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ABSTRACT
STRUCTURAL MODELING AND MONITORING OF THE ROLLINS ROAD BRIDGE FOR
CONDITION ASSESSMENT
by
Jesse D. Sipple
University of New Hampéhire, December, 2008

The health of the US infrastructure is on the minds of everyone following the
August 1, 2007 collapse of the I-35W Bridge in Minﬁeapolis, Minnesota. The safety of
| bridges nationwide should be a top priority for both our citizens and government since
they are the backbone of this nation’s economy, with 73% of all traffic and 90% of all
truck traffic traveling over state-owned bridges. Performing nondestructive load tests,
collecting structural response data, and structural modeling techniques allow bridge
owners an objective insight into the health of a bridge. The art of reconciling the
structural model to reflect collected field data also allows bridge owners to have an
up-to-date analytical model of the bridge for condition assessment, decision-making,
and asset management. The results from the Rollins Road Bridge load test accurately
show that a model can be updated to match measured structural respoﬁse from a

nondestructive load test.
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CHAPTER |

INTRODUCTION

1.1 —Social Need

Bridging the Gap, published by the American Association of State Highway and
Transportation Officials (AASHTO) in July 2008, addressed the issues with our nation’s
aging infrastructure in response to the one year anniversary of the Interstate-35W
Bridge collapse (Petroski, 2007). Five major problems of our nation’s bridges a-re age
and deterioration, congestion, soaring construction costs, maintaining bridge safety,
and the need for new bridges. Five proposed solutions for our nation’s bridges are
investment, research and innovation, systematic maintenance, public awareness, and
financial options (AASHTO, 2008). The collapse of the I-35W Bridge was a tragedy,
however it did bring the safety of our ’agivng infrastructure into the public eye. The
2006 Status of the Nation’s Highways, Bridges, and Transit report published by the U.S.
Department 6f Transportation states that of the 594,101 bridges in the National Bridge
Inventory, 13.1% are rated as structurally deficient and 13.6% are rated as functionally
obsolete. Thé terms structurally d.eficient and functionally obsolete mean

“deteriorated conditions of significant bridge elements and reduced load-carrying



capacity” and “function of the geometrics of the bridge not meeting the current design
standards” respectively (U.S. Department of Transportation, 2006). In other words,
structurally deficient means the bridge cénnot properly support the design or required
loading and functionally obsolete means the current configuration of thé bridge
cannot adequately handle traffic loads imposed the bridge.

With more than 3 trillion traveled bridge vehicle miles annually, 223 billion
miles being truck traffic, traffic loading is one of the major factors in the deterioratioﬁ
of America’s bridges. The construction boom of Interstate Highway System in the mi-d-
1950s to mid-1970s resulted in an unprecedented ‘period of infrastructure
construction. These 590,000 bridges are essential for the transportation of the
nation’s commerce as well as carrying thousands of co‘mmuters to and from work
every day (AASHTO, 2008). Bridges are essent.ial for the economy of this country ‘but
are easily overlooked since they are traveled safely day in and day out.

The average bridge in the United States has an age df 43 years old and a design
life of 50 years. Therefore, the need for another Iargé infrastructure construction
project to replace the aging infrastructure .is immineﬁt. Prioritization of red Iist'ed
bridges will be required to achieve this daunting bkut necessary task in an efficient
fashion (NHDOT, 2008). The decision to replace or repair, and how to repair each
individual bridge structure, is a common and difficult management issue for bridge
owners (Farhey, 2005).

Thev New Hampshire Section of the American Society of Civil Engineers

(NHASCE) published the 2006 Report Card for New Hampshire’s Infrastructure, which



stafes that out of the 2,113 state and 1,621 municipality owned bridges 145 and 363
bridges, respectively are on the red list. The red listed bridges have known
deficiencies, load capacity reductions, or bridge configuration which require inspection
more frequently that the s'candard 2 year inspection routine. Another 167 state and
226 municibal bridges are Iisted as either structurallyf deficient or functionally
obsolete. These numbers are a 10% decrease in red listed bridges and a 2% increase in
structurally deficient or functionally obsolete bridges from the NHASCE 2002 Report
Card. New Hampshire has been successful in removing an average of 10 state and 16
municipal owned bridges from the red list per year for the last 10 years. The report
states that there is a substantial need for investment to maintain this trend (NHASCE,

2006).

1.2 — Current State of Bridge Inspection

In response to all of the problems presented to bridge owners, visual
inspection is the typical asset management solution. The rypical protocol dsed for
visual bridge inspection is the National Bridge Inspection Standards. Several state
departments of transportations (DOTs) use the PONTIS (AASHTOWare, 2008) program
distributed by AASHTO. PONTIS is a comprehensive tool used to store and manage
bridge information collected during inspection, inspection data, and examine the
needs of all bridge in the specific network (Hearn, 2007). The way to gather
information put into PONTIS is through Federal Highways Association’s (FHWA)
National Bridge Inspection Program iNBIP). This program was developed in 1967 in

response to the Silver Bridge collapse in Ohio (Phares, Rolander, Graybeal, & Washer,
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2000). In 2000, Brent Phares polled state and county DOTs as well as inspection‘
contractors and found the most common form of nondestructive evaluation is through
visual inspection (Phares, Rolander, _Gyraybeal, & Washer, 20i)0). Visual inspections are
typically scheduled every 24 months. This interval can be shortened to closely monitor
any problem areas until issues are resolved by repair or replacement. This is adequate
for most bridges under normal cdnditions, but not if there i; a damage-causing event
such as impact or natural disaster between inspections.

Visual inspections are not always objective in categorizing damage and cannot
quantify structural condition issues with bridges (Farh‘ey, 2005). As seen in a recent
request for proposal, NCHRP 12-82 [RFP], the idea of regularly scheduled bridge
inspections is not an efficient way of resource management for already stretched DOTs
(Beal, 2008).

The information bridge owners need to obtain thromigh visual inspections is
threefold; to find out if theré was a change to the serviceability of the bridge or load
capacity, what the reliability of tiie bridge is, and how long the structure will operate
at its current capacity. Due to these needs and given that public safety anci resi)urce
management are important issues to bridge owners. Having an inexpensive continuous
bridge monitoring system that can provide useful information of the condition of the
bridge, deterioration over time, damage indices, and early warning of unsafe
conditions wouid be ai1 invalliabie tool. ihis continuous monitoringv'and the strategy
and methodology of its implementation is the goal of structural health monitoring

(Guan, Karbhari, & Sikorsky, 2007).



1.3 — Structural Health Monitoring

Visual inspections are performed by highly trained personnel that have honed
the ability to spot possible areas of concern that could lead to potential problems or
that need to vbe investigated further through training and experience. However, a
more objective method of bridge assessment may be possible through the use of
struétural health monitoring (SHM) techniques. This method is more objective by
obtaining numerical data which can be correlated to the health of the bridge. Data is
collected from sensors yia dafa acquisition systems, the data is analyzed to provided
measurements of‘ structural health which in turn will determine if a reduced bridge
load rating or immediate attention is warranted. .This technology could be easily
integrated into new bridge construction and rehabilitation pfojects as well.

An analogy to describe the need for structural health monitoring is human
health care. From the mdment a person is born, they undergo tests to determine their
~ health. By the time a person is 40 years old, it is possible that they have undergone a
stress test to deterrhine the health of their heart, x-rays to determine bone health, etc.
A bvridge is not a human, but when thihking about the amount of people bridges carry
every day, their safety should be looked at closely. The presence of structural health
monitoring tools, sensors, and cameras allow bridge owners invaluable tools in
damage assessment and hazard and asset management.

The study and deployment of SHM technique; is a multidisciplinary research‘
area which uses nondestructive testing (NDT) techniques and instrumentation plans in

" order to examine the global response or specific structural components. To date,



beneficial developments have been seen through instrumentation of short-span
bridges as short-span bridges are easier to employ full-scale research tests on and
have a more sensitive global response (Brownjohn, Moyo, Omenzetter, & Chakraborty,
2005). SHM systems include but are not limited to the usé of strain gauges,
temperature sensors, tilt metérs, accelerometérs, and data acduisition systems. SHM
systems with post-processing protocol allow for real time evaluation of current bridge
conditions, having the ability to provide early warning of deteriorating or unsafe
conditions. SHM systems can also provide long term structural health information.
This information can help bridge owners decide when and how to repair or replace
bridges by optimizing mai'ntenaﬁce budgets while improving the safety of the general
public (Guan, Karbhari, & Sikorsky, 2007).

Technically and economically feasible, practical, anci rapid solutions created
through administrative and engineering solutions are necessary for modern bridge
management programs (Farhey, 2005). The data collection from bridges is only one
part of SHM. A major component of SHM is fhe art 6f reconciling the collected data
with an analytical model. Another large part of SHM is identifying characteristics of
the bridge and possible means of failure by using finite element modeling and analysis
along with field tests to provide an accurate model of the structural behavior at the
- bridge (Farhey, 42007). Creating a structural model which aids in the design process is
common practice for bridge designers. Modifying that design model into a monitoring
based model to be used with fhe goal of performing parameter estimation and model

updating makes the SHM process a very useful tool in bridge management (Bell,



Sanayei, Javdekar, & Slavsky, 2007). “The best ‘model’ of the bridge is thé bridge
itself,” (‘Howell & Shenton Iif, 2006) which makes conducting a load test the best way
to obtain information on the bridge behavior. Information obtained from the NDT can
be correlated to the.behavior seén in the bridgevmodelv. A SHM program that
compares data to data without providing accountability and a predictive model, gives
little quantification of the data, and is therefore of little use to bridge owners (Guan,

Karbhari, & Sikorsky, 2007).

1.4 — State of the Art

Data can be collected on all types of structures in different ways, but what
makes the information beneficial for decision making is how it is used to obtain value
added information.. Several SHM researc_i] projects have been performed using
different SHM techniques. A popular method in SHM and damage detection is the use
of vibration data and mddal parameters (Brownjohn, Moyo, Omenzetter, &
Chakraborty, A2005). This is popular because it does not require measuring
displacement, strain, and rotations, whiéh are subject to load application and
environmental effects. Modal/vibration testing can be done fairly easily and often,
using traffic as the excitation, to obtain results that aid in damage detection,
parameter estimation, and model updating. Continuous monitoring with vibration
testing allows obsérving séasonal changes, detecting dama‘ge, and observing gradual
changes to the bridge. However, due to recent advancements in technology, static

measurements such as strain, tilt, and displacement are easier to obtain and viewed as



being more reliable than in past generations (Robert-Nicoud, Raphael, Burdet, &
Smith, 2005).

Static experimehtal data has been used in parameter estimation and model
updating, and in certain situations has proven to be more economical than dynarr1ic
loading (Sanayei, Imbaro, McClain, & Brown, 1997). Adding the parameter estimation
and model updating component of SHM provides a decision making and predictive
aspect to the program. Static measurement data is more practical when compared to
dynanric-measurements, due to lower computational cost and better insight into
actual parameters (Sanayei, Imbaro, McClain, & Brown, 1997). Parameter estimation
techniques, through the use of a finite eIement model and model updating, allow
direct variation of structural parameters such as area, moment of inertia, and modulus
of elasticity‘.' Table 1 shows the advantages and disadvantages to the three typical
types of static measurements. Multiresponse, using strain, dtsplacement, and
rotation, parameter estimation has been shown as a robust method for flexibility-
based parameter estimation and model updating using the University of Cincinnati
Infrastructure Institute bridge deck laboratory model (Sanayei, Bell, Javdekar,

Edelmann, & Slavsky, 2006).



Table 1: Structural health monitoring measurement comparison {Sanayei, Imbaro, McClain, & Brown,
1997) (Aktan, Farhey, Helmicki, Brown, Hunt, & Lee, 1997)

Pros Cons
Displacement | ¢ Typical measured response e Reference dependent
e Easy to rapidly deploy e Difficult to measure
¢ Global, overall measurement
Strain e Typical measured response e Need baseline reading
¢ Not reference dependent e Expense associated with
e Direct structural behavior due strain gauges and data
to gauges being installed on collection
surface of structural element
Rotation | e Typical measured response e Needs to settle out
e Notreference dependent before readings

Parameter estimation on an in-service bridge was performed for calibrating a
model for special permitting for an overloaded vehicle pass by Bridge Diagnostics, Inc.
“in 2000 (Grimson, Commander, & Ziehl, 2008). Three superloads were scheduled to
cross time Bonnet Carré Bridge near Norco, Louis‘iana with the first weighing 2,460-kips
and the second and third weighing 1,000-kips. The permitting and rating process for
allowing the superloads to péss was done before any decision was made about
integrating a load test intd the process. The bridge was instrumented with QUarter
bridge electronic resistance strain gauges. A .model was created based on material
properties, containing elasti?: suppo.rts for boundary conditions, and initial
observations from the bridge. The model was then calibrated using snooper truck
weighing 66-kips passing along the length of the bridge. The calibration included
modifying certain properties and boundary conditions and performing parameter
estimation and model updating in order to match the results l;rom the field test data.

Calibration of the model involved 3,276 strain comparisons obtained from 28



locations, with 117 analysis load cases. The load cases and locations consisted of three
truck paths with 39 truck positions along each pass.

Once the tedious calibration process wa§ cbmpleted to an acceptable level of
accuracy, the superloads were applied to the model. The results showed that the
model was fairly accurate With modeled peak strains being within 10% of predicted
peak strains. There was a discrepancy bet‘ween model and measured data where the
peak strains were experienced. That problem was fixed by adjust}ﬁg the percentage of
load carried by each dolly. A benefit from fhis process, as opposed‘ to traditional load
rati’ng procedures, was the fesp.onse of the entire structure was investigated as
opposed to the conventional method of load distribution factors and beam analysis.
Researchers found that the field-verified model pro‘cess is identical to the fypical

process of load rating (Grimson, Commander, & Ziehl, 2008).

1.5 — Case Studies

The Rollins Road Bridge (RRB) Research Project is not the first to do SHM on an
in-service bridge. In fact, there is an increasing popularity to integrate SHM into
existing and new bridge projects as aging infrastructure becomes a top priority to the
US traveling public.

One specific case, similar to the RRB project, was a successful test on the
Morristown Bridge on Route 100 in Vermont, US. The bridge was instrumented with
internal temperature and fib.er optic strain gauges on the glass fiber reinforced
ponmer; (GFRP) reinforcement and in the concrete deck. A theodolite was used to
measure deflections on the girder and deck during the load tests. In this specific

10



application, the load test looked at the data and determined that the strain in the
GFRP bars was significantly less than the ultimate and the tensile strain in the concrete
was well below the cracking strain for concrete. Slab and deck deflections were
significantly less than AASHTO limits (Benmokrane, El-Salakawy, El-Ragaby, & Lackey,
2006). The Morristown Bridge Project did not correlate the load test data to any
model. They looked directly at the stresses experienced by the material in which the
ga.uges were attached and compared that with known material properties; element
behavior as opposed to overall system response. Another project was done on the
Wotton Bridge in Wotton, Quebec with similar results, and, again, with no use of a
comparative model, parametér estimation, or model updating (Behmokrane, El-
Salakawy, El-Ragaby, & Lackey, 2006).

Previous research on the Rollins Road Bridge was pérfprmed and a davta-to—data
compérison was examiﬁed by Martha Bowman in 2002 (Bowman M. M., 2002)
(Bowman, Yost; Steffen, & Goodspeed, 2003). Initial testing on the RRB showed that
transverse strains in the carbon fiber reinforced polymers (CFRP) grid can be estimated
using conventional ACI design methods and the CFRP properties. There was a
variation between predicted and measured strains and the variation was attributed to
temperature effects. The stress on the CFRP was less than 1% of the grid’s ultimate
tensile capacity and less than 2% of the grid’s ultimate compressive capacity during the
load test. Fﬁture work for- this research project suggested that fests to determine
deflections due to only temperature change would provide insight into how the bridge

globally responds to those témperature changes (Bowman M. M., 2002).
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Nationally, there are several projects focused on instrUmentation and
evaluation of in-service structures. Once the funding for those projects expires, the
continuation of retrieval and analysis of this data is limited by availability of future
funding and personnel, as was the case with RRB before this project began. SHM with
parametér estimation can be performed with this data to create and continuously
update a model that evolves as the bridge ages. This model may be able to capture
loads abplied and deterioration experienced. This process could aid in the tracking of
the bridge as it ages and givé objective information related to bridge asset

management needs. -

1.6 — Monitoring Model Creation

The goal of a monitoring based model is to capture _aécurate structural
behavior. When créatihg a model for structural health monitoring, it needs to be
different than models created for design purposes. Bridges are fypically designed
according to design codes which have a goal to produce a safe bridge design in a
practical time frame. SHM modeling invoIVés selecting of appropriate software where
characteristics can be easily added such as the modeling of elastomeric bearing pads,

carbon fiber reinforced polyrhers, prestressing, and bridge girder geometry.

1.6.1 — Modeling
With the current advancements in bridge modeling programs, such as
SAP2000°® (Computer & Structures Inc., Berkeley, CA) and GT StrudI® (Georgia Tech —

CASE Center, Atlanta, GA), finite element modeling has often become part of the
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bridge design process. The SAP2000® Bridge Informatiovn‘ModeIer can be used to
compute influence lines and bridge response due to applied vehicle loads, dynamic
loads, moving vehicle loads, selvf weight, and several other load applications including
thermal loads (Computer Structﬁres, Inc., 2007). Programs like SAP2000® and other
structural analysis and design programs are used mainly as an aid in the design proces§
in conjunction with local cbdes.

The type of model used in a SHM program has different characteristics and
areas of focus than a model used for design purposes. The SHM model must be
accurate enough to capture the behavior of the bridge and be used in parameter
estimation and model updatiné. Bouﬁdary conditions are an important and sensitive
detail in modeliﬁg, such as those associated with accurately modeling elastomeric
bearing pads. All loads applied to the bridge during a load test, wheth»er they are
vehicle, temperature, or wind must be included in the SHM model. All structural
properties and components of the bridge during load testing such as elastomeric
bearing pads, carbon fiber reinforcement polymers, the New England Bulb Tee girder,

bridge rails, and temperature effects must also'be included in the SHM model.

1.6.2 - Elastomeric Bearing Pads

Elastomeric bearings are recently the most common type of bearing used in
bridge constru;tion in the U.S. and have been used in bridge construction since the
1950s (Stanton, Roeder, Mackenzie-Helnwein, White, Kuester, & Craig, 2008). Figure 1
shows the steel reinforced elastomeric bearing pad used ét Rollins Road Bridge.
Elastomeric material is used in the bearing pad which can be thought of as thick (~5/8-
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inch) layers of nedprene often separated by thin (~1/8-inch) plates of steel. This type
of bearing is so popular because they resist typical bridge loads and allow for
deformétions without t_he need for machined or moving parts. This adds to the fact
that they are ecdnomically feasible and are favorable when it comes to seismic codes.
Simplicity of construction, economical feasibility, and favorability in seismic areas has
made the elastomeric bearings the conventional type of bearing for bridgés in the U:S.

(Stanton, Roeder, Mackenzie-Helnwein, White, Kuester, & Craig, 2008). -

Figure 1: Steel reinforced elastomeric bearing pad at Rollins Road Bridge

Oné specific type of elastomeric bridge bearing pad is the steel-reinforced
elastomeric bearing pad which is typically used for the highest loads. Thése steel-
reinforced bearihgs contain layers of rubber and steel that are bonded together
forming an alternating layered bearing. These bearing pads are stronger and stiffer in
compression than non-reinforced pads while still allowing the same shear
deformations. The current methods of handling steel-reinforced elastomeric bearing

in the AASHTO code are based on limited research or theoretical results. Rotation of
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the bearing pad was not considered a high-priority issue when the elastomeric design
limits were developed, and the research done for tension limits used limited
faboratory samples done almost. 60 years ago. The design standards are viewed to be
highly conservative and to not be verified experimentally (Stanton, Roeder,
Mackenzie-Helnwein, White, Kuester, & Craig, 2008). |

The difference between thek requirements for design models and monitoring
models can be seen with elastomeric bearing pads. The ‘NCHRP Report 596 — Rotation
Limits for Elastomeric Bearings goes into extensive detail on.how to calculate the
rotational and axial stiffness values from experimentally determined equations.’
Conservative bearing stiffness values are suitable for design sincé they work and do
not cause the structure to be uhder-designed. In SHM models, the behavior must be

accurately captured, so a conservative estimate could cause misleading results.

1.6.3 — Carbon Fiber Reinforced Polymers

Using carbon fiber reinforced polymers (CFRP) as the primary reinforcement in
a concrete bridge deck is fairly new to civil engineering structures. %he increased use
of these products is due to advancements in technology making it feasible in today’s
construction rﬁarket. Composite materials, such as CFRP, use the stréngth of the base
material, carbon fibers, held together and given stability by a polymer resin. These
materials have been widely used in other industries such as transportation, marine,
and aircraft. Several advantages to using CFRP composites are it is lightweight,
nonmagnetic, high\ strength to weight ratio, corrosion resistance, low maintenaﬁce,
and weather resistance. CFRP is favorable for civil structures because it increases
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service life, reduces maintenance costs dué to corrosion resistance from deicing salts,
reduces time in field installation due to less weight, and rapid construction time due to
ease of installation.

One disadvantage for the use of CFRP is the high initial cost of the fiber and
polymer resins. CFRP reinforced bridges are beginning to be viewed as financially
viable due to the life-cycle advantages that CFRP offers (Nystrom, Watkins, Antonio, &
Murray, 2003). However, the lack of a well established database for the use of fiber
reinforced polymers in civil engineering structures causes designers to be reluctant to
the material (Kérbhari, et al., 2003).

The CFRP is modeled in SAP2000® by usi‘ng the layered shell element type. This
allows for the user to input different material types and thicknesses throu’ghout the

depth of the shell finite element type.

1.6.4 — New England Bulb Tee

The New }England Bulb Tee (NEBT) girder‘ was developed by the
P‘recast/Prestressed Concrete Institute (PCl) New England Technical Committee for
Bridges, which is a partnership between all six New England state highway
departments, private consultants, and area precasters.‘ This specific beam was
developed becaUsé the use of the standard AASHTO I-girder was limited in New
England. Local precasters did not _owh ;che forms to support deeper sections needed
for long spans and structural steel was already competitive in the construction market.
The goal of this committee Was to establish a precast girder that would be combetitive
to steel in the New England (Bardow, Seraderian, & Culmo, 1997). |

16



In order for the precast girder to survive in the New England markets, it had to
be able to be used on long spans, _while depth, wéight, and shipping length were kept -
to a minimum.‘ These limitations are necessary because most of the roads in the
region were built for horse drawn vehicles, therefore when they are reconstructed, the
vertical clearance under the bridges myst be able to handle the vertical clearance of
the taller modern railroad underneath the bridge while allowing for the higher truck
loads on the deck of the bridge. Again, due to the original nature of the roads, turning
radii is tight and the roads are very narrow, making the transportation of ‘precast
concrete beams difficult. A large component of using precast sections is getting those
sections into place, which requires use of large cranes which also pose a problem in
the New England region due to utility lines, private boundary limits, and small roads
(Bardd'w, Seraderian, & Culmo, 1997).

The end results from the PCI New England Technical Committee for Bridges was
a bulb tee shaped girder that would work for both pretensioning and post-tensioning
by having a web width of 7-inches with five variable depths depending on the overall
depth of the beam. The presfress tendon configuration consists of 10 drapéd 13-mm
strands and 21 straight 13-mm strands in the base. The NEBT girder has been used in
different projects in New England since its development in the early 1990s (Bardow,

Seraderian, & Cuimo, 1997).

1.6.5 — Temperature Effects
Few researchers have addressed the effects on bridges due to temperature
changes (Sohn, Dzwonczyk, Straser, Kiremidjian, Law, & Meng, 1999) (Wipf, 1991).
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Research has shown that temperature can have an effect on boundary conditions
(Peeters & De Roeck, 2001). A‘Iarge focus and irhpediment in the research of thermal
movements i:;‘, getting accurate bridge material temperatures from ambient air
temperatures (Branco & Mendes, 1993).

