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ABSTRACT: This article introduces an application of the SHM solution ‘AP’Structure’ which has been jointly developed by
Apave and Sercel. An ageing and decommissioned concrete bridge built more than 70 years ago was monitored using both new
and standard sensors, in order to perform an Operational Modal Analysis (OMA) on site. The collected raw data were compared
and analyzed in the frequency domain, using several algorithms such as Stochastic Subspace Identification or Enhanced
Frequency Domain Decomposition. The comparison of the results not only highlights the efficiency of the sensors in terms of
accuracy of the identification of the dynamics properties, but also their operational effectiveness on site in order to improve the
measurement ratio per day using an improved communication system . Then the collected data were used to calibrate a Finite
Element model of the bridge using the MAC matrix, so as to estimate the feasibility of using this structure as a pedestrian
bridge. The comparison of the final results between two FE models developed either with and/or without OMA data highlights
that the use of dynamics properties improves the knowledge of the structure and avoids inappropriate conclusions in terms of the
use of the ageing bridge. Indeed, the application of the French regulations code to verify a pedestrian bridge has been applied
and conclusions may be quite different according to whether the FE model is calibrated on modal basis or not.
KEY WORDS: Operational Modal Analysis; pedestrian bridge; FE model ; Calibration on modal basis ; frequency ; decision
making ; asset-management.
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INTRODUCTION

The collapses of bridges in different countries (Italy,
Taiwan, USA, France…) over the last two years has
unfortunately highlighted the tragic consequences of the
ageing of the infrastructures of transports, the lack of relevant
preventative or curative maintenance and the vulnerability of
structures if operating conditions changes are not respected [1,
2]. In order to avoid such events, different asset management
strategies can be deployed, such as carrying out visual
inspections at regular intervals with different levels of
analysis, for instance. When the level of the structural safety
is considered too low, then instrumentation is an efficient tool
that can be deployed so as to monitor the structure and alert
the owner if mechanical behavior is judged pathologic.
Moreover, when a real time Structural Health Monitoring
system, hereby noted SHM, is deployed on site, in spite of the
advantage of ensuring the structural safety, it is often
expensive, requires complex logistics to implement the entire
system and it is mainly deployed when the structural integrity
is already and strongly impacted. Furthermore, the recently
collapsed bridges were not instrumented which highlights the
fact that unsafe structures are not sufficiently identified and
thus the structural risk is not under control.
The SHM system can provide structural information to
avoid such disasters, by monitoring the structural state of the
structure and alert the owner in case of inappropriate
structural response [2]. The standard SHM system presents the
advantage of giving an accurate local or global picture of the
structural state, according to the nature of the sensors.
Extensometers or displacement sensors are highly suitable for
providing local information in order to monitor the opening of

