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Research idea: Many short span concrete slab bridges exist from decades ago. The problem is that many do not have plans, so the load capacity is not easily determined. The goal would be to find a method to evaluate these slabs using common easily procured methods that the county staff could do. The goal is to allow local entities, with their small budgets to reasonably evaluate at little cost, the load capacity of concrete slab bridges for the safety of the public.

Summary: The transportation literature yielded nineteen studies that fit the parameters of the research question. Please note that there are included in this compilation several studies with a common author, so there may be some redundancy. All studies were presented so that a comprehensive look at the body of work can be reviewed. It is suggested that the reference or bibliography section of the research reports be reviewed for additional resources of value to the research going forward.
A selection of the citations that matched the search parameters follows.


Development of a Load Test for the Evaluation and Rating of Short-Span Reinforced Concrete Slab Bridges
http://www.dot.state.oh.us/Divisions/Planning/SPR/Research/reportsandplans/Reports/2002/Structures/14737-FR.pdf
There exists in the state of Ohio a large inventory of short span reinforced concrete slab bridges, particularly on rural secondary highways, whose actual structural reliability cannot be accurately ascertained. Quite often little or no documentation exists to assist the responsible local jurisdictions in assessing the ability of these bridges to safely carry modern truck loading. A previously conducted feasibility study has demonstrated the potential of utilizing simplified load testing as an aid in the evaluation and load rating of such structures. In this study, an ensemble of twenty short span reinforced concrete bridges was load tested in order to develop a database, from which a suitable load-based rating methodology could be prescribed and verified, for this category of bridge structure. Two of the tested structures were loaded destructively, past the actual service limit state, in order to verify the reasonableness of the proposed nondestructive testing methodology. A nondestructive load-based test methodology, utilizing a loaded single axle dump truck as the test vehicle, was developed and verified. Simplified deflection instrumentation, consisting of mechanical dial gages, was shown to produce sufficiently accurate and precise data for reasonable and conservative capacity predictions. A wide range of span, width, depth, parapet types and skew angles were examined in order to arrive at a generally applicable methodology for this category of structure.
Eitel, A
Huckelbridge, A
Capaldi, N
State Job Number 14737(0)
Case Western Reserve University
School of Engineering
10900 Euclid Avenue
Cleveland, OH 44106 United States

Ohio Department of Transportation
1980 West Broad Street
Columbus, OH 43223 United States

Federal Highway Administration
1200 New Jersey Avenue, SE
Washington, DC 20590 United States
2002
=====================================================================================
Evaluation of a Short Span Concrete Arch Bridge for Rehabilitation
A short span, open spandrel concrete arch bridge for local traffic has been found to have pieces of concrete fallen off from its components, and some reinforcing bars are exposed. There is no available information on the bridge's details. The safety of the bridge is of concern. Evaluation of the bridge consists of field measurement, load testing, and analysis. Load testing has been conducted and live load stresses in some components of the bridge have been measured. Results of a live load analysis by a finite element model compare satisfactorily with the measured values. The bridge is considered to have strength for the expected traffic loads. Minor repair to cover the exposed reinforcing bars is being recommended.
Yen, B T
Zhou, Y
Iowa State University, Ames
Department of Civil, Construction and Environmental Engineering
Town Engineering Building
Ames, IA 50011-3232 United States
p. 359-366
1993
Symposium on Practical Solutions for Bridge Strengthening and Rehabilitation
Location: Des Moines, Iowa 
Date: 19930405 - 19930406
Sponsors: National Science Foundation; and Iowa State University.
=====================================================================================
Evaluating the Load Carrying Capacity of Bridges without Plans Using Field Test Results
Bridge load rating has become an integral part of bridge management in the United States. Ratings are used as a means to characterize the load carrying capacity of bridges, to allocate funding for the repair and rehabilitation of bridges, and to approve permit vehicles and superload crossings. Most load ratings are calculated using simple analytical models that are based on information obtained from the structural plans for the bridge; however, for some bridges, particularly for many smaller, older bridges, structural plans may no longer be available. Determining load rating factors for these types of structures is particularly difficult. The resulting ratings are usually based on numerous, conservative, assumptions. In many cases these structures end up with ratings much lower than they would have if plans were available for the bridge. There is a need for methods to help in determining realistic load rating factors for bridges for which plans are not available. This report summarizes the results of a study into methods for load rating bridges for which structural plans are not available, based on the results of diagnostic load tests
Chajes, M J
Shenton III, H W
Thompson, E
124p.
University of Delaware, Newark
Delaware Center for Transportation
Newark, DE 19716 United States

Delaware Department of Transportation
800 Bay Road
Dover, DE 19903 United States
2004
=====================================================================================
(Presentation of the above research at 2004 conference 2004 appearing in the 2010 literature)
Load Rating of Concrete Bridge without Plans


Combining theoretical analysis and field tests can greatly enhance the understanding of the performance of the bridges for engineers, which can be applied to evaluate the load carrying capacity of bridges without plans. Researchers at the University of Delaware previously developed a methodology, the steel area method (SAM), to rate concrete bridges without plans, which uses strain or displacement measurements from field testing in conjunction with basic mechanics principles to estimate the unknown area of reinforcing steel in a concrete bridge. The estimated reinforcing steel area can then be used with traditional rating techniques. In this paper, the SAM procedure has been extended and improved to accommodate more realistic general load configurations used in a typical load test. A procedure for load rating bridges without plans incorporating the results of a diagnostic load test is proposed based on the improved SAM approach. A concrete slab bridge with original structural drawings is used to validate the proposed procedures. Conclusions of the proposed methodology are drawn based on the test verifications.
Huang, J
Shenton, H W
pp 298-309
American Society of Civil Engineers
1801 Alexander Bell Drive
Reston, VA 20191-4400 United States

Structural Engineering Institute
American Society of Civil Engineers
1801 Alexander Bell Drive
Reston, VA 20191-4400 United States
2010
2010 Structures Congress and the 19th Analysis and Computation Specialty Conference
Location: Orlando FL
Date: 20100512 – 20100515
=====================================================================================
Guidance for Field Evaluations and Load Ratings of Bridges with Limited or Missing As-Built Data
Research in Progress Project 36891
The Virginia Department of Transportation (VDOT) posts or restricts allowable gross vehicular weight on a bridge at a conservative level when a structure has no as-built plans available. Even if plans are available, deterioration - detected or not - and missing pertinent design details can make the rating process more complex. Because VDOT has a large number of such bridges, these load restrictions can affect the level of commerce across Virginia. This project will develop a "state of the current practice" for VDOT regarding analytical rating practices, augmented by rapid and reliable in-service field evaluation of structures - including nondestructive methods or in-service monitoring - for load-rating purposes. This synthesis should allow VDOT to use the results to develop a plan to perform these load ratings in-house, create a collaborative partnership with universities or contract these services, with the goal of increasing or eliminating the posting of bridges in a safe manner.
University of Virginia, Charlottesville
P. O. Box 400195
Charlottesville, VA 22904 United States

Virginia Center for Transportation Innovation and Research
530 Edgemont Road
Charlottesville, VA 22903 United States
Harris, Devin
Ozbulut, Osman
Chase, Steven B.
Kassner, Bernard
Start date: 2014-07-01
End date: 2016-04-30
=====================================================================================
Approach for Establishing Approximate Load Carrying Capacity for Bridges with Unknown Material and Unknown Design Properties
http://ntl.bts.gov/lib/42000/42300/42309/MPC11-236.pdf
There are 16 small to medium simple span bridges in Larimer County that are currently load rated solely based on visual inspections. Most of these bridges are pre-stressed concrete bridges. The objective of this project is to load rate these bridges using structural analysis with very little to no information available related to their design. Larimer County provided everything available, which essentially was very limited plans and inspection reports for the bridges. The plans lacked details concerning pre-stress, cross-section dimensions, and material properties. The bridge (pre-stress concrete) manufacturer does not have records of the bridges built in the 1960’s or earlier. Due to these limitations, a basic structural analysis was performed using a program developed for the Colorado Department of Transportation (CDOT) in 2007 with rating-conservative assumptions in order to determine the capacities of the bridges. The influence of these assumptions on the conclusions is also discussed.
Colorado State University, Fort Collins
Fort Collins, CO 80523 USA
Mountain-Plains Consortium

North Dakota State University
P.O. Box 5074, 430 IACC Building
Fargo, ND 58105 USA
Authors:
Taylor, Zach
Amini, Omar
van de Lindt, John W.
86p.
2011
=====================================================================================
Load Testing for Bridge Rating: Dean's Mill Over Hannacrois Creek
https://www.dot.ny.gov/di...and-d-repository/sr147.pdf
The report discusses testing and load rating of the bridge carrying Dean’s Mill Road over the Hannacrois Creek in Greene County, New York (County Bridge BIN 3201350). The bridge was built in 1961, and consists of five 70-ft long post-tensioned bulb-T beams connected by 8-in. wide closure pours. No documents or plans for the structure are available. The bridge deck is topped with an asphalt overlay for a riding surface. It is a single span structure, has two traffic lanes, and an AADT of approximately 650 vehicles. In 1970, the structure was load posted for 12 tons. Absence of the bridge plans discouraged the County Engineers’ evaluation of the structure to increase the 12 ton posting. Pressed by the public’s demand to accommodate school bus traffic on the bridge, the County approached the New York State Department of Transportation (NYSDOT) on how to respond to the pressing demand. The County agreed to a load testing plan proposed by the Transportation Research and Development Bureau of the NYSDOT. The plan was based on investigating actual behavior of the structure under controlled truck loading. The bridge was instrumented and load tested using trucks of known weights and configurations positioned at specified locations on the deck, to gradually increase their load effect on the structure. The load testing results gave actual stiffness of the bridge beams and revealed the level of fixity at the bridge abutments. Prior to the load testing, the beam geometry was determined and the bridge structure was analyzed using the 1961 American Association of State Highway and Transportation Officials (AASHTO) specifications. The analysis was based on the assumption that the structure was designed to meet the specifications’ requirements regarding satisfying initial and final stresses. This analysis provided estimates for the initial and final post-tensioning forces, and the eccentricity and cross sectional area of the post-tensioning steel. Using this information, the beams’ ultimate and cracking moments, and a safe/threshold moment to be applied during the testing were determined. Utilizing the test results, the bridge load rating at the inventory and operating levels was performed using the AASHTO load factor method, for both H-20 and HS-20 trucks.
New York State Department of Transportation
Transportation Research and Development Bureau, 50 Wolf Road
Albany, NY 12232 USA

Federal Highway Administration
1200 New Jersey Avenue, SE
Washington, DC 20590 USA

Hag-Elsafi, Osman
Kunin, Jonathan
71p.
2006
=====================================================================================
Concrete Bridge Assessment: an Alternative Approach
Since the Department of Transport launched the bridge rehabilitation program in 1987, many thousands of bridges have been assessed to determine their safe load carrying capacities. Although the majority of structures have been found to be satisfactory, large number of bridges have 'failed' their assessments. In this paper progress on the assessment and strengthening part of this program is reviewed. The conventional approach to bridge assessment is examined, and the definition and consequences of 'failure' are discussed. Alternative methods of assessment are considered, and the potential for using plastic collapse or yield line analysis for the assessment of short-span reinforced concrete slab bridges is evaluated. A new technique for performing yield line analysis has been developed recently at Cambridge University and implemented in a computer program called COBRAS. This approach provides a simple, rapid and practical means of performing yield line analysis and overcomes many of the difficulties that have previously limited the application of this method in practice. Over 20 concrete bridges, 'failed' using conventional assessment methods, have now been reassessed using this program. All were found to have higher flexural capacities when plastic, rather than elastic, analysis was used for assessment. It is concluded that there is considerable potential for using yield line analysis for evaluating the ultimate load capacity of short-span concrete slab bridges.
Middleton, C. R.
Institution of Structural Engineers
11 Upper Belgrave Street
London SW1X 8BH United Kingdom

1997
Structural Engineer
Volume: 75
Issue Number: 23/24
Publisher: Institution of Structural Engineers
=====================================================================================
Nondestructive and Destructive Testing of Decommissioned Reinforced Concrete Slab Highway Bridge and Association Analytical Studies
Recently there have been many examples of undesirable bridge performance under service loads and scour and after floods and earthquakes. There is also evidence that, according to present inspection and rating procedures, a large number of bridges may be deemed structurally deficient without justification. Many reinforced concrete (RC) slab bridges are now being replaced without taking full advantage of their inherent capacities because of a lack of understanding and knowledge of the effects of deterioration and aging on these bridges. To establish procedures to allow for the full utilization of RC slab bridge capacity, a 38-year-old sample was loaded to failure. The bridge, which was decommissioned because of its age and deteriorated state, endured the equivalent loading of 22 rating trucks before failure.
This paper appears in Transportation Research Record No. 1371, Bridge, Culvert, and Tunnel Research.
Aktan, A. E.
Zwick, M.
Miller, R.
Shahrooz, B.
p. 142-153
1992
Transportation Research Record
Issue Number: 1371
Publisher: Transportation Research Board
=====================================================================================
Performance of Concrete Slab Bridges. Final Report.
Highway bridge rating practice in the United States currently follows the procedures outlined in the "AASHTO Manual for Maintenance Inspection of Bridges". However, field testing results indicate that there is significant reserve strength in most bridges that is not accounted for by the AASHTO rating procedures. Consequently, bridges that possess sufficient strength to remain in service may be rated structurally deficient. This finding is especially significant for many older bridges that were designed for smaller loads, but that may possess sufficient capacity to allow the passage of modern vehicular loads. Because this reserve strength is not predicted by any contemporary analytical techniques, field testing is critical for developing rating procedures. This project focused on concrete slab bridges. In Nebraska there are many multiple-span slab bridges which were designed for H15 truck loading. Many of these bridges, when rated using current analytical tools, have insufficient capacity to carry modern traffic loads, resulting in their replacement, strengthening, or load posting. The overall objectives of this project were to assess more accurately the load carrying capacity of reinforced concrete slab bridges and develop simple analytical tools for predicting their behavior under service and ultimate load conditions. A five span bridge over the Niobrara River in northwestern Nebraska was selected for testing. Two spans of the bridge, which was built in 1938 and decommissioned in 1972, were subjected to numerous tests including loading to collapse. Using the BARS program the bridge was rated for approximately 67% of HS20 truck load. However, experimental results indicated that this bridge could carry 4 times the HS20 truck load in each lane while behaving in a perfectly elastic manner and, furthermore, it would require the equivalent of 7 HS20 truck loads in each lane to reach ultimate capacity. A detailed analytical study using finite element analyses and yield line analyses incorporating a moment curvature approach together with actual material properties were conducted to assess the differences between observed capacity and that predicted by conventional analysis approaches. Based on the experimental and analytical investigations conducted, it can be concluded that concrete slab bridges possess significant reserve capacity and that yield line analysis can effectively be utilized to accurately predict the strength of these bridges.
Shekar, Y.
Azizinamini, Atorod
Barnhill, G.
Boothby, T. E.
609p.
University of Nebraska, Lincoln
College of Engineering and Technology
Lincoln, NE 68503 United States

Nebraska Department of Roads
1500 Highway 2, P.O. Box 94759
Lincoln, NE 68509 United States
1993
=====================================================================================
Advanced Methodology for Rating Concrete Slab Bridges


Azizinamini, A. 
Elremaily, A.
Choobineh, F. 
Field testing of old concrete slab bridges designed for smaller truck loads shows that these bridges possess much higher strength than that indicated by current rating procedures. Extensive experimental and analytical investigations were carried out to evaluate the behavior of concrete slab bridges. Information gained from conducting the experimental and numerical analysis is used in this paper to develop a state of the art method to rate concrete slab bridges using a probabilistic approach. Monte Carlo simulation technique is used to develop probability density functions (PDF) for both load effect and resistance. The PDFs are then used to develop the probability of failure of the bridge. Results of this investigation indicate that concrete slab bridges, including those originally designed for H15 loads, have large reserve capacities and most of these bridges could carry modern traffic loads.

2000
Advanced Technology in Structural Engineering: pp. 1-8
=====================================================================================
Reliability Based Rating Procedure for Concrete Slab Bridges Using Field Testing
Concrete slab bridges are short span bridges that are found in the thousands in both state and county inventories. A majority of these bridges are three-span continuous and were constructed during the years when H15 AASHTO truck loads were used as the designed vehicle load. The problem occurs when these bridges are required to carry higher traffic loads, such as AASHTO HS20 design truck loads, which are 72,000 lb. (32,659 kg). An extensive investigation to comprehend the behavior of concrete slab bridges and develop a state of the art method of rating them was conducted at the University of Nebraska-Lincoln between 1991 and 1997. This report summarizes the entire investigation, which was carried out in two phases. The experimental work included testing 12 concrete slab bridges in the field and constructing and testing of a 1/4 scale three span bridge in the laboratory. One slab bridge was tested to collapse in the field. Experimental data were used to develop a reliable procedure to carry out three dimensional analysis of concrete slab bridges. Information gained from conducting experimental and numerical analysis was used to develop a state of the art method to rate concrete slab bridges using probabilistic approach. Results of this investigation indicate that concrete slab bridges have large reserve capacities, including those originally designed for H15 loads, and most of these bridges could carry modern traffic loads.
Azizinamini, A.
Keeler, B.
Choobineh, F.
Mans, P.
Luedke, J.
University of Nebraska, Omaha
Department of Civil Engineering, 6001 Dodge Street
Omaha, NE 68182-0178 United States

Nebraska Department of Roads
1500 Highway 2, P.O. Box 94759
Lincoln, NE 68509 United States

Federal Highway Administration
1200 New Jersey Avenue, SE
Washington, DC 20590 United States

276p.

1998
FHWA NE-98-P480
Final Report
=====================================================================================
Feasibility Study for Simplified Load Testing of Slab Bridges. Final Report.
The objective of this investigation was to demonstrate the feasibility of obtaining meaningful quantitative structural response data, suitable for rating purposes, from short span reinforced slab bridges by simplified load testing. Such simplified load testing could be carried out by regular inspection personnel, utilizing pre-weighed vehicles for loading the structures and collecting the resulting deflection data with readily available instrumentation, such as mechanical dial gages, etc. Quantitative in-situ load performance data, combined with conventional visual inspection, would provide a much sounder basis for load rating than visual inspection alone. Before such a rating procedure can be developed, however, it must be verified that useful data can be collected by the "low-tech" instrumentation alluded to. The investigation revealed that measurable deflections, providing data with more than adequate accuracy and resolution, were indeed possible. The "low-tech" dial gages agreed very well with more sophisticated electronic instrumentation, and simple portable fixturing was demonstrated. Load ratings were estimated for the test structures which would appear to be quite reasonable for the test loads utilized. Reasonably heavy loads (axle weights in excess of 30 kips) still did not load the bridges in question beyond the service limit state, defined as steel stresses in the reinforcement estimated at 50% of yield.
Huckelbridge Jr, A. A.

Case Western Reserve University
School of Engineering
10900 Euclid Avenue
Cleveland, OH 44106 United States

Ohio Department of Transportation
25 South Front Street
Columbus, OH 43215 United States

Federal Highway Administration
1200 New Jersey Avenue, SE
Washington, DC 20590 United States

State Job No. 14593(0)
45p.
1995
=====================================================================================
Concrete Slab Bridges: How Strong are they?
An investigation is being conducted to evaluate more accurately the performance of old reinforced concrete slab bridges. Several tests, including ultimate load tests, were carried out on two spans of an existing reinforced concrete slab bridge built in 1938 and decommissioned in 1972. This paper summarizes the results of some of the experimental and analytical investigations conducted on one of the simply supported spans.
Iowa State University, Ames
Department of Civil, Construction and Environmental Engineering
Town Engineering Building
Ames, IA 50011-3232 United States

Shekar, Y.
Azizinamini, A.
Barnhill, G.
Boothby, T. E.

p. 379-387
1993
=====================================================================================
Testing of Old Reinforced Concrete Bridges
http://publications.iowa.gov/16919/1/IADOT_hr390_Test_Old_Reinf_Conc_Brid_1997.pdf

The objective of this research project was to service load test a representative sample of old reinforced concrete bridges (some of them historic and some of them scheduled for demolition) with the results being used to create a database so the performance of similar bridges could be predicted. The types of bridges tested included two reinforced concrete open spandrel arches, two reinforced concrete filled spandrel arches, one reinforced concrete slab bridge, and one two span reinforced concrete stringer bridge. The testing of each bridge consisted of applying a static load at various locations on the bridges and monitoring strains and deflections in critical members. The load was applied by means of a tandem axle dump truck with varying magnitudes of load. At each load increment, the truck was stopped at predetermined transverse and longitudinal locations and strain and deflection data were obtained. The strain data obtained were then evaluated in relation to the strain values predicted by traditional analytical procedures and a carrying capacity of the bridges was determined based on the experimental data. The response of a majority of the bridges tested was considerably lower than that predicted by analysis. Thus, the safe load carrying capacities of the bridges were greater than those predicted by the analytical models, and in a few cases, the load carrying capacities were found to be three or four times greater than calculated values. However, the test results of one bridge were lower than those predicted by analysis and thus resulted in the analytical rating being reduced. The results of the testing verified that traditional analytical methods, in most instances, are conservative and that the safe load carrying capacities of a majority of the reinforced concrete bridges are considerably greater than what one would determine on the basis of analytical analysis alone. In extrapolating the results obtained from diagnostic load tests to levels greater than those placed on the bridge during the load test, care must be taken to ensure safe bridge performance at the higher load levels. To extrapolate the load test results from the bridges tested in this investigation, the method developed by Lichtenstein in NCHRP Project 12-28(13) A was used.
Klaiber, F. W.
Wipf, T. J.
Streeter, C. M.
Iowa State University, Ames
Department of Civil, Construction and Environmental Engineering
Town Engineering Building
Ames, IA 50011-3232 United States

Iowa Department of Transportation
800 Lincoln Way
Ames, IA 50010 United States
308p.
1997
=====================================================================================
Finite-Element Analysis and Load Rating of Flat Slab Concrete Bridges


Davids, W.
Poulin, T.
[bookmark: _GoBack]Goslin, K. 
Journal of Bridge Engineering, 18(10), 946–956.
A significant portion of the nation’s aging bridge inventory consists of flat slab concrete bridges. Many of these bridges were constructed in the middle third of the 20th century, and although they are in generally good condition, they were not designed to carry modern highway loads. This research builds on prior studies that indicate that the equivalent strip width method—prescribed by AASHTO and widely used for the analysis of flat slab bridges—may be overly conservative and lead to under prediction of bridge structural capacity. The development of finite-element (FE) analysis software designed specifically for the load rating of flat slab bridges is presented. The FE software formulation and convergence were verified by comparison with predictions from commercial FE software under realistic loading scenarios. Results of live load tests of an instrumented, in-service flat slab bridge are reported. The FE model-predicted slab moments were shown to be conservative relative to the moments inferred from the load test data for a range of truck positions. Fourteen in-service flat slab bridges were load rated with both FE analysis and the equivalent strip method to assess the degree of conservatism inherent in the AASHTO approximate analysis. The results show an average increase in rating factor of approximately 26% when using FE analysis and that 58% of the bridges predicted to be under capacity using AASTHO approximate methods are sufficient based on FE analysis.
2013
=====================================================================================
Old Concrete Slab Bridges. I: Experimental Investigation


