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A practical long term structural health monitoring program must be based on reasonable

field capabilities, the needs of the bridge owner, and the anticipated structural behavior

unique to the structure. Each sensor installed as part of the monitoring program should

provide information directly in response to operational needs related to the structure’s

short term and long term performance. A thoughtfully considered instrumentation plan

developed in cooperation with the bridge designer, bridge manager, bridge maintenance

operator and academic researchers will provide data to enhance both the state of

the practice and state of the art for the bridge structural design, management and

maintenance. Monitoring a bridge’s structural response has the potential to (a) detect

the presence of structural changes for condition assessment, (b) inform the bridge

manger to assist in daily operational decision-making and (c) validate the structural

design assumptions and (d) refine a structural model of the bridge to be used for

performance prediction. The excitation for these responses typically comes from traffic or

environmental demands. Vertical lift bridges provide a unique opportunity for structural

health monitoring based on the dynamic response due to the frequent and repeated

impact imparted on the structure each time the lift span opens and closes. In this

paper, a structural health monitoring system designed to provide valuable information

for design verification, structural model calibration, fatigue monitoring, and operational

decision-making support for the reconstructed Memorial Bridge carrying US Route 1

between Portsmouth, New Hampshire and Kittery, Maine. This paper will detail the

development of the sensor layout including input from stakeholders, accessibility issues

and complementary and contradicting objectives. A set of structural models with varying

degrees on complexity were created based on the structural performance objectives. The

data collected during a pseudo-static truck load test was used to calibrate the structural

models of the bridge and to select the appropriate model for each post-processing and

decision-making tools related to structural performance.
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INTRODUCTION

Restoring and improving the urban infrastructure of the
United States is one of the National Academy of Engineering
Grand Challenges highlighting the need for data-driven,
effective and efficient bridge management (NAE, 2017). Critical
components of the US transportation infrastructure are bridge
structures, which elevates the importance of the design and
maintenance of bridge structures for bridge designers, owners
and the general public. According to a 2015 accounting of the
United States’ bridges, 144,621 of the nation’s 608,445 bridges
(23.8%) are considered structurally deficient or functionally
obsolete by the Federal Highway Association (Ingraham, 2015).
As these bridges are repaired and replaced, engineers look
to incorporate innovation to increase the service life of the
structure (AASHTO, 2008). The idea of continuously monitoring
these structures, which results in more efficient maintenance
and inspections management, is not feasible for every bridge.
However, signature bridges that push the design envelope
and are operationally critical to an infrastructure network are
ideal candidates for structural health monitoring. This selective
application of sensors can contribute to the goal of managing an
aging bridge inventory with high maintenance and replacement
costs. Structural Health Monitoring (SHM) systems, which have
recently expanded in application with respect to infrastructure
management, include not only sensors but controlled non-
destructive load tests and post-processing algorithms for
condition assessment and decision-making framework for short
term and long term operational resource allocation.

Within the nation’s bridge inventory, movable bridges play an
integral role in modern transportation infrastructure systems. As
means of passage for both vehicular and naval traffic at a single
location, their reliable performance is a matter of concern since
they must work in harmony to minimize the down time both
for vessel and vehicle traffic. For instance, the maintenance of
movable bridges like vertical lift bridges is of high importance
given the frequency of lift operation to allow for marine traffic.
However, with the hundreds of movable bridges in the US,
which are typically located in coastal environments that are
typically highly susceptible to extreme weather events, there are
few long term monitoring programs for these bridges subjected
to vertical operations in addition to traffic and environmental
loads (Catbas et al., 2014).

LITERATURE SURVEY

The importance of structural health monitoring to detect
structural damage in a global sense has been demonstrated
in recent works (Doebling et al., 1998). In the context of
civil SHM, the term structural damage often refers to any
deficiency presented in the structural system during the design
or construction as well as any deterioration during the lifetime
of the structure (Yao, 1985). SHM and control systems cover a
broad range of techniques to effectively monitor the behavior
of structures and provide in-service information with respect
to their actual conditions. Various techniques ranging from
statistical approaches (Shahsavari et al., 2017a,b) and machine

learning algorithms (Vafaei et al., 2018) to system identification
methods including both time-domain and frequency-domain
techniques (García-Palencia and Santini-Bell, 2014; Shahsavari
et al., 2018a,b) can be a means to derive meaningful structural
performance information from the collected data. As bridges age
and deteriorate over time, the idea of proactively monitoring
their behavior and the ability to predict the impact of structural
changes on the structural performance is becoming a leading
area of research to increase the service life of the structure. In
recent years, with an ever-increasing number of instrumented
bridges, there is strong and growing interest among engineers,
researchers, and bridge owners to ensure efficient resource
allocation via a cost-effective and optimized instrumentation
strategy for which the SHM sensors are mainly dedicated
to capturing the response of critical members. The more
sensors spatially dispersed throughout the structure, the more
meaningful the information collected from the bridge, which
can ultimately lead to a more reliable structural condition
assessment. The complex mechanism of damage within the
structural components as well as the uncertainties associated
with the structural behavior at different locations are factors that
impose challenges to confidently determine the condition and
impact of members that are critical to maintaining the bridge
performance. Hence, in operationally critical bridges having a
sophisticated design and geometry, such as movable bridges,
the main difficulty in sketching the preliminary concepts of the
instrumentation plan is the identification of the members whose
damage would considerably affect the load carrying capacity of
the bridge.

Since the structural performance and load carrying capacity of
bridges would be altered due to likely damage scenarios imposed
on critical components, the ability to confidently predict the
remaining service life and load rating reduction is one of the
major concerns for bridge engineers. Structural model calibration
is a well-documented tool that can be used for structural
condition assessment and performance prediction (Cardini and
DeWolfe, 2009; Santini-Bell et al., 2013). A global structural
model of the bridge system will aid in both the design of the
instrumentation plan, as well as serve as a tool for performance
assessment, and prediction of the structural behavior once the
model is calibrated using the collected structural response data.
As steel bridges are subjected to cyclic (fatigue) loading, mainly
due to high traffic volumes, a verification of bridge structural
components becomes crucial in terms of fatigue life. Fatigue
damage in steel bridges is a local phenomenon which can
progress continuously and threaten the healthy performance
of the structure. Fatigue cracks may initiate at the vicinity of
the possible defects, material degradations and the concentrated
high-stressed areas which can progressively propagate leading to
failure of the component.