cracks or settlements, for instance. Nevertheless, regards to
structural global analysis, these kinds of data might be
insufficient to provide robust information due to the number
of sensors required and the associated uncertainties. A popular
way of monitoring a global structure is to monitor the
variation of the dynamic properties [3, 4]. These properties are
indeed an indirect reading of the global stiffness and any
significant variation of the global stiffness can be interpreted
as a modification of the structural state, due to an external or
internal event (heavy vehicle impact, for instance, fire, cracks,
breaking of a cable strand…). The acquisition of these
dynamic properties can be performed through the use of one
of the most popular methods listed below:
 Impact hammer method, cf. [5], which is a well-known
technique, but requires both accelerometers and an impact
hammer linked to a computer in order to capture the
response of the structure to the impact. The required
connection limits its use on large and important
structures, where access is limited. Besides, the energy
provided by the impact of the hammer should be
important enough to generate an appropriate vibration
response of the studied structure to be captured by the
accelerometers. Furthermore, the accelerometers might
also be accurate enough to capture low frequencies. This
method is moreover quite easy to use on site and provides
some useful information (first flexional mode by
direction, for instance);
 Unbalance exciter method cf. [5], which excites the
structure at different frequencies by activating a given
mass fixed on the structure at different rotation speeds.
This method is quite intrusive and generates a downtime
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period that is not always acceptable. The main drawback
of this method is the fact that the structure is potentially
loaded at a frequency where a disorder might be
amplified which could generate more damage than
expected. Despite the fact that it is quite efficient to
access the dynamic properties, this method requires good
structural knowledge before it can be used;
 The ambient vibration method, also named Operational
Modal Analysis and hereby noted OMA cf. [6, 7], is
based on the acquisition of the vibration of the structure
naturally and continuous loading by low intensity
vibrations. These vibrations are generated by both human
and natural activities. This method has become popular
over the last decades due to the increased accuracy of the
existing sensors which capture the response of the studied
structure under low vibrations. The main drawbacks
concern the feasibility of the analysis of massive
structures at low frequency (below 0,50 Hz) and, in the
case of a wireless system, to ensure a perfect
synchronization of the system to reduce the measurement
noise during the processing of the raw data as much as
possible. In spite of the high cost of the sensors, this
method is very suitable for capturing the dynamic
responses of important, massive and large structures with
minimum impact on operations.
A new SHM system named ‘AP’Structure’, currently
developed by Apave, a French engineering office, and Sercel,
a French seismic equipment manufacturer, is presented in this
paper. This system, based on the well-known OMA technique,
has been designed to provide the most accurate raw data using
MEMS technology under ambient vibration, in order to reduce
noise during the acquisition as much as possible. Associated
with the use of the SSI algorithm [8] to identify the dynamic
characteristics, this modal analysis method aims to provide
accurate dynamic data to be used either in order to
characterize the mechanical characteristics of studied
structures, or to directly provide structural indicators so as to
ease the decision making in terms of asset management. The
sensors developed are also designed to improve the
measurement ratio on site per day (i) by limiting interactions
between the operator and the sensors through a device that
communicates orders and gathers information from all the
acquisition devices, and (ii) by limiting the required time to
deploy the sensors, for instance. Indeed, these sensors only
need to be correctly oriented and their tilt is automatically
corrected by each device. More information concerning the
new sensors can be found in [9]. This new OMA system is
dedicated to be used as an SHM system and consequently
supports decision making by providing robust information
about the structural state.
The following part of this paper presents how the use of the
dynamic properties can be useful when characterizing an
ageing reinforced concrete bridge and studies the feasibility of
moving its original use to a pedestrian bridge where the
control of the dynamic properties is a main issue, as shown by
recent cases in London, cf. [10] or Paris, cf. [11].
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2.1

PRESENTATION OF THE APPLIED METHODOLOGY
OMA to monitor and survey civil infrastructures

Even if the first operational application of the OMA method
was published in 1930s, it only became very popular from the
1990s onwards, due to the improvement of both the sensors,
to accurately capture the signal, and the numerical methods, to
analyze the raw data in an appropriate time [5]. In the OMA
method, the input loading applied to the structure is
considered as white noise, where all the frequencies are
excited with the same intensity. Consequently, only the
vibration response of the structure is monitored and analyzed
in the frequency domain or temporal domain, in order to
identify the dynamic properties. Due to the fact that the input
loading is not known, it is not possible to estimate the modal
participation factors, which are important information for
engineers. This remains a well known drawback.
The applications of the OMA method are quite large:
aeronautics, mechanics, civil engineering [3, 4, and 5] and so
on. Indeed, the easy way to capture the real dynamic
properties has made it quite popular, especially when it comes
to monitoring structures over time. Several applications have
illustrated the important added value brought by this method:
Magalhãs et al. [12, 13] have, for instance, published several
articles dedicated to the monitoring of the “Infante D.
Henrique” bridge located in Porto, Portugal. The study led to
a continuous monitoring in order to prevent any structural
changes and support the decision making of the operational
management of the bridge. One can also quote the works of
Döhler and Mevel [6, 8] who have focused their research on
improving the algorithms dedicated to either the identification
processes or the damage detection algorithm. Different
applications, based on civil engineering structures, have
shown the added valued of using the OMA method when an
SHM system is deployed on site. The amount of literature
available is indeed quite considerable.
2.2

Identification of the dynamic properties

The identification of the dynamic properties is probably the
most important part of the OMA method. Several methods
exist either in the time domain (ARMA, SSI… cf. [3]) or in
the frequency domain (FDD, EFDD… cf. [3]) and present
advantages and drawbacks, cf. [3, 4, and 5]. In this paper,
ARTeMIS commercial software is used to perform the
dynamic parameter identification, cf. [15], and both the EFDD
and SSI methods are used. The first method is used because of
its user-friendly implementation and the second is used
because of its capacity to provide accurate results.
2.2.1

Data driven Stochastic Subspace Identification

The main principle of the SSI data driven algorithm, which is
more fully described in [16], is only introduced here. The data
are analyzed in the time domain. Let us recall in Equation 1
the fundamental equation of the solid vibrations. K represents
the stiffness matrix, D refers to the damping matrix and M
stands for the mass matrix, whereas v(t) expresses the input
solicitations that are unknown and not recordable and y(t)
represents the data captured over time by the sensors
(acceleration, velocity…) deployed on site.
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The discrete problem, defined by the observation of n
sensors, can be expressed in the state space form as Equation
2, where A is a stat transition matrix. C is noted the
observation matrix.

