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Civil steel structures and infrastructures, such as truss railway bridges, are often subject to potential damage, mainly due to fatigue
phenomena and corrosion. Therefore, damage detection algorithms should be designed and appropriately implemented to
increase their structural health. Today, the vast amount of information provided by data processing techniques and measurements
coming from a monitoring system constitutes a possible tool for damage identification in terms of both detection and description.
For this reason, the research activity aims to develop a methodology for a preliminary description of the damage in steel railway
bridges induced by fatigue phenomena. The proposed approach is developed through an integration of global and local pro-
cedures. At the global scale, vibration-based procedures will be applied to improve a forecast numerical model and, subsequently,
to identify the zones most involved in fatigue problems. At the local scale, careful and refined local identification will be pursued
via image processing techniques whose evidence will be analyzed and described through nonlinear numerical models. A case study
of a historical railway bridge in Spain will illustrate the methodology’s performance, potentiality, and critical issue.

1. Introduction

To understand the behavior of complex engineering struc-
tures, Structural Health Monitoring Systems, SHMSs, are
widely implemented in the fields of aerospace, civil, and
mechanical engineering. In the last decades, there has been
a growing interest in damage identification procedures based
on changes in modal parameters, thanks to the development
of a large number of algorithms that aim at providing
continuous monitoring using vibration measurements for
the automatic identification of dynamic parameters in op-
erating conditions. Many researchers working in the field of
SHM have focused extensively on data analysis, including
feature extraction and data fusion, to identify and assess the
damage. Based on the vibration features, the damage
identification methods are classified into four major cate-
gories: natural frequency-based methods, mode shape-based
methods, curvature mode shape-based methods, and
methods using both mode shapes and frequencies.

Following is a detailed and critical overview of the available
methods for structural monitoring and damage detection in
truss structures, with particular attention to steel railway
bridges.

It is known that Structural Health Monitoring methods
measure structural response and aim at effectively detecting,
locating, and assessing damage produced by severe loading
actions and by progressive environmental deterioration. In
the SHM process, damage identification is a critical point
especially when it relates to railway infrastructures. In the
infrastructural context, it refers to the estimation of the
varjation of some parameters, which could have a negative
effect on the structural behavior. The health state of railway
bridges is mainly evaluated by visual inspections and
nondestructive regularly conducted tests, which can be
subjective and dependent on expert knowledge. Therefore,
the problem of deepening and developing methods for
damage assessment in railway bridges remains open [1, 2]. In
recent decades, several authors have focused on the
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development of a damage identification procedure based on
the vibration data analysis, in addition to the classic in situ
inspections, and they have reviewed the existing literature on
this field, classifying it for the different types of railway
bridges. Examples of these publications include Meherjo
et al. [3]; Scianna and Christenson [4]; Lu and Liu [5];
Moaveni et al. [6]; Scott et al. [7]; and You et al. [8]. Many
railway bridge SHM researchers focused on numerical and
experimental simulations of bridge beams and truss struc-
tures. In 2012, Beskhyroun et al. propose a method based on
wavelet transforms using dynamic responses recorded under
excitation applied by an actuator, but this procedure shows
some limitations under operating conditions [9]; Bowe et al.
presented in 2015 a method that exploits the analysis of the
acceleration of vehicles resulting from the train-track in-
teraction, but this method is not applicable in the presence of
noise [10]; in the same year Gonzales and Karoumi studied
a strategy based on artificial neural networks (ANN) but the
limits of this methodology lie in modeling the railway bridge
as a simply supported beam that does not describe the
complexity of the structure [11]. A review of the latest lit-
erature is listed in the bibliography [12-21]. It is known that
most of these methods have identified the existence of
damage (the first level of the SHM process), without fully
reaching the goal of level 2 which is the localization of
damage. For applications of SHM to the case of truss
structures, there are still many difficulties. Modal parame-
ters, natural frequencies, and mode shapes are sensitive
indicators of structural damage. However, they also show
a high sensitivity to environmental and operational condi-
tions such as humidity, wind, temperature, presence and
measurement of noise, and accuracy of the measurements.
For civil engineering structures, these variables interfere
with the assessment of damage identification and sometimes
even hide variations in damage indicators produced by the
damage. Furthermore, the identification of modal param-
eters could be difficult for structures with couple-mode
shapes. On the other hand, the global nature of the
modal parameters extracted from the measured data
recorded by accelerometers or displacement sensors may not
always lead to truss damage localization and quantification
[22]. As with most inverse problems, the search for a solu-
tion is complicated due to the ill-conditioning nature of the
problem, since it strongly depends on the quantity and
quality of the experimental data available [23, 24]. Another
aspect of difficulty concerns the modeling of damage. In this
work, a linear behavior is assumed, both before and after the
damage; the damage is therefore thought of as an open crack
or a decay of the mechanical properties and it is described by
a local decrease in the stiffness of a truss element.

The growth of innovative technologies in mechatronics,
robotics, and information and communication technology
(ICT) is opening up new perspectives in recent years in
addressing the classic problems of infrastructure manage-
ment [25]. Many rising research fields could have an im-
portant impact on infrastructure inspection and monitoring,
e.g., automated inspection based on image acquisition [26].
In fact, the use of mobile robots and unmanned aerial ve-
hicles (UAVs) has strongly encouraged the development of

Structural Control and Health Monitoring

image acquisition techniques to describe the spatial char-
acteristics of the environment, allowing the creation of 3D
points cloud. Regarding cracks in steel infrastructures, the
most common difficulties depend on the random shape and
irregular size of the crack, and on the presence of noise in the
acquired images (irregularities in lighting conditions,
shadows, and imperfections). In general, image processing-
based crack detection methods are classified into four cat-
egories [27]: integrated algorithm methods, methods with
a morphological approach, percolation-based methods, and
practical techniques. Many research works based on the use
of a digital camera can be found in the available literatures:
Talab et al. [28] presented a three-step methodology that
involves the conversion of the image to grayscale and the use
of the Sobel filter to detect cracks, the application of ap-
propriate thresholds to distinguish foreground and back-
ground, and finally the application of the Sobel filter for the
elimination of residual noise; Adhikari et al. [29] developed
an integration model that numerically represents defects
through a neural network; Alam et al. [30] proposed a de-
tection technique by combining the DIC (digital image
correlation) and acoustic emissions. Many works based on
image analysis to detect the presence of damage due to crack
and corrosion phenomena exploit the radiographic exam-
ination of metallic materials by X-ray and y-ray, among
them Zhang et al. [31] proposed a new damage detection
system based on X-ray images, introducing its digital im-
aging technology, system structure, and operating principles
and Peng et al. [32] used a bridge cable detection system
based on y-ray images.

