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Executive Summary

A pilot structural health monitoring (SHM) project has been initiated at the Cut River Bridge
along U.S. Route 2 in Michigan’s Upper Peninsula. The project is focused on developing the
Michigan Department of Transportation’s (MDOT) connected vehicle/technologies (CV)
initiatives and meeting MDOT’s core goals of safety, mobility, asset management, and planning.
The structure is a three span, cantilevered deck truss and is a fracture critical structure. After the
collapse of the 1-35W Bridge over the Mississippi River, fracture critical structures have received
additional scrutiny in an effort to prevent a similar catastrophic event from occurring. Installing a
structural health monitoring system (SHMS) at the Cut River Bridge presented MDOT with a
method of closely monitoring the fracture critical structure and working towards its CV initiatives
and core goals. Additionally, the pilot project would provide valuable lessons learned for
employing the SHMS technology at future bridge locations throughout Michigan.

The SHMS consists of fiber optic strain gauges, a weigh-in-motion (WIM) station, traffic
sensors, environmental deck sensors, cameras, and a weather station. Due to the remote location
of the bridge, the system utilizes wireless technology to transmit the data to MDOT through a
series of radio towers installed at the bridge, the Mackinac Bridge, and the Mackinac Bridge
Authority office in St. Ignace. From there, the collected data is available through MDOT’s
computer network. The system was designed to provide MDOT with real-time information from
the structure that can be accessed from any MDOT location. Once the SHMS system is fully
operational and the research complete, the final stage in the pilot project is integration of the SHMS
with MDOT’s Data Use Analysis and Processing (DUAP) project. This final step will aid in
automating and monitoring the real-time information from the structure. Through the DUAP
project, the SHMS will be able to alert MDOT and emergency personnel of any detected structural
safety issues as they occur. Other conditions such as weather and traffic can be monitored as well.

Throughout the course of the project, there have been many delays due to various issues with
the equipment, including power supply and communication equipment. These have limited the
amount of data collected during the course of the project. However, an analysis was able to be
performed with the available collected data. Additionally, a three dimensional (3D) finite element
model was developed using the LUSAS finite element software and calibrated to more closely
match the actual results from the bridge to aid in understanding the behavior of the entire structure.
Sufficient data was collected to calibrate the 3D model.

Recommendations and improvements are presented based on the analysis of the data and the
issues experienced with the data collection. The recommendations are oriented towards improving
the reliability of the current system, integrating with MDOT’s Data Use Analysis Processing
(DUAP) project, and lessons learned that can be applied to future SHMS projects. A common
theme among the recommendations is incorporating redundancy into the system. Redundancy with



the monitoring and communication equipment will greatly enhance the reliability of the system
and ensure the structure is continuously monitored with minimum disruptions.

Xi



1

Introduction

1.1 Background

The Michigan Department of Transportation (MDOT) has deployed a pilot project at the
Cut River Bridge to investigate and develop a Structural Health Monitoring System (SHMS)
that will aid in MDOT’s Connected Vehicle (CV) Program. Connected vehicles aims to
increase safety, mobility and reduce emissions by deploying vehicle to vehicle (V2V)
communications and vehicle to infrastructure (V21) technologies. The project utilizes a variety
of sensors to monitor the structural behavior of the bridge and other conditions at the site. The
SHMS will be able to report an overstressed critical member in the bridge, overweight trucks
on the highway, weather, traffic conditions, and bridge deck environmental condition state.
The goal of the project is to determine how the use of sensors installed on the bridge can be
used to collect data to monitor structural behavior and to evaluate safety, mobility, asset
management and planning applications with the remote sensors. The project also investigates
and makes recommendations for a future SHMS deployment at other bridge locations in
Michigan.

The Cut River Bridge is located on U.S. Route 2 approximately twenty five miles west of
St. Ignace in Michigan’s Upper Peninsula between the towns of Epoufette and Brevort, in
Henricks Township, Mackinac County (Figure 1). The structure is a three span, cantilevered
deck truss that spans the Cut River Valley where it meets Lake Michigan (Figure 2). It carries
two lanes of U.S. Route 2 traffic over the Cut River (Figure 3). The structure was constructed
in 1947 and considered historic. U.S. Route 2 is one of the primary highways in the Upper
Peninsula and is a vital transportation link for the region. Residents, logging trucks, campers,
and tourists traveling through the Upper Peninsula cross the bridge daily. The ADT at the
bridge is 4,100 vehicles. Roadside parks are located on both sides of the bridge.

There are several types of sensors that have been installed at the bridge. The SHMS at the
bridge is powered by batteries located in a concrete vault near the east abutment. Five solar
panels situated on a tower adjacent to the bridge provide charge to the battery system. All the
collected information is delivered from the tower wirelessly to MDOT. To perform the
structural health monitoring (SHM), sixteen fiber optic strain gauges have been installed on
several primary tension members in the deck truss. In addition, four temperature sensors were
mounted adjacent to four of the fiber optic strain gauges. The temperature sensors aid in
correcting for any “drift” of the strain gauges due to temperature effects. In order to understand
the truck loads causing the observed strains, a weigh-in-motion (WIM) station was placed
underneath the roadway approximately two miles east of the bridge. The WIM station provides
axle weight and spacing for any truck traveling on the highway.
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Figure 1: Location Map

Other types of equipment have been installed at the bridge as well. Two sets of traffic point
detectors are located in the east approaches to the bridge to capture traffic speed, volume, and
occupancy. There are two bridge deck environmental sensors that provide data on the bridge
deck such as moisture content, deck temperature, chloride content, and icing conditions. There
are closed-circuit television (CCTV) cameras at the bridge and at the WIM station to deliver
visual verification and quality control of the data from the other sensors. MDOT installed an
Environmental Sensor Station (ESS) to capture weather data and correlate the data obtained
from the other sensors at the site.

Data collection from both the fiber optic strain gauges and the WIM station started in early
2013. Communication and software advancements such as calibrating the fiber optic strain
gauges, were made which provided consistent collection of data starting in March of 2014.
Connection with the instruments at the structure was obtained for several months, sufficient
enough to obtain a data sample size for this report. Data has not been collected since September
of 2014 due a lack of communication with the bridge.
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1.2 Objectives and Scope

The Cut River Bridge is instrumented as a part of a research project to determine the
feasibility of collecting data to monitor structural behavior, evaluate safety, mobility, asset
management and planning applications using remote sensors. The bridge was selected for
instrumentation due to its stand-alone remote location without power, extreme weather
conditions at the bridge site, and long distance communication challenges between the bridge
and the monitoring location. Developing a functional SHMS at the Cut River Bridge will create
a blueprint for future SHMS that could be applied anywhere throughout the state of Michigan.

The research objectives to be accomplished include:

1. Analyze the ability of data retrieval in a remote environment using an off-grid power
supply.

2. Analyze communication and data collection from several infrastructure sensors.

3. Analyze the ability to collect, store, archive, and use infrastructure data collection for
comparisons, correlations, asset management, and control purposes.

4. Analyze the ability of vehicle probe data collection and dissemination.

5. Provide recommendations for integration with the DUAP project to automate the
SHMS which includes threshold strain values to be used in an early warning system for
the structure.

The scope of the project also includes the development and calibration of a 3D finite
element model. The finite element model assists in the assessment of the remaining structural
members that are not equipped with fiber optic strain gauges, and is also used in the load rating
of the structure. The model is calibrated using the data collected from the strain gauges and
from the WIM station.

The project is also a part of MDOT’s CV initiatives to connect infrastructure with vehicles.
CV relies on wireless technology for the vehicles and the infrastructure to communicate with
each other to increase safety and mobility (Underwood, Cook, & Tansil, 2008). The
instruments and sensors provide real-time information on the current conditions of the bridge;
all of which are transmitted wirelessly. The information is currently being used by engineers
to monitor the health of the structure. The weather and traffic information can be incorporated
into MDOT’s MiDrive system for the travelling public to use. The information can be readily
available to diagnose and resolve any potential issues in a more timely fashion.

The Cut River Bridge SHM project also aids in advancing MDOT’s core goals of safety,
mobility, asset management, and planning. Safety is enhanced in multiple ways with the
project. Critical structural members of the bridge can be monitored through the SHM. The
bridge is considered a fracture critical structure. According to the National Bridge Inspection



Standards (NBIS), the definition of a fracture critical member is *“a steel member in tension or
with a tension element, whose failure would probably cause a portion of or the entire bridge to
collapse” (Lwin, 2012). Typically, a fracture critical structure is inspected once every two
years. However, the inspection will only observe and record defects of the structure that are
identified visually or through non-destructive evaluation (NDE). The stress in the structural
members of the bridge is not evaluated and can only be observed if a member is experiencing
noticeable deformation. With the SHMS, the stress in the critical members can be monitored
and comparisons between the demand and the capacity of the structural member can be made.
The monitoring serves as an early warning system for any potential overstressing in any
structural member. This is especially important with a fracture critical structure where little to
no visual warning may be given before a failure. When a threshold strain value for safety is
surpassed, the system can be designed to alert MDOT and emergency response staff of a
potential concern at the bridge. Safety can be improved with the environmental and weather
sensors as well. Unsafe weather conditions such as poor visibility and ice buildup on the deck
can be observed and relayed to motorists in a timely fashion.

MDOT’s other core goals of mobility, asset management, and planning all tie in to the Cut
River Bridge SHM project. Mobility can be increased with the real-time data stream that can
immediately alert MDOT of traffic issues at the site. Maintaining the safety of the structure
and avoid frequent closures also improve mobility. Asset management and planning are
enhanced with the better estimation of the remaining service life of the structure using the
collected data and also determine the elements that may require rehabilitation. The SHMS can
aid in determining load distribution between structural members, which may be an indication
of section loss and changes in stiffness of the structure. With the accurate measurements of
forces in the structural members, the ability of the structure to continue safely carrying traffic
is better estimated. This will help MDOT in planning any future repairs and assessing any risks
associated with the bridge. The effectiveness of repairs can be monitored by comparing the
strain values before and after a retrofit is made, which will also aid in estimating remaining
service life.

The pilot project at the Cut River Bridge is also intended to serve as a model that can be
used at other bridge locations throughout Michigan. Lessons learned from this project will help
with future implementations of SHM at other bridge sites. Given the remote location of the
bridge, lessons learned would be applicable to any future on or off-grid SHMS. The same
benefits to MDOT’s CV initiatives and core goals can also be accomplished in future
applications.



2 Literature Review

The literature review for this project has been divided into two parts. The first is a general
overview of SHM projects that have been performed previously. The second part is related to
estimating the dynamic impact factor of trucks crossing bridges. Estimation of dynamic impact
factors from collected data is important in order to calibrate the finite element model
established for the bridge. See Appendix O for literature review.

3 Devices and Equipment

3.1 System Overview

Data for the Cut River Bridge SHM project was collected from two locations. One location
is approximately 2 miles east of the bridge along U.S. Route 2. This site consists of a weigh-
in-motion (WIM) sensor, a data logger, and a traffic camera. A traffic camera and an antenna
at this site are mounted on a 120 feet tower. This antenna transmits data from the WIM station
to the bridge site. Equipment at the bridge consists of strain gauges, traffic sensors, pavement
sensors, a traffic camera, and an Environmental Sensor Station (ESS). A concrete vault is used
to house the data logger in addition to batteries for powering the equipment. A 70 feet high
tower at the bridge site is used to mount the traffic camera, solar panels for charging the
batteries in the vault, and a 3 feet dish antenna. The antenna transmits the data from the WIM
station and sensors at the bridge site to an antenna at the top of the south Mackinac Bridge
tower. The data is then transmitted to the Mackinac Bridge Authority (MBA) office as well as
the MDOT St. Ignace Maintenance Garage. From the maintenance garage, the data is made
available to access via internet connection. This system is shown schematically in Figure 4.
Details of each component are described in further sections.

3.2 Weigh-in-Motion (WIM) Station

A WIM Station was installed approximately 2 miles east of the Cut River Bridge along
U.S. Route 2. This is used to record the weights and spacing of axles of passing trucks as well
as other information. The WIM station installed is a Mettler Toledo Virtual By-Pass WIM.
Figure 5 shows the WIM station tower used to mount the antenna, the pole used to mount the
traffic camera, and data logger.



This system captures truck information while it passes across at normal highway speeds.
This type of system was calibrated by the manufacturer according to ASTM E1318-09 to
produce the static weights of the trucks. It was installed under the pavement, undetectable to
motorists. Data from the WIM station is made available to special authorities such as the
Michigan State Police (MSP).

The WIM station is powered via the electrical grid. The data is transmitted through the
series of antennas as previously described and finally made available from any computer with
an internet connection. A separate secured communication backhaul system for the WIM is
used by MSP.
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Figure 5: WIM Station

3.3 Strain Gauges & Temperature Sensors

Fiber optic strain gauges and temperature sensors are used for strain measurements. These
sensors utilize fiber Bragg grating (FBG) technology. A fiber Bragg grating is an area within
a fiber optic cable with a specific refractive index. As light passes through the fiber and the
grating, the wavelengths are continuously measured. In an unstressed state, some light within
a certain narrow band of wavelengths is reflected. When the bridge member, and thus the
grating, is stressed, the refractive index changes and the band of reflected wavelengths is
shifted. The strain in the bridge member is determined by measuring this shift in reflected
wavelengths (Micron Optics, Inc., 2015).

Other types of strain gauges were available to use for this project such as electrical foil or
vibrating wire gauges. Fiber optic strain gauges offered many advantages over these types such
as:

e Greater strain range

e Longer fatigue life

¢ Not affected by surrounding electromagnetic waves
e Faster sampling rates



The strain gauges are manufactured by Micron Optics. The model numbers of the strain
gauges and temperature compensation sensors are 0s3110 and 0s4100, respectively, shown in
Figure 6. The strain gauge and the temperature sensors are designed to work together to provide
accurate measurements of the strain in the bridge. The strain gauges measure strain
experienced by the material. The strain readings are corrected for thermal effect through
temperature sensors.

_— - - e
e _ ;
—‘.‘;. AL R B e R—————
— —
™

Figure 6: Strain Gauge (Top) and Temperature Sensor (Bottom)
(Micron Optics, Inc., 2014)

The sensors were tested by the manufacturer for thermal cycling, high temperature and
humidity soak, and fatigue testing with acceptable results. The operating temperature range is
-40 to 120°C (150°C short-term). The strain limits are £2,500 pe. The fatigue life is 100 x 10°
cycles, £2,000 pe. See Appendix B and Appendix C for specifications of strain gauge and
temperature sensors, respectively.

The strain gauges are located at the midspan of the two (2) diagonal and the two (2) top
horizontal truss members in the panels adjacent to the east pier. The gauges were installed at
both the inside and outside faces of each of these members at the north and south truss for a
total of sixteen (16) locations. Temperature sensors were installed adjacent to the strain gauges
only at one (1) diagonal and one (1) top horizontal truss member. They were installed on the
outside face of each of these members at the north and south truss for a total of four (4)
locations. Locations of the gauges and sensors are shown in Figure 7 through Figure 10.
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emp. Sensors

Figure 10: Strain Gauge Locations (Looking North)

A list of the sensors is as follows:

SS_U4 U5 Outside_Strain
SS_U4_U5_Inside_Strain
SS_U4 U5 Outside_Temp
SS L4 _U5 Outside_Strain
SS_L4 U5 _Inside_Strain
SS_L4_U5 Qutside_Temp
SS_L6_U5 Outside_Strain
SS_L6_U5 Inside_Strain
SS U5 U6 _Outside_Strain
SS U5 _U6_Inside_Strain

NS_U4 U5 Outside_Strain
NS_U4 U5 Inside_Strain
NS_U4 U5 Outside_Temp
NS_L4 U5 Outside_Strain
NS L4 U5 Inside_Strain
NS_L4 U5 Outside_Temp
NS_L6 U5 Outside_Strain
NS_L6_U5_Inside_Strain
NS _U5 U6 _Outside_Strain
NS_U5 U6 _Inside_Strain

“SS” strain gauges are located on the south truss, while “NS” strain gauges are located on
the north truss. Since the sensors were mounted on steel surfaces, they were installed by spot
welding. Per the manufacturer recommendations, the surface of the steel was prepared by

12



removing the paint and thoroughly cleaning the surface. The sensors were installed and then
covered and protected from the outside elements (strain gauge covered with tape and brushed
over with organic zinc rich primer). An installed strain gauge and temperature sensor are shown
in Figure 11.

As previously mentioned, as light passes through the fiber optic cable and through the
sensor its wavelength changes as the strain in the FBG sensor, and thus in the bridge member,
changes. The Micron Optics sm130 Optical Sensing Interrogator is connected to the sensors
and used to continuously measure these wavelengths. It is powered by a 12V DC solar power
system located in the concrete vault. The data from the interrogator is transmitted through the
series of antennas as previously described and finally made available from any computer with
an internet connection. The interrogator is shown in Figure 12 with specifications given in
Appendix D.

