeetivhigis

tech products become availableuasinderstanding of the forces of naiomeroves using

ground and aerial instrumentatiamd as we mprove the accuracy of ostructural
modelingto estimate structural respotsevind and earthquake loadimbe architectural

vision is clearly great, innovative and imaginafikies paper focuses on the structural
engineering vision and the evolutbthe design to best implement both the architectural

and structuralisiors.

The Guangzhou Tower is a structural system of three triangular spirally twisting steel legs
interconnected at intermediate lebglgloors of observation decks, see Figurasd23,

taken from our computer model of the structilihe footprint of Guangzhou Tower is an
equilateral triangle with 100m Iesides and a total height of 540m above grade. Each leg of
the tower also has a triangular footprint with 33.33m long sif@edf (btal size). With
increasing elevation, the plan of each leg reduces in size, twistslocknise and rotates
counterclockwise about the center of the tower. The smallest size of the tower is at an
elevation of 420m, with each leg being aratsyail triangle with sides 11.11m long (1/3 of

base dimension). From elevation of 420m to 540m, the tower flares out/ opens up, with
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each leg consisting of equilateral triangles with 17.46m long. At the top, each leg of the
tower has rotated 120 degreasnterclockwise about the center of the tower. The three

legs of the tower are connected to each other by floor diaphragms at elevations of 90, 100,
110, 120, 420, 430, 440, and 450m, where each diaphragm connects only two alternating legs
of the tower. A wven tensioned steel wire mesh will be wrapped around the structural
framing.

The steel part of the structural system of the tower consists of (sed)Figure
e Spines: Members connecting the vertices of the triangles of each leg of the tower,
in an upwardbut twisting direction.
¢ Exterior Diagonals: Members that make up the diamond shape on the facade of
each leg of the tower.

e Exterior Ties: Horizontal members going around the interior of each face of the
leg of the tower every 60m.

¢ Floor Diaphragms: Obsetiam floors at elevations of 90, 100, 110, 420, 430, and
440m, where each diaphragm connects two alternating legs of the tower.
Diaphragms at elevations of 120 and 450m form the roofs of the observation
levels at elevations 110 and 440m, respectively.

e Conrections: Moment connections between members. The members framing into
each joint have a slightly different ori
unigue and complex.

The Foundation will be a system of pile caps under each leg, supportedwoti ks
grade beams connecting the pile caps.

The structural performance of the tower is enhanced and the detignngproved by

making it a lvingor Smart buildings will be discussed in more detail in the following

section. The key structuraraknts in this living structural system are Suppleireyital
ViscousDamping Devices. These devizdamper$ are energy dissipating devices that

absorb and dissipate the energy going into the structure from the environmental loads.
These devices pealeduce the wind load on the structure (by changing/offsetting the
characteristics of the tower), and the displacements and floor accelerations (by improving
structural integrity). The strength, serviceability and human comfort criteria can then be
satisied with smaller members in the structuf@éese active dampers have a control

mechanism and a feedback system that are tuned to the actual displacement of the structure.
A computer processes the data from the feedback system in real time and setdsthe cont

of the dampers to produce the desired effect. Also the feedback system can also be used for
visual entertainment, wherein the actual movement of the tower could be graphically
projected on TV consoles and viewed by visitors. It is self evidenthisaglectronic age

that will only become more beneficial to structural engineers during the life of this structure
which will certainly exceed the currently assumed 50 years for code structural design criteria
that both the hardware and software ofdaimping feedback system will make great

advances and be upgraded with time. Just as future medical advances will improve our
quality of life this technology advances are planned for in the design and will improve the
quality of life for th&ivingor Smarbuilding
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Figure 2 Close-up of Upper Platforms Connecting the Legs of the Tower
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Figure 4 Structural System of Guangzhou Tower



