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Abstract
This contribution addresses the compensation of disturbing effects on performance indicators in the frame-
work of structural health monitoring of bridge structures. Basis of this study is the ambient acceleration
response of a freeway bridge located in the Austrian Alps, recorded in a long-term monitoring campaign
over five years. The two investigated effects are the non-stationary added mass of the traffic volume and the
exposure of the bridge to seasonal ambient temperature changes. In the first part, the impact of added mass
on an identified natural frequency is quantified. With trucks crossing the bridge modeled as rigid lumped
mass, the mass loading effect on the performance indicator is rather small. In the second part, three different
black-box input-output models for compensating the influence of the ambient temperature on the identified
frequency are developed. It is shown that the developed black-box models facilitate at least partially the
desired compensation of the temperature effect on the considered bridge frequency.

1 Introduction

The basic idea of structural health monitoring (SHM) is to continuously or periodically monitor a kinematic
response quantity (strains, deformations, velocities, accelerations) that serves as input for performance in-
dicators of the considered structure. A change of a performance indicator indicates a modification of the
structural state due to degradation or damage, and allows to take immediate appropriate measures. Many
SHM approaches and aspects have been discussed in the literature, see for instance literature survey [1].
So-called operational modal analysis (OMA), also referred to as output-only SHM methodology, is based
on the ambient dynamic structural response due to inherent excitation, such as micro-seismicity, wind loads,
and traffic loads ([2],[3]). Since the spatial and time evolution of these, in general, non-deterministic exci-
tation sources without pre-defined load pattern is not explicitly known, in a common assumption ambient
excitation is modeled as a stochastic stationary Gaussian white noise process. Consequently, frequency re-
sponse functions (FRFs) of the monitored structure can be derived using only the recorded response data.
Then, in the next step, system identification algorithms are applied to the FRFs to identify modal structural
parameters (natural frequencies, damping values, mode shapes) [4], which may serve itself as performance
indicator (i.e. damage sensitive parameter) or may be processed to performance indicators [5]. Particularly
for bridges, where the time-varying traffic is the main excitation source, the stationarity assumption is a
rather crude description of the reality. In practical applications, thus, before parameter identification, FRFs
from several time frames of the observation period are sufficiently averaged.

Although in the last decades various SHM methodologies have been developed, their application in engi-
neering practices still faces several difficulties. In particular, the effect of pronounced varying environmental
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boundary conditions such as the ambient temperature on the structural response may distort performance
indicators, thus, potentially hiding structural damage. Yet another difficulty in SHM of bridges is related to
the crossing of heavy goods traffic because any significant additional mass (truck, train, etc.) changes the
modal system properties.

In the present contribution, several approaches to reducing the impact of both ambient temperature and
mass loading on performance indicators are proposed and discussed. These approaches are derived from
the ambient acceleration response of a freeway bridge located in the Austrian Alps, recorded in a long-term
measurement campaign [6], [7].

2 Considered bridge, traffic volume, and environmental condition

The Lueg bridge, located close to the Brenner Pass in Austria, carries the four-lane Brenner freeway along a
mountain slope connecting Austria and Italy. The bridge, which was completed in 1969, is separated into five
segments of about equal length and exhibits a total span of 1800m. Four segments are made of prestressed
concrete, whereas the cross-section of the central segment is composed of a steel truss and a concrete deck.

(a) Arial photograph [8]
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sensor

(b) Composite cross-section of the central bridge segment, adopted
from [8]