Figure 11: Installed Strain Gauge and Temperature Sensor

13



Figure 12: Optical Sensing Interrogator sm130
(Micron Optics, Inc., 2014)

3.4 Traffic Sensors

Traffic sensors were installed at the bridge site to count the vehicles that cross the bridge.
Four (4) Sensys VSN240 traffic sensors were installed in the pavement east of the bridge with
two (2) sensors in each lane. Each sensor transmits data wirelessly in real-time to a nearby
Sensys AP240 access point. Two-way communication with the access point allows firmware
for the sensor to be updated as well as transmitting traffic data. The sensors require very little
power which is provided by internal, non-replaceable Li-SOCI, 3.6V battery packs with an
average life of approximately 10 years. The access point is powered via the solar power system
located in the concrete vault through a 48V PoE connection. The operating temperature range
of the sensors and access point is -40°F to 176°F. The wireless nature of the sensors provided
a simple installation by core-drilling into the pavement, placing the sensor inside, and then
filling the core with epoxy. Traffic sensor installation is shown in Figure 13 and Figure 14.
The specifications of the sensors are included in Appendix E. The per-lane data processing
capabilities of the access point include: counts (volume), occupancy, average and median
speeds, binned speeds and vehicle lengths over selectable time intervals. The per-vehicle data
processing capabilities include: initial vehicle detection time, gap, speed, and length. The data
from the access point is then transmitted through the series of antennas and finally made

14



available from any computer with an internet access. The access point is shown in Figure 15
with specifications included in Appendix F.

15



Figure 13: Traffic Sensor

Figure 14: Installed Traffic Sensor
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Figure 15: Traffic Sensor Access Point
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3.5 Environmental Sensor Station

An Environmental Sensor Station (ESS) was installed at the bridge site to provide data
regarding the ambient weather conditions at the bridge. Equipment installed on the ESS tower
is able to measure air temperature, relative humidity, wind speed and direction, precipitation
accumulation, and two (2) surface temperatures. All devices at the ESS are powered via a self-
contained solar power system for all sensors attached to the ESS. The equipment was provided
by Campbell Scientific and includes:

e Vaisala HMP45C Temperature and Relative Humidity Probe with 41003-5 Solar
Radiation Shield, shown in Figure 17. Specifications are included in Appendix G.

e RM Young 05103 Wind Monitor, shown in Figure 18. Specifications are included in
Appendix H.

e Texas Electronics TE525WS Rain Gauge, shown in Figure 19. Specifications are
included in Appendix I.

Two (2) IRS21 Lufft Intelligent Road Sensors were installed in the bridge deck
approximately 15 feet from the east abutment with one sensor in each lane as shown in Figure
16 above. The sensor power and data leads were trenched in the roadway and connected to a
data logger on the ESS tower. The sensors measure road surface temperature, up to two (2)
sub-surface temperatures, salt concentration, water film height, and road condition (dry, damp,
wet, ice, snow, residual salt, freezing). The salt concentration measurements are used to
determine the freeze temperature. A pavement sensor during installation is shown in Figure
20. Specifications are included in Appendix J.

The data logger is the CR1000 by Campbell Scientific. The operating temperature range
for the data logger is -13°F to 122°F. The data logger is shown in Figure 21. Specifications of
the data logger are included in Appendix K. Data from the ESS is transmitted to the data logger
on the tower and then through series of antennas and finally made available from any computer
with an internet access. The ESS tower is shown in Figure 22.
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Figure 17: Temperature and Relative Humidity Probe
(Campbell Scientific, Inc., 2015)
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Figure 18: Wind Monitor
(Campbell Scientific, Inc., 2015)

20



Figure 19: Rain Gauge
(Campbell Scientific, Inc., 2015)

Figure 20: Lufft Intelligent Road Sensor
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Figure 21: ESS Data Logger
(Campbell Scientific, Inc., 2015)
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Figure 22: Towers at Bridge Site
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3.6 Traffic Cameras

Traffic cameras were installed to provide a real-time visual of the site and provide
verification of conditions observed by the equipment. The cameras were installed at two (2)
locations: the bridge site and the WIM station. The camera at the bridge site is the NetCamSC
ip camera shown in Figure 23 with a screenshot shown in Figure 24. This camera has a
resolution of 5 megapixels and an operating temperature range of -40°F to 122°F.
Specifications are included in Appendix L. The camera is powered by a 48V PoE connection
to the solar power system in the concrete vault. The camera at the WIM station is the Axis
211M as shown in Figure 25 with a screenshot shown in Figure 26. This camera has a
resolution of 1.3 megapixels and an operating temperature range of 32°F to 113°F.
Specifications of the camera are included in Appendix M . The live video feeds are then
transmitted through the series of antennas and finally made available from any computer with
an internet access.
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Figure 23: Traffic Camera at Bridge Site
(StarDot Technologies, 2015)

™
STH H I]I]‘Il Window Size Mode
Apply

Technologies

Cut River Bridge Fri May 17 2013 0948:13 AM
Internal Termperature (F) 95.9°

Figure 24: Bridge Camera Screenshot
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Figure 25: Traffic Camera at WIM Station
(Axis Communications, 2015)

Cut River %WIM Camera 2013-06-13 11:09:44

068/ 2005 1207 PM
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000

Figure 26: WIM Station Camera Screenshot
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4  Data Collection and Processing

4.1 Data Collection Overview

All data from the Cut River Bridge was able to be collected from any computer with
internet access. The data was collected from a computer located at the Engineer’s office. This
computer was equipped with the necessary software to collect data from the site. It was also
equipped with a Comtrol DeviceMaster, shown in Figure 28, in order to obtain the data from
the WIM station. Specifications for this device are included in Appendix N. This device acts
as an adapter between the incoming Ethernet connection and the serial port connection which
is used by the WIM station software. The objective of the data collection process was to be
able to obtain data regarding weights and axle configurations of the trucks that cross the bridge
as well as the strain in the bridge members caused by these trucks. After the data collected, it
was then processed to correlate the truck information with the strain information. This
information is useful to make comparisons between actual loads experienced by the bridge to
the design loads according to current AASHTO and MDOT standards. Data regarding traffic,
pavement, and weather conditions was also collected throughout this process. Details of each
component are described in further sections.

4.2 Truck Data

4.2.1 Introduction

The truck information from the WIM station was collected throughout the data collection
phase of this project. The information collected included lane, time truck crossed the WIM,
axle weights, gross weight, number of axles, axle spacing, total length, and truck class. This
data is used to gather information with regard to trucks that currently cross the bridge.

4.2.2 Methodology: Data Collection and Processing

Truck information was acquired using WPC software by International Road Dynamics
(IRD). This software collects data from the WIM station and also provides a message if a truck
weight exceeds a threshold value. The WPC software is not able to save collected data and
therefore, another software, Advanced Serial Data Logger by AGG Software, is used to save
the collected data. A screenshot showing WPC and Advanced Serial Data Logger is shown in
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Figure 27. The data was saved in a spreadsheet with each daily recorded data saved in a
separate file. This data was then compiled into one spreadsheet which contained all data
collected from the WIM station.

The speed of the truck crossing the WIM station was used to calculate the time the same
truck crosses the bridge. The WIM station is located approximately 2 miles east of the bridge
and based on the recorded truck speed, the travel time to the bridge was determined. To
determine the time a truck crossed the bridge, the travel time was added to the time it crossed
the WIM station if it was travelling westbound. Similarly, the travel time was subtracted from
the time it crossed the WIM station if the truck was travelling eastbound. This time is used
when correlating the WIM station data with the strain gauge data.

4.2.3 Collected Data

Throughout the course of data collection, data from approximately 16,000 trucks was
collected from the WIM station. The data collected for each truck included:

e Travel lane

e Time

e Number of axles

e FHWA vehicle classification
e Gross weight

e Overall length

e Speed

e Spacing between each axle

e Weight of each axle

The data collected shows a wide variety of trucks that crossed the bridge. The following
figures show the data collected from May 2013 until September 2014.

Figure 29 shows the number of trucks per lane. As shown, the volume of truck traffic was
equally distributed between the two lanes of the bridge.

The average truck weight in the eastbound and westbound lanes were 45.1 kips and 52.1
Kips, respectively. The westbound lane was subjected to trucks with an average weight 7.0 kips
higher than those in the eastbound lane.

Figure 30 shows the hourly truck traffic volume. As shown, a large percentage of truck
volume traffic occurs during the day and tapered down throughout the night. The peak truck
volume occurs between 10:00 AM and 3:00 PM.
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Figure 31 shows the truck volume per number of truck axles. As shown, most of the trucks
that cross the bridge are 5-axle trucks. There are also a significant volume of 2-axle trucks.

Figure 32 shows the number of trucks per FHWA classification. See Appendix A for
FHWA vehicle classification definitions. As shown, most of the trucks that cross the bridge
are Class 9 which corresponds to 5-axle trucks shown in Figure 28. There is also a significant
volume of Class 5 trucks which corresponds to 2-axle trucks shown in Figure 28. A
classification of 15 indicated that the WPC software was unable to detect the classification.

Figure 33 shows the number of truck volume per gross weight. Majority of trucks crossed
the bridge were under 80 Kips.

Figure 34 shows the variation of truck gross weight per the number of axles. Data of the
Michigan legal trucks, AASHTO H-15 truck, and AASHTO HS-20 truck are also plotted. For
a given number of axles, the majority of trucks that cross the bridge have gross weights that
are less than the average Federal or Michigan truck. Approximately 96% of the 2-axle trucks
have a gross weight that is less than the H-15 truck weight. Also, 100% of the 3-axle trucks
have a gross weight that is less than the HS-20 truck weight. For 9- and 10-axle trucks, 69%
and 79% of the trucks have a gross weight that is less than the average Michigan legal truck
weight, respectively.

Figure 35 shows the truck gross weight per overall truck length. Also, Michigan legal
trucks in additional to Federal trucks are included for comparison. As shown, the Michigan
legal trucks provide an upper bound compared to the trucks that crossed the bridge. Truck data
of approximately 16,000 trucks were collected from the WIM station. Approximately 30
trucks that crossed the bridge have gross weights more than the heaviest Michigan legal truck
#25 (164 kips gross weight).

Figure 36 shows truck volume per overall length. As shown, most trucks cross the bridge
are less than 80 feet long.
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Figure 37 shows truck volume per speed. Majority of trucks crossed the bridge between
52-68 mph. The average speed was 59.0 mph with a standard deviation of 6.8 mph. The figure
is only showing data in the range of the mean within three standard deviations.

4.2.4 Summary and Discussion

The truck information collected from the WIM station show that there is a wide variety of
trucks cross the bridge. This information was used to determine the characteristics of these
trucks. Comparisons were made with the AASHTO Federal trucks and the Michigan legal
trucks. It was determined that an equal volume of trucks travel in each direction. The peak hour
was determined to be from 10:00 AM to 3:00 PM. Most of the trucks are 5-axle or 2-axle trucks
corresponding to an FHWA classification of 9 and 5. Most of the trucks have a gross weight
of under 80 kips and an overall length of under 80 feet. Majority of trucks were traveling
between 52 and 68 mph. Axle spacing varied significantly from AASHTO or Michigan legal
trucks. Most of the axle weights were less than those of AASHTO or Michigan legal trucks.

This information can be useful to determine if the design trucks are a good representation
of the actual trucks that cross the bridge. As shown in Figure 35, the Michigan legal trucks
seem to provide a good representation of the maximum gross weight of trucks that cross the
bridge.

4.3 Strain Gauge Readings

4.3.1 Introduction

The strain information from the bridge was also collected throughout the data collection
phase of the project. This information was used to determine the live load strain in the bridge
members caused by a passing truck. These values were then compared to the maximum
allowable strain to determine if the bridge members were overstressed.
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Figure 38: ENLIGHT Screenshot (Strain Values)
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4.3.2 Methodology: Data Collection and Processing

Strain information from the bridge was collected using ENLIGHT software from Micron
Optics. A screenshot showing the real-time strain values is shown in Figure 38 and a real-time
plot of the strain values in Figure 39. ENLIGHT was continuously monitoring the strain in the
bridge members, however the strain information was saved only when a truck crossed the
bridge. A trigger event in ENLIGHT was created that began saving strain data once it exceeded
a predetermined threshold. The threshold used for this project was 15 pe on the NS or
SS U4 U5 Outside_Strain sensor. This threshold was found to be sufficient to save data for
a truck. The strain was recorded for a period of time to ensure strain data history is captured
while the truck is crossing the bridge. The strain data for each trigger event was saved in a
separate text file. ENLIGHT has the capability to send a data file via email if the strain reaches
above a specified threshold strain value, which can alert the Engineer that the bridge member
was nearly overstressed.

The absence of a temperature sensor at each strain gauge caused the strain readings to
increase slowly over time. Eventually, the strain readings would exceed the limit set for the
trigger event in ENLIGHT causing data to be continuously saved. To overcome this issue, a
correction factor was used in the program to ensure strain readings maintained values close to
zero until a truck crossed the bridge. The correction factor applied to the data helped in
recording data, with reasonable accuracy, from trucks crossing the bridge. However, long term
effect was not able to be captured as strain data was continuously normalized.

4.3.3 Collected Data

Each text file for the strain data was processed to determine the maximum strain caused by
each truck. The values for each strain gauge were normalized by subtracting the initial value.
Then, the values from the gauges on the same member were averaged. From these values, the
maximum strain at each member was determined and saved in a spreadsheet along with the
corresponding time that data was recorded. The maximum allowable live load strain was
determined to be 300 pe for the top chord members and 231 pe for the diagonal members.

Figure 40 shows time vs strain history for each strain gauge for one truck crossing the
bridge. This was a 5-axle truck with a gross weight of 52.1 kips and an overall length of 64.3
feet.

Maximum strains for all trucks that crossed the bridge between May 2013 and September
2014 for the top chord members and diagonals are shown in Figure 41 and Figure 42,
respectively. As shown, the maximum strains are 52.5 pe for the top chord members and 117
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ue for the diagonal members. The recorded strain values are well below the maximum
allowable live load strain for each member. These measured strains correspond to a maximum
live load stress for the SS_U5_U6 and NS_L4 U5 members of 1.5 ksi and 3.4 ksi, respectively.
The design live load stresses for these members, as shown in the existing plans, are 3.9 ksi and
4.6 ksi, respectively. Dead load stresses for the SS_U5 U6 and NS_L4 U5 members are 11.1
ksi and 13.1 ksi, respectively. The steel used in the bridge has a yield strength of 33 ksi with
an allowable stress of 18 ksi. This indicates that the bridge was operating at a safe level
throughout the data collection period.
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Figure 40: Example Graph of Strain vs Time
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4.4 Traffic Count

4.4.1 Introduction

The traffic count data from the bridge was also collected throughout the data collection
phase of this project. This included the count of all types of vehicles. This information was
used to determine the ADT and ADTT of the bridge.

4.4.2 Methodology: Data Collection and Processing

Traffic information from the traffic sensors was collected using TrafficDOT 2 from Sensys.
A screenshot from of this software is shown in Figure 43. Data from four (4) traffic sensors
were recorded. There are two (2) sensors in the eastbound lane and two (2) sensors in the
westbound lane. The traffic sensors in the same lane should have given the same results,
however it was found that the data from the sensors in the same lane varied by as much as 15%
in some cases. Therefore, the maximum traffic count between sensors in the same lane was
used to determine the traffic count in the lane for the day. Further, frequent communication
errors occurred which limited the amount of complete days a traffic count was obtained.

4.4.3 Collected Data

Throughout the course of data collection, 186 complete days of traffic count data was
collected due to communication errors with the access point. Figure 44 shows the Average
Daily Traffic (ADT) averaged for each month. As shown, the traffic count peaked during the
summer months and declined during the winter months. The ADT was determined to be 2040
for the eastbound lane and 2020 for the westbound lane, considering all complete days
collected. The number of trucks that crossed the bridge was determined using the data collected
from the WIM station. Due to the numerous communication and software errors with the data
collection from WIM station, there were only eleven (11) complete 24-hour periods of data
collected from the WIM station. From those eleven (11) days, the Average Daily Truck Traffic
(ADTT) was determined to be 240 for the eastbound lane and 230 for the westbound lane.
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45 Pavement and Weather

Pavement and weather information from the bridge site was also collected throughout the
data collection phase of this project. This data included air temperature, dew point, relative
humidity, wind speed, wind direction, precipitation accumulation, surface condition, road
temperature, freezing temperature, and surface temperature. This data was collected using
software called LoggerNet from Campbell Scientific into a spreadsheet format. A screenshot
of this software is shown in Figure 45.The data was able to be downloaded in 24-hour, 12-
hour, 6-hour, 3-hour, 1-hour, 10-minute, or 2-minute intervals over a specified time period.
The data was also available from the MxVision WeatherSentry Online website
(http://weather.dtn.com/dtnweather). A screenshot of this website is shown in Figure 46.Using
this data in real-time could be used to inform motorists of the current weather conditions at the
site. The surface condition data could be used to determine when to deploy maintenance
vehicles to apply salt to the pavement or to clear the snow.
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5 Finite Element Analysis

A three-dimensional finite element model (FEM) was created for the Cut River Bridge
using LUSAS software. The FEM was initially used to analyze the bridge and determine the
truss members that will be instrumented with strain gauges. The collected strain gauge data
were then used to calibrate and validate the analytical model.

