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Abstract

Civil engineering structures are difficult to model accurately and their real behaviour is hard to predict. Such
situations encourage the enhancement of traditional approximate structural assessments through in-service
measurements and interpretation of monitored data. While some proposals have recently been made, in general, no
current methodology for detection of anomalous behaviour from measurement data can be reliably applied to
complex structures in practical situations. This paper presents a model-free data interpretation methodology to
identify and localize anomalous behaviours in civil engineering structures. A statistical method based on Moving
Principal Component analysis has demonstrated to be useful for damage detection during continuous static
monitoring of civil structures. The algorithm is designed to learn characteristics of time series generated by sensor
data during a period called the initialisation phase where the structure is assumed to behave normally. This phase
subsequently helps identify anomalous behaviours. No explicit knowledge of structural characteristics is necessary.
The methodology will be first tested on a numerically simulated benchmark with sensors at a range of damage
severities, and then the algorithm will be validated on a real structure. A comparative study with wavelets and other
statistical analyses demonstrates superior performance for identifying damage.

INTRODUCTION

Structural Health Monitoring systems have been recently developed and applied to an increasing extent in order to
prevent serious failures of civil structures. Monitoring produces data, either continuously or periodically, that is
analyzed to assess the safety and performance of structures. At the core of any health monitoring system stays the
ability to automatically identify, localize and quantify structural damage [1]. In general, the presence of structural
damage determines a loss of structural stiffness and it manifests itself as a change in the static and dynamic
structural response. Damage detection procedures can be classified into static and dynamic approaches. It is



generally easier to obtain dynamic data. This has been one of the reasons for the development of a much larger
number of dynamic analyses than static ones. In complex structures, damage can be observed through changes in
modal parameters. One of the main problems encountered is that modal parameter estimates are affected by different
factors which are sometimes difficult to evaluate and control, such as environmental conditions, excitation
techniques, data acquisition parameters, data processing methods and human factors. If the variation of the modal
parameters is of the same order of magnitude than the variation due to damage, wrong conclusions could be drawn
concerning the state of health of the structure [2]. The applicability of dynamic monitoring is limited since even
significant damage may cause only small changes in natural frequencies [1,3,4]. On the contrary, changes in mode
shapes are much more sensitive to damage when compared to changes in natural frequencies. However, damage is a
local phenomenon and may not significantly influence mode shapes of the lower modes that are usually measured
from vibration tests of complex structures and the number and location of sensors may have a crucial effect on the
accuracy of the damage detection procedure [5]. The success of these techniques is also affected by the presence of
noise in experimental data [5,6,7].

In spite of the large amount of work done in the field of dynamic identification, relatively few papers have
considered the possibility of using static data for damage detection [8-10]. The measured quantities are typically
displacements or strains due to environmental effects and applied loading, in order to control static parameters
during the service conditions. Static monitoring can lead to damage identification by comparing static structural
response with predictions from behavior models [5]. This is often referred to as system identification. However,
models can be expensive to create and may not accurately reflect real behavior. Difficulties and uncertainties
increase in presence of complex civil structures so that a well defined and unique behavior model cannot be clearly
identified [6]. Furthermore, multiple-model system identification may not succeed in identifying the right damage
[11]. When no models are used, long periods are required to produce reliable information [7]. This type of
monitoring needs the realization of complex permanent instrumental monitoring systems, enabling in principle a
continuous evaluation of the actual safety conditions of structures. Despite continuous evolution of research, for
continuous static monitoring, no reliable strategies for identifying damage have been proposed and verified for
broad classes of civil structures [9,12]. Static monitoring produces great amounts of measurements in different
formats and the statistical evaluation of data is usually required [13,14]. This approach involves the study of changes
in time series over time [15]. The methodology is completely data driven; the evolution of data is estimated without
information of physical processes [16].

Although obtaining data from Structural Health Monitoring may be easy and fast, the phase of extraction of
knowledge (processing) from measurements is usually complex and expensive in terms of time and resources. A
generic monitoring system should have the following architecture (Fig. 1).

