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SI (Modern) Metric Conversion Factors 

When You Know Multiply by  To Find 
Length   
inches (in.) 
feet (ft) 
yards (yd) 
miles (mi) 

25.4 
0.305 
0.914 
1.61 

millimeters (mm) 
meters (m) 
meters (m) 
kilometers (km) 

Area   
square inches (in.2 ) 
square feet (ft 2) 
square yards (yd 2 ) 
acres 
square miles (mi 2 ) 

645.1 
0.093 
0.836 
0.405 
2.59  

millimeters squared (mm 2 ) 
meters squared (m 2 ) 
meters squared (m 2 ) 
hectares (ha) 
kilometers squared (km 2 ) 

Volume   
fluid ounces (fl oz) 
gallons (gal) 
cubic feet (ft 3 ) 
cubic yards (yd 3 )  

29.57  
3.785 
0.028  
0.765  

milliliters (mL) 
liters (L) 
meters cubed (m 3 ) 
meters cubed (m 3 ) 

Mass   
ounces (oz) 
pounds (lb) 
short tons (2,000 lb)(T) 

28.35 
0.454  
0.907  

grams (g) 
kilograms (kg) 
megagrams (Mg) 

Temperature (exact)   
Fahrenheit temperature (°F)  (F – 32)/1.8 Celsius temperature (°C) 
Illumination   
footcandles (fc) 
footlamberts (fl)  

10.76 
3.426 

lux (lx) 
candela/m 2 (cd/m 2 ) 

Force and Pressure or Stress   
poundforce (lbf)  
poundforce per square inch (psi) 

4.45 
6.89  

newtons (N) 
kilopascals (kPa) 
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CHAPTER 1 

INTRODUCTION 

 

The research in this document is the final part of the three phase project entitled 

Load Rating and Assessment Program for Highway Bridges in South Carolina.  This 

project is a joint venture between the Civil Engineering Department at Clemson 

University and the South Carolina Department of Transportation (SCDoT) to develop a 

data-driven rating process to assess and rate bridges in the SCDoT inventory.  Currently, 

SCDoT bridges are rated based on yearly, or more frequently for problematic bridges, 

visual inspections by trained technicians.  These inspections are very conservative in 

nature due to the fact that any significant sense of distress in the bridge will result in the 

inspector requesting the bridge be posted.  While this distress may exist, it may not 

significantly affect the overall load carrying capacity of the bridge, and therefore the 

posting of the bridge may not be warranted.  This data-driven rating system will reduce 

the subjective judgment of the bridge inspectors through the use of computer models and 

field load testing, and result in a numerically calculated load rating.   

 Phase I of the project, which began in October of 1998, was a feasibility study to 

see if the SCDoT would benefit from a load rating and assessment program.  This phase 

consisted of investigating similar programs established between other universities and 

state departments of transportations around the country.  After the research was complete, 

it was determined that a load rating program for the SCDoT would be beneficial and the 

project moved to Phase II.  The report summarizing the findings of Phase I is entitled 
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Load Testing for Assessment and Rating of Highway Bridges, Phase I: Review of Current 

and Experimental Technologies and Practices (Schiff, 1999). 

 Phase II started in October of 2001 and the main goal of this stage of the project 

was to develop the procedures to field load test and analyze a typical highway bridge.  

This phase began with the identification and purchase of the necessary equipment to 

complete a successful bridge test.  After all the equipment was obtained, preliminary 

procedures were developed to follow during the first round of bridge tests.  In an attempt 

to show that the procedures that had been developed worked for different types of 

bridges, multiple bridges were tested during the first round of tests.  Following the field 

tests, the procedures were refined and the results were presented in three theses and one 

dissertation.  Non-Destructive Load Testing and Instrumentation of SCDoT Bridge 

(Peake, 2002) discussed the procedures to complete a successful field test and acquire the 

data needed to analyze the test results.  Structural Analysis of South Carolina Highway 

Bridges (Hamby, 2003) discussed the procedure to develop the computer models used to 

analyze the bridges.  Development of User Manuals for Load Testing and Analysis of 

SCDoT Highway Bridges (Anderson, 2004) discussed the development of user manuals 

for the overall process.  These manuals give a step-by-step procedure for the field testing, 

computer modeling, and post-test analysis of the data.  The final published work that 

resulted from Phase II was a dissertation titled Development of a Highway Bridge Load 

Rating and Assessment Program (Philbrick, 2004).  This dissertation discussed the 

procedure to calculate the load rating of a bridge, following the field test and data 

analysis.   
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 Phase III of the project, which began in October of 2004, was originally planned 

to be a transition phase in which the Clemson University staff trained the SCDoT 

technicians and engineers how to instrument, model and analyze highway bridges.  

However, it was decided during Phase III that the SCDoT will not take immediate control 

of the project, but will contract the bridge testing to Clemson University.  As a result, 

there was only minimal training of SCDoT staff during this phase.  During this Phase the 

user manuals that were previously developed by Anderson, were revised and refined.  

These updated manuals can be seen in Analysis and Assessment of the US-17 Bridge over 

the Combahee River (Iser, 2005).  Also, a third user manual was to be created that 

covered the rating process outlined in Development of a Highway Bridge Load Rating 

and Assessment Program.   

 
1.1 Objective of this Research 
 
 As Phase III of the project neared its completion, it became apparent that the 

Clemson University research staff would not be handing over the equipment and the duty 

of rating South Carolina’s highway bridges to the SCDoT.  As a result, the research staff 

began to realize that the modeling, analysis and rating process had to be simplified if they 

wanted to efficiently test and analyze two or more bridges per month.  The first change 

that was implemented was the modification of the Data Analysis and Conversion 

LabView program.  Next, an Excel program was developed to quickly complete the 

calculations of the load rating discussed by Philbrick in his dissertation.  Lastly, it was 

decided that the computer modeling of the bridges needed to be completely overhauled.  

It was decided that the use of SAP2000 was no longer necessary, and that a Structural 

Modeling program would accurately model a single girder line of a highway bridge. 
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These three changes are all discussed in greater detail in this document.  Also, a revision 

of the user manuals written by Anderson and edited by Iser has taken place, and the new 

manuals are included in the Appendices.  A third user manual discussing the load rating 

process needs to be developed and will not be included in this document.   

 
1.2 Document Overview 
 
 Chapter 2 of this document provides a literature review about past research that 

has already been completed under this project, as well as research by other individuals.  

This information is the basis of the research included in this document. 

 Chapter 3 discusses the computer programs that were developed to expedite the 

modeling and analysis processes.  The programs that will be discussed in this section 

include the recently created Structural Modeling program, the Excel Load Rating 

program and the modifications that were made the Data Analysis and Conversion 

LabView program.  

 Chapter 4 presents the results of the S-1021 Bridge over a drainage creek in 

Anderson, SC.  This bridge was modeled using the new Structural Modeling program, 

and rated using the new Excel program. 

 Chapter 5 concludes this document with a summary of the work completed during 

this research.  The Appendices that follow include the updated user manuals. 



 
 

CHAPTER 2 

LITERATURE REVIEW 

 

 Before this research began, a thorough literature review was conducted.  The 

results and recommendations from these works were utilized during the modifications 

made to the procedures of the SCDoT project during this research.  This literature review 

includes articles discussing current issues for bridge rating and assessment programs 

from around the country, along with short summaries of the research previously 

completed for this project. 

 
2.1 Structural Analysis of South Carolina Highway Bridges 
 
 This work set the groundwork for the computer modeling and calibration that is 

currently part of the project.  The goal of Hamby’s research was to accurately depict the 

behavior and response of the main structural system of the highway bridges tested.  This 

research focuses on the use of SAP2000 as the main modeling program.  In the creation 

of these models, Hamby noted that three factors are the main contributors to the accuracy 

of the bridge models.  These factors include the material properties, load distribution and 

member end continuity.  Based on these factors, Hamby proposed a number of 

recommendations to follow for the creation of the models, and they are as follows 

(Hamby, 2002): 

1. For concrete members, the cracked moment of inertia, effective moment of 
inertia, and gross moment of inertia should be considered in order to create an 
error bandwidth for the strain time-history plots.  The modulus of elasticity 
should be set to 3800 ksi if an exact value is not known.  This value  is based 
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on the assumption of concrete weight equal to 150 pcf, the compressive 
strength equal to 4000 psi, and ACI equation Ec = 33wc1.5(f’c)1/2. 

 
2. For steel members, the gross moment of inertia should be used for non-

composite members and the transformed moment of inertia should be used for 
composite members.  The modulus of elasticity should be set to 29,000 ksi. 

 
3. Load distribution percentages are based on the number of girder lines, 

construction material and span length. 
 

4. Load is distributed longitudinally and transversely and could be modeled as a 
series of point loads.   

 
5. Most simply supported members exhibit some degree of end continuity. 

 
6. The use of nonlinear link elements to control member end continuity in one 

model is key to developing an accurate bridge model.  
 
 
2.2 Development of User Manuals for Load Testing and Analysis of SCDoT 

Highway Bridges 
 

 This document built upon the foundation established in Structural Analysis of 

South Carolina Highway Bridges.  Following a second wave of bridge tests, Anderson 

refined the testing and analysis processes, and generated practical user manuals.  These 

manuals provided the procedures for bridge testing, data collection and computer 

modeling.  It was the goal of his research to keep these procedures simple and generic 

enough so that they are applicable to a wide variety of bridge types.  At the conclusion of 

this document, Anderson noted some recommendations that should be taken into account 

to develop more accurate models and data collection.  These recommendations are as 

follows (Anderson, 2004):  

1. Prior to performing a field test of bridge, a preliminary model should be 
developed.  The pre-test model will give the testing staff an idea where 
problems areas might be, and provide a suggestion for sensor placement.  
Also, it will give a good idea for coarse settings on the signal conditioner. 
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2. Collected data should be analyzed by the Data Analysis and Conversion 
program while at the test site and compared to the approximate SAP2000 
model.  The comparison will provide confidence in the collected data.  If the 
collected data significantly differs from the initial model, more tests should be 
performed in order to determine the factor contributing to the considerable 
variation. 

 
3. The signal conditioner should be adjusted so that the maximum resolution can 

be collected.  This can be done by adjusting the zero and gain settings. 
 

4. The alignment of the BDI sensors is very important.  In order to get the most 
accurate data, the BDI sensors must be aligned parallel with the girder being 
instrumented. Firm attachment to avoid slippage is also recommended. 

 
5. To attach BDI sensors to the side of concrete girders, use two bar clamps per 

sensor. 
 

6. If vertical support movement is suspected, it should be included in the model 
for the most accurate comparison of results.   

 
7. If partial or full embedment of the top flange into the bridge deck exists, a 

composite section moment of inertia should be considered.   
 
 
2.3 Testing and Monitoring: Considerations for Owners and Engineers 
 
 This article was published in the July-August 2005 edition of Bridges magazine 

and discusses some important points about bridge monitoring.  As the title suggests, this 

article was geared toward the state DoT’s and bridge engineers interested in determining 

the health and capacity of their bridges.  The goal of the article was to urge bridge owners 

and engineers to ask themselves some important questions as to what exactly will be done 

with the field data prior to taking any measurements (Aschermann, 2005).  Aschermann 

and Schulz present two different testing approaches that DoT’s could utilize; long-term 

monitoring systems and live-load testing.  The following are the main points they discuss 

in the article (Aschermann, 2005): 
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1. Long-term monitoring systems can be configured for tracking dead load 
quantities such as cracking width openings or pier rotations over time, or for 
recording the live-load structural responses such as random truck passages and 
wind gusts.   

 
2. The lower-frequency response systems can be used to track parameters that 

change slowly such as concrete creep or even live load induced deterioration. 
 

3. Temperature drift of the sensors also needs to be addressed, possibly by 
periodically “zeroing them out” to keep them in range. 

 
4. A standard live load test generally requires 30 to 60 strain sensors.  Simply 

measuring strains on the bottom flange at mid-span is not enough to 
characterize the structure’s load response. 

 
5. One excellent application of live load testing is the confirmation of predicted 

responses caused by superloads. 
 
 
2.4 Implementation of Physical Testing for Typical Bridge Load and Superload  

Rating 
 
 This technical paper is part of a CD put together by the Transportation Review 

Board of the articles that were presented at the 6th Annual International Bridge 

Engineering Conference, which was held in Pittsburgh, PA from July 17-20, 2005.  