Figure 1: Lueg bridge of the Brenner freeway, Austria

At an altitude of 1370m the Brenner Pass is the only major mountain pass within the area, and hence, the
Brenner freeway represents one of the most important transit routes between Northern and Southern Europe
both for freight and holiday traffic. Figure 2 shows the total number of vehicles passing the bridge per day
in 2008. As observed, during the holiday seasons the traffic volume is higher, with peaks on Saturdays
throughout the year. In [9] the number of trucks (i.e. vehicles exceeding a mass of 8.7 t) crossing the Europa
bridge, which is also part of the Brenner freeway, is specified for this observation period. It is reasonable to
assume that the Lueg bridge carries the same trucks, because the Europa bridge is situated only 25 km north
without major exits in-between. In Figure 2 the counted trucks per day are shown by red circular markers,
except for the period mid of May till the end of June, where no data are available. In contrast to the total
traffic volume, the daily truck traffic is from Monday to Saturday relatively constant throughout the year,
with a mean of about 7000 trucks per day. However, on Sundays and on public holidays a significant drop of
the heavy goods traffic is observed, due to the truck driving ban in Austria from Saturday 3 p.m. to Sunday
10 p.m. and on public holidays from midnight to 10 p.m. This ban is also in place every night from 10 p.m.
to 5 a.m.

From these data, for every day of 2008 the diurnal variation of traffic across the bridge can be presented in
terms of a histogram, here selecting one hour intervals. When normalizing the total area below the histogram
to one, it represents an approximation of the corresponding probability function of the daily traffic. Then, the
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normalized histograms of all Mondays (Tuesdays, Wednesdays, etc.) in the observation year 2008 are added
up and divided by the number of Mondays (Tuesdays, Wednesdays, etc.). In this respect, public holidays are
treated as Sundays, i.e. the histogram of Sunday also includes the traffic information of those holidays. As
the result of this statistical analysis, in Figure 3(a) the arithmetic mean normalized histograms of the daily
traffic volume is displayed. Inspection of Figure 3(a) confirms that most of the traffic crosses between 5 a.m.
and 10 p.m. the bridge, partially due to the driving ban on heavy goods traffic beyond this time period. It is
also observed that during weekdays the daily distribution of the traffic is similar, however, on Saturdays and
Sundays the characteristics of the traffic flow is different.

Figure 2: Number of all crossing vehicles and trucks per day recorded close to the Lueg bridge in 2008

(a) Daily distribution of total traffic (b) Daily number of trucks as a function of vehicle
mass

Figure 3: Arithmetic mean histograms of the daily traffic distribution crossing the Lueg bridge in 2008

According to Figure 2, trucks represent approximately 20% of the total traffic volume. Considering that in
Austria the gross vehicle mass of trucks is limited to 44 metric tons (t), which is one order of magnitude
larger than the mass of passenger cars, this implies that the mass added to the bridge is dominated by the
heavy goods traffic. In [9], the mass of each truck crossing the Europa bridge in 2008 is specified, and the
trucks are categorized into nine mass classes: mass class 1 (8.7-10t) collects the vehicles carrying little to
no loads, whereas mass class 9 (40-44t) comprises the fully loaded trucks. Figure 3(b) shows for each mass
class the arithmetic mean truck number of each day of the week, evaluated over the observation period 2008.
Public holidays are treated as Sundays, as before. It is readily observed that most of the trucks belong to mass
classes 1 and 9. The number of unloaded trucks is relatively stationary throughout the week, however, on
Sundays the quantity of fully laden trucks is much smaller compared to the remaining six days of the week.
Despite the traffic ban, due to exception permits, on the weekends the heavy goods traffic is still considerably.
From this discussion it can be concluded that the traffic across the Lueg bridge is highly non-stationary.

Since located at an altitude of about 1300m, the Lueg bridge is exposed to pronounced climatic seasonal
changes. Figure 4 shows the annual ambient temperature, recorded in 2008 close-by at the Brenner Pass. As
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Figure 4: Daily ambient mean temperature recorded close to the Lueg bridge in 2008

observed, the ambient temperature fluctuates in a range of 45 ◦C, and frost is present during half of the year.

3 System identification

In a long-term monitoring campaign, conducted in the framework of a funded research project [10], the
company VCE Vienna Consulting Engineers ZT GmbH recorded from December 2006 to September 2011
ambient accelerations of the Lueg bridge continuously at a sample rate of 100Hz. The position of the
Kinemetrics triaxial force-balance accelerometer in the steel truss of the central bridge segment, which mea-
sured the acceleration data used in this study, is shown in Figure 1(b). Based on these data, subsequently
a characteristic natural frequency of the bridge structure is identified. This frequency is considered as the
performance indicator of the bridge.