Azizinamini, A.
Boothby, T.
Shekar, Y.
Barnhill, G.
Journal of Structural Engineering, 120(11), 3284–3304.
Old reinforced concrete slab bridges designed for smaller truck loads are called on to carry the modern, heavier, loads. These bridges, when rated according to the current American Association of State Highway and Transportation Officials procedures, are found to be structurally deficient. The present paper reports the experimental part of the investigation carried out to understand the behavior of this category of bridges, both at service and ultimate load levels in order to rate them more realistically. A five‐span reinforced concrete slab bridge, built in 1938 and decommissioned since 1972, was tested destructively. The destructive test was performed by applying loads that simulated the presence of two trucks side‐by‐side on the bridge. Also, six three‐span reinforced concrete slab bridges were subjected to service load tests. Two dump trucks, each weighing approximately 222.5 kN, were used to carry out the service load tests. Experimental results indicate that reinforced concrete slab bridges possess much higher strength than that indicated by current rating procedures.
1994
=====================================================================================
Old Concrete Slab Bridges. II. Analysis


Azizinamini, A.
Shekar, Y.
Boothby, T.
Barnhill, G.
1994
Journal of Structural Engineering, 120(11), 3305–3319.
Old reinforced concrete slab bridges designed for smaller truck loads are called on to carry modern, heavier loads. These bridges, when rated according to current American Association of State Highway and Transportation Officials procedures are found to be structurally deficient. Therefore, it is important to rate these bridges more realistically. The experimental part of the investigation to understand the behavior of slab bridges is given in a companion paper. The present paper provides the analysis of the experimental data. The reasons for the conservatism of the current rating procedures observed during the experimental investigation stemmed from the facts that the actual material properties were much higher than the assumed design values, and the curbs participated to a considerable extent in carrying the applied loads. Also, a simple three‐dimensional finite‐element model to analyze these bridges under service loads is presented.
=====================================================================================
Dynamic Testing of a Short span Rural Bridge


An on-going research project examines the feasibility of using ambient vibration measurements as a supplement to routine bridge inspection. The goal of this research is to develop a cost-effective testing methodology, which can be easily implemented on county highway bridges in Shelby County, Alabama. This paper summarizes a preliminary study on a two-lane concrete deck/steel stringer bridge. Vibrations due to impact excitation and ambient traffic were used to extract the first bending mode. These data were used to determine the dynamic load impact factors of the bridge. Due to the relatively lightweight of the bridge, the weight of the automobile significantly influences the resonant frequencies. Based on the study, recommendations on field measurements as a standard inspection procedure have been made and discussed.
Shen-En Chen
Dept. of Civil & Environmental Engineering, University of Alabama at Birmingham, Birmingham, AL 35294-4440

Thomas Grimes
County Engineer’s Office, Shelby County Highway Department, Columbiana, AL 35051

Sreenivas Alampalli
Transportation Research & Development Bureau, New York Department of Transportation, Albany, NY 12232-0869

Mostafiz Chowdhury
Transportation Research & Development Bureau, New York Department of Transportation, Albany, NY 12232-0869

Gregory Myers
Weapons and Materials Research Directorate, U.S. Army Research Laboratory, Adelphi, MD 20783-1145
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Advanced Methodology for Rating
Concrete Slab Bridges


Atorod Azizinamini
Ahmed Elremaily
Fred Choobineh


Abstract


Field testing of old concrete slab bridges designed for smaller truck loads shows that
these bridges possess much higher strength than that indicated by current rating
procedures.  Extensive experimental and analytical investigations were carried out to
evaluate the behavior of concrete slab bridges.  Information gained from conducting the
experimental and numerical analysis is used in this paper to develop a state of the art
method to rate concrete slab bridges using a probabilistic approach.  Monte Carlo
simulation technique is used to develop probability density functions (PDF) for both load
effect and resistance.  The PDFs are then used to develop the probability of failure of the
bridge.  Results of this investigation indicate that concrete slab bridges, including those
originally designed for H15 loads, have large reserve capacities and most of these bridges
could carry modern traffic loads.


Introduction


Majority of existing concrete slab bridges were constructed using the AASHTO H15
truck which has a total design vehicle load weight of 142.34 kN (32,000 pounds) as
opposed to the current AASHTO HS20 truck which has a total design vehicle load
weight of 320.26 kN (72,000 pounds). Rating of these old bridges according to the
provisions of AASHTO Manual for Maintenance Inspection of Bridges (1983) results in
one of the following actions a) posting a weight limit, b) strengthening the bridge, or c)
replacing the bridge. However, field testing of these concrete slab bridges has shown that
they have sufficient strength to remain in service and their reserve strength is under
estimated by the current ASHTO rating procedure.  Accurate rating of existing concrete
slab bridges results in more efficient use of resources while assuring public safety. This
paper presents a brief overview of a procedure for assessing more accurately the load
carrying capacity of reinforced concrete slab bridges.


Background


Azizinamini et al. (1994a, 1994b) conducted analytical and experimental studies to
investigate the behavior of concrete slab bridges at service and ultimate load levels.  In
the experimental study (Azizinamini et al., 1994a), a five-span concrete slab bridge that
was built in 1938 and decommissioned in 1972, was subjected to numerous tests,
including ultimate load tests. The slab bridge comprised of three continuous spans and
two simply supported end spans.  Figure 1 depicts the plan and longitudinal elevation of
the bridge. Using the current (1983) AASHTO rating provision the bridge was assigned
a rating factor of 0.671.  This rating factor requires posting a load limit of approximately
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215 kN (24 tons) for use of the bridge.  The ultimate load that resulted in the bridge
failure was equivalent to having 7 AASHTO HS20 truck loads on each lane (Azizinamini
et al., 1994a). This is approximately 10.4 times the inventory rating calculated in
accordance with AASHTO provisions for rating concrete slab bridges. Azizinamini et
al. (1994b) identified the four primary contributors to the under estimation of load
carrying capacity by the AASHTO procedure as: a) actual material properties of the steel
reinforcement versus the values assumed in design, b) effect of curbs, c) conservatism
inherent in two dimensional analysis, and d) the semi-empirical approximation of
AASHTO probabilistic rating approach.


In this paper, focus is placed on the failure probability of concrete slab bridges and
attempt to develop a more accurate approach for rating those bridges.


The Proposed Rating Method


The proposed rating method is based on determining the probability of failure of the
bridge. Load effect, Q, and resistance, R, are the most important parameters in structural
design. Thus, the probability of failure is defined as the probability of R being less than
Q. In AASHTO’s LRFD procedure Q and R are assumed to be independent normal
random variables.


Figure 2 shows possible Probability Density Functions (PDF) for Q and R.  The PDF of
load effect, f(Q), is shaped by contributions from PDFs of the local traffic variables such
as vehicle type and weight.  Where as the PDF of resistance, g(R), is shaped by
contributions from PDFs of variables such as yield strength of steel or concrete
compressive strength. Typically, Q and R are bounded random variables, and f(Q) and
g(R) are non-symmetric distributions.  This is in contrast to the normal distribution,
assumed by AASHTO, that is symmetric and has an infinite domain. The random
variable Q is bounded by LQ on the lower bound and UQ on the upper bound.  Likewise,
the random variable R is bounded by LR on the lower bound and by UR on the upper
bound.  The intervals [ LQ , UQ] and [LR , UR ] define the ranges of Q and R, respectively.


The probability of failure is equivalent to the cross hatched area of Figure 2. Obviously,
the probability of failure is zero when LR> UQ. In this situation, the bridge is deemed as
absolutely safe for the specified distribution of Q and R. However, under the assumption
that the PDFs follow normal distributions, the probability of failure is never zero because
the Normal distribution has an infinite domain.


Thus, a systematic procedure for evaluating the failure probability (rating) of a bridge is
first to select the surrogate variables representing the load and capacity of the bridge.
Second, identify parameters influencing the values of surrogate variables.  Third,
determine the PDFs of those parameters and use them to develop the PDFs of the
surrogate variables.  Once the PDFs of the surrogate variables are determined, the
probability of failure or other failure statistics can be calculated.


The following sections delineates the necessary steps of the proposed method through
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first development of load effect distribution, g(Q), and then capacity distribution, f(R)
for the concrete slab bridge depicted in Figure 1.  The procedures presented in the
following sections are general and can be applied to any other concrete slab bridge.


Development of Probability Density Function for Load Effect


Different variables could be surrogates for the load effect and resistance. In this study
surrogates for the load effect are the bending moment induced at various locations on the
bridge. Only three span continuous portion of the bridge is considered. The bending
moments frequency distributions were obtained using Monte Carlo simulation. The
following information was needed to carry out the simulation:


1) PDFs for total weight of truck types traveling over the bridge as obtained from
the Truck Weight Study carried out in Nebraska from 1992 through 1994;


2) PDF for the type of trucks;
3) allocation of total weight between the front and rear axles of each truck (FHWA,


1995);
4) impact factors accounting for dynamic effects (Hawang and Nowak, 1991);
5) truck formation patterns entering on the bridge, i.e. one or two lanes loaded, one


or two trucks per lane, etc;
6) the Probability Density Function for headway between trucks traveling over the


bridge; and


Each simulation gave a value for the bending moment at each of the critical sections.
The following steps were carried out in each simulation.


1) For each truck configuration, the truck type, total weight of each truck and
headway were assumed to be statistically independent random variables.


2) Using a random number generator and cumulative distribution functions, total
weight of each truck, headway and truck types were selected. The appropriate
impact factor was then used to include the dynamic effects.


3) The maximum possible bending moments due to this load configuration was then
obtained using the influence surfaces (Azizinamini et al., 1998).


A significance study was conducted using different numbers of simulations, which varied
between 5,000 and 100,000, and it was decided to use 30,000 simulations. The PDFs for
positive and negative bending moments were generated from the moment values obtained
from these simulations. The effect of dead load was then incorporated into the PDFs by
shifting each PDF to the right by an amount equal to the dead load moment at the
location under consideration. The adjusted PDFs for the positive and negative bending
moments are shown in Figure 3 and 4, respectively.


Development of the Probability Density Function for Resistance


The main steps for determining the PDFs of concrete slab bridge resistance, g(R), over
the positive and negative regions are as follows:
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4


1) Develop the PDF for mechanical properties of the reinforcing steel;
2) Develop the PDF for mechanical properties of the concrete;
3) Select a stress-strain relationship for steel and concrete;
4) Conduct moment curvature analysis to obtain positive and negative moment


capacities of the concrete slab bridge under consideration (this step was repeated
at each step of the simulation process); and


5) Conduct a Monte Carlo simulation using the information described above to
generate a PDF for positive moment resistance at the approximate midspan of the
first span and negative moment capacity over the pier.


The specified yield strength of reinforcing bars stated in the original detailing for the
bridge under consideration was 227.5 MPa (33 ksi).  The average value of compressive
strength obtained from conducting compression tests on concrete samples was 22.1 MPa
(3200 psi). The Probability Density Function for yield strength of steel reinforcement was
obtained by modifying the PDF for Grade 40 steel reported by Mirza and MacGregor
(1979).  For concrete compressive strength, a normal distribution was assumed.


Figure 5 shows the cross section of the slab bridge shown in Figure 1, for positive and
negative bending moment regions.  Shown in Figure 5 are the top and bottom
reinforcement for 305 mm (12 in). width of each section.  Using the information
described above and cross-sectional properties given in Figure 5, positive and negative
moment capacities of the slab portion of the bridge per unit width were obtained by
conducting moment curvature analysis during each simulation.


Using Monte Carlo simulation, the PDFs for positive and negative moment capacities for
30,000 simulations are shown in Figures 6 and 7, respectively. Figure 6 indicates that
minimum and the maximum positive moment capacities are approximately 369.18 and
631.62 kN-m/m (83 and 142 in-kips per unit width), respectively. As shown in Figure
3, the maximum positive bending moment observed in PDF for positive bending moment
produced by dead and live loads was approximately 234.85 kN-m/m (52.8 in-kips per
unit width), which is much smaller than the minimum resistance the section can have.
Figure 7 indicates that minimum and maximum negative moment capacities are
approximately 444.80 and 707.23 kN-m/m (100 and 159 in-kips per unit width),
respectively. As shown in Figure 4, the maximum negative bending moment observed
in PDF for negative bending moment produced by dead and live load was approximately
242.42 kN-m/m (54.5 in-kips per unit width), much smaller than the minimum resistance
the section can have.  Therefore, it can be concluded that the probability of failure is
negligible for the concrete slab bridge studied considering the truck load patterns and
assumptions used, and that this bridge could safely carry the type of traffic observed
during the 1992-1994 Truck Weight Study.


CONCLUSIONS


Comparison of the Probability Density Functions for positive and negative moment
capacities with the PDF for load effects indicate that the concrete slab bridge considered
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in this study had adequate capacity to carry the traffic loads observed during the 1992-
1994 Truck Weight Study. As noted by Azizinamini et al. (1994a), the full-scale field test
conducted on the bridge indicated that ultimate capacity of the bridge was reached when
an equivalent of 7 HS20 trucks, each weighting 320.26 kN (72 kips), were placed on each
lane. Conversely, using the AASHTO provisions for rating concrete slab bridges, one
would be required to post a weight limit of 24 tons on the bridge. According to the
probabilistic rating method presented in this paper, it would be safe to allow passage of
truck traffic of the type reported in the FHWA Truck Weight Study conducted between
1992 and 1994, which included trucks weighting as much as 50 tons, without requiring
any posted weight limit.
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Finite-Element Analysis and Load Rating of Flat Slab
Concrete Bridges


William G. Davids, P.E., M.ASCE1; Timothy J. Poulin2; and Keenan Goslin, P.E.3


Abstract: A significant portion of the nation’s aging bridge inventory consists of flat slab concrete bridges. Many of these bridges were
constructed in the middle third of the 20th century, and although they are in generally good condition, they were not designed to carry modern
highway loads. This research builds on prior studies that indicate that the equivalent strip width method—prescribed by AASHTO and widely
used for the analysis offlat slab bridges—maybe overly conservative and lead to underprediction of bridge structural capacity. The development
of finite-element (FE) analysis software designed specifically for the load rating of flat slab bridges is presented. The FE software formulation
and convergence were verified by comparison with predictions from commercial FE software under realistic loading scenarios. Results of live
load tests of an instrumented, in-service flat slab bridge are reported. The FE model-predicted slab moments were shown to be conservative
relative to the moments inferred from the load test data for a range of truck positions. Fourteen in-service flat slab bridges were load rated with
both FE analysis and the equivalent stripmethod to assess the degree of conservatism inherent in theAASHTOapproximate analysis. The results
show an average increase in rating factor of approximately 26% when using FE analysis and that 58% of the bridges predicted to be under
capacity using AASTHO approximate methods are sufficient based on FE analysis.DOI: 10.1061/(ASCE)BE.1943-5592.0000461. © 2013
American Society of Civil Engineers.


CE Database subject headings: Field tests; Load tests; Experimentation; Validation; Concrete bridges; Slabs; Finite element method.


Author keywords: Field load testing; Advanced analysis; Experimental validation; Skew; Rating factor.


Introduction


According to Maine Department of Transportation (MaineDOT)
(2007), as of late 2007 the MaineDOT was responsible for 2,722
bridges and minor spans, of which 244 were in poor condition and
213 were structurally deficient. Of these structures, 9% were over
81 years old, and 37% were over 61 years old. The report estimated
that 288 bridges are at risk of closure orweight restrictions during the
period 2007–2017. The bridge inventories of many states are in a
similar condition to that of Maine. As a result, there is an increasing
emphasis on extending bridge lifespan and on the use of refined
analysis methods for bridge load rating.


A significant portion of both Maine’s and the nation’s aging
bridge inventory consists of flat slab concrete bridges.Many of these
bridges were constructed in the middle third of the 20th century,
and although they are in generally good condition, they were not
designed to carry modern highway loads. As a result, in 2008 the
MaineDOT identified flat slab bridges as a particularly high-risk
category for weight restriction or closure. Weight restrictions are


generally applied when a structural load rating of the bridge shows
that it is under capacity. Typically, the structural analysis of a flat slab
bridge is performed according to AASHTO (2008), which recom-
mends use of the equivalent strip width analysis method (hereafter
referred to as approximate analysis) detailed in AASHTO (2010).


However, prior research has demonstrated that AASHTO ap-
proximate analysis can be overly conservative. Saraf (1998) con-
ducted load tests of three, three-span continuous flat slab bridges and
computed rating factors per AASHTO (1994) and the approximate
analysis method described in AASHTO (1992). Saraf (1998) also
calibrated three-dimensional shell finite-element models based on
the field data and used the calibrated FE models to calculate rating
factors. For all structures under all loadings, the field testing coupled
with calibrated FE models gave rating factors that were greater than
those predicted using the equivalent strip method, and Saraf (1998)
concluded that the equivalent strip method is overly conservative.
Amer et al. (1999) conducted grillage analyses and field load testing
of three flat slab bridges, concluding that the equivalent strip widths
computed per both the AASHTO standard and LRFD specifications
were conservative. Mabsout et al. (2004) used FE analysis to study
wheel load distribution in flat slab bridges, showing that the ap-
proximate analysis method in the LRFD specifications (AASHTO
2010) can significantly overestimate slab bending moments. More
recently, Jáuregui et al. (2007, 2010) field load tested a seven-span,
continuous flat slab bridge that was instrumented with strain gauges.
The authors also constructed a shell FE model of the bridge, noting
reasonably good agreement between the FE model-predicted mo-
ments and slab moments computed from the field-measured strains
assuming a cracked concrete section. Jáuregui et al. (2007, 2010)
reported that equivalent strip widths computed using the FE model
were greater than those computed per AASHTO approximate
analysis, and resultant increases in rating factors for the structure
were greater than 11 and 22% for negative moment and positive
moment, respectively.
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This summary of relevant prior research indicates that load
testing and FE analysis can be valuable tools for the capacity as-
sessment of flat slab bridges. However, there is a need for additional
comparisons of field-measured results with FEmodel predictions. In
addition, the development of FE analysis tools tailored specifically
for the load rating of flat slab bridges will streamline model gener-
ation, load application, and load rating calculation. There is also
value in additional comparison of predictions from AASHTO ap-
proximate analysis with those from validated FE models. The cur-
rent study attempts to address these needs. First, the development of
FE analysis software designed specifically for the load rating of flat
slab bridges is briefly presented. The FE software formulation and
convergence were verified by comparison with known analytical
solutions and comparison with predictions from commercial FE
software under realistic loading scenarios. Results of live load tests
of an instrumented, in-service flat slab bridge located in Bradford,
Maine, are then reported. To assess the usefulness of the FE mod-
eling strategy, the results of the load tests were compared with the
FE model predictions for a wide range of truck positions using
a combination of measured and nominal properties of the structure
as model input. Finally, 14 flat slab bridges located in Maine were
load rated with both FE analysis and the equivalent strip method to
assess the degree of conservatism inherent in AASHTO approxi-
mate analysis.


Finite-Element Analysis Methodology


Overview of Modeling Strategy


Prior studies involving the FE analysis of flat slab bridges have re-
lied on commercial FE software packages (Jáuregui et al. 2007,
2010;Mabsout et al. 2004; Saraf 1998). Linearly elastic plate or shell
elements are generally employed, because they are well suited to
idealizing the bending-dominated response of flat slab structures. In
the current study, the FE analysis software package called SlabRate
was written specifically for analyzing flat slab concrete bridges in
MATLAB. The effort required to develop SlabRate and verify its
accuracy was justified given that model generation and result in-
terpretation were automated, large numbers of load cases could be
easily generated for complex truck configurations, and the software
could be easily adapted to model live load testing of an in-service
structure as detailed later in this paper.


The SlabRate program assumes linearly elastic, isotropic materi-
als and small deformations and relies on eight-noded, quadratic,
shear-deformable plate elements that obey Mindlin plate theory.
Details regarding the element shape functions and formulation can
be found in Bhatti (2006). To avoid shear locking, the shear con-
tributions to the element stiffness matrix are underintegrated using
23 2 Gaussian quadrature, whereas 33 3 Gaussian quadrature is
used to integrate the bending contributions to the element stiffness
matrix. An isoparametric element formulation allows the use of
nonrectangular elements, which are requiredwhenmodeling bridges
with skewed supports. After solving for displacements, moments are
determined at Gauss points within each element where they are most
accurate, extrapolated to the nodes, and averaged. It is important to
note that plate FE analysis directly predicts slab moments per unit
width of element edge on which the moment acts. The eight-noded
element used here predicts a bilinear variation in this moment per
unit width over the element area.


To allow the straightforward analysis of multiple truck positions
and a variety of dead loads applied at any position on the bridge,
moment influence coefficients are generated for each node in
the model. Using the nodal influence coefficients, slab moments


attributable to a load at any point in the model can then be easily
computed. A Delaunay triangulation (Preparata and Shamos 1985)
is constructed using all nodes to permit a point load at any location on
the slab surface to be easily distributed to the three nodes defining
the triangle in which the point load lies. In turn, this allows a uniform
tire pressure to be treated as the sum of a large number of smaller
point loads with no need for the FE mesh divisions and tire contact
area to be coincident. In the current study, individual wheel contact
areas were divided into a grid with 8 longitudinal and 16 transverse
divisions, so each tire loadwas approximated as the sumof 128 equal
point loads.


SlabRate assumes the slab to be simply supported at both ends.
Spans were taken from centerline of support to centerline of support,
where the centerline of support was defined as midway between the
inside face of the abutment and the end of the slab.


Convergence and Verification of
Finite-Element Implementation


The basic FE implementation underlying SlabRate was initially
verified through comparison with available analytical solutions for
simply supported, rectangular plates under uniform and point loads
(Davids and Poulin 2011). Additional convergence and verification
studies were then completed using a model of a simply supported,
single-span flat slab bridge located in Bradford, Maine (see Fig. 1).
Construction details for the bridge were taken from original drawings
and confirmed with a site visit conducted in July 2010. Constructed in
1943, the two-lane bridge has a 419-mm-thick structural deck slab
with an overall width of 7.62 m, a span of 7.16 m, and 457-mm-wide
curbs. The concrete compressive strength fc9 was taken as 17.2 MPa
based on the original design drawings, and a concrete density of
2,400 kg=m3 and Poisson’s ratio of 0.19 were assumed. The bridge
has a 75-mm-thick asphalt wearing surface.


Convergence of the longitudinal bending moment—the critical
stress resultant for design and load rating—was examined for the
case of anHL-93 tandem axle locatedwith onewheel centered on the
bridge. The HL-93 tandem loading was chosen because it often
produces the minimum rating factor for short-span structures. The
uniform lane load was not applied in conjunction with the tandem
because convergence is more rapid for uniform and line loads. The
effect of the integral curb and railing were not included in the
convergence study to allow the simple generation of uniformmeshes


Fig. 1. Photo of Bradford bridge (taken July 2010 by Timothy Poulin,
University of Maine)
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with equal-sized elements. A series of FE meshes was created with
the number of elements in both the longitudinal and transverse
directions kept equal and ranging from 6 to 30 in increments of 2.
This maintained an element aspect ratio near one and ensured that
there was always an element corner at the center of the slab. Fig. 2
shows a 203 20 mesh where each overlaid black rectangle repre-
sents a 254-mm-long, 508-mm-wide wheel in the tandem axle. For
all meshes, the location of the maximummoment is at the geometric
center of the slab over the center node.


