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Abstract

The dynamic test in situ of existing bridges is a very promising solution for assessing a relia-
ble model, since it is more convenient than a load test requiring to organize the trucks and
close the use of the infrastructure for a longer time. However its effectiveness depends on the
test technique, the number, type and location of the sensors, but also on the numerical model
that have to allow the introduction of the real boundary conditions. Cleary the dynamic iden-
tification of the structural behavior can be also the first step of a monitoring process to check
the health of the construction during the time, therefore its effectiveness is fundamental.

In this paper the first results of the structural identification based on an ambient vibration test
of an existing prestressed concrete bridge are presented. The selected case study is a bridge
designed by Riccardo Morandi in 1952-1955 with the emerging technique of Prestressed
Concrete (PC).

An important step of the process is the developing of the model though a survey and a wide
investigation campaign, but also the role of the knowledge of the original design is highlight-
ed due the complexity of the structure.

Keywords: Prestressed bridge, Dynamic test, Model updating, Finite element analysis, Oper-
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1 INTRODUCTION

Structural identification for assessing and ensuring the safety and integrity of bridge struc-
tures is gaining much attention among researchers, due to the more frequent failure of bridges
[1, 2], and also considering the existing heritage, in many countries near to the end of its ser-
vice life.

Currently the dynamic tests are gaining increasing importance and efficiency especially to
calibrate reliable numerical models [3-4] useful for a structural analysis, or to start a damage
monitoring by two approaches. In one case the monitoring is carried out by the numerical
model upgrading [5-7] in the other case a direct analysis of the signals [8-9].

It is noted that the first procedure is certainly more efficient and of great potential since a
numerical model allows to investigate in detail the causes of a possible variation of the struc-
tural response [10-11], and then can be used to investigate the load-bearing capacity [12-13],
its structural behavior under traffic [14] or seismic excitation and the efficiency of a prospec-
tive reinforcement interventions. However, the type and uncertainties of the model influence
the process and the computational work is heavy.

In this paper the procedure of the structural identification is proposed underlining the vari-
ous steps that contribute to individuate the real in-situ boundary conditions and the degrada-
tion of the construction through the variation of the elastic dynamic response [15-16]. The
ambient vibration test (AVT) is carried out due to the simple applicability, albeit it is general-
ly less effective than harmonically forced tests [17]. A brief review of testing methods for
bridges explaining their advantages and limitations was presented by Salawu and Williams
[18].

Moreover many researchers demonstrated that the environmental actions are able to excite the
most significant modes of vibration in the low range of frequencies for flexible systems like
cable-stayed bridges [19-20], large span arch bridges [21-22] and suspension bridges [23].
The bridge considered herein is particularly interesting because the static scheme and the
technology adopted by Riccardo Morandi in his design was innovative and ambitious at the
time but still currently the construction is complex and its analysis requires a detailed finite
element model (FEM) that is useful to assess through tests in situ. Furthermore the real
boundary conditions have to be assessed to better address the future design of strengthening
interventions.

2  OVERVIEW OF THE BRIDGE

The case study bridge (Fig. 1), erected in Benevento and designed by Riccardo Morandi in
early ’50, although not so large, has a great importance since it connects two parts of the city
crossing the creek San Nicola that goes through a valley with instable hillsides.

Figure 1: Current lateral view of San Nicola bridge.
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A detailed analysis of its conceptual design is reported in [24] evidencing a careful process
of optimization by adopting an innovative method of construction with pre-casted segments.

The deck of San Nicola bridge is made of prestressed concrete cast in site with piers and
foundations made of reinforced concrete. The static scheme is a portal frame composed by
one main span 80.0 m long and two cantilevers of 20.0 m long as shown in Fig. 2.
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Fig. 2: Longitudinal scheme of the bridge.

The bridge deck is supported by two piers 9.40 m high; each pier, as shown in Fig. 3, was
realized by eight columns of rectangular section, 40.0 cm thick and variable width from 1.50
m at the base to 4.00 m at the top, that are transversally connected at the base and top by a
transverse beam.

a) b)

Figure 3: Transversal and frontal view of the pier.