Fatigue is often a decisive degradation phenomenon for steel
bridges that, at the same time, is afflicted with large uncertainties
on the resistance side as well as on the action effect side
(Leander et al., 2018). An efficient SHM program can provide
valuable information regarding the actual performance and live-
load induced stresses at the critical instrumented areas of the
structure. However, development of stress range spectra for the
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evaluation of fatigue life of structural details in bridges is a
challenging task as they are strongly site-specific depending upon
various factors such as vehicle types, the range of vehicle speeds,
road roughness conditions, ambient environment and bridge
type (Laman and Nowak, 1996). While field measurements can
be used to account for some of these uncertainties, in situ
monitoring of all the fatigue-prone regions of a bridge is not
feasible in practice (Kwad et al., 2017). Nevertheless, fatigue
life prediction of bridges has been accomplished by a number
of researchers through field measurements and experimental
testing. García et al. (2018) performed a fatigue analysis study
on experimental specimens obtained with the same steel grades
as those used in a welded joints of a suspension bridge and
with the same welding procedures as those practiced in the
structure. Mohammadi et al. (1998) reported an application of
field measurements for fatigue evaluation of highway bridges.
Kashefi et al. (2010) presented the procedures used for assessment
of remaining fatigue life of an aging steel deck bridge using strain
field measurements carried out on critical fatigue details as well
as laboratory tests on limited samples. Liu et al. (2017) performed
a fatigue life evaluation for critical connections of a suspension
bridge under the passing fatigue truck load. Leander et al. (2018)
presented a case study of a steel railway bridge subjected to
fatigue deterioration with an overall aim to support rational
decisions on how to evaluate and procure different assessment
actions to improve the accuracy of the predicted service life
of existing bridges. Aygül et al. (2013) discussed the accuracy
and benefits of different fatigue failure assessment methods for
commonly welded details in steel bridges to conclude how well
each method describes the fatigue strength of each welded detail.
The authors performed statistical investigations on the results
of finite element analyses obtained from solid element based
finite element models for welded bridge details and the fatigue
test data collected from the literature. The present case study
reviews the results of a comprehensive research comparing the
applicability of the nominal stress and hot-spot stress methods
for fatigue assessment of a bridge connection. While the nominal
stress approach is a non-local fatigue assessment method the hot-
spot stress method considers a fictitious stress at a fatigue-critical
point, the so-called hot-spot point, where the stress is considered
representative of the component.

Besides fatigue, bridges are also subjected to other types of
damage such as corrosion, vehicular collision, vessel impact, fire,
etc. Therefore, the ability to confidently evaluate the decreased
load carrying capacity of the damaged bridge with respect to
its performance is essential for effective and efficient bridge
management. The Hercílio Luz Bridge (HLB), which is an
eye-bar chain suspension bridge located between the Santa
Catarina Island and the mainland of Brazil, was completely
closed to traffic in 1991 due to high corrosion levels and
deterioration of its critical members (Carvalho et al., 2017).
Truck accident is the third leading cause of bridge failure
or collapse in the United States. Although current AASHTO
guide specifications recommend static load to improve the
impact resistance of bridge piers against truck impacts, recent
investigations have revealed that the dynamic loads due to truck
impacts may be significantly higher than that prescribed by

AASHTO (Agrawal et al., 2013). The collapse of the I-5 Skagit
River Bridge, located in Washington, is one of the most recent
bridge collapse disasters due to collision of an over-height truck
to the over-head braces of the through-truss bridge on May 23,
2013. This incident caused a 49-m (160-ft) simple-span section of
the 339-m (1,112-ft) bridge collapsing into the river while, at the
same time, two passenger vehicles fell into the river (Stark et al.,
2016). Among bridges, themovable bridges are highly susceptible
to impact damage by marine vessels for which evenminor impact
on the substructure or superstructure can disrupt the bridge
operations causing the closure of the bridge until repairs are
made. In 2013, a 144m (473 ft) cargo ship broke loose from its
moorings and impacted the south span of the SarahMildred Long
Bridge in New Hampshire, thereby causing damage to a diagonal
member, a vertical member, and the lower chord of the bridge.
As a result of this incident and because of unclear understanding
of the bridge structural response under operating conditions, the
bridge owners shut down the bridge to all traffic for 6 weeks while
the damaged members were repaired (Fu et al., 2015).

Post-event evaluation of bridge condition and through
understanding its capacity is a critical component in any
bridge management and maintenance system. Although the
requirements of the Guide Specifications for vessel-collision
of highway bridges were developed to give designers specific
guidelines in protecting these structures (Knott and Damgaard,
1990), there is lack of effective warning systems to support the
development of real-time operational decision-making protocols
in the event of an impact damage. Long term SHM data can
be integrated into a bridge management protocol to better
assess the actual condition of the bridge and improve the level
of service that bridge owners can provide to the traveling
public. In recent years, considerable efforts have been made
to explore the features that represent the highest sensitivity
to structural deficiency in bridges and that can be used as
a prime candidate for real-time assessment of the system
response (Santini-Bell et al., 2013). The implementation of
an effective pattern recognition algorithm such as the X-bar
control chart analysis into the wavelet packets extracted from
post-processing of the SHM data has been found promising
to reliably distinguish between two different states (damaged,
undamaged) of the structure. The wavelet packet transform
(WPT) is indeed a robust signal processing tool that has
been recently favored over traditional methods to extract
more detailed information from vibration data. To extend
the application of wavelets for damage assessment of bridge
structures, Sun and Chang (2002) used the wavelet packet
component energies obtained from a three-span continuous
bridge as inputs into neural networks. Shahsavari et al. (2018a)
reported a combined application of the WPT and statistical
control chart analysis to quantify the change in a bridge
system response based on the average normalized energy
stored in the wavelet packets. This case study presents an
operational decision-making criterion based on the procedure of
Shahsavari et al. (2018a) to enhance the discrimination of wavelet
features between two different states of a bridge. The wavelet
indices extracted from a calibrated model of an instrumented
bridge are used to study the applicability of the proposed
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approach to damage detection problem studies under progressive
damage scenarios.

A series of controlled load tests (pseudo-static and dynamic)
are conducted to calibrate the analytical models used for fatigue
performance prediction, load rating degradation, and real-time
condition assessment for decision support described in Chapter
6. Diagnostic load tests are generally performed to compare
the resulting structural response of a bridge with its analytical
models, estimate the load carrying capacity of an in-service
bridge and/or determine the safety and serviceability of a newly
built bridge before putting into service (Sanayei et al., 1997;
Olaszek et al., 2014). This paper highlights the advantage of
structural health monitoring, diagnostic testing and structural
modeling to provide three means of using the collected structural
response information into a decision-making approach related
to bridge management. The efficiency of the proposed case
study is defined via a cost-effective strategy integrating the
collected field data from structural health monitoring with
current engineering practices, according to the AASHTOManual
for Bridge Evaluation provisions, and model-predicted structural
response information to meet the paper objectives for “local” and
“global” performance-based assessment of an in-service bridge.
A method for fatigue assessment and load rating reduction
prediction will directly use the field responses as well as the
bridge predicted response from a calibrated structural model,
while a real-time condition assessment using wavelet packets is
presented that only requires the use of the collected structural
responses. A long term SHM program is developed based on a
short term monitoring program to design an efficient and cost-
effective layout for collection of data at locations where the bridge
components are highly susceptible to fatigue, impact damage and
excessive dynamic movements.