Fig. 3 is a plot of the live load moment at the center of the slab
versus the number of elements per slab edge. The convergence is
smooth and rapid and demonstrates that the 203 20-element mesh
of Fig. 2—which predicts a moment only 0.45% below that pre-
dicted with a 303 30-element mesh—gives sufficiently accurate
results. Additionally, a mesh with 503 50 elements was run to
provide a highly accurate baseline solution. The 503 50-element
mesh predicted a moment of 53:46 kN×m=m at the center of the slab,
which differs by only 0.17% from the moment of 53:37 kN×m=m
predicted with the 203 20-element mesh.


The SlabRate predictions were further verified by comparing the
moments predicted at the center of the slab with those computed
using the commercial FE program ABAQUS. The ABAQUS model
used the same bridge geometry and material properties as the
SlabRatemodel but had an automatically generated mesh of 35,320
eight-noded thick shell elements that provided a highly accurate
baseline solution. For this comparison, the tandem was held in the
transverse position shown in Fig. 2 and moved down the bridge in
150-mm increments. A total of 55 load cases were applied as the
tandem front axle was moved from x5 0mm (front axle centered on
the left support) to x5 330mm (rear axle centered on the right sup-
port). The longitudinal bending moments versus front axle position
shown in Fig. 4 illustrate the good agreement between the SlabRate
and ABAQUS results. The peak moments, which occur when one
wheel of the tandem is centered on the bridge, differ by less than 0.5%
for the two models. These results further verify SlabRate’s FE for-
mulation and the sufficient accuracy of the 203 20-element mesh.


It is important to note that if the locally high moments such as
those shown in Fig. 4 result in yielding and plastic deformation of an
underreinforced slab having sufficient ductility, there will be a re-
distribution of moment. Capturing such redistribution requires the
use of nonlinear FEmodels, or its effect can be estimatedwith plastic
collapse or yield line analysis. In general, the linearly elastic FE
models employed in this study should be conservative because of their
inability to capture this internal moment redistribution (Middleton
2008).


Field Load Testing and Finite-Element
Model Validation


Details of the Bradford Bridge


The plans for the Bradford bridge were provided by theMaineDOT,
and a site visit conducted in July 2010 verified the slab thickness, as-
built details of the concrete rail, and the presence of an asphalt
wearing surface. The original plans also showed a concrete wearing
surface with an average thickness of 100 mm. Dimensions on the
plans and corresponding measurements made of the structure in-
dicated that the concrete wearing surface was likely present below
the newer asphalt, and the concrete wearing surface was included in
the structural slab thickness when interpreting the field data. The
plans provided by the MaineDOT did not include the clear distance


Fig. 2. Bradford bridge FE mesh


Fig. 3. Convergence of moment at center of slab Fig. 4. Comparison of ABAQUS and SlabRate
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to the reinforcing or the area of steel in the transverse direction.
A value of 51 mm was assumed for the clear distance to the rein-
forcing. Review of the plans of similar structures from the same era
indicated clear distances of 25–51 mm. The area of steel in the
transverse directionwas assumed to be 16-mm-diameter bars spaced
at 0.24 m based on available details for similar bridges constructed
around the same time.


Instrumentation Plan


Six reusable Bridge Diagnostics ST350 Intelligent Strain Trans-
ducers with 300-mm extensions were placed on the bottom of the
bridge for the live load test. The locations of the gauges are shown in
Fig. 5. Ideally, gauges would also have been located at the top of the
slab to allow experimental assessment of the neutral axis location.
However, this would have required removal of portions of the as-
phalt wearing surface, which was not possible. The gauge locations
were chosen to provide a reasonably complete picture of the strains at
midspan and at the quarter point.


Live Loading


The Bradford bridge live load test was conducted with two, three-
axle dump trucks provided by the MaineDOT. The length of one
tire revolution was determined for each truck, so the longitudinal
position of the truck could be directly correlated with strain mea-
surements taken during a live load pass. Thiswas done bymeasuring
the distance that truck moves for nine full tire revolutions. The
distances between each of the axles and individual wheels for
MaineDOT Trucks 1 and 2, respectively, are given in Fig. 6. The
measured width of each wheel was 228.6 mm.


The total weight of each individual truck was measured as 252.3
(Truck 1) and 258.9 kN (Truck 2). Because of a miscommunication,
the weights of each individual axle were not recorded. However, the
axle weights were estimated using the axle weights of five separate
MaineDOT trucks having the same axle configuration and gross
vehicle weights ranging from 241 to 308 kN that were used during
previous live load testing performed for the MaineDOT by the
University of Maine. As detailed by Poulin (2012), the front axle
weight for the five trucks used previously was between 20 and 26%
of the truck weight, and the rear axle weights varied from 37 to 40%


of the truck weight. The distribution assumed for the analysis re-
sults reported in this paper was 23% for the front axle, 38% for the
forward rear axle, and 39% for the rearmost axle (see Fig. 6 for axle
weights). Itmust be noted that the authorsdonot have details regarding
the accuracy or calibration of the scales used to weigh the truck.


Seven different truck passes were run with four different trans-
verse truck positions during the live load testing. Tests 1 and 2 used
the same transverse truck positionwith the center of the bottom-most
steer axle wheel of Truck 2 at 1.18 m from the bottom edge of the
slab. Tests 3 and 4 used the same transverse truck position with
the uppermost steer axle wheel of Truck 2 centered 1.18 m from the
upper slab edge. Tests 5 and 6 placed the center of the uppermost
steer axle wheel of Truck 2 1.18 m from the upper slab edge, and
Truck 1 was spaced 1.45 m (measured center-to-center of front axle
wheels) below Truck 2. Test 7 had Truck 2 centered transversely on
the bridge.


Summary of Load Test Results


For ease of comparison with the FE analysis results, the measured
live load strains were converted to longitudinal bending moments.
This was accomplished using Eq. (1), which follows the procedure
given by Jáuregui et al. (2007, 2010)


MLL ¼ ɛLLEcS (1)


InEq. (1),MLL is the live loadmoment, ɛLL is the measured live load
strain, Ec is the concrete elastic modulus computed as 19,640 MPa
per AASHTO (2010), and S is the bottom fiber section modulus of
the composite RC slab, where the steel is transformed into an ef-
fective concrete area using the modular ratio n5Es=Ec. When
interpreting the field data, the calculation of S is typically based on
either a cracked or uncracked concrete section (Jáuregui et al. 2007,
2010), where an uncracked section modulus Suncr is used if the


Fig. 5. Locations of strain gauges on Bradford bridge Fig. 6. Dimensions of trucks used for load tests
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measured strains indicate that the concrete is unlikely to be cracked
and Scr is appropriate for larger measured strains, which indicate that
the section has experienced significant tensile cracking. For the
Bradford bridge, Scr was computed to be 135 cm3=cm assuming that
the concrete cannot carry tension (i.e., all concrete below the neutral
axiswas cracked). For details on calculating Scr, the reader is referred
to Wight and MacGregor (2009, pp. 414–416). The value of the
uncracked section modulus Suncr was computed to be 526 cm3=cm,
which is approximately 16% greater than the section modulus of the
gross concrete section because of the presence of the reinforcing.


To assess whether the Bradford bridge behaved as a cracked
or uncracked section, the largest live load moment inferred from
the measured strains using Eq. (1) with Suncr was compared with the
momentMcr expected to initiate flexural cracking. Lower and upper
bounds on Mcr were computed using Eq. (2)


Mcr ¼ frSuncr (2)


The lower bound was computed to be 137 kN×m=m, taking the
concrete modulus of rupture fr as 2.61 MPa per AASHTO (2010,
Section 5.7.3.6.2).An upper boundvalue ofMcr 5 212 kN×m=mwas
computed using a value of fr equal to 4.04 MPa determined per
AASHTO (2010, Section 5.7.3.3.2). For comparison with expected
load effects,Mcr was taken as 175 kN×m=m, the average of the upper
and lower bound values.


The maximum strain measured during the live load tests was
44.08 mɛ (gauge 2, live load test 6). The live load moment MLL


corresponding to this strain computed from Eq. (1) based on an
uncracked section is 45:5 kN×m=m, and themaximumexpected dead
load moment MDL in the Bradford bridge is 88 kN×m=m based on
a SlabRate FE analysis accounting for the weight of the slab, curbs,
and railings. The sum of the inferred live loadmoment and dead load
moment is 133:5 kN×m=m, which is 24% less than the average
estimate of Mcr.


To increaseMLL 1MDL to the 175 kN×m=m average estimate of
Mcr would require a live load moment of 175e885 87 kN×m=m.
Based on the average tandem axle weight of 197 kN used in the
live load tests, this implies that significant flexural cracking of the
Bradford bridge would not occur until the bridge was simultaneously
loaded with a pair of tandem axles weighing ð87=45:5Þ3 197
5 377 kN each located at or near midspan. To put this value into
perspective, a 377-kN tandem axle is approximately 71% heavier
than the AASHTO HL-93 design tandem (AASHTO 2010). Based
on these comparisons and the fact that the Bradford bridge is on
a secondary road in a rural area that does not routinely see heavy
truck traffic, it is unlikely that the Bradford bridge has experienced
significant service load cracking. Live load moments were therefore
inferred from strain using Suncr in Eq. (1).


Tables 1 and 2 summarize the peak measured strains and
moments inferred from the tests. The truck position is the distance
from the centerline of the left support to the center of the front axle.


Moments were not computed at gauges 5 and 6 where strains were
most affected by the curb and railing. Strains at gauges 5 and 6 were
smaller than strains at the midspan gauges 1, 2, and 4 for the two
truck loading cases. The results indicate good consistency, with
symmetrically located gauges giving similar results under expected
load cases. For example, the peakmoment of 27:3 kN×m=m at gauge
1 for a single truck loading occurred during live load test 2, whereas
the peak moment of 26:0 kN×m=m at symmetrically located gauge 4
occurred during live load test 3. For both gauges, the longitudinal
truck positions producing the maximum moment differed by only
0.5% and corresponded to the rear axle positioned about 0.3 m
behind the centerline of the span. For all gauge locations, the
maximum MLL occurred during either load test 5 or 6 when two
truckswere present. Themaximum inferredmoment of 45:5 kN×m=m
occurred at gauge 2 during live load test 6, with two trucks positioned
on the bridge. Peak moments at gauge 3, located at the quarter span,
were consistently less than the moments at the midspan gauges and
occurred with the truck(s) located further down the bridge.


Comparison of the Live Load Test Results and
Finite-Element Model Predictions


The FE model predictions were compared with the live load test
results to assess the accuracy of the FE modeling strategy. The FE
mesh used for the model comparisons had 32 longitudinal and 24
transverse elements and is shown in Fig. 7. Although the convergence


Table 1. Maximum Measured Strains and Moments for Single-Truck
Loadings


Gauge
number


Live
load test


Truck
position (m)


Maximum
mɛ MLL ðkN×m=mÞ


1 2 8.91 26.42 27.3
2 7 9.00 25.46 26.3
3 7 10.17 18.90 19.5
4 3 8.96 25.15 26.0
5 2 8.91 26.90 —


6 3 8.48 22.38 —


Table 2. Maximum Measured Strains and Moments for Two-Truck
Loadings


Gauge
number


Live
load test


Truck
position (m)


Maximum
mɛ MLL ðkN×m=mÞ


1 5 9.67 40.79 42.1
2 6 8.63 44.08 45.5
3 6 9.85 31.93 33.0
4 6 8.90 38.38 39.6
5 5 8.54 34.35 —


6 6 8.70 31.17 —


Fig. 7. Load test simulation FE mesh
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studies presented previously indicate that a coarser mesh gives
sufficient accuracy, the larger number of elementswas chosen so that
the strain gauge locations coincided with element corners at gauges
1, 2, and 4.Because the eight-noded quadratic plate element can only
capture a bilinear variation in moment over its area, peak strains will
always occur at element corner nodes. Additionally, the longitudinal
position of one corner node was shifted forward to coincide with the
location of gauge 3 as shown in Fig. 7.


It is also important to note that the Bradford bridge has a thick-
ened concrete curb and barrier as seen in Fig. 1. Such a curb and
barrier can increase the stiffness of the structure and reduce bending
moments in interior portions of the slab. Inspection of the bridge
indicated that the curb was cast monolithically with the slab and that
the lower portion of the barrier was rigidly attached to the slab. The
barrier rails were not cast monolithically with the barrier posts, and
the posts and barrier rails were therefore not assumed to affect slab
response significantly. To capture the effect of the thickened curb
and lower portion of the barrier in the FE model, the two outer rows
of elements in the mesh had the same 457-mmwidth as the curb and
were assigned a thickness of 785mm to give thema bendingmoment
of inertia equal to that of the section consisting of the slab, curb, and
lower portion of the barrier. The remainder of the slab was assigned
a constant thickness across its entire width. Consistent with the
manner in which live load moments were inferred from strains, the
thickness of the interior slab elements was taken as 521mm, the total
thickness of the structural slab and concrete wearing surface.


Direct comparisons of the FE-predicted moments and MLL-
values inferred at the interior gauge locations 1–4 for all truck
positions during each live load test are given in Figs. 8–11. The close
correspondence between the two nominally identical live load cases
plotted in Figs. 8–10 emphasizes the repeatability of the test results.
At all gauge locations, an initial peak bendingmomentwas observed


and predicted when the steer axle passed over the longitudinal lo-
cation of the gauge, followed by a larger peakmoment when the rear
tandem axles passed over the gauge.


For load tests 5and6,where the largest valuesof ɛLL were recorded,
the FE model overpredicted average peak moments recorded during
these two tests by 44 and 47% at gauges 1 and 4, respectively, and
overpredicted moment by 36 and 53% at gauges 2 and 3, respec-
tively. The peak FE model predictions deviated from measured
MLL-values inferred from the test data by 45% on average at all
gauge locations for tests 5 and 6. This underprediction of measured
results indicates that the FEmodel is likely conservative. One reason
for the model’s underprediction could be taking the slab span from
centerline support to centerline support as opposed to using the clear
span measured between the faces of the supports. Further, although
the inspection of the structure did not indicate any restraint of the slab
at the abutments, horizontal restraint of the slab ends could have
resulted in some arching action not captured by the FEmodel, which
would tend to reduce field-measured slab tensile strains. Addi-
tionally, there could have been rotational restraint caused by friction
between the abutments and slab ends. Overall, however, the FE
model conservatively predicted measured response and is a suitable
tool for conservatively assessing the capacity of flat-slab concrete
bridges.


It is also worthwhile to examine the effect of the thickened slab
edge designed to capture the stiffening provided by the integral curb
and lower portion of the barrier. To assess this, a parallel set of
simulations was run with the same FE mesh having a constant slab
thickness of 521 mm. This FE model with a constant slab thickness
predicts an increase in live load moments for the two-truck loading
case at gauge locations 1, 2, 3, and 4 of approximately 28, 22, 19, and
27%, respectively. These increases are relative to the moments
predicted by the FE model with the thickened edge elements that


Fig. 8. Test-derived and FE-predicted slab moments for live load tests 1 and 2
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Fig. 9. Test-derived and FE-predicted slab moments for live load tests 3 and 4


Fig. 10. Test-derived and FE-predicted slab moments for live load tests 5 and 6
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account for the curb and barrier and demonstrate the significant ef-
fect of the curb and barriers on slab bending response. The moments
are lower for the model with the curb and barrier, because these
stiffer elements tend to draw moment away from the thinner interior
region of the slab where the gauges are located.


Comparison of Finite-Element-Based and
Approximate Load Rating of Flat Bridges


Load Rating Methodology


To assess the benefits of FE-based load rating, a total of fourteen
bridges were rated using both AASHTO LRFD approximate ana-
lysis and the SlabRate FE software. Drawings of all bridges were
provided by theMaineDOT, andfield visitswere conducted to verify
structure details such as wearing surface thickness, curb, and railing
type. Pertinent details of each bridge are summarized in Table 3.


All rating calculations were performed in accordance with
AASHTO(2008), and the basic rating factor calculation is defined in
Eq. (3)


RF ¼ wMr 2 gDCMDC 2 gDWMDW


gLLMLLþIM
(3)


where RF 5 rating factor; w 5 composite resistance factor; Mr


5 moment resistance; gDC 5 load factor for components and
attachments; gDW 5 load factor for wearing surface and utilities;
MDC 5 bending moment attributable to components and attach-
ments; MDW 5 bending moment attributable to wearing surface
and utilities; gLL1IM 5 load factor for live load plus impact; and
MLL1IM 5 bending moment attributable to live load and impact.


In accordance with AASHTO (2008), the composite resistance
factor was taken as 0.9, because all bridges were in good condition.
Single- and two-lane multiple presence factors were incorporated in
the calculation ofMLL1IM and an impact factor of 0.33was assumed.


When applying the AASHTO approximate method of analysis,
MLL1IM was computed based on analysis of a simply supported
beam of equivalent width E in millimeters carrying one lane of
loading. Eq. (4) gives E for a single lane of loading with an implicit
multiple presence factor of 1.2, and Eq. (5) gives E for two or more
lanes of loading (AASHTO 2010)


E ¼ 250þ 0:42
ffiffiffiffiffiffiffiffiffiffiffi


L1W1
p


(4)


E ¼ 2,100þ 0:12
ffiffiffiffiffiffiffiffiffiffiffi


L1W1
p


#
W
NL


(5)


whereL1 5minimum of the span length or 18,000 mm;W 5 bridge
width; W1 5 lesser of W or 18,000 mm for two or more lanes of
loading or 9,000mm for one lane; andNL 5 number of design lanes.


In the approximate method, live and dead load moments were
reduced by r to account for the skew angle u as defined in Eq. (6)
(AASHTO 2010)


r ¼ 1:052 0:25 tan u# 1:0 (6)


When load rating the bridges using SlabRate, a mesh with 20 lon-
gitudinal and 20 transverse elements was used for each structure
based on the convergence studies detailed earlier. The outermost
longitudinal mesh lines coincided with the outer edges of the slab,
one element width was used under the curb, and one element width
was used between the face of the curb and the outermost wheel lines.


Fig. 11. Test-derived and FE-predicted slab moments for live load test 7
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The remaining 16 elements were evenly spaced over the inner
portion of the slab. Meshes for the Levant and Milford bridges,
which are examples of typical unskewed and skewed bridges, are
shown in Fig. 12. For all bridges, the slab was conservatively as-
sumed to have the structural thickness indicated on the plans, and
any concrete wearing surface such as that shown on the plans for the
Bradford bridge was neglected. Further, the slab edge was not
stiffened to account for any integral curb that might exist. Although
the stiffening and strengthening effect of these structural elements
can be significant, it is difficult to definitively assess their contribution
without either detailed plans indicating construction sequence and
reinforcing, which do not exist for the structures considered here, or
field load test results such as those gathered for the Bradford bridge.
Finally, neglecting the strength and stiffness contributions of curbs,
barriers, andwearing surfaces ensures a lower bound on the FE-based
rating factor.


To generate live load moment envelopes, several hundred sep-
arate live loadings were automatically generated by SlabRate and
applied to each structure with each rating vehicle under both one and
two lanes of live loading. Per AASHTO (2008), trucks were po-
sitioned with a wheel line no closer than 610 mm from each curb or
a striped lane edge, and a distance of 1,220 mm was maintained
between adjacentwheel lines of passing trucks. In the case of skewed
bridges with two lanes of loading, the two trucks were offset in the
x-direction by the distance of 3,050 tan u ðmmÞ, where 3,050 mm is
the sum of the 1,220 mm distance between wheels of adjacent trucks
and the 1,830 mm transverse wheel spacing of a single truck. In-
corporating this offset produces larger peak longitudinal moments
for a skewed bridge than if the two trucks were assumed to have the
same x-coordinate. Lane loads were included with both the tandem
and the truck, and applied as surface pressures per the provisions of


AASHTO (2008, 2010). Values ofMDC andMDW were also generated
using SlabRate. The dimensions of all curbs, railings, and wearing
surfaces were field verified, and their weights were included in the
analyses.


Values of the RF were computed for each node in the FE model.
For all structures, the minimum FE-predicted rating factor occurred
at the slab edge under two lanes of loading with both trucks posi-
tioned as close to the slab edge as possible and near midspan. Al-
though this controlling load case was expected for these simply
supportedbridges,SlabRatewas developed as amore general analysis
and rating tool capable of analyzing continuous flat slab bridges of up
to five spans. For these more complex multispan structures with
overlapping regions of positive and negative moment and possibly
staggered bar cutoffs, it is not always possible to easily identify truck
positions that will produce the minimum rating factor.


It should also be noted that, as with the field-tested Bradford
bridge, many of these structures had integral concrete curbs, which
will tend to increase stiffness and capacity near the slab edges.
Explicitly modeling these curbs would tend to increase the FE-
predicted rating factors beyond the values given here. Consider-
ation of any field-verified integral concrete wearing surfaces would
increase FE-predicted rating factors as well.


Rating Factors Based on Equivalent Strip Width and
Finite-Element Analysis


The rating factors computed using both approximate analysis and
FE analysis are summarized in Table 4 for HL-93 truck and tandem
operating ratings, as is theAASHTO(2008) notional legal load,which
produced the lowest rating factor for all AASHTO legal loadings. The
increase in rating factor achieved when using FE analysis compared


Table 3. Characteristics of Load-Rated Flat Slab Bridges


Bridge Span (m) Width (m) Skew (degrees) Slab t (mm) fc9 (MPa) fy (MPa) Mr ðkN×m=mÞ
Argyle #3827 6.66 8.43 0 406 17.2 228 289
Bradford #3430 7.16 7.62 0 419 17.2 228 240
Chester #5907 11.31 8.84 0 610 20.7 276 904
Exeter #5838 7.59 9.14 10.25 470 20.7 276 482
Greenfield #5605 6.66 7.77 20 343 17.2 258 278
Hermon #2205 5.79 9.14 0 445 17.2 228 286
Levant #5253 8.12 7.82 0 470 17.2 228 307
Liberty #3493 7.85 7.62 15 457 17.2 228 292
Milford #2070 8.34 9.25 15 419 17.2 276 452
Milo #2931 7.47 11.6 0 419 20.7 414 643
Monroe #5538 8.77 8.41 7.75 432 17.2 276 503
Newcastle #5608 8.15 8.99 6 394 17.2 276 404
Palmyra #5699 6.57 9.14 0 330 17.2 276 265
Sherman #2899 9.21 10.3 16.5 533 17.2 228 410


Fig. 12. Typical FE meshes used in load rating
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with approximate analysis ranged from 13.1 to 44.8%. The increases
were similar for the three rating vehicles, with an average increase in
rating factor of 25.5% for the HL-93 truck, 25.7% for the HL-93
tandem, and 26.3% for the AASHTO notional load. For all bridges
and both methods of load rating, the minimum rating factors were
produced by the HL-93 tandem, which is expected for short-span
structures such as these.


Of the 14 bridges rated, 12 had an operating rating factor less than
one based on approximate analysis, whereas only five had an op-
erating rating factor less than one when rated using FE analysis. This
implies that seven of the 12 structures that would be at risk for
posting or closure based on AASHTO approximate analysis are
actually sufficient based on FE analysis.


