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ABSTRACT

Bridges are critical components of the transpataiinfrastructure. There are approximately
600,000 bridges in the United State according ¢oRéderal Highway Administration. Four
billion vehicles traverse these bridges daily. Ragunspection and maintenance are essential
components of any bridge management program taesswctural integrity and user safety.
Even though intensive bridge inspection and maantea are being performed nationwide, the
outcomes are not necessarily impressive. It has beported that of the 600,000 bridges, 12%
have been deemed structurally deficient and andiBf#r have been declared functionally
obsolete. Consequently, 25% of the nations’ bridggsire immediate attention or repair and
may present safety challenges. This suggests afaeetfective, continuous monitoring systems
so that problems can be identified at early stagelseconomic measures can be taken to avoid
costly replacement and/or bridge failures. Themsftiiere is a need for bridge health monitoring
technologies and systems to enable continuous ororgtand real time data collection.

A sensor-based bridge health monitoring systemdeaeloped and deployed for the newly
constructed Parkview Bridge in Kalamazoo, Michigéhis system adopted rapid bridge
construction techniques using precast concretetdafy. Today, these sensor networks, also
known as health monitoring systems (SHM), can leel is develop models to determine how a
structure is behaving internally. Sensors werealtest at strategic locations and connected to a
remote computer workstation via telephone lineent@uous bridge condition data are being
collected in real time, archived in the laboratooynputer workstation, and analyzed to assess
the structural performance and integrity. This cardus information can greatly increase bridge
safety for its users by providing early warningsidpefore a failure occurs.

Furthermore, a methodology for assessing the sawintime and cost associated with adopting
Rapid Bridge Construction (RBC) techniques was higezl and used in this research project. A
comparison study was carried out to assess therpahce of RBC technique at the Parkview
Bridge. The RBC technique was found to save brmgestruction time and consequently realize
savings in extra travel time. This travel timeisgus significant enough that it justifies the
relatively high initial cost of the RBC technique.
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EXECUTIVE SUMMARY

Bridges are critical components of the transpatainfrastructure. With today’s growing travel
demands and aging bridge infrastructure in theddin8tates, more and more alterations, repairs,
inspections, and construction processes are refuarmaintain safe usage. There are
approximately 600,000 bridges in the United Statoeding to the U.S. Department of
Transportation Federal Highway Administration (FHVZB07). Four billion vehicles traverse
these bridges daily (Phares 2005). Regular ingpecaind maintenance are essential
components of any bridge management program taesswctural integrity and user safety.
This is a grand challenge due to the enormous nuoflexisting bridges.

To assess the condition of bridge, a few approaalreesommonly used in practice. Visual
inspection has a long history in bridge conditissessment and documents any sign of cracking,
spalling, leaching, deflection and vibration, aerithl damage, and deck surface damages.
However, the extent of structural deficiency ofbacrete bridge is usually unreliable through
visual inspections (Phares 2005). Coring samplegige a supplementary approach, in which
small cores are drilled and concrete samples aeermal and tested in a laboratory. Since
samples are taken from small selected portionsetoncrete, inefficient conclusions might be
reached due to the lack of overall behavioral imfation throughout the concrete structure.
Diagnostic testing is another bridge condition assent technique in which a bridge is exposed
to varying loads and its responses measured argzadg NCHRP 1998). Diagnostic testing
faces many constraints related to cost and trafferruption. More importantly, diagnostic
testing lacks the capability of continuously moriitg the bridge performance, which is the key
to determining the remaining bridge service lifeo¢ll 2006).

Even though intensive bridge inspection and maartea are being performed nationwide, the
outcomes are not impressive. It has been repdntdf the 600,000 bridges, 12% have been
deemed structurally deficient and another 13% Heaen declared functionally obsolete (FHWA
2008a, BTS 2007a, FHWA 2007). Consequently, 25%®hation’s bridges require immediate
attention or repair and may present safety chaflenguggesting a need for effective, continuous
monitoring systems so that problems can be idedt#it early stages and economic measures can
be taken to avoid costly replacement and/or bridderes (Casas 2003). Therefore, there is a
need for bridge health monitoring technologies systems to enable continuous monitoring and
real time data collection

A sensor-based bridge health monitoring systemdeaeloped and deployed for the newly
constructed Parkview Bridge in Kalamazoo, Michigghis system adopted rapid bridge
construction techniques using precast concretatday. Today, these sensor networks, also
known as health monitoring systems (SHM), can leel us develop models to determine how a
structure is behaving internally. In this studyas®'s were installed at strategic locations to
allow for short and long term static analysis & Barkview Bridge deck. The system was
composed of a remotely accessible, on-site dataigitign system and vibrating wire strain
gauges (sensors) to monitor both strain and teriyreraver given time increments. The system
relies on a redundant embedded sensor networleiodhcrete bridge deck to collect and
provide static performance data under differendilog conditions in order to provide reliable
assessment of the condition of the bridge over.tiifige design and installation of the Health
Monitoring equipment was fully completed in Decembg2008. Continuous bridge condition
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data are being collected in real time, archivethelaboratory computer workstation, and
analyzed to assess the structural performancendéegrity. The study focused on the design of
the data analysis system and on the collectiomefy@ar’s worth of data to begin the process of
creating a base-line performance and deterioratiediction model for the Parkview Bridge
deck. Every aspect from design and installatiodaia collection has gone well. The bridge
continues to provide valuable data in ten-minuteaments to the Western Michigan University
research team. This continuous information caattyréncrease bridge safety for its users by
providing early warning signs before a failure ascu

Furthermore, a methodology for assessing the savimtime and cost associated with adopting
Rapid Bridge Construction (RBC) techniques was ezl and used in this research project. A
comparison study was carried out to assess therpshce of the RBC technique at the
Parkview Bridge. In this study, the performancedibiconstruction activities was recorded, the
productivity was calculated, and an as-built CPMestule was developed. The performance
data for the conventional approach were obtaineah the Lovers Lane Bridge project, which is
spatially and temporally close to the Parkview Begdto establish the baseline for the
comparison study. Step-by-step and element-by-@iecomparisons were conducted to
identify sources for time savings and to quantifgtssavings by assessing the travelers’ user
cost savings that were achieved due to the shagesfithe construction duration. The RBC
technique was found to save bridge constructioe timd consequently realize savings in extra
travel time. This travel time saving is signifit@mough that it can suffice the justification of
the relatively high initial cost of the RBC technéy Considered together with other advantages
of RBC, such as high quality and low maintenancs,dbe technique offers a more efficient and
economic alternative to the conventional methodrdvassessment studies such as this one will
need to be conducted to fully understand and re#lie advantages of RBC techniques.

VIl



1.0 INTRODUCTION

Bridges are critical components of the transpaainfrastructure. There are approximately
600,000 bridges in the United State according ¢odt5. Department of Transportation Federal
Highway Administration (FHWA 2007) Four billion kiggles traverse these bridges daily
(Phares 2005). Regular inspections and mainteranecessential components of any bridge
management program to ensure structural integnidyuser safety. This is a grand challenge due
to the enormous number of existing bridges.

To assess the condition of bridge, a few approaalreesommonly used in practice. Visual
inspection has a long history in bridge conditissessment and documents any sign of cracking,
spalling, leaching, deflection and vibration, aerithl damage, and deck surface damages.
However, the extent of structural deficiency ofoacrete bridge is usually unreliable through
visual inspections (Phares 2005). Coring samplegige a supplementary approach, in which
small cores are drilled and concrete samples aeermul and tested in a laboratory. Since
samples are taken from small selected portionsetoncrete, inefficient conclusions might be
reached due to the lack of overall behavioral imfation throughout the concrete structure.
Diagnostic testing is another bridge condition assent technique in which a bridge is exposed
to varying loads and its responses measured argzadg NCHRP 1998). Diagnostic testing
faces many constraints related to cost and trafferruption. More importantly, diagnostic
testing lacks the capability of continuously moriitg the bridge performance, which is the key
to determining the remaining bridge service lifeo¢ll 2006).

Even though intensive bridge inspection and maartea are being performed nationwide, the
outcomes are not impressive. It has been reptrdf the 600,000 bridges, 12% have been
deemed structurally deficient while another 13%enhbgen deemed functionally obsolete
(FHWA 2008a, BTS 2007a, FHWA 2007). Consequenth@pf the nation’s bridges require
immediate attention or repair and may present pafellenges, suggesting a need for effective,
continuous monitoring systems so that problemsbeaidentified at early stages and economic
measures can be taken to avoid costly replacemeirabridge failures (Casas 2003).
Therefore, there is a need for bridge health manigaiechnologies to enable continuous
monitoring and real time data collection.

This report presents a sensor-based bridge healtitanng system that was designed and
developed for the Parkview Bridge in Kalamazoo, iNtian. The report also presents a
methodology for assessing the savings in time astlassociated with adopting Rapid Bridge
Construction (RBC) techniques in the constructibthe Parkview Bridge.

2.0 CONCRETE BRIDGE HEALTH MONITORING

With today’s growing travel demands and aging beidgrastructure in the United States, more
and more alterations, repairs, inspections, andtoaction processes are required to maintain
safe usage. Many older bridges still in use tamtayill equipped for the unforeseen travel
demands and patterns generated by today’s stanofar@ssportation, and are reaching their
design life expectancy, requiring new constructbomepair. Traffic and variable loading
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conditions greatly influence the performance, diitghand safety of a bridge structure
throughout its service life. In addition to camgitraffic loads, a bridge is exposed to its
surrounding environment. Environmental factorshsas temperature, humidity, and
precipitation can significantly affect the struetlintegrity and performance of a bridge. The
condition of a bridge is never constant and theeef@eds to be monitored continuously.
Continuous monitoring can provide the basis foedwatning the deterioration rate and for
estimating the remaining service life, thus assisin making important decisions regarding
bridge maintenance.

2.1 Structural Health Monitoring Systems (SHM)

With newer technology available, a wide varietyddferent sensors have been developed to
measure different mechanical properties of a natericomposite to determine behavior. Many
different types of sensors and gages are usedoiicapons of bridge health monitoring. When
monitoring a bridge, two main categories of measem are often used: kinematic
(displacement, strain, acceleration) and environtedétemperature, humidity, and wind) (Phares
2005, Robertson 2005, Sawyer 2005, Xia 2005, Che06g, Casas 2003, Chen 2003, Lewis
2003, Lin 2003, Fu 2002, Shenton 2001, Shah 200®se two categories of measurement
provide valuable information about a structure’edgor over time. To measure these
guantities, the most common sensors implementdatidges today include: fiber optic sensors,
vibrating wire strain gages, resistance strain gatieermocouples, and wireless sensors (Phares
2005, Robertson 2005, Sawyer 2005, Xia 2005, Ch200g, Casas 2003, Chen 2003, Lewis
2003, Lin 2003, Fu 2002, Shenton 2001, Shah 200@).®ire and wireless sensors can be used
for monitoring and data collection. Strain gagelsrating wire gauges, and fiber optic sensors
are commonly used to measure strain, temperatnddpads (Casas 2003, Chen 2003, Lewis
2003). In addition, electric displacement and eleat inclinometer transducers are used for
displacement and rotations measurements. Datactiollecan be done on site or remotely by
dial-in or wireless communications (Casas 2003,@03, Lewis 2003, Lin 2003, Fu 2002,
Shah 2000). Due to the advancement in sensor tegnonany of these sensors can be
embedded in concrete at strategic locations, camgria sensor network. These sensor
networks, also known as health monitoring systegh$iM), can be used to develop models to
determine how a structure is behaving internallfzis continuous information gathering can
greatly increase bridge safety for its users byipiing early warning signs before a failure
occurs. To prevent misleading conclusions throergbneous data, SHMs are composed of
redundant sensors for added reliability and asseran

Among many technologies that have been developeadbtbridge condition assessment, sensor
technology has attracted enormous research intehestto its capability of continuously
monitoring the bridge condition (Olund 2007, How&0l06, Ko 2005, Casas 2003). Applications
of sensor-based SHM have been expanding in bridgéhmonitoring to increase safety and
help engineers develop models for determining hastracture is behaving internally. At this
moment however, only few studies on sensor-based BHoractice are available. Examples of
health monitoring system for bridges include thiéofeing:



1. The Confederation Bridge located in Canada betwervince of New Brunswick and
Prince Edward Island is an example of an elabdoatige health monitoring system. A
3,281-foot section of the bridge includes 389 tdamers to monitor static and dynamic
loading along with variable environmental condiso(Cheung 2004). These transducers
include strain gages, thermocouples, ice force Ipaksplacement gages, tilt-meters, and
accelerometers. All of these transducers makehephéalth monitoring system for internal
and external factors affecting the bridge ovemite hundred years design life expectancy.
Due to the geographical location of the bridgéadtes some extreme weather conditions and
hazards. Twenty eight ice force panels are locatethe piers to determine the amount of
pressure exerted by the ice on the pier. Tilt-nsedee used to determine if any tilting of the
piers is occurring due to the ice pressure. Twdenwater sonar systems are used to
determine ice thickness around the piers. Furtbegmeight displacement sensors along
with twenty vibrating wire strain gauges are usedronitor the bridges deformation over
time. Eight pyranometers are used to measurentioeiat of solar radiation given off by the
sun and two hundred and forty three thermocoupdesnonitor and record temperature
variation. Finally, seventy Six accelerometers ased for monitoring accelerations due to
seismic activity, wind, and loading. These sensmmsibined together provide a reliable
profile of the bridges behavior in its environmemer time.

2. In Oahu, Hawaii, the North Halawa Valley Viaduct sveonstructed in 1994 using post
tensioning, box-girders, spanning up to 361 fedength. The overall length of the viaduct
is 4,921 feet (Robertson 2005). The viaduct’'s ealbnitoring system was composed of
over 200 instruments to measure and monitor theststre’s behavior over time. The North
Halawa Valley Viaduct has a health monitoring siystlat has been collecting data for over
nine years. The instrumentation used was to mohdth static short and long term behavior
of the structure. The main objectives of this pcojwere to collect data that provided strain,
ambient temperature, creep and shrinkage, tendexateon, and deflection (Robertson
2005). The types of instruments used included rstrgages, thermocouples, span
extensometers, tendon load cells, base-line defteslystems, tilt-meters, and data loggers
for recording. To fully monitor the behavior of th@duct, instruments were placed at or
near mid spans and supports. To monitor strabrating wire strain gages were embedded
and oriented to measure longitudinal strain indleek and beam sections. For short term
monitoring, they collected data every five minutasd for long term monitoring, every two
hours. Eight gages were placed near mid span® Whilgages were placed at the supports.
The gages were placed in the top and bottom fib#reoconcrete sections. Top and bottom
strain values were then averaged and interpolateétermine the strain at mid depth. These
values were then compared with estimated valuesrgted from a finite element modeling.
The researchers concluded there was good agredregemten the actual and modeled data
for short term characteristics. The predictionsiegated through design for long term
differed significantly from observations. The reador this was due to the unanticipated
creep and shrinkage behavior caused by unpredéictedhther and material variables. Since
actual material characteristics were known throsighin gages and load testing, the models
then could be adjusted accordingly. Once modelirg wWetermined to be viable, bridge
behavior envelopes were determined using the muglgdrogram and measured values.
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Upper and lower bounds were estimated from measul®ad for use with general
environmental and material variables. Overall, th@ating wire strain gages proved to be
reliable throughout the testing period. With théormation provided, the research collected
over nine years provided design engineers goodl@mee to use as a guide for further
development and design.

Also, Chajes (2000) reported on a study, in wisichin gauges were used to remove restricted
load limitations on three bridges in Delaware. &aR003) described the usage of fiber optic
sensors for bridge monitoring including crack detet strain monitoring, and temperature
monitoring. In Addition, Howell (2006) reported tdevelopment of an in-service strain
monitoring system and its application in a numddrralges in Delaware. Finally, Olund (2007)
reported a series of bridge health monitoring sssidionducted in Connecticut using the sensor
technology, with recommendations of sensor selecitd system configuration. Table 1
provides a summary of the characteristics of soxaengles of these sensor networks that are
already in use (Robertson 2005, Cheung 2004, Y808§)2

TABLE 1. Health Monitoring Case Study Summary

# of Data
Types of Sensor Collection Load Type
Case Study Sensors Used* ?%n:gé Placement Time Monitored
Increments
Confederation (1), (2), (3), (4), Deck, . Static/
Bridge (Canada) (5), (6), (7), (8) 389 Beam, Pier Variable Dynamic
Pemiscot County
Bridge, Missouri (1), (3), (4) 64 Deck, Beam - Static
(U.S)
North Halawa 5 minutes/
Valley Viaduct, 1), 4 200 | Deck, Beam Static
- 2 hours
Hawaii (U.S.)
Parkview Bridge, . .
Michigan (U.S.) 1), @ 184 Deck 10 minutes Static

*Sensor Types: (1) Vibrating Wire Strain Gage, Eifer Optical, (3) Resistance Strain Gage
(4) Thermocouples, (5xAlerometer, (6) Tilt-meter, (7) Displacement, I(®-Force

These studies demonstrated the applicability afgisensor systems in continuously monitoring
the condition of concrete bridges. Observationsfartings in these studies laid a foundation for
the design and implementation of the sensor netdarrthe Parkview Bridge in Michigan.
However, it is worth noting that while the aboveaeples describe the monitoring systems used
in providing condition assessment in bridges, tthiégr from the Parkview Bridge project: the
Parkview Bridge was constructed using RBC techragu¢h full-depth precast deck panels
when all the other cases have cast-in-place d&elch techniques need to be evaluated and are
the motivation behind this study, making this SHiMdy different from the others and posing
unique challenges.



2.2 State-of-the-Art in SHM Instrumentation

Monitoring strains at critical locations in the dge deck can provide crucial information about
stress due to loading and temperature. Gathehigyinformation can provide a basis for
predicting the behavior of similar bridges. Accowglito recently published literature, the most
common types of sensors used in bridge health wamit are strain sensors(Geokon 2006, Kim
2006, Lynch 2006, OPSens 2006, Roctest 2006, Ra&asa®2005, Daher 2004, , Casas 2003,
Aktan 2002, Lynch 2001, Merzbacher 1996). Strainsees measure elements that translate
force, pressure, tension, etc., into strain readingarious types of strain sensors have been
successfully used in bridge health monitoring, sashvibrating wire strain gages, electrical
resistance strain gages, fiber optic sensors, dreless sensors. Each one of these sensors is
discussed below. The overall advantages and disgalyes of these types of sensors are
summarized in Table 2.

* Vibrating Wire Strain Gages (VWS@®&ccording to FHWA, VWSGs are recommended
for monitoring long-term strains in concrete (FWRB06). VWSG has a body composed
of steel tube with flanges or end plates attacbeglther end. Inside the tube, a steel wire
is held in tension between the two end plates. étngin in concrete causes the plates to
move relative to each other, decreasing or inongasie tension in the wire. This tension
in the wire is then measured by plucking the winthwan electromagnetic coil and
measuring the frequency of the resulting vibrat{@woart 2006, Geokon 2006). The
amount of time required to perform the pluck/repération on a sensor is less than one
second. Therefore, when numerous sensors are fex#éighto a data acquisition system,
it can take several seconds to cycle through @l WWSGs. Due to this limitation,
VWSGs are not suitable for dynamic measurementsafAR002).

» Electrical Resistance Strain GageBhe design of electrical resistance strain gages is
based on the fact that the electrical resistanca obnductor will change when it is
subjected to strain in either tension or compressiince the resistance is directly
proportional to the length of the conductor, angrdde in the length resulting from strain
will translate to changes in its resistance. WHhen donductor is stretched, it elongates
and becomes narrower which causes an increasesistarce. A Wheatstone bridge
circuit then converts this change in resistanca imltage that can be recorded (Daher
2004, Aktan 2002).

