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Introduction 
The intent of the manual is to outline the basic principles and procedures for implementing the 
“Integrated Approach” to load rating based on field test data. The methods described here are 
based on the experience gained from approximately 250 structural load tests and subsequent 
data evaluations. Nearly 200 of these tests were performed on bridges with the goal of 
developing accurate load ratings.  
 
While general in nature, and related primarily to structural performance and observed response 
behavior, the procedures described in this report are geared toward the capabilities and 
functionality provided by the Bridge Diagnostics, Inc. Structural Testing System (BDI-STS) and 
supporting software. It may be difficult to implement some of the methods using other types of 
data acquisition systems, analysis software packages, or data processing software that were 
not specifically designed around the Integrated Approach.  

Diagnostic Load Testing and the Integrated Approach 
Diagnostic load testing refers to the use of field-measured responses to better understand a 
structure’s load response behavior in its linear range. It is important to remember that this type 
of testing will primarily give information about the path of the live load throughout the 
superstructure and NOT its load capacity. Capacity calculations can be impacted from the load 
test results, but in general, capacity calculations are reliant upon design codes and material 
properties theory. 
 
Measurements recorded during a diagnostic test can be used to help define member cross-
section properties, boundary conditions, and load distribution characteristics of a structure. 
These tests are usually performed with normal service loads and the measurements are 
compared with theoretical values or limits defined by codes.  
 
The goal of the “Integrated Approach” is to carry this technique one step further. That is, to 
actively use the field data as a basis for modifying the analytical modeling parameters of the 
structure until this model behaves very similar to the actual structure. The resulting “calibrated 
model” can usually be considered as quite accurate, and then used for load rating, permit load, 
or overload stress predictions. This model can also be used to help design any required retrofits 
or in maintenance. The diagram in Figure 1 graphically illustrates the concept behind the 
Integrated Approach. 
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Figure 1 Illustration of Integrated Approach. 
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The primary emphasis of this manual is to provide a practical outline for implementing the 
Integrated Approach. The following is a list of items that must be completed in order to develop 
the accurate load rating model. Each section is discussed in detail in following sections. 
 

Outline of Procedures 
1. Define goals of load test. 
2. Develop instrumentation and test plan. 
3. Run load test on bridge. 
4. Examine data and make qualitative assessment of data and structure. 
5. Generate representative model of structure and analyze  
6. Compare analysis results with measured responses and fix gross modeling errors. 
7. Calibrate model. 
8. Assess results and determine what is reliable and reasonable for rating loads. 
9. Apply rating loads on adjusted bridge model and compute rating factors. 

 

Goals of Load Test 
The first step in any load test is to first determine the test goals and to outline specifically what 
information is desired. Execution of this step has two main prerequisites. First, a thorough 
knowledge of bridge rating is necessary so that the engineer can assess what the critical 
components are and determine if there are any potential gains to be had by a more accurate 
analysis.  For example, there is generally little to be gained by load testing a purely statically-
determinate system. In these rare cases, the load applied to specific members is already well-
defined because there are no alternate load paths, and any accuracy to be gained would most 
likely be negligible. 
 
However, in the real world, bridge structures are rarely actually statically determinate. R/C Slabs 
and beam-slab bridges often have complex behavior that cannot be accurately represented by a 
beam analysis and load distribution factor approach. The degree of complexity is controlled by 
various factors related to geometry and secondary stiffening effects. The primary geometry 
considerations that influence load distribution include skew and the beam spacing-to-span 
length aspect ratio. There are numerous secondary stiffening factors that affect the load paths, 
the most common being edge stiffening provided by curbs and parapets, beam end-restraint 
provided by the support conditions, and unintended composite action. The extent that these 
secondary stiffening factors will influence response behavior varies greatly from bridge to bridge 
and is a function of both the design details and actual construction procedures.  
 
Secondly, goal definition requires field test experience and knowledge of what “can” be 
determined from a load test. Too often, load testing is performed to obtain a load rating without 
a clear understanding of how to translate the measurements (strains, deflections, accelerations, 
etc.) into a basis for a structure’s load limit. In most cases, it is insufficient to simply measure 
strains, compare them with a theoretical value or code provision and interpolate or extrapolate 
results. The main objective of the Integrated Approach is to determine “why” the measurements 
are different than expected and to verify the mechanisms causing the discrepancies by 
reproducing the measured results with a representative analysis. The advantage of this method 
is that the engineer then has control of what stiffness parameters to utilize and which ones to 
ignore for load rating calculations. 
 