Finite element models can be a great asset in evaluating the structure performance of a
bridge with the aid of the structure health monitoring sensors installed on the bridge. Both
SHM and FEM can be used to examine trends or changes in the behavior of the bridge, and
therefore maintain safety and ensure the proper planning for any future maintenance. Finite
element models, calibrated with measured data, can also be used to validate the design and the
load rating of the bridge.

5.1 FE Model Description

Different element types were used to model the bridge. The bridge deck was modelled
using shell elements with six degrees of freedom. These elements are generally used for
analyzing flat and curved 3D structural elements where it is necessary to account for transverse
shear. Floor beams and stringers were modelled using beam element with six degrees of
freedom. Truss members were modelled using bar elements with one degree of freedom. The
connection between the cantilever span and the suspended span was modelled using joint
elements. Joint elements are used to release degrees of freedom between elements. The element
is capable of connecting two nodes by six springs in the local x, y and z-directions. Shear
connection of stringers to floor beams were modeled using rotational end releases at the end
of the stringer beam elements. Material and geometric properties were modeled using the
existing and rehabilitation bridge plans.
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Figure 47: Three-Dimensional Finite Element Model of the Bridge

5.2 Validation and Verification of the Finite Element Model

Data recorded from six trucks crossing the bridge was used to calibrate the finite element
model. Configuration of each truck, including axle weight, axle spacing, speed, FHWA
classification, gross weight, total length, and direction of travel were recorded at the WIM
station. Table 5.1 shows the configuration of the trucks used to calibrate the finite element
model.
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Table 5.1: Truck Configuration used for the Calibration of The Finite Element Model

Trick 1 2 3 4 5 6
Lane WB WB EB wWB EB wWB
Number of Axles 10 7 8 9 9 6
FHWA Class 13 13 13 13 13 15
Gross Weight (kip) 135.6 96.6 106.2 121.4 136 74.2
Overall Length (ft) 66.2 56.2 72.5 84 81.7 32.6
Speed (mph) 62.2 57.5 59.9 63.5 62.7 57
Spacing 1-2 (ft) 14 12.2 20.1 20.1 17.7 9
Spacing 2-3 (ft) 4.4 4.4 4.3 4.2 4.6 3.8
Spacing 3-4 (ft) 8.8 9 9.4 12.7 11.9 4.3
Spacing 4-5 (ft) 9.1 9.1 9 9.1 9.2 4.4
Spacing 5-6 (ft) 9.2 9.1 9 9.1 9.2 4.1
Spacing 6-7 (ft) 3.8 4.2 4.1 9.6 9.5 -
Spacing 7-8 (ft) 3.6 - 41 9.2 9.3 -
Spacing 8-9 (ft) 3.6 - - 3.9 4.1 -
Spacing 9-10 (ft) 3.7 - - - - -
Weight Axle 1 (kip) 10 11.6 11.5 10.3 11.4 16.2
Weight Axle 2 (kip) 14.6 13.3 14.5 13.8 15.5 9.2
Weight Axle 3 (kip) 17.1 14.6 13.9 14 14.3 9.7
Weight Axle 4 (kip) 14.4 13.7 12.3 15.1 21.8 14.5
Weight Axle 5 (kip) 16 15 13.1 15.9 17.9 14.5
Weight Axle 6 (Kip) 12.7 13.4 14 16.1 17.3 10.1
Weight Axle 7 (Kip) 11.6 15.1 135 15.2 15 -
Weight Axle 8 (kip) 13.5 - 13.5 10.8 12.6 -
Weight Axle 9 (kip) 13.3 - - 10.4 10.2 -
Weight Axle 10 (kip) 12.4 - - - - -
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The strain gauge data of each of the six trucks were also collected using the ENLIGHT
software. Using the geometric and material properties of the truss members, the maximum
live load force in each of the instrumented truss member due to the passing truck on the bridge
were then calculated. Table 5.2 shows the maximum truck force in each instrumented truss
member. The recorded strain data at the outside and inside face of each truss member were
averaged to calculate the axial force.

Table 5.2: Maximum Truck Force in Instrumented Truss Members

Maximum Measured Truss Member Force (Kips)

T:'::k SS_U4_US | SS_L4_US5 | SS_L6_U5 | SS_U5_U6 | NS_U4_U5 | NS_L4_US5 | NS_L6_US5 | NS_U5_U6
1 55.01 32.28 28.21 54.80 74.93 47.15 39.98 62.15
2 40.56 23.41 20.48 37.89 57.88 37.88 32.90 47.70
3 49.43 31.09 30.20 48.44 46.19 23.26 21.32 34.88
4 44.18 24.40 20.77 41.83 64.28 38.39 33.70 50.51
5 68.91 41.36 35.15 71.47 65.78 31.65 23.76 48.81
6 30.17 17.78 16.79 28.84 41.04 26.70 25.52 35.37

In order to calibrate the finite element model created for the bridge, each of the trucks shown
in Table 5.1 was modeled in LUSAS and the maximum truss member forces corresponding to the
instrumented truss member are then determined. The following assumptions were made when
determining the truss member forces:

1. The truck is located within the striped lane limits only.
2. The truck is travelling in the same direction as recorded at the WIM station.
3. No other live loads are on the bridge except the modelled truck.

Collected strain gauge data for each truck include vehicular dynamic impact, which could not
be separately measured. In order to compare the finite element model results to the collected data,
it was important to reasonably estimate the dynamic impact factor to be applied to the computed
forces from the finite element model of the bridge. Dynamic impact is a function of many variables
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including vehicle speed, vehicle type, vehicle gross weight, axle configuration, axle weight, bridge
span length, actual bridge condition, road roughness and transverse position of truck on the bridge.

In general, dynamic load factor is considered as an equivalent static live load expressed in terms
of DLF. A method described by A.S. Nowak (Nowak, Kim, & Szerszen, 1999) is used to calculate
the dynamic impact factor. This method is based on field measurements that were performed to
determine the actual truck load effects. For each truck passage, the dynamic response is monitored
by recording strain data. In this research, DLF is taken as the ratio of dynamic increment and static
response,

DLF = den/ Estat

where,

DLF = dynamic load factor,

edyn = dynamic component of strain (measured from test data, €dyn = €total-Estat)

&stat = Static component of strain, (maximum total strain obtained from the filtered dynamic

response).

For each strain gauge data, the equivalent measured static response of each truck passing the bridge
was obtained by filtering the dynamic response using a moving average of five points. The above
procedure was performed at each strain gauge location for the six trucks selected to determine
DLFs at each instrumented truss member.

Figure 48 shows the measured data from strain gauge SS_U4 U5 Outside_Strain due to Truck 1.
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Figure 48: Measured Dynamic Strain and Equivalent Static Strain
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In order to calibrate the FEM, sensitivity analyses were carried in order to determine the
parameters that affect truss forces. In the analyses, one parameter was changed at a time and
the changes in the truss member forces were recorded. The following parameters were found
to have an effect on the truss member forces:

Stiffness of the connection between floor beams and the supporting truss

Stiffness of the connection between the suspended span and the cantilever spans
Composite action between floor beams and deck

Deck stiffness

Soil-structure interaction, which includes the flexibility of the supporting foundation
Stiffness of the lateral bracing

o U s wh e

Calibration of the finite element model was carried out by adjusting stiffness coefficients
of the parameters listed above until the measured and computed truss forces are within a
reasonable limit. Table 5.3 through Table 5.8 show comparisons between the measured
member forces (utilizing measured strain data) and forced computed by the finite element
model for the six trucks. DLFs calculated using the above described method are also included
in the Tables.

In general, the FEM forces for the top chord members are in agreement with the measured
forces. However, computed forces in diagonal members vary by up to 49% from the measured
forces. The variation between the computed and measured forces can be attributed to the
accuracy of the FEM, variation between specified and actual material and geometrical
properties of structural members, actual location of truck within the lane compared to assumed
truck location in the FEM, actual vs. computed dynamic load factors, and arching or
compressive membrane action in the reinforced concrete slab which can affect the live load
distribution from the deck to the supporting beams.
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Table 5.3: Measured Vs. Computed Member Forces for Truck 1

FEM FEM Measured
Member | Force | (1+DLF) Force x Force *
(1+DLF) Difference
(kip) (kip) (kip)
SS U4 U5 | 47 1.10 51 55 1%
SS L4 U5 35 1.11 39 32 20%
SS L6_U5 34 1.10 37 28 33%
SS U5 U6 45 1.11 50 55 -10%
NS U4 U5 60 1.09 65 75 -13%
NS L4 U5| 50 1.12 56 47 19%
NS L6 U5 51 1.10 56 40 40%
NS U5 U6 63 1.11 70 62 12%

Table 5.4: Measured Vs. Computed Member Forces for Truck 2

FEM FEM Measured
Member Force | (1+DLF) Force X Force ) %
(1+DLF) Difference
(kip) (kip) (kip)
SS U4 U5 34 1.10 37 41 -8%
SS L4 U5 27 1.12 30 23 28%
SS L6 U5 25 1.13 28 20 38%
SS U5 U6 33 1.11 37 38 -4%
NS U4 U5 44 1.12 49 58 -15%
NS L4 U5| 38 1.12 42 38 11%
NS L6 U5 38 1.13 43 33 30%
NS U5 U6 47 1.12 53 48 10%
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Table 5.5: Measured Vs. Computed Member Forces for Truck 3

FEM FEM Measured
Force x %
Member Force (1+DLF) (1+DLF) Force Difference

(kip) (kip) (kip)
SS U4 U5 48 1.04 50 49 1%
SS L4 U5 | 40 1.11 44 31 43%
SS L6 U5 38 1.08 41 30 36%
SS U5 U6 50 1.06 53 48 10%
NS U4 U5| 37 1.07 40 46 -14%
NS L4 U5 29 1.08 31 23 33%
NS L6 U5 26 1.10 28 21 33%
NS U5 U6 35 1.10 39 35 12%

Table 5.6: Measured Vs. Computed Member Forces for Truck 4

FEM FEM Measured
Member Force | (1+DLF) Force X Force ) %
(1+DLF) Difference
(kip) (kip) (kip)
SS_U4 U5 40 1.10 44 44 0%
SS L4 U5 30 1.11 33 24 36%
SS_L6_U5 28 1.11 31 21 49%
SS_U5 U6 37 1.08 40 42 -5%
NS U4 U5 52 1.06 55 64 -15%
NS L4 U5 42 1.10 46 38 20%
NS L6 U5 43 1.09 46 34 37%
NS U5 U6 53 1.09 58 51 14%
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Table 5.7: Measured Vs. Computed Member Forces for Truck 5

FEM FEE:';AX Measured %
Member Force (1+DLF) (1+DLF) Force Difference
(kip) (kip) (kip)
SS U4 U5 59 1.11 65 69 -6%
SS L4 U5 | 48 1.12 54 41 30%
SS L6 U5 47 1.04 49 35 40%
SS U5 U6 61 1.10 67 71 -6%
NS U4 U5 46 1.12 51 66 -22%
NS L4 U5 34 1.10 38 32 20%
NS L6 U5 31 1.06 33 24 39%
NS U5 U6 43 1.10 47 49 -3%
Table 5.8: Measured Vs. Computed Member Forces for Truck 6
FEM FFEM Measured
orce X %
Member Force | (1+DLF) (1+DLF) Force Difference
(kip) (kip) (kip)
SS U4 U5 27 1.10 30 30 -1%
SS L4 U5 22 1.09 24 18 36%
SS L6 U5 21 1.10 23 17 38%
SS U5 U6 27 1.11 30 29 4%
NS U4 U5 35 1.10 39 41 -6%
NS L4 U5 32 1.10 35 27 29%
NS L6 U5 32 1.11 35 26 37%
NS U5 U6 38 1.07 41 35 16%
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6 Future Implementation and Improvements

One of the primary objectives of this pilot project at the Cut River Bridge is to develop a
SHMS that could be employed at the Mackinac Bridge and other locations throughout the state
of Michigan. SHM is a way to further develop MDOT’s core goals and CV initiatives and a
useful tool for structure management. The experience from this project can be utilized to
advance this new technology to any future project. A significant amount of knowledge has
been gained from this project which can be directly implemented on future SHM projects.

Many of the issues on the Cut River Bridge SHM project have stemmed from the
equipment installed at the structure and the communication with that equipment. In some
instances, the issue was specific to one device or coordinating multiple instruments to work
together. However other issues can be attributed to the harsh weather condition at the bridge
site. Additionally, the remote location has created difficulties such as accessing the equipment
to perform maintenance. The frequent interruption of the SHMS resulted in collecting data for
a short period of time during the duration of the project. There are specific equipment
improvements as well as overall system improvements that any future SHMS can incorporate.

One of these improvements is to implement redundancy in the SHMS. On many occasions
during the project, communication with the bridge was lost due to power supply failure, sensors
malfunction, or other equipment issues. This has limited the ability to continuously collect data
from the bridge. A future system should investigate ways to provide redundancy in SHMS
including power supply, sensors, data storage, and communication equipment. Factors that
may impact the need for redundancy implementation include availability of maintenance staff
to address potential issues, weather conditions at the bridge site, the importance of the bridge,
the structural condition of the bridge, available funding, bridge location, and long distance
communication challenges between the bridge and monitoring location. Future projects should
perform a cost-benefit analysis to determine if adding redundancy is a viable option.

6.1 Equipment and Communication Improvements

Communication with the SHMS at the Cut River Bridge has been intermittent throughout
the course of the project. The SHMS relies on radio waves sent between the WIM station, the
Cut River Bridge, the Mackinac Bridge, and the Mackinac Bridge Authority office in St.
Ignace. If a link in the communication path malfunctioned, then all or part of the data collection
and monitoring was disrupted. Weather also played a very significant role with the radio
communications. Severe weather conditions and harsh winters experienced at the bridge have
greatly impacted the operation of the SHMS. Redundancy in the communication equipment
can minimize disruption in collecting data. Cellular modems and other forms of wireless

54



communication can be incorporated into a future system to serve as a backup method of
communication.

The SHMS at the Cut River Bridge only uses solar panels as a power source. These solar
panels charge a bank of batteries stored in a concrete vault near the east abutment. During
colder months of the year, sunlight for the solar panels is limited and the charge on the battery
bank can run low. Cold weather can damage low charged batteries, which was experienced
multiple times at the Cut River Bridge. The batteries in the concrete vault have had a short
lifespan during the course of the project. Redundancy can be added to the SHMS power
generation with new technology and existing methods. An example of new technology is
utilizing power supplies that implement wireless energy transfer in lieu of using solid wires or
conductors. In this system, a transmitter device connected to a power source such as main
power lines, transmits power by electromagnetic fields to one or more receiver devices at the
bridge site, where it is then converted back to electric power. An example of an existing method
is to install a generator fueled by propane or natural gas (if available) to charge the batteries
when the solar panels cannot provide enough energy. The generator can be set only to run
when the charge on the batteries falls below a set level. Similar systems are common
throughout the Upper Peninsula at off-grid cabin locations.

The fiber optic strain gauges are one of the primary components of the SHMS at the Cut
River Bridge. The strain gauges have been performing satisfactory during the project. However
lost communication with the bridge resulted in disruption in data collection from strain gauges.
Of the sixteen fiber optic strain gauges installed on the deck truss of the Cut River Bridge, only
four of them were paired with temperature sensors. The remaining twelve fiber optic strain
gauges on the structure have no correction for thermal effect. Future improvements to the
system includes the installation of a temperature sensor at each fiber optic strain gauge
location. The values from the fiber optic strain gauges tend to “drift” due to a lack of correction
for thermal effect. A temperature sensor paired with a fiber optic strain gauge minimizes the
drift experienced in strain gauge readings.

Two of the four temperature sensors were not working properly from the beginning of data
collection. Due to the high sensitivity of these sensors, several possible factors could
contribute to the malfunctioning. For instance, any small amount of epoxy that was
inadvertently placed between the sensor and steel during installation or improper welding to
mount the sensor would cause it to work improperly. A potential improvement to future
systems would be to implement or improve quality control and assurance procedures during
installation. Also, additional gauges could be ordered at the start of the project to replace
gauges that are no longer working. Additionally, a future system could request extended
warranties on the gauges in the event that a gauge stops working after installation. Additional
strain gauges and extended warranties would be options to add redundancy to the system.
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Different sensors and equipment utilized in the SHMS are manufactured by several
companies. This has resulted in using different computer programs that can communicate with
the sensors for data collection, which has required several human resources to process, store,
and analyze the data. Certain sensors and equipment have unique software, while other
equipment required software from outside developers. For instance, the WIM station software
utilizes a separate software to operate concurrently with the manufacturer software in order to
store data. The software interacting with each other frequently causes the computer running
the software to freeze and halt data collection. For future implementation of similar SHMS, it
is recommended to centralize data collection and minimize the number of different software
required to store and process data. It is also recommended that redundancy is added by storing
data on a server or multiple computers in case the primary computer malfunctions.