AASHTO does take longitudinal thermal expansion of the bridge into accoun’t in
their bridge code (Moorty & Roeder, 1992). These movements are typically accounted
for by the installation of bearing pads and expansion joints in order to minimize the
large forces that could develop if not properly accounted for. The equation that
AASHTO suggests to use for thes;e movements is seen in Equation 1. This equation
raises an impdrtant question; what is used as the coefficient of thermal expansion of
the entire bridge assembly? Secondly, as mentioned before bea}ing pads and bridge
joints are typically used to account for thermal movements, but how can one be sure if

they are working properly?

Equation 1: Axial strain caused by uniform change in temperature (Hibbler, 2005)
&r = a x AT

1.7 - Resear-ch Goals and Activities

The Rollins Road Bridge Project builds upon previous research in
instrumentation done to expand the field of SHM and monitoring model creation as
described a{bove. The project began where the previous project terminated, after‘the
complefcion of two successful load tests, and an analysis of the behavior of carbon fiber
polymer feinforéement in the cast-in-place concre'te deck. This vproject specifically
addresses the dqrability of the CFRP in the RRB via data-to-data comparison as seen in

Chapter IV: Data Quality Assurance and Data Quality Control and provide the NHDOT
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with accessible and objective data to gage’ the performance of the CFRP for use in
future projects. A load test was performed on April 2008, and the data from this test
was used, in similar fashion, to determine the health of the bridge using data-to-data
comparison as was done in the December 2000 and August 2001 load tests.

This research also goes a step further by creating an analytical model to
compare the data in order to obtain a correlation between field measurements and an
analytical model. A model has b'een created and updated to the most current
conditions of the bridge, using information from an April 2008 load test and as shown
in Chapter VI: Manual Model Updating; and will be turned over to the New Hampshire
Department of Transportation (NHDOT) to be Qsed for bridge management and to aid
in developing their SHM program. This research project will also pass along
information relating to how the NHDOT can use tools they currently possess t§
enhance their ’current bridge management program by adding SHM, instrumentation,
~ and parameter estimation and model updating. These additions will provide a value-
added aspect to their asset management and condition assessment programs.

These new methods will also be tied into the current NHDOT practice of visual
inspection and bridge assessment of load rating and special permitting. For this
project, the visual inspection report was used to develop the criteria for model
creation and updating for RRB eight years since it has been in-service. The goal is that
the model will utilize all  information received through visual inspection and
instrumentation to enhance that visual inspection report with objective data. Even

though the instrumentation plan for RRB was not designed specifically for SHM and
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parameter estimation, a goal of this research project is to determine the level of
information relating to the health of the bridge can be drawn from the data available
from the bridge. |

A small parameter estimation study was done for this research project on a
load test done in 2000 on the Central Artery/Tunnel Project in Boston, MA where
underpinning frames were tested using NDT techniques, strain and displacement
readings were measured, énd a finite element model was used. Parameter estimation
was successfully completed and determined rotational stiffness between columns and
beams (Santini-Bell, Sanayei; Brenner, Sipple, & Blanchard, 2008). The Central
Artery/Tunnel project will be discussed further in Chapter VII:. Structural Health

Monitoring, Parameter Estimation, and Model Updating.
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CHAPTER Il

INTRODUCTION OF ROLLINS ROAD BRIDGE

2.1 - Location

Rollins Road Bridge is located in Rollinsford, New Hampshire. Rollinsford is in
southeastern New Hampshire about 12 miles from the Atlantic Ocean, see Figure 2.
The bridge is not considered to be located in a coastal region, which would add
considerations assc;ciated with being close to saltwater. The bridge serves‘as an
overpass to carry Rollins Road over Main Street and an active B&M Railroad (NHDOT
Bureaﬁ of Bridge Design, 1999). The weather in the érea is typical of New England,
with an annual snowfall of 60'inches, as recorded iﬁ Concord, NH about 35 miles west
of the bridge (National Climatic bata Center). Such harsh winters mean a heavy' use of
deicing agents on the road surface throughout the winter months. The effects from
the use of thése harsh chemicals can be seen in the deck of the previous 70-year old
RRB. The deck had to be replaced/repaired several times due to aeterioration

accelerated by use of deicing agents (Bailey & Murphy, 2008).
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Figure 2: Location of Rollins Road Bridge {Image Courtesy of Google Maps©)

2.2 - History of the Rollins Road Bridge

The/, original Rollins Road Bridge was a two lane bridge, steel stringer with
concrete deck, four simple spans in series making a total length of 172-feet, and built
in the 1930’s, see Figure 3. The NHDOT decided that due to cofrosion of both the steel
reinforcement in the concrete deck and the steel stringers, the bridge needed
immediate repair or replacement (Bowman, Yost, Steffen, & Goodspeed, 2003). The
la‘st inspection report of the old RRB was done during the construction of the new
bridge, shown in Table 2. The report notes that there were several problems with the

bridge, including a rating of 3 for serious deck condition.
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Figure 3: Rollins Road Bridge prior to new bridge construction (Bowm?m M. M;, 2002)

Table 2: Expert of the 2000 Rollins Road Bridge Inspection Report (NHDOT Bureau of Bridge Design,
2007)

26 October 2000 Bridge
Inspection Report

Deck 3 Serious
Superstructure 4 Poor
Substructure 6 Satisfactory

"~ The NHDOT planned to remove the old Rollins Road Bridge and construct a new
bridge in its place to open in the year 2000. The new Rollins Road Bridge was designed
and constructed with funding from the Innovative Bridge Research and Construction
(IBRC) program which is administered by the Federal Highway Administration (FHWA).
The new Rollins Road Bridge, referred to from this point forward as Rollins Road
Bridge, is the focus of this research project on SHM for the NHDOT. The purpose of
the IBRC program is “to reduce congestion associated with bridge construction and

maintenance projects, to increase productivity by Iowering the life-cycle costs of
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bridges, to keep Ameritans and America’s commerce moving, and to enhance safety”
(Office of Bridge Technology, 2008).

Two requirements of the IBRC program are the bridge is to be conStructed_with
high performance and innovative materials and be instrumented. The focus of the
IBRC program is using technology in the bridge to require less maintenance while
keeping eése of construction a high priority in the design of the strucfure. The goal of
the instrumentation in RRB is to follow the progress of the new materials used in the
bridge,'agagn not for SHM. However, even though the instrumentation plan was not
specifically designed for SHM, this research project was able to successfully utilize
some of the sensors, including strain and temperature, in the bridge to capture the
behavior of the bridge during NDT load tests.

R“cn)llnirrls”RV(;)-a.ld l;ridgé, openved in Decembér 2000 and seen in.'Figure 4, is a simply
supported . single span of 110-feet with a concrete’ beam and foncrete deck
superstructure. The center pier was also not included in the new bridge design for

safety purposes. The bridge has a rating of 99-tons (Fu, Feng, & Dekelbab, 2003) and is

in very good condition, as seen in the most recent inspection report shown in Table 3.
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Figure 4: New Rollins Road Bridge, opened in 2000

Table 3: Excerpt from the 2007 Rollins Road Bridge Inspection Report (NHDOT Bureau of Bridge Design,
2007)

09 July 2007 Bridge Inspection
Report

Deck 9 Excellent

Superstructure 9 Excellent

Substructure 9 Excellent

2.3 — Rollins Road Bridge Specifics

A large part of the SHM protocol is the development of an accurate bridge
model in order to capture the behavior of the bridge in a useful manner. In ordef to
create that model, the structural properties of the bridge must be known with high
level of confidence and modeled accurately. Details of the bridge are presented in the
Masfer of Science Thesis of Martha Bowman, entitled Load Testing of the Carbon FRP
Bridge Reinforce Concrete Bridge Deck on the Rollins Road Bridge, Rollinsford, New
Hampshire (Bowman M. M., 2002). Researchers at the University of New Hampshire

(UNH) were actively involved in the design and even construction of RRB. Researchers
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were present at stressing and pouring of the girders, the pouring of the concrete
bridge deck, and several other times during the construction of the bridge. Due to this
presence of researchers, and excellent support from the NHDOT designers and
construction personnel during the entire process, much tare was taken to ensure the
bridge was constructed to specification and instrumentation installed properly.

As previ}ously mentioned, in order to obtain funding from the IBRC, the bridge
needed to contain high performénce and innovative materials which ended up being
carbon fiber reinforcement polymers (CFRP) in the deck aﬁd high performance
concrete (HPC) in the girders. The bridge also needed to be instrumented, so fiber
optic strain sensors in the CFRP, deck, aﬁd girder as well as temperature sensors were
included in the design. The cross section of t‘he bridge can be seen in and will be
(hjescribédvin d\etaiIA Bbélow;

Several bridge components were specifically looked at for inclusion in the
bridge model. These componenté include the CFRP reinforced bridge deck, New
England Bulb Tee girders, steel-reinforced elastomeric bearing pads, the bridge rail,
and the instrumentation plan, see Figure 5. Modeling these components accurately

plays an important role in creating a monitoring based analytical model.
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2.3.1 - Bridge Deck

The bridge deck is an 8-inch cast-in-place (CIP) concrete deck with 0.5-inch saw
cuts, making an effective depth of 7.5-inches. The concrefe deck strength can be seen
in Table 4. There are also three CIP diaphragms, one at each/endv and one in the
midspan. A typical bridge deck is reinforced with steel rebar, however due to the
location of the bridge and high use of deicing salts, carbon fiber reinforced polymers,
commercially known as NEFMAC, was used instead of steel. The CFRP has a tensile
strength, ffu', of 190—ksi and an elastic modulus, E;, of 10,400-ksi. Some advantages of
the CFRP include its high tensile strength, reduced unit weight, non-corrosiveness in
salt environment, attractive life cycle performahce, and ease of installation. Some
disadvantages are the higher initial cost and lack of contractor familiarity with the
material. Aftér speéking with NHDOT (l:onstructior.\‘ personnel about the use .of the
material, the construction workers were happy using the material since they could pick
up a section by themselves and easﬂy install it on the bridge, using zip-ties as
connectors.

Table 4: Deck concrete strength (Bowman M. M., 2002)

‘Days f.
28 5.67
56 6.44

365 6.99

2.3.2 — Girders
The girders that the CFRP deck sits on are New England Bulb Tee prestressed,
precast, steel reinforced girders, constructed with high performance concrete.

Composite action between the deck and girders is achieved via 13-inch portions of the
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CFRP grid used a shear transfer devices. The prestressing strand pattern is a draped

~ strand pattern and a cross section of the girder, can be seen in Figure 6.
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2.3.3 — Bearing Pads

Each NEBT girder sits on two, cylindrical, 16-inch diameter, steel reinfofced,
elasfomeric bearing pad located at each end of the girder. The bearing pads were
manufactured by The D.S. Brown Company (The D.S. Brown Company, 2008) and are
commercially known as Versiflex Elastomeric Bearings. They'have a total thickness of -
5-and-1/8-inches, contain seven 1/8-inch steel reinforcing plates, have 60-durometer
heoprené as the base material, and can be seen in plan and section in Figure 7.
According to the AASHTO LRFD Bridge Design Sbecification Third Edition 2004, the
elastbmeric bearing pads are used to resist lateral movement due to temperature
changes and load application (AASHTO, 2004). The bearing pads are imporfant as they
influence the boundafy conditions for the model and obtaining‘ the actual stiffness

value of the bearing pads was important to the global behavior of the bridge model.
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Figure 7: Elastomeric bearing pad details from Rollins Road Bridge Plans (NHDOT Bureau of Bridge
Design, 1999)
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2.3.4 - Abutments
The types of abutments used at RRB are classified as a heavy abutment (Taly,
1998).  Visual inspections prior to load test noted no change to the abutment that

would require modeling to capture changes in bridge -behavior.

2.4 — Instrumentation Plan

As part of the IBRC, RRB was instrumented in order to capture the behavior of
the CFRP and the bridge deck which contained an innovative material. All.of the
sensors in the deck are oriented in the lateral direction, perpendicular to the'flow of
traffic. Thié was done in order to understand tHe behavior of the deck as it bends over
the girder when a load is applied. The only gauges oriented in the Iongitudihal
direction, with the flow of traffic, were 'gauges in the precast, prestressed, high
performance concrete NEBT girdérs. The purpose of these gauges was for researchers
from the Univgrsity of Nebraska at Lincoln to quantify the loss of prestress in the high
performance concrete girders. Thege longitudinally oriented gauges proved to be
most beneficial for the SHM program since they capture the global bending behavior
- of the bridge. The instrumentation plan was not designed for SHM, however full
advantage was taken of the gauges for research in SHM.

The fiber optic concrete strain sensors used in this project are Fabry-Perot
strain gauges for embedment in concrete (EFO). The actual Fabry-ﬁerot strain sensor
is mounted inside a stainless steel envélope with two end flanges to ensure durability
and protection of the sensor for long term monitoring projects, such as RRB. The two
end flanées also ensure prop‘er adherence to the concrete. The fiber optic sensors are
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also small in size, lightweight, non-conductive, resistant to corrosion, and immune to
electromagnetic noise and radio frequencies eliminating need for shielding and
| lightening protection (Choquet, Juneau, & Bessette, 2000). The robustness of these
fiber optic strain gauges make the extra cost of the gauge worthwhile since they are
still working correctly after being in service for eight years.

Conventional strain‘ gauges, seen in Figure 8, measure the time it takes for an
electrical current to pass over a known distance. If there is a change in the time it
takes to get from point A to point B, the change in time is corrglated to a change in
distance, therefore Strain. A similar idea is used for fiber optic strain gauges; however
light is used instead of an electrical current. Two mirrors are separated by a known
length, and the change in time it takes light to travel between the mirrors is correlated

to strain. A photo of the fiber optic strain gauges can be seen in Figure 9.

Figure 8: Conventional strain gauge attached to concrete
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Figure 9: FISO EFO fiber optic strain gauge (FISO, 2008)

The deck gauges, Figure 10, were installed by researchers before the concrete
deck was poured. Due to this presence of researchers during the installation and the
deck placement could be a contributing factor to the success of the entire
instrumentétion blan, The gauges were connected to fiberglass studs, arranged in a
planned depth thrbughoui the deck. In RRB, all of these strain gauges are
concentrated between girders 3 and 4, near the longitudinal midspan. Temperature

sensors were also installed in the deck to obtain internal concrete temperatures.

Figure 10: Deck temperature and concrete strain sensors (Adapted from (Bowman M. M., 2002))
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Fiber optic strain gauges were embedded into the CFRP grid. Figure 11 shows
the strain gauge being inserted between the cafbon layers during the manufacturing
process.' A Kevlar reinforced polyurethane jacket was used around the fiber optic
gable for protection. The process of embedding gauges into the CFRP allows for a
unique strain reading, being inside the CFRP as opposed to a strain gauge being

installed to the outside of a reinforcement bar.

Figure 11: Strain sensors embedded in NEFMAC gri {Adapted from (Bowman M. M., 2002)}

The girder sensors are the main focus of instrumentation for this research
project. As mentioned before, they are the only sensors in the longitudinal direction
allowing bending and axial stresses experienced by thé bridge due to traffic to be
observed. Longitudinally oriented gauges are best suited for SHM and parameter
estimation program. The sensors in the girders are identical to the sensors in the deck.
the purpose of these sensors was originally to instrument and observe the prestress
loss in the high performénce cbncrete girders. The results from this research, which
also examined several other bridges, was used in creating the model and is located in

NCHRP Report 496 (Tadros & Al-Omaishi, 2003). Girders 3, 4, and 5 have strain sensors
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installed at the longitudinal midspan of the bridge and at three different depths
throughout the girder. These sensors were placed after tendon prestressing but
before concrete placement, as seen in Figure 12. Figure 13 shows which gauges were
used for analysis in this project. Only four out of the nine girder gauges were used
betause they were the four that had readings from all load tests and were still working

in 2008.

Figure 12: Strain gauges in NEBT girder before prstressg (Adapted from (Bowman M. M., 2002))
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Figure 13: Graphic of sensors used in Rollins Road Bridge analysis, (a) shows the sensors in section view
and (b) shows the sensors in plan view

The data management instrument (DMI) is located on-site and is in good
working condition. The DMI is a 32-channel fiber optic data écquisition system
provided by FISO Technologies, Inc. This particular DMI model has the ability to record
continuous data or be calibrated for a contrdlled static load test. Since the start of the
research project, continuous temperature and strain data has been downloaded from

the bridge for use by future researchers to investigate the long term thermal
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performance of the CFRP and concrete deck through trends and examining material
properties. For the continuous,> long term temperaturé and strain data the DMIk is
configured to take 60 readings over the period of an hour and average those values to
produce one data point for that hour. This allows for two weeks of data to be
collected at once without filling the memory capacity of the device. The DMI is also
attached to a modem,v allowing researchers to remotely call the bridge to download
data or see current conditions. One downfall of collecting this continuous data is there
is no traffic camera or weigh-in-rﬁotion sensor at the bridge to determine amount of
traffic dur'ingrthe recording time.

The on-site DMI has a 32-channel capability and for the RRB Research Project
Load Test, a second 32-channel DMI was rented from FISO Technologies, Inc. to be
able to ta‘ke full advantage of all working sensors. Out of the 81 sensors originally
installed iﬁ the bridge, 53 were operational in April 2008. The 64-channels between
the two DMIs allowed all 53 Senéors to be recorded. The DMI was configured to
record data as fast as possible, which ended up being every 4.8 seconds. Figure 14

shows two UNH researchers setting up the DMI on the morning of the load test.

38



Figure 14: Load test resea

2.5 - Previous Work at Rollins Road Bridge

Two previous load tests were performed at RRB, one in December 2000 and
the other in August 2001 (Bowman, Yost, ’Steffen, & Goodspeed, 2003). Bowman’s
(2002) research inve-stigate’d the performancé of the CFRP and concrete deck. Small,
single beam models were used to get transverse forces and moments over th;e beams.
Mostly data-to-data comparison was used in her research. Up to this point, no model
of the entire bridge has been created. Datav from the previous research did not give
“initial” strain gauge readings, as this was not needed at the time. This proved to be
an issue when trying to compare the data to a predictive model. As future work, it was
also noted that the effects of temperature on the response bridge should be examined

(Bowman M. M., 2002).
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CHAPTER Il

FIELD TESTING PROTOCL AND PROCEDURES

An important part of SHM, with parameter estimation and model updating, is
performing nondestructive load tests at the bridge to capture structural behavior‘.
NondestructiVe testing techniques apply a load to vthe bridge while keeping the
response in the linear elastic fange in order to not damage the structure or cause
accelerated deterioration. While loads are b;eing apé)lied, measurements of structural
response are recorded. These measurements are taken in a variety of different

methods included strain, displacement, rotation, and acceleration.

" 3.1 - Previous Load Tests

Two load tests have been conducted at RRB as bart of previous research
(Bowman M. M., 2002). One load test was conducted 56 days after pouring the
concrete in December 2000 to establish a comparative baseline for the analysis of the
CFRP and deck behavior. Another load test was performed in August 2001 to observe
the progress of the CFRP in the deck. Both testS were conducted by UNH with
cooperation of the NHDOT. Since the tests were performed to observe CFRP and deck

performance, the sensors in those locations became the focus of the load tests. Girder
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gauge data was also captured for future use and prestress loss research. The type of
analysis done on the measured response was data-to-data comparison without
comparing to a predictive model.

The truck used in the December 2000 load test had a gross weight of 75.6-kips
(37.8-tons) while the August 2001 load test truck had a gross weight of 76.9-kips
(38.45-tons). Actuallwheel distributions can be seen in Table 5. Both of these trucks
had three-axels, with each of the two rear axles containing four wheels. It was noted
by the New Hampshire State Police personnel that Weight of these trucks would have
béen over the legal limit for their configuration if they were not NHDOT trucks and not
being used for a load test.

Table 5: Load test wheel weights for all three years

2000 2001 2008
Driver . Passenger | Driver Passenger |- Driver Passenger
Side Side Side Side Side Side
FrontTires | 1120 1180 | 1045 1010 | 525 5.25
kips
FrontDuals | 1350 1200 | 1355 1460 N/A N/A
kips .
Rear Duals
kips 13.40 12.80 - 15.10 13.10 12.93 13.95

3.2 - April 2008 Load Test

The load test for the Rollins Road Bridge Research Project was conducted on 18
. April 2008. The purpose of this load test was to collect data in a similar fashion to the
previous load tésts, while also collected data to be used for SHM. The biggest change .
between the 2000/2001 and the 2008 load test programs ‘was the spacing between

stop locations on the bridge. The 2000/2001 stop locations had to be close to the
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CFRP and deck gauges to get accurate readings, while the 2008 load test was not as
concerned with those local measurements and wanted to capture the global respbnse.
The difference between the two load test programs ended up being the removal of
only a few stop locations. .When .researchers went to paint markings on the bridge for
the 2008 load test, the old stop marl%invg‘s were still visible and a majority of the 2008
load test markings correlat’ed to previous markings. Rollinsford Police Department was
used for traffic control on the bridge during the load test. No traffic was allowed to
pass while strain readings were being taken,.and traffic was allowed to pass when the
truck was being moved. Three zero-load readings were also taken during the duration
of the load test, which proved to be crucial in relating measured response to the
monitoring model. Thé NHDOT Survey Crew used differential leveling to obtain

displacement readings during the load test.

3.2.1 - Truck Specifi&ations

This load test, like the previous two Ioad tests was done in conjunction with the
NHDOT. A two axle NHDOT Sand Truck, as seen in Figure 15 and Figure 16, was used
for load applicatidn to the bridge. The wheel weights of the truck were taken in
similar fashion to the previous load tests by the New Hampshire State Police Mobile
Weigh Station, seen in Figure 16. The gross weight of the truck was 37.4-kips (18.69-
tons). This tyuck weighed less than requested weight of 35-tons; however the quality

of the recorded data was acceptable.
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ruck as load application during April 2008 load test

. Figure 16: ° dber

ate Police) taking wheel load measurements

The distribution of wheel loads can be seen in Table 5. Trooper Huddleston,
the representative from the State Police, noted this truck would have been sighted as
overloaded due to its current configuration‘, but was exempt because it is a NHDOT
truck and part of a research project load test. Even though the truck was overloaded,

it was still within the linear elastic range of behavior for RRB. Trooper Huddleston has
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noted that the Haenni Scales, model #WL 101 (Haenni, 2008), have a variance of less
than 1% and are tested and certified by the NH State Police.

The dimensions for the truck were 14-feet 9-inches between the center of the
front and rea.r wheel. The rear dual had a thickness of 1-foot 8-and-%-inches. The rear
axel, center of dual to center of dual, length was 6-feet 2-inches. The front wheel had
a thickness of 8-inches and the length of the front axle from center of wheel to center

of wheel was 7-feet.

3.2.2 - Testing Plan

The truck ran in the north-west direction and south-east direction a total of
eight times, four in each directidn. Two separate marking groups were laid out on the
- bridge. One group had a wheel directly on the girder and the other had the wheels
straddling over a girder. Each group of markings was travéled two times per direction,
two directions, equaling four times per marking group, two marking groups, a grand
total of eight passes. Initial measurements for the markings vwere done using an
estimated truck size, and the actual truck that was used for the load test was similar to
those estimations. In runs one through four, the truéks wheels were on girders five
and four. For runs five through eight, the trucks wheels straddled girder 4. All of the

stop locations for the April 2008 load test can be seen in Figure 17.
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Figure 17: April 2008 load test tr_uck stop/analysis diagram

3.2.3 - Snapshot Quality Assessment

The reason for having two passes }in one direction on one group of markings
was originally for statistical purposes. However, this was the first time that
researchers realized something was effecting the strain readings on the bridge instead
of just the direction and size of load application. This was later determined to be
temperature. Figure 18, Figure 19, and Figure 20 show CFRP, deck, and girder gauge
strain values respectively for passes over the same grouping in the same direction.
The CFRP and deck readings show there is a difference of 10-microstrain and 5-
microstrain in the girder gauge. If temperature was not an issue, and under original
assumptions, these lines would have fallen right on top of each other. The effects on
strain caused by temperature will be discussed in Chapter IV: Daté Quality Assurance

and Data Quality Control.
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Figure 18: CFRP sensor recorded strain for two passes at same location, different time
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Figure 19: Concrete deck sensor recorded strain for two passes at same location, different time
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Figure 20: Girder sensor recorded strain for two passes at same location, different time

Out of the 56 stop points during the April 2008 load test, four points were ‘used
as the four modeled load cases. These stop points correlate to times there was
temperature, strain, and deflection readings. The resulting load cases for the April
iOOS load test can be seen below in Figure 21, Figure 22, Figure 23, and Figure 24.
Similar methodology was done to make four load cases for both the December 2000

and August 2001 load tests, which all can be seen in Appendix B — Load Cases for All

Years.
o
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Figure 21: Load case 1 April 2008 load test
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Figure 24: Load case 4 April 2008 load test

3.2.4 - Ambient Temperature Measurements
Ambient air temperature and deck surface temperatures were taken during the
duration of the load test. Ambient temperature measurements were included when

creating the load test program in case, and as proved to be, temperature played an
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important role in the structural response of the bridge.. Deck surface, ambient air
above, and below the deck temperatures were taken at the samé interval, every 15-
minutes. Figure 25 shows the ambient temperature readings during the duration of
the April 2008 load test. At the end of the load test there was about a 25°F

temperature difference between above and below the bridge deck.