The piers are linked to the foundations underneath by hinges made of steel rebars to avoid

bending moments on the foundation that have to also contain the thrust; in fact, the founda-
tions also act as abutments.
The deck consists of a multicellular caisson whose webs vary in thickness, from a minimum
of 13 c¢m at the midspan, to a maximum of 30 cm at the supports (see Fig. 4). Moreover, the
deck shows varying-depth through the spans (beam with curved intrados), which characterizes
an approximately linear shape giving also a beneficial arch effect. The depth of the deck cross
section varies from a maximum of 3.60 m at the pier supports, to a minimum of 1.60 m at the
ends of cantilevers and 2.70 m at the midspan.

The deck is characterized by internal tendons, symmetrical about midspan. The prestress-
ing steel cables are composed of 27 aligned wires with diameter of Smm and are placed along
a straight line in the top slab where the bending moment shows negative values and in the bot-
tom slab in the midspan, but also curved cables are installed along the entire bridge. A portion
of the original drawing with the prestressing cables is reported in Fig. 5.
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Figure 4: Cross sections of caissons at the midspan (left) and the supports (right).

The upper slab is 9.00 m width and consists of two traffic lanes, 7.00 m width, and two
sidewalks 1.00 m width each one. Also the thickness is variable from 13 cm (in the area of the
central span where there are no top cables) to 20 cm.

Figure 5: Original drawing with the prestressing cables

3 SURVEY AND MATERIAL CARACHTERIZATION

An extensive survey campaign, including surveys, essays and destructive tests on materials,
i.e., concrete, steel reinforcement and prestressing steel cable, was carried out.

The geometric survey of the elements forming the deck and the piers shows that the struc-
ture was realized quite as designed.

Several essays were carried out on the deck highlighting the concrete cover degradation
due to the disposal of the water, especially inside the multicellular caisson, however, no
cracking is visible. The good conditions of the ducts and cables were detected except in spe-
cific parts where water stagnates. Pier and abutments concrete and reinforcements were also
investigated pointing out a concrete surface degradation but limited corrosion of the steel re-
bars.

Regarding the materials, 14 cores were taken for the assessment of the compressive strength
of the concrete. An average cubic compression strength (Rem) of 39.21 MPa and 54.21 MPa
have been obtained for pier and deck, respectively. These average values were used to calcu-
late the elastic modulus adopted in the model, described in section 4.

Also samples of prestressing steel cables were taken and tested in the laboratory but the elas-
tic modulus of the steel is assumed from the literature.

4 THE IN-SITU DYNAMIC TEST

The AVT was chosen as dynamic test because it doesn’t require any additive equipment
and affects the use of the bridge for few time.

The dynamic behavior of the bridge has been analyzed by means of a preliminary numeri-
cal finite element model, described in the next section to establish the layout of the sensors
shown in Fig. 6 that involved the choice of 30 measuring points.
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In order to identify both the bending, in plane and out-of-plane, and torsional modes, sen-
sors were arranged in pairs at the long sides of the roadway with a distance of 6 m along the
cantilever and 10-12 m along the center span.

The adopted instrumentation consists of five triaxial piezoelectric accelerometers with
MEMS technology, characterized by an integrated 24-bit A/D converter of the Sigmadelta
type. The sensors sample at a preset frequency of 1024 Hz, transmitting the acquired signal
directly to an acquisition unit, characterized by an industrial PC with a preinstalled Linux sys-
tem.
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Figure 6: The layout of sensors in the dynamic test

Since only 5 accelerometers were available during the test, more test setups were per-
formed, considering one sensor, indicated as n. 7 in Fig. 6, as reference transducer which was
kept at the same location in all the setups. In each setup the accelerations were acquired in the
presence of environmental actions (wind, passage of persons) [25] for a duration of 15
minutes at a frequency of 1024 Hz.

The environmental records carried out at the points of measurement have been inspected
and validated. Subsequently, each recording was filtered by the application of a Butterworth-
type bandwidth filter of order 6 in the range 0.2-20 Hz. Subsequently, the time series were
decimated to obtain a final sampling frequency of 20 Hz. It is worth to note that filtering per-
formed before decimation ensures the absence of aliasing problems in the frequency range of
interest.

