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Abstract: The bottom flanges of steel plate girder bridges can be considered fracture-critical elements
depending on the number of girders and bridge configuration. For such cases, it is required that
inspection of these bridges be carried out using costly “arms-length” approach. New techniques
in structural health monitoring (SHM) that use non-contact sensors and self-powered wireless
sensors present alternative approach for inspection. Application of such techniques would allow
timely detection and application of repair and strengthening, in other word, providing for more
resilient bridges. This paper investigates the feasibility of using a handful of self-powered wireless or
non-contact sensors for continuous or periodic monitoring and detection of fracture in steel plate
girder bridges. To validate this concept, vibration measurements were performed on an actual bridge
in the field, and detailed finite element analyses were carried out on a multi-girder bridge. The records
obtained show that vibration amplitude was significantly increased for fractured girder, and a distinct
pattern of strain variation was registered in the vicinity of fracture, all of which can be detected
effectively with relevant sensors. Moreover, the amplitude and frequency of the vibration was shown
to be significant enough for providing the required power for typical sensor(s).

Keywords: steel bridges; fracture critical; damage detection; health monitoring; laser vibrometer;
self-powered sensor; wireless sensors; non-contact sensor

1. Introduction

According to the American Association of State Highway Transportation Officials (AASHTO) Bridge
Design Specifications [1], “fracture critical members (FCMs) are steel tension members or steel tension
components of members whose failure would be expected to result in collapse of the bridge.” It is required
that inspection of these bridges be carried out using the “arms-length” approach. Fatigue cracking is one
of the most important phenomena affecting the structural integrity and performance of steel bridges [2].
In general, fatigue cracks can occur in steel bridges due to low fatigue resistance of structural members,
members with large initial defects, members subjected to out-of-plane distortion, and details at end
restraints and flange terminations [3]. Development of fatigue cracking due to out-of-plane distortion
occurring at connections of transverse bracing and longitudinal girders may lead to the full depth fracture
of steel girder bridges. In the positive bending moment region of steel girders, the bottom flanges
are prone to fatigue cracking and consequently are considered fracture-critical elements depending
on the number of girders and bridge configuration [4,5]. Inspection of girders’ bottom flanges near
mid-span over a busy roadway is costly, time consuming and causes traffic disruption and potential safety
hazards [6]. It may also take the inspectors as long as two years to detect fracture, rendering the bridge
potentially unsafe for long duration. To address cost, traffic interruption and safety issues associated
with conventional inspection, new techniques in structural health monitoring (SHM), such as the use
of non-contact sensors and self-powered wireless sensors, offer an alternative that provides for both
accuracy and economy for maintenance of this type of bridges. This in turn will allow timely detection
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and application of repair and strengthening resulting in faster recovery, in other words, providing for
more resilient bridges. The approach discussed here will also be applicable to other bridges with fracture
critical members.

SHM refers to a wide spectrum of activities and approaches to determining the changes in
a structure and therefore determining its integrity and functional adequacy. This may range from
routine visual inspection to sophisticated non-destructive evaluation techniques. It can be performed
through periodic and on demand inspection, or can be carried out through continuous monitoring
systems installed on the structure. One may consider SHM in two major categories; methods for which
the structure is installed with sensors (sensor-based SHM), and methods for which health of the structure
is evaluated without a sensor and using external devices. Non-destructive evaluation methods, use of
remote non-contact sensors, visual inspection and other vision-based methods can be considered
in the latter group. Contacting a sensor-based SHM system typically has three major subsystems:
a sensor (and wirings), a data acquisition, and a diagnosis subsystem. The diagnosis subsystem
generally includes data processing, data mining, and damage detection that can be developed further
to model updating, and structural safety and reliability determination. The accuracy of results is
largely dependent upon not only the type and sophistication of the sensors and instruments, but also
on the variety, quantity and quality of the measured data.

