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Structural health monitoring of grandstands: a review.
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Abstract. This article is a state of the art about Grandstands. The Grandstands are slender structures designed to
accommodate a large number of people, which are specially under the actions of wind and the human-structure
interaction. Over the years, it has been discuss of this topic, although still the number of publications still remain low.
The human-structure interaction is a complex issue, where the loads may have different behaviours, depending many
factors, including: type of audience (active or passive), public behaviour (jumping, walking, running, clapping, vandal
loads), type of event (sports, concerts, meeting), position and posture of the individual, even influences the type of
seat (with or without back, stiffness). However, the structure will behave differently when empty or fully occupied.
Another load to consider is the wind, especially when the structure has a roof, screens, large-scale advertising, etc.
These two types of loads can interact together, which implies an increase in the normal number of load combinations
to consider. There are biomechanical models of human behaviour, used for design these types of structures. In
addition, there are mathematical models to simulate the behaviour of the Grandstands by numerical methods. In
recent years, all these models are throwing good results, against laboratory tests performed. It has also been

monitored real Grandstands. This paper compiles all existing information on this topic.

1 Introduction

Grandstands are slender structures designed to
accommodate a large number of people. There are several
criteria for classification based on use (sports events,
shows or religious uses), its morphology (grandstands
covered, uncovered, scaffold type, extendible) or the
material used (concrete, steel, composite or other
materials).

In the design of grandstands, there are two loads types
which we should pay special attention: wind loads and
human-structure interaction. Over the years, it has been
discussed of this topic, although the number of
publications still remains low.

Wind loads are important when grandstands have roof
and other elements affected by the wind: large billboards,
screens, etc.

The other loads are human-structure interaction. The
public mass has not been considered as a dynamic load.
The dynamic load has been simplified as dead load (static
load). Due to the use of new stronger and lighter
materials, its consideration has been changed. Public
masses add a large amount compared with the mass of the
structure. Therefore the effect of people is an important
factor to be considered.

Besides, it has been demonstrated that the
combination between the wind and the human-induced
forces require a more complex calculation. Some authors
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mention two important aspects on wind loads [1]: (1)
high wind and empty structure, or (2) low wind and full
structure [2].

2 Special loads to consider

2.1 Human-structure interaction

The mass of occupants on grandstand may reach more
than 20 percent of the structural mass. This indicates that
the effects of humans can be significant [3] and
simplification in a static load is invalid.
There are two types of loads produced by public [4]:

 Passive public: They are static public, motionless.
They may be sitting or standing. The behaviour of the
structure changes depending on the posture of the public.
The public may have damping effect.

* Active public: They are continually moving, causing
differences in the vibration of the structure.

2.1.1 Effect of human-structure interaction

There are two approaches: from the impact of human-
induced forces to the effect on the dynamic properties of
the structure. Dynamic forces are produced by activities
such as: walking, jumping, running, dancing, clapping,
etc.
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The human-induced forces have traditionally been
approximated by Fourier series, assuming the loads as
perfectly periodic [5-6]. Although there are alternative
approaches defining human-induced forces as auto-
spectral density functions in the frequency domain. As
mentioned above, the dynamic forces induced by crowds,
are a topic of growing concern. However, it has not been
thoroughly investigated yet. In fact, the dependency of
the nature and magnitude of induced forces on the size of
the active crowd and perceptible motion of the structure
is currently not clear [7].

It has been shown that the dynamic load caused by
crowd is greater than produced by a single person.
Moreover, it has been observed that the relationship
between increasing the amount of load and the number of
people is not linear. The dynamic load depends of the
synchronization of crowd [8-10]. The synchronization
increases with visual contact and the influence of noise in
the public [11-12].

There are two types of public synchronization: can be
deliberate or unintentional. Deliberate synchronization is
caused for example by aerobic classes, vandal loading
[7].

Unintentional synchronization of pedestrians with
structural movements is another case of human-structure
interaction. This synchronization can lead to vibrations
strong enough to disturb people in movement [13-14].
Therefore the structures may become unusable or unsafe
due to the panic that might occur. This effect has been
observed in several footbridges as the Millennium Bridge
[15-18].

During the opening of Millennium Bridge in June
2000 there were large lateral vibrations [19].
Subsequently increasing the modal damping was solved
the problem [20]. Another pedestrian bridge that suffered
the same effect was the Lardal Bridge in Norway [21].

AT

Figure 1. The Millennium Bridge, London.

Human occupants present on civil engineering
structures do not only excite the structure, but also they
can simultaneously alter the modal properties of the
structure they occupy [7]. There is still little information
about the properties of occupied structures or models of
the occupants. For this reason, in civil engineering design
the influence of human occupants in the dynamics of the
vibration system is neglected.

In many cases is considered the influence of the
occupants in the dynamic properties of civil engineering
structures such as additional mass to the structure. In the
design guide ‘Applied Technology Council’ this
methodology is applied by adding a percentage of the
weight of the occupants, depending on the positions of
the occupants and the natural frequency of the structure.
Moreover other articles show the difference between the
public sitting in seats with or without back.