2. THE STRUCTURAL VISION OF A LIVING S TRUCTURE

Unfortunately, most owners and architects are only interested in minimum first cost
buildings and do not consider reality asistsein structural engineerifidhe structural

designof a Living or Smart Building provides structural system that satisfies current
minimum code design criteria, meetsatlmec h ivisiaa,cabhdfprovides the owner with an
optimized structure that camies to fulfillits needs well into the futuréheb ui | di ng o s
lateral force resisting system is desigyéhke structural enginegith theknowledgehat

the Taylordampers in the structucanbe easilynodifiedto incorporate the expected high
techndogy advances in computers and instrumentatiotharedore an expectaitcrease

in both building performance and confidencthatperformance tmatural environmental

loadingas technology advances

We believe thahis and othedlandmarkstructure are more thananinanimate metaind

glasslt is like a child a child that is conceived with a passionate vision of its form,
structure and purpose; nurtured through the schematic design phase and the development of
construction documents; and careddiarng the labor pains of plan check corrections,
requests for information, shop drawing review, and construction ofsetvkéia smart

child, this building structure witlature, perform necessary functions dutsngfe and
eventuallygrow old andlie. Our building structural design veitintrol from a structural
engineering perspectihe performance auality of lifieat thisbuilding experiences during

its existence.

A Living or Smarstructural design will involweore indepth and sophisated structural
engineering analyses so as to more accurately define the expected performance of the
structureduring future earthquakes and severe winds. This extraaaffortly be done by a

few existing building design firms, but if it is delkeresult in a reduction in the
construction cost of th&ructureas well as an increase in the confidence thstrulsture

will not experience human discomfort beyond acceptable performance standards and will
not collapsein part or in total, ina majorearthquake or severe wind. These analyses
consider credible scenarios of future earthquakes and severe winds, including hurricanes,
during the building life and calculate for each the expected damage to the structural and
nonstructural systems and theding contents. In addition to the optimal design based on
these advanced analyses, the building is also designed with the recognition that we are
beginning a century of extreme technological advancement. This recognition is an essential
part of the desigaf aLiving or SmarBuildingbecause itecognizes that it is possitiat

the buil ding6s | awithitarhylordampersman eagiiseimedifiedn g sy st
during the life of the building.

A Livingor Smarstructural design is consisteithwnany other aspects of our lives where

when we purchasequalityitem, we recognize that the item must be able to accommodate
future changes. For example, the purchase Rilex watch because ofts ability to
accommodate fashion changes. Anothermeamthat a computer is designed to have the
memory capacity upgraded with newer and better cards. A third example is that a retirement
planfor a persomust be designed to accommodate the uncertainty expected to occur in the
typical 26year retiremeneriod.



Our Livingor SmarBuildingdesigrrecognizeand incorporates in its deswgcousTaylor
dampers thaanticipate changes in technology that are expected to occuoverti€0
yeardesign life of the buildinghis technology developmenteaskwo forms: Research and
New Products.

Research in the area of structural engineering continuously advances the basic accuracy with
which structur al engineerds model |, usi ng ma
under everyday loads aldoloads caused by extrearal rareenvironmental events. As

modeling techniques advance, structural design procedures become more accurate and
optimal.

None of us likes to be sick. In a similar \wwayimportanbuilding doesat like to suffer
damage wheress than major levels efarthquake or severe witmhding occur
Unfortunately, the realities of life are thabde designed building that is not a Living or
Smart buildingwill be sick, and will experiengignificantlevels of earthquake ground
motion or severe winds that produce damage. For exaneplayilding code sets the
exposure time or design life for a Ndving or Smart building to be 50 yealss i not
addressing reality for an important building which can be expected to exisbrfondr@0

years. Therefore, the important buildiag be expected to experience various wined
induced loadsVhen these forces occur, the building can expect damage; however, collapse
of the structure is not expected because collapse preventicmsis madndatory design
criterion. Most often building damage is to the nonstructural system; damage to the
structural lateral force resisting system typically occurs onlytlrdinmgstseverdoading

A Living or Smartbuilding design calculates the ebguetife cycle damage for different
exposure windows and then in final design selects thiafiltmbdamper properties to best

meet thedo w n ebjedtons.

3. INITIAL CONCEPTUAL D ESIGN

A good structural design incorporates substructures that aredrepeatighout the
structure and this is, construction wise, cost effective. Therefore, it is very important to
focus special attention on the typical substrudtigare5 shows an elevation of the
structure and the substructure that we will now addfesstarted our study with a study of

a two dimensional (D) substructureof the completestructure.The substructure under
consideratiors defined as one face of a triangle of one leg of the overall stfixetinasic
configuration of the substructuwrensists of a 60m diamesklaped lattice work, signifying

the bottom 1/9' of the overall height of the tower. (The tower was architecturally
conceptualized as consisting of 8a@ex; each 60m high). Figusés)and(b) illustrate the

setup and basidtiae workof the substructurd he substructure itself is divided into three
levels, each 20m high, while the nodes comprising of member intersections are defined at
each 10m heighthe members are assumed to be hollow rectangular sections of 1m x 1m X
0.1m.