To identify the characteristic natural bridge frequency, the recorded acceleration signals serve as input for
Welch’s estimator [11], applied to estimate the power spectral densities (PSDs) of these signals. The fre-
quency resolution of the PSDs depends on the considered time frame of the signals. In general, the required
time frame increases, the lower the expected natural frequencies and damping coefficients are. Rules of
thumb for estimating the time frame are provided, for instance, in [2], [3]. In the present study, PSD analysis
is based on a time frame of 14400 s = 4h to obtain the targeted frequency resolution of 0.0025Hz. To sta-
tionarize the signal in the time frame, it is divided into a sequence of 100 partial segments with 64% overlap.
The arithmetic mean of the 100 segment PSDs is the representative PSD of the signal in the considered time
frame, implying that non-stationary effects have been minimized through averaging. The PSD of the next
time frame is based on the signal with 75% overlap to the signal of the previous time frame, thus, resulting
in a PSD update rate of 1h.

As an example, Figure 5 depicts the resulting auto PSDs, Sxx, of the three orthogonal acceleration compo-
nents recorded at two different seasons in logarithmic scale. The underlying signals of the left plot were
recorded in winter at night (December 10 2006) from midnight to 4 a.m., the PSDs of the right plot are based
on accelerations measured in summer at noon (June 29 2007) from 10 a.m. to 2 p.m. As observed, the lon-
gitudinal vibrations are orders of magnitude smaller than in the other directions, and therefore, they are not
further considered. On the other hand, PSDs of the transverse and vertical vibration components are of the
same scale, and they exhibit in the depicted frequency domain from 1 to 4Hz several pronounced resonance
peaks. The bridge is supported by long piers of up to 50m (see Figure 1(a)), and thus, the recorded transverse
response in mainly associated with bending of the piers. Since the focus of this study is on the structural
condition of the bridge deck but not on the piers, the transverse response component is not elaborated in
more detail.

In both subplots of Figure 5, the PSD of the vertical acceleration shows at a frequency of about 2.2Hz a well
separated peak. This apparent natural frequency is chosen as performance indicator for potential structural

1558 PROCEEDINGS OF ISMA2018 AND USD2018



changes in the bridge deck. Since only one sensor output is available, peak-picking is the obvious choice to
identify the frequency at this peak from the PSDs in one hour intervals in the entire observation time from
December 2006 to September 2011. In Figure 6 this identified natural frequency, fid, is depicted for two
time intervals of 50 days in the winter and summer seasons: the left plot refers to the December-January
period of three different winters, and the right plot to the July-August period of three subsequent years. This
figure reveals that the frequency is not stationary over time.

Figure 5: Auto spectral density of the three acceleration components for two different periods of time

Since in the entire monitoring period no structural damage was observed, it can be, thus, concluded that
the bridge structure is sensitive to the variable mass-loading effect and/or the environmental impact. The
frequency varies in the range from 2.15Hz (summer) to 2.35Hz (winter), which can be attributed mainly
to seasonally different climatic different conditions. In the cold season the mean of this frequency is larger,
because subsoil, abutment (due to formation of ice), asphalt, etc. are stiffer at low temperatures. It is also
observed that the frequency fluctuation in winter is larger than in summer, a result of frost-thaw cycles in the
winter. The small variations of the frequency in the summer period are most likely related to the variation of
the heavy goods transport over the day and the week, as discussed before. In the legends of Figure 6, mean
± two times the standard deviation σ of this natural frequency in the considered time intervals are specified.
Assuming a normal distribution, the range ±2σ approximates the 95% confidence interval of the frequency,
representing its uncertainty.

(a) December-January period (b) July-August period

Figure 6: Variation of the identified natural frequency in two 50 day periods of three subsequent years

This natural frequency may only serve as performance indicator if the effects of traffic volume and ambient
temperature in this frequency are compensated. That is, the scatter with respect of time is eliminated, or
at least, reduced, thus resulting in a significant decrease of the 95% confidence interval of the frequency.
Subsequently, those effects on the identified frequency are quantified, and procedures for their compensation
proposed, tested, and evaluated.
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4 Assessment of mass-loading effect

At first, effect and extent of variable mass-loading on the identified natural frequency is discussed, based
on stochastic finite element (FE) simulations of the bridge-truck system. To this end, a two-dimensional
FE beam model of the considered bridge segment is built. The fundamental frequency of this bridge model
without truck loading is fsim,0 = 2.292Hz.

