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ABSTRACT: Bridges are ageing and traffic is growimghich creates a deand for accurat
fatigue life assessment. The Europabriicke — akmellvn Austrian steel bridge near Innsbruck,
opened in 1963 - is one of the main alpine nortttsooutes for urban and freight traffic. It
represents a bridge generation, where bridge desigrcted on a maximum of building mate-
rial economisation. A long-term preoccupation of /@ith BRIMOS (BRIdge MOnitoring
System) on the Europabriicke (since 1997) with wegmifatigue problems and possible dam-
age led to the installation of a permanent momtpaystem in 2003. Since that time a lot of in-
vestigations and additional special measurements devoted to innovative, mainly monitor-
ing-based fatigue assessment as the emphasiseigléze the standard’s premises — referring to
loading - by measurements. The present paper stimuwesults of an ambitious measurement
campaign. All 144 torsional bracing beams were nooed with accelerometers to assess their
structural integrity. An effective and stable apgmio was chosen by comparing calculated, ex-
pected values of structural stiffness with the meas ones to localise weak points or weak ar-
eas within the whole structure as a basis for coative performance analysis. The shown
conception assures the determination and obsenvafislowly progressing processes in the
structure, which might lead to local damage ordtedoration of the structure’s operational in-
tegrity.

1 INTRODUCTION - OBJECTIVES

In the course of previous investigations - and lpglréo visual inspections - the steel bridge’s
torsional bracings and their joints turned out éattre main subject of interest, as their response
is most sensitive to the global, freight trafficrdioated impact. During the years periodic
bridge inspections were undertaken. With regarthébracings it can be stated, that the fol-
lowing type of deficiencies were most commonly itiféed:

Crack formation in the corrosion protection coatdening bolts, fatigue cracks, buckling and
fracture of certain connecting plates — the |atieze sources were relatively seldom.

The described monitoring investigation of all dingbbracings was undertaken in order to de-
termine the condition of maintenance of these sitrat members (their integrity) as well as the
load bearing capacity by means of BRIMO®long with the conventional bridge assessment
this investigation supports the determination awhiion of potential problem zones based on
the measured structure’s vibration behaviour.

On the one hand the relevance of visible damagasKkg, buckled joint plates) was quantified.
On the other hand locations or areas without viguditators but already giving notice of po-
tential local failure were identified and assedsgdeans of modal analysis.

The present investigation is to be understood a@igial measurement. Possible upcoming
measurements are to be referred to this initial -opessible changes of the structure’s opera-
tional integrity in the course of time can be qufsed with this approach.
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Figure 1. Design of the torsional bracing’s bottand top joints, Europabriicke

Figure 2. Revealed deficiencies since 1983 (199&dr 2005 in green )

2 EXECUTION OF THE MEASUREMENT

The present section shows the results of a two Beymg ambitious measurement campaign.
All 144 torsional bracing beams, belonging to bdtiving directions were monitored with ac-
celerometers in order to assess their structutegiity (sampling rate = 1000 Hz; file length =
165 sec). An effective and stable approach waserhts localise weak points or weak areas
within the whole structure.

Figure 3. Accelerometers based vibration monitodhthe torsional bracings

R.Veit-Egerer & H.Wenzel Monitoring based weak point deterfDraft Journ. Struct. & Infrastr. Engin / 12/03/330 2



The present monitoring campaign was also combinigd an accompanying, visual inspec-
tion of the structure to document obvious damageisregularities. Besides a few smaller fa-
tigue cracks two of the diagonal bracings are t@Xgbited. In both cases there was evidence
of explicit damage - driven by torsional overstiegs caused by freight traffic.

Figure 4. Revealed deficiencies in the coursé@fmeasurements in 2006

Figure 5. Fatigue crack (13 cm long ) - weakenhmgdonnection plate between the torsional braciregV
QV-N and the orthotropic bottom plate

Figure 6. Plastic buckling - weakening the conmecplate between the torsional bracing IV 30 QV-S
and the orthotropic bottom plate
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According to the bridge’s nhomenclature the torsidmacing V 24 QV-N has been over-
stressed by dynamic torsional loading with remalkattxial force cycles, which led to a dis-
tinctive fatigue crack, growing progressively withthe connection plate between the diagonal
bracing and the orthotropic bottom plate (Fig. B)e torsional bracing IV 30 QV-S has been
excessively loaded by static torsional impact wimarkable axial forces, which led to a dis-
tinctive plastic buckling, weakening the connectiate between the diagonal bracing and the
orthotropic bottom plate (Fig. 6). Even if therenis evidence of this certain damage within the
documentation of the periodic bridge inspections possible, that this buckling has its origin
in a constraint stressing in the course of the rtingmworkings.