If we assume that the primary goal of a load test is to provide a realistic load rating, specific test 
goals may be a combination of the following: 
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·  Determine effective beam cross-section properties.  
·  Determine differences between interior and exterior beam stiffnesses (curb/parapets). 
·  Determine effective stiffnesses of lateral load transfer components (deck and diaphragms). 
·  Compute realistic distribution factors for interior and exterior beams. 
·  Determine rotational and/or longitudinal end-restraint provided by beam support conditions. 
·  Quantify the continuity of beams between adjacent spans. 
·  Quantify effect of known structural damage. 
·  Determine benefit of repairs or retrofits. 
 

The Instrumentation and Test Plan 
Many factors influence the design of an instrumentation plan. Because of the wide variety of 
structure types, construction details, accessibility, structural conditions, and so on, it is 
impossible to define an exact set of rules for sensors placement. Structure type and test goals 
are the main factors in developing the initial plan, but items such as accessibility and limitations 
of the testing hardware often control the final placement. In many cases, the instrumentation 
plan will be “fine tuned” in the field because there will some reason why a gage cannot be 
placed where it was originally intended to be.  
 
When performing diagnostic load tests, it is important to keep in mind that the data is usually 
intended to help define an accurate analysis and that critical responses are defined by the 
analysis. Therefore, it is not necessary to take measurements at the most critical location or 
maximum strain location on the structure. It is sufficient to make measurements at convenient 
locations that are near critical areas. For accuracy purposes, it is generally desirable to obtain 
measurements where live-load responses are reasonably large such as near midspan. 
However, measurements must also be made in less critical regions to help define the shape of 
the flexural responses and to define stress distributions within member cross-sections.  Some 
general guidelines of instrumentation for specific test goals are listed in the following sections.  
 
It should be remembered that this approach is used for understanding the overall behavior of 
the superstructure, and not for measuring stresses at concentration points like connections. The 
idea is to quantify the forces in each member going into a connection, then using standard 
approaches to determining connection stresses. 

Lateral distribution 
Probably the largest source of error (usually conservative) in conventional load rating analyses 
on a girder-type bridge is related to the load magnitudes applied to individual beams. The 
theoretical loads are usually equal to the wheel-line load of a specific truck multiplied by an 
AASHTO distribution factor. While the distribution factors are an excellent tool for design 
purposes, they are rarely characteristic of the actual distribution. For this reason, a primary goal 
of a load test is to generate a model that has the same lateral distribution behavior as the actual 
structure. To satisfy this requirement, the best solution is to instrument all beams at 
approximately midspan (at or near maximum positive moment locations).  
 
The concept of a distribution factor implies that each beam carries a percentage of each wheel 
line on the bridge. In reality, the magnitude and shape of the load function will vary from beam 
to beam, meaning that the effective lateral distribution changes along the length of the span. 
The actual distribution at midspan is generally not equal to the distribution near the abutments 
or interior supports. Stiffness of the bents, deck stiffnesses, and bridge geometry all affect how 
lateral distribution changes from one location to another.  In order to capture the longitudinal 
effect on distribution, it is desirable to instrument additional bridge cross-sections, particularly 
near support locations.  
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Beam cross-section properties 
When instrumenting flexural members, two gages are required at each cross-section. This is so 
that neutral axis (N/A) locations and flexural curvature can be measured directly from the strain 
responses. There are several reasons for measuring N/A locations. First of all, the comparison 
of measured and computed strains requires that the analysis gage points be placed accurately 
with respect to the N/A. If the strains are to be related to flexure, knowledge of the N/A location 
is essential. More often than not, the measured N/A location will vary significantly from the 
theoretical location. 
 
Another reason for locating the N/A is that it can help define the member cross-sectional 
properties for subsequent capacity calculations. For example, the location of the N/A will 
indicate if a beam is acting composite with the deck and if so, then used to obtain an effective 
flange width (or flange thickness, or material stiffness ratio). Since the N/A locations are related 
to the cross-section stiffness, they can be compared with similar sections to determine the 
consistency of beam stiffness properties. It should be noted that BDI has tested non-
compositely designed bridges that behave compositely, and the worst case, compositely 
designed bridges that behaved non-composite. 
 
Linear stiffness with respect to load magnitude can also be verified by observing the 
consistency of N/A locations with respect to truck position. Semi-composite behavior, in which 
some slipping occurs between the deck and beams, will be seen as large fluctuations in the N/A 
position throughout each load cycle.  
 
Whenever possible, two gages per cross-section are recommended when measuring flexural 
responses, even when there does not appear to be any possible means of composite action. 
This is because complex behavior can show up when least expected. The second gage 
provides a redundant measurement that can help determine if a questionable measurement is in 
error or due to unexpected behavior.  
 
