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ARTICLE INFO ABSTRACT
Keywords: The latest studies on failures in steel truss-type bridges found that they are highly vulnerable to
Long-term monitoring damage and thus prone to potential local or total collapse. Many authors recommend monitoring
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Vertical deflection

Modal frequency

Failure detection

the critical elements in the existing steel truss-type bridges in real time to anticipate any failures
in local members. Although mechanical strain is the most frequently used variable for this pur-
pose, this method also happens to be the most expensive monitoring strategy. This paper de-
scribes a case study of failure scenarios assessment in a steel truss-type railway bridge after
extensive long-term monitoring conducted by the authors, based on measuring vertical de-
flections and modal frequencies. The structure has both an isostatic and a hyperstatic configu-
ration, and was assessed by means of a combination of: (i) long-term monitoring results, and (ii) a
finite element analysis to simulate several failure scenarios. A sensitivity study of the different
failure scenarios has been carried out, identifying those that can be detected. The results are used
to define practical recommendations for failure detection by measuring vertical deflections and
modal frequencies.

1. Introduction

Transport infrastructures are important elements in the field of civil engineering. Measuring their structural behavior under in-
service loads and environmental conditions (long-term monitoring) has undergone rapid development over the last 20 years [1].
The total investment in transport infrastructures in Eurozone countries exceeds €1,525 billion every year, of which 60% is invested in
roads and 37% in railway infrastructures, according to the OECD (2020) [2]. There are several reasons for this rapid growth, in which
lower hardware costs, improved monitoring sensitivity and an increased data storage capacity can be cited [1].

All the developments in long-term monitoring have largely focused on the potential benefits of in situ monitoring of the structural
conditions, detecting failures and structural health monitoring [1,3-8]. This aspect highlights the need to establish management and
maintenance procedures to extend life-cycles as much as possible and thus obtain the optimal return on investments [9]. The in-
frastructures also suffer from aging, so that keeping them in good structural health ensures the safety of the users and can help to avoid
structural collapses, such as the one that occurred in the Viadotto Polcevera (Genoa, Italy) in 2018 [10], resulting in the death of 43
people. Other similar disasters include the Florida International University pedestrian bridge in 2018 [11], the Xinjia Express Hotel in
2020 [11], in which 29 people died, or the I-35 W Mississippi River bridge, an eight-lane steel truss arch bridge that collapsed during
the evening rush hour, that involved more than 100 vehicles and 13 people killed [12].
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To ensure this objective, civil structures should be equipped with a Structural Health Monitoring (SHM) system [13], that can
detect online in real time the various types of defects, failures or damage, and monitor strain, stress, temperature, displacement,
acceleration, or other variables that offer valuable information on the physical and chemical parameters related to the structural
behavior. The typical SHM system includes three major components: a sensor system, a data processing system and a structural health
evaluation system [14], which can be of different types according to the specific evaluation required. Choosing the right system is
crucial to obtaining reliable and valid information.

A study in the US on steel truss-type railway bridges [15,16] identified more than 500 failures in a period of 11 years (1989-2000),
showing that these accidents are by no means infrequent (an average of 9.7 bridges a year in the US), and that these bridges are highly
vulnerable. A common feature is that a local failure sets off the progressive collapse of the entire structure or at least a great part of it
[16]. While the research on progressive building collapse is quite extensive, this cannot be said for bridge structures. There is still a
long way to go in the study of bridge structural behavior after a local failure and compiling practical recommendations for monitoring
the bridges at present in service [16,17]. The vulnerability of steel truss-type bridges shows the importance of implementing long-term
SHM systems, especially in those with a long service life, which can generate the most uncertainty. In this regard, the bibliography
shows that valuable information on structural behavior can be obtained from long-term monitoring. Some examples reported in the
literature include Catbas et al. 2008 [18], Yang et al. 2010 [19], Koo et al. 2013 [20] or Cross et al. 2013 [21], among others. All of
these reveal the benefits of establishing long-term monitoring for better assessment of the condition of the structure.

Among all the variables that provide information on structures, vertical deflections and modal frequencies best reflect the general
structural behavior [22]. Generally, the measurement of these variables implies the use of sensors connected through wiring to the
monitoring systems. However, there are some scenarios such as the one presented in this paper in which vertical deflection mea-
surements using conventional topography systems is a viable solution, and easier to implement from a technical and economic point of
view. This is possible thanks to the structural configuration of the bridge as independent spans of each other, as well as their lengths,
which allow the application of conventional topography with digital leveling systems. In turn, as they are simply supported spans, it is
possible to identify the main vibrational behavior by using a reduced number of accelerometers. Consequently, both variables (vertical
deflection and acceleration) can be measured easily, and the information obtained can be used to detect possible deviations in the
behavior of the structure. It is obvious that mechanical strain, i.e., stress, provides important information for assessing structures, even
though this variable refers to a stress state at a certain point in the structure. This means that local failures can only be detected by a
sensor close to the initial failure point [22,23], which requires several sensors placed in the same element. Extrapolating the con-
clusions obtained in [22,23], a monitoring strategy based on strain sensors requires a large number of units, which tends to involve
high economic, technical and labor costs, as can be seen from the actual cases [24].

In view of the vulnerability of steel truss-type bridges and the limited number of studies on failures and collapses in which they
were involved [16,22,23,25-31], this paper describes a case study of a steel truss railway bridge built in 1914, in which different
failure scenarios were analyzed that could be detected by long-term monitoring of vertical deflections and modal frequencies. The
results of the study were obtained from long-term monitoring of vertical deflections and modal frequencies, together with their
variability in time and their relationship with thermal fluctuations. Based on the results obtained, a Finite Element Model was cali-
brated to reproduce the different failure scenarios, and to study how they affected the structural response in terms of vertical de-
flections and modal frequencies. The analysis was carried out on both the isostatic and hyperstatic spans that configure the structure of
the bridge. These results were then used to identify the failure scenarios that could be detected by long-term monitoring of both
parameters. Finally, a series of practical recommendations are proposed for an adequate long-term SHM system for failure detection in
steel truss railway bridges.