Presented in this article are two case studies of the diagnostic load testing system of the 

Iowa Department of Transportation.  For the case studies presented, the testing staff 

tested and rated typical steel girder highway bridges, as well as testing those bridges 

during the passing of a superload.  Also, presented in the paper was a detailed 

explanation of the equipment used for their testing, and the computer software used to 

model, analyze and assess the bridges.  The following are the main points of the article 

(Phares, 2005):  
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1. Identification of a bridge’s “reserve” strength may cause a delay in bridge 
rehabilitation or replacement, which can result in significant, long-term cost 
savings. 

 
2. Common issues (in testing and modeling) include girder end conditions and 

the presence of composite action.  
 

3. Two runs for each load path was recommended to verify the consistency of 
the data. 

 
4. Diagnostic load testing can be used to accurately determine the ability of a 

bridge to carry superloads safely. 
 
 
2.5 Continuous Monitoring for the Management, Safety, and Reliability of 

Connecticut’s Bridge Infrastructure 
 
 This technical paper is part of a CD put together by the Transportation Review 

Board of the articles that were presented at the 6th Annual International Bridge 

Engineering Conference, which was held in Pittsburgh, PA from July 17-20, 2005.  

Presented is this article is the bridge monitoring project of the Connecticut DoT (CDoT).  

Researchers at the University of Connecticut and the CDoT have been using 

nondestructive field monitoring to evaluate a variety of bridges in the state of 

Connecticut during the past two decades (Mondal, 2005).  This project is not so much a 

load rating and capacity analysis as it is a long-term monitoring project to see how a few 

complicated bridges react to normal loads through out their lifetime.  In this monitoring 

project, they collect and logged strain, accelerations, tilt and temperature at various 

locations on the bridges.  The three case studies discussed in this article were not simple 

steel girder bridges, but instead complex structures with a number of features that had to 

be monitored.  The three bridges that were discussed were a precast, segmental box-

girder bridge, a cast-in-place, curved post-tensioned bridge, and a continuous, curved 
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steel box-girder bridge.  The complexity of these structures alone made the analysis of 

the results very difficult.  This paper did not present any results, but instead was a general 

overview of their bridge monitoring capabilities.  The main goal of their study was to 

learn more about how different bridges behave, to supply information needed in the 

evaluation of their performance, and to learn more about how continuous monitoring can 

be used to assist the State in the management of its bridge infrastructure (Mondal, 2005).  

The following are a few of the main points discussed in the paper (Mondal, 2005): 

1. Field monitoring has led to a reduction in the scope of planned renovations 
and replacements, though there have been cases in which monitoring has 
confirmed the necessity for immediate repairs.  The direct savings in both 
expenses and time from the short-term studies have been substantial. 

 
2. The bridge designers recommended temperature monitoring to evaluate the 

segmental behavior and the influence of temperature on the bridge. 
 
 
2.6 Load and Resistance Factor Rating for More Uniform Safety in Bridge Load 

Ratings and Postings 
 
 This technical paper is part of a CD put together by the Transportation Review 

Board of the articles that were presented at the 6th Annual International Bridge 

Engineering Conference, which was held in Pittsburgh, PA from July 17-20, 2005.  

Presented in this article is a general overview of the new AASHTO Guide Manual for 

Condition Evaluation and Load and Resistance Factor Rating of Highway Bridges 

(LRFR Manual).  The goal of those creating the LRFR manual was to develop it to be 

consistent with the AASHTO LRFD Bridge Design Specifications in the use of a 

reliability-based limit-state philosophy (Sivakumar, 2005).  This very technical work 

explains some of the equations used, and presents a flow chart that is to be followed for 

the load rating process.  Also discussed in this paper are the three live load models/ratings 



11 

(design, legal and permit) calculated in these standards.  The design rating is a measure of 

the performance of existing bridges to new bridge standards (Sivakumar, 2005).  The 

legal load rating provides a single safe load capacity applicable to AASHTO and state 

legal loads that meet federal weight limits (Sivakumar, 2005).  Also included are 

procedures for checking the safety and serviceability of bridges for the issuance of 

permits allowing passage of vehicles above the legally established weight limitations 

(Sivakumar, 2005).  While this paper is more a presentation of the new code and 

procedures, they did draw a few conclusions about the new processes, and they are as 

follows (Sivakumar, 2005): 

1. Limited trials ratings have demonstrated that the average LRFR ratings tend to 
fall between the load and resistance factor operation and inventory ratings for 
local traffic. 

 
2. The new LRFR manual has implemented a systematic, rational, and more 

flexible approach to bridge load rating that is reliability-based and provides a 
more realistic assessment of the safe load capacity of existing bridges.   

 
 
2.7 Virtual Wireless Infrastructure Evaluation System 
 
 This technical paper is part of a CD put together by the Transportation Review 

Board of the articles that were presented at the 6th Annual International Bridge 

Engineering Conference, which was held in Pittsburgh, PA from July 17-20, 2005.  

Presented in this article is wireless sensor system developed by the Civil and 

Environmental Engineering Department at the University of Dayton.  The objective of 

this research was to develop a computer-controlled virtual instrumentation system with 

multiple-channel wireless site network for bridge testing and evaluation (Farhey, 2005).  

The following are the main points of the article and the conclusions they drew about their 

testing system (Farhey, 2005): 
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1. The system was devised for static and moving-load field experimentation or 
long-term health monitoring using various types of electronic sensors. 

 
2. Sensor data is transmitted by individual wireless transceiver units to a wireless 

base station connected via a standard USB connection to a laptop computer. 
 

3. Current wireless instrumentation attempts are far from being a common bridge 
identification feature. 

 
4. The virtual wireless infrastructure evaluation system (WISE) enables testing a 

bridge in less than a day, minimizing traffic closure and, thus, reducing public 
cost.  Furthermore, by reducing the experimentation cost, this system enables 
testing of a large number of structures.  

 

The above articles present various projects and processes used to test, monitor and 

analyze highway bridges.  The material presented in those works directly or indirectly 

applies to the SCDoT Load Rating program discussed in this document.  The work of 

Hamby and Anderson was the basis for this research.  Many of the procedures they 

developed are still used in the modeling, testing and analysis of the bridges.  However, 

some of the points they suggested have been modified and will be discussed later in this 

document. 

In the article titled Testing and Monitoring: Considerations for Owners and 

Engineers the author showed that long-term testing may be beneficial for monitoring 

cracks, pier rotations and stresses over long periods of time.  Also suggested in this 

article was that 30 to 60 strain sensors be used during a live-load test of a single bridge.  

This claim should be investigated further as the testing staff only has 16 such gages at 

their disposal.  If the results of the previous bridge tests does not represent the true results 

of the bridge, then more gages need to be purchased and the testing equipment needs to 

be upgraded to handle the increased number of sensors.  One process currently used in 

the SCDoT bridge testing procedures is the utilization of multiple testing setups.  If 
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different features are determined to be critical, but a shortage of sensors did not allow the 

testing staff to instrument both areas simultaneously, then each could be tested separately 

under the same loading conditions.  This may offset the need for more gages by the 

bridge testing staff. 

The technical paper titled Implementation of Physical Testing for Typical Bridge 

Load and Superload Rating confirmed the importance of correctly modeling the girder 

end conditions and the presence of composite action.  The article also discussed that 

procedures they used to test and analyze highway bridges could be used to predict the 

response of a bridge under superloads.  Superloads and the response of a bridge to the 

passing of a superload is a topic that needs to be investigated in future research. 

The research presented in the technical paper titled Continuous Monitoring and 

Management, Safety, and Reliability of Connecticut’s Bridge Infrastructure proved it was 

possible to accurately monitor complicated bridges such as concrete box girder bridges.  

The processes discussed in this article may be applicable to the development of a 

monitoring system for the new Cooper River Bridge in Charleston, SC.  While this topic 

does not directly relate to the research in this document, it is a topic the SCDoT should 

investigate. 

The technical paper titled Load and Resistance Factor Rating for More Uniform 

Safety in Bridge Load Ratings and Postings discussed the creation of the new load and 

resistance factor rating manual for highway bridge analysis.  It may be beneficial to use 

the procedures outlined in the LRFD manual in the future, as more bridges are designed 

using LRFD procedures.  Also, it may be more beneficial to use these new procedures if 

they produce more reliable rating results when compared to ASD results. 
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The research in the technical paper titled Virtual Wireless Infrastructure 

Evaluation System concludes that the use of wireless sensors would be beneficial for 

monitoring bridges in the future.  However, wireless sensor technology needs to be 

developed further before its use can become standard practice.  It would be beneficial to 

use wireless gages for testing of bridges, but it does not seem practical to do so based on 

the current procedures of live load testing.  If the SCDoT were to implement a program to 

monitor a few select bridges across the state, this technology should be investigated to 

see the pertinence of its use. 



   

 
 

CHAPTER 3 

DEVELOPMENT OF SOFTWARE 

 

3.1 Structural Modeling Program 
 
 In 1998 when this project for the South Carolina Department of Transportation 

started, it quickly became apparent that the use of computer programs was essential to 

allow for a quick and accurate load rating of a bridge.  Early in Phase II of the project it 

was determined that the use of SAP2000 would be the best program to use for the 

modeling of the bridges.  SAP2000 is finite element analysis program that allows for a 

quick analysis of complex models of bridges, buildings or other structures.  However, 

after testing and modeling a number of bridges, the use of SAP2000 proved cumbersome 

as changing some of the input parameters that refined the model were not always easy.  

Also, adding joints in a span, proved to be quite difficult after the model was already 

created. 

 In an attempt to fix the above problems and to simplify the modeling process, a 

PowerBasic program was created that would allow a matrix analysis of a girder line to 

quickly be completed.  The program has all the needed capabilities of SAP2000 including 

the use of rotational and connection springs to adjust the rotation and continuity at the 

member ends, and the use of vertical springs to model pile settlement under loading.  

This program is able to analyze multi-span girder lines of varying lengths, end conditions 

and loading.  Previous models created using SAP2000 were loaded using a series of point 

loads; however, the new program utilizes distributed loads to simulate the longitudinal 
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distribution of the loading on the girder.  The main drawbacks to the structural analysis 

program are that it does not provide a visual representation of the girder line or bridge 

like SAP2000, or graphical output of the results. 

 The first step to building a model using the new matrix analysis program was to 

create the input file that the program reads.  The input file, as shown in Figure 3.1, is a 

text file containing the base information needed to develop the structural model.  The 

input values needed are as follows: number of segments in the girder line, segment 

lengths, Young’s modulus of elasticity, moment on inertia, dead load, BDI locations, 

vertical support spring stiffness, rotational support spring stiffness, vertical continuity 

spring stiffness, rotational continuity spring stiffness, number of axles on the loading 

vehicle, axle spacing, live load per axle of the loading vehicle, distance over which live 

load is applied, and distance traveled by the load between loading cases (also known as 

load step distance). 
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2    (Line 1)     
50, 29000, 1830, 0, 25  (Line 2) 
50, 29000, 1830, 0, 25 (Line 2.1) 
50e10, 10000, 50e10, 10000  (Line 3) 
50e10, 10000, 50e10, 10000  (Line 3.1)    
0, 1e15    (Line 4)       
3    (Line 5) 
0.429, 0.423, 0.441   (Line 6)       
17.9, 4.46    (Line 7)       
11, 11, 11   (Line 8)      
1    (Line 9) 
 
(Line 1)     
(Number of Spans/Segments in the Girder Line) 
 
(Line 2) 
(Span/Segment Length (ft), Modulus of Elasticity (ksi), Section Modulus (in3), Dead Load (kips/ft),  
BDI Position from Start of Span/Segment (ft)) 
 
(Line 2.1)  (Sub-lines for every segment as stated in Line 1) 
(Span/Segment Length (ft), Modulus of Elasticity (ksi), Section Modulus (in3), Dead Load (kips/ft),  
BDI Position from Start of Span/Segment (ft)) 
 
(Line 3) 
(Span/Segment Start Vertical Support Spring Stiffness (kips/in),  
Span/Segment Start Rotational Spring Stiffness (in-kips/radians),  
Span/Segment End Vertical Support Spring Stiffness (kips/in),  
Span/Segment End Rotational Spring Stiffness (in-kips/radians)) 
 