xk 1  Axk  vk
yk  Cxk  wk

(2)

The solution of the problem is then given in Equation 3, cf.
[6]. In order to reduce computing time and to improve the
accuracy of the identification, only a part of the raw data of yk
is selected and ranked into a Hankel matrix, which presents
interesting properties in order to support the identification of
the dynamic properties. The authors advise readers to study
[16] for a fuller description and accurate explanations.

det( A  i I )  0, det( A  i I ) i  0,  i  C i
fi 

ai2  bi2
 100bi
, i 
where
2
ai2  bi2

ai  arctan
2.2.2

(3)

Im(i )
, bi  ln( i )
Re(i )

Enhanced Frequency Domain Decomposition

This algorithm is an improvement of the classical FDD
method, cf. [3, 4]. Based on the singular value decomposition
of the spectral density matrix built with collected data, it aims
to express the structural response into normal modal modes
and modal coordinates, cf. Equation 4. The SVD introduces a
bias due to the fact that the solution does not theoretically
correspond to an exact solution; the FDD is always, therefore,
an approximate solution. The EFDD improves the accuracy by
searching around the frequency peaks the singular value with
the highest MAC value with the primary mode shape estimate.
Therefore, this method presents some limits when it comes to
identifying frequency peaks closely.

y (t )  a1q1 (t )  a2 q2 (t )  ...  Aq (t )

If the frequencies of the structure are closed to the
walking frequencies, then the maximal accelerations felt
by the users have to be calculated using a temporal
loading whose loading shape corresponds to the natural
shape of the studied mode. The maximum calculated
accelerations have to be in line with the required comfort
standard defined above.
Thus, in our study, the natural frequencies, in order to avoid
any modal interaction in any direction, in the vertical direction
have to be either below 1,70 Hz or above 2,10 Hz and, in the
horizontal directions, either below 0,50 Hz or above 1,10 Hz.
The calculated accelerations should be below 0,30 m/s² and
1,00 m/s² in the horizontal and vertical directions.


2.4

Flowchart of the study

The South Brivet bridge, described in the next section, is
firstly analyzed on site using the OMA method. It aimed to
firstly compare the result obtained by the two different kinds
of sensors and thus identify the real dynamic characteristics.
Then a numerical model is developed with Robot Structural
Analysis, cf. [18], and presented in the next section. This
model is calibrated on the identified modal basis Фi using the
Modal Assurance Criterion indicator noted MAC and
presented Equation 5 to ensure the robustness of the calibrated
FE model Фj. Then the calibrated model is analyzed to verify
if the comfort standard requirements are in line with the real
dynamic behavior of the structure. The global flowchart of the
analysis is presented Figure 1.

MAC i ,  j  

iT  j ²
i² .  j²

(5)

(4)

Where A is the mode shape matrix and q is the modal
coordinate vector.
2.3

French regulations dedicated to pedestrian bridges

The recent pedestrian bridges built in Paris and London in the
early 2000s highlight the importance of the dynamic
properties to consider when designing such bridges. French
regulations published in 2006, cf. [17], are a technical guide in
order to support engineers dealing with such flexible
structures. The proposed methodology can be summarized in
3 main steps described as follows:
 Definition by the owner of the required comfort standard
expected for the user; in this study, it has been decided to
define them as follows: (i) high pedestrian traffic
expected (class II), (ii) medium comfort requirements
(figure 2);
 Calculation of the dynamic properties in the 3 main
directions; in this study;

Figure 1. Flowchart of the study
3
3.1

DESCRIPTION OF THE BRIDGE, USED METROLOGIES AND
FE MODEL
Description of the studied bridge

The studied structure is a decommissioned reinforced
concrete bridge, approximately 80 years old. It is located in
the port of Saint Nazaire, France, on the Atlantic coast.
Formerly used to ensure the passage of trucks over the Brivet
river, this bridge is nowadays no longer used. Therefore, the
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owner aims to study the feasibility of using it as a pedestrian
bridge, within the scope of a future local urbanism project.
The bridge, 75 m long and 10 m wide, is a beam bridge (4
main beams) composed of 7 spans, of which 3 are
cantilevered, as illustrated in Figure 2. The cantilever bearing
is made of a slim piece of polytetrafluoroethylene, which has
never been changed since the time of construction of the
bridge, to avoid friction. The deck presents a thickness of 20
cm around and carries two bidirectional circulation lines
associated with one sidewalk on each side (1 m width). The
deck is carried by several reinforced concrete frames as
illustrated in Figure 2.