It is also illuminating to examine the results in light of skew
angle. Considering only the seven structures that are unskewed, the
average increase in operating rating factor predicted by FE analysis
is 18.6%. For the three structures with a skew angle of 10.25� or less,
the average increase is 27.3%, and for the remaining four bridges,
which have skew angles of 15 or 20�, the average rating factor
increase is 37.6%when usingFE analysis. The results are in linewith
observations made by previous researchers. Jáuregui et al. (2007,
2010) noted an increase in rating factor of 22.1–26.1% in positive
moment regions and 11.1–13.1% in negative moment regions when
using FE analysis to load rate amultispan, continuousflat slab bridge
with no skew. Mabsout et al. (2004) concluded that the AASHTO
provisions overestimate slab live load moments by about 30% for
unskewed bridges without edge beams and spans of up to 7.5 m. In a
subsequent study, Menassa et al. (2007) reported that the AASHTO
provisions overestimated bending moments relative to FE analysis
predictions by up to 40% for skew angles less than 30�. This is
consistent with the increase in FE analysis–predicted rating factor
with skew angles demonstrated in the current study.


It must be noted, however, that as the skew angle increases so do
transverse bending moments (Denton and Burgoyne 1996; Théoret
et al. 2012), which have not been considered in the analyses pre-
sented here. Per AASHTO (2010), there is a requirement for trans-
verse reinforcing based on the slab span and amount of longitudinal
steel. A review of the plans for the 14 bridges rated here indicated that,
for the 11 bridges where transverse steel details were specified on the
plans, the amount of transverse reinforcing meets current AASHTO
guidelines. Combinedwith the fact that only bridgeswith skew angles
of 20� or less were analyzed in this study, consideration of only


longitudinal bending in the current study is appropriate. However, for
larger skew angles, there is potential for moment acting on a plane
oriented between the longitudinal and transverse directions to control
bridge capacity and the rating factor. Accurately assessing slab ca-
pacity in such cases is significantly more complex and can require
a yield line analysis or nonlinear FE analysis that takes into account
concrete cracking and steel yielding (Middleton 2008). Further, as
Théoret et al. (2012) note, large skew angles can lead to large internal
shear forces at the slab obtuse corners that may exceed slab shear
capacity.


Summary and Conclusions


This study has examined the load capacity of existing flat slab
concrete bridges. The development and validation of FE software
specifically for load rating these structures was presented. An instru-
mentedflat slab bridgewas load tested, and the FE-predictedmoments
were shown to compare well with moments at four locations derived
from measured strains for a large number of load conditions. Ulti-
mately, 14 existing flat slab bridges were load rated, and FE analysis
predicted that seven of these bridges with rating factors less than one
according to AASHTO approximate analysis are actually structurally
sufficient.


The comparison between the FE-predicted and measured re-
sponse of an existing structure indicates that the FE analyses of the
type reported in this study are conservative tools for load rating flat
slab bridges. Despite this conservatism, the FE analyses predict
significantly higher rating factors than AASHTO approximate ana-
lysis. On average, the FE analyses predicted an increase in the rating
factor of approximately 26% for short-span, two-lane flat slab bridges
when compared with the AASTHO finite strip width method. This is
consistent with results of prior research and implies that a large per-
centage of flat slab bridges at risk for weight restrictions may be
structurally sufficient. This also has implications for bridges that do
not have sufficient capacity and require strengthening, because the use
of FE analysis can reduce the necessary extent of flexural strength-
ening. Given the increasing use of FE analysis and the growing user-
friendliness of FE analysis tools, the benefits of conducting FE-based
load ratings for flat slab bridges can easily outweigh the costs. It must
be emphasized that the linearly elastic FE-based load ratings reported
here also conservatively ignored the stiffening and strengthening


Table 4. Summary of Rating Factors


HL-93 truck 1 lane operating HL93 tandem 1 lane operating AASHTO notional


Bridge Approximate
Finite-element


analysis Approximate
Finite-element


analysis Approximate
Finite-element


analysis


Argyle #3827 1.04 1.25 0.83 1.03 0.87 1.09
Bradford #3430 0.61 0.73 0.48 0.59 0.50 0.61
Chester #5907 1.41 1.75 1.36 1.68 1.20 1.47
Exeter #5838 1.06 1.55 0.86 1.23 0.86 1.27
Greenfield #5605 0.76 1.29 0.61 1.05 0.64 1.13
Hermon #2205 0.45 0.59 0.37 0.51 0.41 0.58
Levant #5253 0.60 0.74 0.50 0.59 0.49 0.58
Liberty #3493 0.42 0.70 0.35 0.54 0.35 0.54
Milford #2070 1.18 1.62 0.99 1.35 0.96 1.32
Milo #2931 2.56 2.98 2.04 2.45 2.07 2.53
Monroe #5538 1.10 1.47 0.96 1.27 0.90 1.21
Newcastle #5608 1.06 1.41 0.86 1.17 0.86 1.15
Palmyra #5699 1.06 1.22 0.85 1.00 0.90 1.07
Sherman #2899 0.37 0.67 0.32 0.57 0.30 0.54
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effects of any integral curbs and barrier components present on the
rated bridges. Further, the inability of linearly elastic FE models to
capture the redistribution of locally high bending moments, which is
expected in conventional, underreinforced concrete slabs, adds con-
servatism as well.


One caveat to these conclusions is that the reported increases in
rating factors grow with skew angle, because only longitudinal
bending was considered. At large skew angles, transverse moments
can become significant, and it may be necessary to consider alternate
flexural failure planes (Middleton 2008) or even shear at obtuse
corners (Théoret et al. 2012). Current AASHTO provisions do not
provide guidance for evaluation of transverse moments or slab shear
but give a prescriptive specification for required transverse re-
inforcement based on the bridge span and amount of longitudinal
steel. Transverse reinforcement requirements and the effect of abut-
ment skew angle warrant additional study.
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ABSTRACT: Old reinforced concrete slab bridges designed for smaller truck loads 
are called on to carry the modern, heavier, loads. These bridges, when rated 
according to the current American Association of State Highway and Transpor- 
tation Officials procedures, are found to be structurally deficient. The present paper 
reports the experimental part of the investigation carried out to understand the 
behavior of this category of bridges, both at service and ultimate load levels in 
order to rate them more realistically. A five-span reinforced concrete slab bridge, 
built in 1938 and decommissioned since 1972, was tested destructively. The de- 
structive test was performed by applying loads that simulated the presence of two 
trucks side-by-side on the bridge. Also, six three-span reinforced concrete slab 
bridges were subjected to service load tests. Two dump trucks, each weighing 
approximately 222.5 kN, were used to carry out the service load tests. Experimental 
results indicate that reinforced concrete slab bridges possess much higher strength 
than that indicated by current rating procedures. 


INTRODUCTION 


Highway bridge rating pract ice in the Uni ted  States current ly follows the 
procedures out l ined in the Amer ican  Associa t ion of State Highway Trans-  
portation Officials' ( A A S H T O )  Manual for Maintenance Inspection of Bridges 
(1983). However ,  field testing results indicate that  there  is significant reserve 
strength in most bridges that  is not  accounted for by the A A S H T O  rating 
procedures.  Consequent ly ,  br idges that  possess sufficient s trength to remain  
in service may be ra ted  structural ly deficient.  This finding is especial ly sig- 
nificant for many older  br idges that  were  designed for smaller  (e.g. ,  H15) 
truck loads,  al though the br idges  may possess sufficient capacity to allow 
the passage of modern  vehicular  loads. 


The overall  object ives of this project  were  to assess more  accurately the 
load-carrying capacity of re inforced concrete  slab bridges and develop sim- 
ple analytical tools for predict ing their  behavior  under  service and ul t imate  
load conditions. 


Concrete slab bridges are economical  for spans in the range of 3 - 8  m. 
However ,  spans up to 16 m can also be feasible.  These  bridges are normal ly  
reinforced with reinforcing bars,  but  prestressing strands and I -beams have 
also been used in practice.  
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BACKGROUND 


There is considerable literature available on the field testing of bridges. 
This diverse literature is unified in the judgment that most bridges possess 
significant reserve strength that is not predicted by conventional analytical 
methods. Therefore, field testing is necessary to obtain a true estimate of 
the capacity of a bridge. 


Field testing of bridges can be either nondestructive or destructive. Non- 
destructive load testing is far more common and encompasses both proof 
and diagnostic load tests. Proof load testing, which consists of applying a 
predetermined target test load to a bridge, is used to determine the maxi- 
mum static load that the bridge can sustain within the appropriate safety 
limits. Diagnostic load tests are performed to determine the structural re- 
sponse characteristics of a bridge and may include static as well as dynamic 
tests to determine deflection, strains, impact factors, and so on. 


Destructive load tests, as the name implies, are those in which the bridge 
is loaded until failure occurs. The main objective is to gain insight into the 
ultimate load-carrying capacity of bridges. 


Bakht and Jaeger (1990) documented several of their experiences with 
the phenomenon of bridges far exceeding their predicted capacity. Heins 
and Galambos (1972) reported more than 100 known nondestructive tests 
conducted in the United States. Proof load tests are regularly performed 
on newly constructed bridges in Switzerland. Ladner (1985a, b) described 
the experiences gained from these tests and some innovative techniques for 
measuring deflections encountered during these tests. 


Destructive testing of bridges is less common than nondestructive testing, 
although there are several useful reports of testing reinforced concrete slab 
bridges to collapse. A 10-yr-old bridge in North Dakota was tested to failure 
by Jorgenson and Larson (1976). The bridge was a three-span, cast-in-place, 
reinforced concrete slab structure with a two-lane roadway. The reported 
strength of the bridge was far greater than that predicted by analytical 
models. In particular, the stiffening effect of the curbs was found to be 
considerable. 


More recently, a reinforced concrete slab bridge was tested to failure in 
Ohio, in 1992. The bridge was a three-span, skewed (skew = 30 ~ reinforced 
concrete slab bridge. Test results showed that the bridge had considerable 
reserve strength despite its already deteriorated condition. Failure was re- 
ported to be very brittle, due to flexural shear. 


EXPERIMENTAL INVESTIGATION 


The objectives of the experimental investigation was to comprehend the 
behavior of concrete slab bridges at both the service and ultimate load levels. 
In addition, attempts were made to identify major parameters affecting the 
load-carrying capacity of this type of bridge. 


To accomplish these objectives, six concrete slab bridges were tested 
under truck loads (hereafter referred to as service load tests), with the weight 
of each truck selected such that response of the bridges would be confined 
to the elastic regime only. To evaluate the ultimate capacity of concrete 
slab bridges, a five- span concrete slab bridge, built in 1938 and decom- 
missioned since 1972, was subjected to numerous tests, including ultimate 
load tests. 


3285 


J. Struct. Eng. 1994.120:3284-3304.


D
ow


nl
oa


de
d 


fr
om


 a
sc


el
ib


ra
ry


.o
rg


 b
y 


O
hi


o 
D


ep
t o


f 
T


ra
ns


po
rt


at
io


n 
on


 1
1/


25
/1


4.
 C


op
yr


ig
ht


 A
SC


E
. F


or
 p


er
so


na
l u


se
 o


nl
y;


 a
ll 


ri
gh


ts
 r


es
er


ve
d.







Service Load Tests 
Six three-span continuous bridges were selected for service load tests. 


Table 1 gives span lengths, slab thickness, skew of the supports and year 
of construction for each bridge. Bridges 1 and 2 were selected to investigate 
the effect of skew. Bridges 3, 4, and 6 represented slab bridges built prior 
to 1969 with varying maximum span lengths, and bridge 5 is a widened 
bridge. 


Instrumentation Plan 
Bridges tested under service loads were instrumented so that measure- 


ments could be made to assess both global and local responses of the bridge. 
The middle span of each bridge was instrumented. Deflections (global pa- 
rameters) of the slab and strains (local parameters) at various locations in 
the structure were monitored. 


Deflections were measured using string potentiometers while weigh-in- 
motion (WIM) transducers with a gage length of 127 mm were used to 
measure strains in the slab. The speed of the trucks was measured using 
tape switches. These instruments were connected to a high-speed data ac- 
quisition system controlled by a personal computer. The entire assembly of 
the data acquisition system and the computer was housed in a van set up 
next to the bridge being tested. 


Testing Procedure 
Two dump trucks filled with sand, weighing approximately 222.5 kN each, 


were used for the tests. The same trucks were used for each of the six tests. 
The footprints of the two trucks are illustrated in Fig. 1. 


Static and dynamic tests were performed on the six selected bridges. The 
static tests were simulated by having the trucks travel across the bridge at 
a crawling speed of 8 km/h. Table 2 shows a typical list of the tests performed 
on each bridge. Generally, four static tests were conducted: (1) Test T1, in 
which the two trucks traveled side-by-side; (2) test T2, in which a single 
truck crossed the bridge in the left lane; (3) test T3, in which a single truck 
traveled over the bridge straddling the centerline; and (4) test T4, in which 
a single truck crossed th~ bridge in the right lane. 


In the dynamic tests, a single truck traveled over the bridge, straddling 
the centerline, at approximately 72 km/h (test DT1, Table 2). To accentuate 
the effect of impact, a 5 x 10 cm board (referred to as a "bump"  in Table 
2) was installed along the width of the bridge close to the first abutment of 
the bridge in the direction the truck traveled (tests DT2 and DT3, Table 
2). This location was chosen to replicate the effect of settlement of the 
approach fill. 


Test Results 
Static Tests. The maximum measured strains and deflections at various 


locations of the middle span of each bridge are shown in Table 3. In this 
table MCBL and MCTL are measured longitudinal strains in the middle of 
the span on the bottom and top of the slab, respectively; MCBT and MCTT 
are measured transverse strains in the middle of the span on the bottom 
and top of the slab, respectively; and PCBL and PCTL are measured longi- 
tudinal strains, in the vicinity of the support, on the bottom and top of the 
slab, respectively. Following is a brief discussion of these results (Shekar 
et al. 1993). 
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/ 


F ront  Axle 
FIG. 1. 


m , 1 . 3 m  _1 
-I- q 


E 
09 
R ' - -  


Footprints of Test Truck used for Service Load Tests 


TABLE 2. Typical Testing Schedule for Service Load Test 


Test 
Test number identification Description 


(1) (2) (3) 


T1 
T2 
T3 
T4 
DTI 
DT2 
DT3 


Two trucks (one in each lane) at crawling speed 
Single truck (left lane) at crawling speed 
Single truck (straddling centerline) at crawling speed 
Single truck (right lane) at crawling speed 
Single truck traveling a at 72 km/h (no bump) 
Single truck traveling a at 72 km/h (with bump) 
Single truck traveling a at 48 km/h (with bump) 


STruck straddles centerline of bridge. 


1. For all bridges, tensile strains in the longitudinal directions at the 
bottom of the slab (MCBL) are higher than the compressive strains at the 
top of the slab (MCTL). This is true for the region close to the midspan 
along the centerline of the bridge where transverse cracks were observed 
at the bottom of the slab prior to testing. The differences in tensile and 
compressive strains could be attributed to the presence of these cracks, 
which open when the structure is loaded. Also, it can be noted from Tables 
1 and 3 that the differences in the tensile and compressive strains are lower 
for shorter spans than for longer spans. 


The magnitude of the maximum strains in the longitudinal direction in 
the region close to the pier (PCTL and PCBL) was low, and the differences 
in tensile and compressive strains in this region are not of the same order 
as in the region close to the midspan (Table 3). 


2. The six bridges behaved in a linear manner under the applied loads. 
For each bridge, the maximum measured deflection (at the center of the 
middle span) obtained during test T1 (two trucks side-by-side) could be 
approximated as the sum of the deflections from tests T2 (one truck in the 
left lane) and T4 (one truck in the right lane) verifying the linear behavior 
of each bridge. 
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TABLE 3. Maximum Measured Strains and Deflections for Service Load Tests 


Test 
identifi- 
cation 


(1) 


T1 
T2 
T3 
T4 


T1 
T2 
T3 
T4 


T1 
T2 
T3 
T4 


Strain (Fe) 


MCTL MCBL PCBL 
(2) (3) (7) 


-14  
- 7  


- 1 2  
- 8  


-23  
-13  
-12  


- 9  


-43  
-22  
-27  
-22  


129 
68 
84 
67 


95 
51 
58 
45 


122 
66 
84 
57 


MCTT MCBT PCTL 
(4) (5) (6) 


(a) Middle Creek Bridge 1 


- 5  9 I 14 
i 


- 4  8 I 7 - 1 2  16 10 
- 7  7 14 


(b) Middle Creek Bridge 2 


- 1  7 4 
- 2  7 1 
- 2  12 2 
- 1  4 1 


(c) Kirkman's Branch Bridge 


- 3  20 11 
- 4  23 6 
- 6  28 8 
- 1  4 5 


(d) Oak Creek Bridge 


- 1 7  
- 8  


- 1 2  
- 9  


- 1 9  
- 12 
- 1 4  


- 9  


- 1 6  
- 9  


- 1 2  
- 6  


51118r351 114 9 I T2 - 3  63 - 2 0  7 - 5  
T3 - 7  84 -21  10 - 6  
T4 - 6  57 -21  2 - 4  


(e) Sandy Creek Bridge 


T1 - 21 65 
T2 - 11 34 
T3 - 12 39 
T4 - 8  29 


T1 - 25 58 
T2 - 12 25 
T3 - 17 33 
T4 - 12 26 


aPoint at the center of slab. 


- 2  20 
- 1  18 
- 4  23 


1 11 


(f)  Cheese Creek 


- l 18 
- 1  11 
- 7 24 
- 3  4 


Bridge 


14 
7 


10 
2 


- 9  
- 5  
- 6  
- 4  


- 1 2  
- 6  
- 9  
- 4  


Deflection 
at POTG" 


(mm) 
(8) 


1.5 
0.7 
0.8 
0.6 


1.6 
0.8 
1.0 
0.7 


1.8 
0.8 
1.1 
0.8 


2.0 
1.0 
1.1 
1.0 


2.0 
1.0 
1.1 
0.9 


0.6 
0.2 
0.3 
0.1 


3. In addi t ion to ins t rument ing  the  slabs, W I M  t ransducers  w e r e  also 
placed on curbs. In  genera l ,  these  nons t ruc tu ra l  e l emen t s  he lped  signifi- 
cantly in carrying the  imposed  loads. Fig. 2 shows the  strain d is t r ibut ion  
over  the depth  of  the  curb for  br idge  6, co r re spond ing  to the  crit ical  load  
location,  when  two t rucks  were  p laced  on the  br idge  s ide-by-side.  As  in- 
dicated in the  f igure,  the  curbs b e h a v e d  in a compos i t e  m a n n e r  wi th  the  
slab. The  obse rved  reduc t ion  o f  def lec t ion  of  the  slab in the  vicini ty  of  the  
curb compared  to regions  in the  midd le  of  the  span could  be  con t r ibu ted  
to this compos i te  act ion be tween  slab and curbs in add i t ion  to the  two-way  
bending o f  the  slab. 
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0 6O 
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FIG. 2. Strain Distribution over Depth of Curb and Slab for Bridge 6 


D y n a m i c  Tests .  Dynamic tests were conducted to determine impact fac- 
tors. Impact factors were calculated with reference to the strain or deflection 
at a particular location as the ratio of the response from dynamic test DT1 
or DT2 to the corresponding response from static test T3. Impact factors 
from these tests are summarized in Table 4. The following observations can 
be made from these tests. 


1. Although impact factors varied considerably, it is important to note 
that impact factors based on tensile strains at the bottom of the slab at 
midspan (MCBL) were similar to those based on deflections. Impact factors 
from MCTL (compressive strains) for every bridge were consistently higher 
than those from both the strains at MCBL and deflections at POTG. 


2. Dynamic test DT2 (Table 2) was conducted with the truck traveling 
at a speed of 72 km/h and a 5 • 10 cm board fixed to the ground at the 
starting abutment of the bridge in the direction of truck travel so as to 
accentuate impact factors. However, the test results (Table 4) indicate that 
the desired accentuation could not be achieved, in general. 


3. The data show no apparent correlation between span length and impact 
factor. 


Ult imate  Load  Tests  
In this phase of the project, an old reinforced concrete slab bridge, de- 


commissioned since 1972, was subjected to a series of tests including ultimate 
load test. 


Description of bridge tested to collapse 
The bridge for the ultimate load test was a reinforced concrete slab bridge 


located in northwestern Nebraska over the Niobrara River. The bridge was 
built in 1938. Fig. 3 shows the bridge dimensions. 
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TABLE 4. Dynamic Test Results from Service Load Tests 


Test identifi- 
cation 


(1) 


DT1 
DT2 


DT1 
DT2 


DT1 
DT2 
DT3 


DT1 
DT2 


Impact Factor a Based on 


Strain at MCTL Strain at MCBL 
(2) (3) 


(a) Middle Creek Bridge 1 


1.08 1.00 
1.08 1.00 


(b) Middle Creek Bridge 2 


1.83 [ 1.22 
1.83 1.24 


(c) Kirkman's Branch Bridge 


1.67 [ 1.38 
m 


1.56 I 1.31 
1.19 1.02 


(d) Oak Creek Bridge 


2.29 I 1.74 
i 


2.57 ] 2.22 


(e) Sandy Creek Bridge 


Deflection at POTG 
(4) 


1.00 
1.00 


1.21 
1.24 


1.56 
1.61 
1.16 


1.80 
1.93 


DT1 1.00 1.07 1.05 
DT2 1.00 1.07 1.05 
DT3 1.00 1.13 1.05 


(f) Cheese Creek Bridge 


DT1 1.06 1.03 1.33 
DT2 1,18 1.10 1.42 


qmpact Factor = (maximum response from dynamic test/maximum response from 
static test T3). 


The superstructure is a cast-in-place, five-span reinforced concrete slab 
comprised of  three continuous spans and two simply supported end spans, 
as shown in Fig. 3. The three-span continuous portion of  the bridge had a 
43-cm-thick slab, and the two simply supported spans had slab thicknesses 
of 39 cm each. The three-span continuous structure had 0.46% top steel 
and 0.81% bottom steel in the longitudinal direction, and 0.08% top steel 
and 0.08% bottom steel in the transverse direction. The sections at the 
interior supports had a reinforcement of 0.9% top steel and 0.81% bottom 
steel in the longitudinal direction, and the reinforcement in the transverse 
direction was the same as that at midspan. The two simply supported spans 
had 0.69% steel in the longitudinal direction and 0.08% steel in the trans- 
verse direction at the bot tom of the slab. The simply supported spans did 
not have any steel at the top of the slab. 


The abutments were constructed integrally with the superstructure; that 
is, no provisions for expansion were made at the abutments. The piers were 
made of reinforced concrete and supported on driven steel H-piles. 


The curb on each side of the roadway was cast monolithically with the 
slab and the tie bars extended from the slab to the curb. The curb had 
expansion joints throughout the length of the bridge at intervals of ap- 
proximately 2 m. 
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Material Properties 
A number of core samples of concrete measuring 10 cm in diameter were 


taken from the slab for compressive strength tests. Standard compression 
tests were performed on these samples by two outside agencies. The 
compression tests revealed an average compressive strength of 22 MPa. 
There was a significant scatter in compressive test results, with the lowest 
and highest values for the compressive strength being 14 MPa and 38 MPa, 
respectively. 