3 ANALYSIS OF THE MEASUREMENT

The measurements were made under ambient conddiotise one hand (environmentally ex-
cited vibrations) and under normal site trafficliming the dominating affection by passages of
heavy vehicles on the other hand. The remarkablamic response of the bracings in the
range of 0,1 und 0,29, which occurs quite frequeistto be pointed out.

Figure 7. Effective vertical accelerations undebamt conditions at bracing Il 42 QV-N

Figure 8. Smoothed frequency spectrum (verticatleurambient conditions at bracing Il 42 QV-N
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The frequency spectra — representing the effectyweamic stiffness of the structural mem-
bers - show a distinctive dynamic characteristiallrthree analysed dimensions. The entire in-
vestigation is focused on the diagonal’s vertidgegation (perpendicular to the traffic’s driving
direction).

The extracted eigenfrequencies are assumed toabke sind effective to indicate probable
anomalies. In the present case the lower frequer(tie natural as well as the follwing two
ones) are suitable to assess the integrity andifunadity of the boundary conditions of the tor-
sional bracings. As already stated the design @fbttacing’s joints turned out to be the main
subject of interest, being most sensitive to tludal, freight traffic-dominated impact (Fig. 1, 4
& 5).

3.1 Methodology - Determination of expected valuegHerbracing’s effective stiffness

The Eigenfrequenct is defined as a function depending on the crossoses bending stiff-
nesskl, the structural member’s length the mass per meten and the type of the boundary
conditions (). The utilization of the present equation withgohsidering axial forces is per-
missible, as the acting forces in the present easeelatively small — furthermore probable
changes of the effective axial forces are occuriing quite short time-frame, which minimises
their affection on the dynamic response in the sewf frequency analysis.

It can also be shown, that the relation betweerdthgonal's free vibration length and the geo-
metrical length is constant, which also eliminatednfluence on the judgement of the results
of the present methodology. The project documastiadielivers all input-parameters to derive
the expected values for eigenfrequencies basedesinB (1979) - Equation (1).

2 g R

= m (2)

Figure 9. Pattern of the functions of the expesig@des f for varying boundary conditions (DOWNHILL
left / UPHILL DIRECTION right)

The previous figures show the progression of ddriegpected values fdr assuming differ-
ent types of boundary conditions (clamped on battise clamped-hinged, and an approxi-
mately determined rotational spring on both en@lkg bridge deck’s ground view has a certain
flexion shape in both abutment areas and a cornelépg lateral inclination, leading to differ-
ent lengths of the torsional bracings in the brisigengthwise direction for the uphill and the
downhill driving direction (Fig. 9; Fig. 10). Of aose the differing length of the diagonals due
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to the varying steel box-girder height (decreaging the main span to both abutments) is also
considered. As Equation (1) demands square valiisecstructural member’s lengths para-
bolic functions are representing the expected digguencies in the lengthwise direction. The
consideration of different supporting conditioningplemented into the constant parameter
The bigger its value, the more the three derivadlpgic functions seem to drift away from
each other with increasing values for expectedndigguencies at the same time due to the di-
agonal length’s non-linearity.

Figure 10. Ground-view of the bridge deck’s flexigimpe (schematically) — the corresponding lateral
clination demands varying lengths of the torsidimakings in the lengthwise direction

Figure 11. Pattern of the RATIO of calculated fiumas for the expected valuestd each other for vary-
ing boundary conditions (DOWNHILL left / UPHILL DIRCTION right)

The developed methodology delivers a standardined & comparison. The utilization of
Equation (1) - considering the varying length oé tlorsional bracings in the uphill and the
downhill driving direction — automatically ensurtst each expected value of the structural
member’s dynamic response includes the same undgrtd modelling.