The data processing phase for damage detection will be discussed in this work. A general procedure able to discover
anomalous behaviour in data generated by sensors, without using behaviour models, will be presented. The
discussion will be based on the Principal Component Analysis [17] which has been modified using a moving
window. The application of the algorithm to a simulated numerical benchmark will be presented as an example.
Furthermore, when a great number of sensors are installed in the structure, the procedure will be integrated with a
pre-processing algorithm (clustering technique) with the advantage of gathering together sensors with a similar
behaviour. The application of the multi-algorithm to a real database will be finally presented. A comparative study
with wavelets and other statistical analysis demonstrates different sensitivities to damage.

Figure 1. Generic monitoring system architecture.



MOVING PRINCIPAL COMPONENT ANALYSIS (MPCA)

The PCA or Proper Orthogonal Decomposition [18,19] is a data reduction tool that is capable of transforming a
number of related process variables into a smaller set of uncorrelated variables [20]. A key step is finding those
principal components that contain most of the information. PCA is based on an orthogonal decomposition of the
covariance matrix of the process variables along the direction that explain the maximum variation of the data. In this
study PCA has been proposed to extract a spatial and temporal correlation between the installed sensors, related in a
certain way to the normal modes contained in the static structural response. The measurements have to be arranged
to form the measurement matrix: each column represents a displacement history at a particular sensor location and
each row represents the spatial distribution of the response at a given time instant. After subtracting the mean
displacements of each sensor location, the covariance matrix has to be computed and the relative proper orthogonal
modes can be obtained. It is worthwhile to observe that the modal parameters extracted with the PCA are the static
modal properties. While in usual dynamic applications modal parameter modifications are not considered very
sensitive to damage, an intrinsic advantage of strain and displacement measurements consists of an assessment of
static modes which are much more sensitive to damage.

With the classic PCA, the time necessary to compute the covariance matrix increases with the number of
measurements and there is a delay in detecting a new situation in the time series. This is due to the fact that with the
increasing of the number of measurements, the effect of new points in the covariance matrix is lower and lower
because they are averaged by the total number of points. Previous work has proposed solutions to this problem
through following the evolution of series over time, usually through recursive strategies [20]. The algorithm
proposed here, called MPCA, computes the covariance matrix inside a moving window of constant size [21], in such
a way that the old measurements don’t buffer the results. The modified procedure has the advantage of reducing the
computational time in presence of long-term time series even if it has shown to be less sensitive to damage initiation
in comparison with the classic POD [17]. A reference period is necessary to estimate robust thresholds that will be
used for discovering anomalies. The thresholds are used to compare future behavior of the structure with the one
observed during the reference period. An appropriate period of reference in which the structure has to remain in its
reference state is necessary to reduce the number of false alarms.

The eigenvalues 4, and the orthogonal eigenvectors u, are calculated from the covariance matrix (with

measurements inside the active window only). As 4 catch the time behaviour of the system, the eigenvectors

associated with the main eigenvalues represent the main spatial behaviours of the structure. If the sensors are
correlated, the main eigenvalue 4, catches the main behaviour, common to all sensors. The time history of each

sensor can be reconstructed using only the first few principal components that contain most information. As a
consequence, the following sum can be truncated:

S= AU, + AU, +..+ AU, =AU + AU, ... 1)

The vector u, tells the contribute of 4, to each sensor. As a consequence, if a generic sensor j has a problem, its
contribute to the main behaviour is low, because 4, is a function of all the n involved sensors, and a variation on the
u;, should appear. For this reason the first eigenvalue has been excluded from the damage function DF that
indicates the insurgence of damage and is defined as:

() =u, (1) 4 fori=2,...,n @

A damage localization index DLI indicating the location of damage and a threshold value that allows the
determination of damage intensity, have to be defined in order to complete the damage identification procedure [17].
The DLI is defined as the square of the difference of the eigenvectors at two generic observation times:

DLIi(tl)z(ui(tl)—ui(tz))2 fori=1...,n €))

The threshold value has to be defined case by case from the statistical observation of an initial phase in which the



structure is assumed to be undamaged (reference period). This period is normally one or two years. Once thresholds
have been fixed, the parameters of the process are monitored to ensure that they are inside predefined ranges. For
damage localization the rule has been used that candidate damage zones are close to sensors that have measurements
values exceeding a threshold.