Samples of concrete were also taken from the pier caps where excessive 
deterioration was observed for a petrographic study. Petrographic exami- 
nation of core samples taken from the bridge indicated deposits of calcium 
carbonate, alkali-silica gel, and crystals of ettringite and/or portlandite, 
Ca(OH)2. The deterioration of the concrete was attributed primarily to cyclic 
freeze-thaw damage and to the inadequately air-entrained concrete (1 -3% 
entrapped air). It should be noted, however, that the technique of air en- 
trainment had not yet been developed when the bridge was built in 1938. 
Deterioration was also caused by the expansive reaction between alkalies 
and certain siliceous components of the aggregate (chert, chalcedony, vol- 
canic glass, and possibly opal). 


A number of steel samples were taken for mechanical and metallurgical 
testing. The testing was carried out by an external agency. All the specimens 
met the mechanical (tensile and yield) requirements of ASTM A615 Grade 
40, and were a good match for the requirements of ASTM A616 Grade 50. 
Table 5 summarizes the results of material tests conducted on steel samples. 


Rating by Nebraska Department of Roads 
Conditional and load ratings of the bridge were performed by the Ne- 


braska Department of Roads staff prior to testing. Condition rating of the 
bridge resulted in a rating index of 4 on a scale of 0 - 9  (9 representing very 
good structural condition), indicating that the structure was in poor con- 
dition. The poor condition was attributed to the general deterioration of 
the superstructure, although the substructure was in relatively good con- 
dition. 


A load rating of the bridge was also performed as per the AASHTO 
guidelines using the Bridge Analysis and Rating System (BARS) program 
(1991) and load factor design approach for HS20 truck loading. 


TABLE 5. Strength Tests on Steel Samples 


Group 
(1) 


A 
A 
B 
B 
B 
B 
C 
C 
C 
C 


Description 
(2) 


125 mm diameter circular bar 
25 mm diameter circular bar 
25 mm 2 rebar 
:25 mm 2 rebar 
25 mm 2 rebar 
25 mm 2 rebar 
13 mm 2 rebar 
13 mm 2 rebar 
13 mm 2 rebar 
13 mm ~ rebar 


Yield strength 
/y (MPa) 


(3) 


357 
389 
406 
395 
330 
326 
392 
355 
372 
351 


Ultimate 
strength 
f .  (MPa) 


(4) 


584 
598 
613 
580 
570 
568 
569 
570 
574 
578 


Young's 
modulus 
E (GPa) 


(5) 


186 
184 
193 
191 
193 
196 
210 
183 
231 
218 
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Spans 1 and 5, both simple spans, had an inventory rating factor of 0.67 
and an operating rating factor of 1.11. Similarly, spans 2 and 4, which were 
continuous spans, had an inventory rating factor of 0.67 and an operating 
factor of 1.12. Span 3 had an inventory rating factor of 0.79 and an operating 
factor of 1.32. 


Criteria for Selecting Loading Arrangement 
As noted, the simply supported end spans and the two outer spans of the 


three-span continuous portion of the bridge had the lowest inventory rating 
factor, approximately 0.67, corresponding to a HS20 truck with 4.27-m axle 
spacing. Hence, to provide a worst-case scenario, one simply supported 
span and one of the outer spans of the continuous structure were selected 
for ultimate load tests. Span 4 (hereafter referred to as the continuous span) 
and span 5 (hereafter referred to as the simple span) were subjected to the 
ultimate load testing (see Fig. 3). Since the bridge had two lanes, loading 
was imposed so as to simulate two HS20 trucks traveling side-by-side; this 
loading provided the worst-case scenario for testing the bridge. 


Several analyses were performed to determine which position of the HS20 
trucks would produce maximum moment in each span of the bridge tested. 
These analyses included two-dimensional frame analysis, yield-line analysis 
and analysis using the BARS program. 


All three analyses gave almost identical results. From the analyses, it was 
determined that for the continuous span the maximum bridge response 
would be produced by placing the rear axles of the HS20 truck as shown in 
Fig. 4. For the simple span, as shown in Fig. 5, a single rear axle placed at 
midspan produces the maximum response. 


Test Setup 
The continuous span was loaded using eight 1,780-kN-capacity hydraulic 


rams, and the simple span was loaded using four of the same capacity rams. 
Each ram represented one wheel load. Rams for continuous and simple 
spans were arranged along two- and one-load lines, respectively. Each load 
line consisted of four rams, spaced approximately 2 m apart. Rams were 
positioned in such a configuration that it was possible to simulate (1) Two 
trucks traveling side by side; (2) one truck traveling in the right lane; (3) 
one truck traveling in the left lane; or (4) one truck straddling the centerline 
of the bridge by activating all or some of the rams. Each ram assembly 


Reoi'- 
Axle 


Direction of travel 
Front Axle 


L• 4 . 3 m _ _ ~  4..5m 


I~ 6.5m 3m ~ - ~  


Pier #3 Pier #4 
FIG. 4. Position of HS2O Truck for Maximum Bending Moment in Continuous Span 
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3m 


L_ 


Pier #4 


FIG. 5. 


Rear ~ D i r e c t i o n  of travel Front 
Axle Axle 


5m ~1 


Abutmenf #2 


Position of HS20 Truck for Maximum Bending Moment in Simple Span 


consisted of high-strength steel rods passed through hydraulic rams and floor 
slab, and reacting against the reaction frame. Locations of the hydraulic 
rams for the continuous span are shown in Fig. 6. Each ram reacted against 
a 30-cm-diameter, 5-cm-thick steel bearing plate leveled with nonshrink 
grout. 


The reaction frame used for testing the continuous span is shown in Fig. 
6. The reaction frame consisted of several beams bearing against the pier 
caps. Precautionary measures were taken to prevent restraining the slab in 
the longitudinal direction, by providing rollers at ends of the reaction beams 
where they were in contact with pier caps. A similar reaction frame was 
used to test the simple span. 


Instrumentation Plan 
Strains and deflections were measured at various locations of the slabs 


for the continuous and simple spans. 
The strain measurements were made both for concrete and steel (rebars). 


Strains were measured by using electrical wire resistance bonded strain 
gauges. The strain gauges used for measuring the strains in concrete had a 
gauge length of 50 ram, and those used for measuring strains in steel had 
a gauge length of 6 ram. Deflections were measured using potentiometers. 
All the instruments were attached to a data-acquisition system controlled 
by a personal computer. 


Testing Procedure 
Both spans were subjected to several cycles of increasing load before 


loading to failure. Following is a description of different tests conducted on 
each span. All tests on the continuous span were accomplished before pro- 
ceeding with testing the simple span. 


Continuous Span. A total of 12 different tests were conducted on the 
continuous span. Table 6 gives a description of each test. Except for test 7 
each load level consisted of activating all eight hydraulic rams on the span. 
Test 7 consisted of activating the middle two rams on each load line to 
simulate a truck straddling the centerline of the bridge. For each test, the 
load on each ram was increased to the maximum value set for the test and 
unloaded back to the zero load condition. For test 1, the maximum applied 
load at each ram corresponded to the inventory rating factor times the HS20 
truck wheel load (including impact). The maximum load applied by each 
ram during test 2 corresponded to the HS20 truck wheel load, including 
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FIG. 6. Loading Frame for Continuous Span: (a) Plan; and (b) Elevation 


impact. During test 3, the maximum load at each ram corresponded to twice 
the HS20 truck wheel load. During tests 4 -7 ,  the maximum load applied 
corresponded to three times the HS20 truck wheel load. During tests 8-10,  
loads at each ram increased until the maximum observed deflections were 
approximately equal to maximum deflection according to AASHTO (Man- 
ual 1983) specifications. Test 11 was a "dry run," during which the entire 
data-acquisition system was checked for stability prior to conducting the 
ultimate load test (test 12). 


Simple Span. A total of 17 tests were conducted on the simple span. A 
description of each test is given in Table 7. 


All tests carried out on the simple span simulated two trucks traveling 
side-by-side on the bridge. The load application was similar to that for the 
continuous span; the load at each ram was increased to the maximum value 
and then unloaded back to the zero load condition. 
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TABLE 6. Loading Schedule for Continuous Span (Niobrara River Bridge) 


Test 
number 


(1) 
1 


2 
3 
4 
5 
6 
7 


8 


9 


10 


11 


12 


Loading simulation 
(2) 


Two trucks side-by-side 


Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
One truck straddling 


bridge centerline 
Two trucks side-by-side 


Two trucks side-by-side 


Two trucks side-by-side 


Dry run before testing 
to failure 


Two trucks side-by-side 


Maximum 
load at 


each ram 
(kN) 
(3) 


66.8 


92.6 
142.4 
213.6 
213.6 
213.6 
213.6 


258.1 


258. l 


258.1 


498.4 
(Ultimate 


load) 


Corresponding 
AASHTO load 


(4) 
0.72 a • 1.3 b • HS20 


truck load 
1.3 b • HS20 truck load 
2 • HS20 truck load 
3 • HS20 truck load 
3 • HS20 truck load 
3 • HS20 truck load 
3 • HS20 truck load 


Limit state of service- 
ability deflection 


Limit state of service- 
ability deflection 


Limit state of service- 
ability deflection 


7 • HS20 truck load 


Maximum 
observed 
deflection 


(mm) 
(5) 


3.0 


4.2 
6.5 
9.8 
9.8 
9.8 
5.3 


11.8 


11.8 


11.8 


127.0 


qnventory rating factor. 
blmpact factor included. 


The maximum load for test 1 cor responded  to the inventory rating factor 
(0.7) times the HS20 truck wheel load (including impact) .  Dur ing the next 
five tests (tests 2 - 6 )  the maximum appl ied load by each ram cor responded  
to the HS20 truck wheeI load (including impact) .  Tests 7 - 9  cor responded  
to a maximum applied load of two t imes the HS20 truck wheel  load by each 
ram. During tests 10-12,  the maximum appl ied load by each ram was taken 
to a value corresponding to three times the HS20 truck wheel  load. Three  
more cycles of  load corresponding to a maximum value of  four t imes the 
HS20 truck wheel load were appl ied during tests 13-15.  As  indicated in 
Table 7, test 15 included applicat ion of two cycles at the same load level. 
During test 16, which included applicat ion of three load cycles at the same 
load level, the span was loaded until the maximum observed deflect ion was 
equal to the limit state of serviceabili ty deflection according to A A S H T O  
specifications (Standard 1989). Test  17 was the ul t imate load test. 


Test Results 
The results from the tests on both the continuous and simple spans are 


summarized in the following. Deta i led  observations from individual  tests 
are given elsewhere (Shekar  et  al. 1993). 


Continuous Span. The  response of the continuous span to appl ied load 
during the first 10 tests was l inear,  as is evident  from various load versus 
displacement and load versus strain responses.  In addit ion,  no damage was 
observed during these tests. 
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TABLE 7. Loading Schedule for Simple Span (Niobrara River Bridge) 


Test 
number 


(1) 


2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 


16 


17 


Loading simulation 
(2) 


Two trucks side-by-side 


Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 
Two trucks side-by-side 


Two trucks side-by-side 


Two trucks side-by-side 


Maximum 
load at 


each ram 
(kN) 
(3) 


66.8 


92.6 
92.6 
92.6 
92.6 
92.6 


142.4 
142.4 
142.4 
213.6 
213.6 
213.6 
284,8 
284.8 
284.8 


(2 cycles) 
433.9 


(3 cycles) 
556.3 


(ultimate 
load test) 


Corresponding 
AASHTO load 


(4) 
0.7 a • 1.3 b • HS20 


truck load 
1.3 b x HS20 truck load 
1.3 b x HS20 truck load 
1.3 b x HS20 truck load 
1.3 b x HS20 truck load 
1.3 b x HS20 truck load 
2 x HS20 truck load 
2 x HS20 truck load 
2 x HS20 truck load 
3 • HS20 truck load 
3 x HS20 truck load 
3 x HS20 truck load i 
4 x HS20 truck load 
4 x HS20 truck load 
4 x HS20 truck load 


Limit State of Service- 
ability Deflection 


7.8 • HS20 truck load 


Maximum 
observed 
deflection 


(mm) 
(5) 


0.6 


0.9 
0.8 
0.8 
0.8 
0.8 
1.5 
1.5 
1.5 
2.5 
2.5 
2.5 
3.6 
3.3 
4.3 


8.4 


25.9 


aInventory rating factor. 
bImpact factor included. 


At selected load levels, the span was subjected to three cycles of the same 
load level with the intent  of investigating the possibility of damage accu- 
mulation as a result of cyclic loading, representing passage of heavy loads 
over the span. Three cycles of loads were applied when loads at each ram 
were increased to the equivalent of three times the HS20 truck load (tests 
4 -6)  and 3.6 times the HS20 truck load (tests 8-10) .  At  the conclusion of 
test 4, residual deflections of between 1.25 and 3.75 mm were observed. 
However, the behavior of the structure during tests 5 and 6, the subsequent  
applications of the same load was perfectly linearly elastic. A similar result 
was obtained for tests 8 -10 .  The applied maximum load at each ram location 
during these tests was 258 kN, which produced a maximum deflection of 
11.7 mm. This deflection corresponded to the maximum deflection permit- 
ted by AASHTO.  This load level is equivalent to having more than 2 axles 
of 7 HS20 trucks on the span. Small pe rmanent  deformations of 0.25 to 
0.50 mm were recorded at the conclusion of test 8, whereas the structure 
reverted to linearly elastic behavior in the following applications of the same 
loading in tests 9 and 10. Careful visual inspection of the structure after 
tests 4 and 8 showed no apparent  damage. 


No damage was observed until  test 12, during which the load was increased 
monotonically to failure. During this test, when the applied load reached 
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FIG. 7. Yield Line Formation at End of Test 12 on Continuous Span 


5000- 
Def lect ion  at 5A 


n 2 5 0 0  


o o ' ' 120 


D e f l e c t i o n ,  m m  
FIG. 8. Total Load versus Deflection at West Edge of Slab along Load Line 2 for 
Test 12 on Continuous Span 


approximately 356 kN per ram, the first visible cracking occurred along load 
line 2 (see Fig. 6) on the bottom of the slab. The crack ran in the transverse 
(east-west) direction. As the load increased, the first yield line formed along 
load line 2. Subsequently, another yield line formed along the support at 
pier 3 (Fig. 6). Fig. 7 shows the continuous span after the formation of the 
yield line along load line 2. Formation of the second yield line constituted 
the collapse mechanism. However, the collapse of the bridge was not brittle 
and did not result in complete disintegration of the structure. Behavior at 
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i 


Deflection at 5C 


~ 2 5 0 0  


o o 150 


Deflection, mm 


FIG. 9. Total Load versus Deflection at Centerline of Slab along Load Line 2 for 
Test 12 on Continuous Span 


5000-  


2 5 0 0  


0 0  


Deflection at  5E 


5 0 0 0  


4'0 ' 8'0 ' 120  
D e f l e c t i o n ,  m m  


FIG. 10. Total Load versus Deflection at East Edge of Slab along Load Line 2 for 
Test 12 on Continuous Span 


ultimate was very ductile and maximum observed deflection was in excess 
of 127 mm. 


Testing was stopped after the formation of the second yield line. A load 
equal to seven times the HS20 truck wheel load (498 kN) per hydraulic ram 
(a total of 14 HS20 trucks placed on the span, seven in each lane) was 
required to reach the ultimate capacity of the continuous span, while rating 
of this span using the BARS program indicated an ultimate capacity of 
approximately 1.9 times the HS20 truck load. 
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FIG. 11. Total Load versus Strain in Rebar at Center of Slab for Test 16 on Simple 
Span 
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FIG. 12. 


J 


Strain at2CBLR 


O0 50'00 10000 


Strain, #m/m 
Total Load versus Strain in Rebar at Center of Slab for Ultimate Strength 


Test on Simple Span 


Figs. 8-10 show the total applied loads versus the observed deflections 
along a line close to load line 2 during test 12, during which the slab was 
loaded monotonically to collapse. As indicated in these figures, deflections 
were smaller in the vicinity of the curb compared to at the midspan deflec- 
tion. This can be attributed to the stiffening effect of the curbs. At ultimate 
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FIG. 13. Total Load versus Deflection at Midspan for Ultimate Strength Test on 
Simple Span 


condition, extensive crushing of the curb in the vicinity of the midspan was 
observed. Curbs are treated as nonstructural elements; however, as was 
observed in these tests, they contribute significantly to the stiffness of the 
bridge. 


Simple Span. Although the simple span had deteriorated significantly 
prior to testing, the response of the span to applied loads during tests 1 -  
16 was linear, without exhibiting any visible damage as a consequence of 
applied test loads. In general, the observed maximum deflection of the span 
was small. During test 1, which corresponded to a load level of 0.9 times 
the HS20 truck load, the maximum deflection was 0.6 mm. Tests 2 - 6  (1.3 
times HS20 truck load) resulted in 0.9 mm maximum deflection. Tests 7 -  
9 (two times HS20 truck load) produced a maximum deflection of 1.5 mm. 
The maximum deflection when the applied load was three times the HS20 
truck load (tests 10-12) was 2.5 mm. When the applied load at each ram 
was increased to approximately 214 kN, corresponding to three times the 
HS20 truck loads, the maximum observed deflection was approximately 3.6 
mm. The AASHTO limit for the serviceability deflection of 7.6 mm (i.e., 
span/800) was observed at a load level corresponding to approximately 434 
kN at each ram (test 16, which included application of three cycles at the 
same load level) corresponding to more than six times HS20 truck loads on 
each lane (a total of 12 HS20 trucks on the span). Even at this load level 
no visible damage was observed as a consequence of the applied load. At 
the same load level, Fig. 11 shows the total applied load versus strain in 
the longitudinal bar located on the bottom of the slab, in the vicinity of 
midspan. As indicated in Fig. 11, the reinforcing bars, during the first cycle 
of test 16 exhibited small nonlinearity; however, during the application of 
the second and third cycles the load-strain response of the reinforcing bar 
was linear. 


The first visible cracking was observed along the load line during test 17. 
The crack ran along the width of the bridge at the load line and widened 
as the load was increased. During this test, the load on each ram was 
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increased monotonically, until ultimate capacity of the span was achieved. 
Fig. 12 shows the total applied load versus the strain in the bottom longi- 
tudinal reinforcing bars during test 17 along the load line. As indicated in 
this figure, yielding of reinforcing bars occurred prior to failure. Ultimate 
failure occurred by punching shear over one of the hydraulic rams located 
toward the curb. Fig. 13 shows the total applied load versus the observed 
maximum deflection. The simple span was able to achieve more than 25 
mm of deflection prior to failure. Maximum applied load to each ram at 
ultimate was 556 kN, corresponding to 7.8 HS20 trucks on each lane of the 
bridge (a total of 15.6 HS20 trucks on the span), while the rating of the 
span using the BARS program indicated that the simple span would reach 
its ultimate capacity with, approximately, 1.9 HS20 trucks in each lane. 


CONCLUDING REMARKS 


An extensive experimental and analytical investigation was conducted to 
evaluate the load-carrying capacity of old reinforced concrete slab bridges 
designed for H15 AASHTO truck loads and to develop simple models to 
predict their behavior at both service and ultimate load levels. The present 
paper summarized the experimental part of the investigation, and Azizin- 
amini et al. (1994) summarizes the analysis of the data. 


The service load tests indicate the linear behavior of the slab bridges 
under the applied loads. Conclusions were not made regarding the effect 
of skew on the performance of these bridges because of the limited amount 
of data. Also, no specific conclusions were drawn with regard to the impact 
factors, since the vehicle-bridge interaction was not considered in this re- 
search. However, it could be said that because of the large reserve capacity 
of concrete slab bridges, impact factors are of less concern for these bridges 
compared to those of other types of bridges. 


The experimental results indicate that old concrete slab bridges have large 
reserve capacity that is not predicted by current procedures of load rating 
systems. Results of ultimate tests conducted on a bridge built in 1938 indicate 
that while this bridge was rated to carry a maximum truck load equivalent 
to 67% of the HS20 truck load, it carried three times the HS20 truck load 
while behaving in a perfectly linear manner. Further, more than seven HS20 
truck loads on each span were required to reach the ultimate capacity. 
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Member, ASCE, T. E. Boothby, 3 Member, ASCE, and G. Barnhill 4 


ABSTRACT: Old reinforced concrete slab bridges designed for smaller truck loads 
are called on to carry modern, heavier loads. These bridges, when rated according 
to current American Association of State Highway and Transportation Officials 
procedures are found to be structurally deficient. Therefore, it is important to rate 
these bridges more realistically. The experimental part of the investigation to under- 
stand the behavior of slab bridges is given in a companion paper. The present 
paper provides the analysis of the experimental data. The reasons for the con- 
servatism of the current rating procedures observed during the experimental in- 
vestigation stemmed from the facts that the actual material properties were much 
higher than the assumed design values, and the curbs participated to a considerable 
extent in carrying the applied loads. Also, a simple three-dimensional finite-element 
model to analyze these bridges under service loads is presented. 


INTRODUCTION 


An extensive exper imental  investigation was conducted to evaluate  the 
performance of old concrete slab bridges. The exper imental  phase of the 
project included testing six concrete slab bridges under  service loads and 
testing two spans of an existing bridge to ult imate.  Results  of  the experi-  
mental investigation, part icularly those from ult imate strength tests, indicate 
that concrete slab bridges are much s tronger  than rating procedures  current ly 
suggested by Amer ican  Associat ion of State Highway and Transpor ta t ion  
Officials ( A A S H T O )  provisions would indicate.  Results  of the exper imenta l  
phase of the investigation are repor ted  in Aziz inamini  et al. (1994). The 
present paper  summarizes results of different analyses carried out  to predict  
the experimental ly obta ined  result ,  and investigates reasons for observed 
differences in ult imate capacities of  old concrete slab bridges and those 
predicted by current  provisions to rate them. The overall  object ive of the 
investigation is to use these analytical tools to more  accurately rate  concrete 
slab bridges. 


BACKGROUND 


The major i ty  of  available design guidelines for propor t ioning concrete 
slab bridges was developed in the 1940s. The design specifications for con- 
crete slabs presented  in A A S H T O ' s  Standard Specifications for Highway 
Bridges (1989) are based on work by Wes te rgaard  and Slater  (1921), Wes- 
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tergaard (1926, 1930), Newmark (1938), Jensen (1938, 1939), and Jensen 
et al. (1943). 


It was recently observed that the ultimate strength of bridge slabs under 
concentrated loading is far greater than that predicted by flexure theory 
(Csagoly and Lybas 1989). This is generally attributed to the development 
of compressive membrane forces within the slab as the deformation of the 
slab under concentrated loading is prevented by restraints on the boundaries. 
A consequence of the increase in the flexural strength of a reinforced con- 
crete bridge slab is that the punching-shear failure mode tends to predom- 
inate. Hewitt and Batchelor (1975) developed a model for predicting the 
punching-shear strength of a restrained slab using a modification of the 
Kinnunen and Nylander (1960) model for an unrestrained simply supported 
reinforced concrete slab. It is assumed that a conical failure surface develops 
that is analyzed by equilibrium of net forces across the failure surface. This 
analysis is considered as an axisymmetric problem in polar coordinates. By 
analyzing tests reported in the literature, Hewitt and Batchelor conclude 
that the punching-shear strength as determined by the Kinnunen and Ny- 
lander theory may be increased by 20%. This strength gain is attributed to 
dowel action of the reinforcement. 


