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ABSTRACT

This paper briefly describes a set of lelegm dynamic monitoring programs developed by

the Laboratory of Vibrations and Structural Monitoring (ViBest, www.fe.up.pt/vibest) of
CONSTRUCT/FEUP in large Civil structures with different typologies (e.g. roadway,
railway and pedestrian bridges, stadia suspension roofs, wind turbines, concrete dams or
high voltage transmission lines), showing the interest and potential of the developed
technology, as well as of the huge high quality database created, which can be used for joint
collaborative research at European level

RESUMO

Este artigo descreve de forma sucinta um conjunto de programas de mon&ordizagémica
permanente desenvolvgl@elo Laboratério de Vibracdes e Monitorizacdo de Estruturas
(ViBest, www.fe.up.pt/vibeslp CONSTRUCT/FEUP em grandes estruturas de Engenharia
Civil com diferentes tipologias (e.g. pontes rodoviarias, ferroviarias e pedonais, coberturas
suspensas de @slios, turbinas edlicas, barragens de betdo ou linhas de muito alta tenséo),
evidenciando o interesse e potencial da tecnologia desenvolvida, bem como a enorme base de
dados de alta qualidade constituida, a qual pode ser utilizada no ambito de investigacéo
colaborativa a nivel Europeu.

Keywords Monitorizacdo Dinamica, Pontes, Estadios, Torres Eolicas, Barragens, Linhas de
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1. INTRODUCTION

The Laboratory of Vibrations and Moni-
toring (ViBest, www.fe.up.g/vibes) of
CONSTRUCT/ FEUP has been implement-
ing, since 2007, a significant set of leng
term dynamic monitoring systems in large
Civil structures with different typologies

rest and potential of the developed technol-
ogy, as well as of the huge high quality da-
tabase created, which cée used for joint
collaborative research at European level.

The representative set of monitoring ap-
plications presented shows the efficiency of
the developed tools and the usefulness of

(e.g. roadway, railway and pedestrian
bridges, stadia suspension roofs, wind tur-
bines, concrete dams or high voltage trans-
mission lines).

This paper briefly describes some of-the
se applications, clearly illustrating the inte

.
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the testing and monitoring programs im-
plemented, enabling the achievent of dif-

ferent objectives, such as: (i) the develop-
ment of finite element model correlations
and updating; (ii) the vibration serviceabil-
ity safety checking, particularly in case of
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lively bridges involving the inclusion of
vibration control devices; i() the imple-
mentation of automated versions of the
most powerful methods of Operational
Modal Analysis, and their application for
tracking the time evolution of modal pa-
rameters in longerm dynamic monitoring
applications; (iv) the application of statist
cal methods to remove the influence of en-
vironmental and operational factors (e.g.
temperature, intensity of traffic, wind) on
the modal variability, supporting the devel-
opment of reliable techniques for vibration
based damage detection; (v) the experi-
mertal assessment of fatigue, based on the
measurement of effects of real traffic loads;
(vi) the experimental assessment of aerody-
namic problems in bridges based orsitu
measurements; (vii) the tracking of modal
parameters in wind turbines, enabling dam-
age detection and fatigue assessment and
(vii) the characterization of the influence
of the water level in the reservoir on the
dynamic properties of concrete arch dams.

2. MONITORING OF HUMAN INDU -
CED VIBRATIONS FOR VIBRA -
TION SERVICEABILITY SAFETY

CHECKI NG

The continuous dynamic monitoring of
human induced vibrations can be useful to
support the verification of safety with re-
gard to vibration serviceability limit states
in lively structures and of the efficiency of
vibration control devices

This is the ase, for instance, of Pedro e
Inés footbridge (Fig. 1(a)), where ViBest/
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Fig. 1- (a) Lateral view of Pedro e Inés footbridge;

(b) TMD units for control of lateral vibrations; (c)

Histogram of maximum daily lateral accelerations
(June 2007 May 2010).
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FEUP implemented a loAgrm continuous
dynamic monitoring to check the real effi-
ciency of a set of tuned mass dampers
(TMDs, Fig. 1(b)) installed at different
points of the deck to control excessive lat-
eral and vertical accelerations.

