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1 SUMMARY

The present paper is focused on the steel roof that covers the Olympic stadium of
Azerbaijan, Baku, and especially on the construction methodology. It addresses the
selected roof segmentation and construction sequence and the verification of the various
stages of the partially completed structure for temporary loadings (e.g. wind). Special
attention is given to the calculations of deflections, stresses, etc., following a staged
construction numerical approach and to the differences that occur with respect to
corresponding magnitudes as they are calculated following the ordinary design approach
(the self-weight is applied on the completed structure). The differences are quantified for
critical roof components and are found to be within acceptable limits.

2 INTRODUCTION

The under construction Olympic Stadium of Baku, Azerbaijan is planned to open in 2015,
to host the inaugural edition of the European Games, a multi-sport event for European
athletes. The stadium will have a capacity of 66,000 spectators and is constructed by the
Turkish construction company TEKFEN, under the funding of SOCAR, the state oil
company of Azerbaijan. The architectural design was performed by Heerim (Seoul) and
the structural one by Thornton-Tomasetti (New York). The structural system of the
stadium consists of stepped reinforced concrete frames, equally spaced around the seating



bowl. The spectators’ seats are covered by a large steel roof. A typical cross-section of the
stadium and the general plan view are shown in Figure 1.
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Figure 1. The typlcal cross-section and general plan V|ew of the stadlum

The roof consists of 60 main tri-chord trusses. Each one of these trusses is supported on a
hybrid truss (Figure 1) consisting of concrete mega-columns (3.0x1.5m cross-section
dimensions) and a tie-beam that develops tensile axial force due to gravity loads. Between
the trusses purlins are arranged and, at specific locations, bracings that ensure the spatial
stability of the whole roof. Moreover, at certain locations, corresponding to the expansion
joints of the concrete sub-structure, the purlins are connected with the main trusses so that
no axial force is transmitted, in order to reduce the effects of thermal expansion/contraction
phenomena. These locations divide the roof in six large segments (areas Z1, Z2, Z3A,
Z3B, ZAA, Z4B of Figure 1). Over the sidelines (zones 1 and 2), eyebrows elements
(Figure 2) extend inwards, off of the main trusses, to provide more shade for the seating
below. The structure supporting the eyebrow consists of radial tapered plate girders with
aluminum louvers spanning between adjacent plate girders. The length of each main truss
is roughly 54m and its weight about 90t.

Figure 2. The structural elements of the steel roof.

3 THE ERECTION METHODOLOGY

One of the main issues of the erection was the great length and weight of the main trusses.
Another significant issue that affected strongly the final erection methodology, stemmed



from the fact that the installation of a single truss on top of the columns did not result into
a laterally stable structure. Therefore, after the evaluation of the pros and cons, it was
decided to lift and install dual truss modules, consisting of two main trusses, purlins and
horizontal and vertical bracings. This decision, however, increased the weight of the
modules to be elevated to more than 200t. Finally, the roof structure was divided into 28
dual truss modules and 4 single truss modules, which were unavoidable due to geometric
restrictions. However, special care was given to the installation sequence of these 4 single
truss modules so as to be connected to completed and already stable roof subparts. The site
area was equipped with a prefabrication yard where the assembly of the roof modules took
place, under the direction and supervision of the surveying team that made all the
necessary geometric measurements and verifications. The completed modules were moved
to a temporary storage area, from where they were, once more, moved to their final
position at the perimeter of the stadium. From this last location, the modules were taken by
the crawler crane that elevated and positioned them into place.

The dimensions of the dual truss modules were roughly 54x21x6.5m. Given the required
distances between the crane and the stadium and the weight of the roof modules, a very
large crawler crane with a capacity of 1250t (Terex CC6800) was utilized. Apart from the
above mentioned main crane, 8 tower cranes were used. Moreover a 500t capacity crawler
crane was employed (Terex CC4000), which moved the ready-made dual truss modules
from the prefabrication bed to the temporary storage and, finally, to a location near the
main crawler crane.
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Figure 3. The single truss and a typical dual truss module.

4  ANALYSIS VERIFICATIONS

For the needs of the method statement, analysis models were setup in order to verify that
the roof structure has adequate strength to sustain the loads that may be applied on it
during the construction periods, for any temporary stage in which it may exist. Moreover,
the developed deflections and section forces under self-weight in critical components,
resulting at the end of the erection procedure, were compared against the corresponding
magnitudes that develop when the roof structure is analysed as a whole (load application
on the completed structure). By this comparison it was verified that the erection procedure
did not actually alter the design assumptions. The AISC 360-10 LRFD [1] steel design was
employed for the verification of the structural members, which was also used by Thornton-
Tomasetti for the primary design.