2. Description of the structure

The bridge under study consists of a steel structure over the Santa Ana Canyon (Benisa, Alicante, Spain) built in 1914. It is
approximately 170 m long and is formed by six spans (S1-S6) with dimensions of 21.48 + 21.12 + 42.00 + 42.00 + 21.12 + 21.48 m.
The 42 m long central spans (S3 and S4) have a continuous hyperstatic structural scheme and the four lateral spans (S1, S2, S5 and S6)
are isostatic (Fig. 1a). The substructure is formed by two masonry abutments and five piers, composed of four build-up U-shaped steel
columns at each corner, with horizontal beams and cross bracing in both directions (Fig. 1b). The piers are supported on masonry
foundations.

Each deck span consists of two parallel Pratt-type trusses with upper and lower chords, diagonals and vertical members, connected
to each other by transverse beams and horizontal bracings. There is no concrete slab under the railway, which is supported by
transverse joists and longitudinal beams along the full length of the bridge, transferring the superstructure’s loads on the main
structure. The arrangement of these elements coincides at each truss vertical member joint. The cross-section of the viaduct contains a
single central railway track and a pedestrian walkway on each side protected by steel railings.

The hyperstatic spans are formed by 4 m-high trusses with 3.50 m between vertical members, while the isostatic spans comprise
2.30 m-high trusses and 1.79 m between vertical members. All spans consist of 12 truss panels and the spacing between trusses is 2.80
m along the entire length of the bridge. The upper and lower chords have the same T-shaped section, the only difference being that the
lower chord is inverted, i.e., the web is above the flanges. The diagonals and vertical members are formed by 4 L-shaped frames, while
the joists and longitudinal beams under the railway have a double-T cross-section. The connection between the different elements of
the deck and piers is made by means of plates, angles and button-headed rivets. The chords were strengthened in some areas by a set of
plates and angles connected with high-strength bolts, during a series of repair works carried out in 2018. Regarding the truss supports
on the piers, the hyperstatic 42 m-long spans are fixed on the central pier with a hinge support, with two roller supports at both ends.
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Fig. 1. (a) General view of the bridge; (b) steel pier between spans S2-S3; (c) detail of isostatic span support on a short corbel; (d) train on span S4
during a load test.

The isostatic spans have one hinge and one roller support in all cases. The spans S2 and S5, adjacent to the hyperstatic spans, rest on
short corbels to compensate the different height of both trusses (Fig. 1c).

The information about the bridge is complemented by Fig. 1d, which shows a train passing over span S4 during one of the scheduled
load tests. On the other hand, Fig. 2 shows a general view of the viaduct, a sketch with the structural configuration of the different
spans, and a cross-section detail of both isostatic and hyperstatic spans, showing the position of the accelerometers installed for the
vibrational measurements. Finally, with respect to steel, the mechanical properties have been determined in previous studies [23], so
only the data necessary for the analysis proposed in this paper are here specified: yielding strength, 271 MPa; ultimate strength, 399
MPa; elastic modulus, 210 GPa; and density, 78.5 kN/m?.

3. Structural health monitoring (SHM) system

The SHM system installed in the structure is capable of recording not only the vibrations produced by passing trains but also strain,
displacement, wind and temperature. The vertical deflections caused by the trains are measured by topography techniques, based on
digital leveling systems. As the topography surrounding the bridge under study made it almost impossible to monitor deflections in real
time, this parameter was measured at certain times by means of a Leyca LS15 optical level [32] with a precision of 0.2 mm and a
maximum horizontal range of 110 m. The deflections were recorded at the center of the six spans (S1-S6). The procedure consists of a
series of time-scheduled static load tests, which involves temporarily stopping the train network for a period of approximately one and
a half hours. During this interval, technicians access the structure to measure the vertical deflections. The same empty train (without
passengers) is always used, so that the same load on the structure is guaranteed in all tests. This measurement method implies the
handling of the equipment by two specialized technicians. One of them places the reading element on the measurement point, in this
case the center of the span. The other technician installs the station in one of the abutments, an area outside the structure and non-
deformable by the train. The procedure involves four phases in each span: (i) measurement of the empty structure; (ii) measure-
ment under train load, obtaining the deflection by difference; (iii) repetition of the measure to ensure its stabilization, which in case of
steel structures is practically immediate; (iv) recording of a final measurement once the load on the structure has been removed, to
verify the complete recovery of the deflection without remaining values.

Vibrational behavior was measured by means of uniaxial accelerometers. Two B&K 4507-B-006 uniaxial accelerometers were
placed in S1 (isostatic) and S3 (hyperstatic) spans, with a sensitivity of 490 mV/g, sufficient to avoid saturation by passing trains. The
accelerometers were installed in vertical direction and at the points specified in Fig. 2. As shown, they were not installed on the
longitudinal axis of the viaduct, but located on one of the lateral trusses so that the frequencies obtained were related to vertical and
torsion vibrational modes. Measurements were made automatically and synchronized with the passing trains by two photocells
installed before and after the bridge. The measurements lasted for 30 s, and the sampling frequency was 200 Hz. In order to satisfy the
Nyquist-Shannon theorem, and to avoid problems associated with the low sampling frequency, the acquisition system was configured
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Fig. 2. General view of the viaduct, structural configuration, and cross-section detail of both isostatic (S1) and hyperstatic (S3) spans.

to include an anti-aliasing filter with a cut-off frequency of 20 Hz, a sufficient range to monitor the main modes of the structure. The
signals were subsequently analyzed to obtain the vertical vibration modal frequencies of each span.

Finally, ambient temperature was also recorded by a set of thermocouples, to identify any possible thermal effects in the structural
response of the bridge.

4. Modal analysis of failure detection

The structural monitoring systems included not only accelerometers but also temperature, humidity, strain, vision systems and
unmanned aerial vehicles, or drones, equipped with different sensors [33-36]. Among all the variables that can be measured for
further analysis, SHM systems include modal analysis algorithms as their main exponent [37], so that it is essential to obtain the
structure’s dynamic response. Excessive deviation from the modal frequencies, a change in its modal shapes or variations in the
damping factor can be a sign of deterioration [38]. The simplest way to obtain the vibrational behavior of a structure is by installing
accelerometers. In this way it is possible to determine the disturbance at a given point caused by a source of excitation. Different
algorithms can be used to determine modal parameters from the information provided by the sensors.