Heavy goods traffic on the bridge is stochastically simulated. Fundamentals of this simulation are the sta-
tistically evaluated data of the counted traffic for every day of the week, as described in section 2, compare
with Figure 3. The number of trucks of each mass class is assumed to be a standard-normal distributed
random variable, with mean according to Figure 3(b) and corresponding standard deviation. These random
variables are combined in vector x1 ∈ R9 ∼ N (0, 1). Random vector x2 ∈ R24 ∼ N (0, 1) contains the set
of 24 standard normal-distributed random variables describing the distribution of the heavy goods traffic in
one-hour intervals during the course of the day, taking into account mean values depicted in Figure 3(a) and
corresponding standard deviations. The arrival time x3 of the individual trucks at the bridge in each one-hour
interval is assumed to be uniformly distributed. The mass of a truck in a mass class is captured by another
uniformly distributed random variable denoted as x4. A further assumption is that the trucks cross the bridge
with constant but random speed with mean 50 km/h and standard deviation 10 km/h. As such, at each time
instant, the position of a truck on the bridge can be determined.

Lumped masses representing the truck are attached to the two adjacent nodes of the FE beam bridge model.
Modal analysis of 100 random coupled bridge-truck samples is performed at discrete time instants in ten-
seconds intervals for the seven days of a week. Averaging results in one-hour intervals yields estimates for
the considered natural frequency fsim,∆m taking into account mass-loading. Figure 7 shows the range of this
frequency in terms of mean values µ ± 2 standard deviations σ. It can be concluded that the lumped mass
truck model reduces consistently the considered natural bridge frequency at all time instants. The extent of
reduction is directly related to the diurnal variation of the traffic, compare with Figure 3(a). Consequently,
on Sundays and during the nights the predicted frequency shifts are much lower. According to Figure 7 the
maximum mean frequency reduction due to the heavy goods traffic is less than 0.02Hz, i.e. 1%. Variations
of the identified natural frequency observed in summer can, thus, be attributed partially to mass-loading
effects, compare with Figure 6. However, the larger deviations observed in winter still remain to be tackled.

Figure 7: Simulated natural bridge frequency (mean±2 standard deviations) considering the traffic variation
of one week

5 Compensation of temperature effect

The main input variable for compensating the temperature effect on the selected performance parameter is
the ambient temperature recorded continuously at the closely located meteorological station on the Brenner
Pass, shown in Figure 4.
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The complex physical processes, which govern the relation between ambient temperature and the dynamic
bridge properties, are unknown, and thus, no thermo-mechanical model can be developed. Instead, empirical
black-box models in the form of input-output relations y(t) = g (u(t)) are established, where the input u(t)
is the ambient temperature, and the output y(t) the identified natural frequency.

The most basic and straightforward approach assumes a static relation, y = g(u), representing a direct
correlation between actual temperature and frequency. In reality, the underlying processes are more dynamic
than static. The dynamic nature of such processes may be captured by a linear time-invariant (LTI) model
with a single input and a single output (so-called SISO model). Most generally, a time-discrete SISO LTI
system subjected to additive random disturbances is mathematically structured as [12]

A(q)y(t) =
B(q)

F (q)
u(t)− C(q)

D(q)
e(t) (1)

where e(t) is an additional noise process, and A(q), B(q), C(q), D(q), F (q) are polynomials in q in the
form, for instance,

B(q) = b1q
−1 + b2q

−2 + . . .+ bnq
−n =

n∑

k=1

bkq
−k (2)

Parameter q represents the forward shift operator [12] with the properties qu(t) = u(t + 1) and q−1u(t) =
u(t − 1). Variables are, thus, parameters bk (k = 1, ..., n), analogously, parameters ak, ck, dk, fk, and the
corresponding model orders n, which are not necessarily equal for all polynomials.