NUMERICAL SIMULATION

Long-term databases from real structures with a range of damage intensities are not easy to retrieve. As a
consequence, in order to evaluate the efficiency of the proposed algorithm to detect damage, a finite element model
of a beam has been modeled. The aim of the numerical benchmark is to simulate the behavior of a bridge (two span
continuous beam) in healthy and various damaged states [12]. As the literature shows that a reliable bridge
monitoring program should be conducted under environmental conditions [2], the model is able to simulate thermal
loads in order to detect anomalies in the operational behavior under ambient excitation. The structural response is
measured by means of a “virtual’ monitoring system installed on the beam. The sensor system has been supposed to
be constituted of long-gauge-length fiber optic sensors like SOFO [22] having a resolution of 2 microns and a long-
term stability. A set of 12 elongation sensors have been installed at the reference state of the structure;
measurements deriving from the virtual monitoring are the elongation and the shortening of the sensors. Each sensor
has a measuring base of 1 meter (Figure 2). The simulated responses contain measurement errors and noise.
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Figure 2. Two span continuous beam discretization and sensors location. (The beam is 10x0.5x0.3 m. The black
cells represent an example of a simulated damage scenario.)

Various location and intensities of damage have been simulated; cracks were simulated in order to model local
degradation in material properties. Damage has been represented by a finite element with a reduced stiffness [17].
The example with four damaged elements with a stiffness reduction of 80% located within the Sensor 2 is
represented in Figure 2. The monitoring system has been designed in order to give the long-term response of the
beam during eight years, assuming four measurements in a day. The elongation time series show harmonic
variations due to the seasonal variations of temperature in both healthy and damaged states. However, no clear
correlation to damage formation has been observed directly from the elongation-sensor time histories.

MPCA algorithm has been applied to the data. The reference period has been defined to be two years and the size of
the moving window is one year. In this way the reference period includes one-year environmental cycle and leaves
extra time to have a better estimation of thresholds. MPCA algorithm has been applied to the twelve time series in
the simulation, one for each sensor, in order to simulate measurement evolution during monitoring phases. MPCA
uses all temporal values inside the active window to compute the covariance matrix and at each temporal step the
window is shifted. The application of the MPCA to the time histories of the undamaged and damaged responses has
shown to be reliable for the detection of small damages, interesting only one element of the mesh with a stiffness
reduction of 80%. MPCA diagnostic plots of eigenvectors related to the main eigenvalues in the damage scenario
with four damaged elements are shown in Figure 3. The time when damage occurs and its location are visible in the
graphs simply following the evolution of the two main eigenvectors. Specifically, eigenvector 11 indicates the
transition to a new state associated with damage, while eigenvector 12 indicates when damage occurred. The
location of damage can be detected by observing that the changing eigenvectors are associated with sensors close to
the damaged sections.

Figures 4 and 5 show the DF and the DLI as defined in the previous section. The DF corresponds to the damage
scenario in Fig. 2: the initiation of damage can be clearly identified. The DLI shown in Fig. 5 is related to the
damage scenario with only one damaged element with a stiffness reduction of 50% that represents the minimum
detectable damage of the beam with this algorithm. The plot shows that: i) in Section 2 the parameter related to
damage overcomes the threshold previously defined through the statistical analysis of the undamaged response of
the beam; ii) damage is localized near the Sensor 2. The threshold is overcame after 1-2 months after damage
initiation [17].
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Figure 3. MPCA plots of eigenvectors related to the two main eigenvalues.
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Figure 4. Plot of the DF with time for the damage Figure 5. DLI for one element with a stiffness reduction
scenario with 4 damaged elements within the Sensor 2. of 50% within the Sensor 2.