* Fiber Optic SensorsAn emerging technology for strain measurement imcoete is fiber
optic sensors (FOSs). The main advantages of $essors are their high sensitivity as
well as their immunity to electromagnetic interfece. They can be used to measure a
wide variety of parameters including strain, tenapere, corrosion, crack formation, and
displacement. Two types of FOSs are commonly &mestrain monitoring: Fiber Bragg
Gratings (FBG) and Fabry-Perot sensors. FBG sersave a series of engravings, or
Bragg gratings in their fiber core. The Bragg mgd reflect back an optical wavelength
through diffraction. When there is a change in ghating, the peak wavelength of the
reflected light is shifted. Any strain or change mechanical property can thus be
measured (Casas 2003). FBG sensors can be cotmesteries or multiplexed in order
to reduce cable length. Fabry-Perot sensors dooise tube housing optical fibers that
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create a reflective interface. These sensorseseaccurate and have a low sensitivity to
thermal effects (Merzbacher 1996).

* Wireless SystenmThe use of conventional sensors, which depend amg usables to
communicate their measurements to a central primgeasit, have very high installation
costs and the wires themselves might be damagechwtiil affect the output results.
Bearing in mind these disadvantages, many resesdfafis have focused on developing
wireless monitoring systems that have lower ingiadl installation costs, and can insure a
greater degree of reliability in the communicatairsensor measurements (Lynch 2001).
A wireless sensor network consists of hundredsnwdlisnodes or "motes” which are

independent sensing devices (strain gages,

acoadezos, and

linear voltage

displacement transducers) that incorporate a noerocller (computer on a chip to
control electronic device), a power unit, and a oamication module (Lynch 2006). A
wireless sensor network is designed to work oneba#t, limiting the network life span
by 5 to 10 years. Hence, it becomes an importasigdecriterion to minimize the overall
power consumption so that life span of monitoriag be maximized (Kim 2006).

TABLE 2: Advantages and Disadvantages of Sensors

Sensor | Function Advantages Disadvantages
Operate over a wide range ob . . .
ata read out equipment is expensiye
temperatures
Tedious installation, time consuming
Inexpensive to install and to connect to ddta
: Short S
Electrical acquisition system
Resistance Term . Affected by electromagnetic
: Monitoring | Suitable for dynamic loads .
Strain interference
g Available in a wide variety of Lead length limitation
gage lengths
Provides an electrical signgl
that can be measured with|a
wide variety of circuits
Long term reliability May require long lengths ofrev
Multiplexing ability Cannot monitor live loads
Easy installation
Wire 9 immune  to electromagnet
Gages interference
Rugged housing resistant
impact and corrosion
Measures temperature as w
as strain




Light weight The fiber wire should be handlg
carefully and gently
k/long' Term| small size Expensive hardware and software
: onitoring . .
Flbe_zr & Multiplexing ability _Long term behavior still unde
Optic Short investigation
Sensors T Immune to electromagnet Lo :
erm interference Expensive installation
Monitoring _
Environmental ruggedness
Extremely accurate
No cables are required for dgt&estricted battery life
BIEZEE ?2;35 Eg\:]vsiirst of deployment
System Monitoring Still under investigation
Each mote works
independently

TABLE 3: Fiber Optic versus Vibrating Wire Sensors

d

=

Parameters Embeddable Fiber Optic Sensorf  Vibrating Wire Strain
Gage
Gage length 1 to 500 mm 50 to 300 mm
Resolution 0.01% full scale 1 Microstrain
Measurement range +2000 to £10000 Microstrain 0€2@ +3000
Microstrain

Remote operations Yes Yes
possibility

Working principle

Measuring the change
characteristics such as
wave length , phase

in opti
intensitytaut wire

cdlleasuring the frequency of

a

Availability for
embedment and
surface mounting

Yes

Yes

Material of sensor

High strength silica

High strimsteel piano wire

Structural response

Static and dynamic loads

Just static loads

capabilities

Temperature range -20to 60 °C -20 t6@0
Immunity to Yes Yes
electromagnetic interfacg

Ability to Yes for long and short term Yes for long term monitoring
multiplexing monitoring




3.0 SCOPE AND OBJECTIVES

The main objective of the proposed project is taleate the condition and structural behavior of

the Parkview bridge during fabrication, construetiand after the bridge has been subjected to

traffic. In addition, an overall evaluation of ta#iciency of the proposed system for rapid

bridge deck replacement will be conducted. Thegectiies can be achieved through the

following tasks:

» Study the different types of sensors used for strathealth monitoring purposes.

* Investigate current bridge health monitoring system

» Select the most applicable, most promising senforstrain monitoring, and design and
develop a sensor network for implementation abiidge deck.

» Collect, organize, and analyze sensor data over finyear for this phase) to develop a long-
term health monitoring program for the bridge deck.

» Perform static live load testing on the bridgealeate and compare data on structural
performance and behavior.

» Assess the effectiveness of the rapid bridge coctsbn technique as compared to
conventional methods.

4.0 PARKVIEW HEALTH MONITORING SYSTEM

The Parkview Bridge is the first prefabricated ggdn Michigan to take advantage of rapid
bridge construction techniques and sensor netvemtikiplogy. This section will present the

SHM instrumentation that was designed and deployedonitor the performance of the bridge’s
full-depth deck panels. It is worth noting that #edection of any sensor network system depends
on the specifications of the problem at hand, #aures of technology available at the time of
implementation, the reliability of the sensors, amdthe cost of the system.

4.1 An Overview of Parkview Bridge

The Parkview Bridge is located in Kalamazoo, Miamgext to the Engineering Campus at
Western Michigan University. It crosses over US-18 main highway with heavy traffic in
Southwest Michigan. After many years of servibé bridge needed a major repair or a
complete replacement. A decision was made to cepilze existing bridge using rapid bridge
construction techniques. The new Parkview Bridge designed to have four spans and three
lanes, with all its major bridge elements includpigrs, abutments, I-beam girders, and full
depth deck panels prefabricated off site. The superture is composed of type IV AASHTO
girders, and the deck is composed of forty eigime+inch thick precast reinforced concrete
panels. These panels are categorized as NortBauith. Once the North and South panels were
installed on-site, they were joined by a cast-imepl grouted joint. The deck is post tensioned
with an added three inch asphalt wearing surfasan@ntioned earlier, this new bridge is the
first in Michigan to be constructed using the REBChnique. Figure 1 illustrates the various
prefabricated elements of the bridge including redttion abutments, single segment pier
columns, single section pier caps prestressed etmktbeams girders and post-tensioned full-
depth deck panels. The actual construction begakpoih 7™, 2008, and the bridge was re-
opened to traffic on Septembée?, 2008.
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FIGURE 1: Completed Parkview Bridge

4.2 Parkview Bridge SHM Instrumentation Selection ad Configuration
Properly placed strain and thermocouple sensorpiande valuable information about
structural performance. Additional measuring desican be used, but only strain and

—

temperature measurements were chosen in this pfojegfficiency and cost effectiveness. The

SHM system is composed of (Geokon 2006):

« 184 Geokon Vibrating-Wire Strain Gauges (sensorsjié VCE-4200 with built-in

thermocouples installed in the bridge deck panels,
+ 2 Geokon MICRO-10 Data Loggers Model Number 802D-1-
« 12 Geokon Multiplexers Model 8032-16-1S,
+ 2 modems,
« aremote computer workstation in a laboratory witlnmunication software, and
« necessary wiring for communication and data transfe
Figure 2 provides a schematic view of the systenfigoration.

LA A A A AR

/

Multiplexer| |Multiplexer| o ¢ o | Multiplexer Multiplexer| |Multiplexer| ® ® | Multiplexer

TN/
Data Logge
[ Data Loggel Lab
Modem \ Compute Modem
I I /

FIGURE 2: Schematic view of the Parkview Bridge S system configuration.




In order to effectively monitor the structural pmrhance, sensors must be placed at strategic
locations. Four groups of strain and temperatuns@s were installed at

1. Mid spans and supports to monitor longitudinalsses,

2. Mid spans in the transverse direction to monitterk stresses,

3. Edges of deck panels to monitor the joints betwssarels, and

4. Along the two sides of the grouted joint betwees Morth and South panels.

Figure 3 shows the locations of the sensors irstallhese sensors are used to capture data
throughout the day at ten-minute increments tordetee maximum and minimum values of
stresses and temperatures recorded. Since theadddkeam act as a composite section after
construction, sensors were placed near the top dibéne section. Due to limitations by the
owner, sensors were only placed in the deck. Dhestecuction details in terms of plans and
specification for the installation of the selectestrumentation are provided in Appendix B.

4.3 Sensor Hardware Installation — Field Constructon Considerations

Attaching VWSG sensors to reinforcing bars mudbfela few precautions to ensure proper
operation. In this study, all sensors were attatcbebe top reinforcement using zip ties with

foam spacers to provide cover. Figure 4 (a) ilatsts the details of a properly secured sensor and
how this configuration allows for the free flow @dncrete mix while protecting the sensor and

its wire during casting.

Once the sensors were properly attached to re@foeat, the wires connecting them to
multiplexers were loosely coiled around the reinémnent to allow concrete bonding between
the wires and the reinforcement and to preventdamyage that might occur to the wire during
the placement of concrete. The wires were runftaainch diameter PVC pull boxes to protect
them from the concrete during the pour and to gle®waccessibility to the wires after the
installation of the deck panels at the bridge sEach wire was labeled to indicate the sensor
location and orientation after casting. Figurd¥ghows a completed sensor network for a panel
along with wire routing and pull box placementguiie 4 (c) illustrates the exposed pull box
underneath the deck panels for access and spli@egsor wires were spliced together and run
through PVC conduits underneath the deck pandlsetdata logging equipment.

In this project a combination of 12 multiplexersj&a loggers, and two modems were chosen to
collect and record sensor data. The equipmentwased in three cabinets to protect the
electrical equipment from varying environmental ditions, which were secured to the pier of
the bridge as shown in Figure 4 (d). Each datgdogontains a modem for remotely
communicating with the laboratory computer workstafor data transfer.
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4.4 The Parkview Bridge SHM Data Structure

To effectively monitor the bridge performance undarying load conditions, sensors were
grouped depending on their locations to addressttinetural monitoring needs outlined earlier.
In this study, four groups of sensors were useddaitor the bridge performance:

« Group 1 - Longitudinal stresses at mid spans aed e piers,

« Group 2 — Transverse stresses at mid spans,

« Group 3 -- Stresses at joints between panels, and

« Group 4 -- Stress at both sides of the cast-ingptpout between North and South panels.

Figure 3 shows the locations and labels of allsér@sors in the panels, and provides the group
number for each sensor in parenthesis. If a sédeongs to multiple groups, the numbers are
separated by commas.

Group 1 refers to those sensors placed near mitssppad at pier locations, and orientated
longitudinally near the traffic lanes to monitontptudinal stresses. Table 4 summarizes the list
of sensor labels that contribute to Group 1 in gaantrel. Group 2 includes those sensors that are
used to monitor the bridge performance under trarsevioading. The locations are similar to
those in Group 1 but oriented transversely. Talist® all Group 2 sensors. Note that the
highlighted sensors in Table 5 were declared narainal as they were constantly recording
data that are out of range and inconsistent wighréladings from the surrounding redundant
sensors. Group 3 refers to those sensors aloregties of critical panels. The main reason for
having this group of sensors is to monitor the logand load transfer of deck panels.
Theoretically, the deck and girders should behava eomposite section, but environmental
factors and loading may cause the composite setibehave as smaller sections if joints fail or
show fatigue over time. Table 6 displays the senaeed for this category. Group 4 refers to
those sensors that are placed along both sidé® afeinter grout joining North and South panels.
They are oriented longitudinally. Table 7 listssansors belonging to this group.
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TABLE 4: Sensors Used for Longitudinal Load Stresvonitoring (Group 1)

Span 1

North Panel Sensor Sensor | South Panel| Sensor

1 N-1-C 1 S-1-A
Pier 1

4 | N4-C | | 4 | S-4-A
Span 2

7 N-7-C N-7-F 7 S-7-F

8 N-8-C N-8-F 8 S-8-F

9 N-9-C N-9-F 9 S-9-F
Pier 2

12 | N-12-C | | 12 | S-12-A
Span 3

15 N-15-C N-15-F 15 S-15-F

16 N-16-C N-16-F 16 S-16-F

17 N-17-C N-17-F 17 S-17-F
Pier 3

20 | N-20-C | | 20 | S-20-A
Span 4

24 | N-24-C | | 24 | S-24-A

TABLE 5: Sensors Used for Transverse Load Stress Mitoring (Group 2)*

Span 1
North Sensor | Sensor | Sensor | Sensor South Sensor | Sensor | Sensor | Sensor
Panel Panel
2 N-2-A N-2-B N-2-D 2 S-2-A S-2-C S-2-D
Pier 1
4 | N-4-D | N-4F | | 4 | S4E | S4F |
Span 2
7 N-7-D N-7-D' N-7-G N-7-G' 7 S-7-E S-7-E' | S-7-G S-7-G'
8 N-8-D N-8-D' N-8-G N-8-G' 8 S-8-E S-8-E' | S-8-G S-8-G'
9 N-9-D N-9-D' N-9-G N-9-G' 9 S-9-E S-9-E' | S-9-G S-9-G'
Pier 2
12 | N-12-D | N-12-F | | 12 | S-12-E| S-12-F |
Span 3
15 N-15-D | N-15-D' | N-15-G | N-15-G' 15 S-15-E | S-15-E'| S-15-G| S-15-G
16 N-16-D | N-16-D' | N-16-G | N-16-G' 16 S-16-E | S-16-E'| S-16-G| S-16-G
17 N-17-D | N-17-D' | N-17-G | N-17-G' 17 S-17-E | S-17-E'| S-17-G| S-17-G'
Pier 3
20 | | | | 20 | S-20-E| S-20-F |
Span 4
22 N-22-B | N-22-D 22 S-22-C | S-22-D
23 N-23-B | N-23-D 23 S-23-C | S-23-D

* Yellow-highlighted sensors are declared non-openal.
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TABLE 6: Sensors Used for Stress Monitoring at Joits between Panels (Group 3)

Span 1
North Panel Sensor Sensor | South Panel Sensor | Sensor
1 N-1-B 1 S-1-B
2 N-2-C 2 S-2-B
Pier 1
4 | | | 4 | |
Span 2
7 N-7-B 7 S-7-B
8 N-8-E N-8-B 8 S-8-D S-8-B
9 N-9-E 9 S-9-D
Pier 2
12 | | | 12| |
Span 3
15 N-15-B 15 S-15-B
16 N-16-E N-16-B 16 S-16-D | S-16-B
17 N-17-E 17 S-17-D
Pier 3
20 | | 20
Span 4
22 N-22-A 22 S-22-A
23 N-23-C N-23-A 23 S-23-B | S-23-A
24 N-24-D 24 S-24-D

TABLE 7: Sensors Used for Stress Monitoring Along @st-in-Place Grout (Group 4)

Span 1

North Panel Sensor South Panel Sensor

1 N-1-C 1 S-1-A
Pier 1

4 | N-4-C | 4 | S-4-A
Span 2

7 N-7-C 7 S-7-A

8 N-8-C 8 S-8-A

9 N-9-C 9 S-9-A
Pier 2

12 | N-12-C | 12 | S-12-A
Span 3

15 N-15-C 15 S-15-A

16 N-16-C 16 S-16-A

17 N-17-C 17 S-17-A
Pier 3

20 | N-20-C | 20 | S-20-A
Span 4

24 | N-24-C | 24 | S-24-A




5.0 ASSESSMENT OF THE RAPID BRIDGE CONSTRUCTION TECHNIQUE

The typical life cycle of a bridge includes plangiprogramming, and budgeting, design,
construction, operation and maintenance, repairalabilitation, demolition and disposal, and
replacement. This indicates that (1) a bridge ageteriorates, and requires regular inspections
and maintenance to assure its functional sound(@sa;bridge has a finite “life”, even though it
could be as long as 100 years and can be furthen@ed with proper treatments; and (3) at
certain times during maintenance/repair/replacenikatservice provided by a bridge will be
interrupted or completely stopped. Consequentlypwations in the area of highway
infrastructure maintenance, rehabilitation, andaegment are key to the health and wellness of
this valuable national asset.

Bridge construction is associated with the follogvobnsequences:
» Traffic disruption due to partial or complete lasiesure,
» Increased user costs with longer travel distandelgys, severe traffic congestions and
extra fuel consumption, and
» Negative environmental impacts such as constructita run off, dust falls, erosion,
noise, equipment emissions and air pollution.

These negative consequences have a relationstiip twidge construction duration. In other
words, the longer the construction duration is,ttfege significant the consequences are. The
nation’s highways are very congested consideriegdtmand that reached nearly three trillion
vehicle miles in 2005 and their limited capacityf@2007b). This congestion situation is
further worsened by the large number of bridgesatetimg major work and long construction
durations, particularly in conventional cast-ingaaconcrete bridges. Typically, traffic control
accounts for approximately 20 to 40 percent ofcirestruction costs and reducing bridge
construction time in heavy traffic areas can ymfghificant savings (NCHRP 2003). Therefore,
innovative/new construction technologies are bemlted for to greatly reduce construction
project duration.

Examining the conventional cast-in-place concretgge construction has revealed that the main
cause for its time intensiveness is the way in Wwibiddges are constructed. Conventional bridge
construction must follow the sequence of completirgfoundation, the substructure, the
superstructure components, the railings, and @tbegssories (FHWA 2004). Moreover, the
construction of each cast-in-place concrete compmiomas to go through reinforcement assembly
and formwork setup, concrete placing, curing, ang@ng formwork. Subsequent components
will have to wait until concrete cures to reacheaain strength (7 day strength, for example).

On the other hand, precast concrete technologesdhe time-intensive problem of the
conventional cast-in-place concrete approach byimgahe fabrication offsite, thus greatly
reducing construction time and decreasing traffid anvironmental impacts. The RBC method
has emerged as a promising alternative to caslaicegoncrete bridge construction. With the
increased awareness of the availability and bemefiprefabricated concrete bridge elements,
their use will become more widespread (FHWA 2008b)s now possible to prefabricate all
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elements of a bridge and install or replace thedariin times that were never before thought
possible.

Rapid bridge construction technology has attrantederous research efforts due to its great
potential of saving bridge construction time andimizing traffic disruption and environmental
impacts. The past 20 years have withessed mawoyations in RBC technology and its
successful applications in highway bridge constomctall of which are well documented in the
literature. This section examines the RBC appraesgud on the Parkview Bridge project in detail
and compares it to the same bridge constructed esinventional methods to determine: (1) the
source for the time savings; (2) how to quantifyeisavings of RBC projects; and (3) how to
guantify user cost travel time delays and comhimath construction cost to assist decision
makers in adopting the RBC technology. It is hadgkthat RBC technology can greatly enhance
the infrastructure sustainability by reducing ti@atfisruption, minimizing environmental

impacts, improving work-zone safety, and lowering total life cycle cost.

5.1 Advantages and Disadvantages of RBC

Prefabricated bridges have significant advantages @nventional ones in several key aspects.

The main advantage is the reduction of onsite tieggired to construct the bridge, which in turn

lowers traffic disruption and improve work-zoneetgf The offsite fabrication of bridge

elements reduces environmental impacts and allowisdtter quality control that leads to a

prolonged life span of a bridge and thus reducelsfé cycle cost. Below is a summary of the

main advantages of RBC:

1. Minimization of traffic disruption: Delays due teith)ge construction cost the traveling public
millions of dollars each year in both fuel cost dost time (Matsumoto 2001). By using
prefabricated bridge elements, lengthy construgbimtesses such as the erection of
formwork and curing can take place away from tcaffhll components can be cast
simultaneously rather than waiting for each indixtelement to cure before casting the next
one on top of the previous element. Once all remzgcomponents are completed, they can
be shipped to the site where the entire bridgebeagrected in days rather than months.
Oftentimes, bridges in areas of high traffic dgnaite replaced during night construction
shifts or on weekends so that peak hour traffieerger affected (FHWA 2008b).

