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ABSTRACT 
 
The Indian River Inlet Bridge, located in the state of Delaware, United States, was completed and open to traffic 
in May of 2012. The bridge is a cable-stayed design, with a main span of 290 m and back spans of 122 m. It is a 
combination of cast-in-place and pre-cast concrete. It is the first long-span, cable supported bridge in the U.S. to 
have a permanent long-term structural health monitoring system installed in the bridge during initial 
construction. The SHM system is an all-fiber optic based system, which has over 140 sensors distributed 
throughout the structure to measure strain, acceleration, tilt, displacement, and chloride egress at key locations 
in the bridge. The system will be used to manage and maintain the structure over its lifetime. The project was 
reported on in the previous SHMII5 conference. Since then the bridge and SHM have been completed and are 
now in-service. The paper will review the design of the bridge and the SHM system. In that the bridge was a 
design-build project, so was the SHM system. This presented the team with a number of challenges, and there 
were also many hurdles to overcome during the installation of the sensors and fiber network. The paper will 
discuss some of the “lessons learned” during the installation that should be of value to others in future projects. 
Since the system has been operational three controlled load tests have been conducted, two separate “pluck” 
tests have been conducted on the stay cables, and the bridge has bridge has already experienced several very 
high wind events (the bridge is located along the Atlantic ocean, in a region that is prone to hurricanes). These 
have provided good tests of the system and useful early baseline data on the bridge’s behaviour.  
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INTRODUCTION  
 
Construction of the new Indian River Inlet Bridge (IRIB) in Delaware was completed in 2012 and the bridge 
opened in time for the heavy summer beach resort traffic. The bridge is a 534 m reinforced concrete cable 
stayed design that was designed and built under a design/build contract by the team of AECOM/Skanska USA 
Civil Southeast. The bridge carries US 1 over the Indian River Inlet, a tidal inlet that connects the Indian River 
Bay to the Atlantic Ocean. The new bridge is actually the fifth bridge to be built over the inlet over the past 60 
plus years. The new bridge replaced parallel steel bridges that were built in the 60’s and 70’s. The previous 
bridge was  replaced not because the superstructure was in poor condition, but because the two supporting piers 
were in the inlet and were susceptible to a serious scour problem (Delaware 2011) 
 
The University of Delaware Center for Innovative Bridge Engineering (CiBRe) championed the idea of 
installing a permanent structural health monitoring system (SHM) on the new bridge to the owner, the Delaware 
Department of Transportation (DelDOT), during the early stages of planning for the new bridge. With such a 
significant piece of infrastructure that would be designed to last 100 years, it would be imperative that the owner 
have a system in place that could provide quantitative data about the bridge behavior, to better manage and 
maintain the structure throughout its life.  
 
CiBRe researchers designed and oversaw the installation of a comprehensive SHM system on the bridge 
throughout the design/build process; in this regard the SHM was also completed under a design/build process. 
The SHM system has been in operation since the bridge was opened, gathering continuous data. At the time of 
writing three controlled load tests have been conducted on the bridge – at its opening, at 6 months, and at the 1 
year anniversary. The SHM system collects data of all sensors at 15 minute intervals and at a higher sample rate 
during high wind events. Final steps to complete installation of the control system and servers at the state 
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emergency management system are underway. Among other efforts, work is underway to develop procedures 
for estimating load rating factors for the bridge based on the measured data.  
 
The project was reported on earlier during construction in Shenton, et al (2011). Construction has since been 
completed and the bridge is open. There were many valuable lessons learned about the design and installation of 
the all fiber-optic SHM system within a design-build project. The paper describes some of the key lessons 
learned. Also presented are some of the early results from load tests and other data collected from the system.  
 
DESCRIPTION OF THE BRIDGE 
 
The new Charles W. Cullen Bridge at Indian River Inlet, also commonly referred to as the Indian River Inlet 
Bridge (IRIB), is a cable stayed design with a main span length of 290 m and back span lengths of 122 m. Steel 
was precluded by the owner as a material option because of the bridge’s close proximity to the Atlantic Ocean 
and the heavy presence of chlorides. Another constraint imposed on the design was that the horizontal clearance 
was to be 274.5 m, to allow for future widening of the inlet channel. The bridge has an out-to-out width of 32.3 
m and carries four lanes of traffic, two shoulders, and a 3.66 m wide pedestrian walkway.  
 