(Line 3.1)  (Sub-lines for every segment as stated in Line 1) 
(Span/Segment Start Vertical Support Spring Stiffness (kips/in),  
Span/Segment Start Rotational Spring Stiffness (in-kips/radians),  
Span/Segment End Vertical Support Spring Stiffness (kips/in),  
Span/Segment End Rotational Spring Stiffness (in-kips/radians)) 
 
(Line 4)   (Sub-lines for number of segments In Line 1 minus 1) 
(Vertical Continuity Spring Stiffness (kips/in), Rotational Continuity Spring Stiffness (in-kips/radians)) 
 
(Line 5) 
(Number of Axles in Loading Vehicle) 
 
(Line 6)   (Values for every axle as stated in Line 5) 
(Axle Weight (kips), Axle Weight (kips), Axle Weight (kips)) 
 
(Line 7)   (Values for number of axles as stated in Line 5 minus 1) 
(Axle Spacing (ft), Axle Spacing (ft)) 
 
(Line 8)  (Values for every axle as stated in Line 5) 
(Load Length (ft), Load Length (ft), Load Length (ft)) 
 
(Line 9) 
(Load Step Distance (ft)) 

 

Figure 3.1  Example Structural Model Program Input Text File 
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The first input needed for the structural modeling program was the number of 

segments.  This value was normally the number of spans in the girder line, but it can be 

modified if more than one BDI were to be placed on one span of the bridge being 

modeled, or if there was a change in section properties along the girder line.  The 

segment length was simply the length of each segment in the model.  For Young’s 

modulus, otherwise known as the modulus of elasticity, the typical values used were 

29,000 ksi for steel sections and 3,800 ksi for concrete members.  The moment of inertia 

values for standard steel sections was looked up in the AISC Manual of Steel 

Construction. If the bridge under consideration were composed of concrete members, this 

value should be calculated following the suggestions of Hamby as listed in the 

recommendations of Structural Analysis of South Carolina Highway Bridges in Chapter 

II.  The dead load value was the weight of the structure, and it was normally omitted from 

the model so that model results only represented the live load response of the bridge for 

comparison with the measured results.  For rating purposes the dead load value is used in 

the calculations. 

The vertical support springs and the rotational support springs controlled the 

rotation and vertical displacement at the end of each span.  By varying the value of the 

rotational springs, the end conditions can be simulated to be pinned, fixed or partially 

fixed.  The vertical continuity spring controlled the vertical differential displacement 

between the end of a girder in one span and the beginning of a girder in the next span.   

The rotational continuity spring controlled the rotational continuity between spans for 

multi-span bridges.  These values can be adjusted to control the amount of moment that 

was transferred across the node.  Figure 3.2 provides a diagram of the arrangement of the 



 

19 

springs connected to the girder, and Figure 3.3 shows each of the springs in greater detail.  

Figure 3.4 provides example connections and typical values for the springs under those 

conditions. 

 

 

Figure 3.2  Available Springs for Typical Interior Support 

 

 

 
Figure 3.3  Isolated Vertical and Rotational Springs 
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Figure 3.4  Example Connections 

 

The live load that was specified in the input file is not the full truck weight.  

Instead, it was the percentage of the truck load assigned to that girder.  This value can be 

a small percentage of the truck weight, or greater than 100% of the weight, depending on 

the girder spacing.  The live load length was the result of a calculation to determine the 

longitudinal distribution of the load.  Depending on the distance from the girder being 

modeled to the location where the load is being applied to the structure, the live load can 

be applied over a very short distance or a very long distance.  Lastly, the live load step 

distance was the distance traveled by the load for each loading case.  The value typically 

used was one foot, but that can be changed depending on the span length or other 

conditions. 

The Structural Modeling program takes only a few seconds to run and an output 

text file was created with the results of the girder line.  The output text file includes the 
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maximum positive and negative dead, live and total moments, and the location where 

they occurred.  Having this program output these values makes the load rating 

calculations more efficient in that the maximum moments are readily available.  The 

program also prints a time history of the moment for each BDI location to the output text 

file.  The moment time-history is a very important piece of the output, as those moments 

are input into an Excel spreadsheet that compare the model results to field measurements.  

A screenshot of this Excel file can be seen in Figure 3.5.   

 

 

Figure 3.5  Screenshot of Moment Conversion Spreadsheet 
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3.2 Data Analysis and Conversion Program 
 
The old version of the Data Analysis and Conversion program was created by 

Kevin Anderson during his work on his thesis entitled Development of User Manuals for 

Load Testing and Analysis of SCDoT Highway Bridges (Anderson, 2004).  This program 

was developed to allow for a quick and accurate conversion of raw voltage data to strain 

and displacement data, as well as allowing for a glimpse at a graphical representation of 

the data.  One other use for the program was to allow for the data to be quickly checked 

while in the field, allowing the testing staff to make changes to a sensor installation or 

signal processing if they were warranted (Anderson, 2004).  The old version of the Data 

Analysis and Conversion program can be seen in Figures 3.6a through 3.6c. 
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Figure 3.6a Old Data Analysis and Conversion Strain User Input Controls 
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Figure 3.6b Old Data Analysis and Conversion Strain Graphical Output Display 
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Figure 3.6c Old Data Analysis and Conversion LVDT Input and Output Display 

 

This older version of the program required that a number of inputs be manually 

typed into the program before the data conversion could take place.  These values 

included the BDI number, general gage factor (GGF), zero voltage, gain and gage length 

for each channel that a strain gage was connected to.  Also for LVDTs, the LVDT 

number, zero voltage and range had to manually input into the program for each channel.   
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During the setup process at a bridge location, an Excel file titled Setup 

Information has been utilized as a means to record all of the above desired inputs to the 

Data Analysis and Conversion Program.  This Excel file was not used for anything else 

other than having a record of those values that had to manually input into the Data 

Analysis and Conversion program each time before it would run correctly.  However, in 

the new version of this program, none of those values will need to be manually input.  

Instead, the LabView program was designed to read the Setup Information Excel file.  

After that location of the spreadsheet is specified, the program is run and all of the above 

values are automatically extracted from the Setup Information sheet and input into the 

correct location in the Data Analysis and Conversion program.  The Setup Information 

Excel sheet is shown in Figure 3.7.  
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Figure 3.7 Setup Information Excel Spreadsheet 

 

There were also some additional changes to the program, all of which were 

cosmetic.  For both the BDI and LVDT sections, the vertical spacing between the values 

for each channel, and the graphs, was increased to ease the eye.  Previously, the BDI and 

LVDT number assigned to a certain channel was a drop down menu.  The drop down 

menu has been removed and these numbers are now read from the Setup Information file.  
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The streamlining of the Data Analysis and Conversion program, will allow for 

quicker data conversion during the analysis phase of bridge rating.  These updates will 

also allow the bridge testing staff to save valuable time while at a bridge site that 

previously was spent re-entering the input information into the old version of the 

program.  The testing staff will be able to accomplish their data acquisition, and check 

the validity of the data quicker.  The new version of the program is shown in Figures 3.8a 

through 3.8c. 
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Figure 3.8a New Data Analysis and Conversion Strain User Input Controls 
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Figure 3.8b New Data Analysis and Conversion Strain Graphical Output Display 
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Figure 3.8c New Data Analysis and Conversion LVDT Input and Output Display 
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3.3 Load Rating Program 
 

In another attempt to streamline the bridge rating process, an Excel program was 

developed to quickly complete the load rating calculations that are part of the final step of 

the process.  This program saves many hours that were previously spent completing a 

series of hand calculations.  There are a number of inputs that are needed for the program, 

but they are all easily available or can be calculated quickly.  The inputs that are needed 

are as follows: number of lanes, member lengths, girder spacings, member section 

modulus, impact factor types, distribution factor types, dead loads, type of rating vehicle, 

maximum dead load bending moment, maximum test truck live load bending moment, 

transverse load distribution percentages, maximum measured local bending strain, 

inspection type, inspection frequency, fatigue sensitivity, and redundancy.  The last step 

to complete the load rating calculations is to answer four questions about the bridge. 

The load rating program is split into two sections, each having three sheets.  The 

first section is a load rating using the normal section properties, while the second is a load 

rating using a composite section.  The two sections are nearly identical, with the only 

difference being the section modulus that is input.  The first sheet of each section is the 

AASHTO theoretical load rating.  The second sheet is the results of using the SCDoT test 

truck in the field test, while the final sheet combines the first two by calculating the load 

rating with the benefit of field testing.  These calculations were completed using 

allowable stress design (ASD). 

The procedures used to calculate the load rating of a highway bridge and the steps 

to use the new Excel program will be discussed in detail in Chapter 4 as they relate to the 

S-1021 Bridge over a drainage creek. 



   

 
 

CHAPTER 4 

CASE STUDY: S-1021 BRIDGE OVER A DRAINAGE CREEK 

 

 During the 2004-2005 school year, another selection of bridges was tested.  The 

goal of this testing was to refine the field data collection process and the modeling and 

analysis techniques developed by previous graduate students, as well as to expose the 

SCDoT staff to the complete bridge rating process from start to finish.  Four bridges were 

tested during the school year.  Contained in this Chapter is the detailed results of the 

testing and analysis of the S-1021 Bridge. 

 
4.1 Bridge Overview 
 
 The S-1021 Bridge is a steel girder bridge with non-composite construction.  This 

bridge is located in Anderson, SC in Anderson County, and is shown in Figures 4.1 

through 4.3.  The one-span bridge, had 42’-6” long girders that were spaced at 3’-0” on 

center.  Figure 4.4 shows a general layout and the location of instrumentation for the S-

1021 Bridge.  Figure 4.5 shows a cross-section of the bridge used to determine the dead 

load of the structure. 
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Figure 4.1  Side View of S-1021 Bridge over a Drainage Creek 

 

 

Figure 4.2  Top View of S-1021 Bridge over a Drainage Creek 
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Figure 4.3  Underneath View of S-1021 Bridge over a Drainage Creek  

 

 

Figure 4.4  S-1021 Bridge over a Drainage Creek 
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Figure 4.5  Cross-Section of S-1021 Bridge over a Drainage Creek 

 

 This bridge was chosen to be tested because the SCDoT planned to allow a heavy 

truck to cross the bridge, and they wanted to be assured that no damage would occur from 

that loading.  Due to the simplistic geometry of the bridge, the nine girders were 

instrumented with BDIs at midspan, and no LVDTs were utilized to measure deflections 

or rotations.  The loading vehicle used to test the S-1021 Bridge was the SCDoT boom 

truck that is show in Figures 4.6 and 4.7.  Passes were only run at 5 mph due to the close 

proximity of a T-intersection to the west end of the bridge.  The typical speed of the cars 

and trucks that cross this bridge is 5 mph due to the intersection.   It was not of great 

concern that the loading vehicle was only able to make passes at 5 mph, as the strain 

values from the 5 mph passes are typically used for the load rating calculations.  Two 

passes were completed for the centerline loading, as well as each of the lane loadings for 

a total of six loading passes.  Setup was very simple as the BDIs were attached to the 

steel girders using vice grips.  Prior to the attachment of the sensors, paint and any rust 

that was present were removed using a grinder to ensure the BDIs were in full contact 

with the steel.  The data collection for this bridge test went very smoothly with no 

problems, and the entire process of setup, testing and clean-up took only two and half 

hours. 
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Figure 4.6  SCDoT Boom Truck  
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Figure 4.7  Boom Truck Dimensions and Axle Weights (Hamby, 2003) 
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4.2 Modeling and Data Analysis 
 
 Prior to the field test of the bridge, a pre-test model was completed following the 

user manuals developed by Anderson and later refined by Iser.  These manuals called for 

the use of SAP2000 to create the model of the bridge.  At the time of testing, SAP2000 

was used to create the model, and the model was refined according the procedures 

outlined in the user manuals.  However, after the new Structural Modeling program was 

created, a new model was created for the S-1021 Bridge using the new program.  The 

results that follow for this bridge were developed using the girder models created with the 

Structural Modeling program. 