Likewise, a significant increase in the damping of the
structure has been demonstrated due to occupants. [22-
25]. Further investigations also revealed that an occupant
absorbs significantly more energy than concrete plate on
which the person is supported [26-28]. Nevertheless, this
beneficial effect has not been included in building codes.
Human models represented as a single additional mass
are used only in the ‘National Building Code of Canada’
(NBC). It is a guide to human-induced vibrations in
floors or walkways [29-31]. Although increases in
damping observed cannot be explained by these models
of additional single mass.

Civil engineering structures whose natural frequencies
are above certain limits are not necessary to design
against human-induced vibrations [31-33]. Those limits
are based on the ability of human occupants to induce
significant forces in the lower frequencies. In the case of
vertical modes, the BS EN 1991-1-7:2006 [32] specifies
8.4 Hz and guidance of temporary structures [34]
specifies 6 Hz natural frequency limit in empty
structures. However, measurements made by [35]
demonstrated that crowds can reduce the fundamental
frequencies of relatively light structures empty assembly
as high as 16 Hz to approximately 5 Hz, which is below
the limits 8.4 and 6 Hz. Therefore, must be revised the
design by limiting the natural frequency. Whereas, [14]
recommend a detailed design of the structure for
pedestrian bridges, when the vertical natural frequency is
less than 5 Hz and the lateral frequency is less than 2.5
Hz, in addition they proposed a number of solutions
including:

« Stiffen the structure in the right direction or shorten
the length of the bridge.

* Add mass: thus the influence of human-induced
vibration is reduced. Proportional stiffness to maintain
the natural frequency.

* Damping systems: the energy dissipated is increased.
They may affect to a range of frequencies and can also be
installed later.

On the other hand, the modelling of occupants as
additional mass (imposed by [31]) cannot predict such
strong frequency reductions.

In summary, human occupation of civil engineering
structures can lead to increased damping, a significant
reduction of fundamental natural frequencies and also to
additional natural frequencies, meaning additional modes
of vibration [7]. These effects must be deducted precisely
to allow the design and evaluation of safety and economy
in civil engineering structures against human-structure
vibrations. Therefore, appropriate dynamic models of
human occupants have to be used. Because grandstands
are slender structures and they can be subjected to high
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levels of human-induced forces and their dynamic
properties can be changed significantly.

2.1.2 Dynamic models in civil engineering

Most individual biomechanical models of human have
been developed for aerospace and mechanical
engineering, as well as health issues. Models can
represent a full body or only particular portions [36-37].
The simplest biomechanical model is that of a single
degree of freedom (SDOF) [38]. These can get good
approximations to experimental and analytical FRF.
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Figure 2. SDOF human body model [45].

The damped SDOF model became a model with two
degrees of freedom (2-DOF). Experimentally it was find
that often appear two peaks in the FRF when people is
sitting, and generally when they are stand. The additional
degree of freedom (DOF) was available in two different
forms: attached to the first DOF [39] or fully independent
at the first DOF [40-41].
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Figure 3. 2-DOF and 2-SDOF human body model [7].

|

‘-\-."‘-..‘H-.KKKKXKK‘\‘Q&&KKKKKKKKKK‘Q

J. Sim presented the problem of the loads produced by
crowds using a simplified system with a small number of
degrees of freedom representing simultaneously the
crowd and structure [42-43]. He started with models until
5-DOF, keeping in mind the structure and models 2-DOF
of active and passive people. However, in other
researches, the problem was presented with an active and
passive representation of crowds with a smaller freedom,
resulting in a 3-DOF [44-45].

Thus, other authors have obtained high levels of
accuracy with this type of model, consisting of an S-DOF
structure and DOF additional occupants.
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Figure 4. 3-DOF human body model [44-45].

Most biomechanical research to determine the full
body vibration was focused on the vertical vibration of
seated people [46]. In fewer researches they participated
humans standing [47-53] or observed horizontal
vibrations [46,54-57].

Figure 5. Experimental testing with bent knees posture and
dense distribution [53].

When the results of biomechanical research of
dynamic models of the complete human body are used in
civil engineering, several important issues need to be
considered. On one hand, the human body is a complex
nonlinear dynamic system, which has properties that
differs between different people (between subject
variability) and between individuals themselves [39, 58-
59]. Secondly, vertical vibrations of sitting or standing
people are controlled by a much damped mode. This
mode has a natural frequency between 4 and 6 Hz, and
damping coefficient was tested between 20% and 50%.
Furthermore, the properties of the human body are
strongly dependent on the magnitude of vibration.

Nevertheless, vibration levels present in civil
engineering are considerably smaller than those used by
the biomechanics to derive human dynamic models [59].
Therefore, it is necessary verify and possibly refine
before adopting biomechanical models to model human
occupants in civil engineering structures. In addition, all
biomechanical models presented by authors only
represent people individually. However, the modelling
occupants groups are essential to model the dynamic
behaviour of the total structure, which is a point of
concern in the civil engineering design.
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A detailed knowledge of the dynamic properties of
the combination human-structure is needed to predict the
response of the structure to human-induced vibrations.
Therefore, it is increasingly more research on the effect
of this interaction and attempt to model human occupants
and dynamic systems. These models have been tested
experimentally and analytically.