The bridge was designed using a combination of precast and cast-in-place reinforced concrete. There are two 
twin pylons which each reach a height of 75.6 m above the ground. The pylons have a hollow box shape that is 
uniform below the deck level and then tapers to the top of the pylon. Only a grade beam connects the twin 
pylons at their base – designers were able to eliminate the conventional cross-strut typically seen in bridges of 
this type through the use of an aerodynamically efficient cross-section and by minimizing the eccentricity of the 
stay plane with respect to the centroid of the cross-section. The pylons were cast-in-place using slip-form 
construction. The pylons are supported on a 3 m thick spread footing that is supported by 42 prestressed 
concrete piles. The deck consists of two edge girders, transverse floor beams spaced at 3.67 m on center, and a 
cast-in-place deck. The portions of the deck over land, approximately 66%, were constructed on falsework, 
which was faster and more economical. In this region the floorbeams were precast pretensioned I sections that 
tapered in depth from the center to their ends. The edge girders, which are roughly rectangular in shape and are 
1.8 m deep and 1. 5 m wide, are continuous and were cast-in-place. The regions over water were constructed 
using a form traveller in sections of length 7.3 m. Post-tensioning was used in the deck, edge girders, and the 
connection of the precast floorbeams to the edge girders. There are a total of 152 stays, 38 per pylon; 19 stays 
emanate from each side of the pylons and are anchored to the edge girder on 7.3 m centers. The stay cables are 
seven wire strands in bundles of 19 to 61. The strands are waxed and encapsulated in a high density 
polyethylene sheathing. The stays are enclosed in an HDPE pipe with a raised helical strake to minimize the 
potential for wind-rain induced vibrations. The bridge is fixed at the northern pylon and is free to expand at the 
south pylon and abutments. A more detailed description of the bridge design and construction can be found in 
Nelson (2011). 
 
Construction of the bridge began in 2009 with the driving of the piles for the pylons. The bridge was opened to 
limited traffic in the winter of 2011 and was completed and open to full traffic in May of 2012. A photograph of 
the bridge in the final months before it was opened is shown in Figure 1.  
 

Figure 1. Photograph of the new Indian River Inlet Bridge during final months of construction 
 



 
DESCRIPTION OF THE SHM SYSTEM 
 
In the very early stages of planning for the new IRIB, the University of Delaware Center for Innovative Bridge 
Engineering proposed to the bridge owner the idea of installing a permanent structural health monitoring system 
on the bridge. The bridge was to be designed for a 100 year service life, at a cost of $150 million. With this very 
important, significant, and expensive structure, it would be essential for the owner to have reliable, quantitative 
information about the condition of the bridge and how it is responding to the environment and live loads, so that 
it can be efficiently maintained over its life. The owner, as well as the federal authorities, recognized the value 
of such a system and approved the plan to develop such a system. 
 
The SHM system was designed to provide quantitative information about key measurands on the bridge that 
were spatially distributed over the entire structure. This would include strain, acceleration, tilt, displacement, 
chlorides, and wind speed and direction.  The cost of the system of course was a concern and limited the total 
number of sensors on the bridge to just under 150. The system was designed to capture very slow changes due to 
thermal effects, environmental factors, and long term deterioration: this type of data is referred to as “monitor” 
data. The system was also designed to capture rapid changes that would be caused by heavy vehicles, high 
winds, or other extreme events: this type of data is referred to as “event” data.  
 
Initially two options were considered for the system – a conventional analog sensor system and a more 
innovative fiber-optic based sensor system. In the end the fiber-optic based system was selected because of the 
many advantages it has over a conventional system. These include immunity to electrical noise, the basic 
components are noncorrosive, the ability to place multiple sensors on a single fiber thereby reducing the total 
amount of cable in the system, and the need for less conduit when embedding the fiber in concrete. Because it is 
a new technology however, and few projects of this size and scope had been attempted, there were challenges 
faced during construction. Some of these will be discussed later. 
 