2008 Ambient Termnperature Readings
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Figure 25: Rollins Road Bridge 2008 load test ambient temperature readings

3.2.5 - Optical Displacement Measurements

Optical displacement techniques were implemented during ’the‘load test.
Several researchers from industry as well as two undergraduate researchers
performed optical displacement field measurements. The two undergraduate
researchers, Pat Nearing and Peter Krauklin, used this opportunity as a field test for
their senior project. Rick Farad from River City Software in Exeter, NH and Ron
Gamache of Transtech Systéms, Inc., from Schenectady, NY were the industry
résearchers. The information. obtained frorﬁ these groups was not included in this
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research; however these teams will use the survey displacement measurements to
correlate back to the displacement obtained from the photographs. The goal of the
optical displacement research isto find a ﬁnanciélly viable and accurate way to take
pictufes of targets installed on the bridge during the load test, and after post-
processing the images obtain accurate displacement measurements.

The undergraduate researchers from UNH had success in the Iaboratory and
some difficulty with the field measurements. This difficulty could be due to field
variables such as heat shimmer, settlement, and train vibrations. The optical
displacement research will continue in cbnjunction with SHM projects at UNH. The
results from the industry research partners have yet to be shared with the research

group.

3.2.6 - Global Displacement Measurements

The Rollins Road Bridge has bolts installed to the underside of the girder and
deck for purposes of taking displacement measurements. When planning the load
test, researchers determined when the center of mass of the truck would be closest to
the midspan of the bridge, therefore havihg‘the largest deflections onvthe single span
structure. Displacement measurements were taken at five locations at the midspaﬁ of
the bridge, on girder 5". bay 4, girder 4, bay 3, and girder 3. The NHDOT Survey Crew
used a digital leveling rod to take the measurements. A NHDOT bucket truck was used

to giet a survey crew member up to the underside of the bridge, as seen in Figure 26.
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Figure 26: Photo of load test while survey crew takes displacement reading

Displacement readings are typically not used in SHM since they are highly

reference dependent measurements. Strain and rotation are typically used to obtain

structural response because they are not reference dependent. The repeatability of

the deflection readings is limited due to factors including load truck vibration, wind,

adjacent train, and measuring bucket stability. The deflection data can be seen below

in Table 6, Table 7, and Table 8 and will be used for verification of the manually

updated model as seen in Chapter VI: Manual Model Updating.

Table 6: December 2000 load test elevations (Bowman M. M., 2002)

December 2000 Elevation (feet)

No Load Girder 5 Girder 5 Bay 4 Girder 4 Bay 3 Bay 3 Girder 3 Girder 3
Front Wheel Rear Wheel Rear Wheel  Rear Wheel  Front Wheel Rear Wheel Front Wheel Rear Wheel

Girder 3 1151.7338  151.7254 151.7254 151.7235 151.7419 151.7365 151.7274 151.7311 151.7242
Bay 3 156.6243  156.6326 156.6233 156.6205 156.6635 156.6225 156.6246 156.6252 156.6234
Girder 4 }151.6632 151.6518 151.6417 151.6448 151.6485 151.6474 151.6427 151.6443 151.6643
Bay 4 156.4805  156.4725 156.4591 156.4589 156.4662 156.4704 156.4678 156.4767 156.4660
Girder 5 | 151.5077  151.4863 151.4944 151.4925 151.5043 151.4986 151.4866 . 151.5274 151.5058
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Table 7: August 2001 load test elevations (Bowman M. M., 2002)

August 2001 Elevation {feet)

Girder 5

No Load Girder 5 Bay 4 Girder 4 Bay 3 Bay 3 Girder 3 Girder 3
Front Wheel Rear Wheel Front Wheel  Front Wheel Front Wheel Rear Wheel  South Direction  Rear Wheel
Girder 3 | 151.6776 = 151.6692 - 151.6684 151.6705 151.6704 mmmmnn 151.6736 151.6749
Bay 3 156.5754° 156.5573 <eme 156.5634 156.5620 1565732 - 156.5597 156.5635
Girder 4 | 151.6090 151.5902 e 151.5889 151.5914 151.6034 - 151.5924 151.5976
Bay 4 156.4220 156.3997 - 156.4112 156.4087 156.4117 - 156.4033 156.4112
Girder 5 | 151.4622 151.4328 - 151.4352 151.4402 1514436 - 151.4461 151.4489
Table 8: April 2008 load test elevations

, April 2008 Elevation (feet)

Run# | Noload 1 2 3 4 5 7 No Load 8
Girder 3 |151.6552 151.6471 151,6553 151.6540 151.6490 151.6713 151.6480 151.6574 151.6537
Bay 3 156.5472 156.5521 156,5347 156.5350 156.5347 156.5436 156.5682 156.5485 156.5481
Girder4 {151.5794 151.5798 151.5862 151.5828 151.5868 151.5835 151.5871 151.6003 151.5761
Bay 4 156.3835  156.3952 156.3970 156.4063 156.4018 156.3856 156.4060 156.4209 156.3954
Girder5 | 151.4224 151.4125 151.4169 151.4184 151.4191 151.4219 151.4112 . 151.4404 151.4231
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CHAPTER IV

DATA QUALITY ASSURANCE AND DATA QUALITY
CONTROL

Almost 2,000 data points per channel were collected on two DMIs recording 32
channels of data, resulting in approximately 120,000 data points recorded over the
duration of a three hour load test. This is a sea of data for any researcher, however
the load test was organized in such a fashion that this sea of data was easily manage‘d.
There were two goals .for the data collected from this field test. The first goalk\iNas to
perform a data-to-data comparison, following work of previous researchers and
checking the performance of the CFRP. The second goaly was to process the data so
that it could be used for manual paramefer estimation in this research project as well

as the first runs in the MUSTANG Research Project.

4.1 - Data-to-data CFRP/Deck Analysis

The data-to-data comparison was done to check the health of the CFRP, deck,
and girder. This method was used by Martha Bowman and was used for this research
project as requested by the NHDOT to ensure the visual inspection report matches the

structural response for RRB. Strain data was graphed with respect to time and can be
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seen in the following pages. Three gauges from each the CFRP, deck, and girder were
chosen at random, while trying to get a variety of locations, to get a representative

sample of the bridge.

4.1.1 — CFRP Reinforcement Data-to-Data Comparison

Figure 27, Figure 28, and Figure 29 show the data‘—té—data comparison of the
strain sensors in the CFRP. For sensor theyl CFRP bottom grid station 2 above girder 5
strain sensors data is below both the 2000 and 2001 test data, indicating no damage
caused to the bottom grid, at station 2 above, girder 5 that would cause excessive

strain.

CFRP Bottom Grid Station 2 Above Girder 5
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Figure 27: CFRP bottom grid station 2 above girder 5 strain readings for all three load tests

The sensor CFRP upper grid station 2 above girder 3 strain sensors shows the data
starts below the December 2000 load test and then goes above that data. The data is

still significantly lower than the August 2001 data, indicating no change to the upper
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CFRP grid, at station 2, above girder 3. Thé slope of each line in this graph, and the
following graphs, can be associated with the 6°F ;cemperature change for December
2000, 16°F temperature change for August 2001, and the 19°F temperature change for
April 2008. The difference in ambient température during the load tests correspond to
the 2008 line having the gréatest slope, followed by the 2001 line, and the 2000 line
with the smallest slope. These graphs are at such a scale that the effects from the

truck loads are hard to distinguish, however the overall trend of the line can be seen.

CFRP Upper Grid Station 2 Above Girder 3
6200

810G

6050

6006

Strain {microstrain)

Load Test

5900

E00 1000 BAEEY 1200 13:00 14:00 1500

Time

Figure 28: CFRP uppef grid station 2 above girder 3 strain readings for all three load tests

The CFRP upper grid station 2 above girder 4 strain sensors shows the data is bounded
by the December 2000 and August 2001 data, again indicating that the CFRP
reinforcement in the upper grid, at station 2, above girder 4 has not experienced

significant changes.
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CFRP Upper Grid Station 2 Above Girder 4
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Figure 29: CFRP upper grid station 2 above girder 4 strain readings for all three load tests

4.1.2 - Concrete Deck Data-to-Data Comparison

Figure 30, Figure 31, and Figure 32 show the data-to-data comparison for strain
gauges embedded in the concrete deck. The bottom of concrete deck station 2 above
girder 4 strain gauge shows the strain values for the April 2008 test fall directly above
the December 2000 load test values, and significantly below the August 2001 data.
This demonstrates that the concrete at station 2, above girder 4 has not changed

significantly.
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Bottom of Concrete Deck Station 2 Above Girder 4
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Figure 30: Bottom of concrete deck gauge station 2 above girder 4 strain readings for all three load tests

The top of concrete deck station 1 above bay 3 strain gauge shows that the April 2008
strain values fall below the strain values from both the 2000 and 2001 load tests,
suggesting the concrete at station 1 above bay 3 has not experienced excessive

deterioration.

Top of Concrete Deck Station 1 Above Bay 3
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Figure 31: Top of concrete deck gauge station 1 above bay 3 strain readings for all three load tests
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The bottom of concrete deck station 1 above bay 3 strain gauge shows again that the
April 2008 data falls below the 2000 and 2001 load tests, inferring the concrete at

station 1, above bay 3 has not experience damage.

Bottom of Concrete Deck Station 1 Above Bay 3
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Figure 32: Bottom of concrete deck gauge station 1 above bay 3 strain readings for all three load tests

4.1.3 - Girder Data-to-Data Comparison

Figure 33, Figure 34, and Figure 35 show the strain values for-the December
2000, August 2001, and April 2008 load tests in the HPC NEBT girderS. The girder 5 top
gauge shows‘that the strain values are bounded by the 2000 and 2001 data, indicating
" ho excessive change in moment of inertia, area, or modulus of elasticity to warrant

excessive strain or change in structural behavior.
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Girder 5 Top
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Figure 33: Girder 5 top gauge strain readings for all three load tests

The girder 4 top gauge shows again that the data is bounded by the previous two load

tests suggesting no deterioration or change in structural behavior.

Girder 4 Top
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Figure 34: Girder 4 top gauge strain readings for all three load tests
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The girder 3 top gauge shows the April 2008 strain values fell below both the
December 2000 and August 2001 load test data, showing less strain and indicating no

change in structural behavior that would warrant further investigation.

Girder 3 Top
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Figure 35: Girder 3 top gauge strain readings for all three load tests

4.2 - Discussion of Data-to-Data Comparison

All of the data-to-data comparisons show the structural behavio‘r'at RRB was
not in excess. The data shows the April 2008 is either bounded by the previous two
load tests or below. It is difficult to do a more comprehensive data-to-data
comparison, because so many factors changed between the 2000/2001 and 21008 load
tests: the gross weight of the truck used for the April 2008 load test was about half of
the truck weight used in the previous two tests, the stopping locations between the
2000/2001 and the 2008 tests were similar but not exactly the same, temperature also
continues to show its effect on the structural response of the bridge, the slopes of the
lines from year to year seem to vary in some gauges looking at the data, and the
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change in ambient temperature in‘the December 2000 load test was 6°F, while the
change during the August 2001 load test was 16°F, and change during the April 2608
load test was 19°F. This temperature differential between the beginning and end of
load test and resulting trend in the increasing slope of the strain lines can be seen in
the data-to-data comparison graphs. Figure 36 provides a graphical representation of_
the ambient temperatures retorded during all three load tests by Bowman (2002) for
the 2000 and 20001 load tests and by undergraduate researchers for the 2008 load
test.

The change in temperature to slopeb relationship mentioned above and when
discussing th.e CFRP data-to-data comparison is shown most in the CFRP strain gauges.
The deck and girder sensors, while following a similar trend in different slopes do not
correlate to the change in temperature over the duration during fhe load test as well

as the CFRP gauges do.
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Figure 36: Ambient temperature readings for all three load tests

61



4.3 - Environmental Effects on Bridge Response

Just by taking a quick look at the datafto—data comparison of §train values, a big
effect can be seen betWeen the different load tests that cause the strains to be so
different.k Figure 37 shows the strain readings for girder 3 and girder 4 over the
duration of the December 2000 load test. The graph shows‘peaks when the truck was
on the bridge.causing’ a change of about 6-microst‘rain. Howevér, over the 4-hour

duration of the load test there is a change of 20-microstrain.

Girder3 and 4 Strain Readings for December 2000 Load Test
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Figure 37: Strain readings from girder 3 and girder 4 over the duration of the December 2000 load test
to show difference between thermal effects and load application :

A similar trend is seen in the April 2008 load test data, even with the smaller
truck load there was a change in strain due to load application of 3-mircostrain while
the chanée in strain during the 2.5-hour duration of the load test was around 25-
microstrain. This shows an environmental effect, temperature, is masking the change

due to a 19-ton, technically overloaded, truck passing over and resting on the bridge.
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One benefit at RRB is temperature sensors are installed inside the bridge deck
and girders. As discussed in the introduction, changing ambient température to
material temperaturé is a sourcé of research and ambiguity in SHM. At RRB, the
temperatures of the deck can be measured directly and then correlated to strain
values at any moment in time. Once it was determined the change in strain and
structural respor;se was heavily influenced by environmental effects, incluaing
temperature, it was decided that these effects muvst either be included in the
SAP2000® model of the bridge or removed frorh the data to allow an a;curate

modeling of behavior and response for RRB.

4.3.1 — Removal of Strain Caused by Environmental Factors

One option for dealing with env_irqnmental strain, including thermal strain, was
to remove it from the data, leaving strain caused solely b\} load application. Removing
strain caused by environmental effects, including temperature, removes any ambiguity
on what the values for material coefficient of thermal expansion are, how to
accurately model the behavior of temperature and humidity, how to accurately
capture that behavior, and any modeling errors assqciated with -modeling temperature
change. During the April 2008 load test, zero-load readings were included in the load
test plan. These zero-load readings were' included to record the impact of
environmental effects during the duration of the Ioad test. Due to'tir'ne constraints,
only three points were taken, two towards the beginning of the Ioad test and one at
the end. The zero-load reading meant the load truck and éll traffic were not on the
bridge, and the strain and survey measurements were taken. The purpose of these
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three points is to see only change in strain or displacement on the bridge caused by a
change in temperature.

One strain gauge from girder 3 and one strain gauge from girder 4 will be used
in the demonstration on how environmental effects can be removed from the data.
Figure 38 and Figure 39 show the girder 3 and girder 4 strain values, respectively,
duri.ng the duration of the 2008 load test. A linear trend line is also shown, connecting

the three zero-load points, which will be discussed further in the explanation.

Girder 3 Raw and Zero Load Data
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Figure 38: Girder 3 top sensor raw data from April 2008 load test, with three zero-load data points and
trend line included
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Girder 4 Raw and Zero Load Data
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Figure 39: Girder 4 top sensor raw data from April 2008 load test, with three zero-load data points and
trend line included

Table 9 shows the three times and coordinating strain values at the zero-load readings.
Froh this point forward, all data will be plotted as relative strain for ease of
comparison between conventional corrected, empirically corrected strain, and raw
data. This means a point was chosen as a baseline, and all data was compared to that
value for each gauge. The strain values in Table 9 are caused sc;lely by the change in
temperature since no Ioad applied at those times. Once thermal effects are removed

from the data, all three strain readings should read zero.

Table 9: Girder 3 and Girder 4 strain readings at point of zero-load

Relative Zero Points G3 - Relative Zero Points G4

Time Strain { ue) Time Strain { ug)
9:39:30 0.00 9:39:30 0.00
9:53:30 2.12 9:53:30 2.42
11:49:30 26.80 11:49:30 20.68
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4.3.2 — Conventional Thermal Correction

The conventional thermal strain equation can be seen in Equation 2, where a is
the linear coefficient of thermal expansion, AT is the change in temperature, L is the
original‘length of the member, and 67is the algebraic change in length of the member

(Hibbler, 2005).

Equation 2: Conventional thermal change in length equation (Hibbler, 2005)

Sp = aATL
Bowman (2002) examined the difference between the compensated and non-
compensated strain‘ gauges. The coefficient of thermal expansion of the compensated
gauge is similar to the substrate in which it is embedded. All Qf the gauges used in this
research project are non-compensated, meaning a slight correction must be
performed to remove the expansion of the gauge due to temperature change.
Bowman (2002) obtained the equation for this correction from ROCTEST, seen in

Equation 3.

Equation 3: ROCTEST correction equation (Bowman M. M., 2002)

Eroap = (Ll —L0)+(Olg - XTI _To)
where,
" &04p- Real strain, mechanic strain due to applied load
(relative strain)
L: Reading from strain gauge
Ly: Initial reading from strain gauge
Thermal exbansion coefficient for the gauge (0, if

gauge is not compensated)
a Thermal expansion coefficient for substrate on

which gauge is fixed (4.4x10° /°F (Bowman,
2002))

Temperature reading of structure

NN

Initial temperature reading of structure
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Equation 2 is used to calculate change in the structure as a whole. Ecjuation 3 is used
to provide a numerical quantification for the difference in t‘hermal expansion of the
stainless steel gauge material and the concrete in which it is embedded.

Using Equation 3, the internal temperature readings from the témperaturé

sensors and taking the first zero-load reading for L, and 7, the conventional thermal

correction is applied. The results from the correction can be seen in Figure 40 and

Figure 41.
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Figure 40: Girder 3 top sensor raw and theoretical data from April 2008 load test, with three zero-load
data points and trend lines included
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Girder 4 Raw and Theoretical Data
30,60 -

B ed-,

25.06

20,66

10.60 : T, -

Relative Strain {microstrain}

- Theoretically Carrected

Q.00 -
1i60 1130 12:00

~10.00 -

Time

Figure 41: Girder 4 top sensor raw and theoretical data from April 2008 load test, with three zero-load
data points and trend lines included

In the graphs above, it can still be seen that temperaturé effects are masking load
application. Table 10 shows a similar table as shown before of the strain readings at
the three zero-load times. There has been a reduction in strain values, however if all
temperature effects were properly removed, these values should all read zero. Also, if
thevt_empe’rature effects were removed, the trend line for zero-load points shown in

the graphs should lay along the x-axis (time axis).

Table 10: Girder 3 and Girder 4 conventionally corrected strain readings at point of zero-load

Conventionally Corrected Zero Points G3 Conventionally Corrected Zero Points G4
Time Strain ( ue) Time Strain ( ue)
9:39:30 . -2.13 - 9:39:30 -2.39
9:53:30 -0.02 9:53:30 -0.09
11:49:30 23.77 11:49:30 13.75

4.3.3 — Empirical Thermal Correction
Since the conventional thermal correction did not obtain the desired results,

researchers investigated a more empirical method to remove temperature. This
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method was fairly simple to formulate since there were three zero-load points
recorded for the April 2008 load test. Using these three points, the data can be
accurately corrected to remove temperature effects and sHow the bridge response
caused only by applied loads. The idéa behind the correction is simple and goes along
with the desired results from the previous correction. The three zero-lqad strain
valueé are desired to be zero and the slope of the trend line for the zero-load strain
readings should be zero. Using these two basic ideas, fhe effects of the slope,
temperature, can be removed from the data and all the desired results should be
achieved.

Using statistical methods, a confidence interval (Cl)‘of 95% on the mean
reading during the zero-load times, the correction was applied and the results can be

seen in Figure 42 and Figure 43. The previous correction data was included in these

graphs to show the change in data.
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Figure 42: Girder 3 top sensor raw, theoretical, and empirical data from April 2008 load test, with three
zero-load data points and trend lines included
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Girder 4 Raw, Theoretical, and Empirical Data
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Figure 43: Girder 4 top sensor raw, theoretical, and empirical data from April 2008 load test, with three
: zero-load data points and trend lines included

These graphs show the reduced overall slope of the zero-load trend line as well as a
much clearer visual representation of load application over the duration of the load
fest. Table 11 numerically confirms that the temperature was properly removed from
the data, as the strain values are close to zero. If more zero-load points were taken,
the accuracy of the technique wduld improve. This data looks like the expected
response before it was seen how much of an effect temperature had on the structural

response of the bridge.

Table 11: Girder 3 and Girder 4 empirically corrected strain readings at point of zero-load

Empirically Corrected Zero Points G3 Empirically Corrected Zero Points G4
Time Strain ( ue) Time Strain ( ue)
9:39:30 0.42 9:39:30 -0.13
9:53:30 -0.50 . 9:53:30 0.15
11:49:30 0.29 11:49:30 -0.22

Further verification of the method can be seen in Figure 44 and Figure 45, where the

truck position is included in the strain plots. There are two spikes seen in the data

70



between 11:00 and 11:30 where it was noted by researchers that two large 18-
wheeler trucks passed over the bridge. This spike is seen higher on girder 3 than girder

4 because the truck passed over girders 1 and 2 which is adjacent to girder 3.

Girder 3 Empirica'l Data and Truck Location
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Figure 44: Girder 3 top sensor empirical data with truck position from April 2008 load test
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-Figure 45: Girder 4 top sensor empirical data and truck position from April 2008 load test
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4.3.4 — Discussion of Thermal Correction Techniques

A difference can be noted between the two sets of corrected data which after
thinking about the method ahd reason for the correction is not so striking. The
equation for the conventional correcﬁon requires a coefficient of therﬁ\al expansion.
The value used in the analysis was the cqefﬁcient of thermal expansion for the high
performance concrete where the gauge was installed. Like with any bridge component
and the analysis of that component, applied loads rare not just taken by one part of th‘e
‘bridge, they are taken by the entire bridge as a whole. Instead of calculating
participation factors and a coefficient of thermal expansion for the entire bridge,
empirical correction 'methods can successfully be used to remove temperature from'
the strain data.

The empirical correction more accqrately reflects actual conditio’ns at the
bridge and removes unknown components a'ssociated with theoretical assﬁmptions.
Performing the empiriéal correction alsp takes into acco)unt al_l possible environmental
effects that could cause a change in structural behavior at the bridge, such as humidity
and even soil conditions as the temperature changes throughout the day. The
empirical method can be done with little calculation and only requires having several
zero-load readings included in the load test program. Once all temperature effects are
properly accounted for in the load test data, a more effective model updating and
parameter estimating process can take place.

Unfortunately, only the April 2008 load test took advantage of recording

several zero-load readings during the load test. The December 2000 and August 2001
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load test did have a zero-load reading, although not enough to get an accurate trend
of temperature throughout'thebload test. For this reason, only the April 2008 load test
data will be used to ubdate the bearing pad stiffness values for the manual model
updating portion of this research.

Figure 46 and Figure 47 show the raw and empirically corrected data along with
the four load‘icases removed for manual model updating. These four load cases
correspond to when the fruck is located dose to the center of the bridge and where

survey measurements were recorded.