The data processing and the extraction of modal shapes were carried out with the commer-
cial program ARTeMIS [26] both in the frequency and time domain to obtain the natural fre-
quencies, damping ratios and modal shapes of different modes of vibration of the structure. In
particular the Enhanced Frequency Domain Decomposition (EFDD) [27] and the data driven
Stocastic Subspace Identification (SSI) [28] were used as output-only techniques.

The analysis of the data and the comparison of the results provided by the various methods
allowed the identification of the fundamental modes of the structure and the validation of the
data obtained. Specifically, the comparison of the estimates provided by the different methods
(EFDD, SSI) showed a maximum frequency deviation of 0.6 % and CROSS-MAC values not
less than 0.87 for all identified modal shapes.

Fig. 7 shows the modal shapes and values of natural frequencies and damping ratios for
each of the identified modes. The latter can be classified as follows:

1. Transversal bending mode;

2. Vertical bending mode;

3. Vertical torsional mode.

In addition, the identified modes are all normal modes, as can be seen from the examina-
tion of the complexity plots shown in Fig. 8. It is hardly necessary to point out that the imagi-
nary components present in some modes are minimal, clearly attributable to the effects of the
measuring noise.
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Figure 7: Experimental mode shapes.
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Figure 8: Complexity plots of the experimental mode shapes.

S THE NUMERICAL MODEL OF BRIDGE

The FE model of the bridge assumed as case study was developed by the software
SAP2000 [29]. The various components of the structure were modeled considering their real
geometry with mono-dimensional (frame) and bi-dimensional (shell) finite elements, getting a
three-dimensional model including deck and piers restrained at the base by hinges.

The concrete section was considered entirely reactive assuming prestressing effect efficient.
The deck was modeled by thin "shell" elements, with 4 nodes and a formulation that com-
bines membrane and plate-bending behavior Stress and strain are evaluated in the local coor-
dinate system of the elements in 2x2 Gaussian integration points and are extrapolated in the
connection nodes between the elements. The nodes of discretization of the deck are approxi-
mately 4600 with a mesh of 1 x 0.7 m for the upper slab.

The piers were modeled using frame elements for the 8 pillars and shell elements for the
transverse elements at the top and the button. Moreover, tendon elements were added in the
model to simulate the presence of prestressed cables. Tendon elements are an object type that
can be inserted into other objects (Frame, Shell, Plane, Asolid, and Solid) to simulate the ef-
fects of pre-stressing but in this dynamic analysis their effect is the stiffness and mass contri-
bution.

Errore. L'origine riferimento non ¢ stata trovata.9 shows the view of the model imple-

mented by the software SAP2000 [29].
The elastic modulus of concrete was evaluated by the Eurocode 2 formulation [30] using the
mean concrete strength measured by the in situ tests, and resulted of 34700 MPa and 32700
for the concrete of piers and deck respectively. Furthermore a value of 196500 MPa from lit-
erature was adopted for the steel cables.
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Figure 9: a) FEM model of the bridge including prestressed cables; b) extruded view of the model.

Fig 10 shows the deformed shapes of the first nine numerical modes that involve always the
deck structure of the bridge and the piers for the modes that have horizontal components.
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Figure 10: Numerical mode shapes of the bridge.

6. FIRST RESULTS OF THE STRUCTURAL IDENTIFICATION
Once the model was specialized on the basis of the in site detected geometry and the collected

values of material mass and stiffness, a first comparison between the numerical and experi-
mental results was carried out in terms of frequencies and mode shapes. The consistency of
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the latter comparison was measured with the MAC index - Modal Assurance Criterion -
which provides a measure of the degree of linearity between the vectors of the mode shapes
[31]. A MAC index value close to unity indicate a high level of correspondence between the
compared mode shapes. The results are reported in Table 1. The numerical model provides,
among the first nine mode shapes, the experimental mode shapes identified with the dynamic
test. In particular, the experimental modes correspond respectively to the fourth, fifth and
ninth numerical ones as can be observed in Fig. 10.