The dominant load during the construction period was the wind one. It has to be noticed
that the name Baku is widely believed to be derived from the old Persian names of the city



Bad-kube, meaning "Wind-pounded city". The wind loads were calculated according to
ASCE 7-05 [2]. Instead of the 53m/s wind speed (3sec gust) that was used for the primary
design, a reduced wind speed of 45m/s was adopted for the verifications (corresponding to
a return period of 5 years) in order to take into account that these calculations concern the
limited time period in which the construction will be completed. For the same reason, the
importance factor was reduced from 1.4 to 1.0. The exposure of the structural elements
was considered for 16 different wind directions. The structural elements were loaded
according to their projected area normal to the wind direction. The methodology of par. 6.5
of ASCE 7-05 was followed.

The actual construction procedure was closely simulated, taking into account the
installation sequence of the truss modules. Figure 4 presents the construction sequence for
roof segment Z1. The construction sequence of the other segments is similar. All the
possible construction stages were considered and each stage was verified independently for
gravity and wind loads.

Figure 4. The various stages considered for the construction of the roof segment Z1.

4.1 Deflections at the ends of the main trusses due to gravity loading

In order to verify that the erection procedure does not affect the shape of the roof, the
deflections at the edges of the trusses developing at the end of the installation sequence
were compared with the deflections that would occur if the self-weight of the roof would
have been applied on the completed structure (normal design procedure). The results are
presented in

Figure 5. It is noticed that the deflections that resulted by following the erection sequence
differ from those that would occur if the load had been applied on the completed structure.
In general, the displacements computed by following the erection sequence are greater;
however, the increase is rather small. Besides the absolute values of the deflections, the
differences of the deflections that occur in adjacent trusses are of importance because they
might affect the installation of the purlins. The maximum calculated differences of
deflections are of the order of 12mm (0.14% of the purlin length) and occur at the positions
where single trusses are installed (axes R2, R29, R32, R59). Special attention was given
also at the positions where the eyebrows are installed. At these positions (regions between
axes R9-R22 and R39-R52) the relative deflections of the edges of the trusses are of

importance. The comparison is given in a) around the stadium b) at the positions of the
eybrows.



Figure 5. It can be easily verified that the erection sequence concludes to an even
distribution of edge deflections, despite being a bit larger than those that would occur by
the normal design procedure.
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Figure 5. Comparison of truss edges deflections a) around the stadium b) at the positions of the
eybrows.

4.2  Section forces due to self-weight loading

In order to verify that the erection procedure does not affect the design assumption, i.e. that
the self-weight is applied on the completed structure, the section forces that develop at
critical locations after the finalization of the erection procedure (staged construction
analysis) are compared with those that occur under the design assumption, for critical
structural components. Figure 6 presents the differences occurring for the axial forces of
the top and bottom chords of the main trusses, The differences range between -4.1% to
+7.7% for the axial forces of the bottom chords and between -12.8% to -6.0% for the axial
forces of the top chords.
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Figure 6. Differences between staged construction and normal design procedure for the axial
forces of the top and bottom chords.



Figure 7 presents the differences for the axial forces at the tie-beams and for the support
reactions on the mega-columns. The forces that arise in the tie beams are affected by the
erection process in a greater extent than the previously studied structural elements (max
+17.9%). Finally, the reaction forces on the concrete columns present minor differences
(max +4.7%). Despite the recorded differences, the levels in which the structural members
are stressed are only a fraction of their ultimate strength. Given the fact that apart from the
self-weight, all the other design loads (including eyebrow loads) are actually applied on the
completed structure, the recorded positive differences of the section forces are not
significant. The most critical components resulted to be the tie-beams, in which the
maximum positive differences occurred (forces resulted by the erection procedure larger
than those of the normal design case). However, these differences account for about 1.1%
of the tensile strength of the tie-beam, i.e. they are not significant.
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Figure 7. Differences between staged construction and normal design procedure for the axial
forces of the tie-beam and for the support reactions on the mega-columns.