The SHM system includes 7 different types of sensors, with a total of 146 installed on the bridge. The different 
sensors are designed to measure the structural response of the bridge under various environmental loads and live 
load conditions. They include 
• 70 strain sensors, located in the pylons, edge girders, and deck 
• 44 accelerometers, mounted to the pylons, deck, and stay cables 
• 9 tiltmeters mounted along the deck 
• 3 displacement sensors, one at each of the bridge expansion joints and one at the South East pylon. 
• 2 anemometers to measure wind speed and direction at the deck level and the top of one pylon 
• 16 chloride sensors in the deck in 10 locations 
All of the sensors are optical sensors, with the exception of the anemometers and 6 of the chloride sensors, 
which are conventional analog devices.  
 
To aid in describing the SHM system and sensor layout, a three dimensional Cartesian coordinate system is 
thought to be placed on the bridge. The X direction is along the length of the bridge, positive pointing north. The 
Y direction is perpendicular to X, in the plane of the road, positive pointing west. The Z direction is 
perpendicular to X and Y, positive pointing up. A sketch of the overall layout of the SHM system and sensors is 
shown in Figure 2. 
 
Strain 
 
Strain is measured at 70 locations throughout the bridge, including in the edge girders, pylons, and deck. All of 
the strain measurements are made using Micron Optics os3600 strain sensors. The sensors have a gage length of 
25 cm, a range of +/- 2500 με, and a sensitivity of 1.2 pm/με. 
 
Strain is measured in the pylons at 24 different locations. The pylon sensors are placed in groups of 4 at 
different elevations, measuring the vertical (Z direction) strain in each wall of the pylon. In pylon 5 East the 
strains are measured at the B1 level (elevation 5.5m) and at lift T4 (elevation 35.2m). In pylons 6 East and 6 
West the strains are measured at lift T1 (elevation ~15.9m) and T4 (elevation 35.2m).  
 
Strain is measured in the edge girders at 44 different locations, at 11 different longitudinal positions of the 
bridge. The longitudinal positions correspond to approximately 1/8 points on the main span and back spans. At 
each position the strain is measured in both the top and bottom of both the east and west edge girders (i.e., 4 



unique strain measurements at each longitudinal position). In all cases the strain in the edge girder is measured 
in the longitudinal (X) direction. At any given edge girder location the strain is measured in the top of the edge 
girder, approximately 152 mm from the top of the girder, and in the bottom of the edge girder, approximately 
102 mm from the bottom of the girder. The strains are measured at the approximate center of the cross section.  
 
Strain is measured at 2 locations in the deck. In both cases the strain is measured in the Y direction (transverse 
to the travel direction). These sensors are located 152 mm up from the bottom face of the deck and are anchored 
to the side of the upper mat of rebar.  
 
Acceleration 
 
Acceleration is measured at 27 different locations on the bridge using a combination of uniaxial and biaxial 
Micron Optics model os7100 accelerometers. The accelerometers have a range of 100g peak and a reference 
sensitivity of ~16 pm/g. There are a total of 44 unique acceleration measurements. 
 
Acceleration is measured at 4 different locations on the top of pylons 5 East, 6 East, and 6 West; at a similar 
location on each of the three pylons and at one additional location on pylon 6 East. A biaxial sensor is located at 
the top of each of the three mentioned pylons, measuring motion in the X and Y directions. Another sensor is 
location at the top of pylon 6 East, on the west side of the platform, measuring motion in the X direction. Thus, 
there are a total of 7 unique pylon acceleration measurements.  
 
Acceleration is measured at 12 different locations on the deck: 9 locations on the east side of the deck and 3 
locations on the west side of the deck. At each of these locations the acceleration is measured in the Z (vertical) 
direction; at 3 locations it is also measured in the Y (transverse) direction. Thus, there is a combination of 9 
uniaxial accelerometers and 3 biaxial accelerometers that measure deck accelerations, for a total of 15 unique 
deck acceleration measurements. The sensor locations correspond to the quarter points and mid-span of the main 
span and the back spans.  
 
Acceleration is measured on 11 different stay cables; 9 on the east side and 2 on the west side. At each of these 
locations a biaxial accelerometer measures (1) in the plane of the stays and perpendicular to the stay (positive is 
away from the ground), and (2) perpendicular to the plane of the stays in the positive Y direction. All of the 
sensors are located approximately 10.7 m above the deck. Thus, there are a total of 22 unique stay acceleration 
measurements.  
 
