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Back-analysis of the collapse of a metal truss structure
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ABSTRACT: This paper is organized in two parts. The first one describes a case history of few collapses
of metal truss structures designed to be used as entertainment structures for which the structural safety gains
therefore much more importance due to the people that can be involved in the collapse. In the second part,
a specific case of the collapse of an entertainment structure made by aluminum is taken under study. A back
analysis of the collapse of this metal truss structure is developed and produces a flowchart that points out the
possible causes that led the structure to the collapse. By means of non linear analyses by Finite Element Model
(FEM) the failure sequence of this particular structure is shown and forensic investigation concerning the whole
phase of the construction phase is performed, starting from the design one, through the assembling and ending

with the rigging phase.

1 INTRODUCTION

Particular attention recently has been given to the
design and to the construction of entertainment struc-
tures due to the recent collapses that have had them as
object.

Those kinds of structures are defined as temporary
demountable structures and most of the time used as
stages for music concerts. The stability of these struc-
tures becomes therefore important especially because
of the need to assure the safety of people (Andi and
Minato 2003).

The preparation of these kinds of structures for an
event can be divided into separate phases:

— Management and Administration, where all the
agreements necessary for the construction are
obtained;

— Design, where it is contemplates the analysis of
suspended loads and the design of the supporting
structure;

— Build-up, that means the construction of the struc-
tures;
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Figure 1. Phases for the construction of an entertainment

structure.

— Load in, that includes the rigging and installation
of sound, light, and similar equipment (including
artist specific stage equipment);

— The event;

— Load out, removal of sound, light, video, etc;

— Break down or deconstruction, dismantling and
removal of temporary demountable structures.

Errors that could lead the structure to the collapse
can be found in each of the phases above described.

2 CASE HISTORY

Unfortunately, there have been recent collapses of
temporary stage structures in the United States and
in Europe during entertainment events. These have
resulted in fatalities and numerous injuries, below few
cases are listed:

— 2007, June 15th, Parco San Giuliano di Venezia,
Italy, Heineken Jammin’ Festival;

— 2009, July 20th, Marseille, France, Madonna’s
concert;

— 2009, August Ind, Camrose North America, Big
valley Jamboree;

— 2011, August 14th, Indianapolis, USA, Country
music concert;

— 2011, December 12th, Trieste, Italy, Jovanotti’s

concert;

— 2012, March 5th, Reggio Calabria, Italy, Pausini’s
concert;

— 2012, June 16th, Toronto, Canada, Radiohead’s
concert.

Most of these listed collapses define wind as a
contributory cause of the collapse. These temporary
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Figure 2. Collapses of entertainment structures.
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Figure 3. Most frequent errors in the phases before the

event.

structures are exposed to vertical imposed loadings
from attached lighting and sound equipment and also,
when outdoor, to lateral loadings resulting from wind.

The risk is that when the structure is subjected to
combined vertical equipment loads, to the horizon-
tal wind loads and to the eccentric vertical loads, the
resulting forces can cause catastrophic failures which
may result in collapse if the structure is not compe-
tently designed, constructed, and managed in use.

Learning from the past it is possible to point out
some frequent errors which could lead structures to
collapse, (Sebastiani, 2012), (Sgambi, 2012).

Where error is defined as “something that has been
done, which was: not intended by the author; not
desired by a set of rules or an external observer; or that
lead the task or system outside its acceptable limits”
(Senders, 1991).

Focusing on the phases previous the event Figure 1
shows some of the most frequent errors that could be
seen as principal factors for structural failure. Most of
them can be classified as human errors due to the poor
knowledge, to the carelessness and negligence (Love,
2008).

Inadequate site investigation, inappropriate ground
condition, inadequate structural design, failure to
adopt standard procedures or failure in realizing what
prescribed in the design and in the regulations, are
all factors that can contribute to a catastrophic event,
(Suraji, 2001).
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Figure 4. Structure under study.

3 CASE STUDY: NUMERICAL MODELING

The structure under study is an entertainment structure
that collapsed skidding on the stage left before the
event had started.

The structure was made by precast aluminum ele-
ments which composed a space roof, six vertical
towers and a small truss necessary for suspending
scenographic lighting, speakers and videos, Arangio
(2011).