The WIM station is located approximately two miles east of the Cut River Bridge. The
long distance required additional equipment and 120 feet tall tower to communicate with the
tower installed at the bridge. Additionally, the long distance required coordination in data
processing in order to match each truck with a corresponding strain value at the structure. It is
recommended that future SHMS includes WIM stations that are installed at the bridge site,
which will improve data processing and increase reliability of the collected data.

Other potential improvements to be incorporated into future models would be in data
collection and verification. Testing the system during the installation with known truck
configurations would help ensure that the readings from the strain gauges and the WIM station
are accurate. These known readings would also aid in calibrating the finite element model (if
performed) with static and dynamic truck loads. These known truck loads would be more
reliable than the real-time data collected from normal traffic. Accelerometers could also be
added to the system to aid in capturing the dynamic response of the bridge.

Any SHMS will require future maintenance and troubleshooting in case of equipment or
sensor malfunctions. Adequate training, schedule, and budget for a maintenance team is
required in order to maintain the system. Also, maintenance of the system can be contracted
out if an in-house resources are not available. It is recommended that similar SHMS are used
across the State, if possible, in order to minimize training efforts and streamline maintenance
efforts.

6.2 New Technologies

Several studies are currently in progress to further develop future SHMS. At the Laboratory
for Intelligent Systems and Technologies at the University of Michigan, extensive research is
being performed using wireless technologies to monitor structures. The research team has
recently worked on a bridge on Telegraph Road in Monroe, Ml, that is equipped with wireless
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sensors. The sensors are using a method known as Compressed Sensing (CS) to save wireless
sensor energy. The method will simultaneously reduce data sampling rates, on-board storage
requirements, and communication data payloads (O'Conner, Lynch, & Gilbert, 2014).
Research is also being performed at Michigan State University in the Civil and Environmental
Engineering Department with self-powering sensors. The research is focused on harnessing
the energy from vibrations of the structure to power wireless sensors. (Elvin, Lajnef, & Elvin,
2006). These research efforts may address some of the power supply issues encountered during
this Cut River Bridge pilot project.

6.3 Future Implementation/DUAP

The final step for the pilot research project at the Cut River Bridge is to integrate this
research with MDOT’s Data Use Analysis Processing (DUAP) project to create an automated
and functioning SHM system. To accomplish this, the SHMS needs to be able to monitor the
strain values from the fiber optic strain gauges and alert MDOT and / or other emergency
personnel when an established threshold strain value in any of the instrumented truss members
is reached, if any. This will require coordination with the strain gauge manufacturer and the
DUARP project.

The strain gauge manufacturer’s software should be capable of sending warnings through
the DUAP system when the threshold strain values are exceeded. This will assist in the
automated data processing and obtaining real-time results.

In addition to the fiber optic strain gauges at the Cut River Bridge, the WIM station can be
utilized to provide alerts to MDOT if overweight trucks, exceeding a pre-established threshold,
are travelling on U.S. Route 2. The information collected at the WIM station in conjunction
with the strain gauge data collected can be used to determine the truck configuration that
causing any abnormal strain in the instrumented bridge elements.

The weather station and pavement sensors can also provide alerts to hazardous driving
conditions. The collected traffic count data can show traffic volumes and peak traffic volume
hours along Route 2 which will assist future planning and maintenance of the bridge.
Coordination with all of the equipment, corresponding software, and the DUAP project will be
required in order to obtain real-time and useful data from the SHMS.
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7 Recommendations and Conclusions

7.1 Recommendations

The pilot project at the Cut River Bridge has provided useful lessons learned in deploying
a SHMS. The experiences obtained at the Cut River Bridge will aid in developing future SHMS
across the state of Michigan. The lessons learned are summarized in the list below. Many
recommendations have previously been described in this report. The recommendations are
applicable to the Cut River Bridge SHM project and future projects.

Improve the Contract Administration process. Administrator a single contract with
a single vendor. This single primary vendor for the SHMS should be required to
instrument the bridge, provide all data communication backhaul, data storage, data
management, and all data applications to the DOT. Therefore, the single primary
vendor (within related sub-vendors) would be responsible for all systems operations
and maintenance for the entire project duration. This would eliminate the complex
problem of dealing with multiple vendors to accomplish data collection and usage
for a bridge SHMS.

Build redundancy into the SHMS in as many aspects as feasibly possible. This will
increase the reliability of the system. Perform a cost-benefit analysis to verify that
any additional costs are indeed worthwhile.

Provide backup forms of communication for any off-grid system. For the Cut River
Bridge location, cellular modems or other forms of wireless communication can
supplement the current radio transmission system. This will reduce the
communication outages that have been experienced.

Provide multiple sources of power to the SHMS for any off-grid system. Wireless
energy transfer technology or generators powered by propane or natural gas can
complement the solar panels and keep the battery system adequately charged to
operate the SHMS.

Use temperature sensors at every fiber optic strain gauge location to compensate
for any drift in strain gauge reading due to thermal effect. This will give the SHMS
the ability to monitor changes of strain over a long period of time.

Take additional precautions to ensure proper installation of all strain gauges and
other equipment. Strict quality control and assurance measures will reduce the risk
of equipment malfunctioning due to improper installation.

Obtain extended equipment warranties or replacement parts for the equipment at
the beginning of the project if feasible. This added redundancy will be beneficial if
any of the equipment breaks down by reducing delays and keep the system
functioning as intended.
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e Use equipment and corresponding software from fewer manufacturers to reduce
coordination time and the possibility of incompatibilities within the system.

e Coordinate location of the SHM equipment to streamline the system, reduce overall
cost, and reduce areas for potential maintenance.

e Store data obtained from the SHMS in multiple locations.

e Perform load tests in calibrating the system to ensure accurate readings are being
obtained from the equipment.

e Develop a maintenance team with adequate training, schedule, and budget to
maintain the SHMS. The same maintenance team could be utilized across the State
at multiple SHMS locations to minimize training and streamline maintenance
efforts.

e At the Cut River Bridge, a predetermined threshold strain values should be
established for each instrumented truss member to alert MDOT if the threshold is
exceeded when a truck crossed the bridge.

e For integration with the DUAP project, coordinate with the strain gauge
manufacturer so that the strain gauge software will not trigger alarms for inaccurate
strain readings. Similar precautions should be taken for the WIM station and other
equipment.

e The use of FEM to examine trends or changes in the behavior of the bridge, in
addition to the SHM should be evaluated based on the complexity of the bridge and
whether it is feasible to calibrate the FEM with the measured data.

7.2 Conclusions

The pilot project at the Cut River Bridge has provided MDOT with a valuable means of
meeting its core goals and a learning experience for future projects involving SHM. It is an
effective tool to meet MDOT’s core goals at the Cut River Bridge and other locations
throughout Michigan. Any future SHM project in Michigan will be able to benefit from the
lessons learned at the Cut River Bridge. There are improvements that would benefit the current
system before full implementation with the DUAP project. Communication, power supply, and
other improvements will increase the reliability of the SHMS. These same improvements can
be incorporated into future SHM applications as well.

Once the SHMS at the Cut River Bridge is implemented with the DUAP project, the SHMS
will be able to meet MDOT’s core goals of safety, mobility, asset management, and planning.
Safety will be achieved with a known safety factor of the loads acting on the bridge and a
constant monitoring system in place. Mobility will be enhanced with real time weather and
traffic conditions available to motorists. Asset management benefits from a better
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understanding the safety factor of the bridge and evaluating risks associated with the structure.
Planning is improved with the real-time information stream from the bridge which can be used
to observe maintenance or structure issues prior to or shortly after they occur.

Both SHM and FEM can be used to examine trends or changes in the behavior of the bridge,
and therefore maintain safety and ensure the proper planning for any future maintenance. Finite
element models, calibrated with measured data, can also be used to validate the design and the
load rating of the bridge. However, depending on the complexity of the structure, calibration
of FEM with measured data can be a time consuming process and a reasonable agreement
between the measured data and data computed by the FEM may not be achieved.
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Appendix A: FHWA Vehicle Classifications

Class |
Motorcycles

Class 2
Passenger cars

Class 7

Four or mare
axle, single unit

Class 8
Faur or less axle,
single trailer
Class 3
Four tire,
single unit Class 9
S-Axle tractor
semitrailer
Class 4 Class 10
Buses S or more axle,
single trailer
Class 11
Five or less axle,
multi trailer
Class 5 Class 12
Two axle, six Sie axle, multi-
tire, single unit trailer
Class 13

Class 6

Three axle,
single unit

el T

Seven or more
axle, multi-trailer

i; S LU
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Appendix B: Strain Gauge Specifications

Optical Strain Gage | 0s3100

053110 053120
Spotideld Epoxy Maunt

Specifications (€)

Performance Properti

Srain Sensitivity *

~ 1 pm/pe

Gage Length 22 mm

Operating Temperature Range A0t 1200 C 1500 C short-tarm)
Strain Limits + 2,500 pe

Faligue Lile 100 x 107 cycles, = 2,000 p

Physical Properties

Dimensions See Diagram Below

Weight 2469
Carrier Material 307 Stainless Steel
Cable Length 1 mi{zx 10 cm}, each end
Fiber Tvpe SKIE2E-Compatible
Cable Type 1 mm Fiberglass Braid
Connectars 1 CeaPC optional

Cable Bend Radius =17 mm

lastening Methods® SpotWeld | poxy Mount

al Properties

Peak Reflectivity (R = 705
FWHM (-2 dB point) 0.25 nm (+.05 nm; apodized grating)
lsolation =15 dE + 0 nm around center wavelangth)

Males:

1. Denales Bela product. Formaore delails see v

wewe micronoplicscom/product_designation,php,
2. Actual gage factor provided with gage. Note: Fo Is different for as3110 and as3120.
3. See hitp:dhweennml aronoptcs comdsupport_downloadsSensors! for Installation detalls.

1.0 mm

\:’}D UaL——unu SAN
o IU—"J1<©

794 yan

2E5 | mm
! I L I 1T IT I IT IT I I Je—
0.79 men
Ordering Information Txx-1yy (Example: 053110-1564-1FC-1FC)
aa: Model Wavelength (+ Tnm}) T Cable 1, Length & Connector Cable *, | ength & Connector

0 Spot Weldable Standard: & to T5858nm in<nm intervals, 1 1 m Standard, Cable Length 1 1 mStandard, Cable Length
20 Eposy Mount Extendec: 146010 1620nm UT Unterminated IT Unterminated
FC FCAAPC Connector FC FCAAPC Connector

Micron Optics, Inc. phone ADA 325 0005
) MICRON 1857 Century Place NI Fax 404 575 A08H7
OPTICS Atlanta, GA 30345 USA wewnes iC Fo Noptics.com
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Appendix C: Temperature Sensor Specifications

Temperature Compensation Sensor | 0s4100

Specifications (&) 054100

Thermal Properties
Operating lemperature Rangs 4010 120°C (150°0 short-term)
Temperature Sensitivity - 28.9 pm/AC (+~0.5pm/~0)
Cable Temperature Range A0 o 1507 O (Connectors: -40 ta B0°C)
Short-Term Repeatability © L OS5 (121 pm)
ChifL® +1.0% [£29prm)

Physical Properties

Dimensions See DHagram Below

Weight 3.04g

Frame Material 307 Stainless Steel

Cable Length 1mi+ 10cmy, each end

Fiber Type SMF28-Compatible

Cable Type 1 mm Fiberglass Braid
Cannectars FCAAPC optianal

Cabile Bend Radius =17 mm

Fastening Methods 1 Screws [1-72 (M1.6]], SpatWeld aor Epoxy
Peak Reflectivity (Rmax] = TR

FWHM, (-3 dB point] 0.25 nm (£ .05 nm)

Isclation =15 dB i@ £ 04 nm around center wavelength)
Noles:

Dengtes Beta product. For mone details see wanw microneotics comydproduct _desigration gship,
2, Thiree taermal aycles fram min to max emoaraturs
3 Typical: S0P and 85% Relative Humiclity, Extreme conditions: £1,39C [£36pm): 1,000 hour soak 75°C ana 75% Relative Humicdin,
4. See nftpedfansmicrenopticscom s ppa r_down oads/Sensors! tor installation

tails.

=3
2 4o \..
d w
—t—‘—/:h 2 = —r—
LI Sy 2 TUNED = 1
hl < —. = P
10 mm L }
.
3550 mm
Ordering Information o541 00-wwww-1xx-1yy {Example: 054100 -1563-1FC-1UT)
v Wavelength [£1nm) Tz Cable 1, Length & Connector Tyy: Cable 2, Length & Connector
Standlard: 1515 ta 15870 in dnm intervals, 1 1 Standard, Cable Length 1 I Standard, Cable Length
Extended: 1460 ta 1620nm LT Unterminated LT Unterminated
FC FCAAPC Connectorn FC HCFARC Cannector
Micrem Optics, Inc, phone 404 225 D00%
MICRON 1852 Century Place NE Tax 404 325 4082
OPTICS Atlanta, GA 30345 LISA WACWLITICFDNORTICS.com Capyright 22008, Mlcran Optics, Ing, cs1100 D905 09081

5
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Appendix D: Interrogator Specifications

Optical Sensing Interrogator | sm130

Specifica‘tions sm130-200 sm130-500 sm130-700

Optical Properties

Mumber of Optical Crannels 4 Z

Ftharnat - othar interfaces avalable wia an sp130 Sansing

da Cthemnst

Feaal o ~g), and instrun

vz far customizaton of remote sof

LabWIEWWT™ So

Frihar FREIGHT &

7omm % 138 mm;

=, Oto BO%, non-c

smidity 0°

Tperaturg, Humidity

aputiioltage 738\

Cansumaotian

ilable with 40nm

of 1480 - 1620~ m dauk

sothin total rangs

sdugs some perfo

TTENCe,

Micron Optics, Inec. phone 404 325 0005
MICRON 1852 Century Place NE  fax 404 325 4082
oOPTICS Atlanta, GA 30345 USA  www.micronoptics.com Capyricht

), Meron Optes, Ine, & 20_1207e_12074
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VSN240 Wireless Flush-Mount Sensor

Appendix E: Traffic Sensor Specifications

Functional Specifications Sensor Modes
detection technique | o-axis magnetic field sensing mode application description
sampling rate 128 Hz « sends timestamped ON
rogrammable « Zraxis detect threshold (mG) count stations; and OFT detection events
fohigcln detection + Z-awis undetect threshold (mG) B (event) | advance detection using configurable detecbon
» X-axis undetect threshold (m() parameters

parameters (mode
B anly)

= onset filter (ms)
= holdover (ms)
« auto-recalibration timeout (secs)

over-the-air Sensys Networks Nanolower (SNI)
protocol protocol (TDMA)
physical layer . .
protocol EEE Bow.15.4 PHY

Direct Serquence Spread Spectrum Offset
modulation Cuadrature Phase-Shift Keying (DSSS

(1-PSK)

transmit/receive bit

250 kbps

= not supported by V3Nz40-T

dizables magnetomeler and sends
sensor hardware and software
version information

E(idle) | status reporting

sends timestamped ON and OFF
deleclion events using
pre-configured detection
Pparameters

STOPBAR-#
(presence
detection)

stop bar detection;
ramp management

+ 14 different stop bar detection modes can be selected
* recommended stop bar detection modes for specific
applications:

rate STOPBAR-o bicycles/scooters
e e ] ;:;)g]to 24855 MHz (ISM unlicensed STOPBAR-2 motoreyeles
STOPRAR-= passenger vehicles
frequency channels | 16 ST RARD {normal recalibration)
channel bandwidth | 2 MH -vehi
z STOPBAR-~ pt.?ssengz 'Ee hi.cles
microstrip patch antenna (fast recalibration}
antenna type {mounted below top surface of STOPBAR-14 light radl
SCnsor) _ _
e 0 (et & clovation Power, Physical, & Environment
view - = non-replaceable primary Li-S0OCle 3.6V battery
nominal output power supply pack
power P adBm « 7.2 Ah (nominal capacity)
+ 50- 1000 M1z « -56 dBm dimensions 29" x2.9" X 19" (7.4 em X 7.4 em x 4.9 cm)
v 1-12 . R for
PR : 1 814.75 ((_‘,}SZ c :1:51 g-gm weight 0.6 pounds;/o.g kg
LE-10 Az =l m = designed for in-pavement mounting
*5.15-530Ha < -51dBm environmental = NEMA Type 6P enclosure
iyplc_ic_ll _:ecelve -95 dBm (PER = 1%) « TPGH ingress protection
SR operating temp | -40°F to 1769F/-40°C to 1 85°C
saturation (max
=10 dBm
Input level)
Compliance
safety 200695/ FEC
= FCC: This device complies with Part 15 of the FCC miles. Operation is subject to the following two conditions: (1)
EMC This device may not cause harmful interference, and (2) this device must accept any interference received, including

interference that may cause undesired operalion,

« 2004 /108/EC

Local Distributor

Serays Metworks ond the Serays hatwaorks logo are rodemars of Sargys Natwors, ba. Al other rademons ore the property of their regoaciive owners,
Inremmation contoired heren s beleved to e reliaole, oot Sergys Metworks mckes no wamonties o5 7o i coowzoy or compleenass,
Copyright © 2012 Sensys Networks, Inc. =+ ALL RIGHTS RESERVED + P/N 153-240-100-001 Rev D
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Appendix F: Traffic Sensor Access Point Specifications