Fenwick and Dickson (1989) tested three centrally loaded single-span one- 
way slabs with top and bottom reinforcement under three different edge 
conditions. The three specimens were a simply supported slab, a slab re- 
strained against rotation at the supports with longitudinal displacements 
allowed, and a slab restrained against'rotation and translation at the sup- 
ports. It was found that for all three specimens the stresses in the reinforce- 
ment were considerably lower than the analytical predictions using thin plate 
theory (60%, 50%, and 35% for the simply supported, flexurally restrained, 
and fully restrained slabs, respectively). This is attributed to wider distri- 
bution of flexural forces across the slab width, residual tensile capacity of 
the concrete at a crack, and, for the restrained slab, compressive membrane 
forces. Fenwick and Dickson further observed an increase in the punching- 
shear strength and a decrease in ductility for increasing boundary restraint. 


Huria et al. (1993) reported the results from nonlinear finite-element 
analyses of a reinforced concrete slab bridge subjected to ultimate load 
tests. It is indicated that the predicted collapse mechanism for the bridge 
agrees with the results obtained from field tests. Also, the analytical results 
indicated that the strength of the bridge is significantly affected by the 
manner in which the supports were modeled. 


ANALYTICAL INVESTIGATION 


The overall objective of the analytical investigation was to develop ca- 
pabilities for predicting responses of old concrete slab bridges to applied 
loads at both elastic and ultimate load levels. Specific objectives of the 
analytical phase of the study were as follows: 


1. To develop guidelines for elastic, three-dimensional finite-element 
analysis of three-span continuous slab bridges with minimal input, and pro- 
vide comparisons between two- and three-dimensional analysis approaches. 


2. To develop a simple procedure for more accurately predicting the 
ultimate capacity of concrete slab bridges. 


3. To provide an explanation for observed differences in the ultimate 
capacity of the concrete slab bridge (Shekar et ah 1993) tested to failure, 
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as predicted by the Bridge Analysis and Rating System (BARS) (1991) 
program and that obtained from ultimate load tests. 


FINITE-ELEMENT ANALYSES 


The six bridges tested under service loads and the bridge tested to collapse 
were analyzed using a three-dimensional finite-element analysis approach 
for the level of applied loads during testing. For the bridge tested to collapse, 
analyses were carried out only for those load cases that produced linear 
responses. The SAP90 program (User's Manual 1991) was used for the 
analysis. A preprocessor, which required a minimal input consisting of only 
span lengths, thicknesses at different regions of the slab, cross-sectional 
properties of curbs, and material properties, was developed to create nec- 
essary input for the SAP90 program. As a result, the effort of generating 
the required information for three-dimensional analysis of the type of bridge 
tested was substantially reduced. 


The slab portion of each bridge was modeled by using 780 four-node shell 
elements (50 and 15 elements, along the span and width of each bridge, 
respectively) that are a combination of membrane and plate-bending ele- 
ments. The membrane element is based on isoparametric formulation. The 
degrees of freedom for this element include in-plane translation and one 
rotation at each node. The plate-bending element includes out-of-plane 
displacement and two rotational degrees of freedom at each node. The plate- 
bending element does not include the effect of shear deformation. A three- 
dimensional prismatic beam-column element, which includes effects of biax- 
ial bending, torsion, and axial and shear deformations, is used to model 
curbs. 


All bridges tested under service loads were also analyzed using a two- 
dimensional analysis approach. In these analyses the slab portion of each 
bridge was analyzed using two-dimensional frame elements. Fifty elements 
were used along the length of each bridge modeled, corresponding to 50 
shell elements used along the length of each bridge for the three-dimensional 
model. The loads were distributed in accordance with the distribution factor 
E given by E = 1.22 + 0.06 x S (not greater than 2.13 m); where S = 
span in m, as per AASHTO's Standard Specifications for Highway Bridges 
(1989). 


Table 1 gives a comparison of test results of three-dimensional analyses 
for the six bridges tested under service loads. In general, each of the six 
bridges was subjected to four different tests with trucks traveling at crawling 
speed. These are tests TI,  T2, T3, and T4. Test T1 corresponds to having 
two trucks side-by-side on the bridge. Tests T2, T3, and T4 correspond to 
having a single truck traveling at crawling speed in the left lane, straddling 
the centerline, and in the right lane, respectively. The weight of each truck 
used in these tests was approximately 223 kN. Table 1 compares the max- 
imum measured strains at midspan of the middle span of each bridge at the 
top (MCTL) and bottom (MCBL) of the slab in the direction parallel to 
the bridge span to the corresponding strains obtained from three-dimen- 
sional finite-element analyses. Also shown in Table 1 are the maximum 
measured deflections at midspan of the middle span (POTG) for each bridge 
and the corresponding deflection from analysis. Strain and deflection com- 
parisons are given for each test. In all analyses it was assumed that the 
concrete compressive strength was 34.5 MPa. This resulted in a modulus of 
elasticity of 27.8 GPa, computed in accordance with the provision of ACI 
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TABLE 1. Results from Three-Dimensional Finite-Element Analyses and Service 
(Static) Load Tests 


Test 
(1) 


STRAIN AT MIDSPAN (1~) 


MCTL 


Analysis Test 
(2) (3) 


MCBL 


Analysis Test 
(4) (5) 


Deflection at POTG 
(mm) 


Analysis Test 
(6) (7) 


(a) Middle Creek Bridge 1 


T1 - 38 - 14 38 129 2.1 1.5 


T2 - 15 - 7 15 68 1.0 0.7 


T3 - 12 - 12 12 84 0.8 0.8 


T4 - 15 - 8 15 67 1.0 0.6 


(b) Middle Creek Bridge 2 


T1 - 53 - 23 53 95 2.7 1.5 


T2 - 26 - 13 26 51 1.3 0.8 


T3 - 32 - 12 32 58 1.5 1.0 


T4 - 26 - 9 26 45 1.3 0.7 


(c) Kirkman 's  Branch Bridge 


T1 - 52 - 43 42 122 1.9 1.8 


T2 - 25 - 22 25 66 0.9 0.8 


T3 - 38 - 27 38 84 1.1 1.1 


T4 - 25 - 22 25 57 0.9 0.8 


(d) Oak  Creek Bridge 


T1 - 49 - 5 49 118 1.8 2.0 


T2 - 24 - 3 24 63 0.9 1.0 


T3 - 29 - 7 29 84 0.9 1.1 


T4 - 24 - 6 24 57 0.9 1.0 


(e) Sandy Creek Bridge 


T1 - 49 - 21 49 65 2.1 2.0 


T2 - 2 5  - 11 25 34 1.1 1.0 


T3 - 31 - 12 31 39 1.2 1.1 


T4 - 25 - 8 25 29 1.1 1.0 


( f )  Cheese Creek Bridge 


T1 - 47 - 25 47 58 1.0 2.0 


T2 - 24 - 12 24 25 0.5 1.0 


T3 - 3 4  - 17 34 33 0.7 1.1 
T4 - 24 - 12 24 26 0.5 0.9 


318-89  r e q u i r e m e n t s .  T h e  f o l l o w i n g  o b s e r v a t i o n s  c a n  b e  m a d e  f r o m  t h e s e  


c o m p a r i s o n s :  


1. I n  g e n e r a l ,  t h e  m a x i m u m  d e f l e c t i o n s  o b t a i n e d  f r o m  a n a l y s e s  a n d  t e s t s  


a r e  in  c l o s e  a g r e e m e n t .  
2. W h e r e a s  t h e  d e f l e c t i o n s  g i v e  g o o d  c o m p a r i s o n  b e t w e e n  m e a s u r e d  a n d  


c a l c u l a t e d  v a l u e s ,  t h e  s t r a i n s  d i f f e r  f o r  a l l  s i x  b r i d g e s .  T h e  t e n s i l e  s t r a i n s  a t  


M C B L  a r e  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f r o m  a n a l y s e s  a n d  t h e  


m e a s u r e d  c o m p r e s s i v e  s t r a i n s  a t  M C T L  l o c a t i o n .  O n  t h e  o t h e r  h a n d ,  t h e  
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analyses indicate that strains at MCBL and MCTL have the same magnitude. 
The difference in measured strain values at MCBL and MCTL locations 
could be attributed to the presence of transverse cracks on the bottom of 
the slab at MCBL location. As a result, under applied load, these cracks 
open and consequently produce higher strains in the bottom of the slab 
(MCBL) in comparison to strain at the top of the slab (MCTL). However, 
in the analyses the top and bottom strains take on the same values since 
local cracking is not modeled. This observation indicates that limited local 
cracking of the slab does not affect the global response of the bridge to 
applied loads, as measured and computed displacements are in good agree- 
ment. 


A series of tests corresponding to having different numbers of HS20 trucks 
on each lane was carried out on the bridge tested to collapse before con- 
ducting the ultimate tests. Azizinamini et al. (1994) describes details of tests 
conducted on simple and continuous spans of the bridge tested to collapse. 
The continuous span was subjected to 10 different tests before loading to 
collapse. The simple span was subjected to a total of 16 tests before sub- 
jecting it, monotonically, to the ultimate load test. Tables 2 and 3 give 
comparisons of maximum deflections for all tests, except the ultimate load 
tests, to the corresponding deflections obtained from the three-dimensional 
analyses for the continuous and simple spans, respectively. For the contin- 
uous span, test 10 corresponds to having 3.6 times the HS20 truck load on 
each lane, and for the simple span, test 15 corresponds to four times the 
HS20 truck load on each lane. From these tables it can be observed that 
even at these load levels the bridge responded in a linear manner, as the 
measured and calculated deflections are in good agreement. 


Table 4 gives a comparison of maximum moments obtained from two- 
and three-dimensional analyses for all six bridges tested under service loads. 
As indicated in Table 4, the maximum moments obtained from the three- 
dimensional analyses are significantly smaller when compared to the results 
of two-dimensional analyses. The main difference could be attributed to the 
fact that in the two-dimensional analyses the curbs were not modeled, whereas 


TABLE 2. Analytical and Experimental Results (Continuous Span) 


Test number 
(1) 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 


Maximum Deflection at 4C a 
(mm) 


Three-dimensional analysis 
(2) 


2.5 
3.3 
5.6 
8.5 
8.5 
8.5 
5.1 


11.8 
11.8 
11.8 


Field test 
(3) 


3.0 
4.2 
6.5 
9.8 
9.8 
9.8 
5.3 


11.8 
11.8 
11.8 


"Point at the center of the span 
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TABLE 3. Analytical and Experimental Results (Simple Span) 


Test number 
(1) 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 


Maximum Deflection at 2C a 
(mm) 


Three-dimensional analysis 
(2) 
1.0 
1.4 
1.4 
1.4 
1.4 
1.4 
2.2 
2.2 
2.2 
3.3 
3.3 
3.3 
4.3 
4.3 
4.3 
6.6 


Field test 
(3) 
0.6 
0.9 
0.8 
0.8 
0.8 
0.8 
1.5 
1.5 
1.5 
2.5 
2.5 
2.5 
3.6 
3.3 
4.3 
8.4 


apoint at the center of the span 


TABLE 4. Results from Three- and Two-Dimensional Finite-Element Analyses 
(Service Load Tests) 


Maximum Moment 
(m-kN/m) 


Bridge 
(1) 


Middle Creek Bridge 1 
Middle Creek Bridge 2 
Kirkman's Branch Bridge 
Oak Creek Bridge 
Sandy Creek Bridge 
Cheese Creek Bridge 


Test 
identification 


(2) 
T1 
T1 
T1 
T1 
T1 
T1 


Two- 
dimensional 


analysis 
(3) 


73.1 
73.1 
48.4 
50.1 
66.5 
37.8 


Three- 
dimensional 


analysis 
(4) 


36.8 
41.8 
35.4 
44.7 
46.7 
25.4 


in the three-dimensional analyses the effects of curbs were directly accounted 
for by modeling them as beam elements.  


YIELD-LINE ANALYSES 


The yield-line analysis approach was used to predict the experimentally 
obtained ultimate load capacity of both simple and continuous spans of the 
Niobrara River Bridge, which was tested to collapse. The following section 
gives a description of the calculations carried out for both the spans. 
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Continuous Span 
The yield-line analysis of the continuous span was performed using ma- 


terial properties obtained from laboratory tests performed on samples of 
concrete and reinforcing bars obtained from the test site. The mechanism 
used in the analysis is shown in Fig. 1. Toward the end of the test a fan- 
type yield line was evident along yield line 1. The analyses were carried out 
using two straight yield lines (1 and 2 in Fig. 1) spanning the width of the 
bridge. 


Moment-curvature analysis, together with actual material properties for 
both steel and concrete, was used to calculate the flexural capacity of slab 
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FIG. I. Collapse Mechanism for Conlinuous Span 
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FIG. 2. Sections Used in Moment-Curvature Analyses for Continuous Span: (a) 
Curb Section along Yield Line 2; (b) Curb Section along Yield Line 1; (c) Slab 
Section along Yield Line 1; and (d) Slab Section along Yield Line 2 


sections along yield lines. Along yield line 1 (positive-moment region), the 
slab section across the width of the span was divided into two regions. These 
two sections are shown in Figs. 2(b and c). The section shown in Fig. 2(b) 
corresponds to the region of the slab in the vicinity of the curb. This section 
consists of the curb and the slab directly beneath it. The section shown in 
Fig. 2(c) corresponds to the region of the slab between curbs. 


Slab sections were divided into two different regions along yield line 2 
(negative moment region). Figs. 2(a and d) show cross sections for each 
region, which correspond to regions in the vicinity of the curb and between 
curbs, respectively. The bottom of the slab was in compression and the top 
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in tension along load line 2; therefore, the portion of the slab in the vicinity 
of the curb was assumed to behave similarly to a T-beam with a flange on 
one side only. Fig. 2(a) shows the curb and the portion of the effective 
width of the slab. 


Moment capacities were obtained for all four sections shown in Fig. 2 
using a moment-curvature analysis program. Next, principles of yield-line 
analysis were used to predict the ultimate capacity of the span, including 
the effect of dead loads. 


The moment capacities of the four sections shown in Fig. 2 obtained from 
the moment curvature analysis approach are as follows: Me1 = 499 kN-m/  
m; Mcr = 512 kN-m;  Mp2 = 543 kN.m/m;  and Mc~2 = 711 k N . m  


Also, from Fig. 1 it is clear that ~1 = 0.3412 8, ~ = 0.1544 8, and [3 -- 
0.3281 8. The total internal work done is given by We = 2,957 ~ kN-m;  
and the total external work done by the applied loads is We = (374 ~ + 
1.3412 P~) kN.m.  Equating the external and internal works, and solving 
for P we get P = 1,926 kN, which is the predicted total load along each of 
the two load lines, that is, a total applied load of 3,852 kN. This compares 
well with the value of 3,987 kN obtained from the test. 


Simple Span 
The yield-line analyses performed on the simple span were similar to 


those conducted on the continuous span. The mechanism used in the anal- 
yses is shown in Fig. 3. 


Ultimate failure of the simple span occurred as a result of punching shear 
at one of the hydraulic rams along the load line. However, a yield line 
clearly formed along the load line prior to the punching-shear failure. In- 
spection of strain gauge data also indicated yielding of reinforcing bars on 
the bottom of the slab along the centerline. Hence, the mechanism used 
for computing the ultimate load had a yield line along the load line. 


Moment-curvature analysis, together with the actual material properties 
for both steel and concrete, was used to calculate flexural capacity of slab 
sections along the load line. The slab section was divided into two regions 
across the width of the span along the yield line. These two regions are 
shown in Fig. 4. The section shown in Fig. 4(a) corresponds to the region 
of the slab in the vicinity of the curb, and consists of the curb and slab 
directly beneath it. The section shown in Fig. 4(b) corresponds to the region 
of the slab between curbs. 


Moment capacities of both sections were obtained using a moment-cur- 
vature analysis program. The results of these analyses are as follows: Ms = 
357 kN. m/m; and Mc, -- 307 kN. m/m. Also, from Fig. 3 it can be concluded 
that 8, = 3 C~s. The total internal work done is given by We = 6452 c~s kN" m. 
The total external work done by the applied loads is WE = (664.8 + 3/~ 
% kN.m. Therefore P = 1,930 kN. The value of P from the test was 2,224 
kN. 


Sources of Conservatism in Rating Concrete Slab Bridges 
Additional analyses were performed to identify sources of conservatism 


involved in current procedures for rating old concrete slab bridges, which 
are in accordance with AASHTO's  provisions. Most current load-rating 
procedures, such as the BARS program, idealize bridges as two-dimensional 
structures. In such approaches, the observed conservatism stems from two 
sources: the type of analysis and the methods used to calculate ultimate 
strength of slab cross sections. The type of analysis conducted is two-di- 
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FIG. 3. Collapse Mechanism for Simple Span 


mensional and, consequently, neglects the effects of the so-called nonstruc- 
tural bridge components, such as curbs. In this study, a three-dimensional 
analysis of concrete slab bridges that incorporates the curbs yields, in gen- 
eral, approximately a 40% reduction in the maximum bending moment when 
compared to two-dimensional analysis. This could be categorized as con- 
servatism related to calculation of load effects. 


Additional conservatism arises in the prediction of strength, namely the 
prediction of the ultimate strength of the slab cross section. Two-dimensional 
approaches such as the BARS program use a unit width method for cal- 
culating the nominal strength of slab sections; consequently, the effect of 
curbs is again neglected. The actual material properties versus the assumed 
designed values is the other contributor to the differences in observed and 
calculated section capacities. 


Several yield-line analyses on the continuous span of the bridge tested to 
collapse were conducted to observe, quantitatively, the effects of curb and 
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FIG. 4. Sections used in Moment-Curvature Analyses for Simple Span: (a) Curb 
Section along Yield Line; (b) Slab Section along Yield Line 


TABLE 5. Results from Yield-Line Analyses of Continuous Span 


Case number 
(includes BARS 


prediction) 
(1) 


Description 
(2) 


f '= 21 MPa;fy = 227 MPa; no e-hardening; curbs 
not included 


f" = 21 MPa; fy = 227 MPa; no e-hardening; curbs 
included 


(" = 22 MPa; fy = 345 MPa; no e-hardening; curbs 
not included 


'.= 22 MPa;fy = 345 MPa; with t-hardening; curbs 
not included 


(" = 22 MPa; fy = 345 MPa; with e-hardening; curbs 
included 


Number of 
HS20 trucks in 
each lane at 


collapse 
(3) 


2.77 


3.69 


4.52 


4.95 


6.30 


material  proper t ies  on strength capacity. Results  of these analyses are sum- 
marized in Table 5. In each of  the five analyses shown in Table 5, a collapse 
mechanism with yield lines as indicated in Fig. 1 was assumed. Effects of 
dead load were also s imulated in these analyses. In analyses 1 and 2 the 
assumed mater ial  proper t ies ,  as specified in design drawings and used in 
the BARS program,  were used. Ave rage  values of mater ia l  proper t ies  as 
obtained from mater ia l  testing were used in the remaining analyses. Table  
5 gives concrete compressive strength and steel yield strength used for each 
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of the five analyses. In analyses 4 and 5, strain hardening of the reinforcing 
bars was modeled. In the other cases, elastic perfectly plastic stress-strain 
behavior with the indicated yield strength value was assumed for the rein- 
forcing bars. The effects of the curbs were modeled in analyses 2 and 5. 


Also shown in Table 5 are the capacities of the continuous span for each 
of the five analyses in terms of the number of AASHTO HS20 trucks in 
each lane. From this table, the effects of curbs, concrete compressive strength, 
steel yield strength, and strain hardening of reinforcing bars in predicting 
ultimate capacity of concrete slab bridges can be investigated. 


Analyses 1 and 3 can be compared for effects of combined concrete 
compressive strength and steel yield strength of reinforcing bars. The dif- 
ference in the predicted strength capacity (2.77 versus 4.52 HS20 trucks in 
each lane) is due mainly to increase in yield strength from 227 MPa to 345 
MPa. 


Analyses 3 and 4 can be used to study the effects of strain hardening of 
reinforcing bars. Inclusion of strain hardening resulted in only a 9.5% in- 
crease in the capacity of the continuous span. The effect of strain hardening 
could become significant as concrete compressive strength and percent re- 
inforcement increases. 


Analyses 1 and 2, and analyses 4 and 5 can be compared for the influence 
of curbs on the ultimate capacity of the continuous span. Analyses 1 and 
2, which used specified material properties, resulted in a 33% increase in 
the ultimate capacity of the span as a result of including the curbs in the 
analysis. Results of analyses 4 and 5, which used actual material properties 
including the effect of strain hardening, indicate a 28% increase in the 
ultimate capacity as a consequence of including curb effects. 


Assumptions used in analysis 1 are similar to those used in the BARS 
program and, therefore, results of this analysis could be viewed as close to 
the BARS prediction of the ultimate capacity of the continuous span of the 
Niobrara River Bridge. That is, using the BARS program (without strength- 
reduction factors), it is predicted that 2.77 HS20 trucks in each lane would 
be necessary to cause the collapse of the span. On the other hand, analysis 
5, which gave a prediction very close to observed experimental data (seven 
HS20 trucks in each lane) could be viewed as the most exact analysis. The 
increase in the ultimate capacity from analysis 1 (2.77 HS20 trucks per lane) 
to analysis 5 (6.3 HS20 trucks per lane) could be attributed, in order of 
importance, to actual yield strength of reinforcing bars compared to assumed 
values, effects of curbs, and strain hardening of reinforcing bars. 


CONCLUSIONS AND RECOMMENDATIONS 


Extensive experimental and analytical investigations were conducted to 
evaluate load-carrying capacity of reinforced concrete slab bridges and de- 
velop simple models to predict their behavior at both service and ultimate 
load levels. The experimental phase of the investigation reported in Azi- 
zinamini et al. (1994) consisted of testing six slab bridges, representing 
different structural configurations, under load levels that restricted the re- 
sponse of the bridges to the elastic regime. These tests, referred to as service 
load tests, were conducted using two dump trucks weighing approximately 
223 kN each. Test results were used to develop a three-dimensional finite- 
element model that considers the effects of curbs yet requires minimal input 
on the part of the designer. This simplicity was achieved by developing a 
preprocessor for the SAP90 finite-element analysis program. The displace- 
ment results from the three-dimensional analyses are in good agreement 
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with the test results. Results of service load tests were also used to study 
the effects of curbs, local cracking, span lengths, and slab thickness on the 
response of concrete slab bridges to elastic loads. 


To assess the available factor of safety in old concrete slab bridges, a five- 
span bridge was selected for testing. Two spans of the bridge, which was 
built in 1938 and decommissioned in 1972, were subjected to numerous 
tests, including loading to collapse. Using the BARS program the bridge 
was rated for approximately 67% of an HS20 truck load. In other words, 
had the bridge still been in service, a load limit would have been posted 
based on the rating using the BARS program. However, experimental re- 
sults indicated that this bridge could carry four times the HS20 truck load 
in each lane while behaving in a perfectly elastic manner and, furthermore, 
it would require the equivalent of seven HS20 truck loads in each lane to 
reach ultimate capacity. 