Tilt 
 
Tilt, or inclination, of the deck is measured at 9 locations on the deck using FBG Tech model FBG-TI-310 
tiltmeters. The sensors have a range of +/- 10 deg. and a sensitivity of 200 pm/deg. Deck inclination is measured 
at both ends of the bridge, the pylons, mid-span, and mid-way between each of these locations. All are located 
on the east side of the bridge. The tilt is measured about an axis that lies in the plane of the deck and is 
perpendicular to the direction of traffic (i.e., the “pitch” of the deck). Note that the tiltmeters have a response 
time of 20 sec., thus are effective in measuring only static movements.  
 
Displacement 
 
Displacement at each of the two expansion joints and at the bearing on pylon 5 East are measured using a 
Cleveland Electric Labs displacement transducer. The transducers have a resolution of 0.1 mm. In all cases the 
transducer is positioned on the east side of the bridge and measures the longitudinal movement, in the direction 
of traffic, i.e., the X direction.  
 
Wind Speed and Direction 
 
Wind speed and direction are measured at the top of pylon 6 West, and at deck level on the east side just south 
of mid-span. These are measured using R.M. Young model 85106 ultrasonic anemometers. The sensors have a 
resolution of 0.35 kph in speed and 1 degree in direction. The anemometers are analog devices, however, to 
integrate them into the optical system, an analog-to-optic convertor is located at the sensor, to convert the analog 
output to an optical signal.  
 
 
 



 
Chloride 
 
Chlorides in the deck are measured at 10 different locations using a combination of 10 conventional galvanic 
ladder sensors and 6 fiber-optic chloride sensors. 
 
Chloride ingress in the deck is measured at ten locations using Rohrback Cosasco Systems, Inc., model 900 
sensors. The Rohrback sensor is a multi-depth ladder type sensor that provides measurements at four different 
depths, typically 73, 100, 130, and 159 mm above the bottom face of the deck. 
 
Innovative fiber-optic chloride sensors are located concurrent with the Rohrback sensors in 6 different locations. 
The prototype fiber optic sensors are manufactured by QPS Photronics and utilize a coating which changes 
reflective properties as it is exposed to chloride. 
 

 

 
Figure 2. Overall sensor layout of the SHM system 

 
Data Acquisition and Control System 
 
The heart of the fiber-optic system is a pair of Micro Optics SM130 Interrogators. Each of the 4-channel 
interrogators can scan at a maximum rate of 1 kHz. A 16 channel multiplexer is connected to each which 
increases the effective number of main fibers for the system to 32. Interrogator “A” runs at a rate of 125 Hz and 
handles all of the sensors except the accelerometers and a few strain sensors. Interrogator B runs at a rate of 250 
Hz and handles all of the accelerometers and the few remaining strain sensors. The back end control software 
for the system is Micro Optic’s “Enlight” software. This is where all of the fundamental control parameters for 
the system are set and the sensor parameters are stored. On the front end is running Chandler Monitoring 
Systems, “Intellioptics” software. This is a GUI program that provides overall control and database management 
of the SHM system. 
 
LESSONS LEARNED FROM THE DESIGN-BUILD CONSTRUCTION PROCESS 
 
To the best of the author’s knowledge, the IRIB SHM project was a first of its kind in the United States. It was 
the first long span cable supported bridge to be built with an integral SHM system installed during construction. 
It may also have been the first design/build project to have an SHM system as part of the design. As a result, a 
number of important lessons were learned by the team that should be of value to future projects. Note that 
because the project was design/build and many of the sensors were embedded in the concrete, some of the 
lessons learned are specific to this type of project. Also, it is important to note that the SHM system was not part 
of the bridge design/build contract, but was funded under a separate contract to the University of Delaware. The 
bridge contract did provide some support for the designer/contractor to work with the CiBRe team, but the SHM 



system was not part of their contract. Thus, some of the lesson’s learned may have been avoided had the SHM 
system been a part of the bridge contract. Nevertheless, because SHM systems are still unique to designers and 
contractors, how one is incorporated into the design and construction of a new bridge is still not well understood. 
The lessons learned here are important and should be shared. Some of the key lessons are outlined below. 
1. Provide a “work plan” for every major sensor/equipment installation on the bridge. The work plan provides 

(1) a description of the work to be performed, (2) sketches or drawings of the installed sensors and 
equipment, (3) estimate of the time that will be required to complete the installation with minimal 
interruptions, (4) when to be notified by the contractor of a certain point in the construction process, (5) list 
of any equipment or support to be provided by the contractor, and (6) safety procedures in effect for the 
installation.  The work plan provided written documentation for the contractor so that they would 
understand what, where, when, and how an install was to occur. In this way they were fully aware of what 
was to happen and could incorporate it into their work flow. Typically a draft work plan was developed and 
shared with the contractor, who provided feedback before a final work plan was produced. Prior to 
instituting work plans there were significant scheduling issues, down time, and confusion in the field. The 
work plans were typically a few pages in length. 