2. Constructability: By moving most of the fabricatiofisite, projects taking place in areas
with environmental or zoning restrictions can happ&h much more ease. In fact,
prefabrication is of the most use in projects deag spans of water, complex interchanges,
and areas with limited available space. Projeatspdeted with prefabricated elements also
experience less delays due to weather conditi®asn and cold weather are no longer a
factor when placing and curing fresh concrete thast take place in a controlled
environment, and installation can happen undercangitions that are safe for the
construction crews (Georgia 2002).

3. Higher Quality: Typically, casting concrete in fades will result in a higher quality product
when compared to on-site, cast-in-place constraoctienvironmental conditions such as
humidity, temperature, and rain can be controlledlioninated resulting in a more consistent
and reliable product which can have a serviceltifeger than a similar cast-in-place bridge
(Hieber 2005). When prefabricated technologies ewebined with high performance
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concretes, bridges can be constructed with a udiéubf over one hundred years. The
reduced time constraint also results in higherigualorkmanship. Quality assurance in the
form of inspections and service load tests candme dn the plant rather than on-site, making
it easier, quicker, and safer. Labor and inspactice made easier due to the casting of
bridge elements at ground level allowing inspediaa be easily performed at multiple
stages during casting to ensure that the elemeatgragressing as expected (CPPCI 2002).
A study on bridge durability found that a smallergentage of prestressed concrete bridges
were “structurally deficient” compared to cast-ilaqe bridges of similar age and span length
(Dunker 1992).

4. Lower Life Cycle Costs: Bridges built using RBC bkawetter durability and longer service
lives than bridges built using cast-in-place cotereconstruction (FHWA 2005).
Consequently, maintenance and major repair expeedit occur less frequently than
conventionally-constructed bridges. Savings arghén experienced with the use of
prestressing with reduced raw materials consumpisomaller size elements can be used)
(CPPCI 2002). The cost of formwork and its instiddin and removal is another area for
huge savings.

5. Improved Safety (Work-Zone Safety): Many bridge stouction projects occur in areas of
high traffic, high elevations, or over water. Skoed construction periods mean that
workers will spend significantly less time in danges areas by moving most of the
processes out of harm’s way (Georgia 2002). Retwomstruction time and less traffic
disruption also indicate that drivers are less ergoto bridge construction and work-zone
which, therefore, greatly reduces travel hazards.

6. Less Environmental Impacts: The use of prefabrecatéements results in a much less
invasive construction site. The most disruptivpeas of the process is the large equipment
needed to place the various components (FHWA 2008b)

Despite the many advantages RBC technology hasjitied cost is the main hurdle to the wide
adoption of this technology. RBC often incurs l@ghitial cost and higher shipping cost.
Prefabricated bridge elements are usually custodeand shipping these elements from offsite
precast facilities to construction sites is morpemsive than shipping conventional materials
such as formwork and concrete. Also, equipment sgsccranes that are needed for the
installation of the larger elements such as beps @éll require extra load capacity, leading to
technical challenges and higher costs. Howevdhiasechnology becomes more widely
accepted and elements more standardized, thengetqf prefabricated elements is expected to
decline, lowering the overall construction costnaother challenge in applying RBC technology
to bridge construction is the lack of contractopexence and expertise due to the fact that RBC
technology is still relatively new to the constioatindustry. Therefore, justifying the use of
RBC technology over the conventional approach besoankey towards a successful
implementation.

5.2 Time Study Methodology

An ideal way to quantify time savings and, consedyeuser cost savings associated with RBC
technology is to construct the same bridge twidh@same location and time point, using
conventional cast-in-place concrete the first tand RBC the second time. The duration and
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performance of building the same bridge with twibedent approaches would be closely
monitored and compared, step by step and bridgeegieby bridge element. By doing so, not
only can the overall time saving be quantified, &lsb the sources of time saving can be
identified and computed. Obviously, this ideal vedyassessing the RBC technology is
practically infeasible, considering that only onethod is used during construction, and cannot
be implemented in reality. But this reveals thabeparison study is suitable to achieve the
goal by using the historical project informationaolbridge that is of similar size and shape, built
in the same environment, and approximately withengame time frame.

The key to a comparison study is the establishrokatbaseline for the use of the cast-in-place
concrete approach. The productivity and perforraafdRBC technology can be compared to
the established baseline to ultimately assess RB@i&ssaving benefits. To establish such a
baseline, productivity should be determined based ecently completed local bridge project
that was constructed using conventional methodguré& 4.1 below illustrates the flow chart of
the design of a comparison study to quantify theetsavings of the RBC technology.
- First, productivity information is acquired froml@cal, temporal bridge project constructed
with the conventional cast-in-place concrete tetbmo
- Second, a work breakdown structure (WBS) analysisdnducted for the bridge to be
constructed, resulting in two WBS structures, omethe use of the conventional cast-in-
place concrete technology and the other for the RE8Gnology.
« The study process branches out from this point:
For the cast-in-place approach, activity duratiare determined based upon the
productivity information acquired from a local, tparal bridge project. A construction
schedule is developed with project milestones daddritical path method (CPM) is
applied to determine critical activities, the pajeuration, and early start, early finish,
late start and late finish for each individual aityi. Applying CPM resulted in a
baseline for the comparison study.

- For the RBC technology, field performance is clgsabnitored to determine the actual
productivity and activity durations. An “as-builsthedule begins to develop when the
project starts and completes when the project en@onsequently, the “as-built”
schedule is compared to the baseline schedule;bgtsfep and bridge element by
bridge element to quantify not only the overall ¢irmaving, but also to identify and
assess time saving sources.

* The baseline CPM schedule of the conventional brichggthod is compared to the actual
performance of the RBC-based one to identify saurgk time saving with quantified
information.

5.3 Time Study Results and Discussions

Two onsite solar-powered cameras were set up ifiglteby MDOT on both sides (North and
South) of the bridge to take still pictures evebymiinutes, and thus record construction activities
in 15-minute intervals. As mentioned earlier, ttabBsh a baseline for the comparison study, a
conventional cast-in-place bridge is needed toigeproductivity information. In this study,

the researchers chose the Lovers Lane Bridge plaatsd-94 in Portage, Michigan. The Lovers
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Lane Bridge was constructed using conventional oush It is located less than 5 miles from
the Parkview Bridge and was completed in 2006. g 8below illustrates the specifications of
these two bridges.

To start the comparison, a Work Breakdown Struchioir¢he Parkview Bridge was created for
analyzing RBC. Another WBS for the bridge was depet for analyzing the conventional
construction method. The WBSs were developed ubmgurrent Parkview Bridge plans as
well the Lovers Lane Bridge productivity data. Tea8 details these WBSs side-by-side. After
the activities were identified and organized, tlieirations were calculated for the conventional
approach by referring to the productivity infornastiextracted from the Lovers Lane Bridge.
All these activities were put together into a sealiecdnd the CPM technique was applied to
determine the overall project duration, duratiamsifdividual bridge elements, and dates for
milestones. Figure 5 illustrates the CPM schethui¢he Parkview Bridge under the
conventional approach with a total duration of #dys. All critical activities are highlighted in
Figure 5. In addition, this conventional bridgeuMbhave completed on September 15, 2008 if
it were started on April 15, 2008, which was theuatstart date for the construction of the
Parkview Bridge. A tabular schedule report is jled in Table 10.

For the RBC approach, the duration for each indigidictivity was determined by checking the
still pictures taken by the two onsite cameraslandisiting the construction job site on a
regular basis. The actual start and end dateslaradion for each activity were also extracted
from the pictures and an as-built schedule wawdénvith a total project duration of 62 days,
which is illustrated in Figure 6. Similar to Figus, all critical activities are highlighted. Isa
illustrates that the actual construction started\pril 15, 2008 and should have finished by July
8, 2008 if the rework on deck panels did not taleeg@ A tabular schedule report is provided in
Table 11.

It is worth noting here that actual constructiorswiglayed for a major “re-work” involving the
complete prefabrication of the deck panels duerar£in the first set of panels, causing the
actual opening to be pushed back to SepteniBe2@®8. This error suggests that there is risk
associated with adopting a new technology. Howesaeen with the mistakes and delays due to
the unfamiliarity with the RBC technology, the prdj was still completed ahead of the
conventional schedule. In our analysis of time 13gsj we elected to ignore the delays caused by
the re-work and used the original July 8, 2008 detgn date.

The overall time saving to the users is 45 day3 @62), about 42% of the project duration over
the conventional bridge construction. In otherd#pradopting RBC can cut project duration by
approximately half for a bridge at the scale of Baekview Bridge. Examining the critical path
activities in Figures 5 and 6 reveals that the nsaurces of time savings of RBC include the
shorter on-site construction time required for eaclividual bridge element and the exclusion of
the time needed for forming, placing reinforcememd concrete, and curing each element. Note
that these activities are now shifted to off-sitel @ometimes to off-season (during winter) as
some pre-cast facilities are able to produce bralgments indoors. Also note that in this
analysis, some pre-cast elements were not includa time saving such as the I-beam girders
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since they were used in both the conventional a@8@ BRpproaches. We only focused on those
elements that are not typically constructed udmgpre-cast approach such as abutments, piers,
and bridge deck panels. Table 12 provides a cosganf durations to independently construct
individual bridge elements using the conventionalde construction method versus the RBC
method.

The time saving realized by rapid bridge constarcyfields many benefits. Cost saving for
transportation users is among the most visiblecuahtifiable ones. Obviously, the magnitude
of the realized transportation user cost savingddp on the number of days shortened and the
volume of affected traffic. Figure 7 (a) illusteatthe available detour routes for the affected
traffic. Figure 7 (b) shows a conceptual sketcthefintersection next to the bridge, with
affected traffic volumes labeled as V1 through W6évas observed in the field that by isolating
the bridge, 50% of the affected traffic has nodasfeither origin or destination while the other
50% has node B as either origin or destinatione Vdlue of extra vehicle-miles travelled per
day due to the construction of Parkview Bridge #redadoption of the detour outlined in Figure
7 can be calculated as:

[(V1+ V) * 50% * (0.68+0.47+0.54-0.2-0.3)]
+ [(V1+ Vy) * 50% * (0.68+0.47+0.54+0.2-0.3)]
+ [(V3) * 50% * (0.47+0.54-0.2-0.68-0.3)]
+[(V3) * 50% * (0.47+0.54+0.2-0.68-0.3)]
+ [(V4) * 50% * (0.2+0.54+0.47-0.68-0.3)]
+[(V4) * 50% * (0.54+0.47-0.68-0.3-0.2)]
+ [(Vs+ Vg) * 50% * (0.54+0.47+0.68-0.2-0.3)]
+ [(Vs+ Ve) * 50% * (0.2+0.54+0.47+0.68-0.3)]
= 9,032 vehicle-miles

Assuming an average fuel efficiency of 18 miledfgalthe above 9,032 vehicle-miles is
transformed into 502 gallons/day. During the cardion period, the fuel cost was over $4 per
gallon, and consequently the extra cost was ov@0B2per day, without considering the extra
emission, air pollution, and the deteriorationted traffic condition at nearby intersections.
Adopting RBC technology would have shortened tloggat duration by 45 days, and
consequently the saving could be quantified asGR),considering extra vehicle-miles only.

The saving amount is about 3% of the bridge conBtm contract amount (approximately $2.85
millions) and is quite decent compared to the itusrofit rate of construction. It is worth
pointing out that the high-quality design of theale schema was also a reason for the relatively
small amount of extra vehicle-miles.

A similar calculation was done to estimate theaxtavel time occurred due to the construction
and the designed detour schema. Field experimewesled that it took on average an extra 10
minutes to complete the travel for traffig,\W,, Vs, and \g; 5 extra minutes to complete the
travel for traffic V5. and 8 extra minutes to complete the travel fdfitr&/ ,. The estimates
revealed that the extra travelling time was 1,380iele-hours per day. Consequently,
shortening the project duration by 45 days savguamately 58,800 vehicle-hours of travel
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time. Even with a low average hourly wage rat&18, the RBC technology realized a saving of
$882,000 from the travel time perspective, whichpproximately 31% of the construction
contract amount.

In conclusion, the RBC technique can significastlye bridge construction time and
consequently realizes a huge saving on user ttewel This travel time saving is significant
enough that it can justify the relatively higheitiad cost of the RBC technique. Considered
together with other advantages of RBC, such as dugttity and low maintenance cost, the
technique offers a more efficient and economiaaéteve to the conventional method. More
assessment studies such as this one will needdonrukicted to fully understand and realize the
advantages of RBC techniques.

April 15, 2008
Abutment B Abutment A Install Steel
CorsiEien Construction Diaphragms
32 0 / 33 8 10 10
SS2
4 SSO
A
Const. Pier Const. Pier Cure Pier Const. Pier Cure Pier Erect Girders Construct
Footings | Columns 9 Columns | Caps [P Caps rb' —b" Deck
9 0 9 0 7 0 9 0 7 0 10 0 36 0
y
Const. Pier
y Diaphragms
10 0
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—»>  Wall Paint Traffic
FS1 7 0 14 | o0 b Lines
1 4 Activity
Description
Abutment A Abutment A Pave Bridge September 11, 2008 P
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3 | 6 |11 3 |o Traffic
0 0 " ..
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FIGURE 5: Conventional bridge construction schedug
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FIGURE 6: Rapid bridge construction schedule (witltout construction delays)
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TABLE 8: Specifications of the Lovers Lane Bridgeand the Parkview Bridge

Specifications

Lovers Lane Bridge

Parkview Bridge

Length (total of span lengths) 176.5 ft 249 ft
Width (outside to outside) 80.5 ft 55.5 ft
Number of Lanes 5 3
Number of Spans 2 4

Construction Method

Cast-in-place concrete

Predalsijepth deck

TABLE 9: Parkview Bridge WBS: Conventional vs. Rapd Construction Methods

Conventional Method

| Rapid Bridge Method

Mobilization

Preparation of for construction

| Preparation of foronstruction

Substructure

Excavation Excavation
Piles (East, West Abutments) Piles (East, West Ateiits)
Delivery Delivery
Drive Drive
Spread Footings (East, Median, West) CIP Spread Hiogs (East, Median, West
Formwork Formwork
Reinforcemen Reinforcement
Pouring Pouring
Curing Curing

Form Removal

Form Removal

Abutments (East, West)

Abutments (East, West)

Formwork Precast Abutment
Reinforcemen Delivery
Pouring Placement
Curing CIP Concrete Diaphragm

Form Remova Formwork
Reinforcemen

Pouring

Curing

Form Remova

CIP Backwall

Formwork

Reinforcemen

Pouring

Curing

Form Removal

Piers (East, Median, West)

Piers (East, Median, \yes

Columns (4 ea)

Precast Columns (4 ea)

Formwork Delivery
Reinforcemen Placement
Pouring Grouting
Curing Curing

Form Removal
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Pier Cap

Precast Pier Cap

Formwork Delivery
Reinforcemen Placement
Pouring Grouting
Curing Curing

Form Removal

CIP Pier Diaphragm

CIP Pier Diaphragm

Formwork Formwork
Reinforcemen Reinforcemen
Pouring Pouring
Curing Curing

Form Removal

Form Removal

CIP Barrier Wall (East, West Only)

CIP Barrier Welast, West Only)

Formwork Formwork
Reinforcemen Reinforcemen
Pouring Pouring
Curing Curing
Form Remova Form Remova
Slope Wall
Formwork
Reinforcemen
Pouring
Curing
Form Remova
Superstructure
Precast Concrete I-Beams Span (1,2,3,4) Precast&ete |I-Beams Span (1,2,3,4)
Delivery Delivery
Placement Placement
Steel Diaphragm Steel Diaphragm
Delivery Delivery
Placement Placement
Deck (Span 1,2,3,4) Deck (Span 1,2,3,4)
Formwork Delivery
Reinforcemen Placement
Pouring Match-casting/Grouting/Post-Tensioning
Curing Curing
Form Remova
Deck Barrier Walls Deck Barrier Walls
Formwork Formwork
Reinforcemen Reinforcemen
Pouring Pouring
Curing Curing
Form Remova Form Remova
Earthwork
Backfill Backfill
Landscaping Landscaping
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TABLE 10: Tabular Schedule Report — Conventional Bidge Construction

Acﬂ\Dnty Duration Activity Description g?:% I:EIﬁ:IS)II‘I Late Start FI}r?its(,ah ;I%t:l
1 32 Abutment B Const. 15-Apr-08 21-May-08 15-A@-0 21-May-08 0
2 9 Construct Pier Footings 17-Apr-08 26-May-08 Apt-08 | 26-May-08 0
3 9 Construct Pier Columns 28-Apr-08  7-May-(08 28-Qp 7-May-08 0
4 7 Cure Pier Column 8-May-0§ 15-May-Q8 8-May-08 -May-08 0
5 9 Construct Pier Caps 16-May-( 26-May-p8  16-M8y{ 26-May-08 0
6 33 Abutment A Cons. 17-Apr-08 24-May-Q8  28-Apr-08 2-Jun-08 8
7 7 Cure Pier Cap 27-May-08 3-Jun-08 27-May-P8 13-08 0
8 10 Erect Girders 4-Jun-08 14-Jun-08 4-Jun-08 uh4os 0
9 10 Install Steel Diaphragms 4-Jun-08 14-Jun{08 -Jurs08 25-Jun-08 10
10 10 Const. Pier Diaphragms 16-Jun-p8  26-Junt08 -Jube08 26-Jun-08 0
11 36 Construct Deck 27-Jun-08 8-Aug-08 27-Jun-pP8 -Au§-08 0
12 7 Cure Concrete Deck 9-Aug-08  16-Aug-08 9-Aug-0816-Aug-08 0
13 14 Const. Barrier Wall & Railing 18-Aug-08  2-Sep 18-Aug-08 2-Sep-08 0
14 3 Abutment A Backwall 11-Aug-08 13-Aug-08 23-A0§ | 26-Aug-08 11
15 6 Abutment A Approach Slab 14-Aug-08 20-Aug-08 7-Aug-08 2-Sep-08 11
16 2 Abutment B Backwall 11-Aug-08 12-Aug-08 21-A0§ | 22-Aug-08 9
17 9 Abutment B Approach Slab 13-Aug-08 22-Aug-pP8 3-Alig-08 2-Sep-08 9
18 3 Pave Bridge Deck 3-Sep-08 5-Sep-08 3-Sep{08 SekoO8 0
19 5 Paint Bridge Structure 6-Sep-08 11-Sep{08 B | 11-Sep-08 0
20 1 Paint Traffic Lines 6-Sep-0§ 6-Sep-0B 11-S8p+0 11-Sep-08 4
21 0 Open to Traffic 12-Sep-08  11-Sep-08 12-Sep108.1-Sep-08 0
Project Duration (working days)* 107
TABLE 11: Tabular Schedule Report — Rapid Bridge @nstruction
Acltg'ty Dlgr?t' Activity Description Early Start |:E|f11|rls¥1 Late Start Flﬁt:h IT:ICE)IZL
1 25 Abutment B Const. 15-Apr-08 13-May-08  15-A@-Q 13-May-08 0
2 26 Abutment A Const. 17-Apr-08 16-May-Q8 17-A@-Q 16-May-08 0
3 20 Install Piers 1 Thru 3 17-Apr-08 9-May-0B 1prA08 9-May-08 0
4 9 Const. Pier Diaphragms 10-May-08 20-May-08 18yM8 | 20-May-08 0
5 9 Erect Girders 10-May-08 20-May-08 10-May-08 MNa@y-08 0
6 9 Install Steel Diaphragms 10-May-08 20-May-p8 -May-08 | 20-May-08 0
7 18 Deck Installation 21-May-08§ 10-Jun-08  21-Ma&y-0 10-Jun-08 0
8 2 Abutment B Backwall 11-Jun-08 12-Jun-08 21-08n- 23-Jun-08 9
9 4 Post Tensioning 11-Jun-08 14-Jun-08 19-Jun108 3-Juh-08 7
10 3 Abutment A Backwall 11-Jun-08 13-Jun-08 21-08n | 24-Jun-08 9
11 7 Abutment B Approach Slab 16-Jun-08 23-Jun{08 4-Juh-08 1-Jul-08 7
12 6 Abutment A Approach Slab 16-Jun-08 21-Jun{08 5-Jn-08 1-Jul-08 8
13 14 Const. Barrier Wall & Railing 16-Jun-08 1-08 16-Jun-08 1-Jul-08 0
14 4 Pave Bridge Deck 2-Jul-08 7-Jul-08 2-Jul-08  JulFo8 0
15 1 Paint Traffic Lines 8-Jul-08 8-Jul-08 8-Jul-0§ 8-Jul-08 0
16 5 Paint Bridge Structure 2-Jul-08 8-Jul-08 2aRil 8-Jul-08 0
17 0 Open to Traffic 9-Jul-08 8-Jul-08 9-Jul-0§ 808 0
Project Duration (working days)* 62
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TABLE 12: Element-by-Element Comparison of Convenbnal vs. Rapid Construction