Currently the influence of human occupants in civil
engineering structures cannot predict mathematically, for
example on the grandstands. Because they are a complex
issue and there are not still 100% reliable models.

Some of these experimental researches can be found
in detailed studies in the literature [26-28, 35, 51, 53, 60-
67].

Figure 6. Different human postures: straight knees, bent knees
and seated [53].

For experiments, a series of instruments and facilities
are necessary to determine dynamic forces produced by
humans in structures: walking, running, jumping,
cheering, etc. Available equipment can be traditional:
force plate, template, foot pressure, instrumented
treadmills; or developed with new technologies: optical
motion tracking systems (optoelectronic technology) and
non-optical motion tracking systems (inertial sensors)
[68].
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Figure 7. Experimental setup and, human body model and
arrangement of markers [51].

Also great stadiums have been monitored for
extended periods of data acquisition. They have been
obtained data with full and empty structure, as in the case
of monitoring Giuseppe Meazza Stadium in Milan [69].

Grandstands have been modelled by structural
analysis software, such as ANSYS, ABAQUS, SAP2000,

etc. Some of these examples have been published in
numerous articles [70-71].

There are researches that develop analytical response
representations of the structure to active crowd and
passive crowd loads. One was developed using Filtered
Gaussian white noise processes to approximate the
loading terms representing an active crowd. This model
includes a biodynamic model concentrates with a single
degree of freedom to reflect passive spectators occupying
the structure [72].

2.2 Wind: special considerations

Actions due to wind loads on these structures
(grandstands), must take special care for two main
reasons:

* Grandstands with roof and other elements affected by
the wind: such as screens, large billboards, walls of
stands, etc.

» Combination between wind and human-induced loads.

An example of the first case is the study of a
cantilever roof, where the dynamic parameters of 4 real
cases are obtained and are compared with finite element
model [73]. Good results were obtained. Although in this
case was not considered the human-structure interaction,
considering in the calculation only covers.

Also it has been made studies in wind tunnel to check
the real effect on structures of smaller scale [74-75]. In
one study were considered several hypotheses

distribution on the cover with different inclinations [74].

Figure 8. Wind tunnel model of cantilevered roof and
grandstand [74].

There is an article that presents a number of cases of
collapse of demountable grandstands [2]. Authors
conclude possible causes: excessive or unexpected
loading (human-structure interaction or wind loads),
performance of structural components (foundation,
superstructure, stability system), erection process, or
materials employed. They recommend examine the
structures after assembled, access control, analysis effect
of human-induced loads and efficient design of supports.

Likewise, if there is not a dynamic study about
structural behaviour under human-induced loads, they
recommend apply a coefficient to the weight of
occupants. Specially on active public.

The grandstands design has two extreme cases:
* High wind and empty structure.
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e Low wind and full structure.

Researchers recommend realise a full dynamic study
for the security in grandstands design. Besides, in
grandstands design, must add more load combinations in
the calculation in order to model the structural behaviour
correctly. This results from the combined action of
human-structure interaction and wind loads.

3 Conclusions

Civil engineering structures require a lot of attention
for their safety, because the importance for the society.
Grandstands need special attention, because they are
structures that can accommodate a large number of
people. They must be reliable and confortable structures.
As discussed throughout this work, in this type of
construction, we must place special emphasis on
structural design, specifically in wind loads and the
human-induced forces.

The human-structure interaction has two points of
view: the effect of vibrations in human-induced forces
and changes dynamic properties produced for presence of
people.

The first case has to do with the synchronization of
the public. To greater simultaneity of all individuals,
greater the dynamic loads. In addition, this
synchronization depends of the visual contact with other
individuals and the environment (clapping in concerts,
jump in sport events, etc.).

The other point of view, have to do with the change in
dynamic properties. Human occupation can produce
variations in the natural frequency (fundamental
frequency reduction), greater damping (individuals can
absorb more energy than the structure itself) and create
additional  vibration modes (additional natural
frequencies). These changes depend of the mass
contributed by the crowd, as well as the position on the
structure (standing, bending, sitting with or without
back). These effects have been demonstrated in
laboratory experiments, where have been observed that
individuals absorb more energy than the structure itself.
This effect is beneficial for structural integrity, but it is
not included in most building codes.

After discussing this, it is necessary to indicate the
need to accurately predict these effects to allow for
design and evaluation of safety and economy of civil
engineering structures, against human-induced vibrations.

In order to make accurate assessments of these
slender structures you must use appropriate dynamic
models that represent as closely as possible the behaviour
of human crowd on the structural elements.

In summary, in the design of slender structures should
be specially careful in its calculation. Because they can
be subjected to high levels of human-induced forces and
thus can significantly modify dynamic properties and
appear resonance phenomenon.

In response to the actions due to the wind, there are
numerous documents, and they are also included in the
most building codes. Today are still doing studies of their
behaviour such as wind tunnel tests.

The biggest problem with the wind is observed when
it acts together with the human-induced forces. Because
these forces can modify dynamic properties of the
structure. Therefore we must pay attention to calculate
the combination of actions.
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