Operational modal analysis algorithms, such as the Covariance-driven Stochastic Subspace Identification (SSI-Cov) [39], based on
the State Space Model or the Frequency Domain Decomposition Method FDD [40,41], which relies on the spectral density of the
vibration signal, are useful for automatic process identification [42-46]. Different metrics or indices can be found in the literature that
aim to measure the level of damage produced in a structure, e.g., the modal curvature index [47], the MAC index (Modal Assurance
Criterion) [48] and COMAC index (Coordinate Modal Assurance Criterion) [49]. However, the results provided by most damage in-
dicators should be analyzed carefully since in many cases they will be affected by environmental factors or by the operating conditions
of the structure. In [50-52] the influence of these factors was analyzed to diagnose damage in the Z24-bridge in Switzerland by
continuous monitoring for one year. The authors established a linear correlation between the modal frequencies variations and
temperature but found no relationship with humidity or wind. Another study [53] showed the relationship between modal frequency

and temperature using a non-linear output-only model, which was subsequently validated on a three-span pre-stressed concrete bridge
[54].
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As we have seen, different tools can be used to identify possible failures in a structure by its modal behavior, although defects in real
structures do not follow a regular pattern, which makes it difficult for researchers to validate the models. In this case, it is essential to
use numerical tools that can simulate different structural operating conditions [55,56].

In the present study, the dynamic analysis of the structure was carried out by means of the SSI-Cov algorithm. The method starts
with a pre-processing step in which the correlation matrix of the acquired signals is determined using the Welch estimator or
periodogram approximation. First, the signals were divided into small blocks, considering a 50% overlap and a Hanning window. The
discrete Fourier transform (Eq. (1)) and the average correlation matrix (Eq. (2)) were calculated for each of them.
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The SSI-Cov method is based on the identification of the model using state variables included into the State Space Model repre-
sented in Eq. (3) and Eq. (4):

X(t) = Ax(r) + Bu(r) 3)

¥(1) = Cx(t) + Du(t) “@

where x(t) is the state vector; y(t) is the output vector; u(t) is the control vector; A is the state matrix; B is the input matrix; C is the
output matrix; and D is the feedforward matrix.
The modal parameters may be obtained from Eq. (5), with ¥ the eigenvector matrix and A the eigenvalue matrix:

A=PAYP! (5)

Therefore, taking advantage of the relationship between the correlation matrix and the state space matrix, the behavior of the
structure can be determined with Eq. (6), where G is the outputs of the next state:

R =CA'G (6)

To do this, first, a Toeplitz matrix must be composed and defined according to Eq. (7):
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Subsequently, a verification of the stability of the poles obtained for each time block was carried out. This procedure was con-
ducted, on the one hand, by comparing the frequency of the modes, and on the other hand, by establishing the degree of similarity
between modal shapes using Modal Assurance Criterion (MAC). The analysis of the signals was carried out entirely with Matlab
software, using a code based on the development of [57]. The estimation algorithm was configured to analyze the signals in 2-second
blocks and to identify the system with a model of order between 2 and 50. The frequencies corresponding to the first and second modes
were selected as the values with minimum distance from the reference frequencies obtained from the numerical model of the structure.
For the estimation of the average value of each mode, outliers were considered to be all those results whose distance with respect to the
theoretical frequency exceeded 60% of the median of the distances.

5. Long-term monitoring results

As mentioned above, the vibration data were acquired automatically when trains passed over the bridge, while the vertical
deflection results were obtained by a series of time-scheduled static load tests, which were always carried out with the same empty
train to guarantee an identical load in all tests, in the same position on all the spans. The total train load of 558.4 kN was spread over 4
bogies with a total length of 34.79 m. The dynamic tests were carried out in normal operating conditions so that the structural
excitation source varied according to the train involved, the number of passengers on board, the speed of the train on entering the
bridge, or the hunting oscillation which excited the structure laterally, among others.

5.1. Static long-term monitoring: Vertical deflections

Fig. 3 shows the evolution of the deflections at the center of the spans in the eight static load tests programmed from July 2019 until
January 2023, also the evolution of temperatures in this period. As the tests were at six-monthly intervals (in January and July), the
temperature reflects the seasonal cycles. The deflections at the center of the spans show relatively constant values over time, and the
variations were found to be within the precision range of the monitoring equipment, i.e., within 0.2 mm under ideal operating
conditions.
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Fig. 3. Vertical deflection (mm) and temperature (°C) evolution.

Table 1

Vertical deflection average and coefficient of variation CV (%).
Span S1 S2 S3 sS4 S5 S6
Vertical deflection average (mm) 5.4 5.4 10.7 10.7 5.4 5.4
CV (%) 2.8 3.9 4.5 2.5 4.8 4.0

The mean deflection values and their associated coefficients of variation (CV) are given in Table 1. The latter were found to be quite
low, due to the repeated measurements, with a maximum value of 4.8% in the S5 isostatic span. In theory, and based on the evolution
of the deflections, no indications were found of a structural failure developing in the bridge that could be interpreted as compromising
its safety.

However, these CV values (%) could represent the monitoring system’s minimum capacity to detect a structural failure, so that any
failure or damage that varied the vertical deflections below the CV (%) would not be detected by monitoring. On the other hand, any
damage that could cause the deflections to vary by more than the CV with reference to the non-failure scenario, would be identified in
the vertical deflection data.

5.2. Dynamic long-term monitoring: Vibrations

As indicated in the previous section, the vibrational measurements were recorded automatically when a train passed over the
bridge. This procedure used the trains themselves as the excitation source of the structure and shortened the time required to obtain the
modal frequencies, compared to measurements based on environmental excitation. However, the method used had certain drawbacks
that should be mentioned. Firstly, for the correct analysis of the vibrational behavior of the structure, it was essential to separate the
components associated with the response of the bridge from those of the train, so that only the tail produced by the excitation was
considered. The maximum acceleration caused by the source had to be within each signal. As acquisition was synchronized with the
train entering the bridge, so that the maximum acceleration peak occurred later at the points at the opposite end of the bridge, thus
reducing the useful signal for processing (see Fig. 4a, which shows two excitation signals in S1 and S3 spans during the passage of a
train, offset in time). This issue increases the number of outliers, or noise, in the results obtained for the modal frequencies. Another
item to be considered with respect to the method used is the characteristics of the excitation source. The length, weight and speed of the
train affect the operating conditions of the structure and therefore its vibrational behavior. This could lead to an increase in the de-
viation margin of the modal frequencies, limiting the failure detection capacity. Fig. 4b and 4c give the maximum absolute acceleration
values, similar to the Peak Ground Acceleration (PGA) occurred during an earthquake, reached in the isostatic (S1) and hyperstatic
(S3) spans for the passage of the train in a period of approximately two years. These graphs show a wide variation in the vertical
acceleration recorded by the sensors (bandwidth 0 — 20 Hz) since this parameter is highly dependent on the source of excitation and its
characteristics. Fig. 4d shows, for illustrative purposes, a representative frequency spectrum of the measured acceleration signals.

