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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 I-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 
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the monitoring and communication equipment will greatly enhance the reliability of the system 
and ensure the structure is continuously monitored with minimum disruptions. 
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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 (V2I) 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. 

  

Mackinac Bridge 

Cut River 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 
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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.  
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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. 
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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: 

• Greater strain range 
• Longer fatigue life 
• Not affected by surrounding electromagnetic waves 
• Faster sampling rates 
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The strain gauges are manufactured by Micron Optics. The model numbers of the strain 
gauges and temperature compensation sensors are os3110 and os4100, 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. 

 

 

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 με. The fatigue life is 100 x 106 
cycles, ±2,000 με. 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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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_Outside_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 

Strain Gauges Temp. Sensors 

U6 

L6 

L5 

U5 U4 

L4 
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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 
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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-SOCl2 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 
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available from any computer with an internet access. The access point is shown in Figure 15 
with specifications included in Appendix F. 
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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: 

 
• Vaisala HMP45C Temperature and Relative Humidity Probe with 41003-5 Solar 

Radiation Shield, shown in Figure 17. Specifications are included in Appendix G. 
• RM Young 05103 Wind Monitor, shown in Figure 18. Specifications are included in 

Appendix H. 
• 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) 

 
 

 

Figure 18: Wind Monitor 
(Campbell Scientific, Inc., 2015)  
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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) 

 

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

 

 
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: 

• Travel lane 
• Time 
• Number of axles 
• FHWA vehicle classification 
• Gross weight 
• Overall length 
• Speed 
• Spacing between each axle 
• 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 27: WPC and Advanced Serial Data Logger Screenshot 

 

 

Figure 28: Comtrol DeviceMaster 
(Comtrol, 2015) 
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Figure 29: Number of Trucks per Lane 

 

 

 

Figure 30: Hourly Truck Traffic Volume 
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Figure 31: Truck Volume per Number of Truck Axles 

 

 

 

Figure 32: Volume of Trucks per FHWA Vehicle Classification 
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Figure 33: Truck Volume per Truck Gross Weight 

 

 

 

Figure 34: Gross Weight per Number of Axles 

 

96
6

33
97

19
99

18
95

17
32

86
5 10

69
19

27
16

8
16

2
20

3 33
4 54

1
51

7
16

0
40 14 9 3 5 1 3 1

0

500

1000

1500

2000

2500

3000

3500

4000

0 
- 1

0
10

 - 
20

20
 - 

30
30

 - 
40

40
 - 

50
50

 - 
60

60
 - 

70
70

 - 
80

80
 - 

90
90

 - 
10

0
10

0 
- 1

10
11

0 
- 1

20
12

0 
- 1

30
13

0 
- 1

40
14

0 
- 1

50
15

0 
- 1

60
16

0 
- 1

70
17

0 
- 1

80
18

0 
- 1

90
19

0 
- 2

00
20

0 
- 2

10
21

0 
- 2

20
22

0 
- 2

30

Tr
uc

ks

Gross Weight (kips)

0.0

50.0

100.0

150.0

200.0

250.0

2 3 4 5 6 7 8 9 10 11

G
ro

ss
 W

ei
gh

t (
ki

ps
)

# Axles

Trucks
MI Legal Trucks
H-15
HS-20



34 
 

 

Figure 35: Gross Truck Weight per Overall Truck Length 

 

 

 

Figure 36: Truck Volume per Overall Truck Length 
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Figure 37: Truck Volume per Speed  
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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) 

 

Figure 39: ENLIGHT Screenshot (Plot of 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 με 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 με for the top chord members and 231 με 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 με for the top chord members and 117 
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με 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. 

 

Figure 40: Example Graph of Strain vs Time 
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Figure 41: Maximum Strains in Top Chord Members 

 

 

Figure 42: Maximum Strains in Diagonal Members 
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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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Figure 43: TrafficDOT 2 Screenshot 

 

 

Figure 44: Average Daily Traffic (ADT) per Month 
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4.5 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. 