2. Include the SHM Project Manager (PM) in the daily foremen’s meeting. Being at the daily meetings the PM 
would know exactly what was to happen on site that day, would learn of the finer details of the planned 
work, and could inform the contractors of where their work was taking place and what was taking place. It 
also provided the best insight into the work that was to be completed that week. In addition, the PM also 
received early warning of pending changes or issues in the construction that might impact the SHM 
installation schedule, even before they became official. Prior to attending these meetings the PM would 
only learn of these things by asking whoever they could find in the field what they were doing that day. 
Attending the meetings greatly facilitated coordination and scheduling of the work and lead to a much more 
efficient flow of the work.  

3. Have a flexible work force. Because the installation of the SHM system was not part of the construction 
contract the owner was concerned about possible delays that might be caused by the installation of the SHM 
equipment. The install team was committed to minimizing any such delays – and in fact there were none. 
However, this required the installers to be very flexible in their work schedules. At some times during 
construction the contractor was working double shifts and weekends. Since the timing of the installations 
was based on a certain stage of construction of the bridge and not the day of the week, some installs had to 
take place at night and on weekends. This required a very flexible and nimble crew. 

4. Develop accurate field notes to support the SHM system. It is a given that during any installation of sensors 
and equipment that accurate field notes that document the installation are essential. Written notes, sketches, 
photographs, and even video could all be part of the record. It is also important to document the 
construction sequence and processes, as this may later help to troubleshoot, for example, a malfunctioning 
sensor or to explain a measurement that does not seem consistent with expected behavior. Inspectors record 
notes and these may be of some value, but construction inspectors are not necessarily documenting those 
things that would be important to the SHM system. The installers should be documenting those things that 
might affect the SHM system. 

5. Survey sensor locations. The construction of a major bridge is a complex process that requires knowing 
exactly where elements of the bridge are in a spatial reference at any given time. To this end surveyors 
measure the position of key points on the bridge during construction in a global spatial coordinate system. 
When sensors are installed one would typically locate the sensor by taking measurements of its position 
relative to some nearby, “fixed”, reference. The fixed location might be the end of a casting segment or the 
bottom of a form. This was the procedure used for the IRIB. But these measurements are not in the same 
global reference as the full bridge survey. In the end, knowing the exact location of each sensor in the 
bridge is important, thus, having the locations of the sensors determined by a surveyor would be beneficial. 
It would be beneficial to have the locations of the installed sensors surveyed prior to the concrete pour. 

6. Plan for collecting data either automatically, periodically, or occasionally during construction. There are 
any number of good reasons for collecting sensor data as construction of the bridge proceeds. First and 
foremost, when a sensor is installed it is usually in an undeformed or neutral state. In the case of a strain 
sensor, for example, it is in an unstrained state. As construction proceeds and the member in which a sensor 
is installed is required to carry additional dead load, the sensor will experience that dead load: a strain 
sensor will measure the added dead load strain, a displacement sensor will measure the added deflection 
due to dead load, and the effect of added mass will be reflected as a change in spectra from an 
accelerometer. Measuring the dead load effects in the actual structure can be very valuable for calibrating a 
numerical model of the bridge, verifying the design, and in load rating of the bridge. Another reason is to 
capture significant events during construction. For example, if a high wind event takes or an earthquake 
were to occur. Capturing these events would have been extremely valuable, again for calibrating numerical 
models and for the record of the bridge. Finally, there can be instances when the owner, designer, contractor, 



or SHM system designer wishes to collect data because of an issue that arises as a result of the construction. 
Even if the contract does not call for collecting any data during construction, the experience at IRIB is that 
situations arise when one party or another would like to have the data. Where possible, it is best to keep the 
option open for collecting data, even if only on a temporary, short term basis. The small additional cost that 
might be incurred to make this more feasible is likely to be well worth it in the long run. 