When measuring strains on axially loaded members such as trusses, the location of gages on 
the cross-section is very important. In real structures there is no such thing as pure axial 
loading, there will always be a measurable bending component. Even tension members on 
eyebar truss structures experience bending. If the members are pinned, the pin locations will not 
be perfectly aligned with the member centroid or the member will have a slight curve, either 
from its own dead load, fabrication processes, or vehicle impacts. In these cases, the member 
will tend to straighten as the tension increases and measurements will indicate flexural stresses. 
Therefore gages should be placed as closely as possible to the member centroid if axial force 
only is desired. If the bending components are also required, then transducers should be 
attached as close as possible to the extreme fibers (2 or 4 gages depending on whether uni-
axial or bi-axial bending stress are to measured). 
 

Critical members 
It is very helpful to know beforehand which members and what response mechanisms (flexure, 
axial, shear, etc.) currently control the load rating. This knowledge has some influence on the 
instrumentation plan because the goal of the test is to determine the load conditions applied to 
critical members. However, it is insufficient to instrument only the critical members because it is 
usually necessary to determine where the load is going in a statically indeterminate system. For 
example, if strain measurements are different than predicted by an analysis, the reason may be 
because the member is more or less stiff than assumed in the model or that the actual member 
loading is different than applied in the model. If measurements were only made on the critical 
member, there would be no way of discerning which mechanism caused the error. 
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Mathematically speaking, there would be more unknowns than equations and there would be an 
infinite number of solutions. 
 
In the case of a beam-slab bridge, regardless of whether the interior or exterior beams control 
the ratings or whether the ratings are controlled by moment or shear, there would be little 
difference in the instrumentation plans. It may be desirable to place additional instrumentation 
on the critical member, but all stringers should be instrumented so that the actual load 
distribution can be captured. 
 
In the case of a truss floor-system with multiple bays of stringers and floor-beams, the 
instrumentation plan may vary somewhat depending on whether the stringers or floor-beams 
control the load rating. In both cases, it is necessary to instrument at least one bay of stringers 
so that the load distribution of the deck can be determined. In addition, at least one floor beam 
should be instrumented at several locations along its length since it essentially provides an 
elastic support for the stringers. If the stringers are assumed to be critical, it may be desirable to 
instrument multiple bays of stringers for comparison purposes. Placing extra gages on 
additional floor beams is only necessary if they are critical or if redundancy is desired. This is 
because in general, they are behaving almost entirely non-composite with the stringers and 
extra gages add little value to the model’s accuracy. 
 

Simply supported beams that simply aren’t simple 
Even though simple supports are usually assumed for design, actual beam supports will often 
induce measurable rotational end-restraint. Even rocker support conditions, designed 
specifically to allow for expansion and provide zero moment resistance, have been observed to 
induce enough end-restraint (negative moment) to lower midspan moments by as much as 30 
percent.  
 
The occurrence of end-restraint can be verified by simply placing gage pairs near the supports. 
Observation of any negative curvature (bottom of beam in compression) during a load cycle 
indicates that end-restraint is present. Having measurements near the beam-ends, or at least 
multiple gage sets along the length of the beam, is required to determine the degree of end-
restraint through subsequent analysis calibrations. 
 
If any consistency can be assumed among the beam supports it is probably not necessary to 
place gages near the end of all beams. However, it is common that one end of the span has 
different bearing details than the other (fixed/expansion), so it is good practice to place gages 
near both ends of selected beams. Also, interior and exterior beams often have different 
effective end-restraints because of construction details such as abutment or pier diaphragms, so 
determination of end-restraint should be applied to at least one exterior-beam and one interior-
beam. 
 
Since flexural responses are generally desired for comparison purposes, it is best to place end-
gages somewhere between one or two beam-depths away from the support. This is to avoid 
deformations and stress concentrations related to vertical stresses that are typically ignored in 
the analysis phase. Even when a complex 3-D model is utilized and the vertical stresses can be 
represented, it is recommended that strain comparisons be made from flexural responses only.  

Non-continuous spans that are continuous 
A subcategory of “simply” supported beams is the case of non-continuous, multi-span bridges.  
Even when there is no apparent connection between adjacent spans on a multi-span bridge, 
continuity will generally occur when beams from the two spans bear on a common pier. This is 
because reactions from one span will induce loads into the next span through the pier. 
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The cause of flexural continuity is often due to beam seat details that provide longitudinal (axial) 
continuity through the pier from one beam seat to the next. The fact that beam seats are usually 
eccentrically located relative to the beam’s neutral axes causes the axial forces in the beam 
bearings to induce rotational resistance and, in turn, cause end-moment in adjacent spans.  
Figure 2 illustrates a typical mechanism that induces continuity between spans.   
 
Generally, no additional instrumentation considerations need to be made for non-continuous 
multi-span bridges, but the test procedures may need to be modified if continuity is observed in 
the field. Since it is desirable that the structure be completely unloaded at the start and end of 
each test run, it may be necessary that data recording begin and end with the truck a full span 
away from the instrumented span. This is done so that reproducibility between runs can be 
quantified and any possible inelastic behavior can be detected.  
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Figure 2 (A) Non-continuous pier support, (B) Free body diagram. 

