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Abstract. Structural health monitoring of concrete bridges can be achieved by tracking static
load-testing results or dynamic properties as for example eigenfrequencies. Deviations from a
healthy reference state can be used as damage indicators and even more, help to localize
zones of stiffness reduction, i.e. cracking. However, outdoor temperature effects also lead to
changes of monitored physical characteristics in the same order of magnitude as damage.
Hence, temperature effects need to be removed prior to any condition analysis. The present
paper presents a new two-step approach by applying physical compensation first, before us-
ing a statistical method based of Principal Component Analysis (PCA) or more exactly on
principal vectors and singular values. This technique is here applied to eigenfrequencies, first
of a new bridge without damage, but with extreme temperature variation due to thick asphalt
layer and special bearing constraints, thus showing strong sensitivity along seasonal temper-
atures in the intact state. The second object is the Z24 Bridge in Switzerland, which is well
documented in literature and where artificial damage was applied prior to demolition. The
proposed techniques allow removing noise and temperature effects in a coherent and efficient
way. The corrected measurement data can then be used in subsequent steps for its definite
purpose, i.e. detection and localization of damage for instance by updating a numerical finite
element model which allows assessing a stiffness loss.
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1 INTRODUCTION

Damage diagnosis in civil engineering systems is often based on static or/and dynamic
measurements, which allow to detect, localize and quantify stiffness reduction going along
with concrete cracking. For instance, for bridge structures, static displacement or strain meas-
urements are typically done along the length at defined positions for a known test-loading in
regular time intervals. Alternatively, modal properties like eigenfrequencies, modeshapes,
modal masses or damping values can be measured and tracked. However, both static and dy-
namic characteristics can show high sensitivity to temperature variations, which show im-
portant influence on asphalt-, soil- and bearing-stiffness. Variations of the measured
characteristics due to temperature can be typically in the same order of magnitude than those
caused by real damage. Therefore, prior to further analysis, compensation of measured data
regarding temperature effects is mandatory. Furthermore, tests should be performed in similar
conditions due to other non-linearities of concrete bridges, e.g. the level of excitation (force,
load) either without temperature gradients or local differences in the structure. In real applica-
tion, bridge temperature cannot be fully controlled due to day-night and seasonal changes,
why compensation algorithms are so fundamental prior to further comparison and damage
analysis. Lloyd et al. [1] used the bootstrap for temperature compensation of measured fre-
quencies and displacements to assess bending and shear stiffness of a concrete bridge. Tem-
perature and operational effects were removed by Magalhaes et al. [2] through multiple linear
regression analysis for damage detection in an arch bridge. Cury et al. [3] normalized data of
a PSC box girder bridge by a prediction law using non-linear regression based on neural net-
works.

After temperature compensation, the measured data can be analyzed to evaluate a bridge’s
current condition. For example, repeating measured static displacements at many points along
the length of bridge can be directly taken to draw the deflection line in [4]. Several research-
ers fit responses of a finite element model to real measured data [5, 6, 7]. The fitting between
numerical and experimental characteristics gives good insight to a structure’s behavior. But
temperature effects must be removed from the raw measurements prior to their use as input
for model updating. Schommer et al. [8] compensated static displacement measurements with
a 3D finite element model of a prestressed concrete bridge. In the present paper, the same
compensation with subsequent noise removal by PCA is applied for eigenfrequencies for two
real bridges. Considerable reductions of the scatter are achieved and corrected data may later
either be used for direct analysis or for further processing like the mentioned model updating.
Finally, a yes-no indicator based on novelty-index is presented and applied to the two bridges
with very good results.

2 TEMPERATURE COMPENSATION AND NOISE ELIMINATION

Two subsequent steps are used here for removal of temperature and noise effects: the first
consists in shifting the measured characteristics to a reference temperature along a previously
identified physical line, while the second step is based on a statistical mathematics with Sin-
gular Value Decomposition (SVD) for general noise removal.

2.1 Physical temperature compensation

Nguyen et al. [4] proposed a technique for temperature compensation and applied it to stat-
ic displacement data. It is based on the projection of measured data along a measured regres-
sion line, identified within data from the intact state. Figure 1 illustrates how a set of data A
(e.g. cigenfrequency f) from the healthy state of the structure changes versus temperature t°.
Measurements for other states, possibly in different ranges of temperature, can be traced back
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to a reference temperature and compared to the intact state. The comparison is based on linear
dependency of the measured quantity f versus temperature, which is more or less true, as can
be seen in two examples below. Hence, first data are measured at different temperatures in the
reference state. Then a linear regression line is determined by its equation’s terms; a corre-
sponding standard-deviation ¢ with respect to this line is also assessed. Once they are known,
different sets of data A, B, C can be projected with the slope of the regression line to the ref-
erence temperature ti, referred here as Ai, Bi, Ci. Thus, temperature effects can be reduced
based on a physical measured line.