Some of the main drivers for the present research include
the key role that bridges play within the railway network, the
increase in the use of railway infrastructure due to economic
globalization and the consequent growth in traffic volume,
the design speed of existing lines, and more important, the
effects that this continuous increase in operational condi-
tions can have on the bridge structural performance and
service life. Existing riveted steel bridges represent an ar-
chitectural heritage of great importance in Europe. Gen-
erally, railway bridges built at the beginning of the XX
Century were designed without rules dedicated to the fatigue
resistance of detail. For this reason, they show a marked state
of degradation mainly due to corrosion and/or fatigue. Links
represent the part most susceptible to these phenomena.

This research addresses the problem of identification and
quantification of structural damage in steel truss bridges in
relation to their intensity, location, and extent, through
a classical vibration-based procedure in combination with
new image processing techniques. At the global level, the
damage was identified through pseudoexperimental data
solving the inverse problem using a data-driven procedure in
the time domain, the stochastic subspace identification (SSI),
[33, 34] to determine the structure modal properties. The
problem of identifying structural damage in a steel truss is
firstly addressed via both a sensitivity analysis and the
minimization of an objective function. In this respect, firstly,
a global general model of a plane steel truss has been used to
highlight the effects of different positions, extensions, and
magnitude of damage on the main dynamic properties
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(frequency and mode shapes). Deriving the FEM model of
the damaged truss, in which damage is modeled as a cross-
section reduction in a single element, a damaged stiffness
matrix has been calculated. The analytic expression has
shown that intensity and extent are not independent factors.
Therefore, the inverse problem has been addressed to
evaluate the so-called stiffness reduction factor (SRF). The
used objective function is based on the error between eigen-
frequencies from the numerical model and modal fre-
quencies from pseudoexperimental testing. Subsequently,
the global analysis is applied to the selected case study, the
Quisi Bridge, a historical steel railway bridge located in
Spain, that was analyzed by means of experimental/nu-
merical analysis. The identification of the structural real
dynamic behavior was carried out through experimental “in-
field” tests using ambient vibrations by means of SSI; based
on updating procedures it is possible to calibrate the nu-
merical model concerning the experimental data. The
updated model is used to locate the critical connections
where fatigue damage could arise, which are then analyzed
through local models. The local models have been obtained
selecting on the updated global model, the critical details
most exposed to fatigue problems to properly reproduce the
local dynamic behavior of the details. The local analysis of
connections is carried out in order to identify other pa-
rameters which can describe the damage and can be utilized
at a global scale for the definition of the error function. The
final part refers to the image acquisition campaign and
processing in order to extract some useful information and
characterize the current health state of joints. The non-
destructive tests were carried out through on-site y-rays
image acquisition and processing, and the results of ra-
diographic tests enrich the description of the damage. The
final aim of the local analysis is to introduce parameters able
to describe damage with high accuracy to update the
global model.

The text is organized as follows: the inverse analysis of
a general mono-dimensional model obtained via SSI is
described in Section 2, while the global analysis of the se-
lected case study, and the experimental dynamic tests, are
presented in Section 3. Section 4 focuses on the numerical
local models of the selected critical details and it includes
local analysis; finally, Section 5 concerns the image acqui-
sition and processing obtained throughout segmentation.
Concluding remarks are provided in Section 6.

2. Inverse Analysis on a Simplified Model

The steel truss nominal model (STNM) consists of a 21
degree of freedoms simply supported truss, Figure 1(a), on
which the effects of several damage scenarios have been
assessed. The structural damage has been modeled as an axial
stiffness reduction, Figure 1(b), and its intensity, position,
and extent have been described introducing three di-
mensionless parameters (, «, and J, respectively, which read
as follows:

_BA-EAy (L +Lf2)

c = ,8:£

1
EA L L’ n)

where EA and EA, are the undamaged and damaged axial
stiffness, L; and L, are the two lengths shown in Figure 1(b)
describing the damage position, and L is the total length of
the element. A damaged element stiffness matrix Kg has
been derived using the finite element method, as reported in
equation (2). Equation (3) defines the Stiffness Reduction
Factor SRF expressed by the coefficient I'. I is described by
a combination of the two parameters { and . Different
combinations of these two parameters provide the same
variation in frequencies and the same value of the SRF.
Therefore, the two parameters are not independent [35-37].
In the undamaged case, (0 =0, § =0, and { =0) equation (2)
describes the classical stiffness matrix for a truss element.
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2.1. State-Space Modeling. The linear dynamic structural
behavior can be fully characterized by the main modal
parameters: frequencies and mode shapes. The system dy-
namics is governed by a set of ordinary differential equations
of motion for multidegree-of-freedom structural systems (n-
ODEs) in the time domain that has been derived directly
from the d’Alembert principle as reported in compact matrix
form in the following equation:

Mui (¢) + Cu(t) + Ku(t) = Mhw(t), (4)

where M, C, and K are the mass, damping, and stiffness
matrices, u(t),u(t),and i (¢) are the configuration vectors
containing the nodal relative displacements, velocities, and
accelerations, respectively, depending on time ¢. The vector h
is the allocation vector that indicates in which nodes and
directions of the nominal model of the truss system, the
external excitation is applied, w(t) is a stochastic white
noise-type process (WN). It was considered a classical
Rayleigh damping which is a viscous damping that is pro-
portional to a linear combination of mass and stiffness
according to equation (5). The two coeflicients of pro-
portionality have been determined by the damping ratio &
that can be assumed for all modes equal to 1.5% for railway
bridges [38]. These coefficients are set to ay=1.43 and
a; =1.16.

C=agM+aK (5)
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FiGure 1: lllustration of (a) 21-DOFs STNM and (b) damage description in a truss element.

The equation of dynamic equilibrium will be converted
into a more suitable form: the state-space formulation,
equation (6), to convert the differential equations governing
the dynamic problem into a set of first-order equations. The
state-space model originates from control theory, but it also
appears in mechanical/civil engineering to compute the
modal parameters of a dynamic structure with a general
viscous damping model.

x = Ax + Bw,
~ (6)
y = Cx,
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The SSI method identifies matrices in the state space
using output-only measurements and robust numerical
techniques. The dependence of the frequency on SRF is
described by numerical evaluation. The procedure carried
out a data processing of the pseudoexperimental response
generated from the numerical model under WN. The WN is
applied equally to all nodes of the system (in the two di-
rections X and Y) to evaluate vertical accelerations in both
undamaged and damaged configurations, in six sensor
nodes (SNi) highlighted in red in Figure 1(a). The six nodes
are selected observing the first mode shapes of the truss to
avoid zero-modal points and the position SN7 has been
added for redundancy. The pseudoexperimental identifica-
tion has been pursued through the well-known stochastic
subspace identification, using MACEC, a MATLAB toolbox
developed by the Department of Structural Mechanics K.U.
Leuven [39].

