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ABSTRACT

Since 1994, researchers at the University of Delaware have been working with engineers at
the Delaware Department of Transportation (DelDOT) to devel op methods for integrating
bridge field testing and in-service monitoring into DelDOT’ s bridge management efforts.

Bridges have traditionally been evaluated and rated using rather simple analytical
methods and without the use of site-specific data. Estimates of a bridge' s load-carrying
capacity made in this manner are often overly conservative. Because of the continued
deterioration of our nation’s bridges and the growing number of bridges that are being
classified as “deficient,” combined with limited financial resourcesin our bridge
management programs, it is more important than ever that estimates of a bridge’s
capacity be as accurate as possible. Accurate condition assessments and load ratings can
allow bridge engineers to more effectively manage their bridge inventories.

This paper will summarize the efforts to date and give specific examples of how
bridge field testing and in-service monitoring have been used to enhance the bridge
management effortsin Delaware.

INTRODUCTION

Asthe condition of our nation’s bridges continues to deteriorate, and the weight of trucks
on our highways continues to increase, the importance of being able to determine accurate
load-carrying capacity has become paramount. It has been estimated that 100,000 bridges
in the United States are currently posted, and another 50,000 bridges should be posted (1).

Bridge ratings have traditionally been based upon a conservative, non-site-specific
calculation of abridge’ s load-carrying capacity. Calculated |oad-carrying capacities are
usually underestimates of the safe |oad-carrying capacities of abridge (2, 3, 4, 5).
Parameters used in design and evaluation are by necessity conservative. Many secondary
sources of strength are either neglected (such as the stiffness of continuous parapets) or
have not been quantified (such as the stiffness of cracked concrete). Other sources of
stiffness are too bridge specific to be included (such as unintended composite action or
continuity) without field experimentation. Among the assumptions commonly used in
bridge load-carrying capacity rating which may not be true in terms of behavior of the
as-built bridge are:

* conservative estimates of load distribution,
e origina section properties,
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non-composite action,

uniform section loss due to corrosion,

simply supported spans (no fixity at supports),

unyielding supports (full fixity at supports),

conservative impact factors,

material strength based upon minimum acceptance criteria,
conservative estimates regarding the effect of fill.

Bridge Field Testing

When it comes to determining a safe and accurate |oad-carrying capacity for a bridge, the
best model of the structure isthe bridge itself. During design of a bridge, we do not have the
luxury of utilizing this resource. Fortunately, during subsequent evaluation, we can utilize
it. Field testing is one method for determining the strength capacity of existing bridges (6).

Due to the rapidly decreasing cost of non-destructive evaluation technologies, the
cost of field testing abridge is now quite reasonable, and the information gained from the
test can help bridge management engineers decide which bridges to post, rehabilitate, or
replace with their limited financial resources. Field testing can help public moniesto be
spent where they are most needed, and can help prevent public monies from being used
for unnecessary bridge repairs and replacements. For example, a public agency decides to
replace awell-used bridge due to findings during a visual inspection. Before they replace
the bridge, they hire structural engineersto field test the bridge and determine the bridge
is stronger than it appeared, and not in need of repair or replacement. Now the money can
be better spent on another bridge that does need repair. In addition, the public does not
have to face the inconvenience of unnecessary construction.

Bridge Field Testingin Delaware

Since 1994, University of Delaware researchers have been working with DelDOT engineers
to develop methods for integrating diagnostic bridge field testing and in-service monitoring
into DelDOT’ s bridge management efforts. Based on severd field load tests, an efficient
procedure for load rating bridges utilizing diagnostic field test results has been devel oped.
A primary objective in the devel opment of this procedure was that it be easily integrated
into DelDOT’ s current bridge rating process. Still further research hasled to the
development of an innovative in-service strain monitoring system. This system, used aone,
or in conjunction with field test results, provides very useful information about the actual
service condition of abridge. Together, these new techniques are being used to re-evaluate
the rating of posted bridges, and bridges whose current ratings present stringent limits on
the weight of permit vehicles (or superloads) alowed to use critical routes within the state.