Symmetry 
Some of the most useful information for the qualitative assessment of a structure comes from 
the comparison of strain responses among those from similar gage locations. Differences in 
strain magnitudes from similar gage locations under similar loading can indicate inconsistencies  
in beam stiffnesses, support conditions, or load distributions. Therefore, whenever possible, it is 
a good idea to take advantage of structural symmetry in both instrumentation and load 
application.  
 

Hardware considerations 
The BDI-STS hardware is configured to handle four transducers per STS-box. After several load 
tests, this configuration was determined to be the most convenient and economical for bridge 
instrumentation. Usually, two gages are used on a single beam cross-section. With the STS-box 
placed between two beams, two beam cross-sections can be instrumented and hooked up 
without moving the access platform (ladder, snooper, scaffolding, etc.).  Because of this 
configuration, care must be taken during the instrumentation plan design to keep gage locations 
in groups of four. Pairs of instrumented cross-sections (either side-by-side or along a beam) 
must be within reach of the transducer cables - 10 to 20 feet apart depending on cable lengths 
supplied with the transducers. 
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The number of data channels available on the testing system will always control the placement 
of gages. There will always be a process of compromise between desired gage locations and 
actual gage placement.  
 

Condition of structure 
Another factor influencing the location and amount of instrumentation is the condition of the 
structure. For example, it may be sufficient to instrument one or two spans on a multi-span 
structure if there appears to be minimal deterioration and each span has similar beam support 
conditions. On the other hand, if the bridge has significant deterioration and consistency among 
spans or beams cannot be assumed, then the most critical spans should be instrumented and 
the instrumentation on each span should be more extensive (each beam instrumented at three 
or more locations along the span).  
 

The Load Test 
Details of the load test procedures are provided in the STS operation manual. However, it is 
important that the people performing the load test have a thorough knowledge of the goals of 
the test and understand the capabilities and limitations of diagnostic testing. Equally important, 
is that the people who are defining the goals of the test and setting up the instrumentation plan 
and test scenario have first hand experience in the field operations. There are no clear 
boundaries between the fieldwork and the subsequent structural evaluation; therefore it is best if 
the same people perform the load test and data evaluation to maintain continuity.  
 
Quite often, modifications to instrumentation plans must be made in the field due to accessibility 
issues or structural details that might make instrumentation difficult. In the case of older 
structures, plans are sometimes unavailable so the entire instrumentation plan must be 
designed on-sight. In any case, clear and accurate field notes must be taken. All gage locations 
must be referenced from obvious work points such as center of beam bearing, center of pier, 
diaphragms locations, etc. It is also important to clearly indicate where on the beam cross-
section that each gage is mounted. 
 
In the business of instrumentation and measurements, “unusual observations” are the norm. For 
example, multi-span bridges that are designed, built, and appear to be non-continuous often 
display a considerable degree of continuity between spans. It is important that situations such 
as these be identified in the field so that the load test procedures can be performed correctly. 
Unusual responses such as unintended continuity or partial composite behavior can generally 
be detected by a quick examination of a few strain histories in the field.  
 
Brief observations of field data, at the time of the test, are also useful for detecting equipment 
problems such as poor transducer attachment, a malfunctioning transducer, or faulty load 
position equipment. Personnel well trained in data assessment can detect these problems and 
solve them in the field rather than bringing flawed data back to the office. 
 
 

Sample Bridge Structures 
The following sections contain basic information and instrumentation plans for common 
structure types. It is important to remember though that each load test is unique either due to 
the structure itself or due to the reason it is being tested.  
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Single span steel girder bridge 

 
 

Description of Structure 

Structure Identification 7601.2S003 
Location IA 3 Over Cedar Creek – Pocahontas County, Iowa 
Structure Type Steel Girders - Single Span, Composite 
Span Length(s) 41’-3” 
Skew Right 
Structure/Roadway  Widths 31©-10.5", 30©-0" 
Beam Types (2) Ext. Beams W24x76 composite 

(2) Int. Beams W27x94 composite 
Beam Spacing 3 spaces @ 9©-8 1/4" = 29©-0 3/4" 
Curb/Parapet Detail R/C curb integral with slab. 

R/C parapet on curb - not part of original structure. Parapet is 
continuous over length of bridge and appears to be securely 
bonded to curb. 

Visual condition Beams in good condition with no apparent corrosion or loss of 
section. 

 



9 

Instrumentation and Load Test Details 
Date August 10th 1999 
Structural Reference Point X=0, Y= 0 at intersection of South abutment face and centerline 

of South West girder. 
Test vehicle direction East bound for all tests (Positive X direction). 
Start of data recording All tests start with front axle at X = -15.4© 

Truck position Record truck position at every wheel revolution (10.8©). 
AutoClicker placed on driver side front wheel. 