2.2. Vibration-Based Damage Identification Using Pseudo-
Experimental Data. Figure 2 shows the dynamic pseu-
doexperimental responses of a selected node (SN2) under
WN excitation before, Figures 2(a) and 2(b), and after
damage, Figures 2(c) and 2(d). The damaged element is
number 6 (see Figure 1) and the damage parameters are
placed equal to §=0.3 and {=0.5 (SRF=0.769). For the
selected node, both acceleration time histories, Figures 2(a)-
2(c), in the time domain and pseudoexperimental response
in the frequency domain (FFT), Figures 2(b)-2(d), are
shown. The sampling rate is 1000 Hz, and the whole
pseudorecording time is 900 s. The last 2 seconds of the time

Ly 0,0 | ~ - -
(—Mf;C2321X21 ]’B = [ o ]’C = [ (_M 1K)21x21 (_M 1C)21x21 ]

where x is the space-state vector containing nodal dis-
placements and velocities, A, B, and C are the state-space
matrices. C is the output matrix and it appropriately selects
which state variables of x will be read in the output vector y.
Therefore, vector y could contain arbitrary pseudomeasured
parameters representative of the system. For this simulation,
y will contain nodal vertical accelerations. In the general
model described in equation (6), the state space vector and
the matrices take on the following expressions:

(7)

h21x1

histories have been plotted on a wider scale to highlight the
pseudoexperimental responses provided by the model.
Frequency domain analysis is useful for pointing out fre-
quency variations between damaged and undamaged states.
Indeed, a shift of the frequencies towards lower values is well
visible in the damaged configuration. Based on recorded
time histories, an alternative way to identify both frequencies
and mode shapes is the classical-data-driven stochastic
subspace identification [40, 41] procedure in the time do-
main. A stabilization analysis is made by processing all the
vertical nodal responses, (SN2, SN4, SN6, SN8, SN10, and
SN7), and their respective diagrams are reported for un-
damaged, Figure 3(a), and damaged state, Figure 3(b). The
SSI procedure effectively estimates the state matrix A and the
output matrix C. The number of modes in A will be equal to
half the order of the model n specified a priori, which in this
application was assumed to be 80. All the results have been
obtained using the same damage parameters pair (§=0.3
and {=0.5) for element number 6. Among the modes ob-
tained by SSI, there are no physical (or spurious) modes that
need to be separated from the physical ones. This purpose
was achieved by imposing several modal validation criteria:
relative differences in frequency <20%, relative differences in
damping <30%, and damping range: 0+ 5%. The diagrams
look very clear and the frequencies that could be related to
the natural modes of vibration match with the peaks of the
power spectral densities (PSDs) highlighted in gray. The
pseudoexperimental results obtained through FFT and SSI
processing for the first six modes of vibration in percentage
are summarized in Table 1, the subscripts d and u are
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FIGURE 2: Pseudoexperimental responses under WN, from left to right: time histories and corresponding FFT, in (a, b) the undamaged and
(¢, d) damaged configuration. Damaged element no. 6, §=0.3, and {=0.5.
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FIGURE 3: Stabilization diagrams obtained through SSI in the (a) undamaged and (b) damaged configuration. Damaged element no. 6, § = 0.3, and
(=05

TaBLE 1: Frequency changes for the identified first modes of vibration (FFT and SSI).

Mode  FFT-f [Hz]  FET-f,[Hzl  FFT-Af[%]  SSIf, [Hz] SSI-f, [Hz] SSI-Af [%]
1 10.093 9.955 1.37 10.045 9.935 1.11
2 20.362 20.356 0.03 20.410 20.320 0.44
3 30.494 29.714 2.56 30.820 30.352 1.54
4 - - - 47.855 47.562 0.62
5 - - - 58.360 58.274 0.15

6 - - - 63.605 63.547 0.09




referred to the damaged and undamaged state, respectively.
It can be noted that the third mode is the most affected by the
presence of damage in element 6.

Moreover, to enrich the identification process, the first
six mode shapes, pre- and postdamage, were identified
through SSI, and they have been compared with the nu-
merical mode shapes obtained from the numerical FE model
implemented in SAP2000. Figure 4 shows a good agreement
between numerical and pseudoexperimentally identified
mode shapes for both undamaged, Figure 4(a), and damaged
configurations, Figure 4(b).

The inverse problem of damage identification is addressed
minimizing an objective function (OF) an objective function
(OF) &, which defines the error between eigen-frequencies
from the numerical model and modal frequencies from
pseudoexperimental testing after damage related to the un-
damaged value. Only the first six modes have been considered
to determine the Z(I') curves. The OF based on frequency
measurements can be expressed in the following equation:

nm 2

PEX _  NUM
Wit — wyo v (T)
d, 4
Z(I) = Z —ix > (8)
. Wit
i=1 wi
where i and wP** are the i-th pseudoexperimental fre-

quencies identified, respectively, in the damaged and un-
damaged configurations. While w} ™ (T') representing the i-th
numerical frequency depending by the SRF through the two
damage parameters { and J. The summation operator is
indexed over the number of modes nm. Thus, the damage has
been modeled in a single element of the system through a fixed
value of the SRF, T'(, {). An optimal estimate of the damage is
evaluated by parametric analysis varying § and { in the damage
parameters plane, and minimizing the OF concerning the
a priori-defined target point T'= (T), Z(T): I1 — R. It is worth
noting that the same target curve is associated with different
combinations of damage parameters that are not independent,
so the procedure can identify the presence of damage without
providing any information about its exact location into the
damaged element. Figure 5 shows the performance of index &
varying the number of considered modes (the curve associated
with the first mode is shown in a dotted line, the curve obtained
considering the first three modes is shown in a dash-dot line,
and the continuous line is associated to the first 6 modes) and
the position of the damaged element (2, 5, and 6 whose position
is indicated in the upper part of Figures 5(a)-5(c), respectively).
These three graphs plot the value of the objective functions
defined in equation (8) varying the SRF. For this simulation, the
true value, (SRF = 0.769), is indicated by a vertical line in black.
All the numerical results are summarized in Table 2 to highlight
the performance of the & index in detecting the SRF varying
the number of considered modes. It is noted that an increase of
modes doesn’t improve the accuracy of the result and the
number of modes needed to achieve a closer solution to the real
value of SRF depends on which member of the truss is affected
by the damage.

