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1. ABSTRACT

Aluminium alloys are often used for temporary stowes in the entertainment industry,
such as temporary staging, towers or trusses fof structures. For this kind of
applications the structural elements are desigmdihg into account various aspects
related to both the material properties and thepteary use, which are discussed in the
first part of this paper. In the second part, tebBavior of such structures exposed to fire is
considered. A truss beam is analyzed considerirgftlowing scenario: during the
construction phase, the truss elements are lifl@dguappropriate rigging equipments
(chains, hooks, slings, etc.); usually the slingsraade of polyester and, after lifting, are
left on the truss. This material is very inflamngldo the possibility that the slings goes
up in flames is considered; the behavior of thecstire exposed to elevated temperature is
analyzed and the structural safety is assessed.

2. INTRODUCTION

In recent years, the use of aluminium as a cortsbruagnaterial has been increasing.
Aluminium structures are widely used for trussed &mwers of temporary structures in the
entertainment industry. The early trusses, in 0%, were manufactured from steel and
aluminium; however steel was not favored becausdésofveight and its tendency to
corrode. Aluminium trusses were preferred as eagdstcould be easily lifted by one or
two people and was not prone to rust [1]. Moreovtiee, possibility to extrude sections
provided the possibility to design easily varioysds of sections.

In the past, these kind of structures tended terbeted without proper consultation with
the statutory authorities or professional strudtergineers, but various projects, even if
of temporary nature, showed that the design ofkimd of structures includes a variety of
factors, involving experts from several discipine

Nowadays various regulations have been issued wdooBider several technical aspects
as structural design, lifting, and use (see fomgxa Eurocode 9 [2], the Standards issued
by the British Standards Association [3,4,5], tH& Standards [6,7]).



As already said, the main advantageous propertfeallominium structures are the
lightness and the corrosion resistance. One ofrthim drawbacks of this material is the
relatively fast reduction of constitutive propestiat elevated temperatures: as shown in
detail in section 3, the strength and the Young whasl present a 50% reduction at less
than 300°C, while the steel shows the same decay around®00

For this reason, in the design phase, scenarios#imalead to an unexpected fires should
be taken into account. In this work the followingesario is analyzed: a beam which
carries lighting for the stage has been lifted bing a rigging equipment with polyester
slings (Figure 1). After lifting, during the showhe slings are left on the truss. The
polyester is very inflammable, so the possibilibhatt the slings goes up in flames is
considered and the behavior of the structure isss&sl.

Fig. 1: The beams are often lifted by using polestings

3. ASPECTSOF THE DESIGN OF ALUMINIUM STRUCTURESFOR THE
ENTERTAINMENT INDUSTRY

The use of aluminium temporary structures in théem@minment industry has been
increasing over recent years. Concerts or otharnte\tbat use temporary structures need to
install these structures in a number of venuesvamald essentially be the same in each
occasion. Clearly it would be inappropriate andywetpensive to fabricate these structures
specifically for each venue. So what was requiredevstructures which could be erected
quickly, readily demountable and which could be etbeasily from one venue to another.
Truck packing was also a consideration in the aesfgrusses because it allows saving on
transportation. A typical truss element with fashections is shown in Figure 2.

The early trusses, in the 1970s, were manufactired steel and aluminium; however
steel was not favored because of its weight andeitdency to corrode. Aluminium, or
better aluminium alloys, was preferred for its nawhbal properties.

Fig. 2: Typical truss element and an example oheation



At the beginning, these structures tended to betextevithout a specific design carried out
by structural engineers, but past experiences sthakag this kind of projects, even if of
temporary nature, include tasks involving peoptarfra variety of disciplines and need a
specific and accurate design. Nowadays severaldatdea and regulation exist
[2,3,4,5,6,7], which are described more in detagection 2.2. Also the academic research
showed interest on various aspects: for examplggusa aspects related to the design are
dealt with in [8], and experimental research ompuh girder section connections, which
allow for an easy assembly and disassembly ofrttss fgirders, is described in [9].