During the data analysis phase of the load rating process, there was some 

difficulty calibrating the model to match the results collected in the field.  After many 

rounds of adjustments and much time spent trying to determine the cause of the error, a 

visit to the bridge site revealed the possible source of the error.  At the site, it was 

determined that the ends of the girders exhibited fixed conditions due to their embedment 

in the concrete abutment walls.  When the model was recalibrated using fixed-end 

conditions, it almost perfectly matched the field data.  This issue reinforced the need to 

carefully survey each bridge prior to their testing.  A picture of the bridge abutment wall 

with the embedded steel girders is shown in Figure 4.8. 
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Figure 4.8  View of Abutment Wall of the S-1021 Bridge over a Drainage Creek  

 

 

The analyzed data from the field testing is shown in Figures 4.9 through 4.14.  In 

these Figures, the bold lines represent the results from the girder models and the others 

represent the data collected in the field.  The data presented only represents one of the 

centerline loading passes for all the girders, as the results for the other loading cases will 

result in similar graphs.  Figure 4.9 shows the comparison of the model strain to the 

measured values when the bridge was assumed to be simply supported.  For the data 

presented in Figures 4.11 through 4.14, the girders are grouped in pairs based on their 

symmetry about center girder G5. 
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Figure 4.9  G5 Results – Centerline Loading (Non-Fixed Ends) 
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Figure 4.10  G5 Results – Centerline Loading 
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Figure 4.11  G4, G6 Results – Centerline Loading 
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Figure 4.12  G3, G7 Results – Centerline Loading 
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Figure 4.13  G2, G8 Results – Centerline Loading 
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Figure 4.14  G1, G9 Results – Centerline Loading 
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The model strains presented in the previous figures were calculated by following 

the Post-Test Modeling Procedures Manual, which is presented in Appendix C.  The 

manual suggests using the collected strain data to estimate the transverse load 

distributions with the use of a simple equation.  This equation states that the percentage 

of load distributed transversely to each girder is equal to the ratio of that member strain to 

the total bending strain at midspan of the girders.  This concept is only valid when all the 

members have the same section properties, which was the case for the S-1021 Bridge.  If 

the members were of varying section properties, the strains would have to be converted to 

moments before the transverse distribution factors could be determined.  The equation is 

as follows: 

%100*

1
∑
=

= n

i
i

j
jTDF

ε

ε
    

where: 

TDF = Transverse Distribution Factor, 

ε = Recorded strain in girder, 

j = Girder line being evaluated, 

n = Total number of girder lines, and 

i = ith girder line. 

 

 

 The longitudinal distributions, calculated using the above equation, were 

unchanged during the post-test analysis, as they were found to be suitable for this bridge.  

The results of girders 1 and 9 did not match the measured data as closely as the other 

girders of the bridge.  If it was desired to correct the error, the longitudinal distribution 

(4.1)
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along the length of that girder could have been changed.  Increasing the longitudinal 

distribution will flatten the peaks of the graphs as more load is distributed away from the 

centerline of the axle.  The results of these girders were not adjusted because these 

outside girders were not the critical members, as they only saw a small amount of load 

during the testing. 

 
4.3 Load Rating 

 
 After assuming the model was correctly calibrated to match the collected strain 

values, the load rated calculations were initialized.  The load rating calculations were 

based upon allowable stresses.  ASD standards call for the determination of the member 

and load effect (i.e. bending stress, shear stress, or end bearing) that is most critical under 

the given loading conditions.  After determining the critical load effect, the theoretical 

stress in that member was calculated and compared with an accepted stress levels.  

Provided the theoretical values were below the allowable values, a load rating was then 

calculated by following the AASHTO specifications.  The load rating calculations were 

completed using the newly developed Excel Load Rating program.  It should be noted 

that Excel program will only compute the load rating for the case where bending 

moments controls.  If shear or end bearing were controlling, those calculations would 

have to be completed by hand, or added to the program.  The load rating calculations for 

the S-1021 Bridge based on midspan moments were as follows.  While this was not the 

controlling scenario, these calculations are shown in detail because strain values at mid-

span were recorded during the field test.  The controlling moments occur at the fixed-

ends of the bridge, and these results follow the detailed explanation of the rating based on 

the midspan moments. 
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4.3.1 AASHTO Theoretical Load Rating 
 
 Use of the Excel Load Rating program began with the “AASHTO Load Rating” 

tab, where the required input values were keyed in the blue cells.  The first input needed 

was the name of the bridge to identify which bridge these rating calculations correspond 

to, for this case “S-1021 (Anderson Duck Pond)”.  Next, the number of lanes needed to 

be defined, which was selected from a drop-down menu with the options being “1 or 2”, 

“3”, and “4 or more”.  The number of lanes was needed for the calculation of the live 

load reduction factor. The S-1021 Bridge was a small two lane bridge, so “1 or 2” was 

selected.  Next the member length of 42’-6” had to be input, along with the girder spacing 

of 3’-0”.  Member section properties were then input including the area of 20.1 in2, the 

moment of inertia of 1,830.4 in4 and the section modulus of 154.0 in3.  These values were 

taken from the AISC Manual for Steel Construction for a W24x68 section.  The weight 

of the test truck, 43.1 tons, was then input into the spreadsheet.  The last information that 

needed to be input into the assumptions section was the impact and distribution factors.  

Both of these factors where determined by the answering of a simple question from the 

two selections in the drop down menu.  The two choices that were presented to the rating 

staff were, “Was the impact/distribution factor determined by AAHSTO standards?” or 

“user defined”.  If the AASHTO value is chosen, the spreadsheet automatically calculates 

the value based on the AASHTO specifications.  If a user defined value is input, that 

value would be used and would override the value calculated following the AASHTO 

specifications.  For the S-1021 Bridge, both the impact and distribution factors were 

chosen to follow the AASHTO specifications.  A screen capture of the inputs/assumption 

section of the program is shown in Figure 4.15. 
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Figure 4.15  S-1021 Load Rating Program Inputs/Assumptions 

 

 The first step in calculating the AASHTO load rating of the bridge was to 

establish the member dead and live loads.  The dead loads would normally be taken from 

the engineering drawings, but none existed for this bridge, so they were estimated using 

engineering judgment.  The estimated dead loads are shown in Figure 4.16. 
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Figure 4.16  S-1021 Member Dead Loads 

 

Member live loads then had to be determined for this load rating.  It was 

determined that the rating would be based on the AASHTO HS-20 loading, so that value 

was chosen from the drop-down menu in the program.  A visual representation of the HS-

20 loading can be seen in Figure 4.17. 

 

 

Figure 4.17  AASHTO HS-20 Design Truck Axle Loads 

 

Once the member dead and live loads were determined, a structural model was 

completed for a typical girder by using the new loads.  The transverse distribution factors 

used for those models were 1.0.  Using the value of 1.0 assumed that the entire truck load 

was resisted by that girder.  The calculation was completed this way because the moment 

values were later distributed to each of the bridge girders using a distribution factor.  For 



 

49 

the spacing between the second and third axles, it was assumed to be 14 feet apart to 

create the larger possible moment on the member.  The girder was then analyzed and the 

value of the maximum moment was determined.  Next, this controlling dead load bending 

moment of 27,358 ft-lbs and live bending moment of 195,822 ft-lbs were input into the 

load rating program. 

The next step in the process was the determination of the impact factor.  As it was 

stated before, this value was to be determined by using the following AASHTO equation: 

 

I = 50 / (L+125) 

where: 

L = Span length of member considered. 

 

The resulting impact factor was found to be 0.299.  The impact factor is limited to 

a value of 0.30, which did not affect this rating.  This factor was then multiplied by the 

live load bending moment to determine the impact bending moment of 58,454 ft-lbs, 

which can be seen in Figure 4.18. 

Next, the live load and impact moments needed to be distributed laterally across 

the width of the bridge to determine the load in each of the girders.  This was 

accomplished through the use of a member distribution factor, DFM.  As stated earlier, the 

distribution factor for the S-1021 Bridge was based on the AASHTO specifications, are 

given in Equations 4.3 and 4.4.  It must be noted that using the AASHTO load 

distribution equations resulted in larger moments than theory would suggest.  Reason 

being, these factors are normally used for design purposes and they lead to higher values 

(4.2)
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than would normally be seen during a bridge analysis.  Using Equation 4.3, the member 

distribution factor for the S-1021 Bridge was 0.545. 

 

DFM = S / 5.5   for S < 6 feet 

DFM = S / (4 + 0.25 * S) for S > 6 feet 

where: 

S = Girder Spacing (ft). 

 

AASHTO also requires that the live load and impact moments be halved into 

wheel line loads and then multiplied by the member distribution factor.  The result of this 

can be seen in Figure 4.18 where the distributed member live load bending moment was 

calculated as 53,406 ft-lbs, and the distributed member impact bending moment was 

15,942 ft-lbs.  The member total load bending moment of 96,706 ft-lbs shown in that 

figure was simply the summation of the dead load, distributed live load and distributed 

impact bending moments. 

 

(4.3)

(4.4)
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Figure 4.18  Load Rating Program AASHTO Loading Member Bending Moments 

 

 The last step for this stage of the load rating calculations was to determine the 

theoretical inventory and operating rating based on the HS-20 load.  First the 

resistive/allowable moments were calculated by multiplying the allowable stress by the 

section modulus of the girder.  The AASHTO Manual for Condition Evaluation of 

Bridges indicates that the allowable bending stress for the controlling bridge member are 
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18 ksi and 24.5 ksi for inventory and operating rating respectively.  Next, the rating factor 

was calculated.  The equation for the rating factor is given by Equation 4.5.   

 

RF = (MR – MDL) / (ML+I) 

where: 

RF = Rating Factor, 

MR = Resistive Moment, 

MDL = Dead Load Bending Moment, and 

ML+I = Live with Impact Bending Moment. 

 

Lastly, the inventory and operating ratings were calculated.  The inventory rating 

corresponds to the design levels of safety recommended by the AASHTO specifications, 

while the operating rating corresponds to the upper bound of allowable safety permitted 

(Transportation, 1998).  These values were calculated by multiplying the rating factor by 

the gross weight of the rating vehicle.  For the S-1021 Bridge, the HS-20 rating vehicle 

utilized had a gross of 36 tons.  The resulting values were an inventory rating of 105.7 

tons and an operating rating of 149.0 tons, as shown in Figure 4.19.  These values are 

much higher than theoretical ratings for the bridges that were tested in the past.  The 

reason for that could be attributed to the fixed-end conditions of the girders.  The fixity of 

the girder ends probably resulted from construction methods, as it would seem unlikely 

for a bridge engineer to design a simple one-span bridge like the S-1021 Bridge with 

fixed ends. 

(4.5)
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Figure 4.19  Load Rating Program Theoretical AASHTO Rating 

 

4.3.2 SCDoT Test Truck Calculations 
 
 After determining the theoretical load rating, the results of the field test had to be 

analyzed to see how much of a contribution it would make to increasing the load rating.  

Using the S-1021 Bridge girder model created using the Structural Modeling program, 

the maximum live load moment was determined by applying the entire SCDoT Boom 

Truck load, shown in Figure 4.6 and 4.7, to a single girder.  The dead load moment at that 

location was also determined, and those values are shown in Figure 4.20.  Next, the 

impact moment was calculated using the same impact factor that was previously used.   
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Figure 4.20  Load Rating Program SCDoT Truck Moments 

 

 The resulting moments from the bridge loading by a single truck were then 

distributed to the girders of the bridge using the distribution factors determined during the 

field test.  These factors were an average of the four lane loading passes.  The truck was 

driven in each lane for two passes, and assuming the distributions should be symmetrical, 

the values for the four lanes were then averaged.  As a result of the symmetry, the 

distribution factor for G2 during a north lane pass of 1.5 percent is equal to that of G8 

during a south lane pass, also 1.5 percent.  These results and the complete list of 

distribution factors used can be seen in Figure 4.21.  The column titled “Total 

Distribution Percentage” is percentage of load a particular girder sees if the bridge were 

loaded by a truck in each lane. 
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Figure 4.21  Load Rating Program SCDoT Truck Distribution Factors 

 

 After the transverse load distribution factors were determined, the live and impact 

bending moments could be calculated.  In order to simulate a full loading of the two-lane 

bridge, a truck was theoretically placed in both lanes.  The live load bending moments for 

the single truck were first calculated for each girder by multiplying the total live load 

moment shown in Figure 4.20 by the transverse distribution factors shown in Figure 4.21.  