The obtained results quantify the influence of the SRF (the
factor depending on damage intensity and extension) in the
modal features of a truss structure through different indicators.
Other procedures could be applied to detect the damage
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position, ie., a flexibility-based approach using the damage
locating vectors (DLVs) [42, 43] has been applied to the plane
analytical model previously described. The DLVs are a special
set of linear independent (LI) load vectors, which if it is statically
applied to the structure, is capable of producing “zero stress” in
damaged elements. This unique feature makes them suitable for
damage localization. The procedure initially involves the de-
termination of the flexibility matrices in the pre- and post-
damage state, indicated respectively with Fyy and Fp and their
difference with F5 = (Fp — Fy). To determine the load vectors
which produce identical deformations in the undamaged and
the damaged states, we imposed the following equality:

F,L=F,L, 9)

where L is the matrix collecting the individual load vectors
which produces the following equation:

(Fy—F,)L=F,L=0. (10)

Equation (10) is satisfied in two cases: if F5 =0 (trivial
solution), this implies that there is no damage or that the
damage is limited to a region of the structure where the
stresses are zero for any load condition described by the L
matrix; if FA#0 and the rank of F, is not maximum, L
represents a basis of null space for the matrix F5 computed
by singular value decomposition (SVD).

F, = USV®

S, 0 (11)

:[Ul Uo][ 01 0][V1 Vo]Ts
[FAVI FAVO] = [Ulsl 0]’ (12)
L=V, (13)

The property of the vectors in L that is relevant for
damage localization is the fact that these vectors when
treated as loads on the system, lead to stress fields that are
zero over the damaged elements. Finally, the normalized
cumulative stress, NCS, of each element of the structure is
calculated, deriving from the application to the undamaged
analytical model of the force vectors L previously obtained
by the SVD. The most likely damaged element has NCS equal
to zero, Figure 6.

0'4
NCS=—2_ |
max, (o) (14)

where
nDLVs Gij
0] = ; abs(m> (15)
3. Global Analysis: Application to Quisi Bridge

In the case of existing steel bridges, the actual bridge structural
performance under train passage is investigated via global
analysis. Numerical FE global models lead to a reliable as-
sessment of internal forces in bridge components. The Quisi
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FIGURE 4: Comparison between identified and numerical mode shapes in the (a) undamaged and (b) damaged state.

22/< \ TN
X o]

T/W
i j0]

8E-006 y 8E-006 8E-006
\
\ ," /// N
\ | J \ /)
— \ 7 /) — . K4 —
= \ / s = \‘\_ ,'/ =
S \ i S S s N
N v / // RGN e ’
N \ r \\'\\\\ o
S N D
0 = = T 0 T == == 0
0.73 0.76 0.79 0.82 0.73 0.76 0.79 0.82 0.82
T T T
---1 ---1 -1
--3 --3 -3
— 6 — 6 — 6
(a) (®) (©

FiGure 5: Effects of the number of modes in the determination of I' value, respectively, for damaged elements (a) 2, (b) 5, and (c) 6.

Bridge is a historical steel truss railway bridge from the XX
century, located in Spain (Benissa, Alicante) and it is part of
the 9" FGV Railway Line [44]. The bridge was built in 1917
and the structure consists of a top-bearing Pratt-type truss,
entirely riveted, Figures 7(a) and 7(b). According to the
structural system of a Pratt-type truss under uniform dis-
tributed loads, the upper chord is in compression and the
lower chord is in a tension state. The deck of the Quisi viaduct
houses a single-track railway line, centered on the entire

length of the bridge. The deck structure has cross bracing in
both transversal and horizontal plans. Longitudinally, the
bridge is composed of two central continuous main spans,
each of them is 42.00 m long, and four side simply supported
spans, (two of 21.48 m and two of 21.12 m), forming a bridge
total length of 170 m, Figure 7(c). The isostatic spans are
restrained by alternating hinged and roller connections, and
the continuous span is restrained by hinged support in the
middle and two roller supports at both ends. The substructure
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TaBLE 2: Performance of the OF & in the identification of the SRF factor.

Damaged Element 2

Damaged Element 5

Damaged Element 6

Mode

r E_[%] r E_[%] r E_[%]
1 0.7609 1.08 0.7968 3.58 0.7894 2.63
2 0.7629 0.81 0.7734 0.54 0.7863 2.22
3 0.7721 0.37 0.7734 0.54 0.7789 1.26
4 0.7725 0.42 0.7737 0.58 0.7784 1.19
5 0.7733 0.53 0.7737 0.58 0.7787 1.22
6 0.7736 0.56 0.7741 0.63 0.7789 1.26

Bold indicates the minimum error between the OF and the real value of SRF.
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FIGURE 6: Detection of a damaged element obtained by DLVs
procedure in STNM.

consists of two stone masonry abutments with square sections
and five steel pylons with truncated pyramidal shapes. The
pylons are made of several modules of truss structure
depending on the length of the pylon. It is distinguished
between two types of piles. The first group consists of the P-1,
P-4, and P-5 piles, of lower height, and the second group is
composed of the P-2 and P-3 piles, of greater height,
Figure 7(b). Figure 7(d) shows some details of the piles and
rivets. The bridge was made in structural steel, as regards the
strength and the elastic modulus of the steel, the correct values
have been taken from several documents consulted [45, 46].
Among these documentation, we found a steel characteristic
resistance of 240 MPa (corresponding to a design strength of
90 MPa). The Quisi Viaduct has been investigated with dif-
ferent techniques to assess the damage produced by fatigue
phenomena (dynamic tests, visual inspections with drones,
and acquisition of images through y-ray photogrammetry).
The four isostatic spans have the same geometry and are
independent from the two central spans constituting the main

hyperstatic truss. Therefore, each span that makes up the deck
must be modeled separately. The 3D models were made in
SAP2000 with beam elements connected by start-end release
to create a truss system. An elastic and linear constitutive law
has been adopted for the material (Steel S235) using the
following nominal parameters: yield strength f., =240 MPa,
Young modulus E = 210000 MPa, specific weight p = 7850 kg/
m’. Figure 8 shows the first main three mode shapes of vi-
bration mostly involved in the vertical dynamic response for
Model A, Figure 8(a), and Model B, Figure 8(b), represen-
tative of the isostatic span and the hyperstatic one, re-
spectively. For Model A the first mode (f;=8.598Hz) is
a vertical translation, the second mode (f,=12.701 Hz) is
torsional, and the third (f;=24.158 Hz) is bending in the
vertical plane. For Model B the first two modes (f, = 4.355 Hz
and f,=5.884 Hz) are bending in the vertical plane and the
third mode (f;=7.936 Hz) is torsional. Instead, Model B is
more flexible than Model A.