Table 1. Theoretical-experimental comparison

Experimental Numerical
Mode N.  fexp[Hz] Mode N.  frem [Hz] MAC
1 1.18 1 1.19 0.86
2 2.12 5 2.12 0.98
3 5.69 9 4.72 0.76

As can be noted from Table 1 the assessment between numerical and experimental returns,

with reference to the fundamental modes of the structure, a good agreement in terms of fre-
quency and MAC for the two first experimental modes. Otherwise mode 3 shows a slightly
lower correlation between the experimental mode shape and the corresponding numerical data,
with a low MAC index of 0.76.
It is worth to note that the numerical model provides many in-plane and out of-plane bending
modes of the deck that have not been detected by the dynamic test. Thus, the model needs to
be calibrated to identify the actual conditions of the bridge, especially in terms of constraints,
that avoid or reduce the movement of the bridge in the deck plane. Therefore, in the paper a
first manually updating of the model was performed changing the following prominent items
in agreement with physical phenomena due to real conditions observed during the investiga-
tion:

1) A fixed support was assigned to the base of the piers in the transverse direction (short
dimension of the deck) because the hinge at the base of the pier may not be activated in the
transverse direction for the environmental vibrations due to friction between the concrete of
the pier and the foundation.

2) Fixed supports in transversal and longitudinal direction were inserted at the edges of the
cantilevered spans to take in account that the longitudinal and transverse displacements are
prevented because the gap between the bridge and the road has been filled with cement.

3)elastic supports were adopted at the longitudinal edges in vertical direction to take into
account that gap below the bridge is not enough to avoid the support effect of the gabions and
reinforced soil. A first calibration of the restraints stiffness has been made but this aspect
needs of further study.

4) A rectangular beam was arranged along the two longitudinal sides of the bridge to con-
sider the stiffness effect along the transverse direction due to the sidewalk added in 1982 by a
steel structure bolted to the bridge. equivalent to.

5) The elastic modulus of the concrete for the piers (24000 MPa) was reduced to take ac-
count of the degradation phenomena of concrete cover evidenced during the in-situ survey.
The above considerations, properly introduced in the numerical model modified the mode
shapes of the model, and led to the correspondence of the order between experimental and
numerical modes. In Table 2 the comparison of numerical and experimental modes after the
updating is shown. An improvement of the correspondence between numeric and experi-
mental behavior is also confirmed by the increment of MAC, after the first manual updating
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of the model, that was necessary to introduce the correct boundary conditions that correspond
to real circumstances and not to numerical optimization. Clearly a further step is necessary in
the updating process in order to reduce the difference in frequency between experimental and
numerical modes by a better assessment of the parameters values as the elastic modulus of the
materials, the restraints conditions and the elasticity of the constraints.

Table 2. Theoretical-experimental comparison after updating

Experimental Numerical
Mode N.  fexp [Hz] Mode N.  frem [Hz] MAC
1 1.18 1 1.91 0.97
2 2.12 2 2.16 0.97
3 5.69 3 4.16 0.80

6 CONCLUSIONS

The study presents the complete procedure of structural identification of an existing bridge
and the first results of the consequent model updating. The selected case study, that is a com-
plex, even if not large, structure designed by Riccardo Morandi in ’50 years, evidenced the
following general aspects:

- The AVT is a suitable procedure to the define the experimental behavior of a structure
in the linear field because it doesn’t require the time and organization for application of
actions; however a reliable numerical elaboration of the results is necessary with more
than a technique. A few number of sensors can be used applying more than one setup
and combining the results by a suitable technique. In the case study 5 sensors were
available but 8 setup allowed to have experimental results of 30 points along the bridge.

- The numerical model has to be developed considering the aspects that is necessary to
update by the identification process. The basic model has to be developed considering
the results of a detailed in situ investigation on geometry, materials and boundary con-
ditions of the structure.

- A first updating process addressed by physical considerations of the conditions that can
bring the numerical model near to the experimental behavior is important to avoid that
a numerical optimization process can use other properties to attain the final results. In
the case proposed herein some constraints are due to real in situ conditions (filling of
the gaps between the road and the bridge not considered in the design) that influence
the linear elastic response, therefore their presence have to be introduced before start-
ing an update process of the elastic properties of the construction.

The strategy of carrying out a dynamic experimental test to calibrate a reliable model pro-
vides a good structural identification, allowing to accurately identify the real boundary condi-
tions of the structure, not always possible without in situ tests. The presented work is in
progress to complete the model updating and compare the behavior of the structure evidenced
by the dynamic test with the one obtained by a load in situ test.
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