In a larger scale, optimal sensor placement has been a concern among researchers and has been
studied widely. The goal is to improve the ability of sensor subsystem with the least number of sensors
possible [7,8]. The quality of the collected data is also a matter of attention [9]. Inaccurate results
could lead to false alarms or missing an event all together. This can lead to an unsafe structure and its
consequences. A sensor commonly consists of different elements, including a sensing component,
transducer, signal-processing and communication interface module. Malfunction, harsh environment
and normal wear and tear, as well as other factors such as electromagnetic interference, may lead to
distortion of results and false data. For damage detection in large-scale structural systems, using a large
number of sensors is a common trend because it promises more coverage hence a better chance of
detection [10]. This in turn, introduces challenges for data collection and processing, and for meaningful
interpretation of the results. Developing a simple economical, flexible and at the same time accurate sensor
is very much in demand. Sensor types developed for SHM purposes in recent decades include electric
strain gages, piezoelectric sensors, cement-based strain gauge, corrosion sensors, nano material-based
sensors, wireless sensors, accelerometers, inclinometers, acoustic emission sensors [11], wave propagation
sensing devices and various fiber optic sensors (FOS). Additionally, advanced sensor and sensing
technologies, such as fiber optics and Bragg grating sensors [12,13] and those based on Global Positioning
System [14] have been recently developed for strain, displacement, and other response measurement.

Each of the sensor types have a certain application and work better in certain conditions.
Nevertheless, actual use of these sensors presents some challenges in the real environment. For instance,
PZT (lead-zirconate-titanate)-based active and passive damage detection technologies can be used
as an acoustic emission (AE) sensor, which receives the stress wave signal generated by damage
occurred in a structure. Cement-based strain sensor is considered as one appropriate candidate to solve
the incompatibly issue. Dispersed sensors have also been used for monitoring purposes. Incorporated
with fibers, conductive nano-particles, magnetized or magnetic metals, PZT, or a combination can give
concrete and other mediums a sensing ability.

Traditional wired sensors may enable continuous monitoring of the bridge. However, the cost of
installing wired sensors for longer span bridges, providing continuous power, and their maintenance
may make them impractical in many cases. To address the shortcomings associated with wired
sensors, the use of wireless sensors offers a valuable alternative [15]. Nevertheless, these sensors
typically rely on battery and super capacitor energy sources for operation, and the cost of periodic
replacement of battery or capacitor systems for large scale monitoring would constitute a major
expense [16,17]. New developments for “energy harvesting” to feed the sensors could be a potential
solution for providing continuous power to permanent sensors. Energy harvesting techniques are
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mainly based on solar energy, thermal gradients and vibration energy. Among these techniques,
vibration energy because of providing high level of energy and the ability for being embedded (as in
concrete structures) could be used for a continuous large-scale monitoring [18–21]. As an example,
Self-powered piezo-floating-gate (PFG) sensors empowered using piezoelectric transducers through
harvesting energy are used for detection of distortion-induced fatigue cracking of steel bridges [22,23].

There are two main questions that need to be addressed to verify the feasibility of using wireless
self-powered sensors for detection of fracture in fracture critical members. One is whether the bridge
vibration under live load would generate enough energy to power the sensors, and the other, if variation
in stress/strain at predefined locations and dynamic characteristics of the bridge resulted from fracture
of a girder could be exploited as a means for detection of the fracture.

Sensor installation for monitoring requires direct contact with the structure. Therefore, using
these methods can involve accessibility problems and traffic disruption. Recently, non-contact sensing
systems like laser scanning and interferometric radar have been proposed as a measurement instrument
in large structures, such as bridges, towers, and dams [24–29]. One such technique uses laser
vibrometer for remote measurement of vibration in an attempt to detect damages indicated by variation
in the dynamic characteristics of the structures. Potential for the use of laser vibrometer for detection
of fracture is also investigated [30].

Objectives and Approach

The objective of this study is to explore new means for detecting fracture in fracture-critical bridge
members that are both accurate and affordable at the same time. A timely detection of the onset
of fracture will allow the maintenance crew to address the situation before the progress in damage
threatens the public safety and requires major closures and costs.