Lateral truck path(s) 2 truck paths were defined for the load test. The Y position 
refers to distance between driver side front wheel and centerline 
of SW girder. 
 Y1 = 11.4© 
 Y2 = 25.25© 

Measurements (28) strain gages recorded at 33 Hz 
Gage Placement See Figure 3. Bottom flange gages placed at center of bottom 

flange.  Top gages placed on underside of top flange, 2” from 
web.  Diaphragm gages placed at the edge of top and bottom 
flanges. 

Gage types BDI Intelliducers 
Number of test cycles Data was recorded while the test truck crossed the bridge at 

crawl speed (5 mph). Each truck path was run twice to check 
reproducibility. One high-speed pass was run along path Y1 to 
measure dynamic response of the bridge. 

 
 

 

Figure 3 IA 3 over Cedar Creek - Instrumentation Plan. 
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Figure 4 Load Configuration of Test Truck. 

 

Table 1 Load Test Data Files  

Truck 
Path 

STS 
Data File 

Comments 
 

Y1 WCED1.dat Passenger-side wheels on right shoulder line 
Y1 WCED2.dat "         "         "  
Y2 WCED3.dat Driver-side wheels on left shoulder line 
Y2 WCED4.dat "         "         "  
Y1 WCED5.dat Passenger-side wheels on right shoulder line 

High Speed Pass (45 MPH) 
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Multi-span continuous girder bridge 

 
 

Description of Structure 

Structure Identification 4631.1S003 
Location IA 3 Over East Fork Des Moines River, Humboldt County, Iowa 
Structure Type 3-Span Continuous, Composite Steel Girders  
Span Length(s) 97’-6”, 125’-0”, 97’-6” 
Skew Perpendicular 
Structure/Roadway  Widths 34’-0” / 28’-0” 
Beam spacing 4 beams spaced at 8©-11" 
Beam depth(s) Interior Beams: W36x245 with cover plates 

Exterior Beams: W36x194 with cover plates 
Curb/Parapet Detail R/C curb with embedded steel channels and steel handrail. 

Curbs directly over exterior beam line. 
Deck 8" R/C deck with 1 to 3 inches over concrete overlay. 

Parabolic deck crown of 3" obtained with differential beam 
elevations. 

Visual condition Beams in good condition with no apparent corrosion or loss of 
section. 

 



12 

Instrumentation and Load Test Details 
Date August 11th 1999 
Structural Reference Point X=0, Y= 0 at intersection of East abutment face and center line 

of South girder. 
Test vehicle direction West bound for all tests (Positive X direction). 
Start of data recording All tests start with front axle at X = -15.4© 

Truck position Record truck position at every wheel revolution (10.8©). 
AutoClicker placed on driver side front wheel. 

Lateral truck path(s) 2 truck paths were defined for the load test. The Y position 
refers to distance between driver side front wheel and center 
line of S girder. 
 Y1 = 2.0© 
 Y2 = 18.5’ 

Measurements (40) strain gages recorded at 33 Hz 
Gage Placement See Figure 5.  Bottom flange gages placed at center of bottom 

flange.  Top gages placed on underside of top flange, 2” from 
web.  Diaphragm gages placed at the edge of top and bottom 
flanges. 

Gage types BDI Intelliducers 
Number of test cycles Data was recorded while the test truck crossed the bridge at 

crawl speed (5 mph). Each truck path was run twice to check 
reproducibility. One high-speed pass was run. 
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Figure 5 IA 3 over East Fork Des Moines River - Instrumentation Plan. 
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Figure 6 Load Configuration of Test Truck. 

 

Table 2 Load Test Data Files  

Truck 
Path 

STS 
Data File 

Comments 
 

Y2 DMR1.dat Passenger-side wheels on right shoulder line (missed 1st click). 
Y2 DMR2.dat Passenger-side wheels on right shoulder line 
Y2 DMR3.dat           "         "         "  
Y1 DMR4.dat Driver-side wheels on left shoulder line 
Y1 DMR5.dat           "         "         "  
Y2 DMR6.dat Passenger-side wheels on right shoulder line 

High Speed Pass (55 MPH) 
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Continuous R/C slab bridge 

 
 

Description of Structure 

Structure Identification 6723.5R029 
Location  I-29 over Robinson Drainage Ditch - Monona County, Iowa 
Structure Type R/C Slab - 3 span continuous 
Span Length(s) 24©-5", 31©-2", 24©-5" 
Skew 17° 9© L.A. (clockwise from perpendicular) 
Structure/Slab/Roadway  
Widths 