7. Utilize conduit to protect fiber-optic cable during construction. When fiber-optic cable is bent into too tight 
of a curve, or if it is pinched very tightly, the light will be attenuated.  This is to be avoided as it will affect 
the strength of the sensor signal. The fiber-optic cable for the IRIB was embedded directly in the concrete. 
To install an embedded strain sensor, the sensor was first anchored to a rebar using specially designed 
mounts, then the fibers were run along rebar and anchored using plastic zip-ties. Care was taken to ensure 
that all turns were gradual enough so as to not attenuate the signal, and the ties were tight but did not pinch 
the cable (tests showed that even the tightest zip-ties would not pinch the fiber and attenuate the signal). 
The fibers, however, were often times being installed when the work on the surrounding rebar cages was 
still ongoing. While they were advised of the issue and did their best to avoid it, workers sometimes would 
inadvertently capture a fiber in the rebar tying operating. The very tightly wound tie-wire would pinch the 
fiber and damage it. After this happened a few times a decision was made to use conduit in those areas 
where the potential for damage was greatest. The conduit was not used for fishing the fiber after the 
member was poured, but was simply used to protect the fiber during the construction of the rebar cages. 
Most of the conduit was a flexible plastic type that was easily installed. Conduit was not used in all areas 
nor for the full length of a fiber run. It was found that by using conduit damage to the fiber could be 
minimized. 

8. Have SHM installations included on the pre-pour check list. It was standard practice on the job to have a 
pre-pour checklist that was to be initialed by any foremen responsible for preparing a form before a 
concrete pour could proceed. Initially the SHM system was not on the pre-pour checklist. Before being on 
the checklist the contractor would have been allowed to pour even if sensors or fibers were damaged – there 
was no requirement for the contractor to stop work. After a few installations were rushed the system was 
included on the checklist. Consequently, a pour could not proceed if the installation of SHM equipment was 
not complete or done properly. This helped to minimize delays as a pour neared because of damaged 
equipment. It also brought more attention to the SHM sensors and equipment since the contractor and their 
subs understood that any damage to the SHM sensors and equipment could delay the pour. The contractor 
and their subs were much more willing to assist and make sure that the install was done properly and ready, 
so that the pour was not delayed. 

These are just some of the more important lessons learned from the project. 
 
EARLY EXPERIENCE AND TESTING OF THE SHM SYSTEM 
 
The bridge opened to full traffic in May of 2012. The SHM system has been in operation and collecting data 
since that time. The time since the bridge opened until now has been used to make final adjustments to the 
system and as a breaking-in period for the system. At the time of writing three controlled load tests have been 
conducted on the bridge, stay “pluck” tests have been conducted, and data has been collected during two high 
wind events already.  
 
Controlled Load Tests 
 
Controlled diagnostic load tests were conducted in April and November of 2012, and in May of 2013. These 
dates correspond to the opening of the bridge, and the six and twelve month out dates. The controlled load tests 
were conducted to measure the response (primarily strain) of the bridge due to known vehicle loads, for a 
variety of load pass configurations. In all cases the tests were conducted at night under good weather conditions 
and did not start before 10 pm. This was done to minimize the effect of thermal variations and heating by the 
sun. In the first test four loaded ten wheel dump trucks were used as the load vehicles, each weighing 
approximately 63.5 kips. Single, dual, and four truck passes were made, for a total of 17 passes. Two additional 
trucks were added for the second and third load tests so that six vehicle passes could be conducted. Twenty 
seven load passes were made in test two and 18 in test three. The load tests typically take between 1.5 and 2.5 
hours to conduct. 
 
The results of each test have been post-processed to determine the peak live load strains at all strain sensor 
locations. Early results show that the tests are very repeatable and that the live load strains are well within 
expected bounds. The peak strain in the edge girders at mid-span due to four trucks is between 90 and 100 με 
for the three tests, which when adjusted for the slight difference in truck weights and allowing for slight 



differences in vehicle positions is very consistent. A sample strain time history for the 4 side-by-side truck pass 
is shown in Figure 3. Similarly, at the location on the back span that controls the bridge’s load rating the 
measured strains were very consistent, measuring between 90 and 100 με.  Transverse load distribution at mid-
span was compared between the first and second tests and found to be very repeatable. With each test and 
analysis of the results the research team has become more in tune with how the bridge is behaving. As a result of 
this, future load tests can be simplified so that only the very few critical load passes will need to be conducted. 
The load test results will form a key baseline upon which all future load tests can be compared. By doing this 
the “health” of the bridge can be assessed.  
 