To achieve the objective of this investigation, a two-fold investigation was performed. One was
to verify that the changes in stress/strain state or dynamic characteristics of the bridge is adequate
and clear to be detected by a set of optimally-placed sensors. The other was to determine;

• Whether the frequency and amplitude of the vibrations of the bridge from traveling vehicles
and that caused by the fracture is large enough to power or trigger the wireless self-powered
sensors installed strategically to detect the occurrence of the fracture,

• The feasibility of using self-powered wireless sensors for continuous monitoring of steel plate
girder bridges,

• Applicability of non-contact laser vibrometer for a safe, rapid, economic, non-interruptive
and accurate periodic measurement, and therefore, detection of variation in the vibration
characteristics of the bridge.

One means for facilitating the use of self-powered wireless sensors is by harvesting the vibration energy
of the bridge. In addition to the bridge vibration providing power for the sensors, variation in dynamic
characteristics of the bridge resulted from fracture of girder can also be exploited as a means for detection
of the fracture. The bridge vibration and displacement amplitude depends on the bridge characteristics
and traffic loading. These parameters could vary based on the bridge geometry, design, location, type of
vehicles crossing the bridge, and Average Daily Truck Traffic (ADTT). A knowledge of the vibration
characteristics of the bridge in its intact condition can be developed by actual measurements, and finite
element (FE) models can be used for dynamic analysis of the fractured bridge. This can lead to
establishment of response thresholds for the bridge for indication of damage if certain threshold
is surpassed. In this case, the sensor can be kept in waiting mode until the threshold is reached.
The sensor can then begin emitting a signal as an indication of the damage/fracture. Alternatively,
the stress/strain variation in the vicinity of the fracture recorded using self-powered wireless sensors
on a continuous basis can be used to determine the type, location and intensity of the fracture event.

Once one of the girders fractured, the bridge vibration characteristic and displacement amplitude
could change significantly because of reduction in bending stiffness potentially resulting in greater
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vibration amplitudes that may be adequate for functioning of the sensors. Therefore, even if the amplitude
and frequency of the intact bridge vibration would not be adequate to provide the necessary power for
the sensors, the vibration of the fractured bridge will potentially activate the sensors. The novelty of
the proposed approach is that the self-powered sensors that are dormant for the intact bridge can start
monitoring once the bridge is fractured, and send a warning to the owner for taking action. Additionally,
the variation in vibration characteristics of the bridge between two measurement intervals can be detected
using non-contact laser vibrometer in periodic field testing.

2. Field Test

The I-95 NB to SE 1st Ave. highway bridge in downtown Miami, FL (Figure 1), was selected based
on the accessibility for testing to study the characteristics of traffic-induced vibration. This bridge is
a simple span multiple steel-girder bridge with the span length of 36.5 m (120 ft) carrying one traffic
lane with the average daily traffic of 14,250 veh/day that was built in 1968. The last bridge inspection
report on July 2016 shows the superstructure is in a satisfactory condition. A laser vibrometer as shown
in Figure 2 was simply stationed under the bridge on a walkway with no interruption to traffic on
and under the bridge and no need for direct access to the bridge. The bridge vibration at mid-span
and quarter-span was captured under moving normal traffic loading for all three girders. The velocity
time history of girders was recorded by the laser vibrometer at several time intervals of 60 s during very
low traffic volume passing the bridge. The velocity time histories of the interior girder at mid-span
and quarter-span (Figure 3a,b) were integrated to obtain the time histories of displacement (Figure 3c,d).
Frequency spectra were also obtained using Fast Fourier Transform (FFT) and are shown in Figure 3e,
f. Vehicle classes passing the bridge were recorded during the test and corresponded with the field test
results. The vibration levels shown in Figure 3 are the results of passing vehicles in the class of Midsize
Sport Utility Vehicle (SUV) with the average weight of 18.6 kN and lighter vehicles.Infrastructures 2019, 6, 22 FOR PEER REVIEW 5 of 18 
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Several key observations can be made from this experiment. First, because of the integral
composite bridge superstructure accommodating only one lane, vibration amplitudes of the interior
and exterior girders are similar to each other. Second, vibration levels at supports are minimal and reach
the maximum at the middle of the span. Third, the amplitude of displacement at mid-span and quarter
span under light weight traffic (Midsize SUV with the average weight of 18.6 kN) reaches up to 0.6 mm
and 0.15 mm, respectively. Fourth, and most importantly, the experiment demonstrated the capability
of laser vibrometer for remote measurement of vibration and calculation of natural frequencies with
minimal efforts. As it will be discussed later, a comparison between vibration characteristics of
the intact and fractured bridge can lead to detection of fracture and other problems that occur in
the interval between two measurements. Hence, the laser vibrometer provides an effective, economic,
non-interruptive, and safe alternative technique for verification of the integrity of the bridge. Although,
field test results can provide precious information regarding the bridge vibration under actual traffic
for the intact bridge, however, finite element method is needed for comparing the vibration level of
an intact and fractured bridge.