Girder 3 Raw and Empirical Data and Load Cases
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Figure 46: Girder 3 raw and empirical data with manual model updating load cases
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Girder4 Raw and Empirical Load Cases
30.00

2000

1500 Measured Load Cases

Aeasured
10.60

Relative Strain (microstrain}

Empinicallyy
Corrected

~10.00

Time

Figure 47: Girder 4 raw and empirical data with manual model updating load cases

A similar correction that was applied to the Girder 3 and Girder 4 sensors was
also applied to the girder 5 top and girder 5 middle sensors. Figure 48 and Figure 49
show the raw, theoretical, and empirical data for girder 5 top and girder 5 middle

sensors respectively.
N
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Girder 5 Top Raw, Theoretical, and Empirical Data
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Figure 48: Girder 5 top raw, theoretical and empirical Data from April 2008 load test, with three zero-
load data points and trend lines included
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Figure 49: Girder 5 middle raw, theoretical and empirical data from April 2008 load test, with three
zero-load data points and trend fines included
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Similar to the load cases pulled from the girder 3 and girder 4 empirically corrected
data, four load cases at the same time were created from the girder 5 top and girder 5

middle empirically corrected data, see Figure 50 and Figure 51.
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Figure 50: Girder 5 top raw and empirical data with manual model updating load cases
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Figure 51: Girder 5 middle raw and empirical data with manual model updating load cases
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4.3.5 — Interpretation of Results

In all of the measured data, it can be seen that there is a general positive slope
in the line with consistent variations. These variations are times that the load test
truck is on the bridge. The values spike back up to the zero-load line when the truck is
driven off of the bridge, when it is turning around preparing for the next run. Figure
52 shows a snapshot, for example, from the girder 3 output. The graph shows thé
empirically corrected data which includes spikes due to traffic being allowed to pass
between runs, strain values obtained from SAP2000°® at the seven stop locations, and
the empirical values at those same seven stop locations. Refer to Figure 17 for the

stop locations on the bridge plan.

Girder 3 Empirical Data, Truck Location, and Modeled Response
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Figure 52: Truck run #3 snapshot for girder 3 with empirical data including traffic, modeled values at
’ stop locations, and empirical values at stop locations

Between each stop location, traffic was allowed to pass on the opposite side of

the load test truck which accounts for the spikes seen between the time which the
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truck is stopped at each location. The linear trend for points two through four can be
related back to the linear correction performed on the measured response data. The
modeled strain values from stop five to stop seven reverse slope and go higher, which
makes sense since the center of gravity of the truck has passed the centerline of the
bridge past those points. This is seen in the empirical data, however not as much and
that could be contributed to the linear correction not accurately capturing that portion
of the data. If more zero-load readings were taken, it could be possible to perform a
polynomial fit and therefore correction that would obtain a more accurate set of

empirically corrected data.
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- CHAPTER YV

MODELING PROTOCOL FOR ROLLINS ROAD BRIDGE

A goal of the Rollins Road Bridge Research. Prdject is to create an analytical
predictiye monitoring based model to accurately capture the behavior of the bridge.
While creating the model, reséarchers ensured usability was maintained and that tools
available for the creation and 'usé of the model were incorporated. Two different
programs were looked at fo_r modeling, GT StrudI® and SAP2000°®. Specific structural
properties such as carbon fiber reinforced polymers in the concrete deck, the New
England Bulb Tee Girder, prestressing pattern, and the steel‘ reinforced elastomeric
bearing pad were included in the model. Five special topic studies were also done to

verify results and ensure that the desired results were being achieved.

5.1 - Program Selection

Modeling is an important part of a value-added SHM program. A project goal
was to pass a model along to the NHDOT for use in developing their internal SHM
program. Due to this, it was important to use é modeling program that the personnel
at the NHDOT were already familiar with. The NHDOT currently owns both GT Strudl®

and SAP2000®. Therefore, these two programs were the two primary software
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packages investigated for modeling RRB. GT StrudI® Version 28 was first used by the
research group for this project.

One big draw to GT St’rudl® in the beginning was the ability of the program to
directly export the stiffness of modeled structures. GT Strudl® is a command driven
program which leads to some advantages and disadvantages. The advantages include
the ability to make changes to a text file, which would then be run to update the
model instead of having to find specific nodes or elements in a graphical user interface
(GUI) to change properties. Using thé text file also presented some challenges;
anything that needed to be modeled must be first written out or done in a basic GUI.
vI‘)ue to some difficulties in using GT Strudl®, SAP2000® was investigated further and it
was determined that SAP2000® also has the capabilities to export the stiffnesg matrix
of modeled structures.

SAP2000® contains an advanced programming interface (API) which would
allow for a seamiess integration between SAP200v0® and a MATLAB® based parameter
éstimation program éurrently ‘under development at UNH called MUSTANG (Model
Updating STvructuraI ANalysis proGram). " GT Strudl® does not have these API
capabilities. MATLAB® and SAP2000® are also industry partners which also makes
programming MUSTANG much easier. Another huge benefit of SAP2000® over GT
StrudI® is contains the Bridge Information Modeler (BriM™) which is a GUI, step-by-
step wiéard that allorws user to constructra bridge model.

The BrIM™, a portion seen below' in Figure 53, allows for an easy graphical

creation of the bridge model. Users can decide whether to create a basic or complex
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bridge model using the BrIM™. The BrIM™ also offers the NHDOT a friendly module
that can be used for model creation of different bridge types. SAP2000® has the ability

to view the model as a stick model or extruded, where the actual appearance and

thickness of different elements are seen. This makes the model more visually

appealing, adding value to the use of SAP2000°.
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Figure 53: SAP2000® Bridge Modeler (SAP2000, 2007)

In the model creation portion of the Brim™, the amount of ‘discretization for
size of shells in deck and amount ofv discretization in the girders are user defined
variables. Once the base model is created using the BriIM™, the model can be
modified through property and material definitions as seen fit to transform the model
from a design model to a monitoring model. Benefits to using SAP2000° including

usability, appearance, linkability between SAP2000® and MATLAB®, ease of creation,

and a more advanced user interface made clear the selection of SAP2000°.
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5.2 - Initial Modeling

The first analytical model of RRB was created in GT Strudl®, modeling the NEBT
as frame elements and the deck as shell elements, as seen in Figure 54. The original
plan was to put a considerable amount of time into node creation and load position
correlating to the load test so that the weight of the truck can easily be transferred to
the modeled deck through nodes. Nod‘es were specifically creéted at the point of
truck load a_ppliéation. The material properties in the'_ GT Strudl® model were user
defined, but not applied easily. ‘The need fqr several calculations to get the correct
elements modeled correctly made it tedious, and then the element did not show up as
a visual representation.

- In order to model the NEBT section properly in GT Strudl®, wide flange séction
properties had to be modified to rﬁatch that of the NEBT. There was vaISo.difficuIty in
trying to get the bridge deck and NEBT frame members to act in composite aétion. The
use of “master” and “slave” joints was attempted, however that was not successful
because the joints on the edges of the deck were not associatéd with a girder
underneath, so they did not deform with the rest of this structure. During the time
when the problem Wa§ being investigated, the decision to use SAP2000® was made.
The time to create a comparable model using the SAP2000® BrIM™ took about 15
minutes while the first GT Strudl® model already had many hours already devoted to

it.
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Figure 54: GT Strudi® bridge model (GT Strudl, 2007)

Using SAP2000® and the BriM™, the end model was visually‘ appealing,
relatively easy to create, and results were accurately and easily obtained. The original
plap for modeling was to create three models; model 1 having the girder as frame
elements and the deck as shell elements, model 2 having the girder as frame elements
and the deck as brick elements, and model 3 having the girder and the deck mode!ed

as brick elements.

5.3 - Modified Modeling Plan

Once the research project was underway, the initial model planned was
refocused on including specific elements and environmental impacts. The goal of
creating a usable model for the NHDOT SHM program was still maintained, however

the focus of that model was slightly modified. The first model, GT Strudl® model, was
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used for comparison bétween the software programs. The second model was created
using the BrIM™ in SAP2000°.

Once the design based model was created using the BrIM™ to a degree of
satisfaction, the bridge modeler was turned off, allowing researchers take full control
of element properties included in the model. The use of the BrIM™ takes full
advantage m“ a}II the research done by Computer & Sfructures, Inc. (CSI) for the
creation of the base bridge model and then allows researchers to build‘ upon that
model to reach the final goal. Structural components included in this monitoring
model were prestressing tendons in the girder, CFRP reinforcement inb the deck, the

bridge rail, and boundary conditions modeled as springs with prescribed stiffness.

5.3.1- Modeling the CFRP Reinforce Concrete Deck
The deck was‘ modeled using design .plans for RRB and measured distances
(Bowman M. M., 2002). No as-built drawings were available for this bridge deck, so
between Bowman’s (2002) data and the design plans, researchers felt fairly confident
in the dimensioning for the deck. CFRP reinforcement in the deck was included once
the bridge modeler was turned off and the type of finite elements used fbr the bridge
deck was changedﬁfrom shell elements to layered shell elements. The deck of RRB
contains two layers of CFRP reinforcement, one above and one below the centroid of
“the deck section.
In order to correctly model the CFRP material, the material specifications,
modulus of elasticity, and density were obtained from previous work (Bowman M. M.,
2002) (Trunfio, 2001). The thickness of the CFRP throughout the entire width of the
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deck was maintained to keep the correct moment of inertia in the transformed section
and having the ability to model it in SAP2000°®. Since 'the layered shell material was
throughout the entire thickness, not just present every 6-inchés, the modulus of
elasticity was transformed to capture the same be}havior as it is placed in the bridge.
The modification was achieved by taking a ratio between the actual area of CFRP in the
. cross section and the modeled area and then reducing the modulus of elasticity for the
layer. A graphical representation of the steps list above can be seen in Figure 55 and
calculations are contained in Appendix A — CFRP Reinforcement Calculations. Figure 56
shows the SAP2000° shell section layer definition window and how the material

properties, distance, and thickness were specified.
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Figure 55: Graphical representation of how CFRP is modeled as layered shell element
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Figure 56: Layered shell properties for RRB deck (SAP2000, 2007)

532- Modeliﬁé the Prestressed/Pre;:ast/HPC NEBT Girders

The SAP2000® BriIM™ contains preloaded con;rete girder sections. Those
sections can be used or modified depending on the properties of the girder located at
the bridge. This was one big benefit to using SAP2000®; and it contains all of these
different options which makes model easy for all bridges, not only RRB. GT StrudI®
does not have the capabiliﬁes to import such sections into the prografn, the company
was contacted and they explained that it was not under the scope of their‘program.
Figure 57 shows the preloaded AASHTO PCI bulb tee included in the BriIM™ with the

modified dimensions to match that of the NEBT.
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Figure 57: Preloaded NEBT section in SAP2000®

Prestressing tendons were included in the RRB model to accurately capture the
‘bending behavior of the girders. . SAP2000® has the ability to add strand patterns, see
Figure 58. The two d,eflectibon point pattern used at RRB was one of the many options
’in the BriM™. The design plans were used for all of the stressing, arrangement, and
steel specification information. Losses were calculated using the AASHTO Bridge Code
(AASHTO, 2004). The use of these values was validated through NCHRP Repért 496
which looked at the actual Iossesv at RRB and compared them with losses calculations
using AASHTO (Tadros & Al-Omaishi, 2003). During fabrication, special care was taken
to ensure that the strand pattern was accurately laid out, as prescribed in the plans,
and researchers were present at time of prestressing and pouring of the precast

girders to ensure compliance. Due to the research driven nature of this project, there
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was extra control in all aspects of construction, which allows researchers a high level of

“confidence that the bridge was constructed as designed and specified.

ZoomFul§ 5 L

+Catrdinate Sy

oo

Siap To This eyttt
& None

" Peference Line
ZoomFul - % - e i1 Tenden

Span
Spari Dist.

Seclion

TTTTT
i,

]

Figure 58: SAP2000? bridge tendon layout (SAP2000, 2007)

5.3.3 — Modeling the Steel Reinforced Elastomeric Bearing Pad

Steel reinforced elastomeric bearing pads support the Rollins Road Bridge on‘
the abutments which transfer all loads into the ground. The bearing pads have three
different possible directions of motion, as seen in Figure 59, caused by axial load, shear

forces, and rotation.
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Figure 59: Deformations of a laminated elastomeric bearing pad (Stanton, Roeder, Mackenzie-
Helnwein, White, Kuester, & Craig, 2008)
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The steel reinforced elastomeric bearing pad‘s were a focus of this research,
because there is not a conventional equation to calculate the horizontal stiffness,
which will be discussed in detail in this section. Visual inspection showed no craéking
or deterioration in the deck ér girders. Representatives from D.S. Brown, Inc. have
stated that the elastbmeric bearing pads have a service life of Up to 75-years.
Research has been conducted beyoﬁd the initial research performed Iby AASHTO on

both the axial and rotational stiffness of steel reinforced elastomeric bearing pads in

- order to develop bearing pad stiffness (Stanton, Roeder, Mackenzie-Helnwein, White,

Kuester, & Craig, 2008). This research and physical testing, has resulted in two
equations, seen in Equation 4 that can be used to calculate axial and rotational
stiffness for one layer of the eIastorﬁer. Combining the layers of elastomer and steelk
together results in an overall stiffness for the bearing bad (Stahtdn, Roeder, &
Mackenzie-Helnwein, 2004). Calculations of the bearing pad stiffness can be seen in

Appendix C — Calculation of Reinforced Elastomeric Bearing Pad Stiffness.

Equationw4: Axial and rotational stiffness of one layer of elastomer (Stanton, Roeder, & Mackenzie-
Helnwein, 2004}

P EA(A; + B,S?)

A, t

M _El
K, =—=—(A, +B.S%)
6, t
A total of ten, 16-inch diameter, steel reinforced elastomeric bearing pads are
installed at RRB, one at each end of each girder. The bearing pads allow slight vertical
compression while allowing the beam to rotate. Modeling spring boundary conditions,

via links, in SAP2000° is also fairly simple.  The BrIM™ allows for several different types
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of boundary conditions to be used, from traditional fixed or pinned connections, to
user defined links. When links are used, the user is allowed to specify stiffness in all
- directions, as seen in Figure 60. Links are used because they can be updated in the
model updating process and more accurately capture tﬁe behavior of the actual
bearing as opposed to a pinned or fixed cbndition. In the U2 directions (translatibn
parallel to the abutment) a stiffness of 1.000E+09 is used to shoW fixity .in those
‘directions and in the R1 and R3 directions (rotation about a line normal to the
abutment and about a vertical line) a stiffness of 1.000E-09 is used when rotational
stiffness is not included. These values are specifi’ed instead of using the option to be
fixed or free in the SAP2000® program window because using those options caused
numerical instability in the analysis. Using values that accurately represent fixed and

free did not cause the numerical instability but essentially gave the same response.
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Figure 60: Stifness parameters for modeled reinforced elastomeric bearing pad (SAP2000, 2007)

Stanton et al. (2008) has equations to calculate axial and rotational stiffness of

the elastomeric bearing pads, however does not provide equations for the calculation
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of horizontal stiffness caused by shear effects. That value is what was used in the

manual parameter estimation exercise for this research.

5.3.4 — Modeling the Bridge Rail

The bridge rail at Rollins Road Bridge is a cast-in-place concrete rail. The use of
concrete bridge rails is replacing the conventional aluminum/steel guardrail for NHDOT
bridges. The rail will be modeled as a frame element and connected to the bridge deck
”through links since, as seen in Figure 61, it is connected to the bridge deck using

stainless steel reinforcement.
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Figure 61: Section view of bridge rail connection to bridge deck (NHDOT Bureau of Bridge Design, 1999)

5.4 - Special Topic Studies

Five special topic studies were conducted during this research project. Special

studies are meant to examine specific, smaller issues that affect modeling. The studies
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try and ensure that the behavior is being properly captured or help find a more
universal way of doing a process that makes modeling easier. Special studies tie into
the goal of maintaining model usability while enhancing capabilities. The five studies
include hand calculations to verify the SAP2000® model, hand calculations to verify
strain obtained from the SAP2000® model, looking at the stiffness matrix export from
SAP2000°, looking at akn easier way for load application, and looking at the different

ways to apply thermal load in the model

5.4.1 -Hand Calcqlation Verification of SAP2000°® Model

The étructural properties included in the model are known to a high degree..
However, including these structural properties without any verification would make
that data blindly valid. Several stéps were taken to verify the bridge was being
- properly modeled, and the desired results were being extracted froﬁ’n the analysis. -To
do this verification, hand calculations were performed using structural analysis and
bridge design techniques to obtain numerical results to then compare to the SAP2000®
output. The model that was used in these hand calculations and modeled separately
from the RRB model in SAP2000® was a reduced model. The model was reduced for
ease of hand calculation, and because this is a verification. The hand calculations
.would be tedious to verify the entire bridge model, however if individual components
are verified, it can be assumed that the model as a whole is performing as desired.

This reduced model maintained the geometry of RRB was simply supported and
did not have the prestressing fofces. The prestressing loads and strand pattern were
known to a high degree of certainty. In hand calculations, as assumed with the NDT
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load test, the bridge remains in the linear elastic range which also simblifies
calculations. The CFRP remained in the model for hand calculations>to ensure it was
modeled properly using transformed sections. The base material for the transformed
section was the girder concrete, and the deck and CFRP were transformed. In the
hand calculations, a point load of 100-kips ’was placed at the midspan of the
transformed section. A similar load was placed in the SAP2000® model, discritizing the
point load along the width of the bridge deck to total the 100-kips put in the hand
calculations. All of the hand calculations can be seen in Appendix D - Calculations for
Model Verification. Both deflection and strain measurements were calculated and
compared to the SAP2000® model. The results of the hand calculation versus

SAP2000° can be seen in Table 12.

Table 12: Hand calculations and SAP2000® model comparisbn for deflection and strain

Hand Calculated SAP2000°® Model | % Difference
Deflection 0.253 0.243 1.94%
inches »
Strai '
Strain 24.9 25.7 3.21%
microstrain

With this information, as well as all of the details included in the model listed above,

researcher had a high confidence in the accuracy of the model of RRB.

5.4.2 — Obtaining Strain from SAP2000® Model

In order to compare the data from the SAP2000® model to the measured
response, én important calculation had to be performed. The output from the beam
elements, the girders, in SAP2000® is only displacements, axial force, bending |

moment, and shear. These outputs values must then be translated into strain.
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'Initially, researchers used axial force and bending moment in the girder and then using
the geometry of the girder transformed those values into strain. After a close
examination of these values, it was determined that they did not accurately capture
the composite action, between slab and girderf occufring at the bridge.

Several\ other methods to get strain were thought of, including re-modeling the
entire bridge using solid elements, in which strains caﬁ be taken directly. However
that method would require entirely remodeling the bridge in.a much rﬁore difﬁcult
fashion, reducing the usability of the model. It was finally determined tHat the
displacement of the deck and girder could be manipulated to find straih values. Siﬁce
the behavior éxhibited by the bridge is within the linear elastic range of the material, if
can be assumed that the strain is linearly varying throughout the depth of the bridge.
Using this principlé the deflection, bot'h_ x and y, values from SAP2000® can be
extruded for the nodes that comprise the deck above the sensor location, as well as
the nodes that comprise the girder at sensor location. Once these values are obtained,
and the initial values are knéwn, strain at the deck level and girder center line can be
calculated, and then linear interpolation allows finding the exact strain value at the
depth of the strain gauge. | Figure 62 shows a basic diagram on how strain is calculated.

" Knowing the new and original length of both elements, the difference between new

and original length over the original length equals the strain value at the deck and

girder levels. This can then be transformed to any depth in the bridge cross section.
Sample calculations to obtain actual strain values can be seen in Appendix E — Strain

Calculations.
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Figure 62: Strain calculation diagram

5.4.3 - Stiffness Matrix Export

The capability for SAP2000® to export the stiffness matrix of models was an
important charaéteristic for choésing SAP2000°®. This special topics rstudy was done to
verify the output from SAP2000® compared with conventional stiffness calculations.
This was done by comparing the SAP2000® output to hand calculations using matrix
structural analys‘is techniques. A simple cantilever Beam was modeled in SAP2000°
with a distri_buted load. The same cantilever beam was analyzed using matrix
structural analysis, and the results were compared. An illustration of the cantilever

beam and both hand (MATLAB®) and SAP2000°® outputs can be seen in Figure 63.
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Figure 63: Modeled cantilever beam with MATLAB® and SAP2000° stiffness matrix output

The.out_put from both methods compare within a reasonable accuracy. This mat‘ching
of stiffness matrices will allow for the programmers of MUSTANG to take full
advantage of the exported stiffness matrix from SAP2000®. This tie eliminates the
need for a parameter estimation program to develop its own stiffness matrix. It also
takes full advantage of the time and research taken place for the development of

SAP2000°® to model such integrate structures and export the stiffness matrix.

5.4.4 — Load Application

Typical load application is achieved by applying a load to a node in the model.
The BrIM™ has a predetermined pattern for creating joint locations in the bridge
model,.not necessarily where the truck will be. A similar problem was seen in the GT
Strudl® model, and the solution was to place nodes where there was a point of load
application. That led to confusing creation of shell eléments to get a solid deck. There

could be an infinite number of different locations for load application during a load
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test that may not necessarily already be a point. Typical load application is done by a
truck, whicH in realty are applying the wheel loads over an area. Trying to get these
loads modeled properly on the shell elements proved to be a challénge.

If a finite element mesh was created and the area loads were applied to this
separate mesh, resultant forces could be calculated at points of actuél node locations
on the bridge. A fine mesh, using 3-inch spacing, was created to obtain .the force
resultants. Once this mesh was created, it could be moved to any place on the bridge
to find resultant forces. This universal method proved to be useful during the analysis
portion of this research project, allowing loads to be applied in different locations on
the bridge depending on the specific load case. Once the mesh was moved to the area
of load application, the equivalent area loads were apblied to the rﬁesh model, and the
two existing nodes on the deck were selected as boundary conditions in the mesh
model. This was done for all areas of load application and the mesh model was run.
The resulting reaction forces from the mesh model where then applied to the deck

nodes, as seen in Figure 64.
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Figure 64: Truck load mesh to bridge deck graphic

The use of force resultants can be done because the focus of the .Ioad tests was
to look at the overall effect on the bridge. The sénsors used in the analysis were in the
girders, so local effects from the truck wheels were not of concern. It also takes full
advantage of using the BrIM™, while still being universal enough to apply loads to
existihg nodes at any Iocatioﬁ on the bridge. Future analysis and load tests at UNH will

use this method.

5.4.5 - Thermal Load Application

A special topics study was performed by an undergraduate research assistant,
Jake Carmody, to validate the behavior of a beam under thermal loading in SAP2000°®.
Jake performed typical hand calculations to determine the displacement of a uniform
beam. He then used those hand calculations as a benchmark to compare two
SAP2000® models. Jake modeled the beam as a shell element and solid elements. The

displacement calculated from hand calculations was 0.0264-inches, the shell element
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beam had a displacement of 0.0277-inches, and the solid element beam had a
displacement of 0.0265-inches. All well within a 5% difference which is acceptable for
these types of calculations. Figure 65 shows an example SAP2000°® output for the

analysis done during the temperature special study.

Pt Obj 81
Pt Elm: 81
U1 = .0265
U2 =-0003

Figure 65: Sample output from SAP2000° for temperature special study

5.5 - Use of Rollins Road Bridge Load Test Data

The Rollins Road Bridge provides an invaluable field lab and research facility to
collect structural response data. The original 2000 testing and instrumentation
programs for RRB did nqt include long-term SHM. For this reason, theré was difficulty
using the previous load test data sincé initial strain values were not known. Since
initial strain values were unknown, it was hard to determine the change in behavior
from an “initial” state to the state during the load test. The definition‘of initial is also

an arbitrary choice. There really is no time in the bridge’s life that can be used as an

99



initial state since it is not created perfectly in a vacuum. If a strain reading right before
the bridge was opened to traffic was obtained, that could have been used as the initial
reading providing all environmental factors were also recorded. Since the 2008 load
test was created for the purpose of structural health monitoring, researchers included
three zero-load points which allowed the temperature data and all other
environmental effects to be removed from the load test data, which made the

comparison between load test data and model analysis results data possible.

5.6 — Three-Year Analysis of Rollins Road Bridge Load Test Data

Analysis was attempted using all three years of data to capture the global
response. However the results showed that environmental factors such as
temperature and humidity had such a large effect and the lack of initial readings for
the strain gauges made a proper comparison of the data to the analytjcal model
difficult. The results from this attempt can be seen in Appendix F — First Analysis of
Rollins Road Bridge Load Test Data for All Three Years. Researchers determined that
using all three years of data was not practical due to lack of critical information,
however the correction of the 2008 load test data would provide that critical

information.