Analytical studies using finite-element analyses and yield-line analyses 
incorporating a moment-curvature analysis approach, together with actual 
material properties, were conducted to assess the differences between ob- 
served capacity and that predicted by conventional analytical approaches. 
Results of these analyses indicate that the observed larger capacity of the 
old concrete slab bridge could be attributed primarily to (1) Actual material 
properties of steel reinforcing bars versus the assumed design values; and 
(2) participation of curbs in load-carrying capacity. Results of the analytical 
study also indicated that there are significant differences between maximum 
bending moments obtained from two- and three-dimensional analyses be- 
cause of the participation of nonstructural members, such as curbs, in car- 
rying the imposed loads. 


Based on the experimental and analytical investigations conducted it can 
be concluded that old concrete slab bridges possess significant reserve ca- 
pacity, and that yield-line analysis can effectively be used to accurately 
predict the strength of these bridges. Further study is planned to integrate 
the yield-line analysis approach and three-dimensional finite- element anal- 
ysis into a comprehensive and reliability-based procedure for rating old 
concrete slab bridges. From the findings of this investigation it is believed 
that yield-line analysis and three-dimensional finite-element analysis could 
be used to address the strength capacity (calculating nominal strength of 
the bridge) and load effect (such as deflection and maximum bending mo- 
ment) aspects of the rating process, respectively. Within the ultimate design 
context, adequate strength reduction factors and load factors need to be 
developed that are compatible with the type of analysis and method used 
to calculate the nominal strength of bridge cross sections. 
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APPENDIX II. NOTATION 


The following symbols are used in this paper: 


Md = moment capacity per unit width of slab along yield line 1 (kN. m/ 
m); 


Mccl = moment capacity of each curb along yield line 1 (kN.m);  
Mcc2 = moment capacity of each curb along yield line 2 (kN-m);  
Mc~ = moment capacity of each curb along yield line for simple span 


(kN.m);  
Mp2 = moment capacity per unit width of slab along yield line 2 (kN. m/ 


m); 
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Ms = moment capacity per unit width of slab for simple span along yield 
line (kN-m/m); 


P = total load along each load line at failure (kN); 
WE = external work done (kN.m); 
W; = internal work done (kN. m); 


a = rotation at yield line 2 (continuous span); 
as = rotation at yield line (simple span); 
[3 = rotation at simply supported end (continuous span); 
8 = deflection at yield line 1 (continuous span); 
8s = deflection at yield line (simple span); and 
8~ = deflection at load line l (continuous span). 
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ABSTRACT 
 
An on-going research project examines the feasibility of 
using ambient vibration measurements as a supplement to 
routine bridge inspection.  The goal of this research is to 
develop a cost-effective testing methodology, which can be 
easily implemented on county highway bridges in Shelby 
County, Alabama.  This paper summarizes a preliminary 
study on a two-lane concrete deck/steel stringer bridge.  
Vibrations due to impact excitation and ambient traffic were 
used to extract the first bending mode.  These data were 
used to determine the dynamic load impact factors of the 
bridge.  Due to the relatively lightweight of the bridge, the 
weight of the automobile significantly influences the resonant 
frequencies.  Based on the study, recommendations on field 
measurements as a standard inspection procedure have 
been made and discussed. 
 
NOMENCLATURE 
DLFA = dynamic load factor for acceleration 
DLFM = dynamic load factor for moment 
DAD = dynamic amplification factor for deflection 
DAM = dynamic amplification factor for moment 
DF = distribution factor among girders 
tf = flange thickness 
Bf = flange width 
D = depth 
tw = web thickness 


=fastyDD  acceleration amplitude for vehicle at high speed 


=slowyDD  acceleration amplitude for vehicle at low speed 


=dynamicyDD  acceleration amplitude for vehicle at high speed 


=staticyDD  acceleration amplitude for vehicle at low speed 
S = load length 
x = distance to a point on the bridge 
l = span of the bridge 
y = assumed deform shape 
f = first mode vibration frequency 
f’ = vibration frequency due to added mass 


=k~ effective stiffness 
=m~ effective mass 


∆m = vehicle mass 
E = elastic modulus 
I = moment of inertia 
Amax(t) = max channel amplitude for time domain 
Amax(f) = max channel amplitude for frequency domain 
α = speed parameter 
V = velocity of vehicle 


 
1.0 INTRODUCTION 
 
A recent survey of 44 counties in the state of Alabama notes 
a total of $116,875,235 is needed to replace structurally 
deficient bridges shorter than 20 feet (LT20) within local road 
systems [1].  Most bridges managed by county and local 
governments are predominantly short-span bridges, and are 
typically located in remote areas.  Shelby County, Alabama 
conducts regular visual inspections of their bridges and 
maintains a carefully documented database to ensure bridge 
safety. Conservative rating procedures based on visual 
inspection make it difficult to accurately determine the true 
load capacity of these structures. 
 
For federal and state owned highway bridges, load capacity 
is typically determined through standard load tests.  Since 
the design of a bridge is based on standard truckloads, static 
bridge load tests are typically done to compare with the 
original design capacities. Dynamic load tests using standard 
trucks are also conducted to determine the dynamic load 
effects (dynamic load factors) on the bridges.  Due to limited 
resources, most county bridges are not generally load tested 
and are rated by calculations based on visual inspection.  
Hence, actual load capacity of the bridge is not a likely 
consideration in the Roads Bridge Replacement Prioritization 
Database (RBPD).   
 
A project was launched to study methods that use ambient 
vibration measurements to determine the remaining load 
capacities of short single span bridges.  The goal is to 
develop a technique that involves minimal instrumentation 
and interference with traffic to assess bridge structural 
capacity.  To achieve this goal, field tests and numerical 
simulations on both actual and model bridges have been 
used to study the theoretical basis of the dynamic load factor 
calculation and its correlation to ambient traffic excitations. 
 
Dynamic bridge testing and evaluation have been used in the 
past for various reasons: 1) to determine the dynamic 
characteristics of a new type of bridge [2], 2) to evaluate 
structural integrity [3], 3) to study vehicle-bridge interaction 
[4], 4) to study dynamic impact factors [5,6,7,8,9], and damage 
detection [10,11,12].  Doebling et al. [13] has a wealth of 
citations on the state-of-the art in bridge damage detection 
using vibration testing.  Extensive studies on using modal 
testing for bridge condition assessment concluded that this 
technique may not be used to accurately identify the damage 
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type and damaged structural elements. Hence, visual 
inspection should remain a key method for condition 
assessment of bridges [11]. 
 
Remaining load capacity may be the most critical factor of 
interest for bridge management engineer [14]. Chowdhury 
mentioned that an independent method to validate 
approximate static load test results could be valuable He 
investigated the effects of different trucks on bridge dynamic 
distribution factors and dynamic magnification factors [7]. 
 
This paper reports the preliminary findings of the dynamic 
testing of a selected county bridge in Shelby County, 
Alabama.  Dynamic load factors were found using the ratio 
between responses from different traffic excitations.  The 
vibration studies on the bridge include ambient and impact 
excitations, and numerical modal analysis using Finite 
Element Modeling (FEM).  
 
 
2.0 BACKGROUND 
 
Rating a bridge requires the inspectors to quantify damages 
(both structural and non-structural) on various bridge 
components and subjectively assign relative scores for each 
item in consideration [14].  The results are then documented 
into an appraisal database (RBPD).  If structural deficiency is 
identified, engineers will then conduct detailed stress 
analysis to determine the load capacity of the structure. 
Dynamic effects of traffic live load are accounted for using a 
Dynamic Load Factor (DLF).  The computed load capacity is 
then compared to the designed load capacity of the bridge 
[15].  Typically, a load test is conducted if actual load capacity 
is required.  Dynamic load tests may involve determining DLF 
on the bridge and the load distribution on different girders.  
According to AASHTO, DLF is calculated as: 
 
 
 
 
where S is the loaded length along the bridge assuming the 
truckload to be uniformly distributed.  AASHTO limits design 
DLF to be less than 30% [15]. 
 
Using accelerometer measurements, Chowdhury [7] 
computed the Dynamic Load Factor for Acceleration (DLFA) 
as: 
 
 
 
 
This relationship defines the DLFA as a ratio of the dynamic 
response to the pseudo-static response and quantifies the 
dynamic effect as a function of travel speed.  Using standard 
truckloads, he measured the DLFA for a continuous multi-
span steel bridge and that of a single span concrete T-bridge.  
His test results indicated DLFA magnitudes of 1.33 and 1.84 
for the steel girder and the concrete bridge, respectively. 
 
Saadeghvaziri indirectly related the DLFA to the DLFM, the 
dynamic load factor for moment.  By using a speed 
parameter α, defined as  
 


lfV 2/=α  


 
and the exact solution for deflection of a simply supported 
beam traversed by a constant force, the dynamic 
amplification factor for deflection (DAD) was determined.  
Finite element results yielded a DAD that was in agreement 
with the exact solution for a range of α from .1 to .6 (typical 
highway bridges).  He then determined the dynamic 
amplification factor for moment (DAM).  The ratio of the DAM 
to the DADFE is .822 for the particular range of the speed 
parameter [16].  This also indirectly defines the proportionality 
between the dynamic deflection and load factors. 
 
Lateef et al. [5], on the other hand defined DLFA as: 
 
 
 
 
Biggs concluded in his study that the most important factors 
influencing traffic-excited vibration of short span bridges are 
the vehicle characteristics, road surface roughness and 
vehicle speeds [4].  For longer span bridges, the traffic 
pattern becomes more complicated including multiple 
excitations and more complex signal processing techniques 
are required to extract the actual bridge modal data [17].   In 
the case of LT20 county bridges, the traffic is typically limited 
to single car for each passing.  Hence, the analysis is 
relatively simpler. 
 
In this paper, DLFA is computed based on ambient traffics 
passing over a test bridge.  Two DLFAs are investigated: one 
based on the first bending mode amplitude and the other on 
the amplitude of the acceleration in the frequency domain.  
The first bending mode is chosen for analysis since it is the 
fundamental mode in simple span, two-lane, LT20 bridges 
with assumed symmetric loading.  Given these conditions it is 
usually the dominant mode, attracting the most energy, and 
can be more easily identified.  Isolation of the first bending 
mode allows for SDOF simplifications and comparisons to 
bending stiffness to obtain remaining capacity. 
 
Without controlling the traffic, an extended monitoring period 
is required to ensure possible repeated similar vehicle types.  
Since LT20 bridges may be one of several different types of 
bridges, a concrete deck/steel stringer bridge was selected 
for the study. 
 
3.0 THE SHELBY COUNTY BRIDGE 
 
An attempt for vibration testing by using ambient traffic 
vibration was made on the selected bridge.  The subject 
bridge (Structure No. 020-59-202Z) is located in southern 
Shelby County on Shelby Co. Road 20 (Figure 1).  The 
bridge has a clear span of 18 ft 3 in. (travel length) and an 
actual span of 20 ft 10 in. (boundary to boundary).  The deck 
is composed of 5 in. concrete (150 lb/yd2).  Overlying the 
deck are a 16 in. thick soil aggregate (cherty) base (115 
lb/yd2) and a 1½ in. thick bituminous concrete wearing 
surface (165 lb/yd2).  The bridge also has standard flex beam 
guardrails (25 lb/ft/side).  The girders are steel S12x31.8 
beams (flange width, Bf=5 in., depth, d=12 in., flange 
thickness, tf=0.544 in. and web thickness, tw=0.35 in.).  The 
bridge was constructed in 1959 and has 5 stringers spaced 
at 58 in. on center.   There are no cover plates.  The bridge is 
also skewed at 20o angle. 
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According to equation (1), the bridge would have a DLF of 
0.34  (assuming S = span of bridge). 
 
4.0 IMPACT AND AMBIENT BRIDGE TESTS 
 
Impact tests using a 20-lb sledgehammer were first 
conducted to determine the natural vibration modes of the 
bridge.  The vibrations were picked up using 2 
accelerometers one placed near the center girder and the 
other placed near an outermost girder.  The signals are 
collected using a 2-channel digital oscilloscope (Velleman, 
PC Scope PCS64i) and a laptop.  Using hammer impact, 
multiple modes are then excited.  A sampling frequency of 
100 Hz is used.  The first bending mode of the bridge is 
determined to be at 18.25 Hz.  The natural vibration 
behaviors of the bridge are confirmed and further 
investigated using FEM modeling. 
 
To study the effects of different vehicles traveling on the 
bridge, the excitation of the bridge during regular traffic is 
monitored. To capture the first bending mode, 2 
accelerometers are used with one placed at the center of the 
bridge and the other placed near the outermost girder of the 
bridge.  Table 1 shows 25 recorded vehicle passing including 
the vehicle type, estimated weight, first bending frequency 
and the relative speed of the vehicle.  From the table, it can 
be observed that the added mass of the passing vehicle can 
significantly reduce the vibration frequency of the bridge.  For 
example, the Kenworth dump truck of 22,000 lb, reduced the 
frequency from 18.25 Hz to 14 Hz. 
 
To determine the excitation of the first bending mode, the 
ratios between the modal magnitudes of the two 
accelerometers (Amax,CH1 and Amax,CH2) are also provided in 
Table 1.  The DF between the girders is defined as the ratio 
of the maximum responses between the two sensors.  Given 
sensor 1’s central location, sensor 2’s location near the 
outside girder and ideal first mode bending, then both 
sensors should record equal amplitudes Amax(t).  However, 
the location of the vehicle, the effects of damping, and the 
presence of the outside concrete stiffeners will affect the ratio 


of the amplitudes.  A car traveling directly in the center of the 
roadway would excite sensor 1 more than sensor 2: 
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For example, two vehicles have very low ratios (0.11 for the 
full-size Chevy truck with boat and 0.17 for the Chevy S-10) 
that may result from the vehicles traveling on the lane away 
from the sensors. 
 
The DF for the acceleration data should equal the DF for the 
moments, indicating the critical load carrying member and 
therefore the one to focus on when determining dynamic load 
capacity. 
 
5.0 FEM MODELING 
 
Full-scale FEM models of the bridge are constructed to study 
the vibration modes and make comparisons with the 
experimental results.  The material constants used in the FE 
model are listed in Table 2.  Since the elastic modulus of the 
chert base layer is not known, an assumption was made. 
After several trials, a modulus of 8 x 104 lbf/in2 appears to be 
most reasonable.  The bridge is modeled using Algor with   
approximately 11,000 solid elements.  Normal mode analysis 
is then conducted to determine the natural mode shapes and 
frequencies. 
 
Different models are constructed to study the boundary 
effects and the effects of the side-rails.  Assuming fixed 
boundaries, the first bending mode is 18.72 Hz, which is very 
close to the impact results.  Detailed results are shown in 
Table 3. 
 
6.0 RESULTS 
 
Figure 2 shows the primary bending mode shapes of the 
different FE models: Figure 2(a) shows the bridge with free-
free boundary conditions; Figure 2(b) shows the boundaries 
of the girders are fixed; Figure 2(c) shows both the deck and 
the girders are fixed; and Figure 2(d) shows the bridge 
without the side-rails.  The vibration frequencies of each 
model are listed in Table 3 for two different chert elastic 
moduli. 
 
6.1 BOUNDARY EFFECTS 
 
Table 3 shows that if the bridge is totally free, it will first 
experience a diagonal bending because it is a relatively wide, 
skewed structure.  However, when the boundaries are fixed, 
the first mode should be symmetric bending along the span.  
This is consistent with the experimental results. 
 
The fixity of the bridge deck is questionable.  When only the 
girders are fixed, the first pure bending frequency is much 
lower than the actual frequency.  When the boundaries of the 
deck are fixed, the frequencies are closer to the actual 
measurements. 
 
FE simulation is also used to determine the contribution of 
the side-rail to the overall stiffness.  Figure 2(d) shows the FE 
model without side-rails, and the vibration frequency 


Figure 1 The Shelby County Bridge No. 020-
59-202Z (6596) 
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presented in Table 3 indicates that the side-rails do not 
contribute significantly to the overall stiffness. 
 
6.2 DYNAMIC AMPLIFICATION 
 
Since there is no traffic control, the dynamic amplification due 
to different vehicles at different speeds is studied.  From the 
26 records, only three cars have repeated crossings: Toyota 
Camry, MS Chevy with regular cab and Pontiac Parisian.  
The DLFAs listed in Table 1 are ratios of the fast passage 
response to the slow passage response for each duplicate 
vehicle crossing.  For each vehicle type, two DLFA values 
are computed: the first value is the ratio of spectrum 
amplitudes of the first bending mode and the second value 
(inside of bracket) is the amplitude ratio from the maximum 
time signal.  Except for the Toyota Camry case, it is shown 
that the two DLFAs are very close in value – indicating that 
either approach can be used to determine DLFA.  The 
Pontiac Parisian, which weighs 3800 lb, has the lowest DLFA 
(0.22 and 0.30).  The MS Chevy with regular cab, which 
weighs 4600 lbs, has higher DLFAs (0.90 and 0.70) than the 
Pontiac.  The mass effect on the dynamic factor of the bridge 
is critical and will be investigated further. 
 
6.3 EFFECT OF VEHICLE MASS 
 
Due to the relatively light weight of the bridge, the mass of 
the passing vehicle becomes critical to the measured 
frequencies.  From the measured frequencies in Table 1, it is 
obvious that the frequencies due to traffic loads are lower 
than the frequency from hammer impact.   To study the effect 
of the added mass, a Single Degree Of Freedom (SDOF) 
model with a lumped mass and an elastic spring (Figure 3) is 
used to model the bridge.  To simplify the calculation of the 
effective mass, the bridge is assumed to be a beam in 
bending with the deck acting as a portion of the girder (full-
composite action).  The effective flange area is transformed 
as an equivalent steel area.  Assuming a deformed shape: 
 
 
 
 
The effective mass and stiffness are then calculated as: 
 
 
 
 
 
 
 
 
The total weight of the bridge is 124,000 lb.  The effective 
mass of the bridge is 112.96 lbf*sec2/in. and the effective 
stiffness of the bridge is 1.585 x 106 lbf/in.  The vibration 
frequency is then: 
 
 
 
 
 
The frequency of the SDOF model is 18.9 Hz.  The frequency 
due to added mass, ∆m, can be computed as: 
 
 


 
 
 
Figure 4 shows the frequency ratio, f’/f, vs. mass ratio 


mm ~/∆ .  A 20% increase in mass is shown to reduce the 
frequency to 90%.  For example, the Toyota Camry would 
add 7.79% mass to the bridge.  As a result, the frequency 
would shift to 17.337 Hz (3.7% shift).  The Kenworth dump 
truck, which weights 22000 lb, would reduce the vibration 
frequency about 22 %. 
 
The SDOF model confirms the shifts as a result of the mass 
of the vehicles on the natural frequency of the bridge.  
Inversely, this model can also be used to determine the effect 
of stiffness reduction. 
 
6.4 DISCUSSION ON BRIDGE MONITORING 


METHODOLOGY 
 
Many of the lessons learned in this investigation are unique 
to short span LT20 county bridges.  Even though these 
bridges may not be the most complicated bridges, the 
application of dynamic testing on these bridges presents a 
unique problem involving both logistics in application and 
measurement approaches. 
 
Based on the available data, use of DLFA value for load 
capacity calculations is not clear.  This reflects on one of the 
difficulties in using ambient vibration for bridge monitoring. 
Since the local LT20 bridges are light weight compared to 
typical highway bridges, the vehicle weight becomes a more 
critical issue.  To ensure only measurement of bending 
vibrations, the strategic placement of sensors becomes 
critical.  The best result is when the vehicle is driving across 
the center of the bridge, so that no torsional modes are 
excited.  However, that may not always happen. Hence, to 
capture the first bending mode, at least two sensors should 
be used on the bridge.  One of the sensors should be 
attached at the point of maximum displacement for the first 
bending mode.  The second sensor should be placed at other 
locations away from the center. 
 
If possible, traffic information such as vehicle type, speed, 
direction of travel, and lane position should be recorded.  To 
compute the DLFA, at least 2 similar vehicles with varied 
speeds should be measured (preferable one very slow and 
one at normal speed).  As a result, continuous monitoring 
may be necessary for a long period of time (one or more 
days), if the traffic on the bridge is sparse.  An automated 
measurement system (may be a remote sensing system) can 
be very helpful in this case. 
 
Knowledge of the exact weight of the bridge may not be 
necessary.  However, more study is needed to understand 
how the vehicle weight would impact on the vibration 
behaviors on the short span (< 20 ft) bridges.  Currently, 
specific vehicle types may be selected as a standard for 
bridge monitoring. 
 
7.0 SUMMARY 
 
The results of a preliminary study for developing an ambient 
vibration-based bridge rating method for small county bridges 
are presented.  The DLFA computed from vibration data is 
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consistent and may be used on short span bridges.  The 
weight and traveling speed of the passing vehicles are critical 
to the dynamic behaviors of the bridge.  It is also found that 
the side-rails of bridge does not contribute significantly to the 
stiffness of the structure, hence, can be ignored in the study 
of the bridge model.  Finally, careful placement of the 
sensors is critical. 
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Table 1 Traffic Vibration Measurements With Single Car Passing 
Record Type of vehicle Approximate 


weight (lbs) 
First bending 
frequency 
(Hz) 


Amax,CH1(f) / 
Amax,CH2(f) 


Amax,fast(f) / 
Amax,slow(f) 
[Amax,fast(t) / 
Amax,slow(t)] 


Travel 
direction 


Comments 
 


01 Full-sized Chevy 
with boat 


7500 18.1 0.11  E N 


02 Chevy S-10 3300 17.3 0.17  W N 
03 Toyota Tacoma, 


ext cab 
3600 17.6 0.39  W MF (10 mph>limit) 


04 Toyota Tacoma, 
reg cab 


3400 - -  E MF 


05 Mid 80’s Ford 
Mustang 


3300 17.6 0.52  E MF 


06 90’s mid-sized VW 3300 - -  E F (< 10 mph over) 
07 Geo Prism 2700 - -  W MF 
08 Kenworth dump 


truck 
22000 14 0.48  W MF 


09 Toyota Camry 3300 17.5 0.59  E N  
10 Toyota Corolla 2700 17.3 0.53  W F 
11 Pontiac Parisian 3800 16.8 0.50 0.22 [0.30] W MF 
12 FS Chevy 


w/toolbox combo 
4800 17.2 0.58  W N 


13 Subaru Wagon 3400 16.3 0.61  W VS (too slow) 
14 Ford F-150 - 17.7 0.53  W F 
15 MS Chevy reg cab 4600 15.8 0.62 0.90 [0.70] W MF 
16 Pontiac Parisian 3800 17.5 0.56  W N 
17 MS Chevy reg cab 4600 17.6 0.50  W N 
18 MS Ford reg cab - 16.8 0.48  W N 
19 MS Ford 


w/toolboxes 
- - -  W N 


20 Toyota Camry 3300 17.3 0.50 1.9[0.9] W MF 
22 FS Dodge truck  16.0 0.67  W N 
23 Toyota Paseo 2800 17.6 0.62  W MF 
24 Jeep Grand 


Cherokee 
4600 16.0 0.67  E MF 


25 Toyota Tacoma 3400 17.6 0.44  E MF 
Comments: W- west-ward, E- East-ward, N – normal speed, MF – Moderate fast speed, VS – very slow speed, F – fast speed. 
 