located in the center of the bridge, i.e. in span number 4 and
does not move during the different acquisitions, whereas the
other sensors move at each acquisition. The sensors are
continuously synchronized during the acquisition, in order to
ensure the most accurate acquisition possible and
consequently mitigate the drift during the analysis of the data
in the frequency domain. The technical characteristics of the
sensors are not described in this paper but readers can refer to
the literature in order to obtain more useful information [9,
20]. Then, considering that there is always one common
sensor during each acquisition, all the data can be analyzed
using the ARTeMIS software.
A total of 96 measurements were carried out in one day.
They were deployed on two lines localized on the sidewalks.
The instrumentation plan aims to capture the global modal
shapes and, consequently, the sensors were deployed
regularly, for each span, according to the following manner: at
the mid-span, at the ¼ and ¾ of the length of the span and two
additional positions aligned with the columns below the deck.
Moreover, two extra positions were considered on both sides
of the cantilever bearing, in order to capture the potential
effects of the independent spans.
3.3

Figure 2. Views of the bridge above, mechanical diagram of
the bridge and main dimensions below.
Recent visual inspections have been carried out in order to
avoid concrete blocks falling on ships navigating below the
bridge, cf. [19]. They highlight some important disorders,
such as corrosion of the armature and calcite traces that
indicate circulation of water in the cement matrix. Moreover,
the joints are not clean and maintained in operative condition
and one abutment presents major disorders in the tidal range
area.
3.2

Finite element modeling and material properties

The bridge was modeled using Robot Structural Analysis,
cf. [19], and is illustrated in Figure 4. Beam elements were
used to model the beams, whereas the deck is modeled with
shell elements. The cantilever bearings were modeled with
internal hinges to allow the rotations of the cantilever span.
The columns and the abutments are considered either as,
option 1, a combination of unidirectional bearings and
external hinges or, option 2, as Winkler springs and equivalent
stiffnesses. Option 2 was considered due to (i) the inaccurate
knowledge of the length of the column and the nature of the
foundation and (ii) the given possibility to efficiently calibrate
the FE model on the identified modal base.

Metrological plan deployed

The raw data was captured on the bridge using two different
families of sensors as illustrated Figure 3: the first family,
developed by Sercel and using MEMS technology, captures
accelerations at several points over time whereas the second
family, which is made of velocimeters, captures velocity over
time [20]. Both types of sensor are put at several similar
points over the bridge and capture the raw data
simultaneously.
Figure 4. FE Modeling of the bridge with Winkler bearings
The density of the reinforced concrete is equal to
2500 daN/m3 and the density of the asphalt layer is equal to
235 daN/m². Indeed, the Young Modulus of the concrete is
chosen as equal to 35 GPa. Non-destructive testing was
carried out to consolidate this value which was chosen based
on experience of similar, previously studied ageing structures.
Figure 3. Simultaneous acquisition using different sensors.
10 sensors were used and deployed over the bridge per
family, as described previously. One sensor is therefore
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IDENTIFICATION OF THE DYNAMIC PROPERTIES

The identification of the dynamic parameters carried out with
ARTeMIS leads to 4 main modes in the 3 directions
synthesized in Table 1. The comparison of the data collected
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Table 1. Synthesis of the main modes identified in the 3
directions using SSI algorithm and different data
First family of sensors
Fr (Hz) MCF (%) ζ. (%)
2,32
1,23
2,10
2,80
0,84
2,18

Second family of sensors
Fr (Hz) MCF (%)
ζ. (%)
---2,82
87,30
<1

77,70

<1

13,6

71,12

<1

15,62

60,61

<1

15,30

89.97

<1

Transversal flexural mode

14,18

Modal description
Longitudinal translation
Transversal flexural mode
Vertical flexural mode coupling with
torsional mode of the Eastern span
Vertical flexural mode coupling with
torsional mode of the Weastern span

calibrated to simulate the real behavior of the bridge and to
render the results of the simulations more robust. The
stiffnesses of the Winkler springs are optimized in order to
capture the two main modal shapes in the longitudinal and
transversal directions. Figure 6 illustrates the modal shapes
given both by the calibrated numerical model (figures on the
top) and by ARTeMIS using in situ data (figures below).