3.1 Mechanical properties of thealuminium alloys

Aluminium is often alloyed with other elements taprove properties such as its strength.
In fact, the strength of the pure material is l@wput 60 o 140 N/mf By alloying with
other elements and by cold working or heat treatymeemsile strengths as high as 600
N/mn? can be achieved. The principal alloying elements eopper, magnesium,
manganese, silicon and zinc.

A four digit number issued by the Aluminium Assdma is used to designate the different
alloys, where the first number indicates the magthoying element. A letter after the
number indicates the treatments. In the entertamnrelustry one of the most popular
alloy is the EN AW 6082 T6 considered in this studihere 6xxx indicates an alloy made
mainly by magnesium and silicon, and the code Tiestemper condition, which means
that the alloy is solution treated and artificiabyged to improve the strength of the
material. The mechanical properties of EN AW 6082 are schematized in Table 1,
compared with those of steel with similar strength.

Note that for aluminium alloys it is not considertte@ yield stress as reference value for
design as it happens for steel, because the matlers not present a defined yielding
point with hardening behavior as the steel: aseefge value for the calculation, the stress
at a strain of 0.2%p% is considered.

Mechanical properties

AW
6082

S235| § =235MPa | f=360MPa | E=210000 N/nfm| p = 7850 kg/m | a =12 x 16/°C

foo =260 MPa| f =310 MPa | E =70000 N/nfm | p =2700 kg/m | o = 23,4 x 18°C

There are also some downsides to the use of alumialloys. The effect of welding at the
connections between tubes and braces needs tadfallyaconsidered during the design
process. As said, alloys in series 6xxx appliedtioctural applications are hardened by a
heat treatment. When structures of hardened alogswelded, the material close to the
weld is exposed to severe heath input that rediheestrength of this zone compared to the
hardened parent metal. The zone with reduced straagalled the heath affected zone
(HAZ). The width of the heat affected zone is gowet by the amount of heat required to
produce the weld and how easily the heat is dissth&ome indication for the evaluation
of its extension are given in EN 1999, where tltiction of the strength is denotes®s,

= fhad foarens AN €xample is shown in Figure 3.
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Fig. 3: Extension of the heath affected zone
3.2 Standards and codes for aluminium structuresfor the entertainment industry

In the early days trusses for the entertainmentistrgt were often fabricated and used
without allowable load tables or certification. g the years the authorities became
aware of the dangers involved and demanded thatsiesubstantiate the use of trusses by
calculation or testing. Major manufacturers prodid@mple structural calculation and
allowable load tables for the standard products.

But these kinds of structures are used repetitiaglg in different configurations, so the
simple applications of these existing standardshmnigot be adequate. The design,
manufacture, and use of aluminium trusses and towethe entertainment industry were
thus deemed to be very important issues. The ritina suitable standard was one of the
first projects undertaken in the United StateshgyEntertainment Service and Technology
Association (ESTA). The standard has now becom# &fmerican Standard issued by the
American National Standards Institute, the ANSIZE1Design, manufacture and use of
aluminium trusses and towers” [7].

However, a number of major manufacturers have ¢aban facilities both in the United
States and in Europe, and many shows starts inpeuaod then tour the US and vice
versa. Thus the need for a parallel document wasuos. In Europe, at the moment the
aluminium structures are dealt with in various dems and codes. The structural design
can be addressed with the Eurocodes and other &iMasds; for example EN1999-1-1
(Design of aluminium structures — General ruled) EN 754 (Cold drawn rod/bar and
tube), EN 755 (Extruded rod/bar, tube and profilesthe UK a reference standard for the
design of aluminium structures is the BS 8118 “Biwictural use of Aluminium” [3]. The
mentioned documents deals with aluminium structbrdsare not referred specifically to
temporary structures for the entertainment indus&ryEuropean common regulation is
missing. Useful documents in this sense have bedrisped by the British Standard
Institute: for example BS 7905 “Specification fogsign and manufacture of aluminium
and steel trusses and towers”[4], and BS 7906 + P&Code of practice for the use of
aluminium and steel trusses and towers”[5]. They the first standards issued written
specifically on the subject in Europe and can besiciered the parallel document of the
US ANSI E1.2.

