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ABSTRACT: Since the wind induced response is sensitive to the modal shapes, frequencies
and, especially, damping, the knowledge of the actual dynamic properties becomes essential to
confirm the design assumptions, based on theoretical calculations and wind tunnel tests, or to in-
troduce mitigation devices. In order assess the dynamic behavior of the New Braga Stadium
large span suspension roof, the dynamic characterization of the real structure has been per-
formed. Two test types were carried out: classical sudden load release, used to identify the fre-
quencies of the first vibration modes, and harmonic excitation, at different structure points, with
subsequent measurement of the free vibration decay. The low values of the first modal frequen-
cies required the set up of a special excitation system, capable to induce appreciable structural
oscillations at very low frequencies. The test results were analyzed to recognize the modal
shapes and frequencies, by comparing them with the theoretical ones, and to determine the in-
herent structural damping of the excited vibration modes. The dynamic testing is aimed to im-
prove the reliability of the entire design process.

1 INTRODUCTION

This paper describes the experimental dynamic investigation carried out on the new Braga (Por-
tugal) stadium roof. The dynamic characterization was required by the structural complexity, in-
creased by the high flexibility of the suspension system, and by the uncertainties of some struc-
tural parameters, as the structural damping of the complex composite system.

The testing program on the complete roof structure is part of a design and verification strat-
egy, according to the Eurocode - Basis of Structural Design - that gives general indications
about the Design Assisted by Testing; in the specific case, the full scale testing has been per-
formed to reduce the uncertainties on the dynamic damping parameters and to check the vibra-
tion mode shapes and frequencies, as indicated in the Annex D of the cited Eurocode.

The experimental evaluation of the modal damping ratio values - which are difficult to be
foreseen in absence of very similar structures - allows to increase the reliability of the theoreti-
cally calculated response to dynamic loads and, in particular to the wind action. In addition, the
measured natural modal shapes and frequencies allow to validate and to calibrate the numerical
models which have been arranged during the design stage, for their use during the monitoring
and the maintenance phases. This is an essential step in the evaluation of the structural subse-
quent performances.

The high flexibility and the large roof mass, consisting of two huge concrete slabs supported
by suspension cables 202 m free span length, result in low frequency values for the first vibra-
tion modes. Hence, the structure testing, under harmonic excitation, required the setup of a spe-
cial excitation system, capable to induce appreciable oscillations of the structure in the range 0,2
to 1,0 Hz.
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Figure 1. Scheme of the harmonic exciting system (left); spring force vs engine angular position (right).

The tests have been performed in May (Test Series 1) and July 2004 (Test Series 2). They
substantially consisted in measuring the dynamic response of the structure to impulsive and to
harmonic loads. The response was measured in terms of acceleration in some significant points
of the structure itself. The recorded accelerations were analyzed to recognize the excited modal
shapes and to determine the corresponding modal damping ratios. The experimentally recog-
nized modal shapes are compared to the numerical model derived ones. The ascertained values
of the damping ratios - whose magnitude was variable, depending also on the stiffness type of
the excited mode - have been used to confirm or to review the response predictions derived from
numerical analyses and wind tunnel tests.

2 EXPERIMENTAL SETUP
2.1 Exciting system

Two different exciting systems were used. During the Test Series 1, the structure was excited by
impulsive loads, by releasing an approximately 5 tons mass, preliminary suspended to the roof
edge steel girder by mean of a cable.

Within the Test Series 2, the structure was excited by periodic, approximately harmonic
loads, at different frequencies. The forces were provided by a cable, linked to the edge steel
girder by mean of a pre-tensioned spring, sinusoidally moved at the other end. Since the spring
was sufficiently flexible, the roof movement was negligible in comparison to the cable one;
hence, the force was nearly sinusoidal, as shown in Figure 1. The cable movement was provided
by an electric engine, through an eccentric link (Fig. 2).

Figure 2. View of the electric engine with the eccentric link (left) and of the girder linked spring (right).



The actual induced force was measured by mean of a force transducer located between the
roof girder and the spring. The force transducer output was sampled and recorded at 10 Hz.

In order to excite the first significant vibration modes, both the impulsive and the harmonic
loads were applied in two different significant points of the structure: an inner roof corner and a
roof border steel girder mid span. The exciting positions are schematically shown in Figure 3,
where they are named as EXC A and EXC B respectively.