3. Numerical Simulations of the Fractured and Intact Bridge Vibration

To be able to verify the adequacy of bridge vibration in providing the energy required for
self-powered sensors, as well as understanding the dynamic characteristics for two conditions of intact
and fractured girder(s), a detailed finite element (FE) analysis was necessary [31]. Finite element
modeling has been recognized as a reliable means for detailed analysis of steel plate girder bridges to
investigate their vibration and displacement amplitude in both intact and fractured girder conditions.
This method offers an efficient alternative to a differential equation and finite difference methods utilized
by others [32]. Construction of a detailed FE model of the bridge and analysis under loading of various
configuration could be a time-consuming and costly activity. Modeling of every detail in the bridge
is neither economic nor always necessary. Additionally, solution methods available for numerical
analysis of FE models are numerous and not always end to proper convergence and accurate results.
Hence, the application of FE modeling and analysis can be quite complex, and finding an optimum
level of refinement and modeling details, as well as proper solution method require performing some
experimentation and validation. Validation can be performed by modeling and analysis of bridges
that are tested and for which adequate data on the behavior is available.

In order to study the fractured bridge vibration behavior and compare the results with
the field test, a similar simple span bridge with three-steel-plate girders tested at the University
of Nebraska–Lincoln [33] was selected for modeling. This bridge tested in 1993 in the laboratory has
similar structural details to the highway bridge subjected to field test in this study, and for which
an abundance of data is available from the tests for use in validation of a FE model. It is believed
that modeling of this bridge provides a good background for verification of the FE modeling method
adopted for this study and comparing the vibration levels with the field test results under actual
traffic loading. As a result, a detailed FE model of the bridge was developed in the environment of
ABAQUS [34] and is validated using available laboratory test results including service and ultimate
load testing.

This bridge was a full-scale simple span bridge with a span length of 21.3 m (70 ft) and is 7.9 m
(26 ft) wide accommodating two traffic lanes. The superstructure consists of three welded steel
plate girders made composite with a 0.2 m (7 1

2 in.) reinforced concrete deck as shown in Figure 4.
The girders are spaced 3 m (10 ft) on center and the reinforced concrete deck has a 0.9 m (3 ft) overhang,
and the railing system is a typical Nebraska Department of Road (NDOR) open concrete bridge rail
with 0.3 × 0.3 m (11 × 11 in.) posts spaced 2.4 m (8 ft) on center. Several tests were conducted on this
bridge to evaluate the effect of diaphragms, elastic behavior and ultimate load carrying capacity of
the bridge. The ultimate test which consisted of loading the bridge (point loads in terms of simulating
HS20 truck load) to collapse, was selected for validating the capability of FE modeling adopted in
this study for predicting the elastic behavior and ultimate capacity and failure modes. The bridge
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failure in the laboratory testing was governed by local punching shear failure in the deck under
the loading plates.
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3.1. Finite Element Model