CASE STUDY: MEMORIAL BRIDGE

Memorial Bridge carries US Route 1 across the Piscataqua River
connecting Portsmouth, NH with Kittery, ME. The bridge is
also the only pedestrian link between the two communities, who
value this bridge as much for its function as a transportation
link as for its beauty and the access to the water views.
The original Memorial Bridge, constructed in 1923, was a
through truss vertical lift bridge. The bridge was closed to
vehicular traffic in 2012 due to structural concerns. The
new Memorial Bridge, partially funded by the Transportation
Investment Generating Economic Recovery (TIGER) program
at the Federal Highway Administration (FHWA), was opened
to traffic in July 2013. The new Memorial Bridge includes
an innovative “gusset-less” truss connection and a metalized
corrosion protective coating (see Figure 1). The gusset-less
truss connection is unique to this bridge and is the only
connection of its kind in a vehicular bridge, which makes the
verification of the design procedure vital for future applications
of this connection type (Nash, 2016). This paper will detail
the development of the instrumentation layout to support a
long term structural health monitoring program with short
term applications. The planning process to create the long

term monitoring program includes structural modeling and
data analysis as well as the preliminary model and short term
data collections that were used to assist in designing the
monitoring system.

For this case study, the instrumentation plan is focused only
on the Portsmouth-side span with a 297 ft length as well as
the Portsmouth-side vertical lift tower with a 158 feet height.
The truss elements consist of W14 section diagonals ranging in
size from a W14x90 to a W14x211 depending on location along
the span and built-up chord elements with an integral knuckle
connection. The chord elements are constructed with 1-inch and
1-1/4-inch thick web plates. The top chord web plates are 24
inches tall and the bottom chord web plates are 36 inches tall. The
flange plates range in thickness from 1–1/4-inch to 2–3/4 inches
and are 26 inches to 36 inches wide. The web-flange connection
is a 5/8-inch (1.6 cm) weld (Adams et al., 2017).

DESIGN OF STRUCTURAL HEALTH
MONITORING SYSTEM

In order to make an efficient and cost-effective plan for structural
health monitoring, several components must be considered. The
main goals for monitoring, the type of the structure, the region
and its environmental condition, the volume and type of traffic,
as well as the bridge owners’ particular demands are key factors
for successful strategic planning. Likewise, the accessibility for
installation and maintenance of the sensor networks as well as
the power and communication infrastructure available at the
bridge can significantly increase the cost of a monitoring plan
if they are not included in the design process. These factors
should be considered during the SHM design process, especially
for post-construction sensor installation.

In this case study, the proposed monitoring program was
designed based on short term and long term design strategies
to effectively capture the structural response at critical locations
that are prone to fatigue, impact damage based on bridge
operation and significant dynamic movements. These objectives
were developed through collaboration with the bridge owners
and the bridge designer. The short term approach mainly
aimed to provide bridge operators with information related to
environmental conditions, specifically wind speed, and their
impact on the vertical lift operation. The long term goals for
this SHM system are (1) monitoring the dynamic performance of
both the horizontal span and the lift tower of the instrumented
portion of the Memorial Bridge (see Figure 1), (2) the strain
distribution through the gusset-less connection for design
verification and fatigue performance assessment, including the
fracture-critical radiused weld connecting the web and flange
on the bottom chord and (3) monitoring of the impact of
corrosion overtime on load-carrying capacity given the harsh
coastal environment and that the structural deficiency due to
material loss caused the closure of the original Memorial Bridge
in 2012 (Mashayekhi et al., 2018).

The long term monitoring program was focused to
approximate an optimum number of different types of sensors
at sparse locations through which the actual performance of
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FIGURE 1 | The new Memorial Bridge connecting Portsmouth, NH to Kittery ME, highlighting the bridge gusset-less truss connection and the fixed truss span

cross-section.

the bridge can be evaluated. In addition, the limited access for
sensor installation and maintenance as well as the electrical
conduit configuration and communications capabilities were
other factors considered during the development of a cost-
effective and efficient monitoring program. The complexity of
the structural elements particularly the gusset-less connections
of the Memorial Bridge necessitates a detailed Finite Element
(FE) model, which requires a significant resource investment for
creation and analysis. Therefore, prior to embarking on a lengthy
multi-purpose modeling program, a preliminary analysis was
performed by creating a three-dimensional wire-frame structural
model of the Portsmouth-side horizontal span and lift tower
in SAP2000 R© (see Figure 2). The model was created to get an
overview of the behavior of the bridge and verify the modeling
procedures through comparison with collected acceleration
data from short term initial monitoring. It should be noted
that the monitoring program includes the Portsmouth-side of
the bridge; therefore, only the Portsmouth-side of the bridge
is included in this work. Given the output obtained from the
structural modeling in SAP2000 R©, three areas were determined
over the bridge as temporary locations for sensor installation
and short term response collection. These areas are marked
in Figure 3.

FIGURE 2 | Structural model of the south span of the Memorial Bridge in

SAP2000®.

Preliminary Short Term Monitoring
Prior to the long termmonitoring program design, it is beneficial
to get an overview of the bridge’s behavior thorough some short
term monitoring. With these goals in mind, accelerometers and
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strains transducers were temporarily deployed at three strategic
locations during six short term SHM sensor deployments (4–
6 h each) and data collections in 2015 (Adams et al., 2017). The
sensors for this monitoring were clamped in place in three areas
of the bridge, the south span at midspan (Area 1), the base of the
south tower (Area 2), and the top of the south tower (Area 3), as
shown in Figure 3. The sensors used at Area 1 included uniaxial
strain gages on the top chord and diagonals as well as uniaxial
accelerometers on the top chord and deck. Uniaxial strain gages
were used at Area 2 to capture the maximum strains in the tower
trusses during lift events and truck passages. Uniaxial and triaxial
accelerometers were placed in Area 3 to measure the vibration of
the top of the tower during lift events and truck passages.

While Figure 4A shows the data from the strain response
(blue line) and the acceleration response (red line) from Area
1 due to a truck crossing the bridge, the time-history shown
in Figure 4B corresponds to the acceleration response collected
at Area 1 during a vertical lift of the center span. This data
clearly shows the traffic stopping when the gates close for
the lift, the lifting operation, the span in the up position,
the lowering operation and the impact of the lift span as it
locks in place. The vertical lift operation provides a consistent
excitation for dynamic data collection. The correlation between
the traffic monitoring image and the structural response data was
instrumental in discussion with the bridge owners as it clearly
demonstrated the ability of the sensors to clearly capture the
difference in response between a truck and car passage.