Various configurations of tl#D substructure were analyzed to study their stability and
performanceThese configurations differ from eadbther in the type of connections
between membeendthe presence/ absence of ties and corner spinescomections



defined in a substructure model could be all pinned or all moment connections or a
combination of both. The models could also have external ties at the top only, i.e. 60m
height, or every 20m. Furthermore, the model could have vertical menibessatsfhe

two sides. Figur&@shroughl3illustrate a total of eigtiifferent substructure models.

The substructure models were subjected telfheesght ofthe structuramembersand the

dead load of the towabovethe 60mlevel, which waappled agoint/ concentrated loads

at the top nodes. The resulting deflections and stresses were utilized as the performance
yardsticks in the assessment of their structural behavior. The deflections at a node are given
in the horizontal (Ul) and vertical YUfBrections, while the stresses in the structural
members are a combination of axial arakibi bendinglable 1 presents the maximum
deflections and stresses obtained from each substructure model under the loads described
above. The deflections tabethiare for nodes X.080and X.044 (refer to Figuré for
nomenclature) which typically exhibit the largest resultant displacement in the substructure.
The stresses are the maximum values occurring in any structural member of the
substructure. Included the table are descriptions of the models and connections used and

a remark on the stability of the structure. The results presents in Table 1 are illustrated in
Figures/ throughl3 which depict the undeformed and deformed shape of each model.

The reslts of the study indicate that pinned connections with the basic diathoad
structure (Figur@ - Models B2D-1 and B2D-2) results in an unstable structure. The part

of the structure bounded by a triangle extending upward from the outer supfabis.is
However, the lattice work assembled on top of this triangular base does not have enough
support points to be stable. A deformed shape would typically show those members heaping
around the triangular base. Adding a tie at 60m highyladehB2D-2, does not provide

enough constraints/ support for stability.

The largest deflectioms a stable structureere obtained fdviodels B2D-6 and B2D-8.

The deformed shape bfodel B2D-6 depicts members flaring out excessively at the top
under the apmd loads, whilModel B2D-8 exhibits its maximum deformation at level 40
(Node X.0441), as the horizontal tie at the top restrains the flaring out observed in model
B-2D-6. Both these models induced extremely high stress on the members. In contrast,
Modds B2D-5 and B2D-4 exhibitthe smallest deflections and stresses, which are
attributed to the restraining actions of the horizontal ties and/ or spines. However,
comparison of the deflection values and the stresses indicates that, from a structural
engireering point of view, the use of horizontal ties every M0del B2D-5) is a more

efficient use of resources. This is further illustrated by a compaisaatetsf B2D-3 and

B-2D-4, which reveals that the addition of a horizontal tie at the top thwadsrdhe
deflections by 71% and 35% at the top and 40 m levels, respectively. Furthermore, providing
moment connections in lieu of horizontal ties and/ or spined/mslal B2D-7 was found

not to be as effective. It demonstrated, however, that designasthitecturally desirable
openlattice structure is feasibletbacondition that the relatively high stresses (91 ksi) and
deflections (resultant displacements of 60mm and 156 mm) cadddeel to manageable

levels with a change in member segtioperties.

The three legs of the tower rotate about the centre and twist on their axis as they progress
upwards. Each leg of the tower ends up rotating 120 degrees with an offset of more than
50m from its footprint at the baSierefore P-Delta effed might play an important role



in the structural behavior of the tower, which tBesRibstructure models do not capture.

On the other hand, each leg of the tower has three faces interconnected to each other at the
edges, which enhances the structurabrpgahce of the leg significantly. Each leg of the
tower could be considered analogowsltollow, triangular sectisimilar toa pipe section
Furthermore, the three legs of the tower are connected to each other by floor diaphragms at
certain elevationsyhich induce framing action among the three legs and consequently
reduce deflections and stresses in the meribergfore, d study the outcome of these
opposing effects global D modelof the whole structure need to be studied.