Diagnostic Load Testing

Diagnostic load testing involves driving pre-weighed trucks across a bridge along various
transverse paths at both a crawl speed (pseudo-static test) and at full speed (dynamic
test). The weight of the trucksis chosen to not exceed the bridge’s current rating level.
Before testing starts, numerous fast-mounting strain transducers, and in some cases other
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instruments such as displacement gages, are set up at predetermined locations on the
bridge. Measurements are recorded as the test vehicle is driven across the bridge. From
the data collected during the diagnostic test, a number of significant properties that affect
the bridge’ s actual load-carrying capacity can be determined. These properties, which are
typically estimated in order to perform atraditional load rating, include (1) load
distribution, (2) support restraint, (3) flexural resistance of the superstructure elements
(cross-sectional properties including the state of composite action), and (4) effects of
impact. Furthermore, the recorded strain can aso help indicate the level of other, more
difficult to quantify, sources of strength. By gathering enough response data, a more
accurate structural model of the bridge can be created and used in the final bridge rating.
In Delaware, bridges are rated using the Bridge Rating and Analysis of Structural
Systems (BRASS) program (7). Key parameters that are used in BRASS are revised
based on the results of the diagnostic field test.

It should be noted that diagnostic testing has the benefit of explaining why the
bridge is performing differently than assumed (thisis especially useful if structural
models such as those used in BRASS are used to rate the bridge). The disadvantage to
this method, as opposed to proof load testing, is that the results are determined for service
loads, and need to be extrapolated to ultimate load levels.

In-Service Monitoring

In addition to load tests that are performed at a specific time, an instrumentation system has
recently been developed, and is currently being evaluated, to measure peak live-load strains
in bridges due to site specific traffic, over extended periods of time. The rapidly deployable
system issmall, lightweight, and battery powered. As such, the system is perfectly suited
for use in routine bridge inspection and field evaluation. The monitoring system provides a
unique statistical measure of the in-situ strain cyclesin the bridge, and can be used for
fatigue or strength evaluation, or to aert engineers regarding possible structural damage.

Using the strain monitoring system, live-load strains caused by site specific traffic
can be measured and average daily number of cycles and the stress levels can be
determined. This data can then be used to investigate and help understand the actual
live-load stresses that are experienced by the structure as awhole, or in specific details
that are prone to fatigue. The data can then be used to evaluate load-carrying capacity due
to the quantified site-specific loads, or used to “predict” the remaining fatigue life of a
fatigue critical detail.

The strain monitoring system may also be used as atool to help monitor the
“health” of the bridge and identify and diagnose structural damage and deterioration. In
this application the monitoring system and the data are an integral part of the bridge
maintenance and inspection program: the information provided by the system could be
used to aert engineers to a potential problem in the structure.

USE OF LOAD RATINGSIN DELAWARE'S
BRIDGE MANAGEMENT PROGRAM

Located in one of the older sections of the United States, Delaware’ s bridge population
consists of many different material types, structural configurations, and ages. DelDOT’s
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inventory ranges from structures constructed of new composite materials to stone
masonry arches that date back to the 1800s. Because of this variety, load rating or
capacity determination of bridgesis often difficult. Older structures many times have
limited plans and associated documentation. Other than destructive testing to determine
section properties, many of these bridges cannot be analyzed. Situations aso exist where
the in-service condition of a bridge does not reflect the low capacity calculated by using
the standard specifications. An inspection of the bridge condition sometimes indicates an
excellent or good condition, but the load rating of the bridge indicates that the bridge
should have substandard capacity.

Load rating information is used for various purposesin Delaware’ s bridge
management program. The information is utilized to determine routes for vehicles greater
than 120,000 Ibs (also known as permit vehicles or superloads). These vehicles exceed
the legal loads for traveling in the state and require a hauling permit. Permit vehicle types
can range from high capacity stand aone cranes to flatbed trailers hauling anything from
construction equipment to tanks. The capacity of bridges on the route must be evaluated
because, although the bridge may be adequate for legal loads, it may not have enough
residual capacity to carry these excessive loads. This review protects the hauler aswell as
the rest of the motoring public.

Load ratings are also used by DelDOT bridge managers to restrict loads on
bridges. Some bridges do not have enough capacity to carry legal loads due to
deterioration or older design criteria. These bridges are posted, alowing only lighter
vehiclesto cross legally. Unfortunately, one finds that these restrictions are often not
observed. Usually the violator gets across the bridge, possibly causing damage without
regard for the next vehicle to cross.