Long Term Monitoring Program and
Associated Structural Models
The results from the temporary data collections, together with
the response predicted by the structural model and the special
considerations for the bridge, detailed in the previous section,
informed the development of a long term structural monitoring
plan installed at the Memorial Bridge, shown in Figure 5

(Mashayekhizadeh et al., 2017). The bridge is instrumented by
a series of SHM sensors including accelerometers, uniaxial strain
gauges, strain rosettes, and tiltmeters. A total number of twelve
uniaxial accelerometers are deployed for monitoring the bridge
vibration response along the length of the horizontal span and
height of the tower. The instrumentation system includes a set
of six accelerometers along the top and bottom chords of the
span on the downstream (east) truss as well as two additional
accelerometers deployed on the upstream (west) truss, allowing
the comparison of both east and west sides vibration modes.
There are also four additional accelerometers on the south facing
lift tower, where the two accelerometers installed at the base of the
lift tower on both east and west sides able one to identify torsional
motion in the tower. In addition to accelerometers, there are
clusters of five strain rosettes at two gusset-less connections on
the span, and six strain rosettes at three joints on the tower
which allow for investigation of force path through the webs of
the gusset-less connections shown in Figure 5. Uniaxial strain
gauges are mounted on a diagonal member connecting the
instrumented connections on both east and west faces of the
bridge. This is done to assess the symmetric behavior of the

bridge. There are also two bi-axial tiltmeters at the top and
bottom of the tower to study the movement of the tower due
to the wind load, bridge lifts, and combinations of the two. The
long term monitoring system was installed and operational in
March 2017.

A set of more detailed FE models were simultaneously created
in Lusas R© to assess the data given the complexity to the gusset-
less connection (see Figure 6). The structural responses predicted
by these models, once calibrated, were used to determine
the performance of the structure with respect to the design
expectations. In creating the global models in Lusas R©, as-built
drawings of the bridge, provided by the bridge owner, were used.
The element used for the shell element model (see Figure 6A),
is a four-noded quadrilateral element, QTS4, to represent thick
shell behavior due to the sizable thickness of the members.
The use of thick shell elements also provides stress results
throughout the thickness of the element. The size and shape
of the elements vary due to the geometry of each part from
irregular dimension element for the gusset-less connections to
the biggest elements for beams and cross braces to minimize
the analysis time. Given the complex geometry of the gusset-
less connection, a well-detailed FE model of the bridge is
required to provide response predictions for both the local and
global assessment of the structural performance. However, a
global FE model developed with higher dimensional elements
may not provide additional valuable performance information
with respect to project objectives and will result in a time-
consuming analysis, thereby limiting the application of themodel
for complex analyses. In this study, a multi-scale modeling
approach was applied to achieve the desired global FE model
to accurately represent the local performance of the connection
with efficient computational efforts. In order to create the
multi-scale models (see Figures 6B,C), different dimensions of
elements were connected by defining the appropriate constraint
equations at the interface point to ensure the uniformity of the
stress distributions and displacements (Mashayekhi and Santini-
Bell, 2019). In the application of the multi-scale approach for
a global model, the interface point showing the ratio of the
higher to lower dimensions of elements plays a dominant role
in the global stiffness of the structure. In addition, the interface
points surrounding the higher scale element determine the local
stiffness of the component which is required to be positioned
in optimum locations to provide a harmonic balance for
the components.

A well-detailed global model of the case study bridge (see
Figure 6A), at which all members were modeled with higher-
scale elements (shell element), was initially developed and
used as a baseline for the development of efficient multi-scale
models (Mashayekhi et al., 2018). The shell element model
was considered as the baseline to understand the structural
performance of the members which can be conveniently modeled
with lower scale beam elements without a significant decrease
in accuracy. The shell elements are indeed three-dimensional 4-
noded thick shell elements having 6-nodal degrees of freedom
(DOF) each. In particular, this model was developed to study the
continuous stress variations between the gusset-less connection
and the other connecting members to the connection.
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FIGURE 3 | Sensor’s location areas for the short term monitoring program.

FIGURE 4 | Strain and acceleration measurement at area 1, (A) during a truck passage and (B) during a lift operation at the Memorial Bridge.

The second model is the detailed multi-scale model (see
Figure 6B), that considers both the beam and shell elements in
the model. The beam elements are three-dimensional thick beam
elements that have 6-nodal DOFs. This model was developed
for simulating the lifting action of the bridge. The east and
west truss of the bridge, as well as the deck of the bridge were
modeled with shell elements. The long members that are in the
out-of-plane direction of the trusses were modeled with beam
elements. These long members include the braces in the tower
and the top of the south span, the floor beams and the skewed
floor beams. The selection of these members was based on the

beam-like performance of the members, observed in the shell
element model. The reduction in the dimension of the selected
members can significantly increase the efficiency of the model by
reducing the computation time. The development of the detailed
multi-scale model was performed through a step-wise procedure
by replacing the groups of similar members initially modeled
with shell elements with a single beam element and application
of the appropriate constraint equations. After each step of a
scale-reduction, the optimum location of the interface point was
determined by minimizing the difference between the structural
responses of the two models.
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FIGURE 5 | The instrumentation plan for the long term monitoring program of the Memorial Bridge.

FIGURE 6 | The finite element models of the bridge created in Lusas, (A) shell element model, (B) detailed multi-scale model, and (C) multi-scale model.

The third model is the multi-scale model (see Figure 6C),
at which the gusset-less connections and the deck of the
bridge were modeled with beam elements. This model was
developed for an efficient performance assessment of the

gusset-less connections under the traffic loads, which is applied
for fatigue assessment of the connection. In the detailed multi-
scale model, the remaining long members having less-complex
geometric properties including the floor beams and braces were
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modeled by beam elements while the gusset-less connections
and chord members by modeled with shell elements. Similar
beam and shell elements as those used in aforementioned
models were applied in this model. The coupling between
two different dimensions of the elements at the interface
point of the beam and shell elements were provided using
the multi-point constraint equations (McCune et al., 2000;
Mashayekhi et al., 2018).

The multi-scale models were developed with an overall aim
to create an efficient representative model by reducing the
computational time and limiting the element complexity, which
leads to a major increase in the number of degrees of freedom.
To do so, a mesh sensitivity analysis was performed to acquire
the optimum size of the mesh for the beam and thick shell
elements. For the multi-scale model, shown in Figure 6C, the
top chords, bottom chords and diagonals were also modeled
by the beam elements while the same interface coupling was
applied. The run time for modal analysis varies from 40min for
the shell model to 14min for the detailed multi-scale model.
Lastly, the multi-scale model was determined to adequately
represent both the global and local performance of the bridge
based on a comparison with structural response data collected
during a diagnostic truck load test, as detailed in section the
next section.