From the time-discrete SISO LTI model, Equation 1, several special cases can be deduced that are typically
used in system identification. For instance, choosing A(q) = 1 yields the class of Box-Jenkins (BJ) models,
F (q) = D(q) = 1 ARMAX (auto-regressive moving average with exogenous input) models, and A(q) =
C(q) = D(q) = 1 Output Error (OE) models. When only the dynamics of the process but not the noise is of
interest (i.e. the relation between u(t) and y(t)), OE models are a common choice [13]. Note that Equation 1
is equivalent to a model described in the z-domain [14], typically used for describing discrete-time systems.
Assuming a discrete-to-continuous time conversion method of any choice (e.g. bilinear transform s = 2

ts
z−1
z+1

with sampling time ts), the transfer function can be expressed in the Laplace domain as G(s) = B(s)/F (s).

From another perspective, the input-output relation between ambient temperature u(t) and frequency y(t)
can be modeled in terms of process models known from control engineering. For instance, a plant including
a proportional gain K and a time constant T linked with underlying energy storage and delayed response is
described by the following transfer function in the Laplace domain [14],

G(s) =
K

Ts+ 1
=
Y (s)

U(s)
(3)

or, alternatively, in the time domain by the first-order differential equation T ẏ(t)+y(t) = Ku(t). This model
describes, for instance, non-stationary heat exchange problems, which are expected to govern the underlying
relation between temperature and natural frequency. SISO LTI systems can be extended either to linear
parameter-varying (LPV) systems or to nonlinear models. In a more sophisticated approach, Equation 1 is
extended by multiple inputs instead of one. Such models are referred to as MISO systems.

In the present study, the following three models are developed to reduce the temperature effect on the iden-
tified natural frequency:

• For model 1 (”direct correlation”) a static relation between current ambient temperature ϑ and natural
frequency fsim,∆ϑ is developed.
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• Model 2 (”OE(2,3)”) applies a discrete-time Output-Error-Model with polynomial orders nb = 2
for B(q) and nf = 3 for F (q), and an input-output delay of one sample, i.e. of the form y(t) =

b1q−1+b2q−2

1+f1q−1+f2q−2+f3q−
u(t)− e(t) (compare with Equation 1).

• In model 3 (”MISO”) two first-order systems according to Equation 3 are connected in parallel. In one
subsystem the temperature variable serves as input, in the second one the temperature gradient, i.e. the
time derivative of the temperature. The input-output relation reads as y(t) = g (u(t), u̇(t)). A block
diagram of the model structure is depicted in Figure 8.

G1(s) =
K1
T1s+1

G2(s) =
K2
T2s+1

u(t)

u(t)
+

y(t)

Figure 8: Structure of model 3 (MISO)

To find the “best” analytical static frequency-temperature relation of model 1, initially at each discrete time
instant the identified natural frequency and the corresponding mean temperature of the four hour time frame
for data acquisition (as described in section 3) is paired. These data are clustered in temperature bins with
a width of 1◦C, and histograms are computed for each bin. The histograms are normalized to a maximum
value of 1, and interpolation between the individual histograms yields a density function, shown in Figure 9
in terms of a contour plot.

Figure 9: Correlation function applied for model 1

This figure reveals that ϑ and fsim,∆ϑ are correlated, however, particularly for temperatures below the freez-
ing point a rather large scatter is observed. Application of regression analysis to the peak values of the
density function displayed in Figure 9 yields the following quadratic function fsim,∆ϑ(ϑ),

fsim,∆ϑ(ϑ) = 2.22− 3 · 10−3ϑ+ 5 · 10−5ϑ2 (4)

which represents model 1 for temperature compensation. Application of Equation 4 to the identified natural
frequency fid(t) at a certain time instant t, utilizing the temperature recorded at t as input, results in the
frequency fmodel(t). Then, the compensated natural frequency is obtained as

fcomp(t) = fid(t)− fmodel(t) + fref (5)
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where fref is the reference natural frequency to be monitored.