Next, the moment for the two-truck loading was calculated by multiplying the same total 

live load moment by the total distribution percentage shown in Figure 4.21.  Lastly, the 

two-truck bending moments were multiplied by the impact factor calculated in Figure 

4.20 to determine the impact bending moments for the SCDoT Boom Truck.  These 

values are shown in Figure 4.22. 
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Figure 4.22  Load Rating Program SCDoT Truck Distributed Moments 

 

 The last step for the second phase of the load rating of the S-1021 Bridge was to 

calculate the maximum stress of the critical girder.  After the table of live load and 

impact bending moments were determined, the critical girders, G4 and G6, were 

specified.  For those girders the live load and impact bending moment of 44,019 ft-lbs, as 

well as the total bending moment of 71,714 ft-lbs, were calculated.  From these bending 

moments, the bending stresses were calculated as shown in Equations 4.6 and 4.7. 
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)( ILbxf +  = Maximum Live + Impact Bending Stress, 

)( ILM + = Live + Impact Bending Moment, 

)(Totalbxf = Maximum Total Bending Stress, 

)(TotalM = Total Bending Moment, and 

S = Section Modulus. 

 

Lastly, the predicted local bending strain was calculated from the adjusted maximum 

strain recorded in the field for the critical girder(s).  For G4 and G6 of the S-1021 Bridge, 

this value was calculated as 2.33 ksi.  The adjusted strain value of 80.3 µε was calculated 

as shown in Equation 4.8. 

µεµεε 3.80
%19
%275.56 =⎟
⎠
⎞

⎜
⎝
⎛=Predicted  

 

The value of 27 percent shown in that equation represents the total distribution 

percentage under a two truck loading taken from Figure 4.21 for G4/G6, while the 19 

percent represents the distribution percentage under a one truck loading, as seen in the 

field.  This part of the load rating program can be seen in Figure 4.23. 

 

(4.8)
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Figure 4.23  Load Rating Program SCDoT Truck Bending Stresses 

 

4.3.3 Load Rating with Additional Benefits 
 
 The ratings previously calculated in this Chapter do not include any additional 

benefits resulting from field testing.  The following calculations will take into account the 

additional benefits as outline in the Manual for Bridge Rating Through Load Testing 

(Transportation, 1998).  To take into account these additional benefits, factors were 
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introduced as a numerical representation of the benefits.  The overall rating factor (K) is 

the adjustment factor resulting from the comparison of measured test behavior with the 

analytical model.  When K=1, a bridge test was not performed or the response of the 

bridge perfectly matched that predicted by theory.  When K>1, then the response of the 

bridge is more favorable than predicted by theory, and when K<1, then the actual 

response of the bridge is more severe than that predicted.  The K factor is subsequently 

subdivided into two other factors, KA and KB.  A positive value of KA indicates the 

strains from the bridge test are smaller than the theoretical strains and there will be some 

benefit from conducting the bridge test, while a negative value indicates the strains from 

the bridge test are larger than the theoretical strains.  K will be less than unity when KA is 

negative.  The KB factor accounts for the understanding of the load test results when 

compared with those predicted by theory, the type and frequency of follow-up 

inspections, and the presence or absence of special features such as non-redundant 

framing and fatigue-prone details. 

 The computation of the KA term is as follows for the S-1021 Bridge: 
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where: 

εc = Theoretical strain due to the testing vehicle,  

S = Section Modulus, and 

E = Modulus of Elasticity. 

 

(4.9)
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where: 

εT = Maximum member strain measured during load test. 

 

 Next, the KB factor needed to be calculated.  This factor is typically composed of 

three terms, KB1, KB2, and KB3, which multiply together form the KB factor.  KB1 indicates 

the level of certainty with which the testing agency feels the results of the analysis can be 

extrapolated to higher load levels, which is 1.33 times the rating vehicle load.  The reason 

for calculating this increased value is because it is believed that as long as linearly elastic 

behavior of the bridge member is maintained, than extrapolation would be acceptable.  

The first step in calculating the increased moment was to sum the values of the live load 

and impact moment under the loading of the AAHSTO HS-20 rating vehicle.  That value 

of 69,348 ft-lbs was then multiplied by 1.33, which resulted in a value of 92,464 ft-lbs.  

Next, the dead load moment of 27,358 ft-lbs was added to that value to result in a total 

bending moment with the one-third increase of 119,822 ft-lbs.  That value was then 

divided by the section modulus of section modulus of 154 in3 for the W24x68 girder, to 

result in a bending stress of 9.34 ksi.  According to the AASHTO Manual for Condition 

Evaluation of Bridges, the yield stress of the steel is 33 ksi.  As the value of 9.34 ksi is 

below this yield stress, it can be assumed that the performance of the bridge girders will 

remain linear and elastic, and can therefore be extrapolated to 1.33 times to HS-20 load.  

These calculations are shown in Figure 4.24. 

 

(4.10)
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Figure 4.24  Load Rating Program KB1 Calculation 

 

 The last step in the calculation of KB1 was to determine the T/W ratio.  In that 

equation, “T” was the test truck gross vehicle weight in tons, and “W” was HS-20 rating 

vehicle weight in tons.  For the vehicles used for the S-1021 Bridge the ratio was 43.1/36, 

or 1.20. This value falls into the T/W>0.7 category shown in Table 4.1 and the resulting 

value of KB1 is 1.0. 
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Table 4.1  Load Rating Program KB1 Values 

 

 

 The KB2 factor takes into account the ability of the inspection team to find 

problems in time to prevent any changes of bridge condition from invalidating the test 

results.  This factor depends solely on the type and frequency of field inspections by the 

SCDoT inspectors.  For the S-1021 Bridge, a value of 0.8 was used as a result of the 

routine inspections that occurred between 1 and 2 years.  This value was chosen from the 

table shown in Table 4.2.   

 

Table 4.2  Load Rating Program KB2 Values 

 

 

 The KB3 factor is used to assure at the test engineers consider the various types of 

failure modes (ductile or brittle) and the presence of clear indications of possible distress 

which may provide warnings prior to failure.  Based on the table shown in Table 4.3, for 
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the S-1021 Bridge the value of KB3 was 1.0 as the bridge was not fatigue sensitive, and 

redundancy was established. 

 

Table 4.3  Load Rating Program KB3 Values 

 

 

 The KB factor is the product of the KB1, KB2 and KB3 factors as given by: 

KB = KB1KB2KB3 

 

 The adjustment factor, K, is given by: 

K = KAKB+1 

 

Using Equation 4.11, the value of KB was calculated as 0.8, and using Equation 

4.12, the value of K for the S-1021 Bridge was calculated as 1.38.  That value of K was 

then used to calculate the new load ratings taking into account the additional benefits.  

The values of RFI and RFO shown in Figure 4.25 were calculated by multiplying the 

theoretical rating factors by the K factor.  Similarly to the previous rating calculations, 

the inventory and operating ratings were calculated by multiplying the RFI and RFO 

factors by the 36 ton weight of the HS-20 rating vehicle. 

 

(4.11)

(4.12)
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Figure 4.25  Load Rating Program Rating Including Additional Benefits 

 

Table 4.4 shows a comparison of the values with and without the additional 

benefits.  This Figure shows that the inclusion of the test results and the additional 

benefits resulted in an increase of 38 percent over the theoretical rating.  Future research 

may be warranted to investigate if the testing staff should be allowed to take into account 

the full testing benefit, or if another load effect will control under the increased capacity.  

 

Table 4.4  Load Rating Program Rating Comparison 
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Table 4.5 shows the theoretical load rating had this bridge been simply-supported 

instead.  As the figure shows, the rating values are significantly lower had the bridge 

been simply-supported.  For this reason, simply assuming the bridge had fixed ends 

without thoroughly investigating the bridge construction and field response is an 

unconservative assumption.   

 

Table 4.5  Load Rating Results for Simply-Supported Bridge 

 

 

Table 4.6 shows the load rating values based on the negative moments at the 

girder ends.  These moment values were taken from the results of the model created using 

the Structural Modeling program.  These ratings were the controlling values for this 

bridge, and would govern the posting of the bridge, had these values been small enough 

to warrant that action.  

 

Table 4.6  Load Rating Results for End Moments 
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CHAPTER 5 

CONCLUSION 

 

 The purpose of this research was to simplify the modeling and analysis process to 

allow the testing staff to complete two or more bridge tests per month.  These changes 

were warranted because the control of the project was to stay with Clemson University, 

instead of transferring to the SCDoT, as previously planned.  Both parties thought it 

would be in their best interest, and that of the project, if Clemson was contracted to test 

and analyze approximately twenty to thirty bridges each year.  In order for Clemson to 

successfully complete this large amount of bridge ratings, the procedures and processes 

had to be modified to allow for the testing staff to be more efficient.  The creation of the 

Structural Modeling and Load Rating programs, along with the changes made the Data 

Analysis and Conversion program outlined in this document allow for the increased 

efficiency of the testing staff.  However, there are also some limitations that each 

program presents. 

 
5.1 Structural Modeling Program 
 

The Structural Modeling program was created to develop a quick model of a 

single girder line of a bridge.  It is easier to create a model using this program, as 

compared to SAP2000.  As a result of only looking at a single girder line at a time, there 

is less information to analyze and fewer problem areas that could affect the validity of the 

model. 
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The drawbacks to the Structural Modeling program include, only simple bridges 

can be modeled using this program.  Bridges with superelevation, vertical or horizontal 

curvature, or a large amount of skew are not easily modeled using this program, or 

SAP2000 for that matter.  The introduction of these features makes it difficult to 

determine the transverse and longitudinal distribution factors for the bridge.  Another 

limitation to the Structural Modeling program is that it does not produce a visual 

representation of the bridge. 

 
5.2 Data Analysis and Conversion Program 
 

 The revisions made to the Data Analysis and Conversion program were 

done to allow for quicker data conversion and verification of the results.  By having all 

the input values read from a previously completed spreadsheet, this program can now be 

run in a matter of seconds instead of the ten minutes it previously took.  This time in the 

field is very valuable as salaries of SCDoT employees must be paid, and traffic stopped 

across the bridge during testing.  In its current state, there are not any limitations to the 

Data Analysis and Conversion program. 

 
5.3 Load Rating Program 
 
 The Load Rating program was created to reduce the amount of hand calculations.  

Doing so reduced the amount of time spent on the load rating calculations, and reduced 

the chance of error during those hand calculations.  This program was also created to 

allow for the ability to consider the effects of composite action without having to do more 

lengthy hand calculations.  By reducing the time spent on the load rating calculations, 

more bridges could be tested and analyzed each month. 
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 The main limitation to the Load Rating program is that it only works when 

bending is the controlling load effect.  If shear or end bearing were the controlling load 

effect, the program would have to be modified to incorporate those calculations. 

 
5.4 Conclusions 
 

The user manuals that were created by Anderson and refined by Iser have been 

modified and adjusted to represent the changes made to the modeling, testing, and 

analysis procedures that were discussed in this document.  It is impossible to create a set 

of manuals that will encompass every possible problem that may arise during the testing 

of bridges across the state of South Carolina.  Problems may arise in the field, or during 

the analysis of a bridge that will require the use of engineering judgment to make a 

practical decision.  Therefore, it is recommended that the user manuals are not used 

alone; instead, engineering judgment should be used along with the suggestions presented 

in the manuals. 

 The research and activities completed and described in this document fulfill the 

goals for streamlining the procedures for load rating South Carolina highway bridges.  

Future research on the topics of reliability of the testing and rating process, and 

superloads would be very beneficial for this program.  Also, the continual updating and 

refinement of the user manuals will ensure that the procedures used are the most effective 

possible. 
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Appendix A 

Bridge Testing and Data Collection User Manual 
 

 

 This manual contains procedures and recommendations for performing a bridge 

test and data collection on SCDoT highway bridges.  This manual covers activities 

included in the test setup and data collection.  These guidelines have been developed 

through a series of bridge tests.  These procedures should not be used blindly, and 

engineering judgment should be used when unforeseen issues arise.  The major steps are 

listed in bold print, while sub-steps appear in regular text.  Notes that explain each step 

appear in italic text. 