CONVENTIONAL CONSTRUCTION

RAPID CONSTRUCTION

Activities | Duration | Duration | Activities
ABUTMENTS
Abutment A (West)
Form Abutment Wall 5 1 Install Precast Abutments
Install Abutment Wall Restegl 4 1 Grout Pile/Abutih®ockets
Pour Abutment Wall 1 1 Form & Pour Abutment Splice
Total Duration 10 Days 3 Days Total Duration

Abutment B (East)

[%2)

Form Abutment Wall 5 1 Install Precast Abutments
Install Abutment Wall Restegl 4 1 Grout Pile/AbutihPockets
Pour Abutment Wall 1 1 Form & Pour Abutment Splice
Total Duration| 10 Days 3 Days Total Duration
PIERS
Pier 1 (West)
Form Pier Collum & Install Reinforcement 2+1=3
Pour Pier Column 3 1 Erect Columns
Form Pier Cap 2 1 Grout Columns
Install Cap Restee| 2 1 Erect Pier Cap
Pour Pier Cap 1 2 Grout Pier Cap
Total Duration 11 Days 5 Days Total Duration
Pier 2 (Median)
Form Pier Column & Install Reinforcement 2+1 =3
Pour Pier Column 3 1 Erect Columns
Form Pier Cap 2 1 Grout Columns
Install Cap Restee| 2 1 Erect Pier Cap
Pour Pier Cap 1 3 Grout Pier Cap
Total Duration 11 Days 6 Day§ Total Duration
Pier 3 (East)
Form Pier Column & Install Reinforcement 2+1 =3
Pour Pier Column 3 1 Erect Columns
Form Pier Cap 2 1 Grout Columns
Install Cap Restee| 2 1 Erect Pier Cap
Pour Pier Cap 1 1 Grout Pier Cap
Total Duration 11 Days 4 Dayg Total Duration
DECK
1** Install Haunch Forms
1+ Install Shim Packs
1 Erect Panels
2 Install Deck Joint & Backer Rod
2 Install PT Couplers
Forming Fascig 11 2 Grout Deck Joints
Form Bulkhead 2 2%* Install Coil Bolts Shear Developers
Install Deck Re-steel? 12 2%* Install Diaphragm Shear Developer
Pour Concrete Deck 3 1 Adjust Haunch Forms
Cure Concrete Deck 8 2 Pour Haunch and Shear Pocket
Total Duration 36 Days 13 Days Total Duration

* Due to the relatively small size of the deck soH area, we assumed that the placing of reinfaroeactivity would occur
after the deck has been formed (i.e. no overlapytid crew (carpenters/ironworkers) congestion@nidterferences.
** Same-color activities take place concurrentlyddence their durations are only counted onckertdtal deck duration.
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6.0 LOAD TESTING

Load testing is recommended Bynerican Association of State Highway and Transgah
Officials (AASHTO) as an “effective means of evdlag the structural performance of a
bridge” (AASHTO 2000). The purpose of conductingd testing to existing bridges is to
evaluate their structural performance, within teevgeability loading. Therefore, load testing is
usually conducted in a nondestructive manner asdnsetimes the synonym of nondestructive
load testing. The principle is to compare thedfiesponse of the bridge under test loads with its
theoretical performance as the theory indicatesHRE 1998). Nondestructive load testing can
be further categorized into diagnostic testing prabf testing. Diagnostic testing methods
provide the measurements necessary to analyzeaiffel loading effects (i.e. moment, shear,
axial force, deflection, etc.) present in variotra&ural members due to applied loads (Phares
2005). Proof load testing aims at determiningrttaximum load configuration that forces the
bridge to approach its elastic limit.

Tasks involved in a load testing typically inclutie determination of testing objectives, the
design of load configuration, the selection anad@haent of instrumentation, the adoption of
appropriate analysis techniques, and the analysesalts (Kleinhans 2007). Load testing is
being carried out widely to evaluate and rate lidgrformance on a case-by-case manner to
test the impacts from new construction materiatstashnologies (Kleinhans 2007, Hou 2006).
While a number of bridge load testing studies camooind in the literature, such studies on
bridges using embedded sensors are almost non#xiste

The load testing of the Parkview Bridge was cargattwice: one in September 2008 before the
bridge was open to traffic and one in June 2008@ririg the first load testing, the sensors were
not yet operational. During the second load tegstine sensor network was functional and was
used in the load testing of the bridge. This sectiescribes the design and implementation of
the load testing in this study in the aspects aflltesting objectives and approaches, testing
scenarios, load configuration, and testing procedur

6.1 Load Testing Objectives and Approaches

The overall goal of conducting load testing is tautify its performance under varying
conditions of design loads. Specific objectivedude measuring surface deflections, deriving
stresses from measured deflections via analyticalels, and cross-validating analytical results
and sensor readings. Figure 8 presents a flow thatrtdescribes the approaches and tasks in
carrying out the testing. The first task is to élep testing scenarios. The second task is to
design load configuration to such that when theadd are applied to the locations specified in
the first task, they would yield the maximum monseand deflections. The next step is to
compute stresses using the girder-deck sectiorepiep and measured defections. Surface
deflections are measured by optical surveying usmgble® Dini level with an accuracy of
0.0012 inch. These stresses are compared to Sressacted from the sensors embedded in the
bridge deck panels for validation and further asialy

28



[ Load Testing Objectives

o

[

Testing Scenarios) [ Load Configuratio [ Bridge Structural Design and Propertigs

i

Perform Load Testing

¢ A 4

[

A 4

Field-Observed Deflection}s Structural Analysis

!

Top Fiber Stress

A

[

Sensor Straif» Top Fiber Stress ]—> Validation and Further Analys|s

A 4

Conclusions

FIGURE 8: Flow chart for the bridge load testing process

6.2 Load Testing Scenarios

A total of ten load scenarios, including four seglirectional and six bi-directional, were
designed and implemented in this study. FigudiStrates the mid-span, where the testing
loads were placed. Table 13 lists the testingates with their load locations. During the load
testing, surface elevations at these mid-spanitmtatnd also those points above the bridge
piers (represented by triangles) were measuredddie load were in place to provide a surface
baseline. When the loads were in place, surfameagbns at these locations were measured
again to determine surface deflections due to fipécads.

6.3 Load Configuration

Two types of trucks were used to provide testiragifo Figure 10 illustrates the configuration
for the trucks used for the single-directional #mel bi-directional testing. These truck
configurations were obtained from the pool of leigatks in Michigan. The type | truck
illustrated in Figure 10 was chosen to be the dbsethe HS20 design truck used by the
designer of the bridge. Table 14 provides the detxia weights for all three trucks (one type |
truck and two type Il trucks) used in this study.
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FIGURE 9: Load testing locations

Type | truck for single-directional testing

FIGURE 10: General configurations for trucks.

TABLE 13: Testing Scenarios

ype Il truck for bi-directional testing

Testing Truck Type 1 Location (Single Truck Type 2 Location (Bi-
Scenarios Direction — 1 truck) Directional — 2 trucks)
1 47 -
2 42 -
3 49 -
4 40 -
5 - 45, 44
6 - 47, 42
7 - 49, 40
8 - 51, 38
9 - 47, 40
10 - 45, 38
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TABLE 14: Actual Loaded Truck Weights (Pounds)

Axle # Single Directional Truck Type 1 Weights| Bi-directional Truck Type 2 Weights
Front Axle 9,640 17,850 18,350
#2 Axle 18,050 18,600
#3 Axle 35,540 17,800 18,250
#4 Axle - -
#5 Axle 34,580 - -
Gross Weight 79,760 53,700 55,200

6.4 Load Testing Procedure

The steps below were followed in this study to ctatgpbridge load testing (see Figure 9).

- Step 1 Load trucks according to load specifications andfigoirations and utilize truck
weigh stations to determine actual axle weight.

- Step 2: Based upon actual axle weight, mark a mrirgach truck in such a way that when
this point is aligned with mid span locations, thek load causes the maximum moment.

- Step 3 While loading of the trucks take place prior tdtiteg;, the survey crew set up and
determine mid spans along with center line of fpeations per the plan.

- Step 4: Measure surface elevations for all the ewgoints to establish a baseline for
Testing Scenario 1.

- Step 5: Move truck of type | to point 47 (scendr)o After the truck is in place, measure
surface elevations for those points to determiigglerdeflection due to the truck load.

- Step 6: For load tests using the sensor netwodd (test 2), record the time the truck is in
position and ensure that the truck stays in pasiioo a minimum of 10 minutes to allow the
sensors to register their readings (sensors calkteton 10-minumte increments).

« Step 6: Move the truck off bridge.

« Step 7: Repeat Steps 4 to 6 for the remainingiigsitenarios.

6.5 Top Fiber Stresses from Deflection Measurements

After validating field observations, moments weegided from surface deflections and used to
compute the top fiber stresses utilizing the twd &§liations below and using the simply
supported moments at mid spans (i.e. assuminguaenoents at the piers for conservative
results at mid spans) (PCI 2003). The momentseapirs were then computed from the mid
span moments using distribution factors obtainethfsimulated, unit-force loadings that mimic
the truck loads from the 10 scenarios.

M. = D (48 EL/5L?) and oL = Moyl
where M| - Live load moment (Ib-in);
D - Deflection (inches);
E - Section modulus of elasticity (4,595,487 psi);
I - Moment of inertia of composite section (438,91'3;
L - Span length (inches);
y - Distance from the top fiber to the neutraka{i8 inches); and

gL - Stress (psi).
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Table 15 summarizes the dead load stresses aatioels points used for the load testing. The
values were extracted from the design calculatpyosided by the Parkview Bridge designer
(Parsons Transportation Group 2007).

TABLE 15: Deck Dead Load Stresses from Design Caltation (psi)

Top Fiber Dead Load Stresses — South
West | Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan | East
Abut (45) (46) (47) (48) (49) (50) (51) Abut
0 -436 -466 =773 -430 -760 -379 -428
Top Fiber Dead Load Stresses — North
East | Midspan | Pier 3 | Midspan | Pier 2 | Midspan | Pier 1 | Midspan | West
Abut (44) (43) (42) (42) (40) (39) (38) Abut
0 -428 -379 -760 -430 -773 -466 -436

The average 28-day compression strentth (vas recorded as approximately 8,000 psi.
Therefore, maximum allowable stresses in the céaene:

fc=045f'c
Fr=6fc

Compressionf¢):
Tension ft):

= - 3,600 psi
= 537 psi

6.6 Field Measurements Validation

Three-dimensional surface plots of deflection meaments were developed and compared with
the finite element (FE) simulation results to vatelthe behavior and field measurements. Figure
11 illustrates an example of the comparison fonade 1 in load test 1. The field observations
match the theoretically simulated results, provgdionfidence in the measurements from
scenario 1 observations. Similar comparisons wenelucted to validate results in all 10 testing
scenarios . A complete set of deflected shapealifgcenarios in both load tests are provided in
Appendix C. Note that scenarios 2, 6, and 9 froad ltest 1 were declared erroneous due to the
apparently inconsistent behavior of the bridge utide applied loads. This was further verified
when load test 2 was completed, as discussed fioSdc9.
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SCENARIO 1

—

(a) Simulated deflected shape

(b) Actual deflected shape

FIGURE 11: Validating scenario 1 results from loadtest 1 (drawn not to scale)

6.7 Load Test 1 - Before Opening

This section presents the results of the loadngshiat was completed on September 8, 2008 and
involved deflection measurements.

Table 16 displays the measured deflections for teatll (note that negative values indicate
downward movement). The stresses resulting frorsetideflection measurements are presented
in Tables 17 and 18 (note that negative valuexatdicompression). Also, note that scenarios 2,
6, and 9 are declared erroneous from the validgtroness based on deflected shapes and bridge
deck behavior. The columns representing these sosrae highlighted in yellow in Tables 16
through 20.

Combining the dead load stresses given in Tableittbthe live load stresses given in Tables 17
18 results in total stresses presented in Tables@20 for all scenarios using the deflection
measurements and sensor readings methods. daisfobm these tables that the total stresses
are within the allowable limits for all testing s@ios for both the south and north panels.
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TABLE 16: Load Test 1 Summary of Deflections

. Scenario Change in Elevation (inches)
Location
1 2 3 4 5 6 7 8 9 10
38 -0.02| -0.06| -0.03| -0.05| -0.02] 0.00f 0.01| 0.01| 0.01| 0.00
39 -0.01| 0.00| -0.04| -0.01| -0.01| -0.02| 0.05| -0.01| -0.01| -0.01
40 -0.03| 0.19| -0.03| -0.07| 0.00| 0.01| -0.32| 0.01| 0.04| 0.02
41 -0.03| 0.34| -0.03| -0.04| 0.00| -0.02| -0.03| 0.01| -0.32| 0.01
42 -0.02| 0.43| -0.03| -0.03| 0.00| 0.47| -0.01| 0.03| -0.46| 0.01
43 -0.02| 0.06| -0.02| -0.03| -0.01| -0.68| -0.02| 0.01| -0.61| -0.01
44 0.00| 0.07| -0.02| -0.04| -0.02| -0.73| -0.03| -0.02| -0.67| -0.01
45 -0.03| 0.01| 0.04| -0.04| -0.02] 0.00f 0.03| -0.01| 0.01| o0.02
46 -0.03| 0.10| 0.14| -0.06| -0.09] 0.01| -0.01| 0.00| -0.01| 0.01
47 -0.05| 0.28| 0.30| -0.03| 0.01| -0.03| -0.01| -0.01| -0.01| o0.03
48 -0.04| 0.42| 0.42| -0.03| 0.01| -0.45| 0.00| 0.01f -0.41| o0.00
49 -0.01| 0.59| -0.05| -0.04, 0.01| -0.02| -0.39| 0.02| -0.56| -0.01
50 -0.02| 0.78| -0.03| -0.02| -0.01| -0.01| -0.03| -0.02| -0.72| 0.01
51 -0.01| 0.89| -0.04| -0.02, 0.02| 0.01| 0.00| 0.03| -0.84| 0.02

TABLE 17: Live Load Stresses Based on DeflectionsSouth Side Panels (psi)

Scenarios Midspan | Pier1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan
(45) (46) 47) (48) (49) (50) (51)
Scenario 1 -117 -100 -40 -15 -8 -8 -28
Scenario 2 39 33 224 81 471 454 2460
Scenario 3 155 133 240 87 -40 -38 -111
Scenario 4 -155 -133 -24 -9 -32 -31] -55
Scenario 5 -78 -66 8 3 8 -8 55
Scenario 6 0 0 -24 -9 -16 -15 28
Scenario 7 117 -100 -8 3 -312 -300 0
Scenario 8 -39 33 -8 3 16 -15 83
Scenario 9 39 -33 -8 -3 -447 -431 -2322
Scenario 10 78 66 24 9 -8 8 55
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TABLE 18: Live Load Stresses Based on DeflectiondNorth Side Panels (psi)

Scenarios Midspan | Pier 3| Midspan Pier 2 | Midspan | Pier 3 | Midspan
(44) (43) (42) (41) (40) (39) (38)
Scenario 1 0 0 -16 -6 -24 -23 -78
Scenario 2 194 165 0 0 152 146 -233
Scenario 3 -55 -47 -24 -9 -24 -23 -117
Scenario 4 -111 -94 -24 -9 -56 -54 -194
Scenario 5 -55 -47 0 0 0 0 -78
Scenario 6 -2018 -1724 375 -136 8 -8 0
Scenario 7 -83 -71 -8 -3 -256 246 39
Scenario 8 -55 47 24 9 8 -8 39
Scenario 9 -1852 -1582 -367 -134 32 -31 39
Scenario 10 78 66 24 9 -8 8 55
TABLE 19: Total Stresses Based on Deflections o&th Side Panels (psi)
S . Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan
cenarios
(45) (46) (47) (48) (49) (50) (51)
Scenario 1 -553 -566 -812 -444 -768 -386 -45b
Scenario2 -397 -433 -549 -349 -289 76 2033
Scenario 3 -281 -333 -533 -343 -800 -417 -538
Scenario 4 -592 -599 -796 -439 -792 -409 -4883
Scenario 5 -514 -533 -765 -427 -752 -386 -3783
Scenario 6 -436 -466 -796 -439 -776 -394 -400
Scenario 7 -320 -566 -780 -427 -1072 -679 -4218
Scenario 8 -475 -433 -780 -427 -744 -394 -34H
Scenario 9 -397 -499 -780 -433 -1208 -810 -2750
Scenario 10 -359 -400 -749 -421 -768 -371 -3783
TABLE 20: Total Stresses Based Deflections - Nort8ide Panels (psi)
S . Midspan | Pier 3 | Midspan | Pier 2 | Midspan | Pier 1 | Midspan
cenarios
(44) (43) (42) (41) (40) (39) (38)
Scenario 1 -428 -379 -776 -436 -796 -489 -514
Scenario2 -234 -213 -760 -430 -621 -320 -669
Scenario 3 -483 -426 -784 -43P -796 -489 -5583
Scenario 4 -538 -473 -784 -430 -828 -520 -630
Scenario 5 -483 -426 -760 -430 -773 -466 -514
Scenario 6 -2446 -2103 -385 -566 -765 -474 -436
Scenario 7 -511 -449 -768 -4383 -1028 -220 -397
Scenario 8 -483 -331 -736 -4211 -765 -474 -397
Scenario 9 -2280 -1961 -1128 -563 -741 -497 -397
Scenario 10 -350 -312 -736 -421 -780 -459 -38[1
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6.8 Load Test 2 — After Opening
This section presents the results of the loadngshiat was completed on June 2, 2009, which
involved two different methods: deflection measueets and sensor readings.

6.8.1 Top Fiber Live Load Stresses from Deflectigleasurements

Table 21 displays the measured deflections for teatl2. The stresses resulting from these
deflection measurements are presented in Tablaa@23 (note that negative values indicate
compression).