4 t°

Figure 1: Temperature compensation by data projection

2.2 Principal Component Analysis and Novelty Index

It is known from statistics that Principal Component Analysis (PCA) can be used to re-
move environmental effects and noise [9]. The Singular Value Decomposition (SVD) of an
observation matrix X containing m records of N time samples (e.g. displacements or eigenfre-
quencies versus time) determines principal vectors and singular values of Xmxn :

X =usv’ (1)

where matrices Umxm and Vnxn are orthogonal; the diagonal matrix Smxn contains in decreas-
ing order non-negative singular values while U contains column-wise corresponding principal
vectors.

When the observation matrix X contains for instance m eigenfrequencies after tempera-
ture compensation, the first singular value in S is typically by far larger than subsequent sin-
gular values. Hence, there is only a unique dominant singular value and only one principal
vector U in U has to be considered for reconstruction of the data in order to remove noise:

X reconstructed = UIU{x (2)

By doing so, PCA can be used as additional filter for data processing to clean it from en-
vironmental noise.

Furthermore, Novelty Index (NI) proposed by YAN et al. in [9] can be used as a damage
index, in form of a red-green light index. NI sizes up the error of the reconstructed data from
the initial observation data through Euclidean norm (Eq. 3) or Mahalanobis norm (Eq. 4):

E=X- Xr’econstructsd; N‘{Eud = ..J EE Ek (3)
NiMaha — [ETcov(X)1E, (4)

where cov(X) = X X' is the covariance matrix of the features.
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Then an actual state can be assessed by two indicators: 1) ratio between the mean values
of this actual state and the reference state NI qyq1/ NI, cference; 2) a statistical threshold as

outlier limit e.g. N1, ference + 30 that o is the standard deviation of NI in the reference (intact)

state. A ratio close to unit together a low outlier limit can be assumed no change or damage
(i.e. green light); otherwise, statistical relevant changes are very probable (i.e. red light).

3 ANALYSIS

An application of the physical temperature compensation algorithm was presented in [4]
with static displacements, which require as reference long-term monitoring without environ-
mental effects and noise. The present work examines eigenfrequencies as characteristic dy-
namic properties of structure. For bridge systems, the combination of physical and statistical
PCA-based temperature compensation can be beneficial as shown below.

First a new composite bridge without damage but with extreme temperature sensitivity is
analyzed. Second, an older bridge subjected to multiple artificial damage steps will be dealt
with. The data matrix X is here frequencies vs. temperature is processed here with the men-
tioned 2-step procedure. From the reference i.e. initial/ undamaged state, full range of temper-
ature variation is known and a regression line is calculated, i.e. eigenfrequencies fi versus
concrete temperature t°. Data from actual measurements are projected with the identified
slope of the regression-line to a chosen reference temperature, which is close to the average
temperature. The subsequent PCA procedure according to Eq. (2) is also based on the same
reference period. For both bridges, the first singular value of matrix S is by far larger than the

others and occupies more than 95% of the total energy. So only the first principal vector of

. Teference . . .
the reference period U, f is taken into account for data reconstruction.

3.1 Bridge in Useldange, Luxembourg

In 2006 a new bridge was built in Useldange, Luxembourg and then monitored during 4
years. The steel-concrete composite bridge has a very thick asphalt layer, that’s why its eigen-
frequencies strongly depend on the temperature, ¢.g. up to 7%o per °C for f; [10].
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Figure 2: First eigenfrequency fi vs. concrete t° for  Figure 3: Eigenfrequencies monitored during 4 years-
Useldange bridge (Luxembourg - ambient excitation) Useldange bridge

Figure 2 show the first eigenfrequency measured from ambient excitation with its regres-
sion line. It has an important slope and a quite large scatter of 13%, determined here as 3
times of standard deviation ¢. In Figure 3, the data-sets are simply superposed versus time:
three classes of data are: original (raw) data in green, data after the physical compensation in
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blue and statistical reconstructed data by PCA in red. The original data in green show clearly
the seasonal behavior: low stiffness with low frequencies in summer and vice-versa in winter.
This behavior is significantly attenuated after the physical temperature compensation and
even more after PCA-filtering.
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Figure 4: Comparison before and after PCA-filtering for Useldange Bridge

As reported in Figure 4 especially for modes 1 and 3, PCA-filtering reduces the standard
deviation ¢ by approximatively 25% in average even after physical temperature compensation.
Also in Figure 4, the mean frequencies are indicated in light blue solid lines with mark “x”
referring to the right ordinate axis. It should be noted that for this new bridge without damage,
all eigenfrequencies show slight reductions over the first years, which fit well to other studies
and other bridges [10], thus confirming the quality of the 2-step compensation.