AP240 Access Point

@3NS

Functional Specifications

Power, Physical, & Environmental

interfaces

+ to,/from sensors via 802.15.4 PHY radio
to,/from repeaters via 8o2.15.4 PHY radio
to/from configuration device (PC) via TCP /TP
over 10Base-T Ethernet

to roadside traffic controller via CC card
Lo/from central network management /data
collectiom facilities via TCP/TP

—i0Rase-T Fthernet

—cellular data modem

IP connectivity

Telnet, FTP, HTTP, FFP, PPTF, oplional
eneryption over funnel
10/100Base-T via RJI 45 conmector
G5M GPRS connectivity (optional)
—dnal-band 8501900 MHz GSM
(N. American version)
—dual-hand goo 1800 MHz GSM
(int'l version)
—up lo 85.6 khps
CDMAzooo 1xRTT connectivity {optional)

+ via PoF cahle to RI45 connectar
input voltage * 9i-58 VDC (48 VDC nominal)
+ 10-20 VDC (12 VIXC nominal)
power * AP240-8, -F,-FS: 2 W
consumption * APogo-LG, -EC, -ERG, -ESC: 3.5W
dimensions G K6 W g Ve /150 cm X 15.0 cm ¥ 8.9 cm
+ APaqo-5, -E -E5: 1.9lbsfogke
weight * APa40-FG, -FC, -E&G, -ESC: 2. lhs/nn kg
+ mounting kit add’lrz Ibs/oskg
¢ designed for weatherproof, outdoor operation
environmental + MEMA Type 4% enclosure
* P67 ingress protection
operating temp -0 Lo 1768 - 40P C o - ot C

Types of Access Points

nominal cutput power

o dBm

spuricus emissions

* 10-1000 MHz: < -50 dBm

+1-1275GHz < -44dBm
*+18-1.9GHz. < -56dBm
515-55GHz < -51dBm

typical receive sensilivity

-y5dBm (PER = 1%)

saturation
(mex Input level)

= 10dBm

—dual-band 800/1900 MHz CDMA
(per specifie cellular service provider) stats (=L detection data interfaces
—up to 153.0 kbps pro- options
. cessing
; counts [volume) capa- | 48 | 12 |contact| 10 | GSM | CDMA2000
per-lane . am”fge Y median speeds bility | vDC | VDC | closure | Base-T [ GPRS |  1xRTT
processing * hinmed speeds and vehicle lengths over
seleclable Hme inlervals AP240-3 . .
+ initial vehicle detect time AP240-E . . . .
per-vehicle deata * gap
processing * gpeed AP240-ES L] . . .
+ length
memaory + ~130 kE for event caching AP240-EG . . . . .
resources * ~zo0 kB [ essed data st
500 of propese s AP240-EC . . . . .
e Gl e Sensys Networks NanoPower (SNT') protacol
(TDMA) AP240-E5G . . . . .
ical layer protocol IEEE 802.15.4 FHY
e = Direet § - Spread Spectrum Offset aradoBC) - : : : .
ireet Sequence Spread Spec
R Quadrature Fhase-Shift Keying (D38 0-QPSK) c i
transmit/receive bit ) ompliance
Fors 250 khps
safety 2006,/95/EC
frequency band 2400 to 2483.5 MHz (ISM unlicensed band)
frequency * FOC: 'IITJ.is'de\ric? complies with Pd.l'l 15 of the .F.CC rules. .
channels 16 Operation is subject o the following two conditions: (1) This
EMC device may not cause harmful interference, and {2) this device
chennel 2 MHz must accept any interference received, including interference
bandwidth that may cause undesired nperation.
e microstrip patch antenna (behind front face * 2004/108/EC
P panel)
antennda field of view +60° (azimuth & elevalion)

Local Distributor

Sergys Mehworks ond the Sarays Mabwods logo are frodemadks of Sereys Neheords, ba. All othe radesorks ore the prooerty of their respactive ownes,
Inremmation contoired heren s beleved to e reliaole, oot Sergys Metworks mckes no wamonties o5 7o i coowzoy or compleenass,
Copyright © 2012 Sensys Networks, Inc. * ALL RIGHTS RESERVED + P/N 153-240-015-001 Rev D
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Appendix G: Temperature & Relative Humidity Probe Specifications

Manufacturer Specifications

Supply Voltage:
Current Consumption:
Dimensions

Diameter:

Length:
Weight:
Filter:

Filter Diameter:

Operating Temperature:

Air Temperature
Temperature Sensor:

Measurement Range:
Output Signal Range:

Temperature Accuracy:

12 Vde nominal

=4 mA (active)

Tin. (2.5 cm)

10in. {254 cm)

0.5 |b. (0.27 kg)

0.2 pum Teflon® membrane
0.750in. (1.9 cm)

40" to +60°C

1000 ohm PRT
-39.2% to +60°C
0.008to 1.0V

see graph below

Relative Humidity (RH)

Sensor:

Measurement Range:

Qutput Signal Range:
Accuracy at20°C
against factory reference:
field-calibrated
against references:

Temperature Dependence:

Long-Term Stability:

Response Time:

Settling Time:

Temperature Accuracy Graph

Yaisala’s HUMICAP® H-chip

0.8 to 100% RH,
nen-coendensing

0.008 to 1 Vdc

+1% RH

2% RH (0 to 0% RH)
£3% RH (90% to 100% RH)

+0.05% RH/~C

Typically, betterthan
1% RH per year

15 seconds with
membrane filter

(at 20°C, S0% response)

500 milliseconds

Accuracy "C
&

20 el 10 o

0

a0 30 40

Temperature "C

Notes:

(1) The black ouler jackel of the cable is Sanltoprene® rubber. This compound was chosen for ils resistance lo lemperature exfremes, moisire,
and UV degradation. However, this jacket will support combustion in air, It is rated as dow burning when fested according to UL, 94
ILE. and will pass FMVS8302. Local fire codes may preclude its wse inside buildings,

(2} The HMP45C is mamifacbured by Vaisada, Inc, (Wobsrn, MA) bul cabled and modified By Campbeli Scientific for use with our dalalogeers,

Campbell Scientific, Inc.
USA AUSTRALG | BAGTI

15 TEOO N

CAMADL COSTA RICA

Logan, Utah 843211734
FHGLANE

FRAMCE
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(435) 753 2342

GERMAMY SOUTH &FRICA

wiancam phellsci.com

Copyricht & 1898 2011
Camobell Foentri, Inc.
SPAIM Fribec January 2011



Appendix H: Wind Monitor Specifications

Specifications
Wind Speed
05103 05103-45 05106 05305
Wind Monitor Wind Monitor-Alpine Wind Monitor-MA Wind Monitor-AQ
Range Oto 100 m s (0to 224 mph) Oto50m s {0 to 112 mph)
Accuracy +0.3m s' (z0.6 mph) or 1% of reading +0.2 m s ' +0.4 mph)ar 1% of reading
Starting Threshaold 1.0ms' (2.2 mph) 24mph{l.1ms" 0.4 m st (0.8 mph)

Distance Constant

2.7 m (8.9 ft) 2.1 6.9 )
(63% recovery) L . m (6269
: arc voltage (3 pulses per revolution);
H ;180 = 8. {18, ' .
Output ac voltage (3 pulses per revolution); 1800 rpm {90 hz} =88 m s {19.7 mphj} 1800 rprm 196 he) = 9.7 m ' 1706 mph)
Resolution (0.0980 m s)/(scan rate in seconds} or {0.2192 mph)/(scan rate in {seconds) 10..1?34 e e rateln sec. ?r
(0.2290 mph)/[scan rale in sec)
Wind Direction
05103 05103-45 05106 05305
Wind Monitor Wind Maonitor-Alpine Wind Monitor-MA Wind Monitor-AQ
Range 07 to 360° mechanical, 3557 electrical (5° open)
Accuracy +3° =57 +3°
Starting Threshold 1.1 m s {24 mph) 0.5m s (1.0 mph)
Distance Constant
13m 4.3 1.2 m 3.0
(50% recovery) 1.3mid.3ft) 1.2 m (3.9t
Damping Ratio 0.3 0.45
Damped Natural , .
7.4m {243 ft 4.9 16.1 fi]
Wavelength m{ ) mi L
Und d Matural )
ndamped Natura 7.2m {236 ft) 44 m{14.4ft)
Wavelength
Output analog dec voltage from potentiometer—resistance 10 k0 linearity 0.25%; life expectancy 50 million revolutions
Power switched excitation voltage supplied by datalogger
Physical
05103 05103-45 05106 Q5305
Wind Monitor Wind Maonitor-Alpine Wind Monitor-MA Wind Monitar-AQ
Operating
Temperature -50% to +50°C, assuming non-riming conditions
Range

Overall Height

37 cm (14.61n}

IBcm{15in)

QOverall Length

55cm (21.7 in)

65 cm (259.610n)

Main Housing

Diameter S,

Propeller Diameter 18cm(7.1in) | T4 cm [5.51n) | 18cm(7.10n) | 20em (7.910n)

Mounltlnlg Pipe 34 mm {1.34 inj outer diameter; standard 1.0 in IPS schadule 40

Description

Weight 15kg(3210) | 1 kg (2.2 16} | 1skg2m | 1.1 kg (25 Ib)
CAMPBELL Campbell Scientific, Inc. | 815W 1800 N Logan, UT 84221-1784 | (4351 227-9000 | wwescampbellsci.com #1961, 2074

BCIENTIFIC ush | AUSTRALIA | BRAZIL | CAMADA | CHIMA | COSTARICA | ENGLAND | FRAMCE | GERMANY | SOUTH AFRICA | SPAIN
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Camples | solentfic, Inc
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Appendix I: Rain Gauge Specifications

Ordering Information

Tipping Bucket Raingages
Lafer the cable length,
but many custorners
the tower or fripod. Must choose a cable termination aption.
TE5Z5WS-L

TE525-L

in feet, after the -L. Recommended length i 25 11,
il opder a 50 ft calle to plice the page away from

lipping bucket with 8 inch diameter orifice and 0.01 in. tips.

Tipping bucket with & inch diameter arifice and 001 in. tips.

Mounting Poles

CM300 23 inch Mounting Pole with Cap
CM305 47 inch Mounting Pole with Cap
CcM310 5& inch Mounting Pole with Cap

Pedestal Options for Mounting Poles {choose one)

TE525MM-L  Tipping bucket with 24.5 cm diarmeler orifice and 0.1 mm Lips. NP Mo Pedestal Base
N M sedestal I- :
Cable Termination Options (choose one) EI iR CSCes el ol
N STEL destal &
-PT  Cable terminates in stripped and tinned leads for direct G B Il e DI
cannection foe a datalegger's terminals. PL  CM355 Pedestal Long Legs (39 in. legs)
-PW  {able terminates in a connector for attachment to a
prewired enclosura, T TG
-CWs tiaple t_r:rml'na i|_| a ce)nnecte:urfor_att,:!u:hmem_toe_i ChSo00- €5705 Showtall adaptet for the TES25WS
series interface. Connection toa CWS00-series interface
allows this sensar to be used in a wireless sensor network. 10869 Four ane-gallon containers of 50050 PGIE Antitresze; only LL 5,
. . around shipments
- Cable terminates in a connector for altachment Lo a C5110
Electric Fleld Meter or ETI07 weather station. CM270  CRA270 Mounting Kit
-RQ {able terminates in a connector for attachment to a 260-953  Movalynx Alter-type Rain Gage Wind Screen
RAWS-P Perinanent Remate Automated Weather Station.
This option is not offered for the TES25MM,
Specifications
TE525 TE525WS TE525MM
Sensor Type Tippine Buckot potted magnotio mementary contact recd switch
Switch Ratings
Bucket Material m

Funnel Collector Material

ancadizec spun luminem

Screen Material

aneadizec spun zurminem

Locking Snap Ring Material

salnloss stoo

Qperating Temperature

0+ 32" e 1257

Resolution

T

Volume per Tip A 73l

16 0L cedtip)

A2 mlftip 028 1 ozl

AT 3l 0T L eedtip)

Rainfall per Tip OO in, 025 i) 0T {0804 i
Accuracy T up Lo indhour (GO mmdhrk
Knife Edge Funnel 154 cmigling 3 cmising 2 e (57 )
Collector Diametar
Height 20 omiREin 207 omi{105in: 2920mill B

Tipping Bucket Weight 0.5 by

T kgy (24 12y

Cable o shigldecd cable
Cable Weight QL0 by (07 Tl per 1011 langth
Warranty

CAMPBELL Camphell Scientific, Inc. | 815W 1800N |

SCIENTIFIC Us: | AUSTRALIA | BRAZIL | CANADA

Logan, UT 84321-1784
CHINA | COSTA RICA

[435) 227-9000 | wanwcampbellscicom

ENGLAND | FRAMCE | GERMANY | SOUTH AFRICA | SPAIN
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<1880, 2013
Campbell Scientific, Inc.
Crotober 8 2013



Appendix J: Intelligent Road Sensor Specifications

IRS21

Intelligent Road Surface Sensor

CAMPBELL
SCIENTIFIC

WHEN MEASUREMENTS MATTER

Lufft’s IRS21 is a passive sensor that monitors
actual road conditions. This intelligent road sur-
face sensor is a primary component of our Road
Weather Information Stations (RWIS). When used
in an RWIS application, the IRS21 is connected to
a CR&00, CR850, CR1000, or CR10X datalogger via
the 18080 Lufft Interface and our SDM-SIO4 Serial
Data Interface Module.

The IRS21 measures the following parameters:
« Road surface temperature
« Water film level (up to 4 mm})
« Freezing temperature for NaCl (others on request)
« Road condition (dry/damp/wetfice or
snow/residual salt/freezing)

The sensors use radar techniques to measure water film.

Installation

Two IRS21 sensors are typically installed at the
measurement site. Fach sensor is placed inside
a hole in the road and then the hole is tilled with
epoxy. To provide accurate measurements and
prevent damage to the sensor, the IRS21 must be
installed flush to the road surface.

Ordering Information

Model Description

IRS21 Intelligent Road Surface Sensor with 75 ft
{25 m) cable.

18080 Interface that connects the IRS21 to an
SOM-S104,

SDM-5104 | 4-Channel Serial Data Interface Module

Specifications
Operating Humidity: 100% RH

Temperature Range: -40° Lo +70°C operaling;
50° to +70°C storage

Power Requirements: 9 to 14 Vdg; less than 200 mA
Interface: RS-485

Road Condition Output: dry, damp, wet, snow,
freezing wetness, ice

Road Temperature Range: -40°to +70°C
(-400 to +158°F)

Road Temperature Accuracy:
10.2°C (-10° to 10°C); £0.5°C (-40° to 70°C)

Road Temperature Resolution: -0.1°C

Freezing Point Range: -20° to 0°C (-4° to +32°F)
Freezing Point Accuracy: +0.1°C

Freezing Point Resolution: -0.1°C

Dimensions: 57 (13 cm) diameter, 27 (5 cm) height

Weight: 21bs (0.9 kg)

H15 W, 1800 N, Logan, Utah HA3 211754 UsA
Australia  Brazil  Canada | England = France  Germany

[435) 753-2342
South Africa  Spain | USA Theadquarters]

Copyright © 2006, 2008
Camphell Scisntific, Ine
Printec Janusny 2009

whrw . campbellsci.com



Appendix K: Environmental Sensor Station Data Logger Specifications

CR1000 Specifications

Electrical specifications are valid over a -25° to +50°C, non-condensing envirotument, unless otherwise specified, Recalibration recomunended every three
years. Critical specifications and system configuration should be confirmed with Campbell Scientific before purchase.