Table 2 Summary of Material Properties Used in FE Modeling 
 
 ASTM A36 Steel Girders Concrete Deck Chert (10% Econcrete) 
Mass Density (lbf*s2/in/in3) 7.356e-4 2.24819e-4 2.24819e-4 
Modulus of Elasticity (lbf/in2) 29e6 3e6 3e5 * 
Poisson’s Ratio .29 0.15 0.15 
Thermal Coefficient of Expansion (1/°F) 6.5e-6 6e-6 6e-6 
Shear Modulus of Elasticity (lbf/in2) 11.2e6 0 0 


* FE model was re-run using Echert=10% Econcrete=3e4 
 


Table 3 FE Model Results for Full-Scale Bridge FEM Model 
Boundary Conditions Mode No. 1 2 3 4 5 
a) Free-free, with 
side-rail 


Mode Type 1st Diagonal 
Bending 


Weak Axis 
Bending 


2nd weak axis 
bending 


1st strong axis 
Bending 


1st Torsion 


 Echert = 3x105 10.06 Hz 16.44 Hz 23.79 Hz 30.56 Hz 36.72 Hz 
 Echert = 8x104 6.17 Hz 9.91 Hz 15.03 Hz 22.68 Hz 18.95 Hz 
b) Fixed-fixed, 
girders only 


 1st Bending Mode 1st Torsion 
Mode 


1st Diagonal 
Bending Mode 


  


 Echert = 3x105 20.61 Hz  25.69 Hz 33.45 Hz   
 Echert = 3x104 16.83 Hz 21.79 Hz 26.75 Hz   
c) Fixed-fixed, 
girders and bottom of 
deck 


 1st Bending Mode 1st Torsion 
Mode 


1st Diagonal 
Bending Mode 


  


 Echert = 3x105 22.88 Hz 27.74 Hz 35.32 Hz   
 Echert = 3x104 18.72 Hz 23.23 Hz 27.98 Hz   
d) Fixed-fixed, 
girders only, no side-
rails 


 1st Bending Mode 1st Torsion 
Mode 


1st Diagonal 
Bending Mode 


  


 Echert = 3x105 22.65 Hz 27.79 Hz 38.46 Hz   
 Echert = 3x104 18.64 Hz 23.03 Hz 29.64 Hz   
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a) Full bridge with free-free boundary b) Full bridge with fixed-fixed boundary applied to girders only


c) Full bridge with fixed-fixed boundary
(both deck and girders) d) Bridge without side-rails and fixed-fixed boundary


(both deck and girders)


Figure 2 Finite Element Models 
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Figure 3 Single-Degree-Of-Freedom Model 
Figure 4  Mass Effect on Frequency Change
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ABSTRACT 
 
Combining theoretical analysis and field tests can greatly enhance the understanding 
of the performance of the bridges for engineers, which can be applied to evaluate the 
load carrying capacity of bridges without plans. Researchers at the University of 
Delaware previously developed a methodology, the steel area method (SAM), to rate 
concrete bridges without plans, which uses strain or displacement measurements from 
field testing in conjunction with basic mechanics principles to estimate the unknown 
area of reinforcing steel in a concrete bridge. The estimated reinforcing steel area can 
then be used with traditional rating techniques. In this paper, the SAM procedure has 
been extended and improved to accommodate more realistic general load 
configurations used in a typical load test. A procedure for load rating bridges without 
plans incorporating the results of a diagnostic load test is proposed based on the 
improved SAM approach. A concrete slab bridge with original structural drawings is 
used to validate the proposed procedures. Conclusions of the proposed methodology 
are drawn based on the test verifications. 
 
INTRODUCTION 
 
Most bridges in the United States are evaluated using simplified models that rely on 
structural dimensions and properties determined from original design plans and 
observations made during on-site inspection. However, it is common to have bridges 
for which structural plans do not exist, or, for which only partial plans exist. Many of 
these bridges without plans were built years ago.  


Thompson conducted a survey and collected important data about the bridges 
without plans in Delaware [Thompson, 1999]. In his survey, the 1997 Delaware 
Bridge Inventory was used to determine how many bridges in the state of Delaware 
have no original design plans, and to identify the design type, date of construction and 
materials of construction of these bridges. The search uncovered 189 bridges that 
have no original design plans. Of these, concrete (46%) and steel (37%) were the 
most common materials of construction. The most common design types were slabs, 
culverts, arch-decks and stringer/multi-beams [Thompson, 1999]. In addition, many 
of Delaware’s planless bridges have unknown dates of construction. 


Bridges without plans pose a particular challenge to engineers and owners when 
these bridges have to be rated. Structural properties for bridges without original 
design plans are not easily obtained. This is especially a problem for older concrete 
bridges for which the amount of reinforcing steel may be unknown. As a result, the 
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bridge capacity or rating cannot be evaluated easily using traditional methods, based 
on only simplified theoretical models.  


Engineering judgment can be used, along with historical records and plans of 
similarly constructed bridges, to arrive at plausible reinforcing details; however, these 
estimates tend to be conservative. As a result, load ratings for these bridges also tend 
to be very conservative [Eitel, et al. 2002]. Consequently, this can lead to unnecessary 
load postings and traffic restrictions for the bridges whose plans do not exist. In order 
to avoid unnecessary load posting, the load carrying capacity of a posted bridge 
should be determined accurately. 


Load testing has been extensively used to assess bridge performance and capacity 
[NCHRP 12-46 Final Draft Manual, 2000; AASHTO LRFR, 2003]. Combining 
theoretical analysis and field tests can greatly enhance the understanding of the 
performance of the bridges for engineers. This idea can also be applied to evaluate the 
load carrying capacity of bridges without plans. Researchers at the University of 
Delaware developed one methodology, the steel area method (SAM), to rate concrete 
bridges without plans, using basic mechanics and beam theory, and the results of a 
diagnostic load test [Thompson, 1999].  


Thompson’s theoretical derivation was based on the simplest model, which is a 
simply supported beam loaded by a single concentrated load at midspan. This may be 
suitable for a bridge with a span length much greater than the test vehicle axle 
spacing; however, for shorter span bridges, modeling the test truck as a single 
concentrated load is a crude approximation that can lead to errors in the estimated 
area of steel.  


Thompson [1999] also conducted laboratory tests and a field test to verify SAM; 
however there were limitations with those test results.  For the laboratory test, the 
poor experimental results were attributed to the small-scale beam and poor test set-up. 
For the field test, bridge 1-450, which is a box culvert, was tested as part of another 
project and was not selected for the primary purpose of validating the SAM  method. 
This culvert was not the ideal structure to use to evaluate SAM because of its very 
short span and the presence of almost two feet of fill and roadway on top of the 
superstructure. While the results were encouraging, the test cases did not lend 
themselves to a systematic evaluation of SAM. 


In this paper, first, the SAM method is extended and improved and equations are 
derived to accommodate more general load configurations, such as that used in a 
typical diagnostic load test of a bridge. A procedure for load rating bridges without 
plans incorporating the diagnostic load tests is proposed on the basis of SAM. A 
concrete slab bridge with original structural drawings is chosen to validate the 
proposed procedures.  
 
DEVELOPMENT OF STEEL AREA METHOD FOR GENERAL LOAD CASES 
 
Estimating Steel Area Using Strain Data 
 
Consider a simply supported (SS) rectangular beam with span length L. The geometry 
of the bean, and the assumed stress and strain distributions are shown in the Figure 1. 
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(c) Stresses(a) Cross section of concret beam
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FIGURE 1 THE ASSUMED STRAIN AND STRESS DISTRIBUTION 
 


The variables needed to derive equations defined below: 
d = the distance between the top of the beam and the reinforcing steel; b = the 


beam width; h = the beam depth; x = the distance from the top fiber of the beam to the 
neutral axis; L = the span length; Ec = the Young’s modulus of concrete; Es = the 
Young’s modulus of the reinforcing rebar; As = the area of reinforcing rebar; n = 
Es/Ec; fs = stress in rebar; fc = the compressive stress of concrete on the top fiber of 
the beam; ctε  = the strain of concrete on the top fiber; cbε  = the tensile strain of 
concrete on the bottom fiber; sε  = the tensile strain of the rebar; 


Force equilibrium in the cross section of the beam requires that the resultant 
tensile force in the rebar is equal to the resultant compressive force in the concrete, 
i.e.  


2
bxEAE ctc


sss
εε =


        (1)  
Strain compatibility also requires 


x
xd


ct


s −=
ε
ε


         (2) 
Solving (1) and (2) for the area of steel yields 
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Applying strain compatibility between the rebar and the bottom concrete yields 
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         (4) 
The resultant moment on the cross section is given by  
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Moving sε  to the left-hand side of (5) and substituting (3) yields 
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Substituting (4) into (6) yields 


strainc
cb


k
xh


xdbx
EM =


−


−
=


)(2


)
3


(2


ε        (7) 
(6) or (7) is the expression for, what will be referred to as the “moment-strain 


stiffness;” i.e., the ratio of the applied moment to the strain of rebar or bottom 
concrete. The equation is a function of the modulus of the concrete, depth and width 
of the section, depth to the tension rebar and the neutral axis depth. By measuring the 
moment-strain stiffness, and assuming or measuring Ec, b and d, the depth to the 
neutral axis x can be calculated from the cubic algebraic equation, which could be 
solved by commercial software, such as MATLAB or MAPLE. Once the neutral axis 
is determined, knowing the modulus of the steel, the area of reinforcing rebar can be 
estimated using (3). 
 
Estimating Steel Area Using Deflection Data 
 
Assume that deflections caused by a loaded vehicle or any other loads are measured 
at midspan of a SS beam with constant section. The deflection at midspan (Δ ) 
calculated by the principle of virtual work can be expressed as 


ec


correctL


ec


PK


IE
M


IE
dsMM


∫ ==Δ
0


       (8) 
where, 


dsMMM
L


PKcorrect ∫= 0         (9) 
KM is the bending moment in the beam due to a unit virtual force at midspan, and 


PM  is the bending moment in the beam caused by the loaded truck of known weight 
and axle spacing or any other loads, in a certain location on the beam. Ie in equation 
      (8) is the effective moment of inertia of 
the section, which is given by [AASHTO LRFD, 1998] 
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in which, 
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                   (11) 
where Mcr is the cracking moment of the section, fr is the modulus of rupture of 


concrete, and yt is the distance from the neutral axis to the extreme tension fiber. In 
(10), Ma is the maximum moment in a component at the stage for which deformation 
is computed, Ig is the moment of inertia of the gross uncracked section, and Icr is the 
moment of inertia of the cracked section, which for a rectangular section of width b is 
given by 
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                                                                                    (12) 


3012010 Structures Congress  © 2010 ASCE


 Structures Congress 2010 


D
ow


nl
oa


de
d 


fr
om


 a
sc


el
ib


ra
ry


.o
rg


 b
y 


O
hi


o 
D


ep
t o


f 
T


ra
ns


po
rt


at
io


n 
on


 1
1/


24
/1


4.
 C


op
yr


ig
ht


 A
SC


E
. F


or
 p


er
so


na
l u


se
 o


nl
y;


 a
ll 


ri
gh


ts
 r


es
er


ve
d.







Solving (8) for EcIe and substituting (10) into it yields, in the case of ge II ≤ , 
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                                    (13) 
Now substituting Mcr from (11), Icr from (12) and As from (3) into (13) yields 
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                     (14) 


(14) is the expression for, what will be referred to as the “moment-deflection 
stiffness;” i.e., the ratio of the applied moment to the deflection at midspan of the 
beam. It is effectively equal to the flexural stiffness of the section, and is a function of 
the modulus of the concrete, depth and width of the section, depth to the tension 
reinforcement, the neutral axis depth, modulus of rupture of concrete, gross moment 
of inertia and the maximum moment Ma. By measuring the moment-deflection 
stiffness, assuming or measuring Ec and fr, and assuming or measuring b, d and ty , the 
depth to the neutral axis x can be calculated from the cubic algebraic equation, which 
could be solved by commercial software such as MATLAB or MAPLE. Once the 
neutral axis is determined, knowing the modulus of the rebar, the area of reinforcing 
steel can be estimated by (3). 


The theoretical prediction for deflection depends greatly on the cracking moment 
of the beam, which is usually estimated using (11). Laboratory tests conducted by 
Ashour showed that using rf to compute the cracking moment overestimates the 
value, and this overestimation increases as the concrete compressive strength 
increases [Ashour, 2000]. Ashour pointed out that the cracking moment obtained 
using rf  overestimates the actual cracking moment by 1.5-2.0 times. 


A similar conclusion can be drawn from the laboratory test done by McNally at 
the University of Delaware [McNally, 2003]. McNally tested four reinforced concrete 
beams. These results suggest that the cracking moment crM predicted by (11) needs 
to be reduced by a factor of 1.3-1.5 in using it in SAM. 
 
PROCEDURE FOR LOAD RATING BRIDGES WITHOUT PLANS BY SAM 
 
Using       (7) and (3) or equation                                 
(13)/                      
(14) and (3), in conjunction with data from a diagnostic load test, a slab bridge 
without plans can be load rated as follows: 


1. Instrument the slab with strain gages and/or displacement transducers, 
concentrating the sensors along the transverse centerline of the slab. 


2. Position a loaded vehicle of known weight and axle spacing on the bridge. 
Locate the vehicle in different longitudinal positions; record the resulting strains and 
deflections along with the position of the vehicle. 
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3. Using the known axle weights and spacing, calculate the moment at the 
location of the strain measurement using statics, or Mcorrect at the location of the 
deflection measurement using        
 (9), for the different longitudinal load positions. 


4. Plot the applied moment vs. strain and/or Mcorrect vs. deflection. Fit a linear 
equation to the data and determine the slope of the best-fit line. Using the slope of the 
best-fit line and the corresponding       (7) or                                 
(13)/                      
(14), determine the location of the neutral axis x. 


5. Calculate the estimated area of steel using equation (3). 
6. Carry out a load rating of the slab using the estimated area of steel, using 


traditional analytical techniques or available rating programs. 
 
FIELD VERIFICATION 
 
Diagnostic Load Test of Bridge 2-063 
 
After searching the Delaware Bridge Inventory, Bridge 2-063 was selected as the best 
candidate for the test. Bridge 2-063 is a four-span, SS, right (zero skew) bridge with 
low traffic volume that is in good condition. The bridge is easy to access and easy to 
set up instrumentation. In the summer of 2004, a diagnostic test was conducted on the 
bridge to verify SAM. Only the eastern most span was tested. This span has a clear 
length of 27’4’’ and an out-to-out width of 49’. It carries two lanes and two shoulders 
and has integral concrete barriers. The slab is 16.5’’ deep, including a 0.5” wearing 
surface. The bridge was built in 1958 and is in relatively good condition with no 
visible large cracks or spalling. A photograph of the bridge is shown in Figure 2. 


 
 


FIGURE 2 BRIDGE 2-063, KENT COUNTRY, DELAWARE 
 


3032010 Structures Congress  © 2010 ASCE


 Structures Congress 2010 


D
ow


nl
oa


de
d 


fr
om


 a
sc


el
ib


ra
ry


.o
rg


 b
y 


O
hi


o 
D


ep
t o


f 
T


ra
ns


po
rt


at
io


n 
on


 1
1/


24
/1


4.
 C


op
yr


ig
ht


 A
SC


E
. F


or
 p


er
so


na
l u


se
 o


nl
y;


 a
ll 


ri
gh


ts
 r


es
er


ve
d.







  
FIGURE 3 INSTRUMENTATION LAYOUT 


 
The bridge was instrumented with strain and displacement transducers. A plan 


view of the span and the instrumentation layout is shown in Figure 3. 
Bridge Diagnostic Inc. (BDI) strain transducers were mounted along the 


longitudinal and transverse centerlines of the span. Eleven gages were placed on the 
transverse centerline, equally spaced at 41’’ in both directions under the two traffic 
lanes. Gages were also mounted on each edge of the deck near the top of the slab. 
Thirteen gages were placed along the longitudinal centerline, spaced at 43’’ near the 
center of the span and closer near the supports. The BDI strain transducers have a 
gage length of three inches and were surface mounted to the slab using a quick setting 
epoxy. Duplicate strain measurements were made at four locations near the center of 
the slab. These transducers were fitted with concrete gage extensions to increase the 
effective gage length to 12 inches. The extensions are recommended if the gages are 
to be placed over areas where the concrete is believed to be cracked. The regular 
strain transducers are denoted by a three-digit number. The strain transducers with 
concrete extensions are denoted by a three-digit number with an “E” on the end. 


Four LVDT displacement transducers were positioned at midspan to measure the 
centerline deflection of the slab. The transducers were co-located next to strain 
transducers, spaced 41’’ apart. The displacement transducers have a resolution of 
0.001’’. 


Two loaded ten-wheel dump trucks were used as the controlled load for the test. 
The plan view of wheel layout of the trucks is shown in Figure 4. 
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FIGURE 4 TRUCK CONFIGURATION AND WEIGHT IN DIAGNOSTIC TEST 


OF BRIDGE 2-063 
One truck had a gross vehicle weight of 55,680 lbs and the second one a weight of 


60,330 lbs. A number of different rolling truck passes were made for the test; 
however, for this investigation the vehicles were also carefully positioned on the 
bridge in specific locations and data recorded with the vehicle standing still. The five 
different static positions of the test truck shown in Figure 5; the front axle of the rear 
axle set was placed over the mark and data recorded. 


The transverse locations of the tucks for different load paths are shown in Figure 
6. These transverse locations were involved in eight truck paths, which were 
designated TS1 to TS8. Among them, TS4 was a repeat test for TS3, which was the 
truck moving along the centerline of the bridge and was a symmetrical load path. TS8 
was a repeat test for TS7, which was two tucks moving side by side in the middle of 
the traffic lanes and also was a symmetrical load path. 


 
FIGURE 5 TRUCK POSITION 


3052010 Structures Congress  © 2010 ASCE


 Structures Congress 2010 


D
ow


nl
oa


de
d 


fr
om


 a
sc


el
ib


ra
ry


.o
rg


 b
y 


O
hi


o 
D


ep
t o


f 
T


ra
ns


po
rt


at
io


n 
on


 1
1/


24
/1


4.
 C


op
yr


ig
ht


 A
SC


E
. F


or
 p


er
so


na
l u


se
 o


nl
y;


 a
ll 


ri
gh


ts
 r


es
er


ve
d.







                       
FIGURE 6 LOAD PASSES 


 
Steel Area Method Validation 
 
In SAM validation, only the data from the BDIs with extensions and the displacement 
data are used. The load distribution factors (DFs) used in the analysis are computed 
from the finite element analysis (Table 1). 
 
TABLE 1 DISTRIBUTION FACTORS FOR WHEEL LOAD FROM FEA 


Load path TS1/TS2 TS3/TS4 TS5/TS6 TS7/TS8 
DF 0.058 0.057 0.062 0.10 


 
In the following analysis, the cracking moment used is obtained by dividing the 


value from (11) by 1.3, which is ratio of the theoretical cracking moment to the 
measured one for the Standard beam in the laboratory tests conducted by McNally. 


The concrete compressive strength was chosen as 10 ksi, which is based on 
Schmidt hammer tests conducted on the slab on the day of the test. The corresponding 
elastic modulus for concrete is 6063 ksi, which is calculated, based on equation 
5.4.2.4-1 defined in AASHTO LRFD [AASHTO LRFD, 1998]. The elastic modulus 
for steel in the analysis is assumed 29000 ksi. 


Load cases TS3, TS4, TS7 and TS8 are chosen to be used to verify SAM. For 
each load path, the strain gage that experienced the maximum strain among all the 
gages, and the displacement transducer that experienced the maximum displacement 
among all the transducers, was used to determine the moment-strain stiffness and 
moment-deflection stiffness, respectively.  


Figure 7, and Figure 9Figure  show the linear regression of the moment and strain 
for BDI 291E at midspan for load path TS7, and TS8, respectively. Figure 8, and 
Figure 10 show the linear regression of correctM  and the deflection at midspan for load 
paths TS7, and TS8, respectively. The measured moment-strain stiffness and 
moment-deflection stiffness and the corresponding estimated steel areas and errors for 
TS3, TS4, TS7 and TS8 are presented in Table 2. 
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Figure 7 Linear Regression for Moment and Strain at BDI 291E at Midspan in 


TS7 
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Figure 8 Linear Regression for correctM  and Deflection at LVDT4 at Midspan in 


TS7 
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Figure 9 Linear Regression for Moment and Strain at BDI 291E at Midspan in 


TS8 
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Figure 10 Linear Regression for correctM  and Deflection at LVDT4 at Midspan in 


TS8 
Table 2 Estimated Steel Area by Concrete Strain and Displacement (Unit: lbs & 


in)  
Load 
Path 


Actual 
sA  Measured straink sA  


by straink  Error Measured deflk  sA  
by deflk  Error


TS3 2.4 1.85E+09 1.41 -41% 2.34E+10 2.80 17% 
TS4 2.4 1.93E+09 1.48 -38% 2.34E+10 2.80 17% 
TS7 2.4 2.40E+09 1.86 -23% 1.96E+10 3.85 60% 
TS8 2.4 2.39E+09 1.86 -23% 1.95E+10 3.77 57% 
  Average 1.65 -31% Average 3.30 38% 


 
 
CONCLUSION 


 
Load rating bridges without plans is a difficult problem that bridge engineers and 
owners have to face, especially for concrete bridges without plans. The Steel Area 
Method (SAM), which incorporate the results of a diagnostic load test, have been 
developed to solve this problem. A procedure for load rating bridges without plans 
based on SAM was proposed and verified by the field test on Bridge 2-063 whose 
plans are available. The procedure uses a controlled diagnostic load test to estimate 
the area of reinforcing steel in the concrete slab. Once the area of steel is estimated, 
the slab can be rated using traditional techniques. Based on the results of this 
investigation, the following conclusions can be stated: 


The displacement data collected using LVDTs and the strain data obtained with 
BDIs with extensions in the controlled diagnostic test are more reliable and consistent 
than the concrete strain data collected using BDI transducers without concrete 
extensions. It should be possible to estimate the distribution factor using BDIs with 
extensions or LVDTs, provided there are sufficient transducers of these types spaced 
correctly along the transverse centerline of the slab. 
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SAM was verified based on the diagnostic test done on Bridge 2-063. The 
estimated steel areas are reasonable though they are not exactly the same as the real 
area due to the assumptions in the model and the errors in the field test. Generally 
speaking, the estimated steel areas by virtue of the concrete strains recorded by BDIs 
with 12” extension are less than the actual steel area. The estimated steel areas by 
virtue of the displacement data are larger than the actual area. 


Because of the poor data collected by the regular BDIs, the measured load 
distribution factors were not available: therefore, the load distribution factors 
computed from finite element models were used in the procedure verification. The 
procedure developed is very sensitive to the distribution factor used in the analysis.  


Though the load-rating factors for various rating trucks based on the estimated 
steel area are not identical to those based on the real steel area, they are reasonable. 
The load-rating procedure based on SAM can provide very valuable information 
about concrete bridges without plans for bridge engineers and owners. 
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