TABLE 21: Load Test 2 Summary of Deflections
Scenarios Change in Elevation (inches)

1 2 3 4 5 6 7 8 9 10
38 0.01 | 0.05 | -0.05| 0.04/ 0.01 0.00 | 0.01| -0.06 0.00 | -0.05
39 0.01 | -0.04| -0.02] 0.02] 0.02 -0.01| -0.02] 0.00/ 0.00 | -0.01
40 0.00 | -0.05| -0.02] -0.04 0.00 -0.01| -0.06] 0.01] -0.07| 0.02
41 0.02 | -0.02| -0.04| -0.03 0.00 0.00 | -0.02| 0.00/ 0.00 | -0.01
42 0.00 | -0.09| -0.02] 0.04] 0.01 -0.07| -0.01] 0.02| 0.02 | 0.00
43 0.00 | -0.02| -0.03] 0.01f 0.04 -0.01| 0.00| 0.01] 0.01 | -0.01
44 -0.02 | -0.01| -0.03| 0.00{ -0.03 0.00 | 0.01| 0.01] 0.00 | 0.01
45 0.01 | -0.05| -0.04| 0.02| 0.02 0.00 | 0.00| -0.02 0.01 | -0.02
46 0.10 | -0.02 | -0.04| 0.04] 0.01 0.02 | -0.01] -0.01] 0.02 | 0.21
47 -0.04 | -0.04 | -0.02| 0.01] -0.01 -0.07| 0.00| 0.02| -0.06 | 0.01
48 0.02 | -0.01| -0.05| 0.00f -0.04 0.00 | 0.02| 0.01| -0.02| 0.00
49 0.01 | -0.01| -0.07] 0.01] -0.01 0.01 | -0.04] 0.03| -0.01| 0.00
50 0.00 | -0.01| -0.03] -0.01y -0.04 -0.02| 0.01| 0.01] 0.00 | 0.00
51 -0.02| -0.01| 0.00| -0.02 0.00 0.01 | 0.00| -0.01 -0.01| 0.01

Location

TABLE 22: Live Load Stresses from Deflections - Sdh Side Panels (psi

Scenarios Midspan | Pier 1 [ Midspan | Pier 2 | Midspan | Pier 3 | Midspan
(45) (46) (47) (48) (49) (50) (51)
Scenario 1 47 40 -34 12 10 -9 -50
Scenario 2 -186 -159 -29 -10Q -11 -1( -17
Scenario 3 -140 -119 -19 -7 -57 -55 -7
Scenario 4 93 80 6 2 6 -6 -63
Scenario 5 70 60 -7 -2 -6 -6 -10
Scenario 6 0 0 -58 21 5 -5 33
Scenario 7 0 0 0 0 -35 34 -3
Scenario 8 -93 -80 14 5 20 19 -30
Scenario 9 47 40 -51 -19 -8 -7 -23
Scenario 10 -96 82 9 -3 -2 2 36

36



TABLE 23: Live Load Stresses from Deflections - Ndh Side Panels (psi)
Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan

scenarios | 3g) | (39) | (@0) | (41) | (42) | (43) | (44)
Scenario 1 47 0 0 0 0 -57 -66
Scenario 2 186 -37 -38 -25 -68 -23 -27
Scenario 3 -186 -18 -19 -5 -12 -6( -70
Scenario 4 140 27 -28 -13 35 9 10
Scenario 5 47 4 -4 -2 5 81 -95
Scenario 6 0 -9 -10 21 -58 -9 10
Scenario 7 47 -5 -5 -4 -12 31 36
Scenario 8 -233 6 7 -7 19 23 27
Scenario 9 0 57 -59 4 10 9 -10
Scenario 10 -143 -15 15 -1 -3 -2( 23

6.8.2 Top Fiber Live Load Stresses from Sensor Regs

During the load testing, top fiber strains wereorded by the embedded sensors in the bridge
deck panels and downloaded to the laboratory coanpot analysis. Even though the sensors
are installed throughout the entire bridge decky those sensors located along the longitudinal
load path were used to extract live load stressdd@compare them to the stresses derived from
deflections. Tables 24 and 25 present the stréssmsthese sensors for the south side and the
north side panels, respectively (note that negatahees indicate compression).

6.8.3 Top Fiber Total Stresses — Deflection and SenReadings

Combining the dead load stresses given in Tableittbthe live load stresses given in Tables 22
through 25 results in total stresses presente@lnes 26 through 29 for all scenarios using the
deflection measurements and sensor readings methiddsclear from these tables that the total
stresses are within the allowable limits for aditteg scenarios for both the south and north
panels.

TABLE 24: Live Load Stresses from Sensors - Southid& Panels (psi)

Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan
(45) (46) (47) (48) (49) (50) (51)

Scenario 1 1.48 10.60 -11.68 6.52 5.38 -6,82 -0.83

Scenarios

Scenario 2 0.80 -1.50 2.52 1.00 9.57 -14.05 0.45

Scenario 3 1.55 0.65 2.48 11.77 -24.14 8.97 2.80

Scenario 4 3.00 11.7¢ -2.43 11.95 2.7% -0/65 -0.20

Scenario 5 -2.80 -2.05 0.28 -0.20 -0.2] -0.65 -0.15

>

7
Scenario 6 -0.40 6.30 -13.5( 22.10 -3.6b 11|30 5-0.1
Scenario 7 0.93 -0.28 -0.69 11.30 -30.88 4172 1.18

Scenario 8 -5.95 0.00 0.85 -0.95 0.93 3.85 2.65

Scenario 9 3.50 -2.00 15.63 -21.85 -5.12 3.70 -1.60

Scenario 10 -8.55 -2.40 0.20 0.25 1.38 -0.55 0.05
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TABLE 25: Live Load Stresses from Sensors - Northife Panels (psi)
Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan

Scenanos | "@s) | (39) | (40) | (41) | (42) | (43) | (44)
Scenario 1 1.60 8.85 -8.88 4.5b 5.47 -0.87 -0.1p
Scenario 2 1.95 -1.95 2.32 1.45 14.63 -19.70 0.4p
Scenario 3 1.95 0.70 3.82 10.63 -11.06 4.93 4.0p
Scenario 4 3.95 18.7% -26.33 17.75 3.53 0.25 0.50
Scenario 5 -2.75 -1.30 -0.10 -0.65 0.65 0.10 0.1%
Scenario 6 -0.15 4.45 -6.53 21.90 -25.93 16(60 0.20
Scenario 7 1.55 5.45 -10.87 11.82 -3.51 0.02 1.7D
Scenario 8 -6.05 0.35 -0.60 -0.95 -0.92 -2.65 2.55
Scenario 9 4.45 8.65 10.67 -21.80 -10.7p 3.45 -0.95
Scenario 10 -6.90 3.10 0.17 -1.25 -1.22 -1.95 0.20
TABLE 26: Total Stresses Based on Deflection Measements - South (psi)
. Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan
Scenarios
(45) (46) (47) (48) (49) (50) (51)
Scenario 1 -390 -426 -806 -418 -751 -388 -478
Scenario?2 -623 -626 -801 -440 -771 -389 -444
Scenario 3 -576 -586 -792 -43V -817 -433 -434
Scenario 4 -343 -387 -767 -428 -755 -384 -491
Scenario 5 -366 -407 =779 -432 -766 -384 -438
Scenario 6 -436 -466 -830 -409 -755 -383 -396
Scenario 7 -436 -466 -773 -430 -796 -344 -431
Scenario 8 -529 -546 -758 -425 -740 -359 -458
Scenario 9 -390 -426 -824 -448 -768 -386 -451
Scenario 10 -532 -385 -764 -438 -762 =377 -391L

TABLE 27: Total Stresses Based on Deflection Measements - North (psi

Scenarios Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan
(38) (39) (40) (41) (42) (43) (44)
Scenario 1 -390 -466 -773 -43( -760Q -435 -494
Scenario2 -250 -503 -811 -455 -828 -401 -454
Scenario 3 -623 -485 -792 -434 -7173 -438 -498
Scenario 4 -296 -439 -801 -442 -726 -370 -418
Scenario 5 -390 -463 -776 -432 -755 -298 -52p
Scenario 6 -436 -475 -782 -409 -819 -387 -418
Scenario 7 -390 -471 =777 -434 -772 -34{7 -391
Scenario 8 -669 -460 -766 -437 -741 -356 -401
Scenario 9 -436 -409 -832 -426 -750 -370 -438
Scenario 10 -579 -481 -757 -431 -763 -398 -406
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TABLE 28: Total Stresses Based on Sensor Readingsseuth (psi)

Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan

Scenarios (45) (46) (47) (48) (49) (50) (51)

Scenario 1 -435 -455 -785 -423 -755 -386 -42B
Scenario 2 -435 -468 -770 -429 -750 -393 -42B
Scenario 3 -434 -465 -771 -418 -784 -370 -42b
Scenario 4 -433 -454 -775 -418 =757 -380 -42B
Scenario 5 -439 -468 -773 -43( -760 -380 -42B
Scenario 6 -436 -460 -787 -408 -764 -368 -428
Scenario 7 -435 -466 -774 -419 -791 -37¢ -42[7
Scenario 8 -442 -466 -772 -431 -759 -376 -42p
Scenario 9 -433 -468 -757 -45] -769 -37b -43pD
Scenario 10 -445 -468 -773 -43( -759 -380 -428

TABLE 29: Total Stresses Based on Sensor Reading®Nerth (psi)

Scenarios Midspan | Pier 1 | Midspan | Pier 2 | Midspan | Pier 3 | Midspan
38 39 40 41 42 43 44

Scenario 1 -426 -370 -769 -425 -768 -467 -43p
Scenario 2 -426 -381 -758 -429 -758 -486 -43p
Scenario 3 -426 -378 -756 -419 -784 -461 -43p
Scenario 4 -424 -360 -786 -41P -769 -466 -43p
Scenario 5 -431 -380 -760 -431 =772 -466 -43p
Scenario 6 -428 -375 -767 -408 -799 -449 -43p
Scenario 7 -426 -374 =771 -418 =777 -466 -43¢%
Scenario 8 -434 -379 -761 -431 -774 -469 -43B
Scenario 9 -424 -370 -749 -451 -784 -463 -43f7
Scenario 10 -435 -376 -760 -431 -774 -468 -436

6.9 Discussion of the Results

Overall the load tests were effective in providinfiprmation about the bridge’s structural
stability. None of the maximum allowable deflecovere exceeded on scenarios where data
collected was determined to be valid. The majaftthe scenarios were well under the
maximum allowable limits.

In load test 1, scenarios 2, 6, and 9 had quediiermasults that were determined to be invalid.

The data recorded in these scenarios of load testylhave had possible errors due to the

following:

» Deflection measurements were very small in mostsadere data collected may not have
been accurate enough to provide feasible results.

* The first load test used one surveying instrumleat wvas continuously being relocated to
access the various points on the deck. The conistelocation of the instrument may have
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caused erroneous readings (human errors in s@thig)was corrected in load test 2 by using
3 surveying instruments set once in permanentimtathroughout the testing period.

In the load test 2, the stress values extracted fhee sensor network were compared to those
derived from the measured deflections at everytiocand every scenario. An example
comparison for the south deck panels under scefigrielded the following observations:

« Live load stresses at the deck top fiber are cterdly small (both compression and tension
are less than 50 psi for scenario 1).

« The stress types (compression and tension) in soehanatch. In other words, for a given
location, the deflection and the sensor resultscarsistent from the perspective of whether
the top fiber stress is compression or tension.

- At a given point location under a specific testisgenario, the stresses from the sensor
observations are consistently smaller than thase fiteflection measurements.

- The stress distribution reveals compression ontdpefiber (positive moment) at the mid-
span location where the truck load was locatecestirig scenario 1 and tension on the top
fiber (negative moment) at the neighboring pieratamn. The stresses of the mid points of
nearby spans and pier locations are consistentthatthoading configuration.

These comparisons were conducted for all 10 sa@natt was observed from both sets of
results that top fiber stresses due to live loadralatively small when compared to the stresses
caused by dead loads and temperature variationvetszr, the difference between the two sets is
quite significant, considering the small stressigal Stress values based on deflection
measurements are consistently larger than those gemsor readings. Also, the stress types
(tension/compression) from the deflection measurésn@o not always match the sensor
readings. In other words, some locations may hawepcession stresses based on deflection
measurements when the sensors are reading tetr@eses. These differences may be explained
as follows:

- The conservative assumptions used for computiresstis from deflections, namely using
simply supported span moment when the bridge isirmaously supported over four spans,
result in large computed stresses.

« The bridge has a 2-inch flexible asphalt overlaytam of the concrete deck panels, possibly
resulting in larger surface deflections than whatdoncrete deck is actually experiencing.

- Even though the surveying equipment has an accwh€0012 inch, the human error at
such small measurements may not be easily elimindtey measured deflections less than
0.1 inch may be considered negligible and inaceudate to the difficulty of eliminating
human errors in reading the targets or holding tidevertically at such small measurements.

« Sensors are not exactly at the top fiber (18 indhws the neutral access of the composite
section). Rather, they are 2.5 inches below th&asar(cover requirements) or 15.5 inches
from the neutral axis, resulting in proportiondlgs stress than would exist at the top fiber.

Advanced deflection measuring instruments and igcles may eliminate some of the human
error but at a premium cost. In our case, howesiace the sensors already existed for the
purpose of monitoring the health of the bridgeythevided a low-cost, accurate, and quick
alternative to the deflection measurement loadngshethod.
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7.0 ONE-YEAR HEALTH MONITORING

This section presents the one-year data that leasdmlected by the sensor-based health
monitoring system that was developed and deplogethé Parkview Bridge in Kalamazoo,
Michigan. The deployment of the structural heafibnitoring system enabled the remote
collection of continuous strain and temperaturadatbe collected at ten-minute intervals. The
two data loggers are contacted weekly through théems and telephone lines were dedicated
to download and archive the sensor data for futngdysis. The SHM system started to function
in December 2008. Data archiving for a time peobthree years is currently underway to
develop a solid baseline for future continuous rtayirig of this bridge’s health condition.
Examples of data analysis are presented in thitoseo illustrate how such data is interpreted.

7.1 SHM Initial Configuration Setup

Once the health monitoring system was operatidhaldata loggers used for controlling the on-
site monitoring, and collecting and storing theadabm the sensors were programmed using
Canary Systems Multi Logger Software, version 4lhe software provides a flexible user
interface that offers many useful functions forgeopconfiguration, collection, and monitoring
of the performance of the bridge. After testing aatidating the proper configuration and
operation of all sensors, the data logger’s stocagacity needed to be determined. The initial
estimate for a downloading schedule was two wedéiter further analysis and testing, the
loggers were found to have a capacity of one weskish of data from all sensors. The
downloading schedule was then adjusted to weekly.

After the data was downloaded from the loggerfigoremote laboratory computer workstation,
the values of strain and temperature had to kexdilt and sorted to check for erroneous readings.
These readings must be positively identified asnmgatible rather than mistakenly considered
as alarming or indicating abnormal behavior oftthedge. To confirm the readings were invalid,
they were manually checked by comparing redundamga readings within the same vicinity

and over the same time period. If proven invahid anusable, they are removed from the data
file since they would affect the integrity of thatd and cause errors in interpretations. This
validation process is often referred to as dataatization (Phares 2005).

Once the validation and normalization processes@mglete, the data is sorted by month due to
the large volume of sensors and the number of ngads recorded daily. This provided
accessibility to all data for each month and eagtsar. In each of these files, all sensors
followed a strict labeling system. Each sensor kggsesented by an array that included a label
that identified its location, strain, temperatwtate, and time for each ten-minute reading.
Temperature readings between gages were easitatedi since they remained consistent within
surrounding locations. The sensors readings iengelil to a range of:3,000 micro-strain
(£15,000 psi) for strain and a range of -20 degre#sias to +80 degrees Celsius for
temperature. If readings become close to thegés|inesults may not be as accurate.

After data was clearly organized and sorted, stt@alings were converted to stress values. The
temperature are also stored along with the streBkee that the sensors read temperatures in
degrees Celsius. To get an accurate representdttbe mechanical properties of the concrete
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used for the individual deck panels, samples (dgis) were collected during casting. These
samples were left on site so environmental curomgd@ions would remain the same between the
panels and corresponding samples. Each samplihlelsd by panel number and date to
determine age and location. The average 28-day i@ssipn strength’¢) was recorded as
approximately 8,000 psi. The Modulus of Elasti¢E) was then calculated using the American
Concrete Institute’s equation:

E = 57.0004/f ¢ ~ 5000 Ksi
This value was then used to convert strain readimgsstress values using:

Stress (a)
Modulus of Elasticity (E) = 5-1"—[)
Lt | &

Also, as was mentioned earlier in Section 6, thg&imam allowable stresses in the concrete are:

Compression;fc = 0.45 f'= = - 3,600 psi
Tension: ft=6/fe. = 537psi

After strain values are converted to stressesyalite design values provided by the designer
are compared to actual measured values. Bridgatammdnd performance are the primary
concern. Weekly recorded values are sorted atsidd to make sure allowable stresses are not
exceeded and to ensure that no sudden changegempare observed. This process is
performed after the data are normalized and reathg tinterpreted for further examination.

7.2 SHM Sensor Data Collection and Representation
Four main categories for investigating the bridgekds behavior and performance were
developed:

* Longitudinal stress monitoring due to loading (Grdusensors)
* Transverse stress monitoring due to loading (Géapnsors)

» Stress monitoring along panel edges (Group 3 ssnsor

» Stress monitoring along cast-in-place grout (Gréggnsors)

The data was further separated into North and Soutlsily identify the panels of the bridge
deck. Graphical representations were found to beffactive and efficient way to observe
behavior over time. The behavior for each categay observed over a year. The total
duration of monitoring in this report spans fromcBmber 2008 through December 20009.

The goal is to determine signature behavioral dtaristics over time. These behavioral

characteristics will eventually provide an enveldpaseline) that can be used to determine if

behavior is normal or critical. Once values excmse envelopes, they would trigger an alarm
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for further investigation. Selected charts arespnged in this section. The full year charts are
provided in Appendix D and organized by panel tf{iger S), sensor group (1 through 4), and
month (December 2008 through December 20B8yv data are also provided in Appendix D as
monthly spreadsheets.

7.2.1Longitudinal Load Stress Monitoring (Group 1)

Figure 12 shows the longitudinal stress monitofarghe North panels of Span 2 (Group 1) in
January 2009. Note that a negative stress vapiregents compression. Also, note that the
bridge deck is designed to be in compression ainals and that the maximum compression
allowed is -3600 psi and the maximum allowableitamgs +537 psi. The coinciding
temperatures recorded are illustrated in FigureBa&sed on the limited information (one month
in the first year), it is observed from Figuresthat the difference in magnitudes between
sensors as well as the slope of the lines ovetaitnme periods are fairly similar (almost
identical) with respect to temperature, suggesdingiform behavior. The trend patterns for
each sensor in Figure 12 demonstrate a uniformviahas well.

Since all deck panels are fully restrained betwaeports, examining Figures 12 and 13 reveals
that agemperature decreases, tension increases, redbheingtal compression in the deck
panels. It also reveals that as temperature inese@empression increases. This is clearly
amplified in Figures 12 and 13 in the period frooe$day 1/13/09 to Saturday 1/17/09 where
the temperature has decreased by 17 degrees Ceésiukiing in a decrease in compressive
stress of about 500 psi. The fluctuations betwdarent locations are very minimal, indicating
how little effect daily traffic has over the givéme period and suggesting that temperature
variation is the controlling factor in stress véina. This relationship between stresses and
temperatures is key in this analysis. Any changebserved patterns over time may suggest that
cracks are beginning to develop in the deck orttiatdeck is not acting as a fully composite
unit (loss of bonding between joints).

When significant variations are noticed betweeeasstlines of different sensors in similar
locations over the same time period, further ansisisould be performed to distinguish between
abnormal and normal behavior. Examining Figureeh2als a steep change in stress over a
single day from 1/17/09 to 1/18/09. Figures 14 aRdsolate this day and display the data on an
hourly scale. The trend is clearly similar for gensors under consideration: temperature
increased causing compressive stresses to incréaseslopes of the lines over the given time
period in similar locations are very close and ¢stegt. The difference in locations caused a
slight difference in temperature but the behawsahe same. When changes in consistency are
noticed, a further investigation must be perform@der the month of January, similar analyses
were performed for all locations under this grond ao concerns for safety or maintenance
were noticed, which is expected since the bridgeis.

A similar look was provided for the piers as wdHigures 16 and 17 shows stress and
temperature monitored for the month of Januaryeatlpcations. No differences in behavior
were noticed between the spans and piers. Sinegailts were found with the transverse gages.
All charts under this category can be found in Appe D.
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7.2.2 Transverse Load Stress Monitoring (Group 2)

Stress monitoring in the transverse direction werfopmed in the same manner as the
longitudinal direction. Figure 18 provides the stes recorded for January in the transverse
direction under the loading category. The coinmmgdiecorded temperature values are shown in
Figure 19. The only noticeable observation was tiasensors in the transverse direction
recorded lower stress values compared to thosetatezl longitudinally in a similar location.
Consistently, the compressive stresses were higtiee longitudinal direction. The North
showed greater difference in magnitude while thetlsavas similar. If this behavior changed,
that would indicate a change in load distributibattmay be caused by the deck not behaving as
a composite where joint failure or cracking maydnaecurred. This would signal a further
investigation. All charts under this category canfdund in Appendix D.