MPCA ON A REAL STRUCTURE WITH SEVERAL SENSORS

In order to validate the proposed algorithm, the procedure of damage detection has been also applied to a real
database deriving from a continuous static monitoring of an existing structure. The structure under study is the Colle
Isarco viaduct on the Italian Brenner-Highway A22, an example of a global monitoring approach in establishing a
bridge management system [23]. The photo of the bridge can be seen in Fig. 6. A wide set of sensors have been
installed, including both traditional and fiber optic sensors (137 SOFO sensors [22]). A data acquisition system able
to collect widely distributed sensing units was also installed due to the large dimensions of the instrumented section.
In comparison with the modeled benchmark, real monitored structures usually have a lot of installed sensors of
different types and characterized by different behaviors. As a consequence, a data pre-processing procedure can be
necessary to optimize the damage detection algorithm in real structures. A clustering algorithm will be presented in
this work, with the aim to cluster and gather together the sensors with comparable behaviors and similar sensitivity
to damage. The application of MPCA to small clusters seems to be faster and easier than the application to the
complete set of sensors in the structure. Clustering is a useful technique for grouping data points such that points
within a single group/cluster have similar characteristics (or are close to each other) [24]. Clustering techniques have
been studied extensively in statistics [25], pattern recognition [26], and machine learning [27]. Current clustering
techniques can be broadly classified into two categories [28]: partitional and hierarchical. Given a set of objects and
a clustering criterion, partitional clustering obtains a partition of the objects into clusters such that the objects in a
cluster are more similar to each other than to objects in different clusters. The K-means and K-medoid methods
determine K cluster representatives and assign each object to the cluster with its representative closest to the object
such that the sum of the Euclidean distances squared between the objects and their representatives is minimized. A
hierarchical clustering is a nested sequence of partitions; it starts by placing each object in its own cluster and then
merges these atomic clusters into larger and larger clusters until all objects are in a single cluster.

A cluster algorithm has been applied on the Colle Isarco viaduct due to the high number of installed sensors. The
chosen algorithm is an extension of the K-means method with overlapping clusters, in which each sensor can be
included in one or more clusters. This choice permits to have a data redundancy for a better identification of damage
position. In this application the correlation matrix of the complete set of sensors has been used as distance criterion
instead of the traditional Euclidean distance; as a consequence, the correlation matrix on all the 137 fibre optic
sensors for a significant observation period has been computed. Each cluster is formed by the N sensors more



correlated to each one. In this example each cluster contains 10 sensors. Fig. 6 shows an example of the spatial
location of the 10 sensors contained in a cluster in two generic sections of the bridge. After the generation of the 137
clusters, the MPCA has been applied to each group in order to test the effectiveness of the algorithm. Fig. 7 shows a
plot of the 10 eigenvectors corresponding to the main eigenvalue within a single cluster. The 10 eigenvectors show a
good correlation and they are stable in time. The plot shows that no damage has occurred in the bridge during the
monitoring period and the MPCA for the real structure stops at this level.
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Figure 6. General view, transversal section of the bridge and spatial position along the bridge of the 10 sensors into a
generic cluster (marked with the black circles).
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Figure 7. MPCA plot of eigenvector related to the main eigenvalue of a generic cluster of sensors in the bridge.

COMPARATIVE ANALYSIS BETWEEN MPCA AND OTHER STATISTICAL ALGORITHMS
- CONCLUSIONS

The main difficulty encountered in the field of the damage detection from a continuous static monitoring is that the
existing studies apply different methods to different structures, rendering side-by-side comparison more difficult. On
the contrary, the focus of this work was to apply different methods to the same simulated structural response for
comparing damage sensitivity of the various algorithms.

The considered statistical methods are Continuous Wavelet Transform (CWT) and Correlation Analysis (CA). A
theoretical treatment of wavelets and wavelet analysis may be found in [29,30]. The CWT has been applied to the
difference of the time series of the two sensors that are closest to damage and normalized according the values of the
first year. Concerning the CA, the correlations between all the couple of sensors have been computed. During the
reference period (first two years), correlations have been computed taking into account the measurements inside a
moving window of one year in order to define for each sensor the group of sensors higher correlated and to estimate
their variations. After the reference period the variation of the correlations has been monitored in order to see if
some of them were out of the defined thresholds.

The performances of the compared statistical algorithms are presented in Table 1. MPCA results to perform better
that the other algorithms for all the simulated damage scenarios of the beam.



Table 1. Results of a comparative study between MPCA, CWT and CA using data derived from the benchmark in
various damages states. D = detected, ND = not detected.

Damage scenario CWT Moving correlation MPCA
0,
4 damag_ed_elements at 80% D D D
within Sensor 2
0,
2 damag_ed_elements at 80% D D D
within Sensor 2
0,
1 damageq element at 50% ND ND D
within Sensor 2
4 damaged elements at 80%
between Sensors 2 and 3 ND D D
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