46©-0", 43©-0", 40©-0" 

Slab Thickness Varies transversely with parabolic curve of top surface. 
10 1/2" at slab edge. 
17 1/2" at center of roadway 

Curb/Parapet Detail R/C curb integral with slab and R/C parapet 
Visual condition Slab in excellent condition with minimal flexural or temperature 

cracks. 
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Instrumentation and Load Test Details 
Date August 5th 1999 
Structural Reference Point X=0, Y= 0 at intersection of South abutment face and East edge 

of slab. X direction parallel to roadway. 
Test vehicle direction North bound for all tests (Positive X direction). 
Start of data recording All tests start with front axle at X = -13.6© 

Truck position Record truck position at every wheel revolution (10.808©). 
AutoClicker placed on driver side front wheel. 

Lateral truck path(s) 3 truck paths were defined for the load test. The Y position 
refers to distance between driver side front wheel and East edge 
of slab. 
 Y1 = 13.7© 
 Y2 = 20.6© 
 Y3 = 36.6© 

Measurements (36) strain gages recorded at 33 Hz 
Gage Placement See Figure 7. All slab gages on bottom of slab. Top parapet 

gages on top of parapet (42" above bottom of slab). Slab gages 
placed longitudinally or perpendicular to roadway. 

Gage types BDI Intelliducers with extensions (18" gage length). 
Number of test cycles Data was recorded while the test truck crossed the bridge at 

crawl speed (5 mph). Each truck path was run twice to check 
reproducibility. No high-speed passes were performed due to 
traffic considerations. 

 

 

Figure 7 I-29 over Robinson Ditch - Instrumentation Plan. 
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Figure 8 Load Configuration of Test Truck. 

 

Table 3 Load Test Data Files  

Truck 
Path 

STS 
Data File 

Comments 
 

Y1 Rob1.dat Driver-side wheels on right shoulder line 
Y1 Rob2.dat          "            "              "             " 
Y2 Rob3.dat Passenger-side wheels on right shoulder line 
Y2 Rob4.dat          "            "              "             " 
Y3 Rob5.dat Driver-side wheels on left shoulder line 
Y3 Rob6.dat          "            "              "             " 

 

Custom Analysis Software 
Once data has been obtained from the field, it must be processed and utilized in a manner to 
support structural assessment. The process includes a quality evaluation of the field data, 
structural modeling and analysis, data comparison, and model calibration. In theory, these steps 
could be performed with off-the-shelf software packages such as spreadsheets and analysis 
programs. However, due to the large quantity of data and the complexity of the bookkeeping, 
the process would be extremely tedious and human error becomes unavoidable. In an attempt 
to streamline the process, a set of programs was developed by BDI with the following basic 
functions.  
 

WinGRF Graphing  
Data Processing/Reduction. 
Data Comparison. 

WinGEN Bridge Model Generation. 
Load Test Simulation. 

WinSAC Structural Analysis. 
Model Calibration. 
Load Rating Computation. 

 
While the BDI Software Manual provides information on the operation of the specific programs, 
the remaining portion of this manual should help define why the various functions exist and how 
they can be utilized. To illustrate how data flows from one program to the next, a diagram is 
provided in Figure 9. 
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Figure 9 BDI software data flowchart. 

Because of the large number of files that are generated from the load test and subsequent 
modeling and analysis, it is highly recommended that a unique subdirectory be created for each 
bridge. The data processing is greatly simplified if all data files for a structure are stored in the 
same directory.  

Preliminary Investigation of Test Data 
One of the most important steps in the structural evaluation process is simply looking at the field 
data. This is the first step in evaluating the structure’s performance and is necessary to 
effectively complete model calibration and load rating.  Visual examination of the data gives the 
engineer a feel for the data quality, member cross-section definition, and response behavior. 
Much of the information gained is qualitative in nature such as the relative magnitudes of strains 
from one location to another and the shape of response histories. Quantitative values such as 
neutral axis measurements and peak strains should also be noted during the preliminary 
investigation. This information often effects the definition of initial modeling parameters and 
boundary conditions so that the initial model can at least be reasonable.  
 
The WinGRF software is used to view the data since it can read the raw STS data files. This 
software has a variety of data processing and graphing tools that simplify the data observation 
and subsequent comparisons with analysis results. Spreadsheets can be used as well, however 
they usually require a significant amount of in importing and formatting data. The following 
sections describe typical investigation processes that are done prior to calibration of a model. 
 