It should be noted that various inactive periods were found in the data measurements in the months of May 2021, and September
and December 2022 (Fig. 4b and 4c). The first of these was due to closure of the train network for maintenance, the second was due to a
lightning strike on the structure that affected the computers and dataloggers, while the third was caused by a three-week power
blackout.
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From the data obtained from the SSI-Cov algorithm, it was possible to track the modal vibrational behavior of the structure over
time. Fig. 5 gives the modal frequencies associated with the vertical modes in spans S1 and S3 caused by the passing trains. The first
vertical bending mode occurred at a frequency of approximately 8.9 Hz in isostatic span S1, while the mean value obtained in hy-
perstatic span S3 was 4.8 Hz. The second vertical modal frequency identified reached mean values of 12.8 Hz and 6.9 Hz in S1 and S3,
respectively. In span S1, besides the first two frequencies recorded, a third frequency can apparently be detected around 18.6 Hz
approximately, although the density of the points at this frequency level is well below the preceding ones. This means that the modal
shape associated with this frequency value was rarely excited when a train passed over the bridge. Something similar happened in span
S3, where in addition to the first two frequencies indicated above, a third modal form seems to be identified at around 12.5 Hz.

The other points obtained at other frequency levels referred to outliers caused by SSI-Cov algorithm identification errors. These
frequency values were identified in addition to those associated with the modal frequencies and can be guaranteed not to show a
drastic variation of the modal frequencies, so that their identification does not imply any uncertainty as regards possible structural
failures. It should be noted however that they represent a very small percentage of the total number of the modal frequencies obtained.

The evolution of the vertical bending modal frequencies shows a significantly constant behavior. In theory they cannot be inter-
preted in the measured frequencies as referring to an evolving structural failure or a threat to the structural safety. In this way it is
possible to determine the minimum variation that the monitoring system will be able to detect due to a structural failure. Table 2 shows
the mean first and second vertical modal frequencies and their coefficients of variation CV (%) in parentheses. A failure that causes a
variation in the frequencies below the CV values (%) thus cannot be identified by vibrational measurements.
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Table 2
First (f1) and second (f2) modal frequencies modes for isostatic S1 and hyperstatic S3
spans. Coefficients of variation CV (%) in parentheses.

Span f; (Hz) f, (Hz)
Isostatic, S1 8.9 (9.1) 12.8 (6.4)
Hyperstatic, S3 4.8 (7.8) 6.9 (5.3)

5.3. Influence of temperature on structural response

As can be seen in Section 4, some authors [50-54] note the influence of temperature on the structural behavior by long-term
monitoring systems and the importance of including environmental agents to reliably identify possible deterioration of the struc-
ture. As expected, and according to the long-term monitoring results obtained, there was no correlation between vertical deflection and
modal frequencies with ambient temperature variations (Fig. 6). Temperature dependence is unexpected for steel structures without a
ballast layer, especially for temperatures above freezing. In addition, the boundary conditions of the bridge allow a certain degree of
free displacement, and thus dampen the variations produced by the contractions and expansions of the structure without affecting its
stiffness.

6. Finite element modelling

After obtaining the long-term results, a Finite Element Analysis (FEA) was developed to analyze the influence of failures in the
structural response in terms of vertical deflections and modal frequencies. A linear elastic FEA was implemented using SAP2000 v24
software, distributed by Computers & Structures, INC. [58]. The Finite Element Model (FEM) reproduced the bridge geometry through
BEAM elements. The internal elements were fully connected (rigid joints) to each other, as this was the most appropriate assumption
based on the numerical-experimental results obtained in previous studies [16,22,23]. A section designer interface was used to define
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Fig. 6. Influence of ambient temperature in structural response: (a) vertical deflection (mm); (b) first vertical frequency mode in S1 and S3.
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Fig. 7. FE model: (a) isostatic span S1; (b) hyperstatic span S3.

the mechanical properties of beams, including plates and angles strengthening. The steel elastic modulus was considered to be 210 GPa
and the density equal to 78.5 kN/m®. The boundary conditions applied were identical to those in the structure. For the isostatic span
(S1) both supports on the same side had fixed displacements and free rotation, while the two supports on the opposite side had free
longitudinal displacement and rotation. In the hyperstatic span (S3), the two central supports had fixed displacements and free
rotation, while the four end supports were free for longitudinal displacement and rotation. A train with identical axle spacing and
weights to those used by the railway company was implemented in the FEA as point loadings. Fig. 7 shows the FE model corresponding
to both spans.

6.1. Calibration of actual mechanical behavior

The model was first calibrated to reproduce the mechanical behavior of both spans. The calibration parameters were the vertical
deflections at the center of the spans and the modal frequencies. The experimental results used to calibrate the models are those given
in Sections 5.1 and 5.2 in this paper. The calibration in terms of modal frequencies only considered the vertical values since the
uniaxial accelerometers fitted to the structure only captured vertical vibration. In the S1 span there was a first lateral bending vibration
mode with a theoretical frequency of 8.8 Hz that was not considered in the model calibration and something similar happened in S3,
whose first two unconsidered modal frequencies referred to lateral bending modes, with values of 3.9 and 4.0 Hz. Table 3 provides all
the numerical and experimental results together with their degrees of fit. It can be seen that the numerical values reproduce the
experimental results reasonably well, with similar vertical deflections and modal frequencies. Ratios range between 0.92 and 1.01 in
all cases.

Table 3
Comparison between numerical and experimental results.