Multi-linear inelastic material model with isotropic hardening was used for the behavior of steel
plates, diaphragms and reinforcement in both tension and compression. The linear elastic behavior was
defined by the specification of the modulus of elasticity and Poisson’s ratio, which were 200,000 MPa
(29,000 ksi) and 0.3, respectively. Yield and ultimate stress of steel material is considered as the typical
value used in bridges. 345 MPa (50 ksi) for the steel plates and 414 MPa (60 ksi) for the concrete
reinforcing bars was assumed as the yield strength of steel materials. An effective damping ratio
of 3% was assumed for both steel and concrete materials. According to von Mises theory, the material
yields when the equivalent stress exceeds the yield criterion. A linear elasticity with the concrete
damage plasticity [35] was used for the concrete elements and for the initial elastic behavior, modulus
of elasticity was calculated based on the ACI 318-14 [36] (for normal-weight concrete) and a Poisson
ratio of 0.2 was used.

3.2. Finite Element Validation

For simulating the bridge behavior during construction, finite element analysis was divided into
two main steps: bridge construction and final analysis for live loading. For the first step, an initial
implicit static analysis was used to incorporate loading effect through the erection and construction
phase when the concrete is not hardened yet and the section acts non-compositely with only the girders
carrying the dead load. During the bridge construction, only the girders carry the deck, and the dead
load deflections in the girders remain locked after the concrete deck hardens. For this reason, the stiffness
and mass of the concrete and reinforcing rebar were reduced to a very low value during the construction
phase and equivalent dead load of the deck was applied on the top flange of the girders based on
the tributary area. Moreover, self-weight of the structural steel of the girder components was applied
on the model at this stage. By reducing the stiffness of the deck to negligible, only girders carry the load
and there will be no stress and strain on the concrete deck at the end of construction phase once
the concrete deck has hardened.

The results of the first step was used as an initial predefined state for the final analysis step.
In other words, initial states (stresses, strains, displacements and forces) for the final analysis step is
the final state at completion of bridge construction. From this point on, the girder and slab sections act
compositely together. Therefore, the initial equivalent uniform dead load of the concrete on the girders
considered in the analysis for the previous step was removed and replaced by concrete with its actual
stiffness and mass. The concrete damaged plasticity was also activated in this stage. Moreover, based
on the construction procedure, railing elements were added at this step. At the final step, increasing
loads were applied on the bridge by using the explicit dynamic solution method.



Infrastructures 2019, 4, 42 8 of 16

Figure 5 shows the comparison of load- deflection curves between experimental and FE results
for the exterior and interior girders in the ultimate test which consisted of loading the bridge to
collapse. Deflection refers to vertical displacement of the bottom flange of each (exterior or interior)
girder at the mid-span and was measured using displacement transducers in the laboratory tests
and calculated through analysis using finite element method (FEM) for the analytical simulation,
and total load refers to point loads in terms of simulating HS20 truck load. As shown in these graphs,
the FE model can predict the global behavior of the bridge during the elastic and plastic states. It was
also able to simulate the local failure due to punching shear in the deck and cracking in the railing.
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3.3. Dynamic Response of the Intact and Fractured Bridge

Once the FE model of the bridge was validated by comparing the results with the experimental
tests, dynamic analyses were performed for the bridge in intact and fractured scenarios. These analyses
used simulation of actual traffic loading to investigate the dynamic response of the bridge in these
two scenarios. In the fractured scenario, one of the exterior girders was fractured through the bottom
flange and web at the middle of the span to investigate the worst fractured scenario that may occur
for the single span three steel plate girder bridge. The two-step analysis of the bridge construction
and final analysis for live loading was conducted for the steel plate girder bridge as explained earlier.
To model the sudden girder fracture, tie constraint was assigned between the elements of the girder web
and flange on two sides of the fracture at the first step and was removed for the final analysis. Figure 6
shows simulation of damage (fracture of exterior girder) in the finite element model. Weigh-in-Motion
(WIM) data from a station in the state of Florida collected throughout 4 years (2013–2016) was obtained
from the United States Federal Highway Administration (FHWA) and was used for simulating
the moving traffic loads. Truck weight data format was used as it contains information such as, but not
limited to, number of axles, spacing between axles, axle weights and gross vehicle weight (GVW)
and exact time of measurement for each recorded vehicle at each location.