DIAGNOSTIC TESTING FOR MODEL
VERIFICATION OF THE MEMORIAL
BRIDGE

Load testing is a common practice among bridge engineers for
the assessment of bridge safety and serviceability. Diagnostic load
testing is one type of load test methods that helps establish a
comparison between the resulting structural response of a bridge
and its analytical predictions. This method can be used either as
a means for estimating the load carrying capacity of an in-service
bridge or as an acceptance test before the bridge is put into service
(Olaszek et al., 2014). Given a controlled load test, the calibrated
models would be beneficial to be used for operational decisions
such as those relating to maintenance scheduling and overweight
vehicle permitting. Creating a calibrated structural model that
can predict the impact of operational and environmental
variations on the lift operation and bridge performance will allow
for the creation of a data-driven decision-making matrix for
fatigue performance prediction, load rating deterioration and
real-time condition assessment.

Description of the Design and
Implementation of the Load Test for the
Memorial Bridge
A series of controlled pseudo-static and dynamic load tests were
designed and conducted on the Portsmouth span of the bridge
using a tri-axial NHDOT dump truck. The gross weight of
the truck was measured at 39 kips, including rear and front
axles weighing 22 and 15 kips, respectively (see Figure 7A).
Each run of the load test included a series of individual truck
passes to ensure collection of high-quality data with the least

measurement errors due to uncertainty and variability in the
field testing. The dynamic truck tests were conducted with the
approximate speed of 30 miles/h, the maximum speed which
could be safely attained within the limits of each lane on the
bridge. The static tests were designed for two stopping positions
on both northbound and southbound of the bridge. Figure 7B
shows the stop locations and the distribution of the loads to each
truck wheel.

With the bridge temporary closed to traffic, the collection
of data was performed using a sampling frequency of 100Hz
for all sensors deployed over the span and tower of the bridge.
The sensors were connected to a digital data acquisition system,
provided by Bridge Diagnostic Inc., collecting the monitoring
data during the test. To minimize the adverse effects of
environmental conditions on data reading, namely temperature,
for each run of the test, all sensors were zeroed prior to each
truck passage. The loaded truck was heavy enough to develop
substantial stresses in the structural members while maintaining
a linear elastic structural response. The average zero mean value
of strains, at both extremities of the recorded time-history,
developed in the instrumented diagonal shown in Figure 7C

implies the linear elastic behavior of the bridge during the load
test. In this instance, the truck was positioned on the northbound
lane of the bridge. The negative and positive signs of strain
correspond to compressive and tensile strains developed in the
instrumented diagonal, respectively. It is also noticed that the
sign of the strain changes when the truck passes the instrumented
diagonal member.

To approximate reliably the bridge structural behavior and
calibrate the finite element models created in this project, the
live load strains developed in instrumented members in addition
to bridge natural frequencies predicted by the analytical models
were compared with the bridge structural response. In this
study, the calibration of the FE models was performed based
on the pseudo-static truck load test to verify the analytical
models with respect to the bridge’s structural performance. The
following sections demonstrate the application of the proposed
diagnostic load testing for two different approaches, including
the static model calibration of the FE models developed in
Lusas R© and structural system identification of the numerical
model in SAP2000 R©. While the former approach has been
mainly considered to accurately reflect the fatigue behavior
of gusset-less joints and critical regions via the multi-scale
models, the latter approach has been used finite element
model updating and global structural condition assessment of
the bridge.

Static Model Calibration
The static calibration of the FE model using the field data is
essential to reduce possible errors induced by simplifications
or inaccurate assumptions made in model development
(Sanayei et al., 1997). Wrong assumptions are mostly caused
by insufficient knowledge about structural details, materials
properties, inevitable simplifications of the details or ignorance
of the non-structural components, and boundary conditions.
In the model calibration procedure, prior to refining the wrong
assumptions made in the model developments, it is essential to
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FIGURE 7 | Truck load testing, (A) load distribution to each wheel, (B) stop locations on northbound and southbound, and (C) strain time-history of the

instrumented diagonal.

determine the important parameters causing a deviant response
in the model. The refinement attempts are required to change
the recognized influential parameters and minimize the errors
until the desired accuracy is achieved (Catbas et al., 2007). The
strain response of the bridge at the location of the strain rosettes
has a more local property compared to the modal response.
The comparison between the strain response of the field data
and analytical model at a single node becomes difficult as the
analytical responses will be mesh-sensitive and therefore, less
considered in model calibration studies (Aktan et al., 1998).

In this case study, the strain time-history response of the
strain rosettes recorded during the quasi-static load test provides
sufficient information for static model calibration of the multi-
scale models in Lusas R©. The deck of the models at both the
northbound and southbound stop locations during the load test
was re-meshed to consider an accurate path to account for the
truck applying loads. In the initial evaluation of FE models, it
was understood that the strain response is more sensitive to
the defined boundary conditions, loading conditions and the
interface point for the multi-scale model. The refined boundary
conditions tuned with the modal response, which expressed
in the previous section, was considered as finalized and thus
did not change in this part of static model calibration. In the
static analysis of the FE models, it was realized that the strain
response of the models under the applied truck load simulated as

a distributed load and the discrete load is not effectively different.
However, more diversity in the strain responses was observed
through the change in the distance of the applied load from
the truss axles, which indicates that accurate load location has
significant impact on the model calibration effort.

In the multi-scale model, it was found that the local stiffness
of the gusset-less connection and the induced strain response can
be conveniently refined through a minor change in the interface
point location. However, in the single scale, the calibration of
the shell element model as compared to the multi-scale model
using strain response was more restricted. The contours for the
principal strain response of the developed FE models in addition
to the locations of stress concentration (nominal and hot-spot
locations for fatigue assessment) are shown in Figure 8. The
numerical results obtained from the FE models were used to
be compared to the equivalent field strain response during the
load test. The shell model, Figure 8A, shows the most uniform
stress distribution at the gusset-less connection. The minor stress
concentration areas are observed in the multi-scale models,
Figures 8B,C, at the location of the floor beam’s connection
to the gusset-less connection. The concentrated strain areas
indicate that the interface point location must be located as
a greater distance from the web of the gusset-less connection.
However, since the main objective of developing the multi-
scale models is to obtain a cost-efficient model by reducing
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the degree of freedoms, the current models were accepted and
applied for further condition assessment purposes. Table 1 shows
the comparison results between the strain responses acquired
through the structural analysis of the developed FE models with
those calculated from the field data. The representing analytical
responses belong to the horizontal strain gauges (Ex) for the
bottom connection under the truck load corresponding to the
second stop during the load test. The structural response data in
Table 1 illustrates that the detailed multi-scale model produces
lower strain responses indicating a stiffer connection, as expected
with more beam elements, when compared to the multi-scale
and shell element models. Consequently, the detailed multi-scale
model shows a better agreement to the field data compared to
other models.

The verification and calibration of the FE models were also
performed through the application of a dynamic moving load
on the models to compare with the dynamic load test results.
Model calibration under the dynamic load providesmore realistic
information on the performance of the structure. This was
performed through the application of the moving dynamic load
on the model considering the truck configurations and speed
information while neglecting the influence of the vehicle dynamic
impact in the model. Figure 9 shows the comparison between the
resulting strain time-history response of the detailed multi-scale
model, as shown in Figure 6B, in the horizontal direction (Ex)
and the strain response of the bridge recorded by a strain rosette
in the same direction.