Vertical deflection, d (mm) 1t modal frequency, fi1 (Hz) 2" modal frequency, f2 (Hz)
dnum dCXp dCXp / dﬂ\lﬂl fnum fCXp fCXp / fnum fnum fCXp fcxp/fnum
S1 5.9 5.4 0.92 9.1 8.9 0.98 14.0 12.8 0.92
Values
S3 11.2 10.7 0.96 4.9 4.8 0.98 6.8 6.9 1.01
S1 E:{oun:‘.{l,'-: e
Bending — single beam I vertical bending Torsional
Sketch
mnw:vm».'».'n.‘v.w'.'-‘
17
S3 N A
Bending- continuous beam I*" vertical bending 2 vertical bending




B. Torres et al. Engineering Failure Analysis 152 (2023) 107435

6.2. Failure scenarios

Various damage scenarios were then analyzed together with their effect on the mechanical response of the structure in terms of
vertical deflections and modal frequencies in order to: (i) analyze the structural robustness to damage of some elements, (ii) study the
structural behavior after the activation of Alternative Load Paths (ALPs), and (iii) identify any elements in which failure had a special
influence on the mechanical response of the bridge, and thus needed an damage warning. Different failure scenarios were simulated for
this that included damage to the diagonals (D) at the ends of the bridge, and in the upper and lower chords (CH) at the center of the
span and the support, and also considering the effect on one or both trusses. As recommended in previous studies [16,22,59,60], the
damage was simulated by removing the element involved from the model, which implied assuming a local failure. Steel elements can
be affected by different types of damage throughout their useful life and modelling these requires a detailed simulation of how the
damage evolves and propagates, as proposed in [12,23]. However, simulating the damage by eliminating the element from the global
model could also simulate a sudden break in the steel element due to fatigue cracks, an impact, an explosion, or a failure in the
connecting elements between frames [16,19]. The hypothetical elimination of a damaged element is thus an effective way to evaluate
the ALP activation system in a study of structural robustness to avoid a progressive collapse, an approach also used by other authors
applied to both buildings and bridges.

Fig. 8 lists the elements studied in simulated failure scenarios in both the isostatic S1 and hyperstatic S3 spans, while Table 4 gives
the proposed failure scenarios in which the combinations of elements indicate the failure of various members.

The above failure scenarios were quite severe in the structure under study, even though in theory they did not make it collapse.
They were defined by two criteria: firstly, based on the mechanical stress results of the FEM. In case of losing a frame element (e.g., due
to a fatigue crack) both structures S1 and S3 and their internal force regime distribution are seriously modified although the Von Mises
stresses do not exceed the material’s maximum value, obtained from [23], i.e., 271 MPa for yielding strength and 399 MPa for ultimate
strength. In this regard, Fig. 9 shows the comparative Von Mises stress distribution in the isostatic span S1 under the undamaged and 2
(CH1 + CH2) scenarios, one of the most severe hypotheses studied. This stress distribution was obtained for the most unfavorable load
configuration, which corresponds with the train positioned in the center of the span. The total train load of 558.4 kN was spread over 4
bogies with a total length of 34.79 m. Each bogie has two axles, and each axle has two wheels, so the train produces a total of 16 point

CH4 CH3

A CH2 CHI D3 D2 DI
(@)

CH4 CH3 CH5 CH6

CH2 CHI D2 DI A D3 D4

(b)

Fig. 8. Simulated damaged elements: (a) isostatic span S1; (b) hyperstatic span S3.

Table 4
Failure scenarios to be considered.

Failure scenario

Isostatic span (S1)

Hyperstatic span (S3)

Damaged elements Truss Damaged elements Truss

Di Diagonal i (i =1, 2, 3) One Diagonali (i =1, 2, 3, 4) One
2Di Diagonal i (i = 1, 2, 3) Both Diagonali (i =1, 2, 3, 4) Both
D1 + D2 Diagonals D1 and D2 One Diagonals D1 and D2 One
D2 + D3 Diagonals D2 and D3 One - -

D1 + D3 - - Diagonals D1 and D3 One
2(D1 + D2) Diagonals D1 and D2 Both Diagonals D1 and D2 Both
2(D2 + D3) Diagonals D2 and D3 Both - -

2(D1 + D3) - - Diagonals D1 and D3 Both
D1 + D2 + D3 Diagonals D1, D2 and D3 One - -

2(D1 + D2 + D3) Diagonals D1, D2 and D3 Both - -

CHi Chordi(i=1,3) One Chordi(i=1,2,3,4,5) One
2CHi Chordi(i=1, 3) Both Chordi(i=1,2,3,4,5) Both
CH1 + CH2 Chords CH1 and CH2 One Chords CH1 and CH2 One
2(CH1 + CH2) Chords CH1 and CH2 Both Chords CH1 and CH2 Both
CH3 + CH4 Chords CH3 and CH4 One - -

2(CH3 + CH4) Chords CH3 and CH4 Both — -

CH1 + CH3 Chords CH1 and CH3 One Chords CH1 and CH3 One
2(CH1 + CH3) Chords CH1 and CH3 Both Chords CH1 and CH3 Both
CH5 + CH6 - - Chords CH5 and CH6 One
2(CH5 + CH6) - - Chords CH5 and CH6 Both

10
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Fig. 9. Von Mises stress distribution strongly modified in isostatic span S1: (a) undamaged; (b) 2(CH1 + CH2) failure scenario.

loads. Since the total length of the train is greater than the total span length, only the two center bogies, which represent 8 point loads
of 31.45 kN, are applied on the structure. It should also be noted that the stress distribution indicated corresponds to the self-weight of
the structure plus the train loads, without any factor of safety.

Fig. 9 shows the activation of the ALPs in which the lower horizontal bracing plays a fundamental role in redistributing the stresses:
while the maximum stress in the undamaged scenario is 45 MPa, values of up to 223 MPa in the lower crosses after the failure are
reached. However, although the stress is elevated, it can be seen that the values are far from the steel yielding strength. Secondly, the
failure scenarios were then defined by the results of previous studies [16,22], in which full-scale experimental robustness tests with
numerical computer simulations (that did not involve a structural collapse) were carried out on a type of bridge with similar char-
acteristics to the one analyzed in the present study.