PROGRAM EXECUTION RATE

12 ms toane cay € 10 ms incramenis

ANALOG INPUTS (SE1-5E16 or DIFF1-DIFF8)

& differendial [DF) ar 18 single-ended [(SE) individuslly canfig-
vredinput chanra's, Charnal expansion provided by aptional
analag mu tiplexars,

AANGES and RESDLLTION: Basic resalution (Basic Fas)
is tha AT reselution of a singls AD carversion. A JIFF maa-
surament with input revarsal has batier (finsrn ssclution oy

WX FREZAIENCY SWEER FUNCTICN: Switchad cutputs ore-
vitk a programmabie swept freguency, o 2500 my sguare
wives for gxciting vibrating wire transducers,

PERICD AVERAGE

Any ol e 18 BE analag inputs san be used for period aver
SNy, Accuracy is £(0.01% of teadng + esolllion) where
rasolufion is 136 ns divided by tha spacified qumber of cycles
o ba measured,

NPT AMFLITUDE AMD FREQUENTY:

wice than Sasic Fes. Signai {psak o peal) | Mo .
E—— ) e i Irpat Pulss | Max™
FEGR || EPEEBGNT || EEESES Volage] Range | Min. wax | widi | Freg
500 BET 1333 Gain | (v | (mlg ® e (W) | iz
+HE] o] 84y 1 280 GCO 1o 25 200
350 33 667 10 =5 1 2 10 50
+3E 2.33 6.7 33 | 75 £ 2 8= Ll
o5 0 a0 1o | 25 z E i) 5
+2.5 .35 067 Bgignal penered arcund Threshold See Periodtual) natruction,
‘Hange cvarhead af ~2% on al rangas guaraniees thal "ith signal centerad a1 the datalagaer graurd,
21. ||-EI::5|.E values will nof cause oue.r ra.nc 3 BThe magmum Treque {bwice minimum puEe width)
Reselution of OF mzasurements with inout reversal, lor 50% ol culy cycl signals

3.

ACCLIRAC
V00E% of reading + ofisal), 0 k4000
1% of raading + offsat), b BN

+0018% of reading + offsef), -BE* b 850 (KT onfy)
31‘\Dc_rscy dres not inglude the seneor 2nd measurement
howe Cfisots are dofined as:
Oiftzet for DF winput revarsal = 7.5-Basis Hes + 1.0V
Offset for DF wie input reversal = 2+-Bagic Bes + 20 09
Ofted for 52 = 3-Bask Hes + 3.0 gV
AMA_OG MEASUAEMENT PCED:

RATIOMETRIC MEE\SU REMENTS

MEASLIREMENT TYPES: Providas ratinmatric resistanc:
maasuramants using voliage excitatior . 3 swichad \-nI age
axe tation outpats are available for measuremeant of 4- ard
cwite LIl atidges, ard 23, and 4wire hall brdges.
Opticnal excitalior: polarnty reversal minimizes os eirals

HATIOMETHIZG MEASUHEMENT ACCURACY:® 1% 1
0 08% of Moltage Veasuremsnt + Ofisat)
“rcouracy specication assumes exciation reversal far
axelation volagas < 100 L Assurmplion does nol include
Dlicki FESREICT SIS AN STNSON ANG MEasUReMEnt nese,

Total Time* I
Eolimatod
Inteqgrakion | integra Serhing SE W OF W' measurament
TypeCode | hon Tare Tirne Ao Hev | Tnpul Hew
250 250 s 450 s ~lms | ~12ms
BOHZ' | 188/ ms | ams | ~BIms | ~A0ms
50HZ" | 2000ms | dms | ~26ms | ~5iims

Hnaludes 250 P& for conversian to enginesring units.
ST e noise fifter

MPUT NOISE VDITACGE Far OF maasuramenis wilh inpat
renersgl an o2 S mi inpas rnga digital resolution domiratas
far highar rangas;,
25% us Infegration:
5040 Hz  Integrafion:

MPUT LIMITS: o5 Vde

OO COMMON MODE SEJECTION: 12042

MORMAL MOTE REJECTION: 7042 & &5 Hz when using
&0 Hz rejection

MPUT VOUTAGE RANGE WO MEASUREM =N

CORRUPTION: £8.8 Vdo ma.

SUSTAINED INPLT VCLTAGE Wi DAMAGE: +18 Voo mex

NPUT CURARENT: +£1 nA lypical, =8 nA max. @ &0°0
T80 nA G 8570

MPUT HESISTANCE: 20 G typical

ACCLRADY OF BUILT-IN REFERENTE JUNCTION

THERM BT for tharmocouple measuramants;:
=+, =g

34 pY AVIS
16 pY RIS

oo

£0, 0 850 {-XT orly!

ANALOG QUTPUTS (VK1-VX3)
& switched vaiage, sequantis by actve arly during measusamani.

AANGE AND RESCLUTION:

Channs! Aesciution e

Range

CCUrAcY. 4K fwhels ¥l value ratursad rem he
h Multipler = ¢, Cfest = )
BrHalif} instructon: AX = ‘I,.'V
BrFullf) instrucic: 2%
Al i oafouisted f
oty See Fes:
! lor e
are cefined as:
COffser for D put reversal - 1.5-Basic Ras + 1.0 0V
Ofire: for DIFF wia input reversal = 3-Basic Res o« 2.0 py
Oiffmes for 5F Gasic Ras + 300
Exwilalion reversal reduoes olisels by @ faelor of M

PULSE COUNTERS (P1-P2)
2 inpubs iredividuglly saleclzale for swile clesure, high Iregquancy
pllse, or lon-leved az. Indepanchkent 24-0it countars for sach input.
MAXIMUM COUNTS PER 22N 187107
SWITCH CLOSUIRE MOOL:

Minimun Swileh Closed Tima: & ms

Mirnmurm Swileh Opar Timea: & ms

Max. Beunce Tims: 1 ms open wio Deing counled
HIGH FRZGQUENGY PULSE WODE:

Mazimum [nput Freque 250 kHz

Mazimum nput Vﬂliag LAY

“oltage Thrashaolds:

abave 22V attar input filler with 1.2 us ime corstant.

LOAW-LEVEL AC MODE: Inizmal ac caupling rameves ac

o up fo 0.5 Viis

Input Hyslarssis: 12 my HMS & 1 He

Mazimurn ge Input Yollage: =20 4

Mirrirrurn g Input ielags

A emprassed as mvey L
mekic measuremant

11

Sine Wave (ml RMS) Range(Hz}
=0 o
200 0.5 200
2000 0.3t 10,000
5000 0.3 tx 20,000

(WX 1-3] +2 5 Vide DET my 35 mA
AMA OG OUTPUT ACCLAACY [WX):

H00E% of setling + 0.8 mi, 0" fo 40°0

+0 1 2% of setting + S8 m 28"t BOPC

+0 1 8% of setting + 0.8 m\-". -EhY 10 BEYC (KT only)

@ CAMPBELL :mpbell Scientific, Inc.

DIGITAL I/O PORTS (C1-C8)
B ports sofiware selecta : i
puls. Provide s
s uline nlerupls ¢
ing. high fraquency puse "numan asyrchrons

cations (LIAMTS), and 80-12 communicationrs, SO commu-
rications are slso supporied.

B815W1B00M | Logan, UT 84221-1784 (435

73

Ut Lpon fransition from below 0.9 W 1o

1 227-9000 |
BCIENTIFIC j5p | AUSTRALA | BRAZIL | CANADA | CHINA | COSTARICA | ENGLAND | FRAMCE | GERMANY | SOUTH AFRICA | SPAIN

LW FREZDIJENCY MODE MAX: <1 kHz
HIGH-FREGU MOD= MAX: 400 kHz
SWITCH-CLOSURE FREQUENCY MAX: 122 Hz
EL¥ MING RESO_UTICN: 540 ns
QUTPLT YCITAGEE {ne Inad): high 5.0 201 W, law <01
CQUTPLUT HEBISTANCE: 330 (0
INPLIT STATE: nigh 2.8 b 76V ow 800 1.2V
INPUT HYSTERE 1.4%
INPUT RESISTAMZE: 102 7rwith nouls =5 2 Wdo
230 7 with inpuls =52 Ve
SCRIAL DEVICDAS-202 SUPPCAT:

SWITCHED 12 ¥DC (SW-12)

T irdependent 12 Wde unregulated sourcs is swithed on and
aff uncier pregram contral, Thermal fusa hald current = mh
al 2000, G50 mA al S0°0C, 380 A @t 8540,

0TS 8 Vee LIART

CE COMPLIANCE
ETANDARDIS) TS WHICH SONFORMITY 18 DECLARED:
|ECET 3282008

COMMUNICATIONS
Fig-252 PORTS
DiCE 9-pin: {nat el
rezhion
by Campheall 5
COMT o COM4: 4 independant Tx'Rx pairs on control
ports inon-isolated) O to & vde L
Bauc Raes: selectable rom 300 bps o 1152 kaps.
Lietaul: Format: & data bits; 1 slop bits; no parity
Cplional Formats: 7 dala bits: 2 shap bile; odd, even parity

izally isolated) i
1ol medems e
tific:,

CMEUET CE
manulEciured

5 1FD POAT: Interface with felecammunications periphaals
manutasiured by Camobel Scentiiic.

2012 Digital conral ports G, 52 C5, and 5F a2 irdividusly
configures and mest S00-12 Standsrd v 1.3 fr catalagger
muode. Up o 10 80112 sensors are supportad par port,

FERIFHZRAL FCAT: 40-pin interiacs for attaching
ZomaaciFlash ar Cthernat per prerals

FROTCCOLS SUPPORTED: PakBus, AES-126 Encrypted
PakBus, Madbas, CNP3. =TF, HTTR XM_, HTML, FSP3,
SMTE, Telrat, NTCIE NTR, Web 4P S0 112, SCM

SYSTEM

FROCESSOR: Renesas HAS 2322 (16 bit CPL with 22-ait
nternal core roaring at 7.3 MHZ)

WMEMOAY: 2 WE of flash for cosrating systam: 4 MEB of
Jd““l}' -backed SHAM o CEU Lsege anc linal dala
slorage: 512 kB llash disk [SEU for oregram liles

FEAL TIME C_OCK AZGURACY: £3 min. oer year,
Cromaction vie GPE cplionsl

REAL-TIME C_OCK RESOLUTICN: 10 ms

SYSTEM POWER REQUIREMENTS
WOLTASE: 2.6 0 16V
INTERMAL BATTERIES: 1200 mah lihium Batany for clock ard
SREAM backup that typically provides three vears of backuo
EXTERNAL 2ATTERIES: Optional 12 Vde peminal alkaling
and recnargeanle svalalie. Power connzction is ravelse
aclarity protected.
L CURFENT DRAIM al 12 Vile:
= 1 Mode: <1 mA
| Hz Samala Rate (1 fast SE measy | mA
100 Hz Sarmple Hate (7 1asl SE meas): & mA
100 Hz Sarmple Hale (7 1asl Sk meas. wiHS-232
cammUrIcatian): 20 mA
Active exlernal keyboard display sdds 7 mA {100 maA
with backlight on).

PHYSICAL
DIMENSICNSG 239x 10.2x 61
addiiions clearance raquired fo

MASSMWEIGHT: 1 kg /2.1 10

[Bexdx22in);
cables and laads

WARRANTY
2 yaars sgains! defects in materials snd workmeanship

L2004, EMa
Campbel Scientific Inc
September 3, 3014

wiwwcampbellscicom



NetCam SC . SPECIFICATIONS

50 131 ]
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Appendix L: NetCam SC Specifications

S5 L5 mm|

L5157 mm)

NetCam SC

MULTI-MEGAPIXEL HYBRID IP CAMERAS

VANDAL RESISTANT DOME

PHYSICAL OPTIONAL MQUNTS
Dimensions 5.9% Diameter (150mm) x 4.7* H {120mm} [

Weight 44 Qunces (1247 grams) -
Operating Temp | -40° - +122°F {-40° - +50° C)
= Power Requirements: 12vDC/ 24VAC/ POE

« EMI Approval: FCC Class A, CE (EN55024)

Wall Mount [MNT-YWAL}

CONNECTIVITY -
= 1 x 10/100-baseT, RJ-45, FoE 802.3af (Pawer over Ethernet)

« 1 x BNC Video Output {NTSC/PAL)
+ 1 x DC Auto Iris Conneactor Pole Mount Adapter

. CEEGT (MNT-YWAL-POL)
1 % RS-232 Serial Port, up to 115.2Kb o Use with Wall Mount

5MP Vandal Resistant Dome with Day/Night
5MP Vandal Resistant Dome

3MP Vandal Resistant Dome

1.3MP Vandal Resistant Dome with Day/Night [‘mfm‘::g;;”
1.3MP Vandal Resistant Dome For Use with Wall Mount

HYEBRID |P BOX CAMERA

PHYSICAL

Dimensions 3.23"W (82mm) 2.25" H {57mm) 4.4" L {112mm)
Weight 14 Ounces (397 grams)

Operating Temp | -40° - +122°F {-40° - +50° C}

« Power Requiremenits: 12VDC/ 24VAC/ POE

« EMI Approval: FCC Class A, CE (EN55024)

CONNECTIVITY

= 1% 10/100-baseT, RJ-45, PoE 802,3af (Power over Ethemet)
+ 1 x BNC Video Output (NTSC/PAL)

= 1% DC Auto Iris Connector

+ 1% RS-232 Serlal Part, DB9 Male, up to 115.2Kb

« 1 x Fully Isolated Digital Alarm Input

+1 % Fully Isolated Relay Rated at 28VDC 2A or 125VDC 0.5A

SMP MetCam SC with Day/Night
5MP NetCam 5C

3MP NetCam SC
1.3MP MetCam SC with Day/Night
1.3MP NetCam 5C

wiww stardot.com

-
Buena Park, CA USA HII[I 'I'
1-877-275-1616
714-808-2380 » 714-844-4336 fax echnologies
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Irnage s=nsor

Lens

hlinimum
illurnination
Shutter time

Video
COmp ression
Resolutions

Frarre rate
MPEG-4

Frare rate

hilation JPEG

Widea streaming

Irnage s=ttings

Audio strearming
Audio
MNP eSS ok

Audia input)
ot put

Security

Supported
protocolks

Dimensions

Appendix M: Axis Specifications
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Appendix O: Literature Review

0.1 Structural Health Monitoring on Bridges

Structural Identification of the Commodore Barry Bridge (Necati Catbas, Grimmelsman, &
Aktan, 2000)

A 3D FE model of the Commodore Barry Bridge was developed, calibrated, and verified
using experimental data. The 3D model composed of beam and shell elements. 3D beam
elements were used to represent the upper chord, lower chords, verticals, diagonals, floor
beams, out-of-plane truss members, bracing, and roadway stringers. In addition, the through
truss piers were also modeled with 3D frame elements for computational efficiency.

The preliminary FE model utilized idealized boundary conditions (pinned supports and
roller supports. The complete 3D FE model was analyzed with the nominal boundary and
continuity conditions (pinned supports at intermediate piers and roller supports at exterior
piers) with and without the concrete piers incorporated. Constraints were used to simulate
members’ connectivity between elements of the floor system. In addition to dead load analysis,
temperature loads were defined in order to simulate the cambered lengths of the through truss
members. Modal analysis of the model was also performed, and the frequency and mode shape
information were generated. There was about a 30% difference in the lateral response of the
3D FE models, with and without piers.

Ambient vibration tests were conducted to obtain global frequencies and mode shapes
(dynamic properties) of the through truss spans of the bridge. Data was collected using
accelerometers, and these were placed spatially to obtain the global response of the structure.
Measurements were taken under ambient conditions and daily traffic. The input that induces
vibration is mainly due to traffic and wind. The collected data was analyzed for frequency of
the vibration modes and corresponding mode shapes. Spectral analysis was done using Matlab
software. The objective of the spectral analysis is to decompose the time histories into
individual vibration components, which are represented in frequency domain.

Lateral, vertical bending and torsional modes were identified for post-processing of the
data. The authors mentioned that wind and traffic might not excite some of the modes that
could exist in the analytical model.

Controlled load tests were performed with a static load test at a pre-identified location with
two 108 kip cranes, and a second test with trucks crossing the bridge at crawl speeds. Strain
gages were used to collect strain measurements from these tests. Sample rate used was 40 data
points/second for the static loading. For the first part of the test, the truck was at the location
under consideration for about 30 seconds. For the crawl speed test, the sample rate used was
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100 data points/second. The crawl speed was about 5-7 mph. By minimizing the dynamic
effects, the crawl speed test provided a static response of the bridge to a known set of moving
loads at measurements locations when the load is at any location on the bridge. The authors
mentioned that when the weight of each crane-axle and the distance between them are known
and the location of the crane and members’ responses are measured simultaneously, it is
possible to normalize and decompose the responses into normalized influence lines for the
response under a unit moving load. Using this decomposed unit influence line, the magnitude
of that response can be predicted under any type of load case provided the load does not cause
dynamic amplification and structural linearity is satisfied.

While interpreting the results, the authors also mentioned that since the frequencies and
mode shapes are a function of parameters such as mass, stiffness, damping, and boundary
conditions of the structure, any differences in frequencies and mode shapes can be attributed
to the misrepresentation of one of these properties. It was not mentioned if the percentage of
damping ratio was an adjusted variable in the FE model.