5.7 — 2008 Analysis of Rollins Road Bridge Load Test Data

The analysis of the condition of Rollins Road Bridge through model updating
was performed using the corrected 2008 load test data and the SAP2000® model to

perform condition assessment on the steel reinforced elastomeric bearing pads.
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Correcting the data allowed researchers to see structural response caused solely by
applied truck load and removed ambiguity caused by environmental factors, as seen in
Figure 66. The 2008 load test data was corrected for temperature effects, as seen
in Section 5.4 - S.pecial Topic Studies. With this correction, a change in strain due to
applied load became the focus. In order to properly compare this with the analytical
model, a procedure had to be developed in order to look at the same thing in the

model that was now being observed in the data.

Figure 66: Measured strain to strain due to applied truck load diagram

5.7.1- Establishing a Running Benchmﬁrk for SAP2000°® 2008 Model

Since temperature and environmental effects were removed from the
measured data set, thg strain values are only due to the applied truck load. In order to
havé the SAP2000® model reflect this Same condition, two models had td be created.
The reason for these two models is because prestressing forces in SAP2000® are

modeled as a force, not a behavior. The modeled CFRP is modeled in a way that the
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behavior is captured when an analysis is run, however the prestress Ieed case must be
run in order to capture the behavior of the prestressing forces. Due to this, prestress
and dead load were modeled for one model while prestress, dead, and applied truck
loads were modeled in another model. Figure 67 shows how two models were
created, and the difference between those resulted in strain due to applied truck load,

matching the output from the measured data.

Figure 67: SAP2000® modeled strain data to strain due to applied truck Ioad

This benchmark model had -aII structural components modeled as the best
estimate at current bridge conditions. Calculations of bearing pad stiffness were
maintained, and since the bridge is in such good structural conditions, researchers
have a high degree of confidenee in medeled structural parameters such as area,
modulus of elasticity, and moment of inertia. The strain values from the model are

determined through techniques described in Section 5.4 - Special Topic Studies.
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Since the condition assessment was perfdrmed on the elastomeric bearing
pads, the stiffness values were modified in the model to match the measured
behavior. Since researchers wanted to examine the change in behavior from a zero-
load state to an applied load state, the modeled response had to be compared back to
a zero-load state, benéhfnark, modei with the same bearing pad stiffness as the
applied load model. For each set of bearing pad sti;‘fness case, a benchmark model

was created and benchmark strain values were obtained.

5.7.2 - Established Model Loads

The applied truck loads are simple to establish in the model, the wheel weights
are known, weighed at the RRB test site, the Ioéation of the truck is dependent on the
load case being analyzed, and using the truck mesh the loads are applied to the nodes
of the model. Using the measured wheel weights and truck load mesh, node loads are
~ calculated and applied to the SAP2000° modgl in four different load cases, depending

on the location of the truck.

5.7.3 — Established Measﬁred Response Values

Once the measured data was corrected for temperature, as mentioned in
Section 4.3.3 — Empirical Thermal Correction, a small bit of analysis had to be
performed to get the strain readings into compared strain data. The times at which
the load case occured were noted, and pulled from the corrected data set. This
resulted in about 25 data points, per sensors, for the time thevtruck was at that

position. A 95% confidence interval was then performed on the mean of those
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numbers, to determine if the data was within acceptlable limits. The strain gauge
tolerancelwas set to +0.40-microstrain (Bowman M. M., 2002). Ail variation in th‘e
data was well within 0.25-microstrain over.the one to five mvinute period of recording,
which was determined to be acceptable by researchers. Table 13 shows the resulting

measured strain values for the load test data with environmental factors removed.

Table 13: 2008 measured strain values corrected for environmental effects

Channel 32 | Channel 3 Channel 5 | Chahnel 6
Girder 3 Girder 4 Girder 5 Girder 5
Top Top Middle Top
2008 LC1 -5.21 -4.67 2.85 -5.59
2008 LC2 -4.88 -3.21 2.82 -3.44
2008 LC3 -4.58 -2.59 -1.11 -1.46
2008 LC4 -2.39 1.85 -0.99 2.81

- 5.8 — Load Test Data to SAP2000® Comparison

With corrected data from the field measurements, data from the SAP2000®
model, and a running benchmark SAP2000® model, the change in strain reading
between the SAPZOOO® model and the running benchmark was determined and could
be compared with the empirically corrected strain value in the manual model updating
process seen in Chapter Vi: 1Manua| Model Updating. This data WiII also be used for
full scale parameter est%mation and model updating exercise once MUSTANG is fully

developed by a fellow graduate student researcher, John Welch at UNH.
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CHAPTER VI

MANUAL MODEL UPDATING

There are open source parameter estimation programs, such as PARameter
Identification System Software (PARIS®) from Tufts University and Damage
Identification and- MOdal aNalysis for Dummies (DIAMOND) from Lés Alamos Labs
(Sanayei, 1997) (Los Alamos National Laboratories, 1997). This research specifically
looked at PARIS®. MUSTANG (Model Updating STructural ANalysis- proGram) is
currently under development.at UNH and will be able t§ handle the shell and solid
elements, along with being tied to SAP2000®. The objective for the RRB required shell
elements for accura‘tely modeling of the bridge span. The exported stiffnéss matrix
from SAP2000® on the RRB model was a 7704 square matrix, resulting in 59 million
yalues. With a matrix this size, it is not possible té do successful parameter estimation
without an automated program. Another graduate student research assistant will use
the model and data with MUSTANG. - For the focus of this research project, manual
.parameter.yestimation will be performed to show how the process works on a local

level which will then be taken to the global level when MUSTANG is running.

105



6.1 — Three Data/Model Comparisons

There were a total of three comparisons done on using the‘ data obtained from
the RRB. The first analysis which did not provide the desired results can be seen in
Appendix F — First Analygis of Rollins Road Bridge Load Test Data for All Three Years.
The second and third analysis were done on the 2008 load test data that had been
corrected for environmental factors, as described in Section 4;3 - Environmental
Effects on Bridge Response. The second analysis looks at the effects of modifying the
horizontal stiffness value in the model in order to obtain a match to measured
structural response. In the second analysis the vertical and rotational stiffness values
of the elastomeric pads were also modified to see the effect on the model response.
Once the d}ata SAP2000® model matched the measured response, the third analysis
shows the importance of included specific structural properties in the RRB SAP2000®
model. This is by removing those structural parameters that were included to show
what the response would be if they were not included in the analysis. The MUSTANG
Research Project will examinek the values of structural paramete-rs such as area,
moment of inertia, and modulus of elasticity using the data obtained' from this
research project.

For secrond analysis of the 2008 model all structural components, CFRP,
prestressing, and bridge rail, were kept in the model. Manual parameter estimation is
performed on the RRB model, specifically on the bearing pads, by modifying the
stiffﬁess in three directions, vertical stiffness (z-direction, compression), horizontal

stiffness (x-direction, shear), and rotation about the abutment (ry-direction, rotation).
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All bearing pad stiffness values were kepf consistent for all 10 bearing pads in the
model, which can be referred to as grouping (Sanayei, Imbaro, McClain, & Brown,
1997). The axial and rotation stiffness values that were calculated in Section 5.3.3 -
Modeling the Steel Reinforced Elastomeric Bearing Pad, were kept constant for the
final case when the horizontal stiffneAss values was changed to get a match between
change in model response and change in measured data. Separately modifying
stiffness values will be a focus of the runs in MUSTANG as part of future work.
Parameters such as modulus of elasticity and moment of inertia for specific elements
will also be included in the parameter estimation. However, for the-scope of this
research project those properties were not examined in the manual parameter

estimation.

6.1.1 — Analysis of Modifying Bearing Pad Stiffness

Table 14 shows the five different support conditions (SC) used in second
manual modél updating analysis. The vertical stiffn-ess values and horizontal are
modified in the first four cases, and the fifth case shows that modification of the
horizontal stiffness value must be done in order to get the change in model strain to
match the measured change in strain. The error of +0.40-microstrain shown in the
error bars for the measured strain correSponds to the accuracy of the gauges as set
when installed. The manual model updating results can be seen in Figure 68, Figure

69, Figure 70, and Figure 71.
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Table 14: Manual model updating cases and corresponding bearing pad stiffness values for second

analysis
Vertical Rotational  Horizontal
Stiffness Stiffness Stiffness
(kips/in) {kips/rad) {kips/in)
Support Condition 1 46833 224651.5 fixed
Support Condition 2 46833 free fixed
Support Condition 3 fixed free fixed
Support Condition 4 46833 fixed fixed
Support Condition 5 46833 224651.5 10000
Girder 3 Top
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Figure 68: Manual model updating using girder 3 top strain sensor
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Figure 69: Manual model updating using girder 4 top strain sensor
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Figure 70: Manual model updating using girder 5 top strain sensor
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Figure 71: Manual model updating using girder 5 middle strain sensor

The figures above show how by changing the bearing pad stiffness, updating
the model, the response of the model matches that of measured structural response.
The model response matches the measured responsé fairly well in support condition 5°
when fhe horizontal bearing pad stiffness value is modifie;d from the fixed condition.
Further analysis using a parameter estimation and model updating program will be
able to get a more precise value by varying each component independently as part of
an algorithm to obtain the optimal conditions. There is a shift in girder 5 middle which
could suggest a change in the location of the neutral axis. For girder 3, girder 4, and
girder 5 top the change in the model trends follow the change in m‘easured strain
‘trends.

While examining strain is viewed to be a more accurate method for manual
parameter estimation when compared to deflection measurements since there is a
larger opportunity for human error and the reference dependent nature of deflection
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measurements; the deflection measurements that were taken during the 2008 load
test were also used as a way to validate the strain response seen in the figures above.
Figure 72, Figure 73, and Figure 74 show the modeled deflection compared with the
measured deflection. The deflections typically fall within the error bars for the
measured response which gives researchers more confidence in the results obtained
from the strain comparisons for manual model updating. The outliers could be
associated with the variability in the survey measurements due to non-optimal

conditions as previously discussed.

Girder 3 Deflection
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Figure 72: Manual model updating verification using girder 3 defiection measurements
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Figure 73: Manual mode! updating verification using girder 4 deflection measurements
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Figure 74: Manual model updating verification using girder 5 deflection measurements

6.1.2 —- Analysis of Removing Specific Structural Elements
The bearing pad stiffness obtained from the above analysis, support

configuration 5 now benchmark, will be kept constant in the next analysis of modeled
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response. Table 15 shows the four cases that will be used to show the effect of

specific parameters in the model. Structural parameters such as CFRP, prestressing,

and bridge rail will be removed from the SAP2000® model, and the response will be

seen in Figure 75, Figure 76, Figure 77, and Figure 78.

Table 15: Manual model updating cases and corresponding bearing pad stiffness values for third analysis

Vertical Rotational Horizontal
Stiffness Stiffness Stiffness
(kips/in) (kips/rad) (kips/in)
Benchmark 46833 224651.5 10000
No CFRP 46833 224651.5 10000
No Prestress 46833 224651.5 10000
No Bridge Rail 46833 224651.5 10000
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Figure 75: Manual model updating using girder 3 top strain sensor
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Figure 76: Manual model updating using girder 4 top strain sensor
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Figure 77; Manual model updating using girder 5 top strain sensor
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Figure 78: Manual model updating using girder 5 middle strain sensor

These results show :that not including fhe bridge‘ rail in the model had
significant effects on ’;he change in measured response of the bridge model. Removing
prestress and/or CFRP had a smaller effect in change of strain but it must also be
remembéred that this is a change in stfain, so the benchmark model for the base also
has no CFRP or prestress which explains why the values appear to be similar.

As with the second analysis case, deflection measurements were also shown
‘for a second comparison and valida‘tion. Figure 79, Figure 80, and Figure 81 show the

deflection comparison done for the third analysis case.
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Figure 79: Manual model updating comparison using girder 3 deflection measurementsb
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Figure 80: Manual model updating comparison using girder 4 deflection measurements
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Figure 81: Manual model updating comparison using girder 5 deflection measurements

In the deflection comparison it can be seen that not having the prestress
produced the biggest change when compared to measured response. Removing CFRP

and the bridge rail had less of an effect, however it can still be noted.

6.2 — Discussion of Manual Parameter Estimation Results

To reiterate, the only gauges used in the SHM program for RRB were the
gauges embedded in the HPC girders. These gauges are oriented in the longitudinal
direction and cathre the global structural response of the bridge given the loadings.
Using only the girder gauges also limits the computations to a reasonable limit for the
scope of the Rollins Road Bridge Research Project. The 2000 and 2001 load test were
not geared towards SHM and proved to be hof as useful as the 2008 load test which

was specifically designed for SHM purposes. Including three zero-load points allowed
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researchers to remove strain due to change in environmental factors and perform

manual model updating on the structural model to match the measured response.

6.3 — Conclusions on Manual Parameter Estimating Results

The results from the manual parameter estimation show}that the change in
measured structural response 'could match the change in modeled response by
modifying the horizontal stiffness of the elastomeric bearing pad. The final bearing
pad stiffness ended up being 46,833-kip/in in the axial direction (k,), 10,000-kip/in in
the horizontal direction (kn), and 224,651-kips/rad for r'otation (k;}. Figure 82 and
Figure 83 show a quantification of the bearing pad stiffness values used as compared
to a roller, pinned, and fixed connection. This is only to show the effects of the spring
on an example 40-foot beam with a 10-kip point load, not the actual bridge
configuration. The axial and horizontal stiffness remained as calculated since there was
nothing to suggest otherwise, and the horizontal direction was modified to get the
structural response to match. According to Stanton et al. (2008), there are no

standard calculations for the horizontal stiffness value.
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Figure 83: Quantification of bearing pad stiffness results

When this model is run through MUSTANG, structural paramete.rs such as

moment of inertia, modulus of elasticity, and individual bearing pad stiffness
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properties can be modified to see the effect on the modeled response. Including the
abutment and ground conditions into the model and then running parameter
estimation could also give insight into the structural response exhibited by the bridge
in the field. A good way to see if the abutments are affecting the structural response
would be to take survey measurements during the load test and throughout the year
to see how the abutments are moving. This could then be cgrrelated to changes in

structural response of the bridge.

6.4— Variations in Data

Several things may be noted in the results for both strain and deflection
comparison. In the strain comparisons for girder 3 top, girder 4 top, and girder 5 top
there séems to be a large variation between the third and fourth load case. This
variation could be due to the fact that the linear correction applied tended to deviate
from the data the further it went into the load test. This is because it was a linear -
correction done using only three data points, two recorded towards the beginning of
the load test and only one recorded towards the end. In the strain comparisons for
the second analysis have support conditions one through three being grouped very
closé together in most cases. This can be due to the fact that if the stiffness conditions
are examined closely, the ones that would have the greatest effect on the bridge
response are either not changed at all or only changed by a small amount while
keeping the horizontal stiffness fixed.

The deflection comparison shows the variation inherent with the type of survey
measurements and survey conditions that were present during the load test, i.e.
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having the measuring rod in a lift bucket. It would be optimal to take more
measurements and be able to perform statistical operations on the data to remove
any outliers or values obtained that are not what is actually occurring in the field,
instead of just one measurement point. ‘

In the third analysis the strains from the benchmark, no CFRP, and no prestress
are-also groupedg in the same area. This is because the numbers in the graph are
cHange in response, with respect to a benchmark that has the same con{ditions as the
truck load model. The biggest change with not including the bride rail, in both the
truck load model wand the benchmark model for that situation, can be attributed to a
change in the load and configuration 6f the bridge. The third analysis deflection
readings follow a similar group with the benchmark, no CFRP, and no bridge rail béing
grouped together while the no prestressing model shows significant déviafion. This is

obviously due to the effects of camber on the dead and applied load not being

included in the deflection measurements.

6.5 - Optimal Conditions

As seen with the parameter estimation, and the not so successful initial
paraheter estimation run as seen in Appendix F — First Analysis of Rollins Road Bridge
Load Test Data for All Three Years, it is impoftantv when doing a load test for SHM, to
design the load test with that in mind. Also, if a better initial value was known for the
strain readings on the bridge it might have been possible to perform vsuccessful
parameter estimation in the initial analysis. However, not knowing the initial values of
strain, exact environmental factors, and being able to properly model all of those
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environmental factors made doing the initial analysis challenging. As seen in the
second analysis, being able to remove environmental effects from the measured
response data and not having to worry about the initial gauge value, proved to be

useful in the model updating of the RRB SAP2000® model.
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CHAPTER VII

STRUCTURAL HEALTH MONITORING, PARAMETER
ESTIMATION, AND MODEL UPDATING

The Rollins Road Bridge Research‘Project has created a model that captures the
behavior of the RRB. Thfs model has undergone minof manual model updating to
calibrate the model to the observed in the structural behavior. Some trends in the
behavior_pf the model can be observed, however the values are still not exactly where
_they should be. This was to be expected since only minor model updating was done.
MUSTANG will be used to do a full-scale parameter estimation using the model

created and the post-processed data analyzed in this research project.

7.1 - Parameter Estimation

The parameter estimation that will be performed on the RRB SAP2000® model
includes investigating boundary conditions as well as other.structUraI parameters that
affect the stiffness of the strUcture, such as moment of inertia, area, and modulus of
elasticity. Paramet’er estimation uses measured data and a comparative, predictive

model to give validity to both the model and the data. Once the parameters are
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updated and behaviors match, the difference between the design parameters and
estimated parameters‘can be used to show the change in state of the structure.

When a structure is designed, several things are assumed to be known such as
modulus of elasticity (E), moment of inertia (I}, boundary conditions, torsional rigidity
(GJ) and area (A). In the design phase, if finite element models are used, the assumed
EA, El, GJ, and design loads are applied to that model. Finally displacements and
rotations are calculated. Parameter estimation is, in some senses, the inverse to direct
structural analysis. The existing structure is known, with initially assumed EA, El, and
GJ. Experimental loads are applied, through nondestructive test techniques, and the
response of several degrees of freedom are measured. Through the use of a model,
the response data, and parameter estimation software the information is combined
and actual EA, El, and GJ of the structure are determined. Figure 84 shows a graphical

representation of the process of parameter estimation.
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Figure 84: Graphical representation of parameter estimation (Sipple, 2008)

Once this parameter estimation has been performed on the RRB modell,
researchers and the NHDOT Will have an up-to-date model of actual conditions at RRB.
This model could easily be used for special permitting.

During a special permitting operétion that took place in Norco, Louisiana on the
Bonnet Carré Spillway Bridge, Bridge Diagnostics, Inc. and researchers from the
University of South Carolina used a calibratea, essentially parameter estimated, model
to match response caused by a superload passing over the bridge. This model
successfully predicted the response and results showed that the approach of using a
model was the same as the typical load rating procedure. An added benefit of using
the model was being able to seé the global structural response instead of analyzing

beams with distribution factors (Grimson, Commander, & Ziehl, 2008).
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7.2 - Central Artery Parameter Estimation

¢

Parameter estimation and model updating has been successfully perfofmed by
researchers at UNH that are involved in the Rollins Road Bridge Research Project. This
parameter estimation was done on a research project conducted by Tufts University in
conjunction with the University of Néw Hampshire and Geocomp Corporation.

A part of the Central Artery/Tunnel project in Boston, MA was removing the
existing six-lane, steel frame Central Artery viaduct to be replaced with a cut-and-cover
~ tunnel. To allow for the viaduct to remain in service during tunnel construction, the
existing foundations were underpinned using steel frame bents. Once the tunnel was -
opened, the demolition of the viaduct took place which removed the roadway and left
the steel underpinning frames exposed for a short time. While these Qnderpinning
frames were exposed and prior to demolition, rese;\rchers from Tufts, UNH, and
Geocomp performed two nondestructive tests, one a moment frame and the other
braced frame. Strain, rotation, and displacement measurements were taken during
the test in which the frame was loaded using a crane with a load cell between the
crane cable and the structure. Resuilts from this test, as well as a model created in GT
Strudl®, were combined and using in the parameter estimation,‘ PARISO (Santini-Bell,
Sanayei, Brenner, Sipple, & Blanchard, 2008),} see Appendix G — Nondestructive Testing
for Design Verification of Boston’s Central Artery Underpinning Frames and
Connections .

Parameter estimation was successfully performed using PARIS© (Sanayei,

1997), estimating the stiffness of the moment connections in the moment frame. It
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was possible to Qse PARISO for this exercise since the model was created using
entirely frame elements, which PARIS© has full capabilities of using. The model was
created in GT Strudl® to determine geometry, and then those properties were
transferred over to PARIS®’s intérnal FEM protocol. The parameter estimation was
run through PARIS©, the updated connection stiffness valueé were obtained. Those
values were put into a separate GT Strudl® model and the analysis was run again to
confirm the measurements from PARIS@l.

This was an exercise in this research project to determine how parameter
estimation can be performed using a FEM and NDT results. The fixed connections in
the moment frame ha<li a numerical stiffness value of 9.28x10’in-kips/radian which
matches the idea that they had infinite stiffneyss, and therefore fixity (Santini-Bell,
Sanayei, Brenner, Sippie, & Blanchard, 2008). The lessons learned from this exercise is
serving as input in the programming of MUSTANG and aid in the analysis of the RRB
SAP2000® model once MUSTANG is fully functional.

The pfocess for the Central Artery/Tunnel Project ran fairly smoothly, however
it did not take full advantage of the powers of the structural analysis prog‘ram, GT
Stfudl®. Everything that was manually inputted into PARIS© was already modeled in
GT Strudl®. This is the reason why researchers at UNH are currently developing a
program that links the power and intelligence a structural analysis program, SAP2000°,

with a parameter estimation program similar to PARIS© called MUSTANG.
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7.3 - Current Ongoing Research at UNH - MUSTANG

During the permitted process of the Bonnet Carré Spillway Bridge, it took 3,276
strain comparisons from 28 strain gaugesvvand 117 load cases, three truck paths with 39
stop positions to calibrate the model before it was used to match response caused‘ by
the superload (Grimson, Commander, & Ziehl, 2008). This entire process, iﬁstead of
being done by hand or manual model updating, could be ddne using an automated
program suéh as MUSTANG.

MUSTANG usesvthe modeling power and capabilities of SAP‘2000® to get all of
the connectivity tables, joint locations, boundary conditions, element types, material
properties and stiffness matrices used for parameter estimation. MUSTANG will take
full advantage of the SAP2000® Advanced Programming Interface (API) to make linking
MUSTANG with SAP2000® easier. The program and research into linking the two

programs is being performed at the University of New Hampéhire by John Welch.

7.4 - Structural Health Monitoring Program

An efficient SHM takes full advantage of the modeling done by designers
through upgrading the design model to a monitoring model. Visual inspection
information can be incorporated into the model as well as load test programs. This

can allow structural response data from nondestructive testing to provide an

iﬁvaluable resource for bridge owners. This data satisfies needs of bridge owners
including determining serviceability and load capacity, investigating the reliability of

the structure, and giving a record, through models, of the progression of the health of
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the bridge. This information may also be able to provide insight into the how long the
~ bridge will operate at current capacities.

Ensuring all new bridge construction project have a SHM component in the
design of the bridge, whether that be including sensors in the girders or tilt meters
installed after construction, will provide invalua‘ble insight into the health of bridges
well into the future. There has been talk with the NHDOT to include a SHM Iaygr in
their current GIS system, éllowing officialsvto know, at a glance, which bridges are
instrumented and have the capabilities of performing SHM. This GIS layer could go
even a step further when linking up to the data acquisition and processing systems to
alert the NHDOT if there is an abnormal structural response at one of their bridges.
This will allow for a more efficient allocation of time and money which is already
spread fairly thin for DOTs throughout the country.

Retrofitting existing bridges, or even just troubled br‘idges, may be able to offer
the same benefits as instrumenting new construction, if not more. Instrumentation of
aging bridges could allow bridge owners to see which bridge is most in need of
structural repairs. With existing bridges, instrumentation incorporated into a GIS layer
may also serve to provide an early warning for changes that could affect public safety.