Moving traffic load in the model was simulated by defining multiple tire contact area along
the bridge only for the lane over the fractured girder (eccentric loading) and assigning amplitude
intensity pattern to them based on the WIM data for a period of 60 s. Figure 7 shows the amplitude
curve assigned to a one tire contact area during this 60-s time period based on the WIM data to simulate
the actual traffic consisting of trucks and cars. Amplitude of one (1) on the vertical axis in this figure
is equal to the average weight of heavier truck wheel over a month with the average truck weight
of 205 kN (46 kips) and other amplitudes, proportioned with respect to the latter, are a representative
of loading for a variety of cars and light trucks. It is worth noting that the amplitude of 0.1 in this
figure is equal to the weight of Midsize SUV recorded in the field test.
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4. Result and Discussion

The goal of this study was to demonstrate that dynamic characteristics of the fracture critical
steel girder bridges would change significantly once a fracture occurs on one of the girders so that
this variation can be used to detect the occurrence and location of the fracture, and that the frequency
and displacement amplitude of the fractured bridge under the traffic load would be sufficient for
feeding the continuous monitoring sensors by using energy harvesting techniques. Moreover, it was
attempted to show that non-contact sensors such as laser vibrometer can be also used as an alternative
method for periodic measurement of the bridge vibration with the purpose of damage detection.

A bridge with multiple steel plate girders located in downtown Miami, FL, was selected to
investigate the bridge dynamic response under actual traffic for the intact scenario, and to verify
that a laser vibrometer can be used for vibration data collection. Moreover, a similar bridge tested
at the University of Nebraska-Lincoln was used for developing and validating the finite element model
to study the bridge dynamic response for the intact and fractured scenarios. Finite element analyses
were conducted using a model of this bridge under moving traffic load.

Figures 8 and 9 show the time histories and frequency spectrum of girder deflection obtained
from the FE model for intact and fractured scenarios at the middle of the exterior girder (fractured),
respectively, under the moving traffic of 60 s duration. The simulation necessitated discretization
for movement of the loads along the span. Moving a load from one point to the next is modeled by
removing the load at one point and adding to the next, as it occurs in actual case with some continuity.
Response of the bridge span to this moving load (one of several situated on the bridge) generates
oscillations as it has also been measured in the similar bridge for actual traffic reported in this paper.
It should be pointed out that, in practice, time history curves shown in these figures can be generated
by instrumenting the intact bridge using several types of contacting sensors among which are strain
gages, displacement transducers, and accelerometers, as well as non-contacting transducers including
vision based equipment and laser vibrometers. However, bridge vibration for the fractured bridge
needs to be generated using a finite element model.
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Using FE analysis, the deflection at the mid-span of the exterior girder extracted from Figure 8a
for the load amplitude of 0.1 (equivalent to a Midsize SUV at time 42 s in Figure 7) is determined to be
a maximum of 0.56 mm and deflection of the mid-span of the exterior girder of the bridge subjected
to field testing was determined under similar loading to be 0.6 mm (Figure 3c). The comparison of
these two results, FE analysis and field testing, that are in the same order of magnitude validates two
important inferences. First, the FE model has the ability to simulate the bridge dynamic responses with
acceptable accuracy, and secondly, the results obtained in this study provides the order of magnitude for
vibration of the bridge under service load. The latter will be used in this paper to verify the sufficiency
of the vibration amplitudes in providing the required energy for self-powered sensors.Infrastructures 2019, 6, 22 FOR PEER REVIEW 12 of 18 
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The time history results show that the vibration amplitude of the girder at the middle of the span
has almost doubled and at quarter points increased in average about 60% under normal traffic load
because of the fracture. Therefore, a threshold can be predefined for the girder bridge deflection
amplitude, crossing which would be an indication of fracture in the girder. Furthermore, the results in
frequency domain indicate two major changes after the fracture has occurred. One is a major shift
in the fundamental/dominant mode vibration frequency of the bridge, and the other is a significant
increase in the amplitude of the vibration. The major peak in the frequency spectra can be used to
determine the frequency and its amplitude. For the intact condition, the frequency stands at 6 Hz
with amplitude of 2.35 × 10−4 m. For the fractured condition, this frequency has shifted lower
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to 5 Hz with an increased amplitude of 7.15 × 10−4 m. This shift in dominant frequency and increase
in amplitude can be exploited for signaling occurrence of a major event, in this case, fracture of
the girder. In a continuous monitoring system, a safe buffer zone can be established and specified for
the dominant modal frequency and amplitude based on expected minor variation in the frequency due
to ambient effects. If the monitoring system indicates that the dominant frequency has fallen outside
this buffer zone and/or amplitude of vibration has increased beyond the threshold, it will be indicative
of a significant event, i.e., girder fracture.