6.3. Vertical deflections
Fig. 10 shows the deformed shape in both spans under the undamaged and two possible failure scenarios (affecting one or two

trusses). The load configuration is the same as the one described in the previous section for the isostatic S1 span, while in S3 the full
load of the train positioned in the center of the span is applied (see Fig. 1d). The behavior of both spans can be seen to differ according

;

0 >

-0.8 35 pmmmmmmmeee- ; (d)

-1.5 | 1.9 Zoom detail for
23 0.4 | i views (e) and (f)
3.1 -1.2 i

3.8 27

4.6 42

-5.4 -5.8

6.2 -7.3

6.9 8.8

7.7 -10.4

8.5 -11.9

-9.2 -13.5

-10 -15
[mm] [mm]

Fig. 10. Vertical deflections (mm): (a) S1, undamaged; (b) S1, failure D2 + D3; (c) S1, failure 2(D2 + D3); (d) S3, undamaged; (e) S3, failure D2; (f)
S3, failure 2D2.
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Fig. 11. Vertical deflection in different failure scenarios: (a) isostatic span S1; (b) hyperstatic span S3.

to the location of the failure. When it affects a single truss, the vertical displacements are considerably greater in the involved truss,
which is asymmetrically deformed in relation to the longitudinal axis, submitting the structure to torsional effect (see Fig. 10b and 10e,
the latter showing a zoom of the area where greater vertical deflections are obtained in span S3 during D2 failure scenario). On the
other hand, when the failure affects both trusses, the behavior is symmetrical, as could be expected (see Fig. 10c and 10f, the latter
showing a zoom of the area where greater vertical deflections are obtained in span S3 during 2D2 failure scenario). This effect seems to
be more noticeable in the isostatic span S1, while in hyperstatic span S3 both trusses appear to respond more uniformly, regardless of
where the damage occurs and probably due to their higher degree of redundancy.

Taking into account the above comments, Fig. 11 shows the evolution of the vertical deflections in the mid spans for the failure
scenarios given in Table 4, when they occur in both undamaged and damaged trusses. When the failure is symmetrical in the two
trusses the deflection is identical in both, but when only one truss is damaged, measuring the deflection in the undamaged truss, the
situation is less favorable for the failure detection. Several horizontal lines are also represented in the graphs, which correspond with
the upper and lower limits with respect to the deflection in the undamaged scenario —~determined by the coefficient of variation CV
given in Table 1- by which failure can be detected. In the isostatic S1 span, the selected CV is the least favorable of the four spans
studied, corresponding to a value of 4.8%, while the CV used for the hyperstatic S3 span is 4.5%.

In view of the results, it can be seen that there are a series of failure scenarios that cannot be detected by the deflection mea-
surements. In isostatic S1 span (Fig. 11a) the failure of any diagonal modifies the deflections below the defined by the CV of 4.8%,
revealing the high robustness of the bridge structure. The D2 failure scenario could be detected exceptionally if the deflections are
recorded in the damaged truss, although the D1, D2, D3 and D4 failure scenarios are unlikely to be identified from the deflection
measurements. It is even unlikely to identify the failure of two or three diagonals together (failure scenarios D1 + D2, D2 + D3 and D1
+ D2 + D3). In this case the variability of the deflections is very close to the upper limit imposed by the CV, so that detection is by no
means certain. Again, it would be exceptional to detect these scenarios if the deflection readings are taken in the damaged truss. When
the failure of two or three diagonals affects both trusses (failure scenarios 2D2, 2(D1 + D2), 2(D2 + D3) and 2(D1 + D2 + D3)) the
deflections significantly exceed the upper limit defined by the CV, which guarantees an easy detection.

The variations in the vertical deflections are more sensitive to the failure scenarios in the chords at the center of the span, although
it is easier to detect abnormal behavior when the failure occurs in the lower chords (CH1 and CH2). In this case, when the failure of a
chord at the center of the span occurs in a single truss it can be detected (the CH1 failure scenario increases the vertical deflections by
33% with reference to the undamaged scenario and the CH1 + CH2 scenario raises it by 43% if the deflections are measured in the
undamaged truss). However, it would be easier to identify if the damage occurs in both trusses since the variations in the deflection are
much greater (2CH1 raises the vertical deflections by 270% with respect to the undamaged scenario). On the other hand, the structural
behavior as regards deflections is less affected when the damage is in the upper chord (CH3 and CH4), since the CH3 scenario raises the
vertical deflections by 17% with respect to the undamaged scenario, while CH3 + CH4 raises them by 20%. This occurs because the
upper horizontal structure is more robust (bracings, beams and stringers) than the lower (bracings only) and better able to efficiently
distribute the load between the nearby elements. It is, therefore, a less critical scenario as regards structural safety, but in which it is
more difficult to detect this failure scenario.

Something similar happens in hyperstatic S3 span (Fig. 11b), in which the damaged lateral diagonals around the central support
(D1, D2, D3 and D4) have hardly any influence in the deflection at the center of the span, that is difficult to detect by conventional
topographical systems, unless the deflections are measured in the failed truss (scenarios D1 and D2 increase the deflection by 11% and
13%, respectively, with reference to the undamaged scenario, if the deflection is measured in the damaged truss). However, when the
failure in the diagonals affects both trusses (scenarios 2Di) the response in terms of deflection depends on the type of diagonal
considered. When the damaged diagonals are in the span in which the deflection is measured (in 2D1 and 2D2 the vertical deflections
are increased by 21% and 26% with respect to the undamaged scenario) the effect is obvious and easily detectable. However, scenarios
with failed diagonals in the span adjacent to the monitored one (2D3 and 2D4) are unlikely to be detected. In turn, the simultaneous
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Fig. 12. Modal deformed shape: (a) S1, undamaged; (b) S1, failure D2 + D3; (c) S1, failure 2(D2 + D3); (d) S3, undamaged; (e) S3, failure D2; (f) S3,
failure 2D2.

failure of two diagonals can be identified as long as both trusses are affected (scenarios 2(D1 + D2) and 2(D1 + D3)). If only one truss is
damaged (D1 + D2 and D1 + D3), detection is assured if the deflection is monitored in the damaged truss. On the other hand, as
happened in isostatic S1 span, the variation of the deflection is more sensitive in the scenarios in which the failure occurs in the chords
at the center of the span, although it is true that the failure in the upper chord has a smaller effect on the deflection since the upper
horizontal structure is more robust than the lower. Failure scenarios were also evaluated in upper chords in the central support system
(scenarios CH5 and CH6); when these elements fail there is practically no effect on the deflection, which means it is impossible to
detect.

6.4. Modal frequencies

Fig. 12 gives the modal deformed shape in both spans in the undamaged and under two of the simulated failure scenarios (damage
in one or two trusses in each case). The behavior of both trusses differs according to the location of the failure, with an asymmetric
modal frequency with reference to the longitudinal axis when the failure is in one truss only (Fig. 12b and 12e). This effect is clearly
more perceptible in the isostatic S1 span, while in hyperstatic S3 span both trusses appear to respond more uniformly. When both
trusses are affected, the failure is symmetrical (Fig. 12¢ and 12f), as could be expected. The effect of failure can modify the modal
deformed shape, especially in the case of 2D2 in hyperstatic span S3, in which the first modal deformed shape changes radically with
respect to the undamaged scenario (Fig. 12f).