This bridge isa slender structure 275m
in length and 4m wide, except in the central
square with dimensions of 8mx8m. The me-
tallic arch spans 110m and rises 9m and has
a rectangular box crosection with 1.35m
x 1.80m. The deck has a-dhaped box
crosssection, the toglange being formed
by a composite steebncrete slab 0.11m
thick. In the central part of the bridge, each
L shaped box crossection and correspond-
ing arch fAmeeto to
crosssection 8m x 0.90m. In the lateral
spans, arch and deckrgegate a rectangular
box crosssection 4m x 0.90m. The signifi-
cant slenderness of the bridge and the geo-
metric characteristics lead to a complex
structural behaviar. A key factor for the
bridge global stiffness is the structural be-
haviaur of its foundatims, which are
formed by vertical piles deep about 30m.

Dynamic studies developed at the design
stage could anticipate that this bridge would
be prone to high levels of vibration induced
by pedestrians, owing to the existence of a
fundamental lateral bendinmode with a
frequency close to one half of the mean
pacing rate, easily inducing a lateral syn-
chronization phenomenon (lodk), as well
as several natural frequencies associated to
vertical bending modes susceptible to be
excited by pedestrians walkingjnning or
under rhythmic jumping. Therefore,
ViBest/ FEUP, under contract with the de-
signer (AFAssociados), and subsequently
with the construction company (Soares da
Costa/ Socometal), developed during the
design phase a preliminary design of a set
of TMDs to control the critical modes of
vibration. After the end of construction, it
was made a final design, which required the
performance of a series of dynamic tests
(ambient and free vibration tests and tests
with pedestrians), which enabled an accu-
rate ypdating and experimental validation
of a sophisticated finite element model, that
was used for an accurate evaluation of the
modal masses in correspondence with the
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Continuous dynamic monitoring of large civil infrastructures
modes of vibration to be controlled. All this . || S —
extensive work is described in detail in HIRS
[1][2]. After installation of TMDs, forced
vibration tests were also performed to accu-
rately measure the levels of damping
achieved. In the meanwhile, the owner also
required a continuous dynamic monitoring
of the footbridge during a period of 5 years —
to confrm the good performance of the vi- 9w
bration control devices used.

The monitoring system, described in de- 160
tail in [2], is composed by 6 piezoelectric
accelerometers, a signal conditioning sys-

tem and an industrial PC, with an ADSL 0]

connection to the Internet. Bye 20 £ oo

minutes, all the collected time series are ® 407

transmitted to FEUP, becoming available to 1 M At Bt
the constructer, designer and owner through o T T P e
a website supported by a LabVIEW appli- S e
Catlon, and a”0W|ng to Issue alert messages 100 120 140 160 180 lirig.?s) 220 240 260 280 30.0
in case any lateral or vertical vilbi@n com- (b)

fort level is exceeded. Fig. 2- (a) Salgueiro Maia bridge during the static

Fig. 1(c) shows, for instance, a histo- load tests; (b) Record from embedded strain gage
gram associated to maximum daily lateral (vehicle speed of 90 km/h).
accelerations at midspan during a period of
3 years, which clearly shows that, after im- load tests involving 20 heavy trucks with
plementation of the lateral TMD, no situa- total mass of 380t each in different load-
tion of excessivéateral vibrations was rec- ing configuratios. Afterwards, dynamic

orded in that periad tests were performed in which some of
those trucks crossed the bridge at different
EEEECTS OF TRAFEIC LOADS IN and along different Ian(-?s, alone or in
ROADWAY AND RAILWAY groups. As an example, Figure 2b) shows a
BRIDGES dynamic response recordddring the pas-

. o _ sage of a heavy truck crossing the bridge at

The dynamic monitoring of bridges also  9okm/h along a lateral lane, as well as the
enable; an accurate e_valuatlon of dynamic quasistatic response obtained by digital
effects induced by traffic loads on roadway filtering. The dynamic amplification factors
or railway bridges. obtained (DAFs) reached, in this case,