4.1. Strains under Moving Traffic

To investigate the strain variation of the steel plate girders resulted from fracture of a girder,
time histories of girders’ longitudinal strain were calculated through analysis using finite element
method (FEM) for mid-and quarter-span along the bridge for the bottom flange. The strain record
corresponding to the middle of the span for all three girders are presented in Figure 10. The strain
results clearly show highly noticeable changes in the response of all girders for fractured scenario.
The strains in the left girder (fractured) show the highest drop in the fractured scenario. This is
indicative of presence of fracture in this girder where the strain near the fracture would relax because
of significant reduction in stiffness and load distribution to other girders. As expected, the middle
girder shows increase in the strain indicating absorbing some of the load from the fractured girder.
The right girder shows the least of variation in strain. This pattern is indicative of firstly the occurrence
of the fracture and secondly the girder and the location where the fracture is.

Figure 10. Cont.
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Figure 10. Time histories of girders strain. (a–c) Intact Bridge and (d–f) Fractured Bridge.

Table 1 summarize the test results for all three girders in different scenarios and in two locations
along each girder; middle and quarter point. This table shows average of peaks in strain records
shown in Figure 10. A pattern similar to that described above for strain changes can be seen in Table 1.
Along the same girder, changes in the strains varies depending on the proximity of the measurement
point to the fracture zone. Percentage of strain drop for location closer to the fracture is higher than
farther points. Again providing valuable data on the occurrence and location of the fracture.

Table 1. Summary of the test results.

Average Peak Strain Average Peak Deflection

mm/mm × 10−6 mm

Quarter-Span Mid-Span Quarter-Span Mid-Span

L M R L M R L M R L M R

Intact Bridge 6.0 5.5 4.6 8.6 8.1 7.3 0.9 0.7 0.8 1.6 1.1 0.9
Fractured Bridge 5.8 7.1 5.7 0.2 11.6 6.0 1.5 1.0 0.6 3.0 1.3 0.8

Note: L = Left Girder; M = Middle Girder; R = Right Girder.

4.2. Adequacy of Vibration Energy for Powering Sensors

The results of the finite element analysis were also reviewed to investigate the feasibility of using
self-powered wireless sensors for continuous monitoring of steel plate girder bridges for detection of
fracture. Sazonov et al. [37] in their study demonstrated self-power operation of the bridge sensor in
a short-term field test. Before application of the self-powered sensors, the vibration of girders was
measured at 1/3 of the span length (Figure 11). As seen in this figure, the dominant displacement
peaks are mostly below 1 mm. A simple electromagnetic energy harvester with a displacement mass
of 0.09 kg was designed by Sazanov et al. [37] for harvesting energy of up to 12.5 mW at 10 mm
displacement amplitude in the resonant mode with the frequency of excitation at 3.1 Hz (estimated first
mode vibration frequency of the bridge). This generator could deliver up to 1 mW at a low amplitude
of 3 mm, which is sufficient for trickle charging of storage.