The structure of model 2 (OE(2,3) with input-delay of one is the result of a parametric study on the identified
natural frequency of nine time frames of 50 consecutive days each (compare Figure 6). Three of the time
frames contain the frequency data of the December-January winter period, three the March-April spring
period, and the last three the July-August summer period. As such, the full ambient temperature range of
a year is captured. When testing different approaches, for a single time frame higher order models (i.e.
models with nb > 2 and nf > 3) have shown to compensate better the temperature effect on the frequency.
However, when condensing the individual models derived for each time frame to a global model applicable to
the entire monitoring period, lower-order models have proven to be more robust. Yet no general single model
for predicting the temperature effect uniformly throughout the monitoring period could be found. Instead,
two OE(2,3) sub-models have been developed. The first one is calibrated to data recorded in December
and January, thus referred to as winter sub-model, whereas the second one is calibrated to data from July
and August (summer sub-model). The derived transfer function of the winter and the summer sub-model,
respectively, in the Laplace domain read as

Gwinter(s) =
1.34 · 10−4s3 + 1.30 · 10−11s2 − 4.12 · 10−11s− 4.01 · 10−18

s3 + 3.29 · 10−4s2 + 6.52 · 10−9s+ 6.75 · 10−19

Gsummer(s) =
3.15 · 10−4s3 − 1.81 · 10−11s2 − 9.71 · 10−11s+ 5.60 · 10−18

s3 + 6.27 · 10−4s2 + 1.10 · 10−7s− 4.53 · 10−19
(6)

An optimization procedure is applied to determine the four model parameters of MISO model 3 according
to Figure 8, providing that the frequencies of the nine considered time frames are approximated as good
as possible by a single model. The normalized root-mean-square-error between model output and identified
frequency is used as objective function to be minimized [13]. This procedure yields the following expressions
for the transfer functions,

G1(s) =
K1

T1s+ 1
with K1 = −0.0025Hz/◦C , T1 = 0.4h

G2(s) =
K2

T2s+ 1
with K2 = 0.1Hz/ (◦C/h) , T2 = 44h (7)

Application of model 2 yields the compensated natural frequency shown in Figure 10 for the underlying
time frames. The outcomes of Figure 10(a) are based on the winter sub-model, application of the summer
sub-model yields the graphs shown in Figure 10(b). Comparing Figure 10 with the original data displayed
in Figure 6 shows visually that this model reduces the scatter of the natural frequency with respect to time
significantly. Mean ± two standard deviations specified in the legends of Figures 10 and 6 confirm this
observation, i.e. the standard deviation is considerably reduced after implementation of compensation model
2.

Now, the performance of all three developed compensation models is discussed in more detail based on the
95% confidence interval (i.e. two times the standard deviation) specified in Table 1 for both original and
compensated frequency data. For each of the nine considered time frames and each model the confidence
interval (in Hz) and its relative change, ∆, in % with respect to the raw data is provided separately. A
negative ∆ (%) indicates the desired reduction of the confidence interval. In this respect, model 1 (“CI
direct corr.”) does not perform satisfactorily, because both a reduction and amplification of the confidence
interval, depending on the time frame, is observed. For instance, performance is worst for the time series
March-April 2010, where an increase of 55% is observed. Model 2 (“CI OE(2,3)”), which combines a winter
and a summer sub-model, reduces significantly the 95% confidence interval in winter and summer periods
(with one exception in December-January 2006/07). In the time frames of the spring season, where the
climatic conditions of winter and summer interfere, the summer sub-model can only compensate partially the
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temperature effect, i.e. the reduction of the confidence interval is minor (approximately 6% mean reduction).
Application of the winter sub-model to this transition period even increases the scatter of the frequency. From
the results it can be concluded that model 2 does not capture appropriately the seasonal transition periods.
Application of model 3 (“CI MISO”), on the other hand, yields a reduction of the confidence interval in all
but one time frame (March-April 2010). It is, thus, the most favorable model developed here to compensate
the effect of ambient temperature on the identified natural frequency. However, the confidence intervals of
the winter and spring periods still remain considerably larger than in summer, also when employing this
model. Mean confidence intervals are 0.03 and 0.01Hz, respectively. In future investigations it should be
studied whether more sophisticated models may further reduce this gap.