2.2 Measuring arrangement

In order to measure the structural dynamic response under the applied dynamic loads and the
free vibrations decay after the loading excitation stop, 6 accelerometers were placed on the roof
slab. The sensor positions and their order number (ACC 1 to ACC 6) are schematically shown
in Figure 3.

The accelerometers are part of the structural monitoring system which is installed in the sta-
dium. They are Tri-axial Force Balance Accelerometer type, consisting in a mass-spring resona-
tor with optical mass pickoff sensing, working within a frequency range of 0 to 60 Hz.

The vertical acceleration component only has been taken into account, in the calculations for
the present work. In fact, it is sufficient to describe the behavior of the more flexible vibration
modes, which are substantially the wind excited ones, the vertical component being prevailing
for these modes. The accelerations at the 6 sensors were simultaneously acquired and recorded
during the tests at 250 Hz frequency sampling.

3 TESTING PROGRAM
3.1 Impulsive tests

During the Test Series 1 the structure was excited by impulsive loads, by releasing an approxi-
mately 5 tons mass preliminary suspended to the roof. The main purpose of these tests was to
identify the main natural frequencies of the structure.

This first analysis allowed to simplify the successive harmonic excitation, which could be fo-
cused around the recognized natural frequencies. On the other hand, the impulsive force had to
be - for safety reasons - relatively small (if compared to the involved inertial forces). Hence, the
relative structural response was not sufficiently wide and clear to be used for the modal shapes
and damping identification. The Figure 4 shows a typical acceleration record and the correspond-
ing identified frequencies for one of the impulsive tests.

3.2 Harmonic loading tests

Once the main natural frequencies of the roof were identified by mean of the Test Series 1, the
harmonic excitations were focused around those frequencies. The purpose of this second test se-
ries (namely the Test Series 2) was to significantly excite the main natural vibration modes, by
mean of resonant harmonic forces.

Figure 3. Stadium roof view (left); accelerometers and exciting system position (right).
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Figure 4. Acceleration time history (left) and PDSF (right): impulse in EXC B - sensor ACC 3.
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Figure 5. Dynamic response ratio A/F vs excitation frequency: force in EXC A (left) and EXC B (right).

For this purpose, different excitation frequencies were tried, close to the preliminary identi-
fied ones, until the best fitting of the resonant frequency was reached for each mode. Figure 5
shows a summary of the main forcing and response parameters involved in this test series. The
plot of the A/F values is shown to point out the resonant conditions; Freq is the forcing fre-
quency (Hz); the ratio A/F is representative of the dynamic magnification due to the resonant ef-
fects, being A the roof acceleration half-amplitude (g) in correspondence of the exciting system,
at the frequency Freq and F the force half-amplitude (kN) at the same frequency (after a fre-
quency filtering which isolates the only components around Freq).

In Figure 6, a typical acceleration time history record under the above described harmonic
excitations is reported, for a resonance condition best fitting case. In order to have a complete
information, the free vibrations after the harmonic load stop were also recorded in these cases.

All the time series have been preliminary frequency filtered to retain the interesting frequen-
cies (assumed between 0.05 and 30.00 Hz, in the present case) and to cut the other ones, which
are affected by the sensor distortions and by different noises.
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Figure 6. Typical record of acceleration time series (Test n. EXCA22, force in EXCA, freq. 0.29 Hz).

4 THE DYNAMIC CHARACTERIZATION
4.1 The identification methodology

The free vibration decay time series, recorded after the resonant harmonic excitation stop, are
among the most appropriate data to evaluate the natural modal shapes and the corresponding
modal damping. For this purpose, the measured acceleration fields have been numerically
treated. Firstly, a frequency filtering has been performed to isolate the frequency range involved
by the given vibration mode. Then, the obtained signals have been projected on the covariance
matrix eigenvector generated space (the POD - Proper Orthogonal Decomposition - has been
performed).

This procedure points out the dominant modal shape, within the considered frequency range,
and the corresponding time history. This latter, whenever it includes free vibration intervals, al-
lows to evaluate the logarithmic decrement and, thus, to determine the modal damping ratio. In
addition, if the free vibration time history is sufficiently long to follow the motion from large to
small amplitudes, the logarithmic decrement can be evaluated within different intervals and the
damping ratio can be separately obtained for different vibration amplitudes.

4.2 The identified dynamic properties

In the Figures 7 to 9, the results of the above described analysis, for some of the performed
tests, are shown.