  

http://weather.dtn.com/dtnweather
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Figure 45: LoggerNet Screenshot 

 

 

Figure 46: MxVision WeatherSentry Online Website Screenshot 
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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 

Truck 
No 1 2 3 4 5 6 

Lane WB WB EB WB EB WB 

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 - 4.1 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 13.5 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) 

Truck 
No. SS_U4_U5 SS_L4_U5  SS_L6_U5  SS_U5_U6 NS_U4_U5 NS_L4_U5  NS_L6_U5  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 = εdyn/εstat  
 
where, 
DLF = dynamic load factor,  
εdyn = dynamic component of strain (measured from test data, εdyn = εtotal-εstat) 
εstat = 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. 

 

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: 

1. Stiffness of the connection between floor beams and the supporting truss 
2. Stiffness of the connection between the suspended span and the cantilever spans 
3. Composite action between floor beams and deck 
4. Deck stiffness 
5. Soil-structure interaction, which includes the flexibility of the supporting foundation 
6. Stiffness of the lateral bracing 

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 

Member 
FEM 
Force (1+DLF) 

FEM 
Force x 

(1+DLF) 

Measured 
Force % 

Difference 
(kip) (kip) (kip) 

SS_U4_U5 47 1.10 51 55 -7% 
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 

Member 
FEM 
Force (1+DLF) 

FEM 
Force x 

(1+DLF) 

Measured 
Force % 

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 

Member 
FEM 
Force (1+DLF) 

FEM 
Force x 

(1+DLF) 

Measured 
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 

Member 
FEM 
Force (1+DLF) 

FEM 
Force x 

(1+DLF) 

Measured 
Force % 

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 

Member 
FEM 
Force (1+DLF) 

FEM 
Force x 

(1+DLF) 

Measured 
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 

Member 
FEM 
Force (1+DLF) 

FEM 
Force x 

(1+DLF) 

Measured 
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 
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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, MI, 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 
DUAP 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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• Use equipment and corresponding software from fewer manufacturers to reduce 
coordination time and the possibility of incompatibilities within the system.  

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

• Store data obtained from the SHMS in multiple locations. 
• Perform load tests in calibrating the system to ensure accurate readings are being 

obtained from the equipment.  
• 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. 

• 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.  

• 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.  

• 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 
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Appendix B: Strain Gauge Specifications 
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Appendix C: Temperature Sensor Specifications 
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Appendix D: Interrogator Specifications 
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Appendix E: Traffic Sensor Specifications 
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Appendix F: Traffic Sensor Access Point Specifications 
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Appendix G: Temperature & Relative Humidity Probe Specifications 
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Appendix H: Wind Monitor Specifications 
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Appendix I: Rain Gauge Specifications 
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Appendix J: Intelligent Road Sensor Specifications 
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Appendix K: Environmental Sensor Station Data Logger Specifications 
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Appendix L: NetCam SC Specifications 
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Appendix M: Axis Specifications 
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Appendix N: Comtrol DeviceMaster Specifications 
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Appendix O: Literature Review 
 

O.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 cm3 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: 

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

• 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 ANSYS. 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 ANSYS 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: 

• Constant temperature 
• All bearings to be at the same points 
• No residual stresses were applied to the model 
• Damping ratio was assumed to be 5% (value found in literature, Chopra 1995) 
• Stiffness was calculated using FE software 
• Surface roughness was not considered in the FE models.  
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• 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 ANSYS 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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O.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 I 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: 

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

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

• 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. 

 



88 
 

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, Ddyn). 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: 

• DLF decreases as the vehicle weight increases. 
• Dynamic and static live loads were considered to be uncorrelated except for 30-m span. 
• 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 
Ddyn= additional deflection due to dynamic effects 

 

The ratio of Ddyn/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. 

 

DLF = εdyn/εstat,   where 
εdyn= dynamic component of strain (measured from test data, εdyn=   εtotal -  εsta) 
εstat=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: 

%100*
s

sd

R
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=  

Rd= 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: 

• 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. 

• 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. 

• 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.  
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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. 



94 
 

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: 

sta

dyn

R
R

DLA =  , 

Rdyn= 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: 

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

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

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

• 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 



95 
 

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, 
stat

dyn

σ
σ

δ = , where, δ is impact factor, σdyn is the 

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