The present approach intends to provide a horiz@mtaression of the calculated relation
between measured and expected values for eigeefnesps under regular conditions. Probable
deviations from this trend line are much betteoggizable than for example from the progres-
sion of the measured values itself. This fundamesdaumption of the methodology is con-
firmed when the progression of calculated relatioetsveen each of the three functions for ex-
pected values (Fig. 9) is compared to the othes ¢rieg. 11). Analogous to the comparison of
the individual functions of expected values to eattter (Fig. 11), the comparison between the
measured and the expected values of the braciffgige stiffness was done.
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4 RESULTS OF THE ASSESSMENT

When analyzing Fig. 12 — focusing on the naturadifrencies - it is obvious, that firstly there is
a systematic, widely constant deviation of the rtaritig results from the expected, calculated
ones (horizontal progression). From this progressimgular as well as sectional distinctive
parts leaving the horizontal trend line are isaatn intention of the chosen methodology. In
these cases it is remarkable, that the deviationsrmally occurring nearer to the analytical
model “clamped on both ends" are located nearé¢nagcanalytical model “clamped on one end
— hinged on the other end".

Up to now the investigation has been showing aistatd trend — confirmed by each of the
first three observed eigenfrequencies. The tramel depresenting the deviation between meas-
ured and expected values has a horizontal progressithe central part of the bridge (brige
spans 1, 1l und lll, while the outer spans B, IV(®ownhill driving direction) and the outer
spans IV und V (uphill driving direction) alreadydicate a degradation of the torsional brac-
ing’s integrity over the entire span length. Thas@n might be the ability of the central spans
to redistribute internal forces and restraint, whiie outer spans have this possibility only in a
limited manner — which forces their torsional resmiee to be activated regularly. This has an
impact on the torsional bracing’s joints as anaffe degradation of the integrity of boundary
conditions is clearly identifiable with a decreadehe natural frequency. These statements are
particularly confirmed by the fact, that in the péstigue damages of the diagonal bracings
have mostly been occuring in the outer bridge spans

Figure 12. 1. Eigenfrequency — Trend of deviatidrihe measurement's results to calculated expected
values in the bridge's lengthwise direction — farying boundary conditions (DOWNHILL left / UP-
HILL DIRECTION right)

Fig. 12 also exhibits, that the assessment of tdews of measured natural frequencigsof
the expected values can be related to every typ@widary condition (clamped on both ends;
clamped-hinged, and an approximately determineatiostal spring on both ends). The flexion
shape of the obtained trend line remains — whidicates that the observed phenomenon is in-
sensitive with regard to the type of supportingdibans.

By comparing Fig. 12 left and Fig. 12 right it bemes clear, that the diagnosis of reduced
structural integrity in the outer bridge spans astigularly evident in the downhill driving di-
rection. The condition of the torsional bracingsobging to the uphill driving direction seems
to be much less affected even if they show the séegeadation phenomenon next to the upper
abutment. The reason is most likely the heavy Fteigaffic-impact suddenly entering the
bridge structure and moving downwards, even iflgnthe whole assembly’s torsional resis-
tance (consisting of two bracings) gets activafigghin these statements are particularly con-
firmed by observations during visual inspectiorssirathe past fatigue damages of the diagonal
bracings have mostly been occuring in downhill ishgvdirection.
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Fig. 13 shows the predetermined progression of ardevalues depending on the varying
lengths of the torsional bracings. It was alreadyesl that the differing length of the diagonals
due to the varying steel box-girder height (dedrepffom the main span to both abutments) is
considered. Additionally the bridge deck’s grouridws has a certain flexion shape in both
abutment areas and a corresponding lateral inmakeading to different lengths of the tor-
sional bracings in the bridge’s lengthwise direatfor the uphill and the downhill driving di-
rection (Fig. 9; Fig. 10). That lateral inclinatiomboth abutment areas demands, that bracings
belonging to the downhill driving direction and tyeg closer to the abutment Schénberg (right)
are becoming successively shorter. The correspgrfdimction describing the expected eigen-
frequency-values for the downhill direction inclsdmcreased expected frequency values in
comparison to those values belonging to the ughiMing direction. For bracings getting closer
to the abutment Patsch (left) these conditiond@abe assumed the other way round.