The structure was built with EN AW-6082 T6, with
modulus of elasticity (E) equal to 7x10'° Pa, density
(p) 0f 2700 Kg/m?, elastic limit for the strength (o) of
2.5% 108 Pa and ultimate strength (o) 0f 2.9 x 10% Pa,
(Mazzolani, 2012), EN1993 1-1 (2005).

Using Strand7/Straus7, a Finite Element Model is
defined as shown in Figure 4, with 2148 nodes and
5275 beams.

In order to take account of the weight of the con-
nection between the elements, made in cast iron, an
additional uniform pressure of 115 Pa is considered on
the roof. The suspending loads present at the moment
of the collapse are applied as shown in Figure 4. In
this way, the weight of the whole structure is about
28.5 tons.

4 INVESTIGATION ON TECHINAL CAUSES
OF THE COLLAPSE

Three are the main aspects investigated to individu-
ate the cause of the collapse of the structure: failure
to adopt standard procedures, inadequate structural
design, improper construction procedure, see Figure 2.

4.1 Failure to adopt standard procedures

A failure to adopt standard procedures could have been
for example to design the structure not including in
the global analyses the nonlinearities, in particular the
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Figure 5. Deformed shape of the first mode of buckling.

geometric ones. The EN 1993-1-1: 2005 at point 5.2.1
says that:

“The effects of the deformed geometry (second-
order effects) should be considered if they increase
the action effects significantly or modify significantly
the structural behavior”

This consideration can be neglected only when:

Fe

Hi = ?: = 10; for elastic analysis

(1

Where «; is the factor by which the design loading
have to be increased to cause elastic instability in a
global model, Fgp is the design loading on the structure
and F; is the elastic critical buckling load for global
instability mode based on initial elastic stiffnesses.

Running linear buckling analysis on this specific
structure, the buckling factor «., is 6.44, Figure 5.
Since it is smaller than 10 the second order effects
have to be taken into account in the global analyses. In
the next paragraph it will shown how much difference
gives to neglect them.

4.2  Inadequate structural design

Another important aspect investigated is that the struc-
ture is designed to be indoor; therefore the structural
elements were designed to carry vertical loads but may
not have been designed for lateral loads. That could
be an important consideration in the design phase, in
fact, following what prescribed in the UNT ENV 1999-
1-1:2007, in order to run global analyses, it is neces-
sary to take account of horizontal forces due to the
imperfections of the elements composing the structure.

At point C4.1 of the UNI ENV 1999-1-1:2007 it
is explained how to take into account of the imper-
fection in the global analyses. Therefore, rather than
applying to each element a lateral imperfection, three
horizontal forces, in correspondence of lower elements
composing the space roof have been applied to the
structure.

4.3 Improper construction procedure

The latest consideration will be conducted on the
possibility of improper construction procedures.

The attention is focused on the realization of
restraints between the paving and the columns in order

Table 1. Horizontal forces applied to simulate the
imperfections.
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Figure 7. Cases with hinged restraints, on the left with
outriggers and on the right with no outriggers.

to assess how and how much an error in defining or in
realizing them could compromise the whole structural
behavior, (Crosti, 2012).

Three different models are considered in order of
taking account of some aspects:

— the possibility that, due to horizontal displacements
caused by the structural imperfections, the outrig-
gers could lose the contact with the paving. To
simulate this case, eight point-contact elements are
set to simulate the contact between those elements
and the paving, Figure 6. The point contact element
in the Finite Element Code Strand7/Straus7 is used
to model a gap between two surfaces or edges, stiff-
ness is provided in compression but zero stiffness
is given in tension;

— it could happen that during the phase of the con-
struction for example, what it is designed to be
a rigid connection, could be realized for a while
as able to rotate. To simulate this aspect hinged
restraints are considered on the bottom of each
column, Figure 7; and
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Table 2. Definition of the studied models.

Model GNL MNL Imperfection Restraint Outriggers ULf
0 X Fixed X 6.942
1 X X Fixed X 4.000
2 X X X Fixed X 3.946
3 X X X Unilateral X 4.019
4 X X X Hinged X 1.122
5 X X X Hinged 0.853
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Table 2 summarizes the different models consid-
ered, where MLN means Nonlinear Material, GNL
stays for Nonlinear Geometry, Imperfection means
that horizontal forces simulating the structural imper-
fection defined by Eurocodes are applied, Unilateral
means that the bottom column is modeled with uni-
lateral restraint, see Figure 6, Hinged considers as
restraint the ones in Figure 7 and U.L.F. stays for
Ultimate Load Factor.