3.1. Influence of the SRF on the Modal Features. The FE global
model of the main span, Model B, permits to evaluate the
modal features variation due to the presence of damage. Two
damage scenarios are implemented and studied: the first one
(DS1) affects only one element of the main span, while the
second (DS2) involves a group of 14 elements, as shown in
Figure 9(a). In both numerical simulations, the SRF was
placed equal to 0.3 for each element. The sensibility of the
first four modal frequencies related to both DSs appears to be
quite low evidencing the need of introducing other types of
damage index based on mode shapes. The two correlation
parameters analyzed are, respectively, the MAC index and
the CoMAC index [47, 48], whose expressions have been
reported in the following equations:

d, }12
MAC; = )¢d . 4 |2 , (16)
i o
nm| ,d u 2
CoMAC, = <Zj_1'z¢ij¢ij> . (17)
i (45) 2 (45)
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FIGURE 7: (a) General view of the Quisi bridge, (b) technical drawing of the Quisi bridge, (c) restraining condition for each span, and (d)

details of the piles and rivets.
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FIGURE 8: First three mode shapes for (a) model A and (b) model B.

MAC index is a real-value function that compares two
sets of eigenvectors, referring to the damaged case (DS) and
the undamaged one (UN). MAC always assumes a value
between 0 and 1: where 0 indicates no correspondence
between two eigenvectors (orthogonal eigenvectors), and
where 1 indicates a perfect correlation. Figure 9(b) and
Table 3 summarize the results: MAC values indicate little
change in mode shape for DS1, with a MAC value larger than
0.98 for the first two modes. As a result, MAC fails to reflect
the change in mode shape in the first scenario. Marked
changes in mode shape are observed for DS2; the most
remarkable change occurs in the sixth mode with MAC
decreasing to 0.82. A second major change occurs in the first
and seventh modes (MAC =0.83). However, in both cases,
MAC as a global index fails to estimate the damaged element
of the truss.

The CoMAC index can be regarded as a point-wise
measure of the correlation between two sets of mode
shapes and be defined for a measurement point (or a degree

of freedom) I; it permits to evaluate, for each degree of
freedom, the correlation existing between two mode shapes,
referring to the damaged and undamaged scenario, re-
spectively. Also, this indicator can assume values between
0 and 1 and its tendency to unity indicates a close correlation
between the modes of vibration at the point analyzed.
Figure 10 shows the CoMAC values calculated for DSI,
Figures 10(a)-10(c), and DS2, Figures 10(d)-10(f), in the
direction X, Y, and Z. Focusing on direction Y, the trans-
versal direction of the truss structure, that is the most rel-
evant from the damage detection point of view, for DS1 the
CoMAC index has been affected by confusing localization. It
has two absolute minimum points, located symmetrically in
the truss, placed at 0.5 L, where L represents the half length
of the hyperstatic span, Figure 10(b). Therefore, COMAC
identifies exactly the damaged element but also presents
a false positive in the half span where the damage has not
been applied. The symmetrical trend of the index along the
length is justified by the fact that the model is symmetrical in
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FiGure 9: Illustration of the two damage scenarios applied to the main span and the corresponding MAC matrix (a) for the isostatic span and

(b) for the hyperstatic one.

TaBLE 3: MAC comparing modes from the numerical model for damaged and undamaged scenarios.

UN
Scenario Mode
1 2 3 4 5 6 7
1 0.984 0.016 0.000 0.000 0.000 0.000 0.000
2 0.016 0.984 0.000 0.000 0.000 0.000 0.000
DS1 3 0.000 0.000 0.999 0.000 0.000 0.000 0.000
4 0.000 0.000 0.000 0.999 0.000 0.000 0.000
5 0.000 0.000 0.000 0.000 0.999 0.000 0.000
6 0.000 0.000 0.000 0.000 0.000 1.000 0.000
7 0.000 0.000 0.000 0.000 0.000 0.000 1.000
1 0.834 0.165 0.000 0.000 0.000 0.000 0.000
2 0.165 0.835 0.000 0.000 0.000 0.000 0.000
DS2 3 0.000 0.000 0.992 0.072 0.000 0.000 0.000
4 0.000 0.000 0.071 0.992 0.000 0.000 0.000
5 0.000 0.000 0.000 0.000 0.994 0.000 0.000
6 0.000 0.000 0.000 0.000 0.000 0.829 0.167
7 0.000 0.000 0.000 0.000 0.000 0.168 0.831

Bold indicates a value calculated with the same mode from the scenario pair.

terms of geometry and constraint conditions. Moreover, the
material is elastic, linear, isotropic, and homogeneous. Also,
for DS2, the CoMAC shows a low sensitivity to the presence
of damage in directions X and Z. Concerning direction Y, it
fails to identify the area subject to damage demonstrating an
average reduction of 22% over all degrees of freedom,
Figure 10(e).

3.2. Quisi Bridge Vibration Data Acquisition under Envi-
ronmental Noise. For the Quisi Bridge, experimental dy-
namic identification of the main features characterizing the
dynamic behavior of the structure was performed to cali-
brate the numerical global model on experimental data by
updating procedures. To identify the real dynamic behavior

of the structure by experimental OMA analysis, experi-
mental testing in environmental noise as a source of exci-
tation was conducted. The experimental setup is shown in
Figure 11(a), and it includes vertical uniaxial accelerometers
in green and triaxial accelerometers in red arranged lon-
gitudinally at 0.25L and 0.5L of distance for the isostatic
spans, and at 0.2 L and 0.3 L in the hyperstatic one. The type
of sensor used is the PCB 393B31, Figure 11(b), the ac-
quisition time is 600 s, and the sampling frequency is 200 Hz,
resulting in a sampling interval of 0.005s. In order to check
the validity of the recorded data, the acceleration time
histories and the respective PSDs obtained with a Hanning-
type window were calculated for each span of the bridge. The
results for Spanl and Span3 of the viaduct are shown in
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FiGUure 10: COMAC values obtained for the (a—c) DS1 and (d-f) DS2. From left to right: direction X, Y, and Z.