 

 

PRE-TEST PROCEDURES 

 

Step 1: Acquire bridge plans and inspection reports. 
Review the as-built plans and determine any issues, problems, or repairs that have occurred 
with the bridge from the inspection reports. 

 

Step 2: Calculate main member section properties. 
This is more critical for concrete sections than steel sections.  Standard steel sections can be 
looked up in the AISC Manual of Steel Construction.  Calculate section properties for built-up 
or concrete sections.  Be sure to calculate the gross, cracked, and effective moment of inertias 
for concrete sections. The effective moment of inertia is given by the following equation (ACI).  
If composite beams exist, calculate the transformed moment of inertia by calculating an 
effective width and transforming the steel to an equivalent area of concrete. 
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Step 3: Develop preliminary structural model. 
See “Computer Modeling User Manual – Pre-Test Modeling Procedures” 
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Step 4: Determine location of sensor placement and draw sensor layout plans. 
Generally, sensors are placed on each girder at mid-span of the approach span and main span. 
If there is a continuous support, BDI sensors should be placed near the support to collect the 
negative moment.  To determine composite action, place a sensor at the bottom of the slab and 
the top of an adjacent beam.  LVDT sensors are typically placed directly below each girder, 
also at mid-span.  The plunger-type LVDT sensors may also be used to measure other critical 
movements, such as rotation or translation at a support. 

 

Step 5: Determine the site layout for the bridge test. 
Determine where the trailer will be parked at the bridge site, and if any equipment or traffic 
control will be needed for the bridge test.  If special equipment or services from SCDoT are 
needed, arrange those ahead of time. 

 

Step 6: Complete equipment checklist. 
This checklist contains the equipment and supplies required for field testing (see next page). 

 

Step 7: Coordinate traffic control. 
Determine appropriate traffic control needed during instrumentation and field testing. 

 

Step 8: Coordinate use of SCDoT boom truck. 
The SCDoT boom truck is used as the loading vehicle and it is also used for the sensor 
placement on otherwise unreachable girders.  Depending on the location of the bridge, a 
platform lift truck or ladder may be used to access the underside of the bridge. 
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Equipment Checklist 

 

 

 Fill gas tanks (3 Total) 

 Test Generator Startup 

 Check Oil  

 Battery (main and brakes) 

 Check Tire Pressure 

 Spare Tire 

 Bridge Plans 

 Tools 

o Drill (battery and corded) 

o Drill Bits 

o Grinder (battery and corded) 

o Reciprocating Saw 

o Batteries/Chargers 

o Tool Kit 

o Ladders 

o Two-way Radios 

o Hardware (tap cons, nuts, 

bolts, & washers) 

o Nut Driver Set 

o Tape Measures 

o Plastic Ties 

o Sledge Hammer 

o Weed Trimmer 

o Measuring Wheel 

o Level 

 

 Safety Items 

o First Aid Kit 

o Water Cooler 

o Traffic Cones 

o Reflective Vests 

o Fire Extinguisher 

o Harness 

o Gloves/Safety Glasses 

 Bucket/Rope 

 Storage Box for Side of Boom 

 18 BDI Sensors 

o C-Clamps 

o Extension Bars 

o Bar Clamps 

o Vice-Grips 

o Epoxy and Spacer Pads 

 8 LVDT Sensors 

o LVDT Stands/Rebar 

o Wire, Angles, Hardware for 

attachment 

 Trigger 

 Extension Cables 

 Aluminum Spacer Blocks 

 Power Cords 

 Flashlights 

 Dry-Erase and Permanent Markers



 

 76

  

FIELD TEST PROCEDURES 

 

Pre-Test Notes:  

 It is important to keep good notes while performing the bridge tests because 
different people may be analyzing the data.  Record any differences between 
the sensor layout plan and the actual sensor placements.  Record the desired 
loading vehicle speed and the actual speed reached on each pass.  Record any 
noticeable problems with the bridge structure.  Record any other pertinent 
information, along with filling out the “Setup Information” Microsoft Excel 
worksheet.  Creating a log book with this information will aid in the data 
analysis after the bridge test. 

 
 Record the axle weights and axle spacing of the loading vehicle 

 
 Take pictures of key elements of the bridge structure, and also take pictures of 

the locations of every sensor after it is placed on the structure. 
 

 Once at the bridge site, verify the structural plans and field inspection reports 
for their accuracy. 

 

Step 1: Park trailer at test site in safe location, as near as possible to location being 
instrumented. 
Depending on the level of the ground where the trailer is parked, it may be necessary to detach 
the trailer from truck and lower the jack on the front end of the trailer so the front of the trailer 
is slightly lower than the rear of the trailer.  This will allow the air conditioner to properly 
drain out of the trailer. 

 

Step 2: Setup necessary traffic control, and unload needed supplies. 
Lanes of traffic may need to be blocked off while instrumenting the bridge and traffic needs to 
be stopped while load test vehicle crosses the bridge while collecting data. 

 

Step 3: Mark location of sensors on girders with permanent marker (According to 
sensor layout plan). 

 

Step 4: Attach BDI and LVDT sensors at indicated locations (see appropriate 
attachment method). 
It is advantageous to review the BDI-to-channel relationship prior to BDI installation.  It is 
recommended that BDI’s be grouped based on their location on the bridge.  This will make the 
extension cord bundling and color coding system work smoothly. 
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BDI - Concrete Girder Attachment Method 

i. Connect BDI sensors to extension bars. 
Use one bolt and one nut to attach the BDI to the notched end of the extension bar.  Hand- 
tighten this connection because flexibility is desired until it is clamped.  Extension bars are 
used in order to span cracks in the concrete, which averages the crack widths over a longer 
total gage length. 

 

ii. Place 1” x 1” x ¼” aluminum spacer block directly behind the clamp 
location of the extension bar, depending on chosen gage length. 

 

iii. Place a second aluminum spacer block behind the hole in the BDI closest to 
extension cord. 

 

iv. Place extension bar, BDI, and spacer blocks on side of concrete girder at the 
level of reinforcement. 
The distance between the bar clamps should be centered over the “BDI location” marked 
on the girder. 

 

v. Place bar clamps at location of spacer blocks, and tighten so that the screw 
ends of the bar clamps are against the BDI and extension bar. 
Fully tighten the BDI-to-extension bar connection after bar clamps are secure.  It is critical 
that the BDI and extension bar be perfectly aligned with the concrete girder, and the exact 
location of the sensor should be recorded.  See the Figures A.1 through A.3. 
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Figure A.1  BDI and Extension Bar Attachment to Concrete Girder 

 

 

 
 

Figure A.2  BDI Attachment to Extension Bar 
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Figure A.3  Extension Bar Attachment and ¼” Spacer Block Location 

 

BDI - Steel Girder Attachment Method 

i. Use a grinder to grind away the rust to provide a smooth surface in the 
location of BDI placement. 

 

ii. Attach BDI sensors using a pair of C-Clamps to the bottom flange of the 
steel section. 
Do not use extension bars.  Place clamps so they are centered over the BDI holes and do 
not completely overlap the white rubber strand.  Partial overlap is acceptable. The screw 
end of the clamps should press against the steel flange, not the BDI sensor.  The C-Clamp 
should be centered over the drilled holes in the BDI, and the long edge of the BDI must be 
parallel with the longitudinal direction of the steel girder.  See Figure A.4a.  Vice-Grips 
may also be used in place of C-Clamps.  This may allow for faster instrumentation. 

 

¼” Spacer 
block 
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Figure A.4a  BDI Attachment to Steel I-Beam (Side View) 

 

 
 

Figure A.4b  BDI Attachment to Steel I-Beam (Bottom View) 
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LVDT Setup Method 

i. Place LVDT stand directly below girder being instrumented. 

 

ii. Place a rebar in the LVDT stand. 
The stands work best for a hard, level surface.  If the surface beneath the instrumented 
girder is sloped or uneven, drive the rebar directly into the ground surface so that the rebar 
is firm and vertical. 

 

 

 

Figure A.5  LVDT Setup – Steel Girder 
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iii. Secure the LVDT to the rebar using a pair of bolts and nuts to secure the 
pipe bracket. 

 

 
 

Figure A.6  LVDT-to-Rebar Connection 

 

iv. Attach a small aluminum angle to the underside of the girder at desired 
location. 
This angle can be attached by drilling a concrete anchor screw into a predrilled hole for a 
concrete girder or by using a C-Clamp for a steel girder. 

 

 
 

Figure A.7  LVDT-to-Steel Girder Connection 
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v. Tie a wire connecting the eye-hook of the LVDT to the aluminum angle. 
The range of the LVDT is indicated by markings on the plunger.  The two red marks 
indicate +1” and -1”.  The black mark indicates the zero point.  Generally, only downward 
movement is expected, and the plunger is set at the -1” point, so that a full range of 2” of 
data can be collected.  It is possible to increase the gain if less movement is expected.  This 
will provide a signal with better resolution. 

 

 

 
 

Figure A.8  LVDT-to-Wire Connection 
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Step 5: As sensors are being installed connect sensors to trailer patch panel with 
extension cords. 

 
Figure A.9  Patch Panel 

 

Step 6: As sensors are installed and hooked to the patch panel, check sensor 
output. 
Realtime.vi is a LabVIEW program which shows the real time status of each channel’s signal. 

 

i. Open LabVIEW in the trailer computer. 

 

ii. Open Realtime.vi program. 

 

iii. Click the “Run” button. 
The user interface is shown in the following figure.  The top plot displays a BDI channel, 
while the bottom plot displays an LVDT channel.  The user can change the channel being 
displayed by selecting the appropriate channel on the left side of the user interface.  The 
digital readout indicates the current voltage.  If these readings are taken while the loading 
vehicle is on the bridge, consider the effects the weight of the vehicle may have on these 
readings.  
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Figure A.10  Realtime.vi User Interface 

 

iv. Check each channel to ensure it is in range. 

 

v. Adjust the coarse zero and coarse gain settings if signal is far out of range. 
The signal conditioner must be turned off and the card must be removed in order to adjust 
the coarse zero or coarse gain settings.  If the signal cannot be adjusted by the coarse gain 
changes to be in range, the BDI is most likely installed incorrectly.  Incorrect installation 
may mean the BDI is bent, torqued, or over-stretched and may be to be repaired.  Reattach 
the sensor, and check the signal again.  Refer to Table A.1 for coarse gain settings and 
Table A.2 for adjustment magnitude of values for coarse zero changes.  The following 
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tables give recommendations for the coarse gain setting for the LVDT channels.  Figures 
A.11 and A.12 show the location of these settings inside the signal conditioner card.  Each 
card contains two channels (A and B). 

 

 

Table  A.1  LVDT Coarse Gain Settings 

Coarse Gain 
Expected ∆ ± 1" 

LVDT 
± 1/2" 

LVDT 
± 1" 5 NA 

± 1/2" 5 5 

± 1/4" 6 5 

± 1/8" 6 6 

± 1/16" 7 6 

 

 

 

Table A.2 Coarse Zero Settings 

Toggle Switches Approximate Output Voltage Shift 
None 0 

1 +2 to +7 
1 + 3 +4 to +10 
1 + 4 +6 to +10 
1 + 5 +8 to +10 

2 -2 to -7 
2 + 3 -4 to -10 
2 + 4 -6 to -10 
2 + 5 -8 to -10 
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Figure A.11  BDI Signal Conditioner Card 

 

 

 

 
 

Figure A.12  LVDT Signal Conditioner Card 

Coarse Zero Setting (A) 

Coarse Zero Setting (B) 

Coarse Gain Setting (A) 

Coarse Zero Setting (B) 

Coarse Gain Setting (A) 

Coarse Gain Setting (B) 

Coarse Zero Setting (A) 

Coarse Gain Setting (B) 
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vi. Adjust the fine zero setting to set the voltage signal to exactly zero. 
The fine gain and fine zero can be adjusted by turning the screw on the signal conditioner 
which is shown in the figure.  The excitation voltage should never be adjusted. 