(a) December-January period (b) July-August period

Figure 10: Variation of the temperature compensated natural frequency according to model 2 in two 50 day
periods of three subsequent years

period CI raw CI direct corr. CI OE(2,3) CI MISO
(Hz) (Hz) ∆ (%) (Hz) ∆ (%) (Hz) ∆ (%)

06/07 0.025 0.031 +24.0 0.034 +33.8 0.019 -26.8
dec/jan 08/09 0.054 0.041 -24.1 0.031 -42.8 0.043 -20.1

10/11 0.048 0.035 -27.8 0.026 -45.9 0.034 -29.6
2008 0.029 0.031 +5.9 0.027 -7.7 0.025 -16.5

mar/apr 2010 0.027 0.041 +55.4 0.026 -3.1 0.031 +14.5
2011 0.044 0.039 -10.8 0.040 -7.6 0.037 -16.1
2009 0.015 0.015 +2.1 0.013 -11.1 0.012 -23.5

jul/aug 2010 0.020 0.017 -17.6 0.016 -22.6 0.012 -42.6
2011 0.019 0.017 -11.3 0.016 -16.4 0.013 -32.2

Table 1: 95% confidence interval (CI) of the mean of the performance indicator in nine 50 day periods before
and after temperature compensation, and relative change in %

6 Summary, conclusions, and outlook

In this contribution, from acceleration response data of the Lueg bridge located in the Austrian Alps, con-
tinuously recorded in a long-term monitoring campaign over five years, a characteristic natural frequency
has been identified at discrete time instants of the observation time. In the framework of structural health-
monitoring, this frequency serves as performance indicator. Since in the monitoring period no damage has
been reported, temporal scatter of this frequency has been attributed to disturbance effects. Two possible
sources of the observed frequency scatter have been addressed. That is, (i) the non-stationary variation
of the mass due to the heavy goods traffic crossing the bridge, and (ii) the ambient temperature, which is
significantly different in winter with long frost periods and summer with peak temperatures up to + 30 ◦C.
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A numerical study utilizing a finite element model of the bridge and a simple mechanical model of a truck,
the mass-loading effect has been quantified to reveal how the traffic mass contributes to the frequency scatter.
The crossing traffic volume has been modeled stochastically, based on statistical data of the diurnal traffic
variation, and the hourly and weekly distribution of the truck mass. From the results of this analysis it can be
concluded that the overall impact of the mass-loading effect on the identified natural frequency of the bridge
is rather small.

The second study concerns the impact of the ambient temperature recorded at a close meteorological station
on the considered bridge frequency and its compensation. Since the underlying processes between tempera-
ture and dynamic bridge properties (respectively stiffness) is not well understood, three different black-box
models have been developed, describing empirically a relation between recorded temperature (and/or tem-
perature gradient) and identified natural frequency. As first model, a static relation between temperature and
natural frequency has been established, thus, neglecting the dynamic character of the underlying thermo-
mechanical process. The second approach, a linear time-invariant single input-single output model has been
calibrated to the temperature and frequency data, accounts for this process dynamics in a simple manner.
Since no uniform model applicable to an entire year has been found, it consists of two separate Output-
Error sub-models, one for the cold season and one for the summer season. In an effort to create a single
temperature-frequency relation, in the third model the time derivative of the temperature serves as second
input variable. It was shown that the static model cannot capture the temperature effect on the identified
frequency. Both dynamic models, and here in particular the most sophisticated model 3, have their merits to
compensate the temperature induced scatter of the frequency in the seasons of less pronounced temperature
variations (winter and summer). However, in the transition periods between winter and summer and vice
versa the performance of both models is less satisfying.

Additional studies are needed to find better models for temperature compensation that can be applied through-
out the year. Such models can be either nonlinear or linearly time-varying. On the other hand, sources of
disturbance not directly related to ambient temperature should be considered.
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