Figures 12(a) and 12(b), respectively. The CHO01-CHO2 are
related to the uniaxial sensors and the channel CH03:CHO05
are related to the triaxial sensors. It should be noted that the
triaxial sensors may not have worked well, therefore the
impossibility of gathering significant information. Starting
from the recorded data, the global modes are identified using
the SSI procedure. A first elaboration was made using all the
available data, (accelerometers Uni + triax), and a second
one was conducted based only on data coming from uniaxial
sensors, (Uni). For Spanl, Figure 13(a), and for Span3-4,
Figure 13(b), the stabilization diagrams obtained using both
two setups, are reported. Tables 4 and 5 summarize the
results in terms of frequency for the isostatic and hyperstatic
spans, respectively, obtained from experimental measure-
ments (PSDs and SSI-Data) and compared with those ob-
tained from the numerical model. The percentage of errors
between identified and numerical frequencies decreases
considering only uniaxial accelerometers (errors around
5%). A manual model updating of the linear parameters
(Young modulus) of the numerical model has been per-
formed comparing only frequencies. For the manual model
updating, only the data coming from the uniaxial sensors are
used. The minimized parameter is the value of the frequency
variation, which was made around 5%. Note that all the
results contained in Tables 4 and 5 are based on the updated
models. The literature [49-51] concerning the updating of
finite element models through information from the ex-
perimental world is extremely rich thanks to the numerous
possible applications of these techniques in different fields of
engineering. A further focus on the application of updating

procedure to the Quisi bridge case study can be found in
Figure 14 for the first span, where the first two modes of
vibration are shown. Figure 14(a) shows the eigen modal
shapes from the numerical model in perspective view
whereas Figure 14(b) shows the same modal deformations in
transversal and longitudinal views. Finally, the third column
in Figure 14(c) shows the corresponding modal shapes
obtained from the identification SSI-data. It is worth
mentioning that the accuracy of mode shapes identification
increases with the number of sensors available for dynamic
tests; considering only uniaxial sensors, green points in
Figure 14(c) makes this identification undetermined.

4. Local Analysis

The global analysis of the Quisi Bridge aims to investigate the
current structural performance of the bridge under train
passage, including the assessment of the distribution of
internal stresses in each critical connection in which they are
maximized for live loads. The development of a global model
is essential for determining the portion of the structure
where to increase the accuracy through a detailed local
model. The correct evaluation of local effects, generally
neglected or simply not considered by standard mechanical
modeling, is one of the main issues of damage identification.
These critical connections can be successfully identified by
a preliminary static global linear analysis of the bridge
structural behavior, employing standard analysis properly
refined in order to catch a qualitative indication of local
behavior. Thus, by using the updated global FE model,
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Sensitivity (5 %) 10.0 V/g Broadband Resolution 0.000001 g rms
Measurement Range 0.5 g pk Non-Linearity <1%
Fequency Range (5 %) [0.1 + 200 Hz Transverse Sensitivity <5%
Resonant Frequency 2700 Hz | Overload Sensitivity (Shock) +40 g pk

()

FIGURE 11: (a) Experimental setup of the acquisition system installed on the Quisi bridge in red the uniaxial sensors and in green the triaxial
sensors and (b) technical specifications of the 393B31 PCB sensor.
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FIGURE 12: Data processing for (a) the first isostatic span and (b) the hyperstatic span.

preliminary analysis could be carried out of the overall  caused by the train passages. Generally, a concentration of
structural behavior of the viaduct in order to obtain  generalized stress, such as moment or shear, in the model
a qualitative assessment of the local behavior and to identify =~ should correspond to existing damages, such as cracks.
the critical portions most exposed to damage phenomena  These critical portions will then be analyzed by means of
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FIGURE 13: Stabilization diagrams obtained through SSI (a) for the first isostatic span and (b) for the first hyperstatic span.

TABLE 4: Frequencies experimentally identified compared with frequencies from the numerical updated isostatic span model.

PSD - f [Hz] SSI - f [Hz] Num Er [%]

Mode

CHO1 CHO02 CHO03 CHO04 CHO5 uni+triax uni f [Hz] uni+triax uni
1 - - - 5.282 - - - -
2 8.691 8.691 - - 7.368 8.733 8.590 -14.2 1.66
3 9.302 9.302 - 9.424 11.06 9.323 - -
4 12.13 12.13 - - - - - - -
5 12.82 12.82 - 12.72 - 12.81 12.71 - 0.83

TABLE 5: Frequencies experimentally identified compared with frequencies from the numerical updated hyperstatic span model.

PSD - f [Hz] SSI - f [Hz] Num Er [%]

Mode

CHO1 CHO02 CHO03 CHO04 CHO5 uni+triax uni f [Hz] uni+triax uni
1 4.541 4.541 - - - 4.352 4.533 4.356 4.05 4.07
2 5.664 5.664 - - - 5.637 5.589 5.884 -4.21 -5.02
3 7.129 7.129 - - - 7.063 7.711 7.936 -11.1 -2.85
4 - - - 9.448 - 8.271 - 9.502 -12.9 -
5 - - - 12.43 - 13.16 12.82 13.78 -4.49 -6.96

a local analysis to assess their stress state. Proper assessment
of local effects generally not considered in standard me-
chanical models is one of the main problems of damage
identification. It is known that during the service life, many
secondary components of steel truss bridges can show
damage problems due to fatigue phenomena induced by
distortions or vibrations. The objective of a local analysis is
to obtain the correct stress distribution within the consid-
ered detail. Different simulations were carried out after the
creation of the local FE models. The local numerical models
developed concern of two different critical details of the
Viaduct, belonging to the hyperstatic and isostatic spans that
were modeled with two-dimensional finite elements and
with solid finite elements, respectively. The software Midas
FEA NX has been used in both cases for this purpose. For the

description of the models, please refer to the following
paragraphs.

4.1. Elasto-Plastic Analysis on Local Model with 2D-FE.
Figure 15 shows the area of maximum stress identified by the
updated global model of the main span, at the train passage.
The only train passing on this Viaduct is a series 1000
Locomotive, (Ferrocarillas de la Generalitat Valenciana),
whose composition is sketched in Figure 15(a); the potential
fatigue damage zone obtained from the global updated
model is reported in Figure 15(b) and the critical detail
identified from the model and indicated in a perspective
view of the Viaduct with a red arrow is shown in
Figure 15(c).
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FiGure 15: (a) Locomotive class 1000 (units kN, m); (b) zone of maximum stress from the global FE model B; and (c) detail of potential

damage highlighted on the Quisi bridge.