The threadimensioal (3D) study was focused on fiuming the behavior of the open

lattice structureModel B2D-7) described above. This diamshdpe lattice work was
favored for architectural reasons and it was desired to preserve it as much as possible
without compronsing the structural integrity of the tower. VarieD8nfigurations were

analyzed to assess their structural performance and suitability. These 3D configurations are
global models of the whole tower (540m high), which include the three trianguliéih legs,

all connections assumed to be moment connections.

The models/ configurations differ in the number and type of links between the three legs.
The links between the three legs could be every 60 m, or at 2 or 3 selected heights, or none
at all. Therera three types of links assumed in the different models:

1. Diaphragm constraint of the nodes on the inside face of each triangle in the
three legs at the link level (see Fity(ed).

2. Axially rigid (rod) link between adjacent vertices of the triangles and
horizontal members connecting the nodes on the inside face of each triangle
at the link level (see Figa#b)).

3. Horizontal members connecting the adjacent vertices of the triangles and
horizontal members connecting the nodes on the inside face ofapgtd tri
at the link level (see Figa#c)). These members are all of the same size.

The models also differ in that some of them might (or might not) have members along the
corners of the triangles (like a spine). All members in the models are assuhmbhbio be
rectangular sections of 1m x 1m x 0.1m (same-&srimo@els).

For analysis and assessment of structural performance of the different configurations, static
dead load and modal analyses were performed. The dead load consists solely of the self
wdght of the members of the structure. Structural performance measures include the
fundamental period of the structure, the deflection at the top (540m height) and the
maximum stress (computed as a combination of the axialeaaa bending) occurring in

any member of the tower.

Table 2 summarizes the results obtained for the 10 diffdpesbi¥igurations of the

tower. The longest period, 28.8 sec, is obtainddodel B3D-1, which does not have

corner members/ spines or links or horizontal membleesstructure is very flexible with
horizontal and vertical displacements of 44.6m and 4.9m, respectively, at the top. The
arrangement of the members in the diarsbiaghe lattice workwithout any ties or links
essentially allows the structure to miedlave like an accordion. The resulting stresses are
also very high, with a maximum of 130 ksi. These large deflection values and extremely high
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stresses could be reduced by adding diaphragms at certain levels to link and frame the three
legs of the toweModel B3D-2 exhibits such a configuration, with nine diaphragm/ Type 1
constraints for all nodes (every 60m), which yields deflections of 0.7m and 0.3m, in the
horizontal and vertical directions, respectively. The stresses are also significatfitlg less, wi
maximum of 28 ksi, while the fundamental period was reduced to 22.5edel B3D-

3, the links are substituted by Type 2 links, resulting in more flexible structure with a
fundamental period of 23.9 sec. The horizontal and vertical defledctien®ptare 13.4m

and 2.0m, while the maximum stress increases to 62 ksi. Adding corner members/ spines to
the modeb as inModelB-3D-4 d yields a structure with the shortest fundamental period of
11.9 sec. The addition of these corner members alsachedpduce the deflections to 3.8m

and 0.6m (reduction of 71% and 67%) in the horizontal and vertical directions, respectively.
The maximum stresses obtained were 31 ksi on the spines and 25 ksi on other members. It
was found that substituting the TydmRs with Type 3 links every 60iodel B3D-10-

with spines/ corner members present does not alter the structural behavior of the tower
significantly. The fundamental period obtained was the same, while there were slight
increases in the defections atrdsses. These results and observations indicate that Type 1
links & diaphragm constrainésrather than Type 2 or Type 3 links, in combination with
corner spines, are more efficient in enhancing structural performance of the tower.
However, architecturaonsiderations/ constraints preclude the provision of diaphragms/
links every 60m and hence, the structural behavior of the tower with fewer diaphragms or
links has to be analyzed.

As a point of departurdlodel B3D-6 was constructed with no cornemepiand two
diaphragm constraints at 180m and 420m heights. As expected, this yields a relatively large
fundamental period of 27.5 sec. The defections are also relatively large with 3.8m and 1.0 m
in the horizontal and vertical directions, respectively,tivda maximum stress obtained was

46 ksi. Adding a third diaphragm at level 5dWodel B3D-7 6 does not change the
fundamental period and the maximum stress obtained. However, it reduced the top
deflections by 78% and 46%, to 0.8m and 0.6m, in tizerftal and vertical directions,
respectively. This configuration was moplementedas architectural considerations
precluded the provision of a diaphragm at the 540m level.