Load rating information is also used to prioritize structures for repair or replacement,
aswell as being used to determine allocation of federa dollars for bridge construction. A
bridge, which has alow capacity, may qualify for federal funding for replacement dueto its
condition rating and sufficiency rating from the National Bridge Inventory information.

In order to provide accurate load ratings for the wide variety of purposes
mentioned, including the prioritization of maintenance needs, Delaware has initiated an
active load testing program.

SUMMARY OF FIELD TESTSPERFORMED IN DELAWARE

Since 1994, more than ten diagnostic load tests have been conducted on Delaware bridges
in order to help DelDOT better manage the state’ s bridge inventory. The tests have been
performed for avariety of reasonsincluding: (1) evaluating the load-carrying capacity of
aposted bridge, (2) evaluating the load-carrying capacity of bridges on major state routes
for the purpose of routing superloads, (3) evaluating a non-standard, highly skewed
bridge, (4) evaluating an innovative bridge made of advanced polymer composites, and
(5) in-service monitoring of bridges on Interstate 1-95.

The following sections briefly detail the tests used to perform the mentioned
evaluations, and summarize both the load test results and how they are being used by
DelDOT’ s bridge managers. It should be noted that standard three-axle, single unit trucks
weighing between 25 to 30 tons were used to load all of the bridges discussed below
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(except for the in-service monitoring, which utilized ambient traffic). In all cases,
fast-mounting strain transducers were used to record live-load strains.

Posted Bridges

The first application of bridge load testing in Delaware related to the current program
took place in the summer of 1994 and involved the evaluation of a posted bridge. The
purpose of the test was to determine whether or not the bridge, which islocated on a
heavily used route in northern Delaware, needed to have traffic restrictions.

The tested bridge, built in 1939, has no skew and has a non-composite
slab-on-steel-girder superstructure. Inspection reports for the bridge indicated that
corrosion (and associated loss in section) played amajor role in causing the bridge to be
posted.

During the test, the peak bending strain that was measured was 60 percent lower
than the predicted strain based on the existing model of the bridge. By studying the load
test data, it was determined that the actual transverse load distribution was considerably
better than predicted by the American Association of State Highway Transportation
Officials (AASHTO) formulas (8). Furthermore, the girders were acting compositely
even though they were designed non-compositely. Based on careful consideration of the
test results, the bridge parameters were updated, new ratings were computed, and the
prior load restrictions for the bridge were removed.

Permit Vehicles

To date, eight bridges have been tested in order to enable DelDOT to better plan the
routing of permit vehicles (superloads) through the state. Five of the bridges are located
on US 13 (the major north-south route through the state), while the remaining

three bridges tested are |ocated on Interstate 1-95 (the major east-west route through
the state).

The construction of State Rt. 1, amgjor north-south road that connects southern
and northern Delaware, is well underway. This road provides high capacity bridges for
permit loads passing through the state. However, until the road is completed, some
portions of US 13 will continue to be utilized. Along one of these sections, several 65
to 80 year old short-span, concrete slab bridges were identified by DelDOT as
potentially representing a temporary weak link in the north-south artery. If the bridges
did indeed represent aweak link, their immediate replacement may have been needed.
As aresult, five concrete slab bridges, built from 1920 to 1932, were tested in the fall
of 1998.

The evaluation of these bridges included both diagnostic load testing of the
concrete slabs, as well as material testing of the concrete (from cores). In the field load
tests, the primary variable that was quantified was the transverse load distribution of the
concrete slab. In all cases, it was determined that the slab was distributing loads nearly
twice as effectively as one would predict based on AASHTO equations (8). Some of this
enhancement may also have been due to the 0.25 to 1 meter of fill that separates the
current asphalt wearing surface and the top of the concrete slab. Based on the better |oad
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distribution that was measured, it has been determined that none of these older structures
should represent a severe limitation to superloads passing along this route, and their
replacement is not needed.

The three bridges on 1-95 that were tested to evaluate permit load capacity
included two slab-on-steel-girder structures (both tested in 1995), and one concrete
multiple cell box culvert (tested in 1997). Like the posted bridge mentioned previously,
the two girder bridges exhibited better than expected live load distribution. The culvert,
that had considerablefill on top of it, proved to have little to no effect of live loads.