The joint can be described as a combination of two-
dimensional elements connected by the noncompenetration
unilateral constraint and a link system describing the rivets.
The geometric model of the joint was created and directly
imported into Midas FEA NX through CAD drawing
software. The plates were modeled with two-dimensional
shell-type elements and subsequently, the real thickness was
assigned and meshed with tetrahedral and triangular two-
dimensional finite elements. These surfaces are not mutually

connected and therefore are not affected by the presence of
each other; to respect the congruence this connection was
made through a system of elastic links between surface
nodes, with compression-only property. The rivets are
modeled with beam finite elements (linear elastic con-
stitutive law) with a circular cross-section. The master
nodes of the rivet are connected to the slave nodes of the
hole of the plate. The material of the plates was defined as
an elastoplastic with yield surface according to the Von
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Mises resistance criterion. The elastic-linear strain
hardening model supposes that the continuous curve is
approximated with two straight lines, the first line has
a slope of Young’s modulus, while the second straight line
presents an idealization for the strain hardening range and
has a slope which corresponds to the tangent modulus
(E,), where E, < E|. The local model is loaded with tensile
forces applied in the end sections of the diagonal ele-
ments. The other elements converging in the node are
hinged. Overall, the model has 150195 nodes and 217155
finite elements. Figure 16 shows some details of the local
model: Figure 16(a) a perspective view of the geometry,
Figure 16(b) a front and a bottom view to better appreciate
the complexity of the vertical member section, and finally,
Figure 16(c) a detail of the rivet modeling. The simulation
presented in this chapter is a force-controlled static
nonlinear SNL analysis [52]. Figures 17(a)-17(e) show the
distribution of the maximum main stress in many dif-
ferent load steps, also reported numerically in Table 6.
Analysis of the figure reveals maximum stress levels in the
order of 673 MPa. The maximum stress is observed in the
connecting plate. The axial force obtained from the global
updated model was increased 4 times to achieve this level
of plasticity in the node. In Figure 18(a) the plastic status
obtained from the analysis (where the blue color indicates
the plastic zones) highlights potential areas of cracking
(the connection plate is a plastic region). In Figure 18(b),
the detail of the double row of holes in the riveted plate is
shown, only the external holes have reached the plastic
state as they are more stressed. In Figure 18(c), the flow of
the main stresses is highlighted by blue (compression) and
red (traction) lines.

The calculation options of the nonlinear static analysis
were carefully chosen, given the complexity of the model
and the computational effort, appropriately calibrating for
the solver number of steps, the maximum number of it-
erations, the convergence criterion, and the tolerance that
the chosen standard must respect. Referring to the steps
number, a balance was reached between analysis time and
the possibility of load gradual application that does not
cause convergence problems (800 steps). The iteration
method adopted is the initial stiffness and it uses the
stiffness matrix, calculated at the beginning of the analysis
stage. Regardless of the load level, the stiffness matrix
remains unchanged during the entire process of analysis.
This method is used for analyses which tend to exhibit
instability. As a convergence criterion, the displacement
norm was adopted because it is more stable. The dis-
placement criteria is the Euclidian norm of the iterative
displacement increment. For this analysis, the CPU time
took 5 days.

To reduce the CPU time a second model was created
without holes and rivets but with continuous plates con-
nected by a link system and therefore with a greater dis-
cretization step, Figures 19(a) and 19(b). The simplified
model has 11424 nodes and 16040 finite elements. The shell
connections were modeled through two different solutions,
first using a rigid link system: the rigid link option connects
two nodes with an “infinite” stiffness and it constrains
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geometric relative displacements or rotations between two
or more nodes of a structure. Subsequently, an elastic be-
havior was assigned to the link system, with high stiffness in
the longitudinal direction. The shear stiffness was instead
calibrated in order to reproduce a response as close as
possible to the fine model. In both cases, 400 load steps were
used. The second analysis is displacement-controlled and it
is carried out by applying a horizontal displacement in the
extremal section of the vertical element, equal to 20 mm. The
CPU time took 17 h. The purpose of this analysis is to de-
termine the capacity curve of the joint, resulting from the
plasticity. The results of the comparison between the fine and
simplified model in terms of capacity curves are shown in
Figure 19(c), varying the number of steps. The model whose
response is closest to the fine model is the one with elastic
links. Finally, Figure 20 represents the evolution of the
plastic status for the fine model, Figure 20(a), and for the
simplified model, Figure 20(b), in four load steps corre-
sponding to 5, 10, 15, and 20 mm of imposed displacement.
Red areas map elements that are in the plastic field.

4.2. Elasto-Plastic Analysis on Local Model with Solid FE.
In the global model of the isostatic system, the critical
sections identified from global linear static analysis are the
supports, so the critical detail object of the local modeling
with solid elements is represented in Figure 21; in
Figures 21(a)-21(c), it is possible to observe the position of
the node; in Figure 21(d), the views of the solid model made
in CAD environment and subsequently imported into Midas
FEA NX; and in Figure 21(e), the rivets modeled as cylin-
drical solids with hemispherical caps are shown more in
detail.

Each solid geometry is made congruent through the
Boolean self-connection command (Auto-Connect) and
subsequently meshed with tetrahedral solid elements with an
elastoplastic constitutive law with yield surface according to
the Von Mises resistance criterion. The rivets too are meshed
with tetrahedral solid elements. The constitutive law of the
rivets is linear elastic. The modeled steel connection consists
of 103078 finite elements and 51090 nodes. The self-
connection command mutually constrains the geometries
in contact with specific interface-type finite elements that
model the unilateral contact (noncompenetration con-
straint). Midas FEA NX provides surface interface elements,
which are lower and higher-order triangular and quadri-
lateral elements. The surface interface elements are used to
analyze the interface behavior between solid elements or
between shell and solid elements. For the selected model, the
interfaces are divided into flat interfaces at the contact
between elements and cylindrical interfaces at the contact of
the rivets with the plate hole; the interfaces are modeled with
low tensile strength and without friction.

In the static nonlinear analysis, the axial forces obtained
from the global model, increased by 3 times, are applied to
the three diagonal elements. Figure 22 shows the distribution
of Von Mises stress, respectively, on the solid, Figure 22(a),
and more in detail on the three rivets of the horizontal
element, Figure 22(b). The results agree with the applied
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FIGURE 16: Details of the fine-meshed local model (a) in perspective view, (b) front and bottom views, and (c) the rivets modeling.

2D Element Stress
[N/mm?]

500.00
462.50
425.00
387.50
350.00
312.50
275.00
237.50

- 200.00
162.50

FIGURE 17: (a—e) Maximum stress obtained from SNL analysis.