Another point of departure was to model the tower without any links/ diaphragm
constraints but with corner members/ spines. Miodel, B3D-5, yields a relatively small
fundamental period of 12.1 $ecompared to models3-6 and 7. The stresses were also
comparable, with maximums of 42 ksi and 32 ksi on the spines and otheis,membe
respectively. However, the horizontal deflection increased té @rlimcrease of 187%
(compared toModel B-3D-6) - due to the loss of framing action of the diaphragm
constraints, while the vertical displacement was reduced to 0.8m (reduction of 27%
compared td/lodelB-3D-6) due to the vertical resistance of the spines/ corner members.

Model B3D-8 was constructed with corner spines and two diaphragm constraints (Type 1)
at level 180m and 420m, as a combination of model¥6Band B3D-5. This
configuration yields a relatively short fundamental period of 12.2 sec, and the stresses were
reduced to 30 ksi on the spines and 20 ksi on other members. The deflections obtained at
the top were 1.9m and 0.4m in the horizontal and vertical directionsyedgpkdsi noted

that the horizontal displacement is 1/280 of the height, which is larger than the 1/500 limit
(1.08m for 540m) usually used in preliminary design of tall structurgdoTeduce this
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excessivdisplacemeniModel B3D-9 was createditiv horizontal ties around the triangles

of each leg of the tower at the diaphragm levels (180m and 420m). This configuration does
not change the fundamental period and the maximum stresses on the members. There was a
slight decrease in the maximum stogsghe spine® a reduction of 10% to 27 ksi
compared tdvlodelB-3D-8 - due the hoop action of the horizontal tie members, while the
defections were reduced to 1.0m and 0.3m (reduction of 45% and 27% confzded to
B-3D-8). The horizontal displacememsha ratio of 1/515, satisfactorily less than the
desired limit 1/500.



Table 1

Two-Dimensional Substructure Models

o _ Remarks
Model Description Connections Stability | Deflection[mni] | Max. Stress[ksi
2-D Original Lattic®
B-2D-1 | Diamond Shape as Bas  Pinned Unstable X X
Structure
2-D Diamond Shapes
B-2D-2 | with Horizontal Pinned Unstable X X
Members every 60 m
Node X.0661:
2-D Diamond Shapes 8; : giz
B-2D-3 | with Vertical Members ¢ Pinned Stable . 39.9
the Corner/ Edge Node X.04€L.
Ul=105.9
U3= 454
Node X.066L:
2-D Diamond Shapes ui= 34
with Vertical Members ¢ . u3= 31.8
B-2D-4 | ihe Comer/ Edge and 4 Pinned Stable {54 X 0461 30.8
Horizontal at 60 m Ul= 68.6
U= 295
Node X.0661:
2D 0 X6 -Svtha p Uss s
B-2D-5 | Horizontal Members Pinned Stable - . 10.1
every 20 m Node X.0461:
Ul= 43
U= 193
Node X.066L:
2-D Original Ldticed Moment / 8:1)) f 1(?6%8
B-2D-6 | Diamond Shape as Bas . Stable — = 265.0
Structure Continuous Node X.046L:
Ul= 300.8
u3= 177.8
Node X.066L1:
. Ul= 409
2-D Diamond Shapes _
B-2D-7 | with Horizontal gﬂo?tr?neung J S Stable Nogg)z 02316 91.1
Members every 60 m Ul= 1357
Us= 76.9
Node X.066L.:
Ly o4 Ul= 6.6
2D 0 X6 Swtha p _
B-2D-8 | Horizontal Members Moment / Stable us = 88'3 209.4
every 60 m Continuous Node X.046L:
Ul = 930.6
U3 = 498.3

" Deflections are given in absolute values: U1 = horizontal, U3 = Vertical
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Table 2