RRB was instrumented for the IBRC to look at prestress losses and performance
of the CFRP in the deck. This research project successfully took that instrumentation
plan-and used it to find the global structural response for SHM. This same process can

easily be repeating on other bridges in the state of New Hampshire that have been
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instrumented as part of the IBRC to examine structural behavior and eventually be

included on a GIS layer linking the data acquisition and processing systems.
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CHAPTER VIII

CONCLUSIONS, FUTURE WORK, AND
RECOMMENDATIONS

8.1 — Key Observations

During the course of thisi research project therg were several key observa‘ti_ons
made. Some of those observations include the large efféct that temperature has on
the relatively short span Rollins Roat_i Bridge. Change in environmental conditions and
the resulting change on the bridge must\either be included in the modeled ’aspect or
accounted for in the measured structural respénse dafa. The stiffness of the bearing
'.pads was updated solely for the reason of experimentally determining the horizontal
stiffness of the elastomeric reinforced bearir]g pad, the one stiffness value not given
through experimentally verified equations. The linear correction can be Seen when
closely examining fhe measured response; however this does not capture all of the
data, specifically towards the end of each run. Using more zero-load points and a
parabolic correction could better correct the data and therefore capture a more
accurate structural response caused by applied truck load. The effects of including the
bridge rail can be seen when that element in removed during the thirdv analysis.
Another option to deal with the bridge rail would be to break up the element that
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models the bridge so it is not modeled as a continuous bridge rail, which would more

accurately reflect how it is cast on the bridge..

8.2 - Conclusions

The RRB load test data shows that the structural performance of the CFRP grid,
concrete deck, and concrete girders matches the excellent rating from visual
inspections. The strain yalues are eithef bounded by, or shown to be less than the twd
pri0|; tests performed in December 2000 and August 2001. It is difficult to do an exact
data-to-data comparison since testing conditions different from 2000/2001 to 2008.
The difference between 2000/2001 and 2008 load tests included stopping locations
and gross weight of the truck. The reason for the differences in stop locations was
because the goal of the 2008 load fest was to observe global response while the
2000/2001 load tests ekamined local response in the CFRP and deck. The performance
of the CFRP was an important aspect of the project, however not the ultimate goal.

A monitoring model, wifh added specific structural components, was created to
capture the behavior of the bridge. The effects of removing those components can be
seen in the third analysis of the data. This model and the data from the load test is
currently in a phase where it can be easily taken over by .a fellow researcher, John
Welch, to be used in the first major parameter estimation exercise of a parameter
estimaﬁon program being developed at UNH called MUSTANG (Model vadat'ing
StrucTural ANalysis proGram).

As noted in the current bridge inspection report, there are no visible signs of
deterioration or cracking, which caused the main focﬁs of the parameter estimation to
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be the horizontal stiffness of the elastomeric beafing pads. Visual inspections will
continue to be performed art RRB, and once there.is noted deterioration, the model
will be easily updated to model that change in behavior. The modeling of structural
deterioration will also allow that deterioration to be quantified as a reduction’in area,
moment of inertia, or modulus of elasticity instead of a note on an inspection report.

Environmental effécts, including tgmperature changes, had a{much larger
effect on load test data than originally expected. The change in temperature
thrqughout a three hour load tests overshadowed the effect of a 19-ton truck.
Environmental effects can be easily removed if zero-load data points are included
several different times in the load test program. Removing environmental effects
through empirical methods allowed a normalization of the data without relying on
theorefical calculations.  All information used to remove terﬁperature using the
| empirical method was determined by the bridge and current structural conditions at
the exact time of 'ghe load test. The two pervious load tesfs did not include zero-load
data‘points which is why the manual parameter estimation was not performed on
those sets of data. Subsequent tests should include enough of those points to be able
to properly correct for environmental effects potentially using a parabolic or quadratic
fit functions.

The erﬁpirical temperature correction proved to be beneficial. Performing the
empirical temperature correction allowed for manual model updating to be
successfully performed on the 2008 RRB SAP2000®’ model. The SAP2000® data

converged with the measured structural response after only a few iterations, and will
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be more precisely determined using MUSTANG. This manual model updating has
shown that by changing structural properties of a monitoring based model, that

analytical model can be matched to measured structural response.

8.3 — Future Work

The performance of the CFRP, bridge deck, and NEBT girders will continue to be
monitoring by collecting long-term SHM data and the occasional load test. These load
tests will be performed with all the knowledge gained from this load test, and will add
an unknown amouht of new kndwledge to the testing program for RRB and SHM
programs for the bridges of the state of New Hampshife. ‘Parameter estimation and
mbdel updating will be perfdrmed on the RRB SAP2000® model in the spring of 2009
on MUSTANG. This model will be kept up-to-date when the nexf load test is done, and
since the model has already been created more time and effort can be spent into
ensuring all behavior experienced by the bridge is captured in the model. Post
processing of load test data and model output will be refined, possibly using the SAP
APl and'[B] transformation matrix to obtain directly Without having to perform radius
of curvature calculations. |

This project has also raised questions on the modeling techniques and how
results are obtained from the model. The abutmenf was not modeled in this project
because it was decided that modeling would only be done to the bearing pads. It
would be beneficial to see the results of manual or automated parameter estimation if

the abutments and ground conditions were modeled. The model including abutments
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could then be compared to the model.for this research project to determine the cost
benefit of modeling the abutments.

An evéntual goal would be to eliminate looking for the change, and be able to
gef matching resulits. This will required significant research of all aspects of the
structure that needs to be included in the model. This will also require knowing the
initial reading for the strain gauges while the bridge is still in construction, beforé
framework is removed and the bridge carries its own self weight. Environmental
éffects will also have to be measured. There is also the possibility of using weigh-in-
motion sensors or closed-circuit video monitoring at the bridge to use everyday traffic
as a load and then measuré response from traffic loading.

: The‘re are now three different sets of load test data and continuous
temperature and strain data collected specifically; for the CFRP and bridge deck that
can be closely analyzgd to determine behavior of the CFRP and t;ridgedeck. The data
coII_ectiqn will continue as most of the problems associated with data collection have

been resolved during this research project.

8.4 - Recommendations

Lessons learned in this project can be applied to an upcoming research
partnership including UNH, NHDOT, Tufts University, Fay, Spofford, and Thorndike, Inc.
(FST), and Geocomp Corporation. This project involves creation of an instrumentation
plan, monitoring model, and testing of a new bridge with FST and NHDOT. Tﬁis project
is sponsored by the Projecyt for Innovation (PFI) through thé National Science
Foundatjon (NSF). The structural behavior of the bridge will be more accurately
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captured since t.he instrumentation plan will designed around SHM. The PFI Project
Bridge is currentliy in the design phase and the instrumentation plan will be designed
with SHM as the focus. There will be multiple temperature sensors installed
throughout the cross section of the bridge to obtain accurate readings of temperaturé
to be able to apply the temperature as a gradient throughout the bridge, rather than
just a thermal load applied to the surface. |

During the load test, zero-load points should be taken from the first load test
when the bridge is commissioned. This will give‘the opportunity to have a baseline
established. for the behavior of the bridée, the temperature and strain values recorded
at commissioning.will give a snapshot of the first moments in the service life of the
bridge. All following dafa may then be compared to thjs snapshot in .order to assess
current conditior{s at the bridge, whethé_r that is two years or 30 years down the road.
There has also been discussion of installing traffic cameras on the bridge so this zero-
load reading can be taken at any point by observiﬁg the bridge and remotely collecting
data several times a month. This would allow observation of temperature trends
throughout the year for the bridge to see how it behaves, and then compare that with
data from different years to have a catalog on change to the bridge.

For future tests at RRB, more zero-load readings can be taken for a better trend '
line for temperature removal. There were also logistical issues with taking the
deflection reading with the leveling rod, having a small lift bucket and having to make

several different moves to get to each point. Having a larger bucket that can remain
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up under the bridge and the surveyor just walk down the length of the bucket and be
able to reach each survey point would make gathering deflection data easier.

The Rollins Road Research. Project proved valuable for the amount of
information obtained from doing one load test on an instrumented bridge. Most
importantly, it showed that manual model updating can be perforrﬁed on a monitoring
based model to have the analytical results calibrated to the measured response. Doing
the data analysis for the load test and having a comparative model to make the daté
analysis accountable to the model and vice-versa gives ah aspect of accountability
through a predictive model. The original thoughts on-how the research group thought
this project was going to be run changed throughout the process as things not to be
important, number of elements, discretizations were not important and things that
were not originally considered, accounting for temperature, modelinﬁg specific
structural characteristics, became the focus of the research.. Research projects
involving SHM for bridges will take all the lessons learned from this project to further

advance SHM programs.
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APPENDIX A — CFRP REINFORCEMENT CALCULATIONS

Actual of CFRP through cross-section

Agctuar = 10.86in?
If CFRP was in a layer throughout entire cross-section

Agesirea = 202.5in?

Transform moment of inertia to maintain thickness of material

_ Eactual
Eequivalent - n

_ Adesired _ 20251712

= = = 18.646
= A T 10.86in?
104000ksi _
Eequivalent = W = 557.75ksi
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APPENDIX B — LOAD CASES FOR ALL YEARS
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APPENDIX C - CALCULATION OF REINFORCED ELASTOMERIC BEARING

PAD STIFFNESS

All calculations in this equations and table values taken from Stanton, Roeder, &

Mackenzie-Helnwein, NCHRP Report 596 - Rotational Limits for Elastomeric Bearings

Loaded Plan Area
S = Shape Factor =

Perimeter Area Free to Bulge

16in\’ -
Loaded Plan Area = (T) *m = 201in

Perimeter = 16in *m = 50.3in

& 5=4.00

A_SBG
1K

G = Shear Modulus
K = Bulk Modulus

G = 0.1300ksi G = 0.200ksi G = 0.1300ksi G = 0.200ksi
K = 363ksi - K = 464ksi K = 464ksi K = 363ksi
-~ A =0.1312 ~A=0.1438 ~ A =0.1160 ~A=0.1627

Agverage = 0.1384
B, = 2.1 (from graph)
B, = 0.7 (from graph)

EA(A, + ByS?)
K, = "

A, =1

E=3xG=3%0.1300ksi = 0.390ksi
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kips
K, = 4341 —
in
t==in
kips
K, = 5426—-—-.p
in

kip
Total = 36,899 —
in

E=3%G =3%0.200ksi = 0.600ksi

kips
K, = 8348 —
v in

kip
Total = 56,767 —
: in

Totalgperage = 46,832
EI
Ky = — (4, +B.S?)

[ 1 (16in>4 _ 3917int
= Z-ﬂ > = n

E=3%G =3%0.1300ksi = 0.390ksi

t >
==in
8
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_kips

K. = “ps
= 24490-2
t=—i
2 in
K. = 30613 PS
r rad
, kip
Total = 208,168 —2
rad

E=3+G=3%0.200ksi = 0.600ksi
t=—=in

K. = 24490 ¥PS
T rad

t=—in
o2

K, = '47097kip5’
T rad

kip
“Total = 241,135—
rad

__kip
Total,perage = 224,652;a-—d
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APPENDIX D - CALCULATIONS FOR MODEL VERIFICATION

Hand verification of SAP2000° Rollins Road Bridge Bridge Model
vAssumptions:

No dead load

No prestressing force

No temperature effects

’Simply supported

No bridge rail in stiffness

Bridge cross section:

i T

e 308 (TP

Material Progerties:

Bridge Deck
f. = 6000psi
E =57,/f, =57,/6000psi = 4415ksi
Girder
f. = 8000psi

E =57./f, =57,/8000psi = 5098ksi
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‘ 1in)*
I = 146.5 109mm4( (in) ) = 351968in*

(25.4mm)*
(1in)? .
A =D553% 103mm2 (m = 857”12
CFRP
E = 10400ksi

Area in 111in section = 2.976 in?

Total length of reinforced area = 410in — (2 * 2.5in) = 405in

3.65 * 2.976in? = 10.86in>

Transform Section
Base material is concrete in girder

_ Eowaer _ 5090ksi _
deck = F ek 10400ksi

1.155

Actual _ 410in
" 1.155

Equivalent width ofdeck =

If CFRP was solid across cross section — for ease of transforming section and using
SAP2000® layered shell elements
A =10.86in®

10.86in?

oo = 21.7in = Width

Egirder _ 5090ksi

nicrrp ECFRP 10400ksi
, . 21.7in )
Equivalent width = = 44 3in

0.489

152



Moment of inertia for section

I =3, + Ad?)

1
Ligek = E(3551‘n)(8in)3 = 15150in*

1
Icrrp, = Icrrp, = E(44.31'11)(0.51‘11)3 = 0.462in*
Iyiraer = 351968in*

Adeck = (355”1)(8”1) = 2841”14
Acrrp, = Acrrp, = (44.3in)(0.5in) = 22.15in?
Agirger = 857in?

Centroid for area:

DATUM
l . " COVER (T

~ LAy
Y =34
Ydeck = 4in

yCFRP1 = 2.25in
yCFRPZ = 5.75in

Vgirder = 8in + 1.5in + (55.1in — 26.27in) = 38.33in
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y | '
_ (2841in?* + 4in) + (22.15in? 4 2.25in) + (22.15in? + 5.75in) + 5 * (857in* + 38.33in)

2841in2 + (2 * 22.15in%) + (5 * 857in?)

175785
7170

= 24.52in

/= [15150in4 + (2841in2 * (24.5in — 4in)?)]
+ [0.462in* + (22.15in? x (24.5in — 2.25in)?)]
+ [0.462in* + (22.15in2 x (24.5in — 5.75in)?)]
+ 5[351968in* + (857in? * (24.5in — 38.33in)?)]
= 1210887in* + 10975in* + 7796in* + 2577404in*
= 3807062in*

P = 100kips at center of bridge

PI3 100kips(1340in)3 _
A= = - - = (.258in
48EI 48 x 5098ksi * 3807062in*
"From 5AP2000® |
A = 0.253in
Find moment at center
PL  100kips *» 1340in . )
Mmax == = 33500in * klpS
4 4
33500in * kips

= = 6700in * kips = 558ft * kips

Calculating Strain Values

Assuming still within linear elastic range

_ My
7=
o = Ee

Look at top gauge, down 2.5in from top of girder
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y = distance from centriod to depth of gauge
Depth to center = 26.4in
Depth to gauge = 8in + 1.5in + 2.5in

26.4in — 12in = 14.4in

_33500in * kips(14.4in) = 0.1267ksi
7 =T 3807062in* = D-1e07kst
o 0.1267ksi _ "

T F T 5098ksi K

From SAP2000®

strain = 25.7ue
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APPENDIX E — STRAIN CALCULATIONS

Sample calculation for one strain sensor, girder 5

Point

Undeformed X-Coordinate

Undeformed Y-Codrdinate

x,y Notation
1 g5-d1 658.074 -176
2 g5-g1 658.074 -176
1 g5-d2 670 -176
2 g5-g2 670 -176
1 g5-d3 681.926 -176
2 g5-g3 681.926 -176

x,y Notation * Point Deformed X-Coordinate =~ Deformed Y-Coordinate
1 g5-d1 658.0762350 -4.8103190
2 g5-g1 658.0757090 -12.3103190
1 g5-d2 669.9999410 -4.8108300
2 g5-g2 669.9998850 -12.3108300
1 g5-d3 681.9236500 -4.8104460
2 g5-g3 681.9240630 - -12.3104460

Azimuth = arctan(

(95 - gl)xcord - (95 - dl)xcord)
(95 - gl)ycord - (95 - dl)ycord

Gauge Point, = Deformed X Coordinate + (Depth to Gauge * sin (Azimuth))

Gauge Point, = DeformedY Coordinate + (Depth to Gauge * cos (Azimuth))

Point Depth to Gauge Azirﬁuth Gauie Point Coordlr;ates
g5-t1 -13.5 7.0133E-05 658.075288  -18.310319
g5-t2 -36.118 7.0133E-05 658.073702  -40.928319
g5-t3 -13.5 7.4667E-06 669.999840  -18.310830
g5-m1 -36.118 7.4667E-06 669.999671  -40.928830
g5-m2 -13.5 -5.5067€-05 | 681.924393  -18.310446
g5-m3 -36.118 -5.5067E-05 | 681.925639  -40.928446

Strain =

New Length — Original Length

Original Length
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APPENDIX F — FIRST ANALYSIS OF ROLLINS ROAD BRIDGE LOAD TEST

DATA FOR ALL THREE YEARS

Modeling Temperature Effects

Special care was taken to include the coefficient of thermal expansion into the
material properties for all materials used the model. Experimental coefficients of
thermal expansion were obtained from Martha Bowman who performed tests on

concrete samples.

Benchmark Data for Data Set and SAP2000 Model

To go from 120,000 data points to a more manageable data set, some data
reductioﬁ was requiréd. The four load cases previouély discussed were created for all
three years, resulting in a total of 12 Io‘ad cases run throughout the analysis. At every
predetermined truck stop, the truck sat at the location for approximately a minute.
These one minute time intervals corresponding to load cases were removed from the
Iargev data set. From this reduced data, material temperatures were»separated and
transformed to thermal loads. This transformation of temperature measurements to
thermal loads involved comparing the data to the benchmark data set, and finding the
difference and therefore thermal load. The strain values for the load cases were also
grouped togéther and will be examined when manual parameter estimation is

discussed in
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Establishing the Benchmark Data Set

The earliest recorded data, with no loading, was recording at the start of the
December 2000 load test. At that fime, the strains in the bridge were caused by self
weight, environmental effects, and prestressing loads only. Since during this period
there was no load applied, it was used as a benchmark for all the data sets. All strain
values were compared to this zero-load reading, to show either a positive or negative
change in strain values. The bridge elevations taken at this time, through surveying
techniques, and will serve as the benchmark for all dispIa’cemént measurements. A
similar method was performed to the model, to have éohesion between measured
data and modeled response.

Table F-1 shows the benchmark data set used for the strain values on thé
Rollins Road Bridge l;{esearch Préject. Table F-2 shows the benchmark elevation values
used for data analysis. All changed in elevation will be a positive or negative

displacement.
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Table F-2: Benchmark Elevations

December 2000
No Load

Again, 95% confidence intervals on the meén were used and examined to determine if
the values where within acceptable limits for this project. The data did not follow a
normal distribution, so standard deviation techniques were not used even thought
they are still displayed on the table. All 95% Cls were less than 0.25-microstrain which
was deemed an acceptable Ci for the measured strain values.
Establishing Benchmark SAP2000 Model -

From this data, the material temperatures for the SAP2000 benchmark model
~ were established. The material temperatures, as recorded during thé December 2000
zero-load reading were applied as material temperatures for the bridge model. This
allows for the thermal load derived from the benchmark data set to be accurately
applied to the model. Table F-3 and Table F-4 show the tempéréture values used for
initial material temperatures for the SAP2000 benchmark model. Since the bridge is
only instrumehted on one side, symmetry was used and assumed acceptable to get

material temperatures for the entire bridge.

Table F-3: Deck Temperatures used for SAP2000 Benchmark Model

Girder 1 Bay 1 Girder 2 Bay 2 Girder3 Midspan3 Girder4 Midspan4 Girder 5
2714 35 32.81 35 29 35 3291 36 27.14

Table F-4: Girder Temperature used for SAP2000 Benchmark Model

Hirder 2 Girder3 Girder 4 Girder 5
2865 25.11 2865 23.06
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An | analysis performed having the applied loads being self weight, material
temperature, and prestressing loads. The properties fof that benchmark mod‘el are as
;Iose to the initial design conditions as possible. The optimal condition would be to
knovp the initial zero-set values for the strain gauges and then run a calibration on the
model to get it to match those initial zero-set values; however that was not the case
with RRB. The strain -values at girder locations were calculated, and will bé used as
benchmark strain values. Displacements were also calculated and will be used as
benchmark displacement values. The benchmark model strain and displacement
values can be seen in Table F-5 and Table F-6. All changes in strain or displacement
will be referenced to these benchmark values.

Table F-5: SAP2

del Strain Values

Girder 3

Girder 4

1 Girder’s

Table F-6: SAP2000 Benchmark Model Displacements

: Displacement

Girder3 -0.4055
Benchmark Girder 4 -0.4060

Girder 5 -0.4084

SAP2000 Outgut

In SAP2000, load cases were created for each applied vehicle load and
corresponding thermal load cases. These results in a total of 24 load cases, four per
year for vehicle load and four per year for thermal loading. A load combination is

created for each load case in order to include dead, prestress, applied vehicle load,
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and applied thermal loading. As a result, there are 12 load combinations, four per
year. The load combinations are titled 2000LC1ALL, 2001LC2ALL, 2008LC4ALL and so
on. Those titles specify fhe year which the data is being énalyzed, the load case, and
that it includes all loads. Once the analysis cases are suécessfully run, the output data
from SAP2000 needs to be post-processed. | SAP2000, as most structural analysis
packages, only exborts forces and moments for beam elements. From axial force and
moment, stresses and resulting strains in the member at the location of the strain
gauge is calculated. Figure 84 shows the process used to calculate strain at gauge
locations from the SAP2000 output tables. Further calculations for each load case can

be seen in Figure F-1.

Figure F-1: SAP Output to Bending Strain at Gauge Location Flowchart
In summary, axial forcés are used to calculate axial stresses, while bending moments
are used to calculate bending stress in the top and bottom of the beam section. These
stresses are combined to form strain throughout the depth of the beam. Using Iinear»
interpolation, the strain value at the depth of gauge is calculated. For displacement

measurements, the displacements at the end nodes of the element are output from
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SAP2000, and then linear interpolation is used to get the displacement at the location
where the surveyors took the measurement.

Load Test Data to SAP2000 Comparison

There is post-processed data from the field measurements, post-processed
data from the SAP2000 model, benchmark readings fror;r1 the field measurements, and
a benchmark SAP2000 model. To get the comparison used in this research, the delta
comparisons, several simple steps must bé done once the data is post-processed and
the benchmarks are determined. The delta comparison is done for both the recofded
data and model response data. It is achieved by comparing‘ measured data versus
benchmark data. Once the delta is establgshed for recorded and model response data,
conclusions may be made. T‘he theory behind this process is a change in the behavior
o;‘ the bridge will be accurately captured and shown as a similar change in behavior in
the SAP2000 model, if all conditions are properly modeled since all behavior is still well
within the linear elastic range.

The purpose of comparing measured structural response data to an analytical
model is for the purpose of parameter estimation and model updating. MUSTANG is
currently in the design phase by other researchers at UNH. Upon completion, manual
parameter estimation and model updating was be done to observe the response when

structural parameters were changed in an attempt to update the bridge model to thé
2008 status of the bridge. The response of the model as compared to the bridge and

draw conclusions.
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Levels of Different Models

In order to simplifying comparing the three different load tests, t_hree separate
models were created. All models ‘were originally based on the initial benchmark
' model, only differing in the load cases that were applied to the model. Using the load
test data, the structural properties of these models are updated to tfack the progress
of the bridge.

For the 2000 model, the bearing pad stiffness was left as calculated because
the benchmark mod‘el was also created using the first recorded 2000 load test data.
The selected structural properties that were changed in the 2000 model were
removing specific components included when modeling the bridge. These elements
include the CFRP reinforcement,bprestressing, and thermal loads. By removing these
elements from the model, the difference between design and moﬁitoring based
models can be seen.

For the 2001 and 2008 models all structural cdmponents were kept in the
models. The paramgter that was changed during manual parameter estimation was
the stiffness of the elastomeric bearing pads. This will be also the focus of the runs in
MUSTANG as part of future work. Also, looking at the most recent bridge ihspection
report, there are no noted changes from opening in 2000 to the deck, girder, or
abutments. The rotational and axial stiffness values of the elastomeric bearing pad

will be altered independently to see how each effects the performance of the bridge.
When the models are run through MUSTANG, aspects such as modulus of elasticity

and moment of inertia for specific elements will also be included in the parameter -
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estimation, however for the scope of this research project those properties will not be
examined in the manual parameter estimation.
Discussion of Manual Parameter Estimation Results

To reiterate, the only gauges used in the SHM program for RRB were the
gauges embedded in the HPC girders. These gauge‘s are orient‘ed in the longitudinal
direction and capture the global structural response of the bridge given the loadings.
Using only the g_irder gauges also limits the corﬁputations to a reasonable limit for the
scope of the Rollins Road Bridge Research Project. A variety of results were seen after
running the manual parameter estimation, which wasv expected, and will prove to be a
good base when it comes time to ;un the bridge model in MUSTANG. For the results,
the tables entitled “SAP Relative Strain” and “Measured Relative Strain” are the two
values that are compared when the table “2000 Runs” is created and follows thé same
method for all three years.