Longitudinal translation

by the two families of sensors leads to the following key
elements:
 The quality of the measurements is more accurate using
the first family of sensors considering the lower noise of
the associated data, cf. Figure 5;
 More modal shapes are identified using the data collected
by the first family of sensors; this is obviously according
to the quality of the acquisition as set out above;
 The deployment on site is also improved: not only the
synchronization process is faster using the sensors of the
first family but also the implementation of all the sensors
is centralized. It results in an increase of acquisition at a
maximum output.

Figure 5. SVD plot above, EFDD method, and Stabilized
diagram, SSI covariance driven below using the data of the
first family of sensors
5

CALIBRATION OF THE FE MODEL AND IMPACT ON
DYNAMIC BEHAVIOR

The first longitudinal and transversal flexural modes are
identified at low frequencies, i.e. below 3 Hz, underlining a
soft behavior in these directions, whereas the vertical behavior
highlights a stiffness behavior considering that the modal
frequencies are given above 14 Hz. Considering the
regulations to respect, cf. paragraph 2.3, the vertical behavior
is not analyzed because of the high modal vertical frequency
above 5 Hz. Nevertheless, the horizontal modes indicate that
an additional analysis will have to be performed which will
lead to the development of a numerical model.
The numerical model introduced in paragraph 3.3 is calibrated
on the modal basis identified in Table 1. It aims to be

Figure 6. Comparison of the modal shape – transversal mode
above and longitudinal mode below (Robot and ARTeMIS
model in this order)
The CrossMAC is calculated between the modal shapes of the
numerical and captured models. The value of the CrossMAC
relative to the longitudinal mode equals 0,92 whereas the
value associated to the transversal mode equals 0,86. These
values are acceptable to consider the numerical model as
suitably calibrated and representative. The results of the
numerical modal analysis show that the participated modal
mass is higher than 98 % in each studied direction. It is,
therefore, not necessary to consider an additional higher mode
to study the dynamic behavior of the studied bridge.
Additional simulations have been made with a numerical
model developed with both hinges and simple bearing
supports. The results show that the first modal shape is given
at a frequency higher than 20 Hz. Considering these results
and the French regulations dedicated to pedestrian bridges that
must be respected, an approximate modeling would lead to
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consider a stiffer bridge in comparison with the real behavior.
Based on these values, the dynamic analysis would be
stopped. It underlines the fact that the OMA method correctly
captures the real dynamic behavior and improves dynamic
studies.
The maximal accelerations are calculated with the numerical
model considering an additional modal mass which represents
pedestrians and is applied in such a way that the load respects
the modal shape of the studied mode. Then they are applied
either in the longitudinal direction or as a flexional shape. The
results are synthesized in Table 2. One can notice that the
simulated accelerations are higher than the expected threshold
in the longitudinal direction, whereas they are in line with the
expectations in the transversal directions. Consequently, the
expected comfort standards are not respected in the
longitudinal direction and the bridge has to be reinforced so as
to increase its stiffness and to decrease the maximum
accelerations.
Table 2. Synthesis of the maximal accelerations allowed and
calculated by direction and studied modal shapes
Mode
Mode 1 longitudinal
translation
Mode 2 transversal
flexural mode
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Dir long.

Dir. Trans.

Dir. Vert

0,70

0,01

0,00

0,01

0,08

0,00

Maximal allowed
acceleration
< 0,30 m/s²

CONCLUSIONS

In this study several analyses were carried out on a
decommissioned bridge using the OMA. A first study was
made to compare the accuracy of new developed sensors with
standard ones. The results highlighted that using data obtained
with developed sensors leads to a better dynamic
identification than using data captured with standard sensors
which results are quite noisy. Indeed, due to the fact that the
temporal data are less noisy and the synchronization is much
better, the modal shapes are more accurately identified. A
second study was also carried out to highlight how the OMA
can support an engineering study regarding dynamic behavior.
Indeed OMA was performed to capture the real dynamic
properties of the bridge. Then these data were used to
calibrate an FE model used to verify whether the structure can
be used as a pedestrian bridge satisfying the French dedicated
regulations. The results show that the use of the OMA
parameter made the FE model more representative than the
theoretical model. Indeed, using the theoretical model, the
bridge would be compliant with requirements whereas, if the
transversal dynamic behavior is in line with requirements, the
longitudinal behavior does not respect defined comfort
standards. This critical point was correctly captured thanks to
the data provided by the OMA method. This method is
consequently appropriate for supporting an asset management
program, especially when it comes to analyzing the real
structural state in the case of either maintenance or feasibility
studies.
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