This kind of study was for instance de- @b out 1. 20.inglhdwéver thato r t h
veloped by ViBest/ FEUP on Salgueiro Ma- the induced dynamic effects are significant-
ia bridge (Fig. 2a)), a singlglane cable ly dep_endent upon the pavement rou_ghne_:ss
stayed bridge over Tagus river, upstream conditions, which were characterized in this
the Vasco da Gama bridge. The main objec- case by a spatial laser scanning.

tive of this study, described witmore de- Another interesting example regards the
tail in [3][4][5], was the experimental eval-  experimental evaluation of the dyniarnef-
uation of dynamic effects induced by the fects induced by traffic loads on the Trezéi
passage of heavy trucks using a monitoring railway bridge (Fig. 3). This bridge is a sin-
system based on strain gages embedded ingle track metallic riveted structure with
the concrete and load cells in the stay three spans of 39m, 48m and 39m, support-

cables. ed by two intermediate trapezoidal metallic
This system was used durithg static piers and two masonry abutmentste ex-
tremities.
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Measured stress vs. Calculated stress
30
25 A —|
m — calculated stress (Mpa)
Azo / \\ — measured stress (Mpa) | |
§1s5
= NN
g LA
i : SEPRN ﬁo ’/ \ \ \ k\k :
. R . olo \56;/ 100 150  20.0 W/ao.o 3.0
Fig. 3- Trezdi bridge: (top) lateral view; (bottom) S
view inside the deck. 10 fime )

(b)

Fig. 4- (a) Instrumentation with strain gages; (b)
Measured vs calculated stresses.

A temporary monitoring campaign (Fig.
4) [6] was also developed at this bridge by
ViBest/ FEUP to characterize the global
and local structural behavig enabing the
calibration and validation of numerical
models used in numerical simulations.

Damage

4. MONITORING FOR  FATIGUE
ASSESSMENT  OF  RAILWAY
BRIDGES AND WIND TURBINE | IS
TOWERS L™ =

[ Diagonals sup.|
1 Cross girder
[ Stringer
B Verticalel. 1
N Verticalel.2

= 100

2
/;E Element number

The temporary monitoring campaign of
Trezoi railway bridge was also used for the
analysis of stress distributions in critical
elements and connections, the construction
of histograms of stress cycles suitable for
fatigue assessment, and collecting reliable
information regarding the characteristics of
real traffic crossing the bridge in term§ o
velocity, axle loads, number of axles and
axles distances [6][7].

In a first instance, measurements were
performed during two days of higher level
of traffic. During that period, the bridge .
was crossed by 8 freight trains and 16 pas- (b)
senger trains. Fig. 4tshows the very good
agreement betweemeasuredand calcula

Fig. 5- (a) Evaluation of fatigue damage for real
traffic; (b) Shell finite elemit modelling.
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Continuous dynamic monitoring of large civil infrastructures

ted stresses at an inferior chord of the truss
at midspan, which is the element subjecte
to higher traction stresses. These results
provided a higher confidence on the devel-
oped numerical simulations, as well as on
the trains characteristiosbtained. Fatigue
damage was then evaluated for the 14 in-
strumented sections and for each train.

This investigation was subsequently ex-
tended to all structural elements of the
bridge, which led to the conclusion that the
most susceptible elements to faigdam-
age are the transversal stringers (Fig. 5),
which are affected by local vibrations. This

aspect motivated a new research component

specifically focused on these local effects,
which involved also the development of
more sophisticated numerical modéisg.
5b)) and the continuous dynamic monitor-
ing of two transversal stringers [6][7].

A different approach has been also de-
veloped for the fatigue assessment of wind
turbine towers essentially based on the use
of accelerometers [8]. This methodology,
illustrated and validated with the help of a
numerical example developed with the
HAWC2 code, is based on the decomposi-
tion of the acceleration data records in
modal acceleration responses. After this
step, the fatigue stress due to each vibration
mode or stabnary responses to harmonic
excitations is computed.