Structural System Identification
The structural beammodel of the bridge developed in SAP2000 R©

was updated to reflect field observed structural behavior
better. The updating of the model was performed based on
a parameter estimation procedure that changes the stiffness
values of the structural members so that the error between
the analytical model and the in-service bridge is minimized.
For the Memorial Bridge, in particular, the stiffness of the
gusset-less connections is a critical concern and the mechanical
behavior of this innovative type of connection is not well-
known (Mehrkash and Santini-Bell, 2018). There are numerous
techniques for finite element model updating and structural
condition assessment for which many of these methods require
the modal properties of the structure, i.e., natural frequencies
and mode shapes obtained by processing the monitoring data
(Sanayei et al., 1999).

The diagnostic load test data was not used for model
system identification, as the lift response data provided a
larger dynamic response and would be more informative for
this operation. With a total number of twelve accelerometers
deployed on the Portsmouth-side span and lift tower of the
bridge, the accelerometers have been capturing the bridge
dynamic acceleration response continuously. However, since
the excitation source of the bridge is not known clearly, the
bridge excitation was categorized as ambient vibrations to pursue
structural modal analysis in this work. In the output-only modal
identification methods, the frequency domain decomposition is
an efficient approach for the modal extraction. For the ambient
vibration, the input can be assumed as a zero-mean Gaussian
white noise, so the power spectral density of the input is a
constant matrix. Therefore, we can write (Brincker et al., 2001):

Gyy(ω) =
∑

k∈Sub(ω)

dkφkφ
T
k

ω − λk
+

d̄kφ̄kφ̄
T
k

ω − λ̄k
(1)

where ω is the frequency, Gyy(ω) is the power spectral density
matrix of the responses, dk is a scalar constant, φk is the mode
shape, λk is the pole and “−” and T indicate complex conjugate
and transpose, respectively.

To perform the frequency domain decomposition, using the
singular value decomposition, the output power spectral density
is decomposed as follows:

Ĝyy(ω) = UiSiU
H
i (2)

where Ĝyy(ω) is the estimate of the output power spectral density,
the matrix Ui = [ui1, ui2, . . . , uim] is a unitary matrix including

TABLE 1 | Verification of the strain of the developed FE models in Lusas® with the

field data.

Strain gauge

(location)

Shell element

model

(µε)

Detailed

Multi-scale

model

(µε)

Multi-scale

model

(µε)

Field data

(µε)

A 8.03 7.99 7.86 7.50

B 6.22 6.15 7.79 8.21

C 7.98 7.85 7.93 8.00

D 7.66 6.40 6.52 7.62

E 10.82 10.66 11.03 10.03

FIGURE 8 | The principal strain contours of the Lusas® FE model, (A) shell element model, (B) detailed multi-scale model, and (C) multi-scale model.
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FIGURE 9 | Analytical vs. field time-history response at the strain gage location under the moving truck load.

vectors uij, Si is a diagonal matrix holding the singular vectors
and superscriptH denotes conjugate response.While the peaks of
the output spectrum show the natural frequencies of the system,
the first singular vector estimates the corresponding mode shape.
Figure 10A shows the acceleration time history captured by an
accelerometer located on the top chord during a lift event.

By a sampling rate of 50Hz and using a Hanning window
with 60% overlap, while a bandpass Butterworth IIR filter of
4th order with the lower cutoff frequency of 1Hz and higher
cutoff frequency of 5Hz were applied, the singular values and
their corresponding singular vectors were identified. Figure 10B
shows the output spectrum in which the peaks represent the
first three natural frequencies of the bridge. For this case, the
accelerometers on the tower of the bridge were not considered.
To make sure there is not any periodicity in the signal, only
the part of the signal between the lowering of the lift span
at the end of a lift operation and resuming of vehicular
traffic was used for the frequency domain decomposition.
While Figure 10C shows the mode shapes corresponding
to the first three vibration modes of the bridge from the
SAP2000 R© model. Table 2 compares the resulting natural
frequencies of both SAP2000 R© and Lusas R© FE models with
monitoring data.

DECISION SUPPORT USING THE VERIFIED
MODEL

Management decision related to in-service bridges must consider
resource constraints and the need to maintain the structural
health of the bridge components and the infrastructure network.
A verified structural model of a complex high-value bridge
can benefit management and operational decision-making. The
verified models of the Memorial Bridges were used to predict
fatigue damage, reduction in load carrying capacity, real-time
condition assessment and member vulnerability with respect to
likely damage scenarios.

Fatigue Damage Prediction
The radiused filet welds at the gusset-less connection of the
Memorial Bridge connecting the cold bent flanges to the web of
the connection (as shown in Figure 8) can make the weld toe of
the connection a hot-spot location. The geometric complexities
and discontinuities induce the hot-spot stresses at the toe of
the welded connections. Due to the limitations in existing
sensor installation location, the installed strain gages at the
gusset-less connection are 2-inches away from the weld toe,
as shown in Figure 5, and therefore; these sensors are able
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FIGURE 10 | Frequency-domain decomposition analysis of the bridge, (A) the acceleration time history captured by the specified sensor during a lift event, (B) the

output spectrum peaks representing the natural frequencies of the Memorial Bridge, and (C) the first three mode shapes derived from the structural model in

SAP2000®.

TABLE 2 | Verification of the bridge natural frequencies for both SAP2000® and

Lusas® FE models with monitoring data.

Mode

number

Natural frequencies (Hz)

SAP2000®

beam

model

Lusas®

shell

element

model

Lusas®

detailed

multi-scale

model

Lusas®

multi-scale

model

Monitoring

data (FDD)

1 1.23 1.49 1.50 1.56 1.61

2 2.04 2.41 2.45 2.51 2.51

3 4.17 4.04 4.03 4.07 4.77

to record the nominal strains (stress) of the connection. In
consequence, the application of the field collected nominal
strains recorded through the strain gauges for fatigue assessment
of the connection may not properly inform on fatigue status
of the component. Consequently, the acquired fatigue damage
response may lead to overestimating the remaining life of
the component.