4. BEHAVIOR OF ALUMINIUM STRUCTURESUNDER FIRE CONDITIONS

Traditionally, aluminium alloy structures do noteadighly with regards to fire resistance.
This is because aluminium alloys are generally lessstant to high temperatures than



other structural materials as steel and reinfoomettrete. The temperature required to melt
aluminium is 570 to 660C, about half that of steel. The coefficient ofrthal expansion
of aluminium is about twice that of steel and thertnal conductivity is about four times
greater than steel (Table 1). These are importaopepties when considering how the
material behaves in the event of a fire [10,11,Mhen an aluminium structure is
subjected to the heat of a fire, the relativelyhhigermal conductivity enables the heat to
be rapidly conducted away from the exposed areailljthowever, cause the temperature
to rise elsewhere in the structure.

The mechanical properties of aluminium decreasesleatated temperature very rapidly
compared to those of steel. In Figure 4 (left hatid) continuous curve represents the
temperature dependent strength (0.2 values) of inilum, expressed on percent of the
normal strength, J¢, according to EN1999 [13]:

fo,e = ko,e 'fo

where §p is 0,2% strength at elevated temperature, apdisf 0,2% strength at room
temperature. The dotted curve shows the temperdependent yield stress of steel. This
diagram shows that the strength of aluminium wdagddseverely compromised in the event
of a fire. Figure 4 (right hand) shows the temperatdependent elasticity modulus of
aluminium and steel. The values are normalized withroom temperature value. From
the diagrams it is possible to note that the stteagd the Young modulus present a 50%
reduction at less than 30Q, while the steel shows the same decay around®00
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Fig. 4: Left hand: Relative value of the 0,2% sg#mof aluminium and yield strength
of steel versus temperature — Right hand: Relatahee of the Young’s modulus of
aluminium and steel. The values are normalized thighrespective room temperature

values.

The thermal properties of the aluminium (thermgbamnsionay , specific heath  and
thermal conductivity\y) vary with temperaturd),, according to the following equations,
proposed In EN1999-2 [13]:

g =22.5-1075 4 0.01-107¢- 4,
¢y = 041 6, + 903 (J/kg°C)
Ag = 0.07 - 6, + 190 (W/m°C)

Regarding the heath affected zone, EN 1999-2 doéspecify a strength reduction at
elevated temperature. The standard assumes tleatcdbfficient pha, at elevated
temperature is equal to the value at room temperalihis is accepted because it has been



proven thajon,, tends to unity at increasing temperature, so tisen® longer difference in

the strength of material with initial different tpers [11].

Summarizing, the most typical features of aluminiahoys at high temperature are the

following:

- high conductivity, higher than that of steel, atamnperatures;

- owing to low weight, a relatively low volumetric &tecapacity compared with steel,

- a relatively rapid decrease in mechanical strengith increasing temperature,
compared with other structural material.

In the following a case study is presented in otdegvaluate how this features influence

the structural behavior.

5. CASE STUuDY: ASSESSMENT OF A STRUCTURE FOR THE
ENTERTAINMENT INDUSTRY UNDER FIRE

The behavior of aluminium structures under firas$sessed by considering a case study.
The suspended beam shown in Figure 5 is studiegariicular, a scenario that considers
the possibility of a fire of the polyester slingedsfor lifting and suspending the beam is
analyzed.