DYNAMIC MONITORING FOR
MODAL VARIABILITY ANALYSIS

OF BRIDGES, STADIA SUSPEN
SION ROOFS, WIND TURBINES
AND CONCRETE DAMS

Continuous dynamic monitoring can also
be used to evaluate the modal variapili
induced by environmental and operational
factors, such as temperature, traffic intensi-
ty, wind speed or water level in reservoirs.

5.

For instance, a 12hannel continuous
monitoring system installed at Infante D.
Henrigue bridge (Figure 6) [9]in Porto,
Portugal, in 2007has been used to track
since then the time evolution of the corre-
sponding modal estimates, by automated
processing of the acceleration time series
collected every half an hour using very ro-

bust homemade software (DYNAMO) for

d outputonly modal identification based on
the mostadvanced methods (SSI and p

LSCFD) [10][11].

Figure 7 shows the time evolution of the
estimates of the first 12 natural frequencies
along one year, by application of the p
LSCF method. Though these estimates look
rather stable at a first glance, an appropriate
zoom of this plot for each natural frequency
clearly shows the existence of daily and
seasonal variations (Figure 8), which are
mainly motivated by oscillations of temper-
ature and intensity of traffic.

iLLM‘:

Fig. 6 - Position of accelerometers and temperature
sensors at Infante D. Henrique bridge.
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Fig. 7 - Time evolution of the estimates of the first
12 natural frequencies along one year, by application
of the pLSCF method.

Figure 9 fop) shows, for instancehé
good correlation between the estimates of
the first natural frequency and measured
temperature at the top of sextiT3. On the
other hand, Fig9 (bottom) illustrates the
influence of the increase of traffic intensity
at the beginning of each morning the es-
timates of the second natural frequency

In structures with clear linear behaviour
under ambient excitation, as is the case of
Infante D. Henrique bridge, the increase of
temperature usually induces a decrease of
natural frequencies according tons® line-
ar relation. However, in some structures
some form of no#inear behaviour can
cause a notinear relation. This fact can
stem either from some type of matenain
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linearity (e.g. sudden variation of the stiff-
ness of the asphalt layer for negatteen-

peratures) or from different forms of geo-
metrical nonlinearity (e.g. induced by tem-
perature joints or long suspension cables).
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Fig. 8- Time evolution of the estimates of the first 4
natural frequencies along three years, by application

of thep-LSCF method.

=y

N
&S o o
Temperature (°C)

Frequency (Hz)
]
S

0.77— c . c
Oct07 Jan08 Apr08 Julog

0.83f*
0825

0.82F |+ %

Frequency (Hz)

Mo Tu We T‘h Fr Sa Su Mg.s

Fig. 9- (Top) Variation of the estimates of the first
natural frequency (blue dots) vs measured tempera-

ture at the top of section T3 (red line); (Bottom)
Time evolution of the second natural frequency vs
RMS values of vertical acceleian time series col-
lected at section S3 during one week (03/03/2008
09/03/2008).
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Fig. 10- Braga stadium suspension roof: View from
the west side; Crossection.

As an example, we can mention the case of
the Braga Stadium suspension roof (Figure
10), where a &hannel continuous dynamic
monitoring system has been installed in
2009, enabling the tracking of a large num-
ber of modal frequencies in the rangéd 0
Hz (Figure 11) [12]. However, careful in-
spection of the zoom shown in Figure 11
shows the oagrence of some nelnear
correlation between frequencies and tem-
perature indued by the noiinear geome
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Fig. 11- (a) Temporal evolution of identified natural
frequencies: (top) from 25/03/2009 to 27/09/2012 in
the range @..1 Hz; (lmttom) from 1/07/2009 to
10/07/2009 for modes 3, 4 and 5; (b) Correlation
between modal frequencies and measured tempera-
tures in the period 1/07/2009 to 31/12/2009.
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trical characteristics of the suspension roof, 15

and in some cases the increase of tempera-
ture leads even to an increasenoddal fre-
quency [13][14].