These sensors were installed on one of the girders of a simple three span steel plate girder bridge
and a linear electromagnetic generator was used to harvest vibration energy created by the passing
traffic. The sensors were able to transmit between 25 and 480 measurements per day, average of 1
to 20 per hour, depending on the volume of daily traffic, which indicates the feasibility of self-powered
operation for long-term monitoring of a rural highway bridge with low traffic volume. Better results
are expected from roads with heavier traffic.
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Comparing these results with those obtained from FE analysis (Figures 8 and 9) and field test
conducted in this study show that the vibration amplitude in the intact and fractured girders in this
study is comparable and similar range to the results reported by Sazanov et al. [37]. Therefore, the results
indicate the feasibility of designing electromagnetic generators (or a similar energy harvesting system)
that could feed the monitoring sensors for detection of fracture in steel girders.

5. Conclusions

The successful use of the non-contact laser vibrometer for field testing demonstrated that this
remote sensing method can be used effectively, economically, rapidly, and with no interruption to
traffic for vibration measurement of the bridge girders and producing data required for detection
of fracture or other damages in the bridge girder. Comparison between the vibration level of FE
model for the intact bridge and the field test results shows that FE model can predict similar dynamic
responses. The time history results from analysis of the intact bridge and bridge with one fractured
girder showed that the vibration amplitude of the fractured girder at the middle of the span was almost
doubled, and at quarter points increased in average about 160% under normal traffic load because
of the fracture. Therefore, a threshold can be predefined for the girder bridge deflection amplitude,
crossing which would be an indication of fracture in the girder. The results also showed that the shift in
dominant frequency recorded for the bridge and increase in its amplitude can be exploited for signaling
occurrence of a major event, in this case, fracture of the girder. In a continuous monitoring system,
a safe buffer zone can be established and specified for the dominant modal frequency and variation
in vibration amplitude based on expected minor variations due to ambient effects. If the monitoring
system indicates that the dominant frequency and vibration amplitude has fallen outside this buffer
zone, it will be indicative of a significant event, i.e., girder fracture.

When strain records for the bridge under moving traffic were compared for intact and one girder
fractured scenarios, the results clearly demonstrated highly noticeable changes in the response of
all girders for fractured scenario. The strains in the fractured girder showed the highest drop in
the fractured scenario. This is indicative of presence of a fracture in this girder where the strain near
the fracture would relax due to the significant reduction in stiffness and load distribution to other
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girders. As expected, the middle girder showed an increase in the strain indicating absorbing some of
the load from the fractured girder. The right girder shows the least of variation in strain. This pattern
can be used as indication of the occurrence of the fracture and determining the girder and location
where the fracture is.

Comparing the time histories and frequency spectrum of girder displacement obtained from
this study with the results of the field experiment conducted by others for investigating the energy
required for harvesting techniques showed the feasibility of using self-powered wireless sensors for
monitoring steel bridges for their fracture. The test results indicate that the amount of energy available
for self-powered sensors depends on the sensor location along the span, and that the displacement
amplitude and frequency are sufficient for energy harvesting in the middle of the simple span bridges.

A very important conclusion drawn from the FE analysis is that the self-powered sensors that
may be dormant for the intact bridge for a long period of time (because of lower vibration amplitudes)
can start monitoring once the bridge is fractured (with higher vibration amplitudes), and can send
a warning to the owner for taking proper action. In summary, the results show a great potential for
the use of non-contact laser vibrometer as well as self-powered wireless sensors for structural health
monitoring (SHM) of fracture critical steel girder bridges with accuracy and economy as an alternative
to detailed and costly inspection.
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