In all three cases, the capacity for permit vehicles was significantly increased.

Nonstandard Designs—Highly Skewed Bridges

In the early 1990s, DelDOT constructed several highly skewed bridges as a part

of the new State Rt. 1 construction. The skews of some of these bridges were on the
order of 60 degrees, and DelDOT design engineers were interested in seeing how
these bridges were performing relative to their design expectations. In the summer of
1997, atwo-span, 100-meter, slab-on-steel-girder bridge having a 60 degree skew
was tested using two heavily trucks. Based on the results of the diagnostic test, it was
found that AASHTO distribution factors for skewed girders appear to be fairly
accurate (8). The field test results also matched well with finite element analyses of
the bridge.

Innovative Bridges—Advanced Polymer Composite Super structure

In the fall of 1998, DelDOT constructed an all-composite slab bridge on Bus. State Rt.
896 in Glasgow, Delaware. Because of the novel design, both |aboratory and field tests of
the actual bridge components, and the bridge during construction, were performed (field
tests of the completed bridge, including long-term monitoring, are scheduled for the
summer of 1999). The tests have been used to help quantify the transverse load
distribution of the polymer composite slab, as well as to monitor the magnitude of strain
induced during construction and due to the dead load of the concrete wearing surface.
Thusfar, the field test results indicate the bridge is exceeding all design requirements (the
bridge was designed using AASHTO'’ s new LRFD design philosophy). In terms of bridge
management, the ability to monitor this structure through field testing will be agreat aid
in rating the bridge (no guidelines for rating polymer composite bridges currently exist),
in monitoring the bridge' s ongoing “health,” and in indicating whether or not
maintenance or repairs are needed.

I n-Service M onitoring

Field tests using the newly developed strain monitoring system were conducted over aten
week period in the summer and fall of 1998. The tests were conducted on an Interstate
[-95 bridge in northern Delaware. The bridge is a three-span continuous concrete slab-on-
steel-girder structure that carries alarge volume of commercial truck traffic along the
[-95 corridor.
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Using the strain monitoring system, the in-situ stress state that exists in the bridge
due to the site specific traffic was measured. The data allowed the average daily number
of cycles and the stress levels at which they occur to be generated. Using this
information, S-N curves for the bridge’ s critical fatigue details were created, and
estimates for the expected remaining fatigue life of the details (i.e., number of cycles
remaining to failure) were made. For al details considered, based on the current traffic,
all estimates of remaining fatigue life exceeded 100 years.

SUMMARY

A bridge load testing program that utilizes both diagnostic field tests and in-service
monitoring has been established in Delaware to help DelDOT more effectively manage
their bridge inventory. Load testing of bridges provides more accurate information about
bridge load-carrying capacity without eliminating needed factors of safety. In severa
cases the information gained has been used to determine accurate values for load
distribution. Determinations have al so been made as to the existence of composite action
between a girder and deck. Thisinformation is used in load rating calculations, and has
led to more accurate capacity assessments. While some benefits in response may be
safely used to improve load ratings, other benefits may not be relied upon because they
may be subject to unexpected change during the bridge life. One exampleis the fixity of
bearings which could be eliminated during the next bridge painting contract. In the end,
one must be careful not to be unconservative in estimating bridge load-carrying capacity
based on field testing and monitoring. This may subject the bridge to many cycles of near
capacity loads, reducing its service life.

Values used from the load testing of bridges have allowed DelDOT to remove
load restrictions for a bridge on a major truck route. Also, the information has allowed for
the passage of superloads on bridges on the two most major travel routes through the
state. This extra capacity has allowed us to postpone the replacement of substandard
structures, as well as eliminated extensive detour routes around these structures on rural
secondary roads. Further tests have been used to verify non-standard designsinvolving
highly skewed bridges, to evaluate the performance of an innovative composite material
bridge, and to monitor the accumulation of fatigue on a heavily traveled highway
overpass.

The implementation of an ongoing bridge capacity evaluation and monitoring
program through field testing has already had significant impact on DelDOT’ s ability to
manage its bridge inventory. Future plans include utilizing load testing to determine the
capacity of some of Delaware’s older structures which are still in fairly good condition,
but for which plans do not exist. One such example is old masonry arches.
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