The captured strains by the sensors at the bridge are the
nominal strains which can be less critical for fatigue damage
assessment. In this study, considerable efforts were made to
determine the hot-spot locations using the calibrated FE model
developed in Lusas R©. To measure the fatigue damage of the
gusset-less component, it is essential to determine the stress
ranges and stress cycles under the live loads experienced by
the structure. The measured nominal stress range, Snom, is
represented as the difference between the maximum stress, σmax,
and the minimum stress, σmin, measured in one stress cycle
expressed in Equation (3) (Ni et al., 2010). The hot-spot stress
range can be calculated using the Stress Concentration Factor
(SCF) through the Equation (4):

Snom = σmax − σmin (3)

Shot = (σmax−− σmin) × SCF (4)

The SCFs for the standard welded connections are well-
documented in the previous studies and available codes for
welding (IIW, 2000; Niemi et al., 2006). The SCF factors for the
complex components which are not documented on the codes,
can be measured through a validated FE model by dividing the
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hot-spot stress, σhot, by the nominal stress, σnom, expressed in
Equation (5):

SCF = σhot/σnom (5)

To determine the appropriate SCF, the numerical strain response
at the toe of the weld and the nominal strain response at
the location of the strain rosette are applied. The numerical
nominal and hot-spot stress range are computed from Equation
(5) using the time-history responses of the model, as expressed
in Figure 9. The SCF for the location of the strain rosette C is

computed using a perpendicular path starting from the strain
rosette location to the weld toe, as shown in Figure 8C. Through
the FE analysis, the SCF was acquired 1.38. The resulting SCF is
applied to be multiplied by the field collected stress ranges from
the investigating strain rosettes.

The field collected stress responses, induced by the traffic
loads have a variable amplitude property. Tomeasure the variable
amplitude stress ranges the rain-flow cycle counting algorithm
(Downing and Socie, 1982) was applied to extract the stress
range and the stress cycles through the field time-history strain
responses. The nominal stress ranges are multiplied by the

FIGURE 11 | Nominal stress vs. hot-spot mean stress range.
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measured SCF to achieve the hot-spot stress ranges. The acquired
stress cycles are applied to measure the fatigue damage index
using the S-N curve and Miner’s rule given by Equation (6)
(Miner, 1945):

D =
∑

i

ni

Ni
(6)

where ni denotes the number of the cycles for the stress range, Si
and Ni is the number of cycles to failure at the stress range of Si.
In applying the S-N curve for the fatigue damage measurement,
the novel gusset-less connection is not categorized among
the recognized components existing in American Association
of State and Highway Transportation Officials (AASHTO)
fatigue categories. However, the Category C is considered
for component investigating at the toe of the weld based
on the designer’s assumptions and the AASHTO categorized
specifications considered for the filet welds (AASHTO, 1995).
Also, category B is considered for the nominal stress ranges.
Figure 11 illustrates the results of the mean stress histograms
at the hot-spot location of the weld toe and the nominal stress
at the instrumented locations of the gusset-less connections.
The results of the nominal and hot-spot stress ranges as well
as the associated fatigue responses are expressed in Table 3.
The resulting fatigue responses due to the limited number of
cycles are still representing infinite fatigue life. However, it can
be observed for the considering period, the hot-spot fatigue
response is about four times of the nominal fatigue response. In
the longer periods of data collection, higher number of cycles
of stress ranges are achieved. With the higher recorded cycles of
stress ranges (considerable for fatigue assessment), the difference
between the nominal and hot-spot fatigue responses can be
infinite and finite reports of the remaining life of the component.
Consequently, it is essential to measure the nominal and hot-spot
fatigue responses in evaluating the health status of the fracture
critical structural components.

Load Rating Degradation Due to Damage
Scenarios
The calibrated structural model created in SAP2000 R© was used
for reliable assessment of the bridge actual condition subjected to
likely damage scenarios. In particular, such models can be used to
verify how the damage of one or more particular member(s) may
degrade the load carrying capacity or load rating of the bridge.
The load rating of a bridge is defined as (AASHTO, 2011):

RF =
C − (γDC)(DC)− (γDW)(DW)

(γLL)(LL+ IM)
(7)

where RF is the rating factor, C is the capacity of one member,
DC, DW and LL are Dead load effect due to structural
components and attachments, Dead load effect due to wearing
surface and utilities and Live load effect, respectively. Also γDC,
γDW and γLL are LRFD load factor for structural components
and attachments, LRFD load factor for wearing surfaces and

TABLE 3 | The results of the nominal and hot-spot stress ranges as well as the

associated fatigue responses for the Lusas® FE model.

Nominal

stress range

(ksi)

Hot-spot

stress range

(ksi)

Number of

cycles

Number of

considered

cycles in a

period

Nominal

fatigue

response

Hot-spot

fatigue

response

8.20 11.31 12 500 5.51E-7 3.95E-6

9.11 12.57 9 500 5.67E-7 4.06E-6

10.03 13.84 5 500 4.60E-7 3.01E-6

2.69E-6 11.02E-6

utilities, and live load factor, respectively and IM is the dynamic
load allowance.

For instance, if a bottom chord of the bridge in the middle
of the fixed-span and its neighboring diagonal is hit by a vessel
collision, the load rating capacity of the bridge is diminished.
Based on the intensity of the ship collision, one may consider
various percentages of damage. If the damage intensity is
simulated by reduction of property modifiers of the damaged
members in the analytical model and the capacity of the
damaged member is diminished by corresponding reduction
factors, the degradation of load rating of the bridge can
be obtained. The calibrated model of the bridge was used
for understanding the bridge capacity due to likely damage
scenarios. Figure 12A shows a typical example of the load rating
degradation of the bridge based on the bending capacity of the
damaged bottom chord and its neighboring diagonal as shown
in Figure 12B. The redundancy of the structural system allows
for load redistribution to surrounding health members. This
analysis indicates that these members do not need to be repaired
but it does demonstrate the design system redundancy and
safety factor.

Real-Time Condition Assessment for
Operational Decision-Making Protocol
When a bridge experiences an unexpected occurrence of
accidental events, such as the vessel collision as expressed in
the previous section, a major concern for bridge managers is
effective and informed operational decision-making with respect
to the remaining capacity of the bridge. This protocol could be
functional via the monitoring data collected through a long term
SHM system to predict the bridge structural behavior in the
presence of damage. Since theMemorial Bridge is a relatively new
bridge suffering no damage so far, in a parallel study, considerable
efforts were performed to take advantage of the frequent and
repeated lift operations that impart a significant impact load on
the bridge. The simulated lift impact vibrates the fixed-span of
the verified SAP2000 R© model so that the resulting accelerations
can be collected under varying health and damage scenarios. The
principal concept behind the excitation technique is explained in
detail by Shahsavari et al. (2018a).

Given the load rating reduction estimated by the bridge
analytical model, an integrated decision-making protocol
combining different approaches will be beneficial to bridge
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FIGURE 12 | Load rating calculation due to the ship collision, (A) load rating degradation of the bridge, (B) damaged members due to a ship collision.

managers for making decisions on the damaged (pre-repair)
state of the structure with respect to different damage scenarios.
Therefore, in this case study, the verified structural model was
used as a baseline to (a) determine the structural system response
for damage detection using the combined application of signal
processing and statistical pattern recognition techniques and (b)
investigate the bridge decreased load carrying capacity according
to the AASHTOManual for Bridge Evaluation (AASHTO, 2011).
Various damage scenarios were modeled near the mid-length
of the fixed-span to simulate damage caused by truck accident,
vessel collision, fatigue damage in the gusset-less connection, and
loose bolts. These case scenarios were simulated to be reflective
of likely damage scenarios jeopardizing the structural safety and
serviceability of the bridge under operating conditions.