The following information are reported: a 3D view and a frontal view of the identified modal
shape (in terms of its values in the 6 monitored points ACC 1 to ACC 6); the modal acceleration
time history within the free vibration interval and the relative PSDF - with an indication of the
natural frequency - including an outline of the logarithmic decrement curve for intermediate vi-
bration amplitudes and the numerical values of the modal damping ratios; the theoretical corre-
sponding mode (from the same FEM model as the one used to evaluate the wind induced re-
sponse) with the corresponding theoretical natural frequency.
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Figure 7. First mode dynamic properties. Test n. EXCBO06; experimental frequency f.,, = 0,275 Hz; ex-
Perlmental damplng ratios: E,alarge amplitudes — 3 0%o - E_;mean amplitudes — =2 5%)0 - E_;small amplitudes — =2 3/0°s FEM thCO-
retical frequency fieor = 0,274 Hz.

Different main modes have been experimentally identified. Due to the limited number of ex-
citation positions, other modes have not been excited during the test campaign. In addition,
some of the theoretical modal frequencies are very close each to one other: they are substan-
tially dual modes and the excited one depends on and is very sensitive to the excitation position.
On the other hand, the identified modes are sufficient to characterize the dynamic behavior of
the structure in terms of modal damping ratio and modal shapes and frequencies to be compared
to the theoretical ones.

The comparison between the theoretical and the experimentally recognized mode shapes and
frequencies, pointed out that the anti-symmetric modes (with reference to a cable plane section)
are very accurately represented by the FEM model, while the symmetric ones are lightly stiffer
than the theoretical predicted ones and the respective frequencies are slightly higher.

It seems important to observe that the symmetric modes heavily involve the cables elonga-
tion, the stiffness of the substructure and the geometric stiffness, while the anti-symmetric ones
are substantially determined by the geometric stiffness matrix only.

Regarding the determined modal damping ratios, it can be observed that, as it can be ex-
pected, for large oscillation amplitudes the damping values are higher than for small amplitudes.
The largest excited amplitudes give rise to damping ratios of 3%o, as order of magnitude, for ap-
proximately all the excited modes.

The modes which involve the bending deformation of the steel border girder partially col-
laborating with the concrete slab (Fig. 8), are characterized by slightly higher values of the
damping ratio. These modes are quite stiff and, hence, they are not particularly significant in de-
termining the wind induced response.

On the other hand, opposite to the expected behavior, the flexural deformation of the rein-
forced concrete slab does not increase the damping value (Fig. 9); this is probably due to the
small thickness-width ratio (smaller than 5/1000 in the shorter direction) and the subsequent
relatively small deformations of the concrete slab, when involved in roof oscillations.
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Figure 8. Fifth mode dynamic properties. Test n. EXCB17; experimental frequency f., = 0,627 Hz; ex-
perimental damplng ratios: E,alarge amplitudes — 475%0 - E_;mean amplitudes — 377%0 - E_;small amplitudes — 371%0; FEM theo-
retical frequency fieor = 0,54 Hz.

5 CONCLUSIONS

Different vibration modes have been experimentally identified. Since they involve all the main
deformation mechanisms of the structure, they are sufficient to characterize the dynamic behav-
ior of the structure and its damping properties, particularly for the wind action excited modes.

The comparison between the theoretical and the experimentally recognized mode shapes and
frequencies, points out that the anti-symmetric modes are very well represented by the FEM
model, while the symmetric ones are lightly stiffer than the theoretical predicted ones (the sym-
metric modes involve the cables elongation, the restraint and the geometric stiffness while the
anti-symmetric ones are substantially determined by the geometric stiffness matrix).

The measured modal damping ratios were found to be about 3%, as order of magnitude, for
approximately all the excited modes and, in particular, for the more flexible ones, which are the
major responsible of the wind induced resonant response.

The measured damping ratios, together with the confirmation of the main modal frequencies
and shapes, involved in the wind loading dynamics, have then been used to review the analysis
based on numerical models, with improved confidence in the results of the design process.
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Figure 9. Tenth mode dynamic properties. Test n. EXCB21; experimental frequency f., = 0,698 Hz; ex-
perimental damplng ratios: alarge amplitudes = 272%0 - émean amplitudes = 176%0 - ésmall amplitudes = 173%0; FEM thCO-
retical frequency fipeor = 0,678 Hz.
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