4.3 Verification for wind loads

As mentioned earlier, each construction stage was checked for strength and developed
displacements for wind loading, considering 16 different directions of wind. In general,
such wind loading had not to be considered in the original design of the structure because it
corresponds to temporary situations, in which the structure is not covered by the final
cladding. However, despite the fact that the wind loaded area is significantly reduced (only
the areas of the structural members are loaded), the whole structure is laterally loaded in
every possible direction, even in directions in which the completed structure cannot be
loaded. In some of these directions the partially completed structure has low stiffness and
the temporary wind loading may become critical. Although all the possible construction
stages were checked, two characteristic cases are presented, the one corresponding to an
isolated dual truss module and the one corresponding to two dual truss modules connected
by purlins. In Figure 8, the case of individual pairs of trusses at axes R9, R10 and R11,
R12 is presented. The diagrams depict the change of the horizontal and vertical
displacement of the truss tip for different wind angles. Each one of the 16 values of the
diagrams corresponds to a different wind direction, starting from the O degrees. In the
horizontal displacements diagram it is noticed that the stiffness of the structure in the wind
direction changes significantly with the wind angle. The maximum calculated value is



about 0.13m. The vertical displacement changes also according to the wind direction. The
depicted displacements include also the effect of the application of the self-weight.
Moreover, the results indicate that the tips of the two pairs are, more or less, exhibiting
similar displacement values for a specific wind direction.

Vert. displ 16 0.
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Figure 8. Horizontal and vertical tip displacements for 16 wind directions, for isolated modules.

When the two pairs of trusses are connected by the purlins (Figure 9), it is noticed that the
horizontal displacements are significantly reduced. In this case, the maximum calculated
displacements are of the order of 0.08m. The maximum values of the vertical
displacements are actually not affected by the addition of the purlins. However, the
diagram indicates that the truss tips are not moving “together”. For a specific wind
direction, the windward tip exhibits smaller displacement values while the leeward tip
larger ones, indicating an overall bending behavior.
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Figure 9. Horizontal and vertical tip displacements for 16 wind directions, for connected modules.

5 CONCLUSIONS

The paper refers to the method statement for the construction of the steel roof of the
Olympic stadium of Azerbaijan. After the performed analyses for the various temporary
stages in which the structure may exist, it was verified that the construction methodology
did not affect significantly the arising stresses and deflection under self-weight, therefore,
it did not invalidate the original design. Moreover, the structure was confirmed to be safe
for the temporary wind loading in any spatial direction and no additional measures were
necessary.
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HHEPIAHYH

To vrd xatackevy] Olvumiakd Xtddio Tov Mrakov, oto Alepunaitlay, Ba eykaviactel to
2015, mpokeywévov va @LAOEEVICEL TV evapkTinpla dopydveoon tov «Evpomdikodv
AMtikov Ayovovy, mov Bo  dlopyavovovtal ovi TETPAETiO. GTO TPOTLTO  TOV
OMumokadv Ayovev. To otddio €yl yopntikdmra 64.000 Beatdv kot Kotaokevaletan
and v Tovpkwkn etapeio TEKFEN pe ™ yopnyio ¢ kpatikng etapeiog meTpelaiov
SOCAR. H apyttektovikn pedétn tov Epyov éyve amd v Kopeatikn etopeio Heerim kot
N ototikn peAétn and v Thornton-Tomasetti oty Néa Yopkn. H epyocia emkevipodveton
o™ nebodoroyio KATOOKEVNG TNG UETOAMKNG OPOPNG TOV 0TAdI0L, TOV OmOTEAEITAL AUTTO
60 tpiyopda OwkTvdpoTe TOL €dpdloviar o€ OTOAOVE Omd GKLPOJEUD OLOCTAGEMV
3.0x1.5m, evicyvpévav pe HeToOAAIKA diktvmpata. To pnkog Tov Tpiyopdmv SIKTVOUAT®V
elvan mepimov 54m kon to Bapoc tovg I0t. ITapovsialetor n pebodoroyio KatdTunong e
oTéYNG o€ EMUEPOVG evOTNTES (CLOTAHOTO SIOVU®V SIKTVOUAT®V) TOL ovayeipovTal
Eexwplotd Ko ocvvoéovtal emt TOmMov pe TG Teyideg. Emiomg, yivetar avagpopd otovg
EAEYYOVG TMV OPOPETIKAOV TPOCOPIVAV GTATIKOV GLOTNUATOV 7OV TPOKLATOLV GTN



(Ao NG KOTAGKELNG, Yl TAL POPTIOL TOL acKOVVTOL 6TV TePiodo avtr (1010 Papog kot
avepomieon). TELOG, yiveTal HEAETN TOV EMATMOCEWMV TOL EXEL 1) TUNUATIKY KATOGKELT] KO
JEPELVAOVTAL O ATOKAICELG TTOL epPaviloviot €€ OVTNG OTIC HLETAKIVIGELS KOl 6T PEYEDM
€VTOONG G€ OYE0M UE T avTioTolyo UEYEON oL TPOKVTTOLV UE TIC CLVNOELS TOPAdOYES
(ONA. 611 T0 1810 BAPOC BIoKEITAL GTNYV OAOKANPOUEVT KATAGKELN).