Fig. 5: Suspended beam considered in the case study

The beam is 12 m long. The tubes are 50x4 mm amthrtdices 30x3 mm. The considered
aluminium alloy is the EN AW 6082, whose mechanigaiperties are in Table 1. The

beam is loaded with a uniformly distributed loadldéN/m which represents the system of
sound and lighting. The finite element model of #teicture is shown in Figure 6. The

small red squares show the position of the slingere the fire is considered to start. The
fires of the slings have been modeled using thedstials fire curve defined in ISO 834.

In the structural analysis geometrical and materel linearity are taken into account.
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Fig. 6: Finite element model of the considered beam



In Figure 7 the vertical displacement of the midsjp@an point of the beam versus time
during the fire is shown. It is possible to notattthe displacements are in substantial
accord with the shape of the ISO curve. The defdrefape of the entire structure is
shown in Figure 8. Due to the fast decreasing @itlechanical properties the beam has
significant displacements after only few seconds.
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Fig. 7: Vertical displacements in the middle spamp
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Fig. 8: Finite element model subjected to fire:tieal displacements at t=14 s

It is interesting to observe the behavior of the lacated between the restraints at both the
ends of the beam, close to the points where thesfarts. In Figure 9 the axial stress in this
element is shown. For the first few seconds iteases rapidly, then it starts decreasing.
This happens mainly for two reasons: the first isnnat the high thermal conductivity of
the material enables the heat to be rapidly cordueivay from the exposed area; the
second one regards the thermal expansion of tmeeals that allows a decreasing of the
stress. The stress in all the elements and thehdison of the temperature are shown in
Figures 10 and 11. Even if the heath is transohitégidly, the mechanical properties of
the material decrease very fast and the elemenge ¢b the fire reach the 0.2% strength in
only 15 seconds.
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Fig. 9: Normal stress in the element between tsgaets




Fibre Stress (Pa)
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Fig. 10: Stress in the elements and deformed shapel4 s
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Fig. 11: Distribution of the temperature at t=14 s

The issue of possible fire is often not considemedhe design of structures for the
entertainment industry but this simple case studg Ishown that a fire during a
performance could lead easily to the collapse @ s$tructure in a very short time.
Recently, various countries are moving a first stepards safety by replacing the
commonly used polyester slings with slings madiess inflammable materials.

6. CONCLUSION

In this paper some specific aspects related taddsegn of aluminium structures for the
entertainment industry have been presented. Thetstal features of aluminium elements
depend on both the mechanical properties of theenahtand the temporary use of the
structures. In the early days trusses for the entenent industry were often fabricated and
used without allowable load tables or certificatlout during time the authorities became
aware of the dangers involved and the fist starslarere issued. Some of the existing
standards, like the Eurocode 9, regard the dedigiuminium structures but do not treat
specifically the topic of the structures for theeztainment industry. In the United States a
full standard that deals with design and use «fsies and towers is the ANSI E1.2 that is
widely used. In Europe a similar document has besoed by the British Standards
Association but a specific document used in theefurope still does not exist.

One aspect that is often not considered in thegdesf aluminium structures for the
entertainment industry is the possibility of firAluminium alloys are generally less
resistant to high temperatures than other structovaerials as steel and reinforced
concrete. The material melts at about 80and the mechanical properties decrease at
elevated temperature very rapidly. In order to ssdbe structural safety of aluminium
structures exposed to fire, a case study has bessidered. The analyzed scenario
considers the possibility of a fire of the polyesténg used for lifting and suspending a
beam that supports lighting. This simple case sthdg shown that a fire during a
performance could lead easily to the collapse efdtnucture in a very short time, so the
issue of fire safety should be properly taken iatoount. Recently, various countries are



moving a first step towards safety by replacing ¢dbenmonly used polyester slings with
slings made of less inflammable materials.

The results obtained in this case study are styorgated to the boundaries condition
(loads, restrains) of the analyzed elements. Ierotd assess the structural safety of this
kind of structures, different arrangements of tlisges should be analyzed and compared,
including plane frames and 3-dimensional constounsti
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