3.2 Bridge 724, Switzerland

The Z24-bridge has been studied in several works by Peeters, Teughels, Reynders et al.
[11-13]. The bridge was monitored during 1 year and then demolished after about 40 days of
testing with progressive damage. Vibration analysis was performed by Peeters et al. [11] to-
gether with the measurement of temperature. In Figures 5 and 6, only positive temperatures
were selected to avoid freezing periods, where this Z24-Bridge showed quite different behav-
ior.

In Figure 5, the measured eigenfrequencies of 4 modes are plotted against concrete deck
temperature. Teughels et al. [12] stated that the first mode is pure bending; while the third and
the fourth are coupled bending-torsion modes. They all show decreasing frequencies with in-
creasing temperatures. In contrast, the second is a transversal mode and increases slightly with
temperature. Significant differences are noticeable especially for the damaged state, which is
shown by red dots.
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Figure 6 highlights the slopes of the regression lines for the reference and the damaged
states for each mode. The frequencies fi, f3, f4 show negative gradients whose magnitude de-
creases with damage. Only f, has opposite sign and increases considerably in the damaged
state. These are individual characteristics and must be measured at site, i.e. today cannot be
ad-hoc simulated.
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Figure 7: Evolvement of eigenfrequencies during the monitored period

To carry out the physical temperature compensation, all data are projected according to the
scheme in Figure 1 to a reference temperature, which is chosen here at medium value tret =
20°C. A PCA-reconstruction step is also performed then the three families of data are pre-
sented in Figure 7. Only samples that all the modes could be identified are collected in the
observation matrix, in total about 3400 samples. The dashed vertical line separates the intact
from the damaged state of the bridge.
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For better comparison, eigenfrequencies are analyzed in several small blocks of 150 sam-
ples. The scatter of data does not notably differ during the processing and is not presented
here. The averaged values of eigenfrequencies are shown on the left of Figure 8, while on the
right the relative difference by mean values of each block from the reference state within any
family of data is deployed. These results reveal clearly that in the undamaged/reference state,
Afj can vary up to 2%, but less than 0.5% after the physical temperature compensation. PCA
helps additionally a little bit to decrease variation. After introduction of artificial damage, the
reduction of eigenfrequencies is much better observed by the proposed compensation proce-
dures. Such processing ensures visibly reliability and thus facilitates comparison between dif-
ferent measurements. Schommer et al. [8] used static deformation data after physical
temperature compensation for model-updating and so achieved very good results.
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Figure 8: Averaged fi and Afj assessed for each of the 3 families of data

The proficiency of the temperature compensation for damage detection can also be assessed
by Novelty Index NI, as proposed by Yan et al. [9]. Both initial raw data X and compensated
data - X,cconstructeq are used to compute NI. Figures 9-10 shows NI versus time (or sample
number) accordingly to Euclidean and Mahalanobis norms. In each figure, the top image pre-
sents the indexes from the original or raw data while the bottom image following to the physi-
cal and PCA compensation. Every chart is split into 2 parts, reference and damage states
separated around sample n° 2900. An outlier limit is set for instance at NI, ference T 30. Each
state is characterized by its mean value and overshoot counting the percentage of indexes
overpassing the outlier limit. By means of Euclidean norm, the ratio between the mean values
of the damaged vs. the reference state NI/ NI, weighs 1.9 by the raw data and 2.8 by the
compensated data, with overshoot of 16.2% and 41.6% respectively. As for Mahalanobis
norm, the ratio is 1.5 with the raw data and doubled to 3.2 after the 2-step compensation,
while overshoot grows from 0.6% to 46.6% respectively. So in term of overshoot by the raw
data, there is a clear distinction between the two norms but they give quite equivalent out-
come based on the compensated data. This confirms the performance and its stability of the
proposed compensation technique.

4 CONCLUSIONS

Damage leads to micro-cracking or cracking of concrete and therefore to stiffness loss,
which can be detected for instance by reduction of eigenfrequencies. But the stiffness of as-
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phalt, bearing pads and subsoil can also be affected by environmental factors, which cause
also important perturbation for eigenfrequencies. Hence if eigenfrequencies are used as input

for detection, it is necessary to separate temperature from damage effects.
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Figure 9: Damage detection by Novelty Index — Euclidean norm, Z24 bridge
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Figure 10: Damage detection by Novelty Index — Mahalonobis norm, Z24 bridge
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The present paper does not propose a new damage index, but focuses directly on eigenfre-
quencies identified from vibrational tests. A two-step procedure is proposed based on meas-
ured physical sensitivity and on de-noising by PCA. The technique’s efficiency could be
proved by its application to two real bridges.
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