Wind can also play an important role in
terms of inducing significant variations in
the modal parameters. This has been no-
ticed for instance processing data from one
year of continuous monitoring aforrao
wind turbine [8] and observing the Camp-
bel diagram achieved relating frequency
estimates with the rotor speed (Figure 12).
It is however particularly interesting to
show the significant increase of modal

Damping [%6]

=
damping of the 1st FA mode induced by the £
increase of wind speed along the different g
operating regimes of the wind turbine (Fig-
ure 13).

At | ast, itos still
fluence of the water level in the reservoir

on the natural frequencies of Baixo Sabor Fig. 13- Evolution of damping with the wind speed:
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data from a 2@&hannel continuous dynamic
monitoring system installed after construc-
tion to follow the first filling of the reser-
voir (Figure 14) [15].
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iz oo e | 6.MONITORING FOR VIBRATION
] e e e ] BASED EARLY DETECTION OF
N Rl STRUCTURAL CHANGES
T B T S e e R Although the variations of modal fre-
_ e quency estimates induced by environmental
Fig. 12- (Top) Torrdo wind turbine; (Bottom) and operational factors are in general rela-

Campbel diagram after one year of continuous moni-
toring and removal of the estimates corresponding to

tively small, thg can clearly disturb any

excitation harmonics. attempt of detecting structural damages on
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the basis of the analysis of natural frequen-

cy shifts.

Therefore, it is of utmost importance to
remove or mitigate the effect of such fac-
tors on the modal variability by applying
approprate statistical methods (e.g. multi-
ple linear regression or PCA methods) and
building suitable control charts that may
flag the occurrence of slight damage
[16][17].

Figure 15(a) shows, for instance, the
temporal evolution of the estimates of the
first naural frequency of Infante DHen-
rique bridge before and after the removal of
the environmental/ operational effects. In-
spection of this figure shows the high effi-
ciency of such correction, most of the esti-
mates being then located in a very narrow
frequeny range with an amplitude of about
0.005 Hz. This means that relatively small

damage can be detected in the future pro-

vided that the variations of modal frequen-
cies induced are higher than that order of

7. DYNAMIC MONITORING  OF

WIND EFFECTS ON LARGE
BRIDGES AND SUSPENSION
ROOFS

Continuous dynamic monitoring can also
play an interestingole in Wind Engineer-
ing studies developed on prototypes, spe-
cially in the case bridges located in zones
with high susceptibility to the occurrence of
extreme events, such as cyclones or ty-
phoons, demanding an adequate characteri-
zation of loads and an agcete assessment
of the corresponding response.

Such type of research has been carried
out by ViBest/ FEUP on the Grande Ravine
viaduct (Fig.16), which is a slender girder
bridge crossing a volcanic breach of 320m
width and 170m depth, at the Reunion Is-
land This viaduct is located in an area fre-
quently affected by tropical cyclones and
has a particular structural configuration
that, although stiff when compared to cable
stayed and suspended bridges, is slender in

magnitude. This conclusion has been better comparison to ordinary girder bridges.

confirmed analysing different damage sce-
narios idealized numerically and building
appropriate control charts, as illustrated in
Figure 15(b) [16][8], both in bridges and in
wind turbines

(b)

Fig. 15- (a) Temporal evolution of the first natural

frequerty estimates before and after the reaiaf

environmental/ operationeffects; (b) Control chart
for damage detection.
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Fig. 16- Monitoring of Grande Ravine viaduct: Lo-
cation of (top) anemometers and accelerometers;
(bottom) pressure cells.

These aspects led the Designer SETEC
tpi [18] to idealise a continuous monitoring
system with aerodynamic character, group-
ing a set b anemometers, pressure cells,
temperature sensors and accelerometers
(Fig.16). Collaboration between the De-
signer, ViBest/FEUP and CSTB was estab-
lished for the processing and analysis of
recorded data, in order to validate the wind
studies carried out dung the design stage.
Several other experimental tests were also
conducted. In particular, ambient vibration
tests were performed to characterise the
bridge structure after construction, and de-