The 3D FE model used for the calibration was the one which included the piers (boundary
conditions were also modeled). Strain levels from field tests were compared to FE model. The
hanger element (element connecting the suspended truss to the cantilevered truss) was modeled
with released condition for rotation to simulate the rotational pin mechanism at two ends of
the hanger. Strain levels were compared at this location (side South hanger) and a good
agreement was observed between collected data and FE results. It was observed that the axial
strain at the lower chord decreased as the crane moved closer. The authors commented that
ideally, the axial response is expected to increase when the load is getting closer to the mid-
span. When the finite element model response is investigated, it is seen that the axial response
of the member gradually increases, reaches its maximum when the load is at the center and
starts decreasing as the load is moving away from the member. These examples show that the
actual behavior of a long span bridge could be much more complex than anticipated.

The authors also pointed out that DI3 engineers documented that environmental effects,
structural variations and uncertainties have significant impact on the structural responses at
different times of the year and even at different times of the day. The authors concluded that
the stresses comparisons were considered to validate the local behavior of the FE model
considering the abovementioned and the size of the bridge.

From the correlation of the 3D FE model to dead load analysis, the authors observed that
the upper chord, diagonal, and vertical members show comparable member forces whereas
most of the lower chords have less member forces due to the additional stiffness provided by
the floor system.

The model dynamic responses were compared to the experimental values. After model
improvements and calibrations, a reasonably successful correlation was achieved.
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Controlled load test data proved essential for verification and local calibration of the FE
models of the behavior. Test results were also correlated with the models of the bridge. Main
truss model response matched quite well with the controlled load test results. When
experimental results of the load test are observed, it is seen that some of the load transfer
mechanisms are very complicated and further instrumentation may be required for local
response characterization at these locations.

A Review of Structural Health Monitoring Literature 1996-2001 (Sohn, Farrar, Hemez, &
Czarnecki, 2002.)

This study focused on the review of damage detection studies, which the authors
summarized in the context of a statistical pattern recognition paradigm. This paradigm can be
described as a four-part process: (1) operational evaluation; (2) data acquisition and cleansing;
(3) feature extraction and data reduction; and (4) statistical model development. However, the
authors focused on items (3) and (4).

Data can be measured under varying conditions, and the ability to normalize the collected
data becomes very important to the SHM process. It is common to normalize the measured
responses by the measured inputs. If environmental or operating conditions variability
becomes an issue, the need of normalizing data can increase and the data normalization can be
done in some temporal fashion to facilitate the comparison of data measured at similar times
of an environmental or operational cycle.

Data cleansing is the process of selectively choosing data to accept for, or reject from, the
feature selection process. On the other hand, feature extraction is the process of identifying
damage-sensitive properties, derived from the measured system response, which allows one to
distinguish between the undamaged and damaged structure.

Almost all feature extraction procedure essentially carries out some form of data
compression. Data compression (into feature vectors of small dimension) is necessary if
accurate estimates of the feature’s statistical distribution are to be obtained. “As an example,
the use of residual errors between auto-regressive model predictions and actual measured time
histories represents a one-dimensional feature vector that has been used for damage detection.”

Feasibility of Structural Monitoring with Vibration Power Sensors (Elvin, Lajnef, & Elvin,
2006)

The research presented in this paper is centered on utilizing vibration in structures as a
source of ambient energy that could be used to power wireless sensors. Sources of the
vibrations can include traffic, wind, and earthquake loads. Comparisons were made between
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the theoretical maximum energy levels that can be extracted from the dynamic loads and
energy requirements of various wireless sensors. It was shown electrical generation increases
approximately linearly as the sensor mass increases. With current technology, small sensors
with a volume of approximately 5 cm?® are not able to produce sufficient energy. However
sensors with masses between 100 g and 1,000 g can be powered under normal bridge traffic.
Further research in reducing the energy demand on the sensors would benefit smaller sensors.

Fiber Bragg Grating Sensors for Structural Health Monitoring of Tsing Ma Bridge:
Background and Experimental Observation (Chan, et al., 2006)

The study presented a description of the Fiber Bragg Grating (FBG) sensors used for
structural health monitoring of the Tsing Ma Bridge (TMB, with a length of 1,377 meters).
Forty FBG sensors divided into three arrays were installed on the hanger cable, rocker bearing
and truss girders of the TMB. The objectives of the study were to investigate the feasibility of
using the developed FBG sensors for structural health monitoring, via monitoring the strain of
different parts of the TMB under both live loading, railway and highway loads, as well as to
compare the FBG sensor’s performance with the conventional structural health monitoring
system — Wind and Structural Health Monitoring System (WASHMS) that has been operating
at TMB since the bridge’s opening in May 1997.

To investigate the feasibility the developed FBG sensors for structural health monitoring,
a field test was carried out in May 2003, in which a number of such FBG sensors were installed
on the Tsing Ma Bridge to conduct real time and full scale measurements. Results of the FBG
sensors were also compared with existing conventional strain gages.

Structural Health Monitoring for Flexible Bridge Structures Using Correlation and
Sensitivity of Modal Data (Koh & Dyke, 2007)

The authors investigated the use of correlation-based damage detection methods for long-
span cable-stayed bridges. The location of damage was determined using an iterative procedure
in which the combination of structural parameters that maximizes the correlation coefficient
through the application of genetic algorithms. Different analytical methods were used for the
correlation-based damage such as damage location assurance criterions (DLAC), multiple
damage localizing assurance criterion (MDLAC), genetic algorithm (GA), and modal
assurance criterion (MAC).

The FE model used for this study was previously developed and details were presented in
other studies. The FE model was composed of beam, cable, lumped mass and rigid elements
to fully represent the bridge’s dynamic characteristics. Since cable-stayed bridges present
behave nonlinearly due to tensioning and sag in cables, beam-column interaction, and large
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deformation resulting from the structure’s self-weight. The FE analysis used the post-deformed
geometry of the bridge based on the results of nonlinear static analysis.

The reduced modulus of elasticity was defined for the beam elements representing the deck
to simulate a structural defect in the deck. MDLAC combined with GA was used in this study
for locating damage.

The damage variable set that best represents the modal properties of the damaged bridge
structure is obtained through genetic algorithms. Numerical simulations showed that the
MDLAC-GA approach yielded successful localization of multiple damage locations presented
in the cable-stayed bridge.

Conceptual Damage-sensitive Features for Structural Health Monitoring: Laboratory and
Field Demonstrations (Necati Catbas, Gul, & Burkett, 2008)

In this study, multi-input and multi-output dynamic data were used to obtain modal
flexibility, which is a close approximation to the actual flexibility. It was shown that both
deflection and curvature are conceptual and physically meaningful features for damage
detection and localization. The aim of this investigation was the extraction of different damage
condition indices (or features) from vibration data.

A damage indicator that can be used is flexibility. This parameter can be attained by using
the frequencies and mass normalized mode shapes. Modal flexibility and curvature were the
focus of this study. In addition, modal curvature was another feature used for damage detection.
The basic premise behind using modal curvature is that the reduction in the stiffness will be
reflected as an increase in the modal curvature.

Flexibility and flexibility-based displacements were observed to be conceptual and
promising indices for damage detection. On the other hand, modal curvature is another very
commonly used feature for damage identification.

The authors focus on extracting modal flexibility based displacement and curvature from
dynamic data. First modal flexibility is obtained by using modal parameters. Then a loading
vector is applied to the modal flexibility to obtain displacement patterns. After obtaining the
deflection values, deflection vector is used to obtain curvature as opposed to mode shape
curvature.

An important point about the real-life application of the methodology is that special care
has to be taken for elimination effects from data. It may be possible to separate damage from
environmentally induced conditions if the structure and the environmental effects are
monitored continuously such that seasonal and yearly environmental cycles are captured. It is
important to note that these features are for global condition assessment.
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Dynamic Monitoring of a Long Span Arch Bridge (Magalhaes, Cunha, & Caetano, 2008)

This study is focused on the installation of a monitoring system on a concrete arch bridge
shortly after construction and the experimental and numerical studies to accompany it. Some
of the early studies included creating an ambient vibration test with a numerical model that
was calibrated with the observed values in the field. The development of numerical models is
of importance after the identification of natural frequencies in order to extract the effect on
natural frequencies of environmental variables (e.g. air temperature and humidity). In addition,
the effect of the extra mass associated with the traffic over the bridge may need to be
considered. After elimination of the influence of these factors, frequency changes can only be
due to stiffness reductions associated with damage.

Finite element (FE) software, ANSYS was used to develop a 3D FE model composed of
bar finite elements. Cross section properties (area, moments of inertia, torsion moment of
inertia and shear deflection constants) were defined according to the geometry of the deck,
arch and columns. Only one half of the bridge was instrumented with 12 accelerometers
distributed along four sections, with three sensors per section. In addition, an independent static
monitoring system (performing one or two acquisitions per hour) during construction, and
comprises strain gages, clinometers and temperature sensors, was carried out. Temperature
sensors embedded in the concrete gave important measurements for the FE models that left out
the effect of temperature from identified natural frequencies. Moreover, a weather station
located close to the bridge, recorded all the important environmental variables (air temperature,
humidity and wind velocity and direction) whose measures can also be used to investigate their
possible effect of (Chan, et al., 2006) the identified modal parameters.

At the time of this publication, the analysis of modal parameter changes with
environmental conditions (e.g. temperature and humidity) had not been done and that
information was documented in other communications.

Mean values associated with the ambient vibration test were consistently lower. This
difference can be explained by the temperature effect, because the ambient vibration test was
performed during the summer (natural frequencies decrease with temperature increase), and
also by hardening of the concrete during the last 2 years (last pouring-June 2002; ambient
vibration test — June 2005; monitoring — October-December 2007). On the other hand, the
standard deviations of the estimates provided by the monitoring system for the natural
frequencies were higher than the ones resulting from the ambient vibration test, owing to the
effect of temperature, which is obviously more significant during a long observation period.
Direct comparison between the mode shapes provided by the ambient vibration test and the
ones estimated by the monitoring system was not possible, because the measured degrees of
freedom are not exactly the same.
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“The main limitations of the described procedure for the automatic identification of the
modal parameters are the accuracy of the natural frequencies estimates dependency on the
frequency resolution and the inadequacy to estimate modal damping ratios. It is possible to
obtain estimates for these coefficients, from auto-correlation function resulting from the
inverse Fast Fourier Transforms of the points selected modal domains, by the fitting
exponential decays to the envelopes of those functions.”

Structural Health Monitoring and Reliability Estimation: Long Span Truss Bridge
Application with Environmental Monitoring Data (Necati Catbas, Susoy, & Frangopol, 2008)

The main objective of this study was to present the reliability estimation studies for all
main truss components as well as the entire structural system of a long span truss bridge. This
bridge was subjected to long term structural health monitoring studies where large amount of
input and response data have been collected. A very detailed finite element model of the bridge
was developed and calibrated using field data. The developed FE model is described in the
“Structural Identification of the Commodore Barry Bridge” (Catbas, et al; 2000).

The calibrated and verified FE model from the Commodore Barry Bridge was used for
reliability analysis of the bridge accounting for dead, traffic, and wind loads. A limit state
function was adopted in terms of ultimate strains for the first-order reliability analysis. Long
term monitoring data was also used for reliability estimations. Field test data from temperature
and temperature-induced strains were collected over a one-year period, showing the behavior
of the temperature and the corresponding strains. The collected data was also used to study the
effects of temperature-induced stresses on the structure components and reliability. The system
reliability of the structure is evaluated using the parallel/series modeling of component
reliabilities where temperature-induced responses are also included. The environmental inputs
and responses were monitored for a one-year period and the responses are included in the
component and system reliability.

From the FEM results, nominal values of load effects and resistance values were found,
and those values were used to calculate their statistical distributions. Wind load was considered
to be an important factor on the reliability of the long truss bridge, and the wind load was
defined as equivalent static point loads applied laterally applied at the joints. Live loading was
carried out simulating the HL-93 loading. The truck was placed at several critical locations
along with the distributed lane load. The authors mentioned that the effect of live load on the
bridge depends on many parameters such as span length, truck weight, axle loads, axle
configuration, position of the vehicle on the bridge (transverse and longitudinal), number of
vehicle on the bridge (multiple presence), girder spacing, and stiffness of structural members
(slab and girders).
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The study observed that any temperature-induced stresses on critical truss members are
difficult to conceptualize and model. For instance, bending due to temperature effects was
observed in the truss members at levels approximately ten times higher than any effects of
traffic. The study recommends including environmental effects in any reliability estimation
due to the difficulty to model these effects in routine design. Long-term monitoring of a
structure is a way to encompass these effects.

The State-of-the-Practice of Modern Structural Health Monitoring for Bridges: A
Comprehensive Review (Ahlborn, et al., 2010)

The research in this paper gives an overview of technologies used in bridge inspection and
structural health monitoring. Standard bridge inspection procedures along with newer
technologies are outlined. In-situ monitoring techniques such as accelerometers and various
types of strain gauges are described in detail. NDE techniques such as eddy currents, ground-
penetrating radar, and radiography are discussed as well. The paper concludes with several
case studies of structural health monitoring including the Commodore Barry Bridge, Golden
Gate Bridge, and the Cut River Bridge.

Vibration Based Structural Health Monitoring of an Arch Bridge: From Automated OMA
to Damage Detection (Magalhaes, Cunha, & Caetano, 2011)

In this study, a strategy to minimize the effects of environmental and operational factors
on the bridge natural frequencies was followed. OMA represents Operation Modal Analysis.
In addition, static and dynamic regression models were tested and complemented by a Principal
Components Analysis (PCA). The scope of this study included:

e Study the modal parameters variations to build numerical models suitable to
eliminate the effect of environmental and operational variables,

e Evaluation of the capability of the installed monitoring system to detect realistic
damages.

PCA is a “multivariate statistical tool concerned with explaining the variance or covariance
structure of a set of variables through a few linear combinations of these variables. It is
commonly used to reduce the dimension of the problem, by substituting a group of correlated
variables by a new smaller group of independent variables, which are designated principal
components.”

The study also utilized control charts which are made up of data plotted with respect to
time and control limits to show variation from common causes. Any data outside of the control
region on the chart represents a special cause of variation. In SHM, this may be representative
of damage occurring to the structure. Therefore the charts can be utilized to monitor any sample
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multivariate observations that fall outside of the designated control limits which have been
established by any previously collected data. In other words, to monitor collected data for
values that are unsafe.

Dynamic monitoring systems in combination with a processing strategy which is based on
algorithms that permit an automated and precise identification of the structural modal
parameters “complemented with statistical tools for the minimization of the environmental and
operational influences permit the construction of control charts that enable the detection of
small stiffness reductions that might be associated with the occurrence of damages.” Damage-
based detection was based on numerical simulations that had some limitations.

Application of Advanced Non-destructive Testing Methods on Bridge Health Assessment
and Analysis (Kilic, November 2012)

This investigation presents results of application technology using Ground Penetrating
Radar (GPR), IBI-S technology/system (deflection and vibration sensor system with
interferometric capability) and accelerometer sensors. Finite element models were developed
for the case study using two software applications, SAP2000 and ANSY'S. Analytical results
were compared to those obtained from field tests using the non-destructive methods above
described. With the use of the described techniques, the main goal of this study was to develop
an integrated model/approach for the assessment and monitoring of the structural integrity and
overall functionality of bridges.

The FEM analysis was conducted assuming no defects on the bridge for the case study.
Deflections obtained from field tests data was compared to FEM results. Simulations on
increasing crack lengths were carried out using the FE model created using ANSY'S software.
Additionally, an IBI-S interferometric radar system was utilized which measures dynamic or
static displacement and vibration of structures such as bridges, towers, buildings etc., up to a
hundredth of a millimeter.

Little information regarding bridge geometry and materials was available for creating the
FEM. Assumptions made in the finite element model included:

e Constant temperature

e All bearings to be at the same points

e No residual stresses were applied to the model

e Damping ratio was assumed to be 5% (value found in literature, Chopra 1995)
e Stiffness was calculated using FE software

e Surface roughness was not considered in the FE models.
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e For the live loading, no damping characteristics of the vehicle were taken into account.
18 metric ton vehicle with two axles and with a constant speed of 25 mph was defined
for live load analysis.

For the FE model created with SAP2000, shell elements were used to model the decks. Pier
and abutments and the beam elements are intended to represent the beams in the last span of
the bridge. Simple connections were used. The modulus of elasticity was found for the bridge
by dividing the preliminary value (value obtained using f’c = 3 ksi) by the average of the results
of IBIS-S monitored deflection and the FE outputs for the same nodes. Thus, the modulus of
elasticity of the concrete was found using an inverse approach. After modification of the value
of the modulus of elasticity for the concrete was done, the author found acceptable similarity
between field test results, displacement results, and the FE model created using SAP2000.

For the cantilever span of the bridge case study, the author did not observe good agreement
between FE results using the SAP2000 model and field test results using IBI-S survey. This
discrepancy was attributed to the deterioration of the bridge structure.

ANSYS software was used to create a 3D FE model to account for the cracks in the
structure using material capabilities that the software has. The purpose of the FE model created
using ANSY'S software was to assess the health condition of the bridge case study, especially
in the region where the cracked supporting beam has led to doubts regarding the structural
adequacy of the structure.