7.2.3 Stress Monitoring at Joints between Panelsd@® 3)

The stresses at the joints between panels aramertant to monitor due to the unique nature
of the Parkview Bridge design. To transfer stresg@ciently, the bond between panels must be
maintained so that the deck behaves as a unifompasite member. Once again temperature
had the greatest impact on stress fluctuation. stiesses are within allowable limits causing no
concern for performance at this time. This in\gggion focused on the behavior of stress
readings between adjacent panel edges. Figuraa®@1 show the recorded values for the
month of January. The stresses at the joint betWeth panels 7 and 8 (N-7-B and N-8-E
sensors) were compared to each other. These samauisl provide similar stress patterns to
demonstrate that bonding remains intact betweetwbalifferent panels. If stress patterns were
to change, then a closer look would be neededtymee causes for the change in pattern. If
changes were to occur, the prediction would belibatling had failed or cracks had developed
to weaken the bond between the two panels. Thalysis was performed on all sensors in this
category (Group 3) and no concerns for performamngeaintenance were noticed. All charts
under this category can be found in Appendix D.

7.2.4 Stress Monitoring Along Cast-in-Place Grougioup 4)

A similar approach was taken when analyzing theitgsection joining the North and South
panels. The sensors compared were located inasilodations along the grout joint in pairs but
on opposite sides: one on the North and the othén® South. For example, a closer
comparison would be made between N_8 C and S_&80Aking at the results in Figures 22
and 23N_8 C and S_8 A demonstrate that the grout joimtaras bonded providing similar
trends in behavior over time. Once again, the ntades may differ, but the important
characteristic is that the slope and trend ovaevengime remain close when comparing the two.
Abnormal behavior would be interpreted if the tvommparable sensors begin to display
dissimilar patterns and slopes. This process \aated out for the length of the bridge to verify
that the two sides of panels North and South reipanmded. The complete graphical output for
this category can be found in Appendix D.
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7.3 Discussion of Results
Typically, the strain (and stress) readings fromsse network are caused by four types of
loading:

1. Dead Load (weight of the bridge)

2. Post tensioning

3. Live Load (traffic loading)

4. Environmental Loads (Temperature)

The one-year monitoring of the bridge deck usirggfthur categories of sensors suggests that
traffic loads seem to have the least effect orsst® in the deck while temperature appears to
have the most impact on stress levels and varmtibne extreme changes in temperature were
found to generate the highest fluctuations in sttbsoughout the bridge deck. However, the
stress values measured by all sensors are stilinrgesign limits.

Tables 30 and 31 and Figures 24 through 27 illtesttee monthly maximum and minimum

stress levels experienced at critical points (npiahs and piers) in longitudinal and transverse
directions during the one-year monitoring. Whilerthis no observed abnormal bridge deck
behavior, there are a few instances that have exmed small tensile stresses in the transverse
direction. Note that in these tables we are repgiihe absolute maximum and minimum stresses
experienced during a given month and that somkesfd readings may not necessarily be correct
when the temperatures approach the lower sensii(426° C).

Once a three-year data set has been collectechartitige deck behavior analyzed, stress
envelopes can be developed to provide a baselinefmal maximum and minimum stress
values. We feel that three years of stress datactimin and analysis in the early stages of the
bridge life-cycle are necessary to experiencetadss scenarios from traffic, environmental, and
bridge weight (creep) loads to enable the developoka representative set of stress envelopes
(baseline). If stresses fall outside these envslaés would trigger further investigation to
determine the cause(s) for the deviation and tomaeend the course(s) of action.
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TABLE 30: Maximum and Minimum Stresses - North (ps)

NORTH
=
=
§ Longitudinal Transverse
S1 P1 S2 P2 S3 P3 S4 S1 P1 S2 P2 S3 S4
© Max -1736 | -1602 | -1717 | -1485 | -1780 | -1511 | -1697 | -1242 | -1055 | -1113 | -1154 | -1557 | -768
OL-> Tem 2.32 2.66 3.08 3.08 3.26 3.12 2.75 2.27 2.66 3.35 3.44 3.26 3.08
8 Min -1500 | -1342 | -806 | -1198 | -736 | -1155 | -1449 | -949 -863 -521 -853 -422 -409
Tem -8.66 | -8.76 | -8.76 -9.7 -9.15 | -10.27 | -10.15| -7.64 | -6.35 -9.9 8.66 | -10.09| -10.27
- Max | -1638 | -1516 | -1594 | -1369 | -1659 | -1377 | -1586 | -1162 | -961 -997 | -1067 | -1394 | -670
f:P Tem -0.34 -0.8 -0.09 -0.3 0 -0.1 -0.09 | -0.57 | -1.04 | -0.08 | -0.17 0.05 -0.5
,%6 Min -1155 | -957 -539 -820 -424 -735 | -1090 | -694 -609 -224 -596 -128 -66
Tem -19.1 | -19.6 | -185 | -20.2 | -195 | -20.8 | -20.8 | -16.8 | -18.9 | -20.7 -17 -20.74 | -21
o Max -1843 | -1780 | -1927 | -1690 | -2037 | -1726 | -1825 | -1325 | -1105 | -1150 | -1240 | -1567 | -870
E Tem 12.2 11.37 | 13.78 | 13.17 | 14.17 | 13.72 | 1345 | 12.08 | 10.55 | 13.63 | 13.69 | 13.72 | 13.63
e Min -1310 | -1211 | -706 | -1013 | -643 -974 | -1278 | -833 -749 -367 -746 -262 -254
Tem -16.1 | -13.3 | -14.28 | -12.52| -13.86| -13 -14.18| -10 -9.38 | -13.86| -9.7 | -13.86 | -13.54
. Max | -2005 | -1944 | -2109 | -1865 | -2210 | -1934 | -1918 | -1459 | -1266 | -1277 | -1359 | -1691 | -1006
Ci Tem 193 | 18.28 | 20.69 | 20.04 | 20.9 | 20.66 | 20.28 | 20.79 18 21.2 21 20.69 | 21.31
‘25 Min -1325 | -1200 | -713 | -1029 | -654 | -1010 | -1322 | -744 -775 | -356.6 | -684 -180 -264
Tem | -13.01 | -11.23| -11.65| -11.84 | -12.13 | -12.24 | -11.45| -13.05 | -10.18 | -13.15 | -12.14 | -13.15| -12.74
o Max -2224 | -2155 | -2365 | -2129 | -2468 | -2205 | -2129 | -1618 | -1346 | -1430 | -1496 | -1845 | -1176
Q Tem 26.8 25 28.1 | 27.03 | 28.19 | 2798 | 27.74 | 28.71 | 2452 | 28.83 | 28.22 | 27.86 | 29.2
<EE' Min -1664 | -1518 | -939 | -1382 | -985 | -1416 | -1604 | -997 -962 -669 -930 -511 -549
Tem -0.53 0.08 -035 | 044 | -052 | -0.61 | -043 | -0.71 051 | -0956| -0.61 | -1.01 | -0.78
o Max -2399 | -2237 | -2545 | -2331 | -2666 | -2410 | -2282 | -1742 | -1604 | -1553 | -1521 | -1969 | -1292
C; Tem | 32.83 32 33.14 | 3269 | 33.1 | 33.05| 3242 | 345 | 33.75| 32.83 | 3256 | 3256 | 34.1
‘25 Min -1867 | -1740 | -1116 | -1611 | -1226 | -1639 | -1761 | -1155 | -1080 | -824 | -1158 | -654 -709
Tem 9.59 10.03 | 941 8.97 8.92 8.1 8.11 9.68 8.66 7.93 11.02 | 7.58 7.49
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TABLE 30 (Continued): Maximum and Minimum Stresses- North (psi)

NORTH
£
=
§ Longitudinal Transverse
S1 P1 S2 P2 S3 P3 S4 S1 P1 S2 P2 S3 S4
= Max -2572 | -2523 | -2769 | -2567 | -2908 | -2627 | -2456 | -1828 | -1667 | -1660 | -1697 | -2067 -1402
‘g Tem | 3959 | 39.54 | 39.88 | 39.84 | 39.88 | 40.21 | 39.45 | 40.21 | 39.38 | 38.02 | 39.23 | 37.62 40.54
3 Min -2090 | -1939 | -1276 | -1856 | -1473 | -1882 | -2003 | -1296 | -1292 | -994 | -1246 | -802 -906
Tem 1354 | 1465 | 14.37 | 14.28 | 14.01 | 13.64 | 14.37 | 13,55 | 15.12 | 13.09 | 14.09 | 13.09 13.64
o Max -2570 | -2449 | -2663 | -2459 | -2798 | -2518 | -2433 | -1819 | -1630 | -1686 | -1683 | -2078 | -1383.2
o Tem | 33.24 | 329 | 33.02 | 3295 | 32.83 | 33.02 | 33.24 | 34.64 | 33.8 32.7 | 33.91 | 32.29 34.79
E Min -2190 | -2118 | -1324 | -1939 | -1655 | -1978 | -2094 | -1345 | -1316 | -1039 | -1301 | -942 -936
Tem 1447 | 154 | 14.11 | 1428 | 141 1391 | 1425 | 14.1 15.49 | 13.17 | 13.63 | 13.09 13.63
o Max -2624 | -2524 | -2750 | -2542 | -2882 | -2592 | -2492 | -1872 | -1634 | -1715 | -1742 | -2107 -1446
= Tem 3493 | 34.22 | 35.37 | 34.79 | 35.37 | 35.22 | 34.83 | 36.44 | 35.37 | 34.77 | 35.96 | 35.03 36.1
g Min -2277 | -2071 | -1375 | -2002 | -1724 | -2033 | -2160 | -1380 | -1381 | -1073 | -1347 | -980 -985
Tem 12.9 13.73 | 13.18 13 12.92 | 12.63 13 12.81 | 14.09 | 12.09 | 12.63 | 11.98 12.36
o Max -2579 | -2435 | -2654 | -2442 | -2790 | -2510 | -2447 | -1800 | -1614 | -1686 | -1687 | -2081 -1390
Oé_ Tem | 29.45 | 28.96 | 29.7 29.6 | 30.08 | 30.18 | 29.95 | 30.59 | 29.7 29.2 | 30.54 | 29.45 31.23
% Min -2249 | -2025 | -1332 | -1957 | -1683 | -1988 | -2143 | -1330 | -1327 | -1044 | -1319 | -947 -941
Tem 8.01 8.89 7.75 8.28 8.09 7.93 8.29 7.93 8.8 7.49 7.84 7.4 7.49
- Max -2424 | -2218 | -2406 | -2199 | -2525 | -2245 | -2289 | -1647 | -1451 | -1550 | -1555 | -1952 -1242
i’ Tem 18.26 | 175 | 18.87 | 18.38 | 18.97 | 18.78 | 18.71 | 18.78 | 17.31 | 18.65 | 18.57 | 18.77 18.97
8 Min -2167 | -1898 | -1244 | -1834 | -1565 | -1835 | -2043 | -1252 | -1210 | -970 | -1225 | -872 -859
Tem 2.58 2.75 2.49 2.4 2.49 2.23 2.75 2.4 2.84 1.99 2.15 2.15 2.66
o Max -2364 | -2170 | -2342 | -2136 | -2467 | -2185 | -2244 | -1603 | -1405 | -1457 | -1523 | -1899 -1203
2 Tem 16.63 | 16.16 | 17.7 16.93 | 18.09 | 17.79 | 17.7 17.21 | 16.06 | 17.21 | 174 | 17.85 17.7
§ Min -2083 | -1801 | -1184 | -1722 | -1448 | -1708 | -1954 | -1170 | -1132 | -885 | -1146 | -769 -766
Tem -1.12 | -095 | -1.39 | -1.72 | -165 | 209 | -191 | -1.65 | -0.61 | -2.08 | -1.83 -2 -1.83
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TABLE 31: Maximum and Minimum Stresses — South (p9i

South
=
=
§ Longitudinal Transverse
S1 P1 S2 P2 S3 P3 S4 S1 P1 S2 P2 S3 P3 S4
© Max -1627 | -1703 | -1012 | -1616 | -1582 | -1778 | -1799 | -869 | -1005 | -1112 | -914 | -1571| -1119 | -938
od) Tem | 12.08 | 11.1 | 12.18 | 12.73 | 12.27 | 13.08 13 12.63 | 10.3 | 13.08 13 13.22 | 13.18 13
8 Min -1195 | -1061 | -147 -925 -617 | -1058 | -1318 | -269 -619 -176 -378 -20 -374 -306
Tem | -13.45| -13.45| -14.28| -14.3 | -145 | -14.79| -14.7 | -14.66| -13.39| -14.81 | -15.02| -14.81 | -15.04 | -15.02
- Max | -1416 | -1406 | -807 | -1288 | -1302 | -1458 | -1578 | -624 | -815 | -924 | -706 | -1379 | -907 | -706
f:P Tem | -0.17 | -0.6 -0.6 -0.27 | -05 | -0.11 | -0.09 | -0.5 -1.2 -0.08 | -0.43 0.1 -0.26 | 0.09
,%U Min -992 | -834 22 -693 | -405 | -849 | -1109 | -66 -457 26 -179 202 -185 | -102
Tem | -19.28| -19.1 | -19.76| -19.9 | -19.76| -20.25| -20.5 | -20.58 | -18.93| -20.35| -20.74 | -20.74 | -20.86 | -20.76
o Max | -1614 | -1739 | -975 | -1664 | -1540 | -1827 | -1813 | -808 | -968 | -1088 | -878 | -1545 | -1100 | -919.5
E Tem 13 12.2 11.3 | 1391 | 12.27 14 14 12.09 | 10.39 | 139 | 1292 | 14.14 | 13.12 | 1391
I_GL) Min -1107 | -1024 | -153 -865 -651 | -1040 | -1275 | -227 -613 -126 -353 73 -355 =277
Tem -13.5 | -11.84| -12.54| -12.85| -12.44| -12.94| -12.74| -13.87| -11.35| -13.66| -13.15| -13.76| -13.05| -13.66
. Max | -1771 | -1907 | -1129 | -1834 | -1766 | -2011 | -1928 | -969 | -1113 | -1209 | -999 | -1657 | -1221 | -1057
Ci Tem | 20.38 | 19.37 | 19.27 | 20.77 | 19.86 | 20.96 | 20.67 | 20.38 | 18.48 | 21.1 21.2 | 20.79 | 21.2 | 20.69
CEU Min -1110 | -1049 | -18.8 | -905 | -708 | -1071 | -1299 | -231 | -647 | -123 | -381 48 -396 | -296
Tem | -13.25| -11.35| -11.84 | -12.14 | -11.55| -12.24 | -11.74| -13.56| -10.57 | -12.84 | -12.42| -12.94 | -12.14 | -12.54
o Max -1980 | -2131 | -1246 | -2097 | -1957 | -2291 | -2136 | -1109 | -1197 | -1372 | -1121 | -1774 | -1340 | -1250
Q Tem | 2793 | 26.33| 252 | 27.86 | 26.33 | 28.21 | 28.04 | 27.2 | 24.63 | 28.67 | 28.05 | 27.82 | 28.22 | 28.22
E— Min -1427 | -1401 | -441 | -1290 | -1047 | -1469 | -1595 | -544 -824 -440 -638 -219 -869 -578
Tem -0.73 | -001| 035 | -0.35| -0.35| -062 | -069 | -094 | 034 | -0.87 | -0.69 | -0.82 | -0.61 | -1.04
o Max | -2059 | -2220 | -1338 | -2170 | -2088 | -2345 | -2202 | -1237 | -1350 | -1487 | -1230 | -1889 | -1431 | -1364
C; Tem | 29.57 29 2715 | 28.86 | 28.1 | 28.72 | 2853 | 33.31 | 32.62 | 33.8 | 33.64 | 32.22 | 33.38 | 33.1
CEU Min -1614 | -1657 | -635 | -1529 | -1282 | -1723 | -1774 | -726 | -1030 | -611 | -802 | -386 | -804 | -771
Tem 9.5 10.39 | 9.17 8.89 9.15 8.28 8.1 8.88 9.86 7.84 8.27 | 7.836 | 8.18 7.49

48



TABLE 31 (Continued): Maximum and Minimum Stresses— South (psi)

South
£
=
§ Longitudinal Transverse
S1 P1 S2 P2 S3 P3 S4 S1 P1 S2 P2 S3 P3 S4
- Max -2329 | -2574 | -1640 | -2558 | -2455 | -2741 | -2506 | -1396 | -1519 | -1612 | -1362 | -1810 | -1573 | -1503
‘2 Tem | 41.06 | 41.41 | 39.71 | 40.87 | 39.88 | 40.89 | 40.05 | 40.38 | 40.38 | 40.72 | 40.74 | 39.08 | 40.89 | 40.38
3 Min -1812 | -1855 | -891 | -1751 | -1504 | -1963 | -2019 | -883 | -1148 | -774 -974 -540 -974 -955
Tem | 13.27 | 14.7 | 14.31| 14.25 14 13.85| 14.28 | 13.09 | 14.65| 13.27 | 13.82 | 13.09 | 13.73 | 13.36
o Max | -2312 | -2459 | -1554 | -2409 | -2386 | -2608 | -2466 | -1315 | -1477 | -1587 | -1313 | -1820 | -1545 | -1464
o Tem | 34.36 | 345 33.1 | 33.66 | 33.1 | 33.38| 33.8 | 33.84 | 34.35| 33.87 | 34.08 | 32.02 | 33.83 | 33.38
E Min -1930 | -1940 | -958 | -1823 | -1596 | -2045 | -2091 | -935 | -1200 | -860 | -1020 | -600 | -1027 | -988
Tem | 14.11 | 15.35 | 14.23 14 1419 | 141 14 14 15.49 | 13.45 | 13.82 | 13.44 14 13.45
o Max | -2363 | -2528 | -1605 | -2497 | -2416 | -2687 | -2515 | -1378 | -1504 | -1626 | -1353 | -2022 | -1590 | -1519
= Tem | 36.09 | 35.81 | 345 | 3551 | 34.64 | 35.22 | 35.07 | 35.55 | 35.22 | 35.37 | 35.92 | 34.07 | 35.51 | 35.07
g Min -2000 | -2000 | -1004 | -1892 | -1678 | -2108 | -2171 | -969 | -1255| -904 | -1085| -675 | -1100 | -1073
Tem | 12.72 | 13.64 | 13.09 | 12.81 | 12.82 | 12.63 | 12.72 | 12.45| 13.64 | 12.18 | 12.63 | 12.08 | 12.63 12
o Max | -2315 | -2438 | -1523 | -2282 | -2339 | -2600 | -2491 | -1321 | -1466 | -1597 | -1320 | -1826 | -1566 | -1478
Oé_ Tem | 30.57 | 30.46 | 29.47 | 30.08 | 30.21 | 30.53 | 30.55 | 30.72 | 30.45| 30.59 | 31.06 | 29.83 | 31.4 | 30.51
% Min -1980 | -1953 | -957 | -1935 | -1620 | -2067 | -2150 | -925 | -1213 | -884 | -1058 | -644 | -1078 | -1022
Tem 7.93 8.88 7.83 8.1 7.67 8.02 8.1 7.66 8.45 7.48 7.94 7.14 | 8.01 6.97
. Max -2131 | -2186 | -1325 | -2130 | -2029 | -2318 | -2306 | -1156 | -1297 | -1460 | -1183 | -1901 | -1439 | -1325
‘3 Tem | 1858 | 18.09 | 17.5 | 18.73 | 17.97 | 18.94 | 18.97 | 18.39 | 17.08 | 19.07 | 18.42 | 18.78 | 18.68 | 18.76
8 Min -1884 | -1812 | -881 | -1867 | -1516 | -1930 | -2048 | -842 | -1119| -814 | -962 | -588 | -985 | -958
Tem 2.24 2.75 2.58 2.23 2.58 2.32 2.75 2.15 2.66 2.32 2.15 2.23 241 2.34
o Max | -2066 | -2111 | -1321 | -2066 | -2006 | -2249 | -2242 | -1149 | -1283 | -1415 | -1168 | -1867 | -1443 | -1283
2 Tem | 16.87 | 16.44 | 17.11 | 17.21 | 1721 | 17.7 | 17.63 | 1799 | 16.63 | 17.89 | 17.79 | 17.98 | 18.28 | 18.08
§ Min -1794 | -1699 | -810 | -1784 | -1392 | -1801 | -1946 | -743 | -1073 | -732 | -880 | -537 | -904 | -855
Tem -148 | -1.12 | -1.22 | -1.79 | -148 | -208 | -196 | -1.84 | -061 | -1.83 | -1.92 | -1.91 | -2.09 -2
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North Longitudinal Load Stress Monitoring for January (Span_2)
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FIGURE 12: North longitudinal load stresses for spa two (January)
North Longitudinal Load Temperature Monitoring for January (Span_2)
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FIGURE 13: North longitudinal load temperature for span two (January)