Fig. 13 shows the evolution of the first two vertical modal frequencies for the different failure scenarios studied. A set of horizontal
lines are also shown that, similarly to the deflection analysis, represent the upper and lower limits of the frequencies —determined from
the CV (%) shown in Table 2— used to failure detection. In isostatic S1 span, the CV selected for the first modal frequency is 9.1% and
6.4% for the second. For hyperstatic S3 span, the CV used is 7.8% for the first and 5.3% for the second modal frequency. In general, it
can be seen that the S3 results (Fig. 13b) vary less than those for S1 span (Fig. 13a) under the different failure scenarios simulated, so
that it appears to be more difficult to detect a failure in S3 from the vibrational measurements. This is due to its greater structural
redundancy, which in the event of a possible failure activates ALP mechanisms more effectively, so that many of the scenarios cannot
be detected in S3 from the frequency register data.

In hyperstatic S3 span (Fig. 13b), failure of the diagonals does not cause the first modal frequency to vary significantly, except when
the failure occurs in two diagonals of both trusses (scenario 2(D1 + D2) reduces the first modal frequency by 18% with respect to the
first modal frequency in the undamaged scenario). However, this type of failure has a greater effect on the evolution of the second
modal frequency, which undergoes considerable variations in scenarios with damage in both trusses (2D1, 2D2, 2D3, 2D4, D1 + D2, 2
(D1 + D2),D1 + D3 and 2(D1 + D3)). A failure in a single truss diagonal causes variations close to the lower CV limit (scenarios D1, D2,
D3 and D4 reduce the second modal frequency by approximately 5%), which implies uncertainty in detecting these failure scenarios.
On the other hand, a failure in central-span chords would cause detectable variations in the first modal frequency but undetectable in
the second (scenario CH1 reduces by 9% the first modal frequency with reference to the undamaged scenario and 2CH1 reduces it by
20%), while damage in the upper chord (CH3 and CH4) could not be identified from the frequency readings due to its greater degree of
structural redundancy. Finally, failure of the upper chords on the central support are scarcely perceptible in the response in terms of
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Fig. 13. Frequency (Hz) evolution in different failure scenarios: (a) isostatic span S1; (b) hyperstatic span S3.

modal frequencies in either one or two trusses (scenarios CH5, 2CH5, CH5 + CH6 and 2(CH5 + CH6)).

In isostatic S1 span (Fig. 13a), the first modal frequency is more sensitive to variations caused by the studied failure scenarios, while
the second modal frequency has smaller variations, which are therefore more difficult to use for detecting failure scenarios. As in
hyperstatic S3 span, failures in the diagonals appear to be in general difficult to detect from the frequency readings. In exceptional
circumstances a failure would be detectable in two or three diagonals in both trusses (2(D1 + D2), 2(D2 + D3) and 2(D1 + D2 + D3)).
On the other hand, failures in the lower chords in the central span could be detected, even in a single truss (scenario CH1 reduces the
first modal frequency by 18%), but failure in the upper chords causes variations in the modal frequency very close to the lower limit,
which would make detection difficult. These variations are significantly amplified with failures in both trusses. As regards the second
modal frequency, as previously indicated, its variation is small in any failure scenario, so that detection of a failure is unlikely by this
variable. Detection by the second modal frequency is only possible with severe damage in both trusses and involving several diagonals.

7. Discussion of vertical deflection and modal frequency measurements for failure detection

Most authors of analytical studies of bridge robustness recommend monitoring critical elements in real time, especially in cases that
do not comply with the robust criteria, to anticipate the complete failure of a local element that could cause a progressive collapse
[16,22]. The analysis can be carried out by means of strain, displacement, or acceleration sensors. As indicated in Section 1, monitoring
strategies based on strain sensors require a large number of units, a strategy that is costly in technical and financial terms and
workload. Vertical deflection and modal frequencies provide information on the general behavior of a structure, can be obtained from
relatively few measurement points and are cheaper and simple to carry out, compared to other monitoring systems such as based on
strain sensors. This section discusses some of the recommendations for long-term and real-time monitoring of steel truss-type bridges
for failure detection, based exclusively on measurements of vertical deflections and modal frequencies.

In view of the results obtained from the theoretical analysis by the FEM, the two structures studied (S1 and S3 spans) have shown
their capacity to adapt to a failure in key elements such as diagonals and the upper and lower longitudinal chords, thanks to the
redundancy built into this type of structure. Structural continuity is also especially important in the joints to give the structure suf-
ficient ability to absorb bending stresses. This last recommendation is not common when designing Pratt-type trusses, but should be
addressed if the aim is to achieve a robust structure. This concept means that the structure can activate ALPs to avoid a collapse. The
numerical analysis shows the activation of the previously described ALPs in each of the simulated failure scenarios.

The failure of certain elements has an almost negligible effect on the overall behavior of the structure as regards deflections and
modal frequencies. This is the case, for example, with the diagonals in both the isostatic S1 and hyperstatic S3 configurations. Thanks
to their structural redundancy, both structures can adapt to the failure of a diagonal not only without collapsing, but also making it
difficult to detect, unless the deflection measurements were taken in the actual damaged truss. However, when the damage is in the
chords at the center of the span, its effect on the structural response depends on its exact position, so that in both S1 and S3 spans any
damage in the lower chord has a greater effect than if it occurs in the upper chord. Damage to the lower chord can be detected with
certainty, but there would be serious doubts on the correct detection of failure to the upper chord.