Table F-8 shows the results from the 2000 bridge ‘model rubn through manual
parameter estimating technigues. The first run shows the differén;:es between the
benchmark model and this model, the ohly thing. changing between those two is
temperature and load application location. In the two contributing tables, the changes
in trends can be easily seen. These resulfs are fairly promising, showing only slight
changes in the data. There is noted to be a larger difference in values as the test
progresses, suggesting temperature might have an even greater effect on the bridge

that originally thought.
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The abutments could also be affected by the change in temperature, therefore
changing the global response. Nof including thermal loads in the model does not have
much effect in the beginning, since that is very close to the time of the benchmark
model. As time progresses the difference grows because thermal loads start to have a
large effect. When the prestressing is removed from the analysis, there is a strong
difference in the beginning of theb analysis but yet again as time goes on that effect
becomes less. ANot including the CFRP follows a similar trend with the initial model;
however the differences are a little larger. The deflection measuréments, when -
temperature is not 'included are very similar to the initial model, only slight variationsL.
The deflection measurements when there is no prestress have a larger difference
overall as when compared to the first model. Deflection measurements when CFRP is
not included also are similar to the initial ~model, however have slightly larger

differences. When temperature is modeled as a gradient there is the slight difference

seen as well.
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Girder 3 Girder 4 | Girder5 Girder 5
Top Top Middle Top
u3 46833 u2 224651.5
2000LCIALL -5.14 -3.54 8.68 -3.56
2000LC2ALL -4.05 -3.06 9.65 -3.97
2000LC3ALL -2.42 -3.31 832 -1.60
2000LCAALL -1.50 -3.39 6.78 0.77
u3 46833 u2 224651.5 No Temperature
'|12000LCIALL -4.97 -3.66 8.49 -3.83
2000LC2ALL -4.30 -3.41 8.19 -6.11
2000LC3ALL -3.26 -3.72 5.28 -6.06
2000LCAALL -2.64 -3.73 2.73 -5.19
u3 46833 u2 224651.5 No prestress
2000LC1ALL 8.19 10.23 40.87 10.37
2000LC2ALL 9.28 1071 41.84 9.96
2000LC3ALL 10.91 1046 40.51 12.33
2000LCAALL 11.83 10.38 38.97 14.70
u3 46833 u2 224651.5 No FRP
2000LC1ALL -7.54 -5.83 6.51 -5.75
2000LQ2ALL -6.48 -5.44 7.30 -6.40
2000LC3ALL -4.85 -5.77 5.90 -4.01
2000LCAALL -3.83 -5.81 4.40 -1.55
u3 46833 u2 224651.5 Temp as gradient
2000LC1ALL -5.29 -3.73 8.60 -3.44
2000LC2ALL -5.47 -4.41 9.08 -3.08
2000LC3ALL -5.03 -6.21 711 0.18
2000LC4AALL -4.69 -7.32 5.16 3.08

Channel 32 | Channel 3 | Channel 5 | Channel 6
3gc gg1 993 gg4
1002965 1003038 | 1002992 | 1003137
Girder 3 Girder 4 Girder 5 Girder 5
Top Top Middle Top
2000LC1ALL -5.44 -7.07 17.38 -9.16
2000LQALL -1.09 -364 18.13 -6.10
2000LC3ALL 474 3.27 20.27 1.47
2000LCAALL 7.85 7.84 22.58 7.67
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Table F-8: 2000 Manual Parameter Estimation Results

Stiffness Value u3 46833 0
r2 224651.5 .
Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5
Top Top Middle Top Girder3 Girder 4 Girder 5
2000LCIALL -0.30 -3.53 8.71 560 -0.17 0.23 -0.37
2000LC2ALL 295 -058 8.48 -2.13 -0.20 -0.31 -0.28
2000LC3ALL 7.16 6.58 11.95 3.07 -0.14 0.31 -0.31
2000L4ALL 934 11.23 15.81 6.90 -0.15 -0.02 -0.05
Stifiness Value 03 46833 No Temperature
r2 224651.5
) Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5 .
Top Top Middle Top Girder3 Girder 4 Girder5
2000LCIALL -0.46 -341 8.89 -533 -0.17 0.3 -0.37
2000LC2ALL 3.20 -0.24 9.94 0.01 -0.21 -0.33 -0.30
2000LC3ALL 7.99 6.99 14.99 7.54 -0.17 -0.34 -0.35
2000LUA4ALL 1049 11.57 19.86 12.86 -0.19 -0.06 -0.09
Stiffness Value u3 46833 No prestress
r2 224651.5
Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5
Top Top Middle Top Girder3 Girder 4 Girder5
2000LCIALL -13.63 -17.30  -23.49 -1953 -0.37 ., 0.43 -0.56
2000LC2ALL -10.38 -1435 -23.72 -16.05 -0.39 -0.51 -0.47
2000LC3ALL -6.17 719 -20.24  -10.86 -0.33 -0.51 -0.50
2000LG4ALL -3.98 -2.54 -16.39 -7.03 -0.35 0.21 -0.24
Stiffness Value u3 46833 No FRP
r2 224651.5
Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5
Top "~ Top Middle Top Girder 3 Girder 4 Girder5
2000LCIALL 210 -1.24 10.87 -341 -0.18 -0.24 -0.38
2000LC2ALL 539 1.79 10.83 0.30 -0.20 -0.32 -0.29
2000LC3ALL 9.58 9.04 14.37 5.49 -0.14 0.32 -0.32 .
2000LC4ALL 1167 13.66 18.18 9.23 -0.16 0.02 -0.05
StiffnessValue u3 46833 Temp as grad-ient
r2 224651.5
Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5
Top Top Middle Top |Girder3 Girder4 Girder5
2000LCIALL -0.14 -3.34 8.78 5.71 -0.17 -0.23 -0.37
2000LC2ALL 437 0.76 9.05 -3.02 -0.19 0.31 -0.29
2000LC3ALL 976 9.48 13.16 1.30 -0.13 -0.31 -0.33
2000LC4ALL 1254 15.17 17.43 4.59 -Q.14 0.01 -0.06

Table F-9 shows the results from the August 2001 bridge model run through
manual parameter estimation. The first run uses the load cases from the August 2001
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load test while keeping the same model used in the beginning of the 2000 analysis.
This shows that thefe is a definite difference in the behavior between 2000 and 2001.
An initial thought was that this could be due to stiffening of the bearing pads, so that .
was modeled as fixed in the axial direction‘ and allowing complete rotation. The results
frdm that change were a little better than the first results, however something is still
not accurately capture. Increasing rotational stiffness and axial stiffness was tried,
leading to the third run which did not differ much from the first run. As seen in the
two contributing tébles, there is a large difference in girder 3 gauges, being in the
entirely wrong direction. Girders 4 and 5 are in the right area, however values
measured in the model are much less than recorded in the field. For completeness,
both the axial and rotation degrees of freedom were modeled as fixed, re.sulting. in
values worse off than thé ﬁrst run. Deflection differences do not seem to have

changed that much, only when both degrees are cha‘nged to fixed.
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Girder 3 Girder 5
Top Top Middle Top
u3 46833 u2 2246515
2001LC1ALL | -107.87 86.14 67.05 86.45
2001LQALL | -106.87 | 87.48 6797 | 84.49
2001LG3ALL | -103.93 88.09 64.55 86.26
2001LCAALL | -101.85 89.06 63.42 88.13
u3 10000000 u2 0.0000001
2001LC1IALL | -105.13 88.88 74.04 89.23
2001LQALL | -104.16 90.19 7487 87.24
2001LCG3ALL | -101.18 90.84 7154 89.04
2001LCAALL | -99.09 91.83 70.42 9093
u3 70000 - u2 500000
2001LCIALL | -107.59 86.42 68.97 86.73
2001LQALL | -106.60 87.75 69.86 84.77
2001LCG3ALL | -103.66 88.35 66.46 86.53
2001LCAALL | -101.60 | 8931 65.32 88.38
u3 fixed u2 fixed
2001LC1IALL | -154.05 3994 4429 40.00
2001LQALL | -152.87 4147 45.26 38.26
2001L3ALL | -151.44 40.57 4098 38.48
2001LCAALL | -151.14 39.76 38.77 . 38.57
u3 fixed u2 free
2001LC1IALL | -105.12 88.89 7408 89.24
2001LC2ALL | -104.15 90.20 7490 87.25
2001LG3ALL | -101.17 90.85 7158 89.06
2001LCAALL | -99.08 91.84 70.45 9094
Channel 32 | Channel 3 | Channel 5 | Channel 6
3gc 991 993 gg4
1002965 1003038 | 1002992 1003137
Girder 3 Girder 4 Girder 5 Girder 5
Top Top Middle Top
2001LC1IALL 206.73 287.82 302.55 268.29
2001LQALL 208.36 290.30 300.04 27047
2001LC3ALL 21196 293.58 297.87 27442
2001LCAALL 21654 - 296.87 297.24 278.93
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Stiffness Value u3 46833
r2 224651.5
Strain Deflection
Girder 3 Girder4 Girder5 Girder5
Top Top Middle Top | Girder 3 Girder4 Girder 5
2001LCIALL 314.60 201.68 23549 181.85 0.19 -0.32 -036
2001LC2ALL 315.23 - 202.82 23207 185.98 -0.22 -0.35 -034
2001LC3ALL 315.89 205.50 23332 188.16 017 -0.28 -0.23
2001LC4ALL 31839 207.81 233.82° 190.80 -0.16 -0.11 -0.16
Stiffness Value  u3 10000000
r2 0.0000001
Strain Deflection
Girder 3 Girder4 Girder5 Girder5
Top Top Middle Top Girder 3 Girder4 Girder 5
2001LCIALL 311.86 198.94 22851 179,07 -0.23 -0.35 039
2001LCALL 31252 200.11 22517 183.24 0.26 -0.38 037
2001LC3ALL 313.14 202.74 22633 185.37 -0.21 -0.31 0.26
2001LC4ALL 31563 205.04 226.82 188.00 -0.19 -0.15 0.19
Stiffness Value u3 70000
r2 500000
Strain Deflection
Girder 3 Girder4 Girder5 Girder5
Top Top Middle Top Girder 3 Girder4 Girder5
2001LCIALL 31432 201.41 23358 181.56 0.23 0.35 039
2001LCALL 31496 202.55 230.18 185.71 0.26 0.38 037
2001LC3ALL 31563 205.23 23141 187.89 -0.21 -0.31 0.26
2001LC4ALL - 31814 207.56 23192 190.55 0.19 -0.15 0.19
Stiffness Value u3 fixed
r2 fixed )
Strain Deflection
Girder 3 Girder4 Girder5 Girder5 .
Top Top Middle Top | Girder 3 Girder4 Girder 5
2001LCIALL 360.79 247.88  258.26 228.29 064 0.77 -0.82
2001LCQALL 361.23 248.83  254.78 232.21 067 -0.80 0.79
2001LC3ALL 36340 253.02 © 256.89 235.93 0.63 0.74 -0.70
2001L4ALL 36767 257.11 25847 240.36 -0.64 0.59 -0.64
Stifftness Value  u3 . fixed
r2 free
Strain Deflection
Girder 3 Girder4 Girder5 Girder5
Top Top Middle Top |Girder3 Girder4 Girder5
2001LCIALL 31185 ~ 198.93 22847 179.05 0.28 -0.40 044
2001LC2ALL 31251 200.10 225.14 183.23 031 -0.43 042
N 2001LC3ALL 31313 202.73 226.30 185.36 0.26 -0.36 -031
2001L4ALL 31562 205.03 226.79 187.99 -0.24 -0.20 -0.24

Table F-9: 2001 Manual Parameter Estimation Results
" Table F-10 shows the results from the 2008 manual parameter estimating runs.
As was done in the 2001 data, the first run kept bridge conditions the same as initially

modeled, only changing the load. This follows a similar trend to the 2001 data where
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girder 3 modeled and measured response were in cﬁfferent directions, and in this load
test girder 4 also had the different directions. Girder 5 strain values are in the correct
direction, however are significantly less in the modeled data when compared to the
measured re‘_sponsé. For the 2008 runs, they were done similar ;co the methbds
performed in the 2001 runs. The best run seemed to be the fixed axial and free
rotation condition. This is what would be expected askthe elastomeric bearings begin
to ‘experie.nce hardening after eight years of service. However, the best fit in

deflection was when the axial and rotational stiffness was reduced to 5,000.

Girder 5
Top Top Middle Top
u3 46833 ‘U2 224651.5

2008LCIALL | -40.12 -23.28 36.50 43.76
2008LC2ALL | -3853 | 2194 36.99 46.07
2008LC3ALL | -37.11 2171 37.25 46.18
2008LCAALL | -33.33 | -1935 | 40.35 51.71

u3 5000 u2 5000
2008LCIALL | -54.39 | -3754 -5.50 29.35
2008LQALL | -52.76 -36.16 -4.95 31.70
2008LC3ALL | -51.32 | -3590 -4.63 31.83
2008LCAALL | -47.41 | -3342 -1.24 37.49
u3 1000000 u2 1000000 :
2008LCIALL | -38.00 | -21.15 42.98 4591
2008LQALL | -36.46 | -19.86 43.43 | 4818
2008LC3ALL | -35.07 -19.66 43.67 48.25
2008LAALL | -31.43 -1744 | 46.64 53.64

u3 fixed u2 fixed
2008LCIALL | -44.83 | -27.98 39.09 39.04
2008LC2ALL | -44.95 -2835 | 38.52 39.63
2008LC3ALL | -44.72 | -2931 38.06 38.55
2008LCAALL | -45.96 -3198 38.06 39.04

u3 fixed u2 free .
2008LCIALL | -37.64 | -2079 43.47 46.28
2008LQ2ALL | -36.04 | 1944 43.95 | 48.61
2008LC3ALL | . -34.62 -19.20 44.21 4871
2008LC4ALL | -30.81 -16.82 47.28 54.27
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Channel 32 | Channel 3 | Channel 5 | Channel 6
3gc gg1 993 g4
1002965 1003038 | 1002992 | 1003137
Girder 3 Girder 4 Girder 5 Girder 5
Top Top Middle Top
2008LC1ALL -104.11 123.41 171.79 70.03 .
2008LC2ALL -100.22 127.55 176.26 74.74
2008LC3ALL -97.61 129.98 175.18 78.42
2008LCAALL |  -85.22 142.08 | 188.29 90.21

‘ Table F-10: 2008 Manual Parameter Estimation Results
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StiffnessValue u3 46833
r2 224651.5
Strain Deflection
Girder 3 Girder 4 Girder 5 Girder 5
Top Top Middle Top Girder3 Girder 4 Girder 5
2008LCIALL -63.99 146.69 135.29 26.27 -0.67 -0.65 -0.81
2008LQ2ALL -61.69 14949 139.26  28.67 -0.72 -0.63 -0.79
2008LC3ALL -60.50 15168 137.93 32.25 -0.44 -0.66 -0.74
2008LC4ALL -51.89 16143 147.94 - 38.50 -0.61 071 -0.69
Stiffness Value ~ u3 5000
r2 5000
Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5
Top Top  Middle Top |Girder3 Girder4 Girder5
2008LCIALL -49.73 160.94 177.29 40.68 -0.13 -0.15 -0.27
2008LQ2ALL -47.46 163.71 181.20 43.05 -0.18 -0.09 -0.25
2008LC3ALL -46.29 16588 179.81  46.59 0.10 0.2 -0.20
2008LC4ALL '}~ -37.81 175.50 189.53 52.72 -0.08 0.17 -0.15
Stiffness Value u3 1000000 -
r2 1000000
Strain Deflectian
Girder 3 Girder 4 Girder5 Girder 5
Top Top Middle Top Girder 3 Girder 4 Girder5
2008LCIALL -66.11 14456 128.81 24.12 -0.76 -0.78 -0.90
2008LCALL -63.77 14741  132.82 26.56 -0.80 -0.71 -0.87
2008LC3ALL -62.54 14964 © 131.52 30.17 -0.53 0.74 -0.82
2008LC4AALL -53.79 159.53 141.65 36.56 -0.70 -0.79 -0.77 -
Stiffness Value u3 fixed
: r2 fixed
Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5
Top Top Middle Top Girder 3 _Girder 4 _Girder 5
2008LCIALL -59.29 15139 132.70 30.99 -0.81 0.83 -0.95
2008LQALL -55.28 15550 137.73 35.11 -0.87 0.78 - -094
2008L3ALL -52.89 159.29 137.13  39.88 -0.61 -0.82 -0.90
2008LGAALL -39.26 17406 150.23 51.17 -0.81 0.91 -0.89
Stiffness Value  u3 fixed
r2 free
Strain Deflection
Girder 3 Girder 4 Girder5 Girder 5
Top Top Middle Top Girder 3 Girder 4 Girder5
2008LCIALL -66.48 14420 128.33 23.75 -0.76 0.78 -0.90
2008LQALL -64.19 14699 132,31  26.14 -0.80 0.72 -0.88
2008LCALL -63.00 149.18 130.98 28.71 -0.53 . 0.75 -0.83
2008LC4ALL -54.41 158.51 141.02 35.94 -0.70 0.7 -0.77



Conclusions on Manual Parameter Estimating Results

The results from the manual parameter estimation offer a variety of different
contributions. For dne, they show that changing attributes in the model does have én
effect on the behavior of the bridge model. This can be seen in the 2000 runs and
throughout the process as bearing pad stiffness is altered. The 2001 data shows that‘
spmething is not being accurately captured by the model when compared to the
bridge response‘ since there is such a huge difference in the numbers. Reasons for this
could be chaﬁge in material properties due to the temperature or an effect caused by
thé abutments and ground conditions changing due to thermal and seasonal effects.

The 2008 runs were closer, still not great, when compared to the 2000 runs. This could
be because the temperature during the April 2008 load test was closer to the
D-e.<v:‘émbﬂevr“2000 ibad te.st- thah th'(.evAugl;st 2001 load test. This again showé how much
of an effect environmental factors have when conducting bridge tests.

When the model is run through MUSTANG, things such as moment of inertia
and modulus of elasticity will be easily modified to see if those parameters have a
larger effect on the resbonse of the model. Including the abutment and ground
conditions into the model and then runﬁing parameter estimation could also give great
insight into the structural response exhibited by the bridge in the field. A good way to
see if the abutments are affecting ’the structural response would be to take survey
measurements during the load test and throughout the year to see how the
abutments are moving. This can then be correlated to change in structural response of

the br‘idge.
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Qgtirﬁgl Conditions

As with most research brojects, conditions are not always ideal and therefore
‘the desired results are not achieved. If there was enough data to do an empirical
correction for all recorded structural response data, it ’would be interesting to see the
results of the manual parameter estimation. Also, if the initial strain readings where
recorded and a better benchmark model was able to be calibrated using that initial
. data, it is possible that better results would have been seen; The parameter
estimation using MUSTANG will put a lot of work into getting the 2000 load test model
accurately capturing the struétural response for all load cases, and once that model is

calibrated to that data it will continue on to the following two years.
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APPENDIX G — NONDESTRUCTIVE TESTING FOR DESIGN VERIFICATION OF
BOSTON’S CENTRAL ARTERY UNDERPINNING FRAMES AND
CONNECTIONS (Santini-Bell, Sanayei, Brenner, Sipple, & Blanchard,

2008)
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Bridye Xirwsss
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Mondestractive festing for desdgn verllication of Boston's Central Aviery underphoning
frames and conpections

dats Blarchara®
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=iy parisiens of
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Prior to the dewaolithm of the Bostony Conteal Actory viadng i March 394, 2 resech team implenenled a
programyss of wmdetrustive desting for design verificating of ter strastyral steel highway bents, The tosted sappart
beads wers used to undavpin the ﬁngmal Eierstate-%3 Central Srtery visdoot &urmg comstmetion of the pew ot
and-cover el below it Upon openiing of the ek, wwallic was reronted Frony the dovated visduet to ihe new
fomnel, and the demaolition provess of the wiaduet stractre began. Two of he remaining suppost bents of the
underpinning structore were fitted with sensore {steain gages, tiltmcters, dide win potentivmeters, and 2 59 kip
fres st kl\j Tomd eell) and mmm by o Fi-dom (4L BN eeane, The measared sienetureal respanse was mmpfm:d g
the 1 muvdeds, and the stractirad modds were ," i

e%tm“nm\ tai;mquci I"m’ &mgﬂ werifioation. ¥ising az- hwilt il considermg ﬂmgﬂ mumpmmx

’ ) g{;;\ Taylur B Francis
Wol. 4, No. 2, Tooe 2008, §7-5% L b e

parametar estinsation stvuation resulty, the resarchers solocted @ sl of senor typﬁﬁ and Tocatiang B the

finite: i sach wx epnneetion

A1
nerndestructive fiekd test. Ry design | w5 of xhr. ¥
stitfnow values wore & uz |I'(“‘

pesponze cormeketed well with the eollecied nandesrnetive 1t data

Kuywonls: nondestructive tosmg,; model updating, st

tew eviimration. As a remii, the opdated straciaral

1 el

; devign verficat

fntrodaction

A5 part of the Central ArteryTunngl prijs
Boston, the sxisting six Bane steel framed C
Avtery visduet was replaeed by sn 510 e outound-
cover funnel, The visduct remsined in service during
tuneel senstrection. To allow For excavation bekew the
vigdhct, the existing foundations were uwaderpinned by
& sevies of steel frame bepts (Haeringion 1998). The
mew haglovay el was opened in stages morthboend
lenes i March 393 and southbownd lmwes in
Drecomber 2003, With waffic rerouted o the new
terpels, demolition proceeded on the existing vintuet
steuerere, The procodars For demolition wes 0 prpove
e sxisking bighway superstructor, Yomporarily sx-
posing the steel underplvning frames before these were
abo dempolished, a shows i Figure 1 Prioe o the
Beal demolition, o upderpincing Frames were the
suhfects of 2 series of pondestructive tests {WIDTS) 1o
codbect mensurements for structioal design vertfication
aid Bnite element model (FEM) updating. Loading
and measwring the performance of the steel bents, Bent
36 {show in Figers 2rand Boat 37 (shovn in Figure 3)

¥

provided & weigue opportonity For strecteedl i st
ating sed response nRpswremoRin.

The poals of the NDTS were to perfonn deden

seification aed to perfona slevctieal parameter esi.
mtﬁm. Thie process of desipn verifiostion nvolved
revisiting the original desipn sssumpings and compar-
g the ér siw pedornence of the strectore W e
pralivied ropemse. Structutal parameter ostittintion
pwolwsd sdivstment of stifnes parseers of the
apalytical model af the clemant Jevel o match measieed
performnances, Siracturel parsmeter estimation can be
il b detenping e stiffoess-rebuied parametens of ¢
strstursl member, sech zx axial deklity, bending
rgidity, mnd torsional dadity wsing spplied loads and
ressured . responses, The etimeted parameter vihass
ape then eomparsd to the design valses of the
prepsmeters ot destgn venficaion and nwdel uplaling

Serueters] paraneter sxtimetion I5 the process of
peoonciling su s priorf FEM of the strgcten with NIT
dals from the streeture. T has great potential for the
purpese of drmage sdentifieation and structoral con-
ditior waesiment of fnesepvios steuctuees, 2a well o
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Fagaee 1 Aerisd wiew oof the Clontesd Artery wederpioning sysiers during Sk demnlition.