 
Figure 3. Sample strain time history from load tests (mid-span edge girder sensor) 

 
The purpose for instrumenting some of the stay cables is to be able to estimate the stay force based on the 
natural frequencies of vibration. Using basic taut cable theory, the tension in the stays can be estimated once the 
natural frequencies have been determined. This can be accomplished by analysing the free vibration response of 
a stay during a “pluck” test, or by spectral analysis of ambient vibration data from the stays. Both techniques 
have been applied with varying degrees of success. Pluck tests were conducted on 9 of the 11 stays in May of 
2012. These results, shown in Table 1, were found to predict a stay cable force that varies between 0.87 and 0.98 
of the force that was measured by the contractor in the final stay stressing operation. These are all reasonably 
close to the contractors measured tensions and provide an established baseline against which future test results 
using a similar test procedure and method of analysis can be compared. Note that the estimates are based on 
simple taut cable theory and do not take into account secondary effects such as the flexural stiffness of the cable 
or sag: a review of the literature on these subjects showed that these effects should not be significant for the 
Indian River Inlet Bridge.  
Data from strong wind events has also been processed using classical spectral analysis techniques to determine 
the natural frequencies of the stays. At this stage these results do not appear to be as reliable as the pluck test 
results. Additional work needs to be conducted to understand why this is the case and to refine that approach so 
that stay forces can be estimated without the need for conducting a manual pluck test.  
 

Table 1. Ratio of estimated stay tension ( )T , determined from pluck test, to final hydraulically measured stay 
stressing tension ( )HMT  

Stay Cable Test Date / HMT T  
5/11/12 0.936 219E 5/5/13 0.915 

319E 0.920 
315E 0.980 
310E 0.959 
305E 0.902 
404E 0.866 
408E 

5/11/12 

0.873 
413E 5/11/12 0.875 



5/5/13 0.885 
 
 
A manual pluck was also conducted on 4 stays in conjunction with the controlled load test. In this way the 
frequencies of the stays were measured in their “dead load only” state and then with a stationary live load 
positioned next to the stay. These tests were conducted to estimate, if possible, the additional live load 
transferred into the stays due to the vehicle loads. Results of these tests were still being processed at the time of 
writing.   
 
High Wind Events 
 
The bridge has already experienced two high wind events, the first being due to hurricane Sandy in late October, 
2012, and the second being a Nor’easter which hit the east coast in early March of 2013. High speed event data 
was collected during both of these events. As would be expect, the bridge faired very well during both events. 
The winds reached sustained speeds of 27 miles per hour during the Sandy event, with gusts on the order of 47 
mph. Acceleration data was collected during those events. Analysis of the data from the events is still being 
processed.   
 
CONCLUSIONS 
 
A state-of-the-art structural health monitoring system has been installed on the new Indian River Inlet Bridge in 
Delaware. The all fiber-optic system was designed to provide quantitative data on the response of the bridge for 
many years to come. The data will become part of the inspection record of the bridge, and will be used to better 
manage and maintain this significant infrastructure for the state. To the best of the author’s knowledge, this is 
the first comprehensive SHM system of its kind to be installed on a new cable supported bridge in the United 
States. In that regard it will also serve as a test bed for other SHM systems and other bridges around the country. 
A number of key lessons were learned during the design and construction process which should be of value to 
others involved in similar projects in the future. The system is operating now and is functioning well. A series of 
three controlled load tests have been conducted using up to 6 loaded vehicles. The tests have been shown to be 
very repeatable and will serve as a baseline for comparison with future load test results. Pluck tests have been 
conducted on the instrumented stay cables to estimate the tension in the stays from the measured natural 
frequencies. The estimated tensions are in good agreement with the final stay tensions at the end of construction. 
These results will also serve as a baseline for comparison with future results. Work is underway to develop 
monthly and annual reports for the bridge and to develop load ratings based on the measured strain data. 
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