Looking at Figure 8 it is possible to recognize that
Model 1 has the classical bifurcation trend, while
Model 2, thanks to the introduced imperfections,
shows an asymptotic one. Reaching the peak load at
both ends of the columns, the elements are in an inter-
mediate condition, being neither elastic nor having a
fully developed plastic hinge mechanism, therefore
laborious step-by-step elastic-plastic analyses were
necessary to obtain the failure load (ULF) of 3.95.

Moreover, interesting is to point out that there is no
difference in terms of Ultimate Load Factor as well as
of horizontal displacement trend between Model 2 and
Model 3. Modeling the contact between the outriggers
and the paving does not seem to be a relevant issue
in terms of global response of the structure. In fact,

Figure 9. Comparison of the Bending Moment trend for
element 5211 of the outrigger and element 3001 of the
column.

looking at Figure 10, it is possible to assess that as
soon as the horizontal loads are applied to simulate
the structural imperfections, the external points of the
outriggers lose the contact with the paving not giving
any contribution to the stability of the structure.

Model 1, 2 and 3 have more or less the same Ulti-
mate Load Factor at that peak load they reach the same
cause of collapse: elastic-plastic failure of the out-
riggers and of the column elements where the roof
is connected, this allows the structure to rotate much
more and to buckle.

Figure 9 shows the reaching of the elastic-plastic
failure for the two elements mainly stressed with the
increasing of the Load Factor.

Figure 10 shows instead a comparison in terms of
deformed shape and of maximum vertical displace-
ments reached in the outriggers behind column C2 at
the moment of the collapse.
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Figure 10. Deformed shape (20%) of the outrigger elements
of column C2.
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Figure 11. Bending moment 1 trend of element 3001

(column C2).

A different case is the one of Model 4 that, hav-
ing different restraints on the bottom of the columns,
reaches an Ultimate Load Factor of 1.122 which means
the structural collapse is due just to the nominal loads
applied.

In this particular configuration once the columns
reach the yielding stress the structure loses its stability
and the analyses cannot find the solution.

The difference shown in Figure 8 between Model
4 and Model 5 is given by the presence of the outrig-
gers. Their presence does not give much contribution
in terms of structural stability: in fact the Ultimate
Load Factor for Model 5 is 23% smaller than the one
of Model 4; however looking at the initial displacement
their presence decreases them of about 50%.

From Figure 11 it is possible to evaluate that for
Model 4 and 5, due to the different restraints, as soon
as the element reaches the yielding load, the analyses
stop, while Model 3 shows a better redistribution of
the stresses when they reach the failure load.

This large difference in terms of ultimate load
shown going from Model 0 to Model 5 shows the
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Figure 12. Deformed shape of column C2 at the correspond-
ing Ultimate Load Factor.

sensitivity of the structure to the modeling of the
restraints which involve the columns.

6 CONCLUSION

Following the whole construction process of enter-
tainment structures, some of the most frequent errors
that can be present in it, have been taken under
consideration and applied to a specific metal structure.

By means of Finite Element Analyses it has been
possible to point out that:

— Linear analysis can be used just for evaluation
of structure critical buckling load, but then, espe-
cially for these kinds of structures, proper nonlinear
analyses should have been run.

— Not accounting of the initial imperfection, leads the
results to be different from the real structural behav-
ior that they have especially when the restraints are
subjected to improper construction procedures.
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— The importance of taking into account, even in the
design phase, of what can happen during the built
up phase. Particular importance has to be done to
the restraints on the bottom of the columns, which
represent the key elements for this structure. Dur-
ing the phase of construction for example, what it
is designed to be a rigid connection (Model 1 ad
2), could be realized for a while as able to rotate
(Model 4 and 5). That shows the need of con-
sidering the design in all the cases which could
make a modification in the static scheme of the
structure. Introducing bracing member for exam-
ple, the designers could defend the structure from
such possible changes in the structure and avoid
failure, (Arangio, 2012). This solution could be
especially effective in cases where the structures
are not designed for horizontal forces that are the
indoor ones.

A further development could be to take into account
of the stiffness of the paving which can be an issue that
compromises the structural stability.
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