Compressed Sensing Embedded in an Operation Wireless Network to Achieve Energy
Efficiency in Long-Term Monitoring Applications (O'Conner, Lynch, & Gilbert, 2014)

The focus of the research in this study is on compressed sensing within wireless sensors
that are deployed in SHM. Compressed sensing can be used to reduce data sampling rates, on-
board storage requirements, and communication data for wireless sensors. This reduces the
energy demand for a wireless SHM system which can then increase reliability. In order to
deploy this method, mode shapes were obtained using acceleration data from a steel, multi-
girder bridge on Telegraph Road in Monroe, MI. Through the performed analysis, it is
concluded that the compresses sensing procedures do succeed in reducing the amount of data
transmitted at a cost of modal accuracy. The study also shows that the energy reductions
through compressed sensing are significant for large sensor networks.
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0.2 Dynamic Impact Factor
Dynamic Axle Loads and Pavement Response (Christison and Woodrooffe, 1986)

Field test investigations involved placing perturbations on the road surface to vertically
excite axles of an instrumented vehicle and recording axle forces and pavement surface
deflections as the vehicle passed over surface — set deflection transducers. "A single
perturbation was used to generate relatively high frequency axle dynamics and a series of
perturbations were employed to obtain a lower frequency whole body dynamic loading
condition."”

Maximum static deflections were obtained at the time that the wheels of an axle were
directly placed over the transducers, and dynamic axle forces coinciding with the time of
monitoring maximum deflections were made available for a number of test runs. Ratios of the
recorded dynamic to static axle loads (DLF) were determined and used in analyses carried out
to assess the effect of dynamic axle loadings on pavement deflections. It was observed that the
magnitude of pavement surface deflections increased with increasing vehicle speed.

Dynamic Wheel Loads from Bridge Strains (O’Connor and Hung Tin Chan, 1988).

AASHTO 1977 defined impact | as the ratio of additional stress to the equivalent static
live-load stress. Collected data from the weighbridge and the data logger made possible to
compute impact values as the ratio of additional mid-span bending moment to equivalent static
live-load bending moment. The authors calculated impact values ranging from -0.08 to 1.32,
which is much higher than the 0.3 AASHTO value. The widespread in values was attributed
to possible vehicle defects, resonance between the vehicle and the bridge, and road roughness
(O’Connor and Pritchard 1985).

Two type of analyses are described in this study: the predictive analysis generates the
theoretical bridge response, and the interpretive analysis then uses this response in order to
recover the original dynamic loads.

The following are the conclusions of the research project:

e Acceptable values have been obtained theoretically using either deflections or bending
moments as input data.

e Error studies show that predictions based on deflections are more sensitive error than
those using measured bending moments.

e The preferred method of using bridge measurements to estimate dynamic loads is
therefore by the use of measured total bending moments at a series of transverse cross
sections of the bridge.
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Simulation of Dynamic Load for Bridges (Hwang, and Nowak; 1991).

This paper focuses on the analysis of dynamic loads in bridges. Models are developed for
trucks, road surface (roughness) and the bridge. Truck parameters include mass, suspension,
and tires. Random variables include the truck type, total weight, axle distances, and speed.
Dynamic load factors were found to be lower for heavier trucks and even lower for two trucks
(side by side). Simulated deflections indicate that the dynamic component is not correlated
with the static component.

It has been observed that the dynamic load depends on dynamic properties of the vehicle
(self-weight, physical dimensions, suspension system, and tires), dynamic properties of the
bridge (mass, flexural stiffness, and span length), and pavement roughness (also affected by
conditions of the approach road). The authors determined the dynamic load effect in a bridge
in terms of the maximum static and dynamic deflections (Dsta, Dayn). In this study, the dynamic
load factor (DLF) is defined as the maximum dynamic deflection divided by the maximum
static deflection at mid-span.

From results, it was seen that the dynamic load factor decreases as the weight increases.
This not caused by decrease of dynamic load deflection but by increase of static load deflection.
In addition, dynamic load factor (DLF) varies with truck speed. The effect of axle distance
varies from span to span. For longer spans, the DLF increases as the axle distance increases,
because the maximum dynamic mid-span deflection increases and the maximum static mid-
span deflection decreases.

The following are the conclusions of the research project:

e DLF decreases as the vehicle weight increases.
e Dynamic and static live loads were considered to be uncorrelated except for 30-m span.
e The DLF for two side-by-side trucks was found to be lower than for one truck case.

Design of Highway Bridges: Based on AASHTO LRFD, Bridge Design Specifications
(Barker and Puckett, 1997)

Vehicle suspension system reacts to roadway surface conditions by compression and
extension of the suspension system. This creates axle forces that exceed the static weight
during the time that the acceleration is upward, and is less than the static weight when the
acceleration is downward.

It is most common to compare the static and dynamic deflections as illustrated below. The
dynamic effect is defined as the amplification factor applied to the static response to achieve
the dynamic load effect.
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Dsta= maximum static deflection
Dayn= additional deflection due to dynamic effects
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Fig. 412 Typical live load response. [Hwang and Mowak, 1991).

The ratio of Dayn/Dsta Varies greatly with different vehicle positions. The main variables
that affect the dynamic load factor are the characteristics of the truck, the dynamic
characteristics of the bridge, and the roadway roughness. “These characteristics are expected
as all transient structural dynamic problems involve stiffness, mass, damping, and excitation.”

The global dynamic effects are addressed in most studies regarding impact. Global means
the load effect is due to the global system response such as deflection, moment, or shear of a
main girder. Local effects are the load effects that result from loads directly applied to (or in
the local area of) the components being designed. These include decks and deck components.
In short, if a small variation in the live load placement causes a large change in load effect then
the load effect should be considered local.”

Dynamic effects on deck components are much greater and highly dependent on roadway
roughness. Because the load is directly applied to these elements, also their stiffness is much
greater than that of the system as a whole.

Dynamic Loads for Steel Girder Bridges (Nowak & Kim, 1999)

According to the authors, dynamic load is time-variant, random in nature and depends on
vehicle type, vehicle weight, axle configuration, bridge span length, road roughness and
transverse position of truck on the bridge. Parameters considered for their experimental
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program: span length, girder spacing, slab thickness, and skew. Dynamic load usually
considered as an equivalent static live load expressed in terms of DLF.
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Fig. 1 Dynamic and Static Strain under a Truck Travelling
with Highway Speed.

DLF = ggyn/estat, Where
edyn= dynamic component of strain (measured from test data, €dyn= &total - Esta)
estat=Static component of strain, (maximum total strain obtained from the filtered dynamic
response)
DLF= dynamic load factor [1 + DLA (using AASHTO Expressions)].
DLA= dynamic load amplification.

Analytical and Experimental Evaluation of Existing Florida DOT Bridges (Wekezer, Li,
Kwasniewski, and Malachowski; 2004).

The main objective of this study was to validate dynamic responses for short and medium
span high bridges. In addition, the determination of actual impact factors was of importance.
Identification and evaluation of parameters having great influence on dynamic response of the
structure, such as span length, vehicle speed, vehicle suspension, vehicle weight, vehicle
position on bridge lanes, and road surface condition were considered. Field test data was
collected by measuring strain and displacements at midspan. In addition, accelerations were
also recorded at the truck axle and selected locations along the bridge.

Impact factors were calculated as follows:

IM :%*100%

S

Rg¢= maximum dynamic response
Rs = maximum static response.

From comparison of results obtained at 30 mph and 50 mph, it was observed that the
vehicle speed as an important parameter in dynamic effects.
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The static response was checked as part of the validation of the FE model. Some differences
were observed between numerical and field tests results for static loading. The differences were
attributed to the stiffness of the FE model being smaller than the actual structure. Compressive
strength tests were conducted to investigate concrete material properties and those obtained
were used for the validation of the FE model. In addition, natural frequencies of the model
were compared to field test data. Once the FE models were validated, both models, truck and
bridge were assembled together to simulate vehicle-bridge interaction for the static and
dynamic tests. The road approach was incorporated to the numerical simulations. A very high
impact factor was obtained from field tests for vehicle speed of 50 mph.

From field tests and numerical analyses, it can be said that there are six variables that could
have a great influence in impact factors: span length, vehicle speed, suspension parameters,
truck weight, truck position on bridge lanes, and road surface condition. From numerical
analyses, it was observed that the impact factor increased for speeds above 50 mph obtaining
values higher than those predicted by AASHTO code. In addition, FE results showed that
heavier vehicles lead to smaller impact factors.

Dynamic response in bridges due to moving loads was attributed to the three major sources:

e Pure motion of constant reaction forces exerted by a vehicle along a perfectly smooth
bridge surface. This has a negligible effect on the bridge response.

e Change in time of reactions due to interaction in the wheel suspension assembly. This
is related to the characteristics of vehicles suspension system and its effect on the bridge
dynamic response depends on bridge characteristics such as span length, number of
girders and position of the loading vehicle. This factor is significant when the road
surface is in good condition and the hammering effect is not present.

e Impact forces exerted by the wheels on the bridge and triggered by road surface
imperfections and discontinuities (hammering effect). This last one has the most
significant effect due to impact forces induced by geometric surface imperfections.

In addition, the impact factor increases when truck speed increases; the impact factor
decreases with the increase in truck weight; and the impact factor gradually decreases with
longer span lengths.

Load Test of a Plain Concrete Arch Railway Bridge of 20-m Span (Marefat, Ghahremani-
Gargary, & Ataei, 2004)

In this study, the dynamic impact factor was defined based on vertical displacement at the
crown. The dynamic impact factor depends on span length, type of structure, material
characteristics, support conditions, loading conditions, and response of the structure. Results
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of maximum displacements computed from different speeds loadings were normalized based
on the maximum displacement of 10 km/h. Thus, at a speed of 10 km/h the dynamic impact
factor is 1.0 and it increases as the speed increases. In this article, the researchers calculated a
maximum impact value of up to 1.2 for speed of 80 km/h. Accelerometers were used to obtain
the natural frequency of the structure during moving load tests.

Investigation of Impact Factors for Permit Vehicles (Wekezer, Szurgott, Kwasniewski, and
Siervoger; 2008)

DLA was determined from field tests and FE analyses. An influence of the vehicle velocity
on the impact factor was considered. The bridges under study were instrumented with strain
gauges, LVDTs, and accelerometers. The strain gauges were oriented to measure the
longitudinal component of strains.

The main objective of their experimental program was to asses an actual dynamic load
impact for a selected bridge. The collected data was used to confirm the correctness of the
existing FE model and performed FE analyses. Static and dynamic tests were carried out.
Dynamic tests included runs of each vehicle at two different speeds, 30 and 50 mph. For the
dynamic tests, strains, displacements and accelerations at chosen locations of the bridge were
recorded as well as accelerations in a dew points located on the vehicles. Strain readings
obtained from static tests showed relatively good repeatability.

= M* 100%

sta

IM

Rdyn= maximum dynamic response (strain, displacement)
Rsta= maximum static response (strain, displacement).

The authors mentioned that the obtained impact factors should be considered in a
qualitative respect instead of the quantitative one. Longitudinal strains obtained from field test
were compared to FE results. “The conducted tests and FE analyses provided significant
information about determinants that influence the impact factor. The first one is undoubtedly
related to the suspension parameters of the vehicle. In practice, the difference between the
dynamic and static response of the bridge for a fully suspended vehicle is not so large. Heavy
vehicles with very stiff suspension systems have much more effect on the bridge. Differences
between static and dynamic responses are higher, consequently increasing the impact factor.
The dynamic response for such vehicles can be further intensified by the “bounced” cargo
located on the load deck. Vibration of the vehicle caused by road surface imperfections (e.g.
thresholds, crack, potholes etc.) can generate additional oscillations of the load and intensify
the dynamic influence on the bridge span.”
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Investigation of Impact Factors for FDOT Bridges (Wekezer, Taft, Kwasniewski, and Earle,
2010)

Dynamic impact factors were calculated as function of vehicle type and speed. Impact
factors were calculated using maximum displacements and strains. Impact values calculated
using strain values seemed to be more reliable and closer to the value recommended by
AAHSTO. The parameters affecting dynamic impact factor are: surface imperfections (joint
abutments and bridge approach depression), loosely attached cargo which causes the so-called
hammering effect, and characteristics of the suspension of the vehicle. The FE software used
for this investigation was LS-DYNA (explicit).

Dynamic responses of the system are influenced by span length, vehicle speed, vehicle
suspension, truck weight, truck position on bridge lane, and road surface condition. Vehicle
speed, surface imperfections, and vehicle mass were of major focus in this investigation. In
addition, the dynamic effect due to the bouncing cargo was included in the studied through FE
analysis. The trucks were actually modeled, surface interaction between the vehicle and the
bridge was incorporated in the model. The deck and girders were modeled using 3D elements.

Truck suspension was also incorporated in the model with its material properties (damping
and the like), and in addition the bearing pads were modeled. Strains and displacements
measurements were used for validation and verification of the FE models. The three vehicles
used for this investigation, were previously validated and calibrated and part of that
information is presented in “Investigation of Impact Factors for Permit Vehicles” (Wekezer,
et al; 2008) and “Analytical and Experimental Evaluation of Existing Florida DOT Bridges”
(Wekezer, et al; 2004).

The compressive strength used for the slab part was 8 ksi. The studied bridges consisted of
precast prestressed concrete type-I girders wit f’c= 9 ksi. “The size of the girders has the biggest
effect on the strength and structural response of a bridge subjected to dynamic loads.” The road
approach was including in the FE models to study the effect on dynamic response. Maximum
strains were used to compute DLA. From FE Analysis, the strains did not show a strong
correlation to the vehicle speed. “The strains induced by each vehicle on the bridge, do not
directly reflect the DLA, because each vehicle DLA is calculated by a comparison with its
static case. Therefore a higher strain does not necessarily result in higher DLA. The FE model
that allows for bouncing of the cargo resulted in higher DLA factors.”

A simplified model was created; the simplification was by using constant moving point
loads instead of the vehicles models. Initial velocities were defined in the model. The rail
system used for the simplified model provided a method for sliding the constant loads along a
defined pathway, but the complex interaction between the vehicle and the bridge (original FE
model) that includes the vehicle’s suspension system and bouncing masses is disregarded was
not taken into account in the simplified model.
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From the FE analyses, the maximum strains for the simplified model were considerably
lower than for the original model. This difference in results was due to the fact that the complex
vibrations of the vehicle’s mass and the suspension system were not accounted for in the
simplified model. The loads in the simplified model were applied directly to the bridge as
constant moving point loads, which did not vary dynamically. In the simplified FE model
neither the speed of the vehicle or the bridge approach surface had a big effect in the dynamic
response of the bridge.

From the Literature Review:

R
DLA = 2"

sta

Rayn= dynamic response of any physical variable,
Rsta = static response of any physical variable.

The physical variables most commonly used are displacements and strains measurements.
The following are the conclusions of the research project:

e No direct relationships were found between the influence of span length and the
dynamic response of the bridge.

e The DLA generally increases when the speed vehicle is increased, but the relation
between these two is not nearly linear.

e The bad road surface triggers vibrations in the vehicle during the interaction with the
wheels which are transferred to the bridge.

e The vehicle suspension system is one factor that needs to be considered in depth when
studying the interaction of vehicle and bridge. Very stiff suspensions result in worst
possible case of DLA, because it is unable to dissipate vibrations through springs and
dampers. Softer suspension resulted in the lowest DLAs, proving its well-designed
suspension system and good load distribution.

Assessment of a Concrete Arch Bridge Using Static and Dynamic Load Tests. (Caglayan,
Ozakgul, & Tezer, 2011)

Accelerometers were placed on the bridge for transverse and vertical directions since mode
shapes could not be obtained in the longitudinal direction. Data was recorded for the free
vibration of the structure once the train passed and left the bridge. Dynamic parameters were
obtained using mean values from eight tests. Significant natural frequencies of the bridge were
identified and normalized based on a spectral approach in the frequency range. Natural
frequencies of the structure obtained by means of accelerometers placed on the bridge were
compared to frequencies obtained from finite element analysis. Comparing the first five mode
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shapes of the bridges, the difference between FE models vs. Experimental studies is about
3.9% (average).

For static load analysis tests, vertical displacements were measured on the bridge by means
of LVDTs. Tilt measurements were obtained prior and after loading and the difference in the
measurements is caused by the external static loading. It is not clear how the calibration of the
static loading was done.

For the calibration of the numerical model, parametric studies were first carried out and
then sensitivity parameters were considered. The most sensitivity parameters were found to be
bearing spring stiffness in the longitudinal and vertical direction, and joint lumped masses
affecting dynamic characteristics. These two parameters were adjusted until a good match was
obtained to those natural frequencies obtained from field data.

In this study, Impact was calculated as, s-2%" , where, & is impact factor, Ggyn iS the

O stat
maximum compressive stress under the test train traveling at normal speed, and Gstat is the
maximum static compressive stress due to the static loading at the same point.
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