Figure 13. Comparison of certain functions of tlkpexted values, fto other ones for varying boundary
conditions - DOWNHILL DIRECTION versus UPHILL DIREGON

Figure 14. Comparison of measured values of thetstral member’s response)(f DOWNHILL DI-
RECTION versus UPHILL DIRECTION
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When observing and comparing the measured eigardries - belonging to both driving
directions (Fig. 14), it gets evident that the rsegy assumptions described in the previous
paragraph with regard to the outer brige spanshateconfirmed, especially not in the most
critical area — downhill driving direction next tiee abutment Schénberg (right). The necessary
exceedance of the uphill values by the downhillgaldoes not appear. The values correspond-
ing with the downhill driving direction’s functiorare mostly in the same order than those from
the uphill direction or even smaller. At the oppesibutment Patsch a distinctive decline of the
measured function — again belonging to the dowwiilling direction — can be observed.

5 JUDGEMENT — CONCLUSIONS

In the following all fundamental observations amudings are summarised for reasons of
clarification. Again it can be stated that there distinctive deviations from the measured to
the expected functions for the outer bridge spdrthedownhill driving direction — while the
uphill driving direction is affected by the samé gkproblems mainly in the area near the abut-
ment Schénberg. All of these statements lead teterchination of weak points and weak areas,
which are highlighted in Fig. 16. Additionally toeas being identified as quite noticeable there
are single bracings whose loss of integrity seantsetin the range of the outer bridge spans.
Furthermore the diagnosis revealed even more dadmacings who are indicating already
possible local damage or further deterioratiorhefdtructural member’s operational integrity.

Figure 15. Functions of the expecteds valydeif varying boundary conditions / Measured valaés
the structural members responsg (fTrend of deviation of the measurement's resltsalculated ex-
pected values in the bridge's lengthwise direcD®WNHILL versus UPHILL DIRECTION)

Figure 16. Monitoring based determination of wealnts and weak areas for both driving directions
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6 OUTLOOK

A continuative methodology was prepared, which ubkesisolated hot spot areas for detailed
fatigue analysis to determine, how grave the ptesiémation is with regard to the remaining
service lifetime of the analysed structural membaAssthe present lifetime calculations are per-
formed in terms of stresses (Stress-Life Approacmprehensive Finite Element Analysis is
necessary to quantify the real fatigue-threat. [blaeing-input implemented into these calcula-
tions is going to be strictly measurement basedetaupported global deflection measure-
ments are used as well as a dynamic traffic-weigdistration system, which is based on a pat-
tern recognition algorithm by Wenzel & Veit-Eger@007) reproducing vertical cantilever
deformations from accelerometers (major featurdefpermanent monitoring system).

Besides the traffic induced impact, additional nbariing campaigns revealed, that there is a
strong influence due to sun-radiation. Firstly tasepported global deflection measurements
were performed. On the one hand the progressidheobffset of the bridge’s reference accel-
erometer in the lateral direction was transformei ian angle of inclination. The resulting
temperature gradient function induces additionddlaforces and deformations explicitly into
the outer bridge spans. Approximate analysis reggdhat this constraint’s intensity level can
occur up to the range of the traffic-impact its€léntrary to the general doctrine in conjunction
with structural performance analysis of welded congmts the authors assume, that the influ-
ence of temperature leading to varying mean stsesgehave to be considered.

This methodology of course implies additional strgauge measurements on representative
torsional bracings. While observing a few daily legcof loading impact the spectrum of effec-
tive axial forces will be determined. Furthermadnege special measurements will be used for
verification and calibration purposes of the ddsexli Finite Element Analysis. Finally a profile
of temperature sensors over a certain box-girdggss section is prepared to assess the in-situ
distribution of temperature impact (permanent nmamng) as well as the sun-radiation itself.
To eliminate possible uncertainties accompanyimtg®irecordings are going to provide com-
plementary information.

The implementation of strictly measurement basedittg impact into Finite Element calcu-
lations strongly supports quantitative estimatibthe service-lifetime via separation of fatigue
relevant loading cycles from the randomly occurrowgrall traffic. An extensive explanation
of the approach in general and its methodologyetaitihas already been published - see Veit
& Wenzel (2006).
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