North Longitudinal Load Stress Monitoring for 1/17/09 (Span_2)
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FIGURE 14: North longitudinal load stresses for spa two (1/17/09)
North Longitudinal Load Temperature Monitoring for 1/17/09 (Span_2)
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FIGURE 15: North longitudinal load temperature for span two (1/17/09)
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North Longitudinal Load Stress Monitoring for January (Piers)
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FIGURE 16: North longitudinal load stresses at pies 1, 2 and 3 (January)
North Longitudinal Load Temperature Monitoring for January (Piers)
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FIGURE 17: North longitudinal load temperature at piers 1, 2, and 3 (January)
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North Transverse Load Stress Monitoring for January (Span 2, Panel 9)
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FIGURE 18: North transverse load stresses for spatwo (January)
~ North Transverse Load Temperature Monitoring for January (Span 2, Panel 9)
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FIGURE 19: North transverse load temperature for pan two (January)




Stress Monitoring Along North Panel Edges for January (Span 2)
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Stress Monitoring Along Cast-in-Place Grout for January (Span 2)

E— L Ty

1000 Ly AT
/1(..-," N n'\WL
1200 ‘W eV

Day

FIGURE 22: Stresses along cast-in-place grout fopan two (January)

Temperature Monitoring Along Cast-in-Place Grout for January (Span 2

AP A A )

RURMEN IR Nl U\{ N\N AT

Temperature
(Celsingy 1 \

=N 8 A Temp

\Qq\ *:90,\ 5\@\ q}@\
W N N M
d ¢ & ¢
KQ A
& Day &

FIGURE 23: Temperature along cést-in-place grout fospan two (January)

55



Maximum longintudinal Stress Values along the North side
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Maximum longintudinal Stress Values along the South side
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Maximum Transverse Stress Values along the North side
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Maximum Transverse Stress Values along the South side
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8.0 CONCLUSIONS

A health monitoring system was designed and depléyethe Parkview Bridge in Kalamazoo,
Michigan. It is anticipated that this sensor-basedlth monitoring system would be capable of
providing continuous monitoring of the bridge décldetermine its condition, assess the impacts
from environmental factors such as temperaturefiamd traffic loads, evaluate its deterioration
rate by comparing to baseline stress envelopearedl oints and critical stress sections, initiate
maintenance and repairs when needed, and predictimaining service life. Even after one
year of in-service data measurement, meaningflergbsions regarding the bridge performance
and the relationship between temperature and steesbe obtained. It was found that recorded
stresses vary widely due to the combined effeechflmading and temperature variations.
However, it was concluded that temperature is trarolling factor in stress variations that are
measured by the static sensors in this study. atians in temperature cause the bridge’s
behavior to vary from season to season.

Evaluating the construction of the Parkview Bridgel the subsequent long-term monitoring of
the structural behavior of its full depth precastkipanels will help MDOT in evaluating the
implementation of the rapid bridge deck replacentectinique. This phase of the research
project resulted in the following outcomes and dosions.

- The development of specifications (see AppendixoB}he selection and construction of
bridge health monitoring instrumentation. The siéb&cof the sensors was based on the
analysis of existing SHM case studies, comparigdheospecifications of available sensor
technologies, and the cost of sensor systems. Mresediscussed in Chapters 2 and 4.

« In assessing the rapid bridge deck replacemenhiged we found that it can considerably
save bridge construction time and consequenthltresa large saving on user travel time.
This travel time saving is significant enough tihatan justify the relatively higher initial
cost of the RBC technique.

- Considered together with other advantages of RB€Eh as high quality and low
maintenance cost, the technique offers a morei@fti@and economic alternative to the
conventional method. While we strongly believe tRBIC techniques should be
implemented state-wide, more assessment studibsasuitie one presented in this report will
need to be conducted to fully understand and re#ie advantages of RBC techniques.

A few lessons were learned in this study duringdésign and construction of the sensor
network. The first lesson is related to the iratedn of sensors which is found to need a formal
quality control procedure. The method used fousag sensors worked fine, but could be
further improved. For example, the foam spacelschvare tightened by zip ties, would
occasionally fall out if disturbed before castiegpecially when the workers were in contact
with the reinforcement or stepping on the zip sesuring the sensors. To improve on this
problem, workers should be prevented from standirgg the reinforcement mesh when pouring
concrete. A second lesson deals with sensor winaexdions which present another challenge.
Due to the large volume of sensors and wires beamgected and spliced, strict supervision
needs to be provided. The integrity of the projeties on proper sensor readings from known
locations and orientations. The labeling and spdjgrocesses must be carefully supervised to
avoid errors in labeling sensors. A third lessoalslavith the location of the cabinets that house
the data loggers. While the cabinets are instaitetie top of the pier, 16 feet high, to prevent
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unwanted access to the expensive equipment, thipdsed an access challenge for maintenance
when needed, particularly that the pier is vergelw live highway traffic, requiring extra safety
measures. A better approach would be to providersdaabinets at the ground level for easy
access.

Since the sensors use analog signals via teleghmseto communicate data, electrical noise
interference can significantly degrade the sigr&ttain data recorded by the sensors may show
out-of-range values that are caused by signalferemnce. Long cable lengths have been found
to weaken and degrade the analog signal as wetlerMdsing a large volume of vibrating wire
strain gages, it is recommended to use a minimoma &f ten-minute intervals for continuous
monitoring. Using shorter increments were foundaduase several erroneous readings.
Furthermore, depending on the number of arraydraggdiency of data collection, capacity
limitations of the data logger must also be deteadi Prior estimates of capacity were
determined to be two weeks when the actual capaeitycloser to one. This has caused data to
be overwritten and lost for that week.

We recognize at this time that the bridge is allv and is not expected to have problems.
However, as time goes by, data covering a relatiklg period of time will be collected and,
when combined with a bridge deterioration modet, lselp predict bridge performance and call
for timely preventative maintenance. We believe theee years worth of monitoring data would
provide sufficient baseline information to creaghavior envelopes that can be used for future
prediction of bridge condition and can be the bate bridge deck deterioration prediction
model.

9.0 RECOMMENDATIONS FOR FUTURE WORK

Due to loading and temperature variations, recostiexses vary significantly. These

variations, particularly in temperature, causelthdge’s behavior to vary from season to season.
To further enhance the health monitoring of bridgeks using sensor networks, the following is
a list of suggested future research and developstedies that can add more models and tools
for the analysis of the deck behavior:

« Stress Envelope®nce large amounts of data have been collectégrtessed for a
minimum recommended period of three years, envelopa be developed to determine
normal performance patterns and condition. Thispramide fast and efficient assessment
means for periodically evaluating the conditiortte bridge deck in comparison to the
design and behavioral limits.

« Deck Performance and Health Condition Predictivedglang: Since the bridge is new, it is
too early to begin to understand how weather aaftidrwill impact the bridge’s deck over
time. The deck was a unique design composed tf éght pre-cast concrete panels, post-
tensioned once installation was completed. Fuidhatysis can be performed on the overall
integrity of the deck providing valuable information the performance and durability of the
bridge’s deck over time under current local trafficd weather conditions. Finite element
modeling using actual strain data from the sensbwork can shed additional insight on the
health of the bridge deck. As more and more dataliected each year, these models could
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be adjusted, calibrated, and validated using tlwsvknbehavioral strain data. These current
models for existing conditions could be used toeligy health condition predictive models
for bridge decks.

Database Design and Data Mining Algorithivhile data is continuously monitored and
stored, many further analyses can be performeddifferent periods of time. Since data
collection and analysis were performed manuallyalise design may improve the
efficiency and organization of the data. It iseofdifficult and time consuming to manually
remove erroneous data. The design of an effi@atdmated system may be very beneficial
when organizing and analyzing the large amountiatd. Data mining algorithms can also
help in identifying trends in the data stored ia ttatabase which would then facilitate more
advanced trend analyses.
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APPENDIX A: LIST OF ACRONYMS, ABBREVIATIONS, AND SY MBOLS

Abbreviation

AASHTO
CPM
FBG
FHWA
FE
FOS
FWS
RBC
SHM
VWSG
WBS

Description

American Association of State Highway and Transggarh Officials
Critical Path Method

Fiber Bragg Gratings

Federal Highway Administration
Finite Element

Fiber Optic Sensor

Future Wearing Surface

Rapid Bridge Construction
Structural Health Monitoring
Vibrating Wire Strain Gages
Work Breakdown Structure
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APPENDIX B: SENSORS CONSTRUCTION SPECIFICATIONS
MICHIGAN
DEPARTMENT OF TRANSPORTATION

SPECIAL PROVISION
FOR
PRECAST DECK PANEL INSTRUMENTATION AND DATA COLLECTION

C&T:SCK 1of3 C&T:APPR:RJZ:EMB:08-03-07

a. Description. This work includes furnishing all labor, materials, and equipment
necessary to properly install housing and hardware for the instrumentation and data collection
devices. In addition, the contractor shall coordinate work activities with the Western Michigan
University (WMU) research team involving instrumentation placement, data collection, load
testing, and all other related activities needed to monitor the performance of the bridge deck
precast panels.

b. Materials. The following list of materials shall conform as specified in the current
Standard Specifications for Construction and as outlined herein.

3/4 inch diameter (Dayton F-5 or equivalent) galvanized ferrule inserts_____ 908
3/4 inch diameter galvanized threaded rod. e 908
Steel plate, galvanized 908
Conduit, Schedule 40 PVC, S iNCN ! 918
Electrical wire and cable 918

The 12 inch x 12 inch x 6 inch PVC junction boxes (Allied Moulded Products P/N AMJB12126 or
equivalent) shall meet NEMA type 4x requirements.

Electrical cable shall be UL listed, AWG gauge, single conductor annealed copper insulated with
high-heat and moisture resistant PVC, jacketed with abrasion, moisture, gasoline and oil
resistant nylon, of the size indicated on the plans. Cable shall be Type USE, RHH, or RHW
suitable for operations at 600 volts or less in wet or dry locations, including direct burial in the
earth. Wire shall meet or exceed all applicable ASTM specifications, UL standard 44 (for RHH
or RHW), UL standard 854 (for USE), Federal Specification J-C 30, IPCEA specifications, and
requirements of Current State of Michigan Electrical Code. Wire in conduit shall be THHW or
XHHW.

Electrical materials and equipment shall be new and be the standard products of manufacturers
regularly engaged in the production of such materials. Material and equipment shall be the
manufacturer's latest standard design and shall be free from all defects and imperfections that
might affect the serviceability of the finished product. Manufacturer’s trade names and
equipment specified indicate the quality and description only. Comparable products of other
manufacturers of the same quality and equal to that specified may be accepted. Should the
cost of alternate or substitute equipment proposed by the Contractor require redesign, all costs
incurred shall be borne by the Contractor, and the redesign approved by the Engineer prior to
construction. The Contractor shall remain responsible for a complete and functional system.
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c. Construction. The contractor shall coordinate the installation of the instrumentation
and data collection devices with the fabricator and Western Michigan University (WMU)
personnel as specified herein. All electrical work shall comply with Section 819 of the Standard
Specifications for Construction, the latest applicable rules of the Construction Code Commission
of the State of Michigan, the NEC, the special provision, and local codes as their jurisdiction
applies.

1. REQUIREMENTS DURING FABRICATION: Coordinate the manufacturing of the precast
deck panels with Dr. Sherif Yehia at WMU (269-276-3218) by providing a minimum of two
weeks notification, and allow for the following work on 28 precast deck panels identified on
the plans:

A. Provide access to WMU staff for installation of embedded instrumentation on the
precast deck panel reinforcement, and allow sufficient time for routing and securing
instrumentation cabling prior to casting concrete. It is anticipated that this task will
require 2 to 4 hours per panel to complete the installation.

B. Provide access to WMU staff for data collection before casting and before storage.
C. Allow WMU staff to sample the deck panel concrete during placement.

The instrumentation and securing devices shall be provided by WMU. The contractor shall
provide and install two Dayton F-5 or equivalent galvanized ferrule 3/4 inch diameter inserts
per precast deck panel at spacing identified in the plans for all of the precast deck panels.

2. REQUIREMENTS DURING ERECTION OF PRECAST DECK PANELS: The Contractor
shall coordinate activities related to the precast deck panel installation with Dr. Sherif Yehia
at WMU (269-276-3218) by providing a minimum of 2 weeks notification and provide the
following:

A. Install junction boxes, main panel boxes (supplied by WMU), conduit, cables, and
wiring after the post tensioning operations are completed. Modify the boxes as needed
to accommodate conduits and cables. A licensed electrician is required for electrical
connections and cable splicing.

B. Install three inch Schedule 40 PVC conduit runs with supports and connections as
shown on the plans and route instrumentation cables (supplied by WMU) from each
deck panel junction box to the main panel locations.

C. Install two 110V/10A permanent GFCI electric outlets inside one main panel box, and
conduit for supply connection as shown on the plans. Arrange for supply connection and
meter installation with the utility company.

D. Install two phone lines inside one main panel box, and route to the main line and
arrange for connection by the telecommunication utility company.

E. Install the main panels (supplied by WMU) on the pier cap of Pier 3 facing the slope
paving, as shown in the plans.
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F. Send a copy of the post tensioning report to Dr. Sherif Yehia at WMU (fax number
269-276-3218).

3. REQUIREMENTS AFTER CONSTRUCTION: The Contractor shall provide a minimum
of 2 weeks natification to Dr. Sherif Yehia at WMU (269-276-3218) and allow for load testing
operations by WMU_prior to opening the structure to traffic. It is anticipated that the load
testing will require up to 3 days.

d. Measurement and Payment. The completed work as described will be measured and
paid for using the following contact item (pay item):

Contract Item (Pay Item) Pay Unit

Precast Deck Panel Instrumentation and Data Collecton___ Lump Sum
Payment for Precast Deck Panel Instrumentation and Data Collection includes all the
necessary labor, materials and equipment necessary to properly install and connect external
junction boxes, wiring, panels, conduit, and electrical and phone lines, and coordination with the
electric and phone utility companies. Payment includes an allowance for up to 10 percent
overrun on quantities listed herein and on the plans. Items not specifically mentioned in the
Standard Specifications for Construction or noted on the plans, but which are obviously
necessary to make a complete working installation, shall be included. Payment will be made
only when the Engineer has verified proper installation. No additional compensation will be
given for any delays in operations or equipment use for providing access and coordination with
WMU.

Concrete and steel reinforcement work will be paid for separately.
The following list of materials is provided for information only.

ITEM QUANTITY
Conduit, Schedule 40 PVC, 3 inch 750 Foot
Coupling, Schedule 40 PVC, 3 inch 84 Each
U bolt 1/2 inch x 4 inch x 5 1/2 inch 20 Each
NEMA 4x 12 inch x 12 inch x 6 inch PVC junction box 28 Each
3/4 inch diameter galvanized ferrule inserts (Dayton F5 or equivalent) 96 Each
1/2 inch diameter galvanized ferrule inserts (Dayton F5 or equivalent) 12 Each
3/4 inch diameter galvanized threaded rod, nut and washer, 7 inch 40 Each
3/4 inch diameter galvanized threaded rod, nut and washer, 2 inch 56 Each
Steel plate, galvanized, 12 inch x 4 inch x 1/2 inch 20 Each
600 v Electrical wiring, 12 AWG 100 Foot
Electrical Outlet box, duplex GFCI receptacle 1 Each
Electrical conduit, galvanized steel 100 Foot
Phone line and jack (2 outlet) 2 Each
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APPENDIX C: LOAD TEST SPREADSHEETS AND FORMULAS

C.1 Simul

oad Testing Scenarios

Figure C.1: Simulated Scenario 1

Figure C.2 Simulated Scenario 2

Figure C.3: Simulated Scenario 3

Figure C.4: Simulated Scenario 4
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Figure C.5. Simulated Scenario 5

Figure C.6. Simulated Scenario 6

Figure C.7: Simulated Scenario 7

Figure C.8 Simulated Scenario 8
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Figure C.9: Simulated Scenario 9

Figure C.10. Simulated Scenario 10
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C.2Load Test 1
C.2.1 Deflected Shape Bridge Models Using SurveyaDa

Bridge Load Testing — Scenario 1
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Figure C.11 Deflected Shape Model for Scenario 1

Bridge Load Testing — Scenario 2
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Figure C.12 Deflected Shape Model for Scenario 2
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Bridge Load Testing —Scenario 3
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Figure C.13 Deflected Shape Model for Scenario 3

Bridge Load Testing — Scenario 4
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Figure C.14 Deflected Shape Model for Scenario 4
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Bridge Load Testing — Scenario 5
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Figure C.15 Deflected Shape Model for Scenario 5

Bridge Load Testing —Scenario 6
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Figure C.16 Deflected Shape Model for Scenario 6
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Bridge Load Testing — Scenario 7
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Figure C.17: Deflected Shape Model for Scenario 7

Bridge Load Testing — Scenario 8
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Figure C.18 Deflected Shape Model for Scenario 8
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Bridge Load Testing — Scenario 9
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Figure C.19 Deflected Shape Model for Scenario 9

£3 a4
& a

Bridge Load Testing — Scenario 10

EE&E&EERB{:EE%HL
&
2

B

Figure C.20. Deflected Shape Model for Scenario 10



C.2.2 Load Testing 1 Scenario Stress Tables

Table C.1 Scenario 1 East Bound Lane Top Fiber Stress

Scenario 1 East Bound: Top Fiber Stresses

Location ID West | Midspan Pller Midspan P|2er Midspan Pge ' Midspan East

Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 -117 -100 -40 -15 -8 -8 -28 0
L.L. (ksf) 0 -17 -14 -6 -2 -1 -1 -4 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
PW.S+LL. 0 80 | 81| -117 | -64 | -111 | 56 | -66 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)

Table C.2 Scenario 1 West Bound Lane Top Fiber Stress
Scenario 1 West Bound: Top Fiber Stresses

Location 1D East | Midspan Pger Midspan P|2er Midspan Pgar Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 0 0 -16 -6 -24 -23 -78 0
L.L. (ksf) 0 0 0 -2 -1 -3 -3 -11 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67| -63 0
PW.S+LL 0 62 55 | 112 | -63 | -115 | -70 74 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)

Table C.3 Scenario 2 East Bound Lane Top Fiber Stress
Scenario 2 East Bound: Top Fiber Stresses

Location 1D West | Midspan Pfr Midspan P|2er Midspan P';r Midspan East

Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 39 33 224 81 471 454 2460 0
L.L. (ksf) 0 6 5 32 12 68 65 354 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
PW.S+LL 0 57 62 79 50 42 11 203 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)
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Table C.4 Scenario 2 West Bound Lane Top Fiber Stress