The majority of data observations are made in the form of response histories where strains, 
curvature, or neutral axis positions are displayed for a complete load cycle (truck pass) as a 
function of time or load position. The plots indicate the magnitude of a response at the gage 
location as a function of load location and are analogous to influence lines. Since most 
engineers are more familiar with shear, moment, and displacement diagrams (associated with a 
single load case) the response history plots may be confusing at first. Response histories are 
useful because they contain information for a complete load cycle and are representative of how 
the data was actually recorded. One data history is generated for each gage location during 
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each truck pass, therefore, several hundred data histories may be generated while testing a 
single bridge. It will be comforting to know that interpreting these plots will become second 
nature after viewing data from just a few load tests (roughly ten thousand strain histories). After 
gaining first hand experience in dealing with the large quantity of data, the need for custom 
software becomes evident. 

Reproducibility of test data 
Typically, two or more passes of each load path are performed in the field. This is done to 
ensure that the structural responses and test procedures are reproducible. Reproducibility can 
be quickly verified by loading the duplicate data files into WinGRF and then view one or two 
strain histories at a time. In most cases, strains from identical loading scenarios will be within a 
few micro-strain or a few percent of one another.  
 
A common field error that is easily detected is that of a missed or an erroneous load position 
“click”.  Regardless of whether the load position monitoring was done by manual keying of the 
radio or by the AutoClicker, clicks are occasionally missed or additional clicks are inserted from 
radio interference. This will show up in the reproducibility check because the strain histories will 
be out-of-phase with one another. The location in the file can be detected by noting where the 
data shift occurs. Additional clicks are recognized by a flat section of data because the data 
graph shows that the truck has traveled an additional interval even though the strains have 
changed very little. Missed clicks usually show up in the strain histories as sections with steeper 
slopes than the adjacent regions. 
 
A text editor such as Notepad, WordPad, Brief, MultiEdit, etc., is used to locating and correct the 
position interval marks. Position click mark errors can also be detected by displaying strain 
records with the STS software.  At the end of the strain data file, the following data blocks exist 
that define load position: 
 
* Starting position 
  0.000E+00 
* Clicker distances 
  10.46 
* Total number of clicks 
  32 
* Clicker times 
   0 
  67 
 125 
   ¼  
 
The numbers following the header, “ * Clicker times”, indicate the data sample number at which 
the receiving radio detected a signal (click). If the load truck was traveling at a reasonable 
constant speed across the bridge, the intervals between “clicker times” will also be constant. If 
an interval is much too short, delete the click value that appears to be erroneous. If an interval is 
approximately double the other intervals, then insert a click time with a value halfway between 
those preceding and following the missed click. It will also be necessary to update the value for 
“* Total number of clicks”.  
 

Define reference for truck position 
The usual scenario is that the field personnel will neglect to enter in values for the “Starting 
position” and “Clicker distances”. Or if it is entered, it will most likely be wrong. Therefore, 
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appropriate values should be entered prior to attempting to plot data. The starting position 
should correspond to the longitudinal coordinates of the bridge model to facilitate comparisons 
between the field and analysis data. For example: 
 
·  If data recording began 10 feet prior to the X=0 location on the bridge model and the wheel 

rollout distance for the Autoclicker was 10.6 feet, then use the following position information: 
* Starting position 
   -10.0 
* Clicker distances 
    10.6 

 
·  Alternatively, if the bridge model is 100 feet long, the truck was traveling from right to left 

(negative X direction) with respect to the model coordinate system, and the data recording 
began 10 feet beyond the end of the bridge, then the following position information will 
apply: 

* Starting position 
  110 
* Clicker distances 
  -10.6 

Inelastic behavior or transducer malfunction 
When viewing strain histories it is important to note the initial and final readings on each gage. If 
the sensors functioned properly and the responses were elastic, the initial and final 
measurements after each load cycle should be nearly equal. If this is not the case, the data 
must be examined thoroughly to determine the cause. In general, inelastic behavior rarely 
occurs during service load conditions. Slight relative offsets sometimes occur due to friction in 
partially restrained support conditions or partially composite beam sections. Inelastic responses 
are typically less than 5 percent of the maximum measured strain.  
 
A more likely occurrence is temperature drift or a malfunctioning transducer attachment. 
Malfunctioning transducers will usually exhibit no response at all or a very noisy signal that 
tends to drift. Look at data from several tests and other gage locations to see if the noise and 
drift are associated with a single sensor or if it actually appears to be related to the structure. A 
case of poor transducer attachment is usually easy to spot. Strains will increase in magnitude 
(either compression or tension) as loading increases and then a suddenly drop in magnitude as 
the transducer slips. This will usually result in the final and initial strains being significantly 
different. 
 
If it is determined that unusual measurements are due to equipment malfunction than simply 
ignore the data from the erroneous sensor. When actual inelastic behavior does exist attempt to 
define the source and utilize the information as best as possible. Since the analysis is based on 
linear-elastic responses, the potential accuracy of the model will be reduced. The subsequent 
linear representation should then be based on a conservative extreme. In the case of partial 
composite behavior, the load rating will most likely be based on the non-composite situation. If 
beam support conditions are found to have inelastic behavior, then simple supports should be 
assumed for the final model.  
 