Three-Dimensional Substructure Models

Period Remarks
Model Description Connections . Deflection Max. Stress
[sec] | Stability .
[mm} [ksi]
Original diamond lattice; N _
B-3D-1 | links, no corner/ spine gﬂo%rgﬁﬂéﬂs 28.8 | Stable 8% _ 423}& 130
members -
Original diamond lattice _
B-3D-2 | with diaphragm constraint Moment/ 22.5 | Stable ul _ 700 28
: Continuous U3= 269
(Type 1 link) every 60m
Original diamonthttice Moment / Ul = 13,419
B-3D-3 | Lith Type 2 links every 601 Continuous 239 | Stable| j3_ 1,950 62
Original diamond lattice
an.4 | With Type 2 links every 601 Moment / Ul = 3,849 | 31 pn spines
B-3D-4 (B-3D-3) with corner/ spine| Continuous 11.9 | Stable U3 = 642 | 25 (on others
members
Original diamond lattice .
: . Moment / Ul=7,091 | 42 (on spines
B-3D-5 | with corner / spine . 12.1 | Stable _
members but no links Continuous U3 = 750 | 32 (on others
Original diamond lattice
an. | With diaphragm (Type 1 linf Moment/ Ul=3,788
B-3D-6 | 4t 18cand 420m only, but | Continuous| 272 | Stable| 3 _ 108 46
no spine/ corner members
Original diamond lattice
with diaphragm (Type 1 lin _
B-3D-7 | at 180, 420 and 540m only (':V'o%rgrfﬂéfj <| 275 | Stable Bé - %%a 46
but no spine/ corner B
members
Original diamond lattice
with diaphragm (Type 1 lin _ .
B-3D-8 | at 180 and 420m only; (B g"ocl’nrgrfﬂéfj .| 122 | staple| 53Z 278130 82 Spines
3D-6) with corner / spine -
members
(B-3D-8) with tes around _ .
. Moment / Ul=1,048 | 27 (on spines
B-3D-9 | each triangle at 180 and ContinUous 12.2 | Stable U3= 309 | 20 (on others
420m
Original diamond lattice
AR with corner/ spine member; Moment / Ul =3,951 | 31 (on spines
B-3D-10 (B-3D-4) and type 3 links | Continuous 11.9 | Stable U3 = 659 | 26 (on others
every 60m

" Deflections are for a node @ 540 m (topgaier) given in absolute valuesU1 = horizontal, U3 = Vertical

For 540 m height: 1/500 deflection = 1,080 mm
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a. Undeformed Shape b. Deformed Shape

Figure 8 Model B-2D-3 (Pinned Connectionglus Sping
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a. Undeformed Shape b. Deformed Shape

Figure 9 Model B-2D-4 (Pinned Connectionslus Spine and Tig



A A A A
a. Undeformed Shape b. Deformed Shape

Figure 10 Model B-2D-5 (Pinned Comectionsplus Multiple Ties)

A A A A A A A A
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Figure 11 Model B-2D-6 (Moment Connections)
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4. STRUCTURAL LOADING, ANALYSIS, LOAD PATHS AND
PERFORMANCE

The loads that the tower has to support / resist during its lifetime are:

e Dead loads: selfeight of the structure and any permanent fixturesdimglu
elevators, antennas, etc.

¢ Live loads: loads from use and occupancy, excluding construction and environmental
loads.

e Wind loads: loads due to pressure by wind pushing against the facade of the tower.
The wind load depends on the geometry of the seustauctural damping, and the
wind speed. The design wind speed is assumed to be 45m/s (100seplguéd
wind speed, 50 year nominal return period) at a height of 10m above ground. The
structural damping, which affects the dynamic interaction betveegnnd and
structure, was taken to be 1%. This value of damping was derived from a
comprehensive database of experimentally measured damping of tall structures,
including towers, in Japan. The porosity of the mesh skin/ cladding and the geometry
of thestructure also affect the wind load, in which case, a force coefficient of 1.6 was
estimated. This force coefficient and structural damping could be optimized by
changing the shape and size of the opening in the mesh skin. A detailed wind tunnel
evaluatiorof the loads will be performed in the design phase to account for the aero
elastic interaction of the structure with the wind.

e Seismic loads: loads induced on the structure by earthquake ground motion. A
response spectrum for the site was created batw®zl sgismic properties of the site
and the resulting inertial loads applied to the structure.