 

 

 
Figure A.13  Signal Conditioner 

 

Excitation Voltage (B) 

Excitation Voltage (A) 

BDI Channels LVDT Channels 

Fine Zero (A) 

Cal (A & B) 

Fine Gain (A) 

Fine Gain (B) 

Fine Zero (B) 

Fine Gain (A) 

Fine Zero (A) 

+/- Indicator Light 
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vii. Adjust the fine gain setting to achieve the most resolution. 
It is advantageous to use as much of the +/- 10V range as possible.  This can be done by 
adjusting the gain setting.  A higher gain setting gives more resolution to the signal.  
Pressing the “Cal” button makes the signal jump to a value that should between 8V-10V if 
the gain and zero are set correctly.  This will allow for good resolution; however, the gain 
should not be set too high, as that would saturate the collected data.   

 

viii. Run the test truck across the bridge and check the channels for out-of-scale 
readings. 

 

ix. Once all signals appear reasonable, record the zero-voltage reading and the 
calibration voltage reading for each channel. 
Keep in mind that some of these adjustments may have been made while the test truck was 
still on the bridge, which would cause strain in some sensors.  After the test truck has left 
the bridge, review all channels and make the necessary adjustments. 
It is recommended that the starting point for the voltage be 0.00 V.  This is adjusted by the 
fine zero screw, as described earlier.  This value may not return to exactly 0.00 V after the 
load has crossed the bridge.  This offset can later be corrected in Microsoft Excel after all 
data has been collected.  Therefore, the initial voltage need not be reset to 0.00 V before 
every loading. 

 

x. Input these values into the “Setup Information Template” and the Data 
Analysis and Conversion program 
The gain is automatically calculated in the Setup Information worksheet when the 
calibration voltage and excitation voltage is entered for each channel.  The gain is 
calculated by the following equation. 

 

 

015045.0
zerocal VV

Gain
−

=  
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Step 7:  Close Realtime.vi and open Background Scan.vi in LabVIEW. 
Background Scan.vi is the program that collects all the data once the signal output is 
acceptable. 

 

i. Once Background Scan.vi is open, the user interface will appear similar to 
the following figure. 

 

 

 
Figure A.14  Background Scan.vi User Interface 
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ii. Set the desired collection time and rate. 
The collection time should cover the period from before the truck hits the bridge 
until the truck has no loading effect on the instrumented section. Collection 
rates typically used are 10 samples/sec/channel for 5 MPH speeds, 50 
samples/sec/channel for 15 MPH & 30 MPH speeds, and 100 
samples/sec/channel for 45 MPH speeds. 

 

iii. Turn switch to appropriate location if an external trigger is going 
to be used to start the data collection. 

 

iv. Queue the loading vehicle. 

 

v. Press the “Run” button in LabVIEW. 
If an external trigger is being used, the program will start collecting data when 
the trigger is pressed.  If no external trigger is used, the data collection will 
begin when the “Run” button is pressed in LabVIEW. 

 

vi. When the data collection is finished, a prompt to save the data set 
will appear. 
Name this file so it is recognizable (speed and location of loading vehicle).  This 
file will be referred to as the “raw data set” from now on in this manual. 

 

vii. Repeat this process for all desired loading positions and speeds. 
Typically three passes are made (left side, center and right side), each pass at 5 
MPH, 15 MPH, 30 MPH, and 45 MPH, for a total of 12 loading combinations.  
If the bridge consists of more than one lane in each direction, more passes will 
be needed.   
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Step 8:  Once all raw data has been collected, use Data Analysis and Conversion.vi 
to verify the accuracy of the data. 

i. Open Data Analysis and Conversion.vi from LabVIEW. 

 

ii. Input the zero voltage, the gain, and the gage length, which have been 
previously recorded in the “Setup Information Template”. 
The GGFs (general gage factors) are based on the most recent calibration provided by the 
manufacturer.  They should be recalibrated on a yearly basis.  The calculation that this 
program performs to convert from voltages to strains is given by the following equation. 
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Figure A.15  BDI Strain Gage Input Interface 
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iii. Input the zero voltage and the range for the LVDT’s. 
If the LVDT’s were plugged into the appropriate channel, the range should already be set to 
the correct default value. The calculation that this program performs to convert from voltages 
to displacements is given by the following equation. 
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Figure A.16 LVDT Input Interface and Output Plots 
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iv. Click the “Run” button in LabVIEW. 

 

v. Once the program runs, it will prompt for an input file. 

 

vi. Select the raw data set that was saved from the Background Scan. 

 

vii. The information will be processed, and it will prompt to save the converted 
data set. 
This data set should also be saved as a recognizable name (indicate speed and location of 
truck in file name).  This data set will be referred to as the “converted data set”. 

 

viii. Review the display graphs. 
Four BDI sensors are displayed on each of the four plots and are color coded.  It can be 
determined from these plots that reasonable data has been collected. 
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Figure A.17 BDI Strain Gage Output Plots 

 

ix. Repeat this process for each raw data set collected. 
The converted data sets can now be edited directly by Microsoft Excel. 

 

x. Once it is determined that reasonable data has been collected continue on to 
Step 9.  If bad data has been collected, determine the source of the error, 
correct it, and re-test the bridge. 

 

Step 9:  Detach all sensors, and disconnect all extension cords. 

 

Step 10:  Roll up bundles of wire, and return all equipment to its original location in 
the trailer. 
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Appendix B 

Computer Modeling Manual 
 

 

 This manual contains procedures and recommendations for developing computer 

models to approximate the structural behaviors of SCDOT highway bridges.  These 

guidelines have been developed through a series of bridge tests.  These procedures should 

not be used blindly, and engineering judgment should be used when unforeseen issues 

arise.  The major steps are listed in bold print, while sub-steps appear in regular text.  

Notes that explain each step appear in italic text. 

 

PRE-TEST MODELING PROCEDURES 

 

Step 1:  Determine main member section properties. 

i. Calculate the appropriate moment of inertia for the main girders. 
For Steel sections, look up the moment of inertia in the AISC Manual of Steel Construction or 
calculate based on the section cross-section.  For prestressed sections, calculate the gross 
moment of inertia.  For concrete sections, calculate the gross moment of inertia and the 
transformed moment of inertia.  These two moments of inertia will create a bandwidth of 
estimated strain values. 

 

ii. Calculate Csensor. 
Csensor is the distance from the neutral axis of the section to the surface where the BDI is 
installed.  This value will be used in the conversion between moment and strain values. 

 

iii. Determine the modulus of elasticity. 
If this value is not given in the general notes of the bridge plans, a value of E = 29000 ksi for 
steel and a value of E = 3600 ksi for concrete and prestressed concrete can be used. 
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Step 2:  Use the structural plans to sketch a simplified bridge plan. 

i. Indicate the span lengths. 

 

ii. Indicate main member sizes and spacing. 

 

iii. Indicate support-to-member connection type (simple or continuous). 

 

iv. Indicate location of BDI strain sensors. 
This simplified bridge plan will be used as a quick reference when laying out the structural 
model. 

 

Step 3:  Estimate the transverse distribution percentages. 
The transverse distribution refers to the horizontal load distribution from girder to girder.  
The transverse load distribution is the percentage of total load that each girder receives for 
different placements of load on the deck. 

 
Determine the estimated transverse distribution percentages based on Table B.1.  This table 
is somewhat limited to the bridge types that have already been tested.  They are adequate; 
however, for an initial guess and provide a good starting point.  Work through this table by 
first determining the loading condition, then whether there is an odd number or even number 
of girder lines.  Find the description that describes the girder line in question, and use the 
equation to determine the approximate percentage of load the girder line will receive.  

 

Record the distribution percentages for each girder line.  These values will be used later in 
the Structural Modeling Program. 
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Table B.1  Approximate Transverse Distribution Formulas 

CENTER LINE LOADING 1, 3 

Girder Line Layout Girder Line 
Percent of Total Load 

Girder Line Will 
Receive 

Middle Girder Line %100*
1

1
−N

 
Odd # of Girder Lines 

All other Girder Lines %100*
)1(
2

2−
−

N
N  

Middle 2 Girder Lines %100*
1

2
+N

 
Even # of Girder Lines 

All other Girder Lines %100*
)1)(2(

3
+−

−
NN

N  

LANE LOADING 2, 3 

Girder Line Layout Girder Line 
Percent of Total Load 

Girder Line Will 
Receive 

Loaded Half of Bridge Including Middle Girder 

All Girder Lines %100*
6
8
N

 

Unloaded Half of Bridge Not Including Middle Girder Odd # of Girder Lines 

All Girder Lines %100*
)1(3

)2(2
−

−
NN

N  

Loaded Half of Bridge 

All Girder Lines %100*
5
8
N

 

Unloaded Half of Bridge 

1st Girder Line Off Center %100*
)12(5

7
+N

 
Even # of Girder Lines 

All Other Girder Lines %100*
)12)(2(5

)3(4
+−

−
NN

N

 

1 The center line loading refers to the loading condition in which the loading vehicle is straddling 
the center line of the bridge deck.  

2  The lane loading refers to the loading condition in which the loading vehicle is traveling down 
one side of the bridge.  The loaded half of the bridge refers to the girders located on the same 
half of the bridge the loading vehicle is traveling on.  Similarly, the unloaded half of the bridge 
refers to the girders located on the half of the bridge that the loading vehicle is not on.   

3  N = Total number of girder lines in the span under consideration, assuming N > 2. 
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Step 4:  Determine the longitudinal distribution. 

Longitudinal load distribution allocates the reduced total load for each girder into a 
distributed load along the length of the girder.  Girders closer to the loading vehicle will 
receive a shorter distributed load while girders farther from the loading vehicle will receive a 
longer distributed load. 

 
Each axle requires its own longitudinal load distribution.  If a wheel load is directly over a 
girder, or the center of the loading vehicle is directly over a girder, that girder shall receive a 
2 foot distributed load per axle.  From this point forward, the girder closest to the load will be 
referred to as “Girder A”.   The next closest girder will receive a 2 foot distributed load plus 
a distance of distributed load  equal to the number of feet it is away from “Girder A”.  
Therefore, if “Girder A” receives 2 feet of distributed load, and “Girder B” is 6 ft away from 
“Girder A”, then “Girder B” shall receive 8 feet of distributed load.  An example of a simple 
bridge layout is shown in Figure B.1 and Figure B.2.  These figures show an example 
longitudinal distribution for one axle load.  Similar distributions will occur for each axle. 
 
 
Document the number of point loads each girder receives for each desired loading position.  
These values will be later used in the structural modeling program. 

 

 

 

Figure B.1  Longitudinal Distribution Example – Center Line Loading 
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Figure B.2  Longitudinal Distribution Example – Lane Loading 

 

Step 5:  Estimate the vertical support spring stiffness values. 
The vertical support springs factors in the likelihood of vertical support movement.  If the 
support is considered to be stiff, use a value of 50e10 kips/in.  If vertical support movement is 
likely, use a value given by the following equation: 
 

L
AEk

L
AE

spring
25.0

≤≤  

 

Step 6:  Estimate the rotational spring stiffness values. 
Implementing a rotational link into the structural model allows for adjustment of rotational 
stiffness at the girder-to-support connection (ROT), as well as the girder-to-girder connection 
(CON).  It has been determined that even simple supports do contain some rotational stiffness.  
The application of these links into the model will be described in Step 8.  The ROT spring value 
shall be used for the value labeled “Span/Segment Rotational Spring Stiffness” in Figure B.3. 
The CON spring value shall be used for the value labeled “Rotational Continuity Spring 
Stiffness” in Figure B.3.    

 

i. Determine the stiffness value using the following equation. 

⎟
⎠
⎞

⎜
⎝
⎛=−

L
EIftkk NLLink 12

)( α      

E = Modulus of Elasticity (ksi) 

I = Moment of Inertia (in4) 

L = Length of Girder (in) 

α = From Table B.2 

(B.1) 
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Table B.2  Spring Stiffness Values 

Bridge Span Property α∗ 
CON (Connector) 

α∗ 
ROT 

(Rotational)
Prestressed & Concrete 

Span (30 ft – 50 ft) Simply Supported 15 15 

Continuous 
Across Supports  40 4 

Steel Span (30 ft – 80 ft) 

Simply Supported 4 9 

 
*Units of Spring Stiffness are a Function of (EI/L) 

 

 

ii. Record a CON and ROT stiffness value for each girder support. 

Step 7:  Estimate the vertical continuity spring stiffness values. 
The vertical continuity springs factors in the differential vertical movement of the end of one 
span and the beginning of the next at a bridge bent.  If differential vertical movement can be 
neglected, use a value of 0.0kips/in.  If differential vertical support movement is likely, use an 
appropriate value. 