A damage detection criterion relying on the wavelet energy
rate index of acceleration signals was proposed to continuously
post-process the bridge collected dynamic data as a means for
real-time condition assessment. The damage detection procedure
of Shahsavari et al. (2018a) was employed to discriminate
between two different states of the structure using the collected
acceleration data obtained from the SAP2000 R© model at pseudo-
sensor (accelerometer) locations throughout the bridge model.
For each structural condition, the bridge was subjected to
multiple random excitations to simulate the frequent and
dynamic impacts of the bridge movable (lift) span on the fixed-
span and tower. The Wavelet Packet Component (WPT) was
used to determine how the bridge system response will be
affected by damaged-induced change in dynamic properties. By
definition, the wavelet packet function is expressed by:

ψi
j,k (t) = 2j/2ψi

(

2jt − k
)

, i = 1,2,3,... (8)

where i, j, and k denote the modulation, scale, and translation
parameters, respectively. The wavelet packet component f ij (t) is
given by:

f ij (t) =

∞
∑

k=−∞

cij,k (t)ψi
j,k (t) (9)

where ci
j,k(t) is the wavelet coefficient at time instant (t). In

theory, the wavelet coefficient is used as a scalar value specifying

the degree of correlation between the wavelet function and the
analyzed portion of the signal at an instant of time. The WPT is
based on a binary decomposition algorithm in which each level of
decomposition (j) offers 2jnumber of wavelet packet components
(i) in total. The energy distribution (E) of the wavelet packet
component f ij (t) is computed by:

Ef ij (t)
=

∫ ∞

−∞

(

cij,k (t)
)2

dt (10)

Given that the energy rate index corresponding to acceleration
time-series are highly correlated to structural dynamic
characteristics, the average energy rate index investigated
from the energy distribution of all accelerometers was used
as representative of the bridge dynamic response for different
structural conditions. The proposed damage detection criterion
is based on performing a control chart analysis on the wavelet
packet averaged data for feature classification between different
states. The core of the control chart analysis is to enclose the
inherent variations of the wavelet-based vibration features,
measured in the healthy state of the structure, within two
threshold lines (upper and lower control limits). Given
the statistical enclosure, an exceedance of sample mean µ

corresponding to alternate (damaged) models beyond the
control limits can be attributed to the presence of unusual
sources of variability with high confidence.

For this case study, the statistical baseline was constructed
by enclosing the reference data within plus and minus three
standard deviations σ from the sample mean µ for the
undamaged state of the bridge, resulting in a 99.7% confidence
interval. Figure 13 represents the control chart analysis of sample
(wavelet) data due to damage induced to the bridge members by
the vessel collision shown in Figure 12B. In this instance, various
levels of damage, ranging from 10 to 90% reduction in cross
sectional properties of the damaged members, were simulated to
account for the intensity of the potential ship impact. As shown in
the graph, as the damage level increases the average normalized
energy of signals increases which in turn may cause sample data
to exceed the threshold lines based on the observations measured
in the reference (undamaged) state of the bridge. The proposed
approach was mainly developed tomake the bridge owners aware
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FIGURE 13 | Control chart analysis for incremental levels of damage due to the ship collision.

of a significant change in the system performance due to likely
damage to determine the need for more costly actions, either
through a targeted visual inspection for areas of potential damage
or model updating and parameter estimation depending on the
available data (Santini-Bell et al., 2007; Sanayei et al., 2011).

In general, the wavelet-based decision-making methodology
consists of different steps sequentially come after each other.
Once the source of damage is identified, the next step is to
assess the damage impact on the load carrying capacity of the
bridge, which is quantified by load rating concept using the
AASHTO design code provisions, Equation 7, to better prioritize
management strategies for a deteriorated bridge. The proposed
protocol was developed to demonstrate how the use of sensor
technology and structural modeling combined with enhanced
methodologies and engineering practices can yield reliable
bridge condition assessment and proactive visual inspection
and subsequent load rating evaluation on demand basis. This
approach not only provides bridge owners with additional time
and flexibility for maintenance and rehabilitation of deteriorated
bridges, but it also can facilitate a better resource allocation to
repair or replace damaged components.

CONCLUSION

This paper presents a case study to better prioritize the
management strategies for smart and in-service bridges
instrumented by structural health monitoring sensors. The paper
is structured in a manner that provides three means of using
the collected structural response information, diagnostic testing
and structural modeling into a decision-making approach.
The Memorial Bridge, owned by New Hampshire and Maine
Departments of Transportation, is outfitted with a number of
monitoring sensors to continuously monitor the bridge response
from structural performance to fatigue assessment and load
rating reduction prediction using the bridge calibrated analytical

models developed in Lusas R© and SAP2000 R©. These models are
developed based on local and global performance assessment
goals. Themain finding is that themulti-scalemodeling approach
developed in Lusas R© is promising to accurately represent the
local performance of the bridge gusset-less connections for
fatigue evaluation whereas the SAP2000 R© wired-based model
has a high potential to predict the system response and load
rating degradation due to likely damage scenarios or excessive
change in dynamic characteristics.

The fatigue assessment results represent infinite fatigue life
for the bridge gusset-less connection, the measured fatigue
damage response at the hot-spot region is about four times of
the estimated fatigue response for the nominal stress location.
Based on this observation, both the nominal and hot-spot fatigue
responses are essential for evaluating the health status of the
fracture critical complex structural components.

This paper also presents the application of a wavelet-based
method based on the real-time data collected from the SHM
sensors to quantify the change in the bridge system response in
the presence of likely damage scenarios. The proposed approach
demonstrates how the SHM data collected from an instrumented
bridge can be integrated into an objective decision-making
protocol with the aim to reliability assess the actual condition
of deteriorated bridges on demand basis and facilitate a better
resource allocation for bridge maintenance. The vessel impact
is assessed using the wavelet-based damage detection criterion.
For the case scenario at which the damage has reached its critical
level, the results indicate that there is statistically significant
evidence to detect a noticeable change in the bridge performance.
If the bridge experiences a vessel collision causing a significant
reduction in the overall capacity of the target members as
modeled in this work, ≥90% of the member capacity, deliberate
actions should be taken immediately to reduce demand or
replace the damaged members. Potential actions include setting
management strategies such as closing the bridge, posting load
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limits, and performing analytical investigations to repair or
replace the damaged members.

This practice demonstrates the need for establishment
of performance-based warning systems to proactively
keep informed the bridge managers and maintenance
engineers of any appreciable change in global response of
important transportation infrastructure. Further studies are
underway presenting a more reliable methodology to better
support operational decision-making protocols for structural
condition assessment using the AASHTO LRFD Bridge
Design Specifications.
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