In both isostatic and hyperstatic configurations, deflection is generally the most variable factor in a failure scenario and also
provides the most valuable information for the detection of the greatest number of failure scenarios. As can be deduced from the types
of deformed shapes in different failure scenarios (Fig. 10), detection can be improved by registering multiple points in both trusses,
besides the deflections at the center of the span. As can be seen in Fig. 14, which shows the deflections (measured in damaged truss)
corresponding to the undamaged, D2 and 2D2 scenarios for S1 and S3 spans, damage can be localized more precisely using this
strategy. It can be clearly observed that the deflection measurements at multiple points helps to identify and locate failures earlier. In
this case, in S1 span, the damage simulated in diagonal D2 causes a greater distortion in deformed shape between 3.58 and 5.37 m
(Fig. 14a). Something similar happens in S3 span, in which the failure in D2 produces a marked distortion in deflections between 35
and 38.5 m (Fig. 14b).
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Fig. 14. Vertical deflection along the span in undamaged configuration, D2 and 2D2 failure scenarios: (a) isostatic span S1; (b) hyperstatic span S3.
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As regards the failure analysis, the modal frequency is a variable that is generally less affected than deflection in a failure scenario,
with larger variations in the first than the second frequency. Hyperstatic S3 span presents better robustness than S1, since its modal
frequencies vary less in a failure scenario such as those studied in the present paper. The same does not happen in the isostatic S1 span,
whose first modal frequency presents variations that are able to detect under certain hypotheses of damage. This is basically due to two
aspects: the first is the already commented structural redundancy of the hyperstatic S3 span, with its better capacity to generate ALPs.
The second is the variability of the data registration. The modal frequency presents a greater variability than the vertical deflection
since it mostly depends on the source of the excitation (the weight of the train, the speed, hunting oscillation, etc.). These factors give
greater dispersion to the dynamic response of the structure and make it difficult to detect the failure, based on this parameter.
Throughout the study, the acceleration sensors and FFTs showed that the modal frequencies of the structure were significantly reduced
only in the case of severe and multiple damage, practically when the failure occurs simultaneously in the elements in both trusses. The
exceptions in this case are those in the lower chord at the center of the span, which can be detected by the vibrational measurements.

By using a uniaxial accelerometer at the mid span, it would be possible to precisely identify the modal frequencies corresponding to
vertical bending and torsion in isostatic S1 span, and the vertical bending as a continuous beam in hyperstatic S3 span. However, using
more accelerometers to capture more vibrational modes does not appear to be a good solution for the detection of failure scenarios in
this type of structure, since there are few variations in its second modal frequency. In fact, vibration-based methods of structural failure
detection are typically based on monitoring changes of parameters more sensitive than frequency, such as the mode-shape curvature or
the curvature of the Frequency Response Function [16,61]. For these reasons, although it is somewhat difficult to anticipate any local
failure by monitoring the modal frequencies, it is not impossible.

Bearing in mind all the above considerations, Table 5 gives in different colors the failure scenarios that can be detected with
certainty (in green), with a degree of uncertainty (orange) and those that cannot be detected (red), by registering the vertical de-
flections and the modal frequencies. Since the importance of registering not only the deflections at the center of the span but also at
other points in the structure in both trusses has already been pointed out, in Table 5 the deflections registered in the damaged truss
were also considered as well as the first vertical modal frequency. As regards the qualitative aspect, and emphasizing the comments
given above, Table 5 shows that it is easier to detect a failure in isostatic S1 span than in hyperstatic S3 span. In the same structure,
deflection is the variable that provides the most information for failure detection.

8. Conclusions

This paper describes a case study of failure scenarios assessment in a steel truss-type railway bridge built in 1914 in Alicante
(Spain), which has been subjected to extensive long-term monitoring by the authors for several years, analyzing a large data archive of
vertical deflections and modal frequencies. Although mechanical strain is a key variable in identifying the real structural behavior, it
involves expensive monitoring strategies. The present study consisted of: (i) the long-term monitoring results, and (ii) a Finite Element
Analysis (FEA) to simulate several failure scenarios. The objective was to identify the local failures that can be detected by measuring
the vertical deflections and modal frequencies, to show the suitability of both variables for failure detection. After the analysis, some
conclusions and recommendations can be made:

e The long-term vertical deflection and modal frequency monitoring results do not indicate that the structure under study is likely to
present a failure serious enough to threaten its safety. The evolution of both parameters showed a constant tendency, regardless of
the thermal variations experienced by the structure over time.

o Although the failure scenarios simulated in the structure were quite severe, many of them could not be detected from the measured
vertical deflections or modal frequencies. Thanks to their structural redundancy, both the isostatic and hyperstatic spans were able
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Table 5
Failure scenarios in both structures and possibility of detection in each case.

Isostatic span (S1) Hyperstatic span (S3)
Vertical deflection ~ Modal frequency  Vertical deflection =~ Modal frequency

Failure scenario

DI
D2
D3
D4
2D1
2D2
2D3
2D4
D1 + D2
D2 + D3 -
D1+ D3 - -
2(D1 +D2)
2(D2 + D3) -
2(D1 + D3) - -
D1 + D2+ D3 -
2(D1 + D2+ D3) -
CHI
CH2 - -
CH3
CH4 - -
CH5 - -
2CH1
2CH2 - -

2CH3
2CH4 - -
2CH5 - -

CHI + CH2
2(CHI + CH2)
CH3 + CH4 -
2(CH3 + CH4) -
CHI + CH3
2(CHI + CH3)

CHS5 + CH6 - -
2(CHS5 + CH6) - -
Failure scenarios that could be reliably detected
Color code: Failure scenarios detectable with uncertainty

B Non-detectable failure scenarios

to adapt to the failure and not only avoid collapse, but also show that the detection is unlikely by the deflections or modal fre-
quencies measured at the center of the span.

e In general, a failure in any diagonal is difficult to detect by monitoring deflections and modal frequencies, while those in the upper
chord have less effect than failures in the lower chord. This occurs since the upper horizontal structure is more robust (with
bracings, beams and stringers) than the lower (with bracings only) and more efficiently able to distribute the load between nearby
elements.

¢ In both isostatic and hyperstatic configurations, deflection is the variable that changes most in a failure scenario, and the one that
provides the most valuable information for the detection of potential damages. Failure detection may be more successful by
registering not only the deflections at the center of the span, but also at other points in both trusses, which would provide in-
formation of the precise location of the damage.
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The modal frequency is generally less affected than the deflection in a failure scenario, as the first frequency goes through larger
variations than the second. A single vertical uni-axial accelerometer at the center of the span installed laterally in one of the two
trusses can identify with precision the frequencies of the modal shapes associated with the vertical or torsional modes. Using more
accelerometers to capture more vibration modes does not appear to be a good method of failure detection in this type of structure,
since very few variations can be detected by the second modal frequency.

The long-term monitoring of vertical deflections and modal frequencies involves the use of a small number of sensors and relatively
few measuring points, which implies a cheaper and easier strategy compared to other monitoring systems, such as based on strain
sensors. On the other hand, continuous monitoring over time is recommended for the detection of local failures that could lead to a
possible partial or total collapse of the structure, although it is important to note that some failure scenarios may not be properly
identified.
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