 

Step 8:  Develop the structural models. 

i. Open an existing structural model program input text file. 
It is easiest to keep consistent formatting by editing an existing input file, rather than 
developing a brand new one. 

 

ii. Save the text file with a new file name.  

(i.e. Centerline Loading Girder 1 Input.txt) 

 

iii. Edit the program input text file to appropriately describe the girder geometry, 

connections and loading conditions according to Figure B.3. 
Note the “Axle Weight” used below are a percentage of the total axle weight.  These values 
are calculate by multiplying the total axle weight by the transverse distribution factors for the 
girder that is being modeled. 
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2    (Line 1)     
50, 29000, 1830, 0, 25  (Line 2) 
50, 29000, 1830, 0, 25 (Line 2.1) 
50e10, 10000, 50e10, 10000  (Line 3) 
50e10, 10000, 50e10, 10000  (Line 3.1)    
0, 1e15    (Line 4)       
3    (Line 5) 
0.429, 0.423, 0.441   (Line 6)       
17.9, 4.46    (Line 7)       
11, 11, 11   (Line 8)      
1    (Line 9) 
 
(Line 1)     
(Number of Spans/Segments in the Girder Line) 
 
(Line 2) 
(Span/Segment Length (ft), Modulus of Elasticity (ksi), Young’s Modulus (in3), Dead Load (kips/ft),  
BDI Position from Start of Span/Segment (ft)) 
 
(Line 2.1)  (Sub-lines for every segment as stated in Line 1) 
(Span/Segment Length (ft), Modulus of Elasticity (ksi), Young’s Modulus (in3), Dead Load (kips/ft),  
BDI Position from Start of Span/Segment (ft)) 
 
(Line 3) 
(Span/Segment Start Vertical Support Spring Stiffness (kips/in),  
Span/Segment Start Rotational Spring Stiffness (in-kips/radians),  
Span/Segment End Vertical Support Spring Stiffness (kips/in),  
Span/Segment End Rotational Spring Stiffness (in-kips/radians)) 
 
(Line 3.1)  (Sub-lines for every segment as stated in Line 1) 
(Span/Segment Start Vertical Support Spring Stiffness (kips/in),  
Span/Segment Start Rotational Spring Stiffness (in-kips/radians),  
Span/Segment End Vertical Support Spring Stiffness (kips/in),  
Span/Segment End Rotational Spring Stiffness (in-kips/radians)) 
 
(Line 4)   (Sub-lines for number of segments In Line 1 minus 1) 
(Vertical Continuity Spring Stiffness (kips/in), Rotational Continuity Spring Stiffness (in-kips/radians)) 
 
(Line 5) 
(Number of Axles in Loading Vehicle) 
 
(Line 6)   (Sub-lines for every axle as stated in Line 5) 
(Axle Weight (kips), Axle Weight (kips), Axle Weight (kips)) 
 
(Line 7)   (Sub-lines for number of axles as stated in Line 5 minus 1) 
(Axle Spacing (ft), Axle Spacing (ft)) 
 
(Line 8)  (Sub-lines for every axle as stated in Line 5) 
(Load Length (ft), Load Length (ft), Load Length (ft)) 
 
(Line 9) 
(Load Step Distance (ft)) 

 

Figure B.3  Example Structural Model Program Input Text File 
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iv. Re-save the edited input text file. 

 

v. Run the Structural Modeling Program. 

 

vi. Enter the input file name. 

 

vii. Enter the name of the output file to be saved. 

(i.e. Centerline Loading Girder 1 Output.txt) 

 

viii. Repeat steps i-vi for each girder line. 

 

Step 9:  Setup Model Comparison Excel File. 

i. Open an existing “Model Comparison” Excel spreadsheet. 
A Microsoft Excel spreadsheet has already been developed to convert the moment values from 
the structural model to strain values.  This Excel file is called “Model Comparison”.  After 
adjusting the section properties, the outputted moment values can be pasted into this 
spreadsheet to automatically convert to microstrains. 

 

ii. Save the Excel file with a new name. 

(i.e. Pre-Test Model.xls or Post-Test 5 mph.xls) 

 

iii. Adjust the section properties to match the bridge being modeled.  

 

iv. Copy the position and moment from the structural model input file into the 
excel spreadsheet under the model section. 

 
a. Highlight the “Position” and “Moment” data in the structural model 

input file. 
 
b. Paste the values in the “Position” column of the “Model Comparison” 

excel spreadsheet. 
 

When the values are pasted, both the position and moment should appear in the 
“Position” column. 

 
c. Highlight the values in the “Position” column and under the data menu 

select “Text to Columns…” 
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Figure B.4  Excel Screenshot of Text to Columns Selection 

 
 
 
d. In the first window, select “Delimited” and click next. 

 

 
 

Figure B.5  Excel Screenshot of Text to Delimited Selection 
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e. In the next window, under the “Delimiters” section, select “Space” 
only and click next. 

 

 
 

Figure B.6  Excel Screenshot of Space Delimiters Selection 

 
 

f. In the final window, under the “Column Data Format” section, select 
“Do not import column (skip)” and click finish. 

 

 
 

Figure B.7  Excel Screenshot of Column Data Format Selection 
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When “Do you want to replace the contents of the destination cells?”, click ok.  If 
these steps are done correctly, the results should appear as they do below in Figure 
B.8. 

 

 
 

Figure B.8  Excel Screenshot of Moment Conversion Spreadsheet 
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Step 10:  In Excel, convert the exported moment values to strain values based on the 
member section properties. 

 

1000*
)(*)(

)(*)(12)(

4inIksiE

inC
ft
inlbsftM tModel

Model

∗−
=µε    

 

MModel = Outputted Results (ft-lbs) 

Csensor = Distance from N.A. to the sensor location (in) 

E = Young’s Modulus of Elasticity (ksi) 

I = Appropriate Moment of Inertia (in4) 

 

 

Step 11:  Organize these results for easy reference during the bridge test. 



   

 

 

Appendix C 

Post-Test Modeling Procedures 
 

 

Step 1:  Determine actual transverse distribution percentages. 

 

i. After all the results from the bridge test have been converted to strain values 
(see Bridge Testing and Data Collection Manual, Step 15), using the Data 
Analysis and Conversion program, organize the strain values by making an 
Excel spreadsheet for each strain gage. 

 

ii. Zero the data, if it has not been done already. 
The first (and first several) strain values should be equal to zero, before the loading vehicle 
reaches the bridge.  The strain values may not be initially equal to zero, even if the signal 
conditioner was zeroed, because the sensors may not return to their exact original positions 
after every loading vehicle pass. 

 

iii. Assign the time increments for each strain data point by referring to the 
collection rate, at which the data was collected. 

 

iv. Graph a time-history of the strain that was collected for each sensor. 

 

v. Find a girder that has a defined maximum strain point for each axle.  It should 
look similar to the following plot. 
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Figure C.1  Typical Strain Time-History 

 

 

vi. Record the strain values for these two maximum points. 

 

vii. Record the strain values for every girder at that exact same point in time. 
This analysis will show how much strain each girder receives at one slice in time, across the 
bridge deck, in order to determine the transverse distribution percentage. 

 

viii. Calculate the transverse distribution percentage for each axle and each girder 
by the following equation. 

 

%100*

1
∑

=

= n

i
i

j
jTDF

ε

ε
  

where: 

TDF = Transverse Distribution Factor 

ε = Recorded strain in girder 

j = Girder line being evaluated 

n = Total number of girder lines 

i = ith girder line 

 

Front Axle 
directly over 
strain gage 

Tandem axle 
directly over 
strain gage 
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This procedure for calculating the transverse distribution percentages is only valid for 
bridges whose girders are the same size.  If a bridge contains girders of different sizes, the 
recorded microstrains must first be converted to moment values.  The same procedure can 
then be used to determine the transverse distribution percentages based on the moment 
values.  This must be done in order to account for the differing I and Csensor values between 
girders. 

 

ix. Record the transverse distribution for each girder line and each axle. 

 

Step 2:  Adjust the loading in the Structural Model. 

i. Open the structural model input text file previously created during the Pre-
Test Modeling Procedures 

 

ii. Change the approximated transverse distribution percentages to the actual 
transverse distribution percentages based on the collected data. 

 

iii. Save the file. 

 

iv. Repeat for each girder line. 

 

v. Run the Structural Model Program. 

 

vi. Repeat Step 8 (vi – viii) from Pre-Test Modeling Procedures. 

 

Step 3:  Repeat Step 9 and 10 from Pre-Test Modeling Procedures. 

 

Step 4:  Compare structural model strain to field test strain. 

i. Open a “Model Comparison” Microsoft Excel spreadsheet 

 

ii. Organize the spreadsheets so that each file contains one loading condition, 
with multiple spreadsheets within each file pertaining to each instrumented 
girder. 
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Figure C.2  Example Model Comparison Spreadsheet 

 

 

iii. Enter the appropriate section and material properties into cells B1, B2, and 
B3.  Also, answer the questions in cells F5, F6, and F7. 

 
These cells take into account section properties of the member as well as the effect the 
thickness of the sensor and the spacer blocks have on the results.   

 

iv. Repeat Step 9 (iv) from Pre-Test Modeling Procedures. 
 

The model strain should automatically be calculated at this point. 

 

v. Copy the collected converted (and zeroed) data for each girder and paste it 
into appropriate files and sheets in Column F. 

 

vi. Enter the appropriate time steps in Column E, referring to the collection rate 
and collection time. 

 
If data collection began a significant amount of time before the loading vehicle had any affect 
on the girder in question, or continued collecting data a long time after the loading vehicle 
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left the bridge, the first part and last part of the data may be truncated.  This will capture only 
the data showing the response of the girder when the loading vehicle had an effect on it.   

 

vii. Calculate the correlated time and apply to each “Position”. 
Because the collected data is based on time steps, and the model data is based on position 
steps, an artificial time history must be developed for the model data in order to accurately 
compare the measured and model data. 

 

Because the loading vehicle does not travel at an exactly constant velocity, an interpolation of 
time is required.  Interpolation between defined points is recommended (such as the maximum 
strain peaks where the axles pass over the sensor). 

 

a) Pick a maximum point from the collected data (CS1). 

 

b) Pick the related maximum point from the measured data (MS1). 

 

c) Repeat a) and b) for a second point (CS2 and MS2). 

 

d) For each of these “model strain points” set the correlated time value equal 
to that of the collected data points’ time value. 

 

e) Interpolate the time values between these two points by using the 
following formula. 
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Tn = Correlated Time Value (sec) 

CS2 = Time value for collected max strain point 2 

CS1 = Time value for collected max strain point 1 

MS2 = Position number for model max strain point 2 

MS1 = Position number for model max strain point 1 

 

f) Fill in all correlated time values between the referring to MS1 and the time 
referring to MS2. 
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This can be done multiple times throughout the strain history in order to approximate the 
inconsistent velocity of the loading vehicle. 

 

viii. Plot the model strain and the measured strain, as a function of their 
corresponding time values on the same graph. 

 

ix. Compare the results by considering the shapes and magnitudes of the two 
plots. 

 

Step 5:  Make necessary adjustments to the structural model. 
If the results differ significantly, the model may be tweaked if there are logical reasons to do 
so.  Engineering judgment should override these suggestions; however, consider the following 
recommendations. 

 

Recommendation 1: Adjust the stiffness of the rotational springs in the 
structural model. 

 
Compare the continuity of the of the bridge behavior between the measured and modeled 
spans.  This can be done by looking at the graphs and comparing the negative strain (for 
simple supports) before the loading vehicle reaches the instrumented span.  Increase or 
decrease the rotational stiffness (within reason) to match the measured strain. 

 

 

Recommendation 2: Adjust the longitudinal distribution of loads. 
This adjustment should be made if the shapes of the model and collected data comparison 
graphs do not match. 

 
 

Recommendation 3: Use the composite section moment of inertia to convert the 
structural model moment values to strain values if 
unintended composite action is likely. 

 
This adjustment should be made if the magnitudes of the model and collected data 
comparison graphs do not match. 

 

 

Recommendation 4: Review all calculations, data conversion processes, bridge 
plans, and model characteristics for errors. 
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