These loads are combined according to specifications of the American Society of Civil Engineers
(ASCE) standard, ASCEZ. The following load combinations wenesidered:

1. 14D
2. 1.2D+10L+1.6W
3. 1.2D+10L+10E

in which D = Dead load, L = Live loads, W = Wind load and E=Earthquake load. (For this
tower, it was determined that the governing lateral load was wind, hence, the effects of wind
load only wre evaluated.

The structure was analyzed for gravity and wind loads, i.e. combinations 1 and 2 described
above. The analyses carried out were nonlinear static analyses, which inclelal effe s

due to the twisting and leaning configurationheflégs of the tower. The members were
checked according to specifications of American Institute of Steel Construction (AISC)
standard, AISCRFD 2001 and sized accordingjlye process of iteration on design, analyses

and checking converged on membes sigdollows:

- The spines range from 1.5m diameter and 150mm thick sections at the base to
600m diameter and 60ntinick sections at the top.
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- The diagonals have the same outside dimensions as the spines, but have thinner
sections.

- The horizontal ties, rga from 0.9m diameter and 36mm thick sections at 60m
height to 0.4m diameter and 16mm thick sections at the top.

Table3 lists the different sizes of the members according to height. The steel beams supporting
the floor diaphragms are assumed to havsathe sections as the diagonal members at that
height. The total weight of the structural members, including the weight of the floor diaphragms
is estimated to be 60Ky (133,000 Kips).

The adequacy of the structure under progressive collapse dtraclieary events (e.g.

terrorist attacks) was scrutinized. These events are simulated by taking out one or two of the
main load carrying structural members. The loads associated with progressive collapse are based
on the US General Services AdministtaiGSA) guidelines on Progressive Collapse Analysis

and Design, which specify that the structure be subjected to twice the dead load. It was found
that the tower behaves satisfactorily under these extraordinary events and would be able to
distribute théoads to the other undamaged members.

The fundamental period of the tower is 9.9 sec., while the second mode has a period of 9.8 sec.
Both of these modes are translational, i.e. along an axis of the triangular base and parallel to one
of the sides (orthogal to the motion of the first mode). The third mode is torsional

rotation around the center of the tower, wipeiaod of 4.9 sec. The static mode shapes for the

first three modes are shown in FiglkeThe average horizontal displacement d@bphef the

tower due gravity loads (combination #1) is approximately 0.040m (0.007% drift), while for the
design wind loads (combination #2) it is 11.0m (2.0% drift), which are within acceptable limits.
Figurel6shows the deflected shapes due to loadicatidns 1 and 2, resgively.

For human /occupant comfort at the observation levels, the horizontal floor accelerations
induced by the wind loads was estimated using the deflections and structural properties obtained
from the mathematical model of tlwsvér. The criterion for human comfort was based on
International Standardization Organization (ISO) code, ISO 6897, in conjunction with
improvements recommended by Smith and Coull {19%h$ computations show that the
horizontal floor accelerations axgthin the acceptable limits for the nature of activities
anticipated at the observation levels.

Figurel7 shows the load path for only a vertical gravity loading at the floor nearest the top of
the tower. It is clear from this figure how the structysé¢m distributes these loads to the

t ower s 18shgves the IBtéra load distribution over the towefdegswind loading
applied in the direction from the bottom to the top of the.page

“B.S Smith and A. Coull (1991) nATall Buil ding Structu
New York, N Y: pp. 452460



Table 3

Summary of member sizes

Membe Sizes [m]

Height [m]
Spines Diagonals External Ties

0- 60 ¢=1.50 ¢ =1.50 ¢ =0.90
t=0.150 t = 0.060 t=0.036
¢=1.25 $=1.25 ¢ =0.80
1205240 t=0.125 t = 0.050 t=0.032
¢ =1.00 ¢ =1.00 ¢ =0.60
24006360 t=0.100 t=0.040 t=0.024
¢ =0.75 ¢ =0.75 ¢ =0.50
3600 480 t=0.075 t=0.030 t=0.020
480- 540 ¢ =0.60 ¢ =0.60 ¢ =0.40
t=0.060 t=0.024 t=0.016




Translation

(a) Mode 1

Translation
(b) Mode 2
Rotation
(c) Mode 3
Figure 15 Modal Shapes of the Structure
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