Scenario 2 West Bound: Top Fiber Stresses

Location ID East | Midspan Pge ' Midspan P|2er Midspan P‘lse ' Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 194 165 0 0 152 144 -233 0
L.L. (ksf) 0 28 24 0 0 22 21 -34 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67| -63 0
PW.S+LL. 0 34 | 81| -100 | -62 -89 46 96 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)

Table C.5 Scenario 3 East Bound Lane Top Fiber Stress
Scenario 3 East Bound: Top Fiber Stresses

Location ID West | Midspan Pller Midspan P|2er Midspan Pge ' Midspan East

Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 155 133 240 87 -40 -38 -111 0
L.L. (ksf) 0 22 19 35 13 -6 -6 -16 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
FPWS+LL | g 40 | 48| 77 | 49 | -115 | 60 | -78 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)

Table C.6. Scenario 3 West Bound Lane Top Fiber Stress
Scenario 3 West Bound: Top Fiber Stresses

Location ID East | Midspan Pg’e ' Midspan P|2er Midspan Pge ' Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 -55 -47 -24 -9 -24 -23 -117 0
L.L. (ksf) 0 -8 -7 -3 -1 -3 -3 -17 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67| -63 0
PW.S+LL. 0 70 61| -113 | -63 | -115 | -70 80 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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Table C.7. Scenario 4 East Bound Lane Top Fiber Stress

Scenario 4 East Bound: Top Fiber Stresses

Pier

Pier

Pier

. West | Midspan Midspan Midspan Midspan East

Location ID 1 2 3

Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 -155 -133 -24 -9 -32 -31 -55 2
L.L. (ksf) 0 -22 -19 -3 -1 -5 -4 -8 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
FPWS+LL | g 8 | -86 | -115 | -63 | -114 | 59 |  -70 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)

Table C.8 Scenario 4 West Bound Lane Top Fiber Stress
Scenario 4 West Bound: Top Fiber Stresses

Location 1D East | Midspan Pger Midspan P|2er Midspan Pgar Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 -111 -94 -24 -9 -56 54 -194 0
L.L. (ksf) 0 -16 -14 -3 -1 -8 -8 -28 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63 0
FWS+LL 78 | -68 | -113 | 63 | -119 | 75 | 01 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)

Table C.9 Scenario 5 East Bound Lane Top Fiber Stress
Scenario 5 East Bound: Top Fiber Stresses

Location 1D West | Midspan Pfr Midspan P|2er Midspan P';r Midspan East

Abut. (45) (46) 47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 -78 -66 8 3 8 -8 55 0
L.L. (ksf) 0 -11 -10 1 0 1 -1 8 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
PW.S+ LL 0 74 | 77| 110 | 61| -108 | 56 | -54 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)
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Table C.1Q Scenario 5 West Bound Lane Top Fiber Stress

Scenario 5 West Bound: Top Fiber Stresses

Location ID East | Midspan Pge ' Midspan P|2er Midspan P‘lse ' Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 -55 -47 0 0 0 0 -78 0
L.L. (ksf) 0 -8 -7 0 0 0 0 -11 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67| -63 0
FWS+LL 70 | -61 | -100 | 62 | -111 | -67 | -74 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)

Table C.11 Scenario 6 East Bound Lane Top Fiber Stress
Scenario 6 East Bound: Top Fiber Stresses

Location ID West | Midspan Pller Midspan P|2er Midspan Pge ' Midspan East

Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 0 0 -24 -9 -16 -15 28 0
L.L. (ksf) 0 0 0 -3 -1 -2 -2 4 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
FPWS+LL | g 63 | 67 | -115 | 63 | -112 | 57 | -58 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)

Table C.12 Scenario 6 West Bound Lane Top Fiber Stress
Scenario 6 West Bound: Top Fiber Stresses

Location ID East | Midspan Pier | Midspan P|2er Midspan Pger Midspan | West

Abut (44) 3 (43) (42) 1) (40) (39) (38) Abut.
L.L. (psi) 0 -2018 -1724 375 -136 8 -8 0 0
L.L. (ksf) 0 -291 -248 54 -20 1 -1 0 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63 0
PW.S.+LL. 0 352 | 303| 55 82 | -110 | -68 63 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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Table C.13 Scenario 7 East Bound Lane Top Fiber Stress

Scenario 7 East Bound: Top Fiber Stresses

Pier

Pier

Pier

. West | Midspan Midspan Midspan Midspan East

Location ID 1 2 3

Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 117 -100 -8 3 -312 -30( 0 0
L.L. (ksf) 0 17 -14 -1 0 -45 -43 0 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
FPWS+LL | g 46 | 81| -112 | 61 | -154 | 98 |  -62 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)

Table C.14 Scenario 7 West Bound Lane Top Fiber Stress
Scenario 7 West Bound: Top Fiber Stresses

Location 1D East | Midspan Pger Midspan P|2er Midspan Pgar Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 -83 -71 -8 -3 -256 246 39 0
L.L. (ksf) 0 -12 -10 -1 0 -37 35 6 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63 0
FWS+LL 74 | 65 | 111 | 62 | -148 | 32| 57 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)

Table C.15 Scenario 8 East Bound Lane Top Fiber Stress
Scenario 8 East Bound: Top Fiber Stresses

Location 1D West | Midspan Pfr Midspan P|2er Midspan P';r Midspan East

Abut. (45) (46) 47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 -39 33 -8 3 16 -15 83 0
L.L. (ksf) 0 -6 5 -1 0 2 -2 12 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
PW.S+ LL 0 68 62 | 112 | 61| -107 | 57 | 50 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)
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Table C.16 Scenario 8 West Bound Lane Top Fiber Stress

Scenario 8 West Bound: Top Fiber Stresses

Location ID East | Midspan Pge ' Midspan P|2er Midspan P‘lse ' Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 -55 47 24 9 8 -8 39 0
L.L. (ksf) 0 -8 7 3 1 1 -1 6 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67| -63 0
FWS+LL 70 | -48 | -106 | 61 | -110 | 68 | 57 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)

Table C.17 Scenario 9 East Bound Lane Top Fiber Stress
Scenario 9 East Bound: Top Fiber Stresses

Location ID West | Midspan Pller Midspan P|2er Midspan Pge ' Midspan East

Abut. (45) (46) 47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 39 -33 -8 -3 -447 -431 -2322 0
L.L. (ksf) 0 6 -5 -1 0 -64 -62 -334 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
PW.S+ LL. 0 57 | 72| 112 | -62 | -174 |-117| -396 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)

Table C.18 Scenario 9 West Bound Lane Top Fiber Stress
Scenario 9 West Bound: Top Fiber Stresses

Location ID East | Midspan Pier | Midspan P|2er Midspan Pger Midspan | West

Abut (44) 3 (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 -1852 -1582 -367 -134 32 -31 39 0
L.L. (ksf) 0 -267 -228 -53 -19 5 -4 6 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63 0
b L 0 -328 -282 -162 -81 -107 -72 -57 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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Table C.19 Scenario 10 East Bound Lane Top Fiber Stress

Scenario 10 East Bound: Top Fiber Stresses

Location 1D West | Midspan P'fr Midspan P|2er Midspan Pger Midspan East

Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 78 66 24 9 -8 8 55 0
L.L. (ksf) 0 11 10 3 1 -1 1 8 0
F.W.S. (ksf) 0 -63 -67 -111 -62 -109 -55 -62 0
FPWS+LL | g 52 | 58 | -108 | -61 | -111 | 53 | -5 0
(ksf)
Design
F.W.S.+L.L. 0 -84 =77 -148 -66 -147 -60 -85 0
(ksf)

Table C.2Q Scenario 10 West Bound Lane Top Fiber Stress
Scenario 10 West Bound: Top Fiber Stresses

Location 1D East | Midspan Pger Midspan P|2er Midspan Pgar Midspan West

Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 0 78 66 24 9 -8 8 55 0
L.L. (ksf) 0 11 10 3 1 -1 1 8 0
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63 0
FPWS+LL 50 | -45 | -106 | 61 | -112 | 66 | 55 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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C.3 Load Test 2
C.3.1 Deflected Shape Bridge Models Using SurveyaDa

Figure C.15 Deflected Shape Model for Scenario 5
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Figure C.20. Deflected Shape Model for Scenario 10
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C.3.2 Load Testing Scenario Stresses from Deflatflables

Table C.21 Scenario 1 East Bound Lane Top Fiber Stress

Scenario 1 East Bound: Top Fiber Stresses
Location West Midspan | Pier1l | Midspan Pier2 | Midspan | Pier3 | Midspan East
ID Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 47 40 -34 12 10 -9 -50
L.L. (ksf) 0 7 6 -5 2 1 -1 -7
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62 0
(ksf)
F.W.S.+
LL. (ksf) 0 -56 -61 -116 -60 -108 -56 -69 0
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
Table C.22 Scenario 1 West Bound Lane Top Fiber Stress
Scenario 1 West Bound: Top Fiber Stresses
Location ID East Midspan Pier 3 Midspan Pier 2 Midspan Pier1 | Midspan | West
Abut (44) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 33 -66 -57 0 0 0 0 47
L.L. (ksf) -10 -8 0 0 0 0 7
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63
FW.S.+LL 0 -71 -63 -109 -62 -111 -67 -56 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
Table C.23 Scenario 2 East Bound Lane Top Fiber Stress
Scenario 2 East Bound: Top Fiber Stresses
Location ID West Midspan | Pier1l | Midspan Pier 2 Midspan Pier 3 Midspan East
Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) -186 -159 -29 -10 -11 -10 -17 0
L.L. (ksf) 27 -23 -4 -2 -2 -1 -2 0
F.W.S. (ksf) -63 -67 -111 -62 -109 -55 -62 0
F.W.S+ LL. 0 -90 -90 -115 -63 -111 -56 -64 0
(ksf)
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
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Table C.24 Scenario 2 West Bound Lane Top Fiber Stress

Scenario 2 West Bound: Top Fiber Stresses

Location ID East Midspan Pier 3 Midspan Pier 2 Midspan Pier 1 Midspan | West
Abut (44) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 27 -23 -68 -25 -38 -37 186
L.L. (ksf) 0 -4 -3 -10 -4 -6 -5 27
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63
FW.S.+ LL. 0 65 58 119 65 117 72 36 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
Table C.25 Scenario 3 East Bound Lane Top Fiber Stress
Scenario 3 East Bound: Top Fiber Stresses
Location ID West Midspan Pier 1 Midspan Pier 2 Midspan Pier 3 Midspan East
Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) -140 -119 -19 -7 -57 -55 -7 0
L.L. (ksf) -20 -17 -3 -1 -8 -8 -1 0
F.W.S. (ksf) -63 -67 -111 -62 -109 -55 -62 0
FW.S+ LL. 0 -83 -84 -114 -63 -118 -62 -63 0
(ksf)
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
Table C.26 Scenario 3 West Bound Lane Top Fiber Stress
Scenario 3 West Bound: Top Fiber Stresses
Location ID East Midspan | Pier3 Midspan Pier 2 Midspan Pier 1 | Midspan West
Abut (44) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 -70 -60 -12 -5 -19 -18 -186
L.L. (ksf) 0 -10 -9 -2 -1 -3 -3 27
F.W.S. (ksf) 0 -62 -55 -109 -62 -111 -67 -63
FWS+LL 72 63 -111 63 114 70 -90 0
(ksf)
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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Table C.27 Scenario 4 East Bound Lane Top Fiber Stress

Scenario 4 East Bound: Top Fiber Stresses
Location West Midspan Pier 1 Midspan | Pier2 | Midspan | Pier 3 | Midspan East
ID Abut. (a5) (a6) (47) (48) (29) (50) (51) Abut.
L.L. (psi) 93 80 6 2 6 -6 -63
L.L. (ksf) 13 11 1 0 1 -1 9 0
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62 0
(ksf)
F.W.S.+
LL. (ksf) 0 -49 -56 -110 -62 -109 -55 -71 0
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
Table C.28 Scenario 4 West Bound Lane Top Fiber Stress
Scenario 4 West Bound: Top Fiber Stresses
Location East Midspan Pier 3 Midspan | Pier 2 Midspan Pier1 | Midspan West
ID Abut (44) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 10 9 35 -13 -28 27 140 0
L.L. (ksf) 0 1 1 5 -2 -4 4 20 0
F.W.S. 0 -62 -55 -109 -62 -111 -67 -63 0
(ksf)
F.W.S.+
L.L. (ksf) 0 -60 -53 -105 -64 -115 -63 -43 0
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
Table C.29 Scenario 5 East Bound Lane Top Fiber Stress
Scenario 5 East Bound: Top Fiber Stresses
Location West Midspan Pier 1 Midspan Pier 2 Midspan Pier 3 Midspan East
ID Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 70 60 -7 -2 -6 -6 -10
L.L. (ksf) 10 9 -1 0 -1 -1 -1
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62 0
(ksf)
F.W.S.+
L.L. (ksf) 0 -53 -59 -112 -62 -110 -55 -63 0
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
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Table C.3Q Scenario 5 West Bound Lane Top Fiber Stress

Scenario 5 West Bound: Top Fiber Stresses

Location East Midspan Pier 3 Midspan | Pier 2 Midspan Pier 1 | Midspan West
ID Abut (44) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 95 81 5 -2 -4 4 47
L.L. (ksf) 0 -14 12 1 0 -1 1 7
F.W.S. 0 -62 -55 -109 -62 -111 -67 -63 0
(ksf)
F.W.S.+
L.L. (ksf) 0 -75 -43 -109 -62 -112 -67 -56 0
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
Table C.31 Scenario 6 East Bound Lane Top Fiber Stress
Scenario 6 East Bound: Top Fiber Stresses
Location West Midspan P|1er Midspan Pier 2 Midspan | Pier 3 | Midspan East
ID Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 -58 21 5 -5 33
L.L. (ksf) 0 -8 3 1 -1 5
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62 0
(ksf)
F.W.S.+
LL. (ksf) 0 -63 -67 -120 -59 -109 -55 -57 0
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
Table C.32 Scenario 6 West Bound Lane Top Fiber Stress
Scenario 6 West Bound: Top Fiber Stresses
Location East Midspan Pier 3 Midspan | Pier2 | Midspan | Pier1 | Midspan | West
ID Abut (44) (43) (42) (41) (40) (39) (38) | Abut.
L.L. (psi) 0 10 -9 -58 21 -10 9 0
L.L. (ksf) 0 1 -1 -8 3 -1 -1 0
F.W.S. 0 -62 -55 -109 -62 -111 -67 -63 0
(ksf)
F.W.S.+
L.L. (ksf) 0 -60 -56 -118 -59 -113 -68 -63 0
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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Table C.33 Scenario 7 East Bound Lane Top Fiber Stress

Scenario 7 East Bound: Top Fiber Stresses
Location West Midspan | Pier1l | Midspan | Pier2 | Midspan | Pier 3 | Midspan | East
ID Abut. (45) (a6) (47) (48) (29) (50) (51) Abut.
L.L. (psi) 0 0 0 0 -35 34 -3
L.L. (ksf) 0 0 0 0 5 5 0
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62
(ksf)
F.W.S.+
LL. (ksf) 0 -63 -67 -111 -62 -115 -50 -62
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85
(ksf)
Table C.34 Scenario 7 West Bound Lane Top Fiber Stress
Scenario 7 West Bound: Top Fiber Stresses
Location East Midspan | Pier3 | Midspan Plzer Midspan Pier1 | Midspan | West
ID Abut (44) (43) (42) (a1) (40) (39) (38) Abut.
L.L. (psi) 36 31 -12 -4 -5 -5 47
L.L. (ksf) 5 4 -2 -1 -1 -1 7
F.W.S. 0 -62 -55 -109 -62 -111 -67 -63
(ksf)
F.W.S.+
LL. (ksf) 0 -56 -50 -111 -63 -112 -68 -56
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86
(ksf)
Table C.35 Scenario 8 East Bound Lane Top Fiber Stress
Scenario 8 East Bound: Top Fiber Stresses
Location West Midspan | Pier1 | Midspan Pier 2 Midspan Pier 3 Midspan | East
ID Abut. (a5) (46) (47) (48) (29) (50) (51) Abut.
L.L. (psi) -93 -80 14 5 20 19 -30 0
L.L. (ksf) -13 -11 2 1 3 3 -4 0
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62 0
(ksf)
F.W.S.+
LL. (ksf) 0 -76 -79 -109 -61 -107 -52 -66 0
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
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Table C.36 Scenario 8 West Bound Lane Top Fiber Stress

Scenario 8 West Bound: Top Fiber Stresses
Location East Midspan | Pier3 | Midspan | Pier2 | Midspan Pier 1 Midspan West
ID Abut (44) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 27 23 19 -7 7 6 233 0
L.L. (ksf) 0 4 3 3 -1 1 1 -34 0
F.W.S. 0 -62 -55 -109 -62 -111 -67 -63 0
(ksf)
F.W.S.+
LL. (ksf) 0 -58 -51 -107 -63 -110 -66 -96 0
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
Table C.37 Scenario 9 East Bound Lane Top Fiber Stress
Scenario 9 East Bound: Top Fiber Stresses
Location West Midspan | Pier1 | Midspan Pier 2 Midspan Pier 3 Midspan East
ID Abut. (45) (46) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 47 40 -51 -19 -8 -7 23 0
L.L. (ksf) 0 7 6 -7 -3 -1 -1 -3
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62 0
(ksf)
F.W.S.+
LL. (ksf) 0 -56 -61 -119 -65 -111 -56 -65 0
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
Table C.38 Scenario 9 West Bound Lane Top Fiber Stress
Scenario 9 West Bound: Top Fiber Stresses
Location East Midspan Pier 3 Midspan | Pier2 | Midspan Pier 1 Midspan | West
ID Abut (44) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 -10 9 10 4 -59 57 0
L.L. (ksf) 0 -1 1 1 1 -9 8 0
F.W.S. 0 -62 -55 -109 -62 -111 -67 -63 0
(ksf)
F.W.S.+
L.L. (ksf) 0 -63 -53 -108 -61 -120 -59 -63 0
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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Table C.39 Scenario 10 East Bound Lane Top Fiber Stress

Scenario 10 East Bound: Top Fiber Stresses
Location West Midspan | Pier1 | Midspan | Pier2 | Midspan | Pier3 | Midspan | East
ID Abut. (45) (a6) (47) (48) (49) (50) (51) Abut.
L.L. (psi) 0 -96 82 9 -3 -2 2 36 0
L.L. (ksf) -14 12 1 0 0 0 5 0
F.W.S. 0 -63 -67 -111 -62 -109 -55 -62 0
(ksf)
F.W.S.+
L.L. (ksf) 0 -77 -55 -110 -62 -110 -54 -56 0
Design
F.W.S.+L.L. 0 -84 -77 -148 -66 -147 -60 -85 0
(ksf)
Table C.4Q Scenario 10 West Bound Lane Top Fiber Stress
Scenario 10 West Bound: Top Fiber Stresses
Location East Midspan Pier 3 Midspan Pier 2 Midspan Pier 1 Midspan West
ID Abut (a4) (43) (42) (41) (40) (39) (38) Abut.
L.L. (psi) 0 23 -20 -3 -1 15 -15 -143
L.L. (ksf) 0 3 -3 0 0 2 -2 21
F.W.S. 0 -62 -55 -109 -62 -111 -67 -63 0
(ksf)
F.W.S.+
LL. (ksf) 0 -58 -57 -110 -62 -109 -69 -83 0
Design
F.W.S.+L.L. 0 -83 -65 -146 -66 -149 -72 -86 0
(ksf)
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APPENDIX D: SENSOR STRESS CHARTS AND DATA (CD-ROM)

One year worth of sensor stress charts and daevaled on the attached CD organized in
two separate folders:

« Stress Charts
+ Raw Data Spreadsheets

The organization of the stress charts and the atev fdlders are shown in the following two
illustrations.
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