Frgupe 2. Crane londling fe Bt 56,

desten verificavion and modsl updeting {Suin-Bell
@t ad 2T Faswe #d o, {00 and Favr aid
Faurepe {99 smaaitse the curmat aan of thean,
damepe woptlostion peafody. In gonesal, soectiral
parsmeter eithmation becholgues compars e actual
wedsnred wespose ol siresiune with e analytiosd

expossd papone. Both Aktan obdd (1997} and June
et ol (2002} offer & comprebimive stady of the
integeation of We snalvicsl and the expedimigninal sides
of peeareter wtiistion. Mueltoesponse parnsier
withmeton allews the et combing differse
wpes ol NIYY dnte colloond B wogiven strectuns
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Biridge Ktrwcturee S

Figare 3. Hent 57 with PVC pipe peostectisn for the slide
<

wi
wire potent for

F

{Saptip-Tell 2008) Dueing this NIVT of the wader
pinning frame, static disphcenent wing o slide wire
putentiometer, rotiions wing Geomehanic Model
D04 Tt ety Hitewters and streins paing Yebwh srsin
grms fhom Vishay nwasurements wae solleoed
(s Figure 4). Mul-rsponse structusel parameier
eatrnation combines algonihms for strains (Senayei
ef s, P997) and displscements snd rotations {Senavel
wtul Mebon 1959). )

Dresige verifiontion involves wing womlestnoctive
esting methods on ap exdsting struclure th vodly
sssumptions made during the oviginal design phase.
Beversl vesearchers hove nvestigated fsades relating o
mmonitoring sed degen verification. X snd Zhe {2000}
colkuted Beld nmssuroments fuan the Tsing Ma
suspension bedge duning Typhoon Yictor. The objee

ive of the research was b mensure wind behasiour but

design verficathon was not specifieally inchaded in the
prewnted resenrch, MeElwain snd Lansen {2000)
yvestigated heserdos bridgs beluviowe iy contparisen
T AASITTO code extimates withowt podforn g design
vetitieation. Myewsll e o (2000 performed & fulk
see tost For design verlieation of bridge strockores.
Tawg of of. (2005 wed floite ofoment apabyds For
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Figure 4. Detail of strain gange and tilimeler comections.

dumupe analvsis For reinforced conciete mich struc
tpres. In Mowsk o of (20003 eral bridpss wore
proa-dosded with tuks i order o caloulate soiusl
shress responss levels, Feng of af {2004} inteoduced the
iher of @ baschine wodel for steomesl  health
mstiotings of in-service bridges bat does mot caery
e poppt nte the indtial dedign of the strpciure, Shin
etal, [1990) dioussed the idea of design verifioation for
@ cablestaved bridge bt did not address epplication
o madiemapan service bridees, .

The resesrch presentod i part of & comprehosive
weaearch effort, funded by the Notons) Sclemes
Foundetion, to dult the bridge dosign paradizgn: to
mwlude fstromentation, testing, design verification
smed stewervral modelling (Santin-Bell o of. 2007} Any
dlferences between the ssunwd design patametees
snd the estimated pacaeton Go help to reveal the
currept comadition of the siruciure. Using 2 disonste
mathematical model, suck as o FEM, the stiffnes
patameter extimates revest pot only dummge bavstion
bt 2d50 detmape severity. Paramweter estirnstion can
o determine the carrent load rating of an in-asrvics
Iwidge meconnting Rev soy loss in stiffhess during the
Hife of the bridge. Ir can slso be ued 1o predict the
revgmining W of ipeserdce struclures given curteml
loading conditions.

Maopidesteneeive Testing

Fwo sieed upderpinping Famses weee selected  for
nopdesiretive wsdng, Figure 2 shows the east high
plek up feame st Contral Arery Bept 55 and Figue 3
sl the west Framee af Bent 57 {manbering refors to
the wrigingl bent designacion From the 1930 highway
comstrpction, where Best @ owss e suppon e
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Puarthest 1 the north at the Chares Riverh At the thme
of ksting, the 193 visdur had been domolished,
tepmprarily leaving the stesl support Temves i place.
i will focus on Wstrementstion, lesting snd
s of Bent 7, 3 momenl fonme with m s
bracing. These feanes were locted 2 the eod of Brosd
Street 1 dovwntown Bostor. They were tested sfter the
b Sk sl coupectiog geders wers mpovsd 5

pert of the dersolition of the entire elevated winduet
{Figare i1

Bent 37 consisted of i [
compsrtions between steel rofled Woispes {Figurs 33
Fhe cshamng were WS x 149 sections oiientad i the
weak drection (Lo, the Brogerare dn the sume plate 25
e opeving of the frarsed. The vop framing bogr wis g
WS x5 seothon oviented in the strong direction
fhe. the web @5 it the s e 4% the opening of
the franwd. The coluimm w e b the wp of
the wenel shorey walls by & bolied ssment conection
2t (he base This connection wes stsemed b 20t 2
Bued for the puorpese of strecturd pooameier estima-
won Omly the wpper conmections weee . considered
ankrowe for parsmster sstimation. The Buodation
connections weps pot dnchded e the parameter
estimabion scanarios becgise e buse comdition for
Bent 57 wes fixed w the grownd by oz moment
contection. The odgined designens apd researchers
haid great confidonce in this conneatinn,

Figare 5. $train gage docations for Bent 57,

T B B ] Do

Diuring the wrderpinning oporatios, Jouds From the
existing vigduet were jecked mto the stee] frame
struetyees {Haednpton 1998). Alter the beking opors
ik, Jond translar wis socoseptished by toreh caning
sdsting skeed columns below the new copectine
peint. Linderpinning support of the expressway
wimdeect was ie place Bor spprogimsely 3 vears during
comglreetion of the cetambcpver Teniel  Tselow,
The underpinming frame was Boesd with 12 g
gages, three tilimeters, sl o shide wire potentiometer
W omeesure displacament st the midepan of the
fravme. Poramoter sstpation simuls WEEE g
fommed o select drsteple somsor locubons ow the
Bame (Pigore 55 so thet the b unkoown pars-

T omskers waoukd be obssevable during testing {Seeayel
aedd Jowdekar 2002 Bach sensor Jocation les fomw
drgin grges and ome dhwscter w0 that e bending
reinaet and dispbosipent oan be cefeulatd B cach
bnting, s shows in Figoes 4. Engivesring indgsment
andt playsienl restrictions on the Jocation oplions wers »
large part of (e rossseremsnt  selechion  precess
{Blagghard 2604).

A Beld date soguisition systoms, peosvided by
Geocomap, Tne, was conneeled 1o the Tound cells and
b of the s on the bent, 2 shows e Figars 4
Bent 57 was loaded by crane vin 3 systom of pl
el cabdes, The maximpne loads wore detennined by
Bnite slement analysis fo strsgre that here would be no
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Bridoe Swruciures Bt

anbolbpline dsplacament. A masimen vertical hasd
of op e 5 kips {2229 EN) was mepsered av the
= Al the strecture theowgl 3 Joad ol
{Figrsne 620 Physdoad resiictions of the cane wogidred
that & greunded pulley be vsed o apply Teteral Joads
{Figare 6b). For latersl Joading of Bent 37, bravkets
were welded o the Bemt 38 scross Breomd Steest
imedigtely to the sowle A meximman ho
load of wp to 23 kips (1 112 kN was weasered at e
contacl point on the strecture theough s lead ool
{Figure b) The load was wesord wsing 2 load cell
stizched divectly Yo the oadiey Feerae. Dudpg the
NDT of the frame, applied loads, strains, b, and
diaplacoments were moasurad ot predetenmined loading
apd uitdoading intoveels of 1 kip each (34 KN, Bach
Fouding wnd wadonding cpole was vepented thees tines
Figure 7 shows the had-disphecowent curve for the
tope By af Bent 37 Ror Towd case 1. Note that anly
ooe disphasment measnroment wis collectat during
the lowd st using the slide wire potentiometer,

Both mxeseraments for sirsin and roltion were
teference-independent, so there was po need o
mepnure pganst 2 darmm. The shide wire potentio-
meker {SWPY For displucensent was wot a weferome

spectied loeations shows in Figure 4 The dlmeters
were chmped onte the strectiere so thet tey could be
rewsed. The tanperstare was st considersd in the p
peocessing of thedats gheon that e sctiel wst for on
Trane oocursed within & § b window sl he wmpers
e ditferential was neghigible.

Seewetorst wodel

Figwre § shows the defomped shape of the stryctuesl
el for Bent 37 with pinned counscons. The
mindel was prepreed woing OT Srwdi®, 2003 (GF
Serwdb 20083 Member propertiss ware sakulated.
vy as-beilt shop deawings, woting that the strechse
wis in plor for ke thas 30 years sed visual
igpection indicaiad ro S4gEE O COrREIoN oF SIrgeTe
@ dumaps, Twe FEMs ware aeated sssuming both
pinted arnd Gl fixity el eodwmn base supports. Table
¢ oshows the resubis from both sommections types.
Tnitially, the shear deformation of the brare was
fgnored, mssming that it wes gegligible, However,
wven the Jeplheto-fempth ratio of the beam, sbesr
debfrmation wis consklersd ss part of the dusign
wrificatton provess, The only woknown parsmelers

indeperalent s iroment, s aseded b be o ctest to
& dtm point, The SWE veas secuved b the groand e
= seed wire was extemded sl counocted g the comtis of
the W36 X0 poatle bags. A PVC condudt was wed 1o
shiek the wire from wind-nducad vibrations (Figure B,
The strain gages were spot welded onto the Fame ot

)

wered i the strocture  were the  msationsl
stilfness walves of the two conmections bebween the
colempes and the e at the top of the Trame.

The sroomisl model of Beat 57 ws grabysed
e produce basehine weapo for corvelation with
the Beld messorement. The gepdes, rotations, apd

B

Fignee & {o) Load cell on Bent 57 micasuring boasd transterred dirnctty to the steel frams:. (b} Lateral losd appliod to Mem. 57

asing 2 heackst, bad cdl, and cable 1y g hent §

af
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Exy

B Situ-Beff ot ol

Bent 27 - Displuconent of Top Bosm - Load Case |
(i acation 0 i LB ERd of Boanm)

e

i Fared

£ St
e P n8, A e
ettt

Eigplasermat ok

# A ez

155 s P

Lecation Atong Beam {inches)

Fignre 7. Deflected shape of Bent 37 top beaw due o o oe 1

T 54 g

()

Fignre B, Defiwmed shape of the finfie dement wodel of Bent 57, {a) Vertical loading and (b1 hori 1 fovadh

Table 1. Sumwsry of dmolated sesults for varying wpper
connection stitfness values for Bent 57.

Lomaction
stilfness

value Mid-span
I ; ‘iu.-‘:‘r, e o s PV D .
wtilfnees {m-dMiradiuny ot in. v}
“Pinned’ B30 no mement OFOBEX
. ) ]

“Fixed W {1130 Iarge moment S92
: Hb e

displacemsents  wesured  Dom e NDT  wos
charted dong with the strims, rotations, and dis
phocements  From  the FEM R somparisen

Doty guality snalyds was pedomed {Bloxhaed
2004y op the raw Jute D sdet e measeremen
set For parspster esiimation aed design verificating.
The duta quality anslysts wis besed o the comparison
of the measured respimse with the expected response
a5 well s repestability pattores within the measuped
dabx sets.

Parameter vsthmation

The Mathab®based purameber estimation peogran,
PARISD (PARzmeter MestiBostion S, Sonavel
971, deseloped @t Telts Undversity, estimates the
persecters of the clements aod conmetions of 2
stpuctere’s FUM  {Figwre 91 The sirochisre osn
b exeited aifher stativslly with spplied loads, F
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Brldpe Rermotres 83

4,

in PARISE.

Figure . Flo

far 1 i

measiring displacements and rotations, U, and static
strains or dynapdiclly measuring Frequency respomse
Fameibor s enractioe matwal resonance froguencies,
@, ad assochated mode shapes, ©, for stiffness and
masy parsmeter eatimation. A selected pomber of
preasurerienls garheved sparsgly ot certgin steategically
selected degrees of Twodom (DUF) wors used for
parsmetar sstimation,

For this vesearch, onby the static stiffess displace-
went snd roltion-based and stealn ervor function
was wsed For parsmeter sstimetion. A Foll explanation
of other erpor Bepctions et e wed for soelts
pesponse pepsmter estmation sveilable in PARIRG
& gwen it Satini-Yell e of. Q00TL Alhough this
meltb-respins: prrateeiet sstmetion protol pevides
the weer with ap addidonad opporiasity B date we,
hie ey mvest lsn wse enpineering judpensent 1o spaure

that only compatible messurenent el are combined,
For exauple €l selected messursment Seta st eyplor
the Huesr-elsstie response of e swuiure, A brief
overview of buth error functions &5 presented here.

Hearhe stilfpes-based soeor funeiing

The stathe suffmess basod emor Pmeribe, B9
Banmyel ad Nebon 1956, Sanaped er of 1993 45
developed using the Bnite dement equilibdurm, sgua-
e (1), for linear elastic structures. Using partitiowing
amd stalie copdensation, the wopesured dot poipts
are temoved resplting i 2 alesheacally non-lisat
apvor fanction

ISRt
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[ ‘ E. Bometn- Bl ot ab

SULL B and IR are comsidered a8 Known megsire
datg, Bsentislly ULApl 18 residuzl Forces at the
weasered DOF (2% [fpaiedt % based on the
measursmenrs, (1,0 and subynatricss of Mo snalyricsl
IRE. Wogaueal 15 the applied set of Bores

Bty » Fpmicred] » Fvoswred] {2

The resulting matrx, 1)
MMDOF s the munber of
cose (LA} and MNEF i the wumber of spplied force sets

Stadbe stendn error foncton

Diplacements and rofations are not the mls type of
eavarenwats that can be collecred dugne 2
NIVE v be desigosd to collect stradn dits. Siming are
typically mich smmller in mageitede then displce-
merds and sssker fo colleet dp the feld, Many
researchers beleve that strsie gauges pecord mmoe
robust messuenenis and are weference independent.
hise to tlds facn, the stahe sbedde scor fopmstion
Eandgh, was doveloped wsleg sbrdn daty du
the prrameter estmation peoosdire Banayel and
Sakeanik 199800 In equation {3), (8] 5 & smapping
or oppatbilite ik ohai ik crested weing (e
gearanpel duta regarding the loeation of the steadn
wesseremenis slong the clenwdt in the x and p-
dereciion Ffor g two-di mal Frame ¢f toatd in
the -, v and p-divgction For o three-timensiona! bame
elemont

B = i i3

The aealyical styains, o} aes prodioed wiog apphied
forces and snabwical withes marik, (K The mese
siered SEERINS, Buemandd 500 messurad during an NDT,
{E ol 34 based on residusl sirain swessrements

L] R e BLpe—) i#

Patatpeter cotfmation trisds ustag NIDT daia

The ssetppeion of 2 Bxed bae conteotion was
conthirmed weing simubiod paraeter stimation s
i oam azbtempl to fiad mere sppreprisfe Connection
stiffness wlues. For cach paremeter estimation sinnds-
Hon, & different buse condition was v inchgled fell,
partial, and wo fidiy. The fnal Besz compstion
stifftess estinnand was approxinsately 0% s Kipy
et (313 % 307 meRNjeadinn), which closely aps
proximates o fued compechon, w8 swomed kxs the
orjginal desdten, The rotariopal stilines of the wve

upperwmmhmw designed as “Bued ar ufaitely sff,
were the wain frws of the pprameter ssthistion. By
detimition, alb of the bepmetoecolune copmsotions ol
Bent 37, & moment Teame, woe ] ponsteation welded
meinent conpections, Several ftorntions of sreturs
anabysis wese oonducted wsing the § of Beny 37
with Jiffering couneetion il wlues, Resolting
respoise with respect fo comndetion silfnesses are
shevivn B Talde !

Figures mi 1% present the effect of cabimated
contections siffness values on the resulting wid-span
dxﬂecnan &Hﬁ(f wmmums mum SHES

s ,A,‘uﬂ!x%ﬁ.li; Eé)‘ in‘ ksp;mmw {%a.:ixii]" kNS
rdinn 5T weits) 5 osed and then the ste of chmgﬂ
st 408 jn-kip/radian (1.3 197 i
a5 & ol frame”
with the assumptice of & stiff conpection. The
parameter exthnnies vaduss for Bent 57 wsing the
NIE duts e sheoown i Table 2

The comverped paesmetsr estimstas oy e con
peetion siifivews values were then wad o updaie the
FEM. The structues] responsss of the throe shifforet
contseation condithons were then compared pinsed,
fined, and the comverged condiion {Fonh Pog was
caloulaed by PARISE wsing the polloctad prssined
response. As cxpacied, e deflected shape shown
in Fgere 12 demonstrates thet fhe converged condis
ton (2} is 2 very close approximsation of the fined
conditon {3k '

Beam deflection

Tn cader W more completely sealste the MIT data,
the sty of sheiyr deflactng ms be considored iy the
FEM. Lindike maost tesnss whers shear defopnation i
neghgible (Timoshenko snd Young 193%5), e meedle
beane for Bent 57 had & depth 1o length rtio of 3724,
requiting shesr $eflection comsidersfion. For the
defiection of the ceptre span of the bosrg doe to the
serticnd ventee hoad, the e deflection accovumnts Tor
22.2% of the fotal deflection. For the defectivn of the
centre span of the beatn due to the induced shese ol
horizental foad vase 2, the shogr deflection is €.7% of
thie tootal defiection.

The FEM did not account for the shear deflection
it the frame Theréfors, the WDT data for thes
deflections was reduced by 22.2% and 6.7%, respecs
teely, For socurate covgprrison batween the NIDT datz
wnd the FEM, The FEM results were gemevitod by
plistiing the displacenwntis of poinls along the beam
utiler diffarent conmsction siPhess values, resulting in
faur cwrves representing the Toer stiffness conditions
ipineed., initiel guess, converged, and fised).
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Figure HL  Wanation of midspan deflections due to differing comneetion stiffves values.
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Figure 11 Vanation of indooed at fom Sug fo ditkeing connestion.

TalleZ & v of i using NE¥T data

for the connection stifiness values fr Bent 37,

Initial Final parameter
atifliness valug, estimate,
in.Kipadi in.-kipdead,

Chaommsetion fove-k D i am) Gk N radinn}

Hesm-tn-colurmn 18 {12 x 3% g x1
{105 % 1

Caumsn-doefooting {1 3w By W

kY

Tdenlly, the NDT data should fall Botween the two
exteeme contectiog sEifnes conditions - planed and
fixed. &3 & verilication of the NDT dats points, the
FEM curves wene recaloulared imcloding shear
deflection and were compared to the numedified
WOT dete. The sinakoed mid-apuy defrotion vlue
are shown i Table 2 and compared with e raw
I slefloction, BO3842 mches {00975 ) The harge
shear s of the W36 300 allows the NIIT deia to
be evalnated with respet W the shear Jisplacement
with eonfidence, and the plots with e post-processed
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perinst, The cxlowbatiod wionents wire comy

4 E. Bawsbri-Bell 01 gl

MIVT datz and ?I“M&ewmw corves cun be weed
with contidence as well

Lnnecthon mements

Stegdn Jul fem the NDT was tmesbomad o
msoanent values ot the hocaklons where the stesing wese
semapred, The wolodetions for s tensfospation
sxchudes the steadn dee to monber clongation {frae
axial force) o determine the induced wowent at that
gred with
the FEM moteset curves to determine how close the
FEM spproximated the NDT dats, FEM moment

il : ale

Fignme 12 Dodormed shapes of {1} pinoed eondition,
{2y converged conditipn snd (3} fived cmxcmmn due & load
case 1.

dhrgrans were geherated by detevmining the moment
g eral poins slosg the pember b the four
conpection siffpos cmsen planed, ndtel conpverped
sivd fixeet, Figiee 13 shiows the poomeet disgrain of the
beane due 1o boad case 5 the envelope between the
extreme conditions {pinged and fixed} 5 very small.
Thows, wny 1 eerpent error iy Ue MIVE stean dats
wonld have 2 significant affect on the moment velug
culonlatod e the MIIT dot. This NDT date poin &
chitively goud neitchy Bor the model thet bt been
updated with e comverged stiffness case,

Parsmeter estbsation resplis
Crgrall, the updated moded indicates o genersl trend

and members. Ale, e deitial condition was &
close appeodinetion to the pinned condittor, hstrat.
ing that the dnitial geess st the siilfpess of the beame
cphumn coneections was not chose to the vahie it fhadly
converged wpon, and et the velue dyw pekmm«lsr
sxlpustion rend winrnsd wig e ‘v‘i“l“i’ SRR B

terty of the slestpn assamptions wade by e cogineers
thit designed the bewt.

The FEM stiffness-curvitire eueves were pens
sted by calonlating doflection (v monest) 8 sevenl
loscrtions zlong ¢ sevctural member with Four beare
column conpection iffness walues {pinned, imtisl,
epwverged, snd Bradk The NIIT dote was plottad on
the same waes 2 the FEM curwes Tor 2 Hreor visgl
comprive to the FEM carves. Tn e bean portion of
the Frmme due b foad case 1, the envelope between the

Bont 57 ~ Moiner Disgrem of Top Dedot - Losd Cose |
fncation T is Lt Ead of Seam)

protal
e P EARESTT
g Fopgt

St neh el
o

Saorutiomn Kian Bloon fimcher}

Figore I3 Moment dlageam i Bent 37 top heam dee to load case ©
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Bridge Swnchures a7

extreme conection stiffness conditions {pinned apd
Bxet conditions? was very sl bt vhe BDT das
sl B vesy olosely 1o the FEM stiffnese-curvaturs
CUYES.

Tt general, the tepds shown in Flauees 12 and §3
are condstent with the dedgn assmpiions, The MNDT
dd_m vepteally weflects the Baed condition carves, The

A% updated with the prrsmetor sstinuion remlis
WAS & Vst o b over the hnklal peess st te
unkrown parsteter vabues, which was the g of this
analyals, The pammotor estimation valee reburned Tos
the stilfiness of the opper cmmections dlosely mimics
the belmvionr of the ;
had intniie stillbess
uprpet eoptections is Llwh \‘i‘t} whime T tm OB
uélwa. of B8 2 1 i -Ripairadion {108 1P mekN
se whee the PEM model was prlated
with the‘: sonverped parsmeter wdoes, the £ ourve
weoved wway Fom the plined condithon curve and very
chose toy the Fved condition chrve, A ineprovement of
this megrdtete betwess indtbsl ad converged FEM
curves shows the prrapster ctimstes pellect the Held
waanditin s,

Coicisbiog

WDT duta ohiained Geom the Contral Artery was wied
For parameter sstimation and model upduting. Using
PARameter Kewdilication Systens {PARISS), the
siztic stifbessbped epor fumction with the NDT
dhats from the underpiosing bepts of Boston's Conteal
Anery praved sl The mzzmmzal stitfss
walws of the s hetween col wnt b
wete swocesstully estimated. The sueoess of the para-
meter edimstion i verified i that o sodbor value was
comverged wpon o sewrsl diffeem inital pace-
meeter valoes (showing that staedog o 2y point, the
ik sesideal between NDT dais respimse sl
stmalated megponse conkl be Brand). Alse, the etk
mated preanster valoes verified the comnection st
ness simple design amumprions made by sirechural
Shgnesrs.

Beut 57 was considered to be 2 fyed connection
{hagh rotationel siffeess), so the sl perameter
“best-preess” was g bow rotations! siffness (o prove the
high value conld still be conwrged wpoi). The valse
that was convergad upon was input into 2 FEM that
showed 5 strictoral response dow 1o that of 2 fved
sonnechion. The FEMs of Bemt 57 weee then compared
to the NIT seesin date that was considered 1o 1
gocurste data, Gonerally, the NIDT dete sgresd with
the updaied FEM model, There were & Tew cpaes that
the inhcrent messuroment e in the NDT duse
exceested the difference between the predicted FEM
results ansd the collectad NDT dew.

This vesearch illusteates that, vis perametr sitima-
sty e modded wpditing, the fnal pamineter sstimates
wore able o more cossly apreosipate the Jdeden
sysemptions made by dedpn eugineess, as rellection
hecngh NIOT dats. This paper preseats & smallscale
prosfobconeept exanple of siuchurs] pemcter
estimtion for design werification, The authors pla
o kgke the lewom fearned throvgh this
including sepsors plecament, date guality, @
expectations from petsmeler estimation to design
werification for 2 full beddge structeres using NDT
data amd steuetural parsmeter estinmiog.

Tz kessons benrned Froms thas rssarcly, NDT, and
parapeter eatimation st model upduting will be wsed
Fisr Db projects swch i 2 lowd test deat ook place
Apnik 2008 4t the Rollins Road Bridge i Bollimb
WH. Fhis test was conduciod by the Liniverdity o
Hampshive tn conjusction with the New Ham ]
Drepartinent of Transpoetating (INFIDIOT)L The Radling
Raract Bridge Project will be nsed 23 2 benchimark for
the structeesl heslth monitering and wet mansges
e peogremane 2 the NEDOT,

i
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