TaBLE 6: SNL analysis of maximum stress.
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FIGURE 18: (a) Plasticity status in the analyzed node and (b) more in detail in the riveted plate. (c) Flow of the main stress.
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FIGURE 20: Plastic status of the fine model (a) and of the simplified model (b) at four different load steps.
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(d)

(e)

FIGURE 21: (a) Position of the node in the overall model of span 1 (support E1), (b) location of the node on the Viaduct, (c) position of the
critical joint, (d) perspective views of the local model, and (e) modeled rivets.

forces, given the complexity of the geometry of the joint
these stresses generate torsion on the wing of the crossbar.
Analysis of the figures reveals maximum Von Mises stress
values in the order of 400 MPa on the current and crossbar
wing and less than 100 MPa on the rivets. Figure 23 shows
the Plastic Status of the node in five different load steps: 20%,
40%, 60%, 80%, and 100%. The areas marked in red rep-
resent elements that have surpassed the elastic limit and are
therefore in plasticity.

5. Image Processing-Based Damage Detection

In recent years, there was a progressive introduction at both
European and International scales of many rules con-
cerning nondestructive testing [53]. Such introduction
made their de-facto equality to conventional and histori-
cally accepted tests possible. Furthermore, nondestructive
tests provide their undisputed relevance not only as
technical support but above all as a strong signal in favor of
digital technologies and their systematic and standardized
application. Radiographic inspection (X-ray and y-ray) is
applied in all industrial sectors where control is applied
and, especially, in the field of welded joints [54]. However,
the introduction of digital techniques requires the opti-
mization of digital image processing techniques, objectives,
level of accuracy, level of error, and image datasets, in order
to automatically extract useful information about the
cracks profile. For the selected case study, y-ray inspections
were carried out on a total of 160 joints (not all connections
were analyzed) in which the presence of cracks, cavities,
inclusions, fusion defects, and imperfections in shape and
size were evaluated. The acquisition was carried out by the
TUV SUD ATISAE laboratory (standard test procedure
UNI EN ISO 5579). In general, the state of the connections
is acceptable; however, small fissures have been identified
in four zones of the bridge and the position of the cracks is

marked with red arrows as shown in Figure 24. It is worth
noting that cracks 1 and 4 are located under the rivet cap or
in the interior of the plate so by visual inspections it would
not be possible to detect these cracks. Cracks 2 and 3 are
centered on the cap of the rivet, so they probably could be
related to the stage of fabrication process of the bridge.
Damage detection by visual image processing requires the
recognition and identification of both the observed object
concerning the background and the specific defect. This
involves the extraction of measurements characteristic of
the defect regions, for example, the position of an object,
orientation, area, perimeter, and length. Using image
processing, a structuring element is applied to an input
image, obtaining an output image of the same size. The
image processing has been conducted through segmenta-
tion by thresholding, which is a process of partitioning an
image into significant areas and it is carried out in a 3-step
procedure, Figure 25. First, the damage photo is converted
into grayscale and the thresholding algorithm is applied to
create a binary image. The second step is noise removal, and
finally, the edge detection step is used to identify different
regions (regions associated with the crack are regions 3 and
4 in Figure 25). Once regions are identified it is possible to
estimate the geometric parameters of the crack. The entire
process was implemented through MATLAB’s Image
Processing Toolbox [55]. Sometimes a pre-elaboration is
required to increase differences in average intensity and
texture between different objects. Elementary operators of
local textures include standard deviation, entropy filter,
and range filter [56]. The simplest of these measures is the
entropic operator applied here; Figures 26(a)-26(f) show
the image process from the original image to the crack
regions detection. The same procedure is applied to all the
images; for each identified region, the geometric properties
were assessed (position of barycenter, area, and major and
minor axis).
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FIGURE 22: Von Mises stress obtained from SNL analysis on the solid model and on the rivets.
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FIGURE 24: Bridge critical point where cracks were observed using gammagraphy.

A further deepening to estimate the goodness of the
assessment has been carried out using the Intersection over
Union index, IoU, i.e., the Jaccard index, which is the
standard performance metric of semantic segmentation [57].
The IoU index is defined as the ratio of true positive and the

union of true positive, false positive, and false negative,
which evaluates the similarity between the prediction and
the ground truth. IoU metric, whose expressions have been
reported in equations (18), quantifies the percent overall
between the target mask and the prediction output by
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FIGURE 25: Architecture of the image processing-based crack detection applied to the 3™ image: original image, binary image, noise removal,

detection of significant regions, and output image.
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(®)
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FIGURE 26: Architecture of the image processing process for crack detection applied to the 2" image: (a) original image, (b) entropic filter,
(c) complement, (d) binary image, (e) noise removal and edges outlined, and (f) regions detection.
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FIGURE 27: Performance of the thresholding algorithm using intersection over union IoU for Image 3.

measuring the number of pixels common between the target
and the prediction masks divided by the total number of
pixels present across both masks.

_ (targetnprediction)

IoU = .
© (target U prediction)

(18)

The results in term of performance using the IoU index is
shown in Figure 27 for Image 3.

6. Conclusions

This article deals with a procedure to identify damage in
a steel truss railway bridge. Both model-based and data-

based procedures were implemented in this framework to
highlight some advantages and drawbacks of these two
approaches. Model-based procedures tend to be limited in
providing detailed knowledge about the stress states of the
joint. Distorsional and secondary phenomena related to the
steel deck behavior, that are generally neglected or simply
not considered in traditional analysis, can play a key role in
fatigue damaging estimation. These phenomena include the
loop effect, the clamping force, the presence of residual
stresses resulting from the rivet installation process, and
thermal contraction. The presence of these phenomena af-
fects the crack location and the path of fatigue cracks at rivet
holes. On the other hand, data can help to better understand
the local damage and its characterization. For these reasons,
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the approach is based on an appropriate interconnection
between different experimental and numerical analysis
techniques (methods for identification of the modal models
and flexibility; data-based stochastic procedures, SSI; and
image processing). These analyses are finalized to obtain
a realistic and reliable assessment of the damage due to
fatigue of the main critical components, through mechanical
models describing the phenomenon, calibrated on observed
experimental data. The methodology requires technical
knowledge derived from various scientific fields concerning
the behavior of steel bridges: from computational modeling
to dynamic identification and from model updating tech-
niques to image processing for damage identification. A
combination of nondestructive data acquisition using
gamma-ray followed by precise image analysis is necessary
to obtain an accurate quantitative analysis of cracks. Image
analysis was used to characterize the 2D nature of cracks
formed in the steel joints. Image analysis was instrumental in
segmenting the cracks to obtain accurate measurements of
length, thickness, and other morphological information. The
discussion of a real case study, the Quisi bridge, enriches the
discussion and highlights the possible application of such
approach. Global analysis and FE updating from dynamic
measurements allowed to obtain a reliable prediction of the
portion of the truss structure in which damage is localized.
Refined FE models and nonlinear analysis have delineated
a reasonable scenario of cracks for fatigue effects which have
been compared with data coming from y-ray pictures’ image
processing.
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