Other conditions that may appear as inelastic behavior are temperature fluctuations. Usually, 
the duration of a single load cycle is less than a minute, meaning temperature effects should be 
negligible. However, in cases where the transducers are exposed to sunlight, such as on a 
truss, the transducers can be affected rapidly by changes in cloud cover because they have little 
mass or thermal inertia. Windy conditions can also induce temperature strains particularly when 
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aluminum extensions are attached. It is best to detect these situations in the field and solve the 
problem by covering the exposed transducers. When that fails to happen and it is apparent that 
temperature drift is present in several transducers it is best to examine data from duplicate truck 
passes and pick the truck pass (data file) that is least affected by environmental conditions. 
 
In some cases, load tests are performed where the load vehicle cannot drive entirely off the 
structure or must start at a location such that the structure is not completely unloaded at either 
the beginning or end of the test. When this occurs it may not be possible to verify elastic 
behavior. As a means providing a reference zero point for the measured strains, the WinGRF 
program provides three data offset features when loading STS data: 
 
·  Subtract initial offset 
·  Subtract final offset 
·  No offset subtraction 
 
These options simply subtract the initial or final strain values from all other data points to 
provide a zero reference condition.  

Neutral axis locations 
Neutral axis locations can be computed from the raw data using the WinGRF software.  As 
discussed in the Instrumentation section, measurements of the neutral axis can be made with 
two gages on a cross-section and are required for relating strain values to flexural responses.  
Figure 10 illustrates the computation of Neutral axis and curvature from two strain 
measurements. 
 

 

Figure 10 Illustration of Neutral Axis and Curvature Calculations 

 
WinGRF can perform the N/A calculation from the raw data files after the user has entered 
information regarding gage pairs. Within the graph definition menu, the user can define gage 
pairs or “Phi Locations”. For each gage pair, the user must select the top gage ID, the bottom 
gage ID, and specify the distance between the gages. When plotting neutral axis values the 
user is first prompted to specify a minimum strain differential between the upper and lower 
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gages. This is because the N/A computation is invalid when there is no strain differential and 
sensitive to errors with a small difference. The default value is 20me so that the measurement is 
not heavily influence by the resolution of the data acquisition system and the accuracy of the 
transducers. When plotted, the N/A history is shown as a function of truck position (or time) and 
is only computed and displayed for instances when the difference between the upper and lower 
strains are above the user defined minimal strain differential.  
 
Fluctuating N/A values are an indication of non-linear cross-section properties or that the 
responses are not purely flexural. If the axial loading stresses are significant relative to the 
flexural stresses than the above computation method is invalid. It is important to realize 
however, that pure flexure rarely exists and that numerous secondary deformations can affect 
the N/A measurement. Localized distortions are very common in the upper gage readings when 
the truck wheels cross over the gage position. These variations are typically due to vertical 
pressure, shear distortion, or local flange bending and must be ignored when evaluating the N/A 
corresponding to pure flexural responses. 
 
Since the measured angle is so small (units of micro-radians) it is best to place the gages as far 
apart as possible to maximize the measured strain differential and minimize effects of small 
gage errors.  
 
The N/A measurement units will be the same as those used to define the distance between 
gages and the results will be relative to the bottom gage location. Flexural curvature can also be 
calculated from the defined gage pairs, in which case, the units used for the gage pair definition 
should correspond with the base distance units used in the analysis. This is because analysis 
curvature is computed as (M/EI) which is the change in rotation angle per unit distance. 

Non-linear behavior 
When examining strain histories, always keep a lookout for unusual responses that might 
indicate nonlinear behavior. Normal strain histories indicating linear responses consist of 
smooth curves without erratic or sudden shifts in magnitude. The slopes of the lines vary with 
the position of the loading vehicle relative to the gage location, but there are usually smooth 
transitions from one phase to the next. Figure 11 contains strain histories that are indicative of 
linear behavior. Note that the upper and lower gage readings cross each other at zero strain 
axis. This indicates that the responses are for the most part purely flexural and contain little to 
no axial influence. 
 
Top gages on beam cross-sections tend to have the greatest occurrences of non-linear 
responses. When slipping between the deck and beams occur in semi-composite conditions, 
the upper gage will be heavily influenced by shifts in the neutral axis position. It is interesting to 
note that the bottom gage response is not noticeably affected by the neutral axis shift. This is a 
common response and indicates that while the stiffness of the beam in not linear with respect to 
load, the section modulus relative to the bottom flange is relatively constant. An example of top 
and bottom flange strain histories in a semi-composite condition is shown Figure 12. 
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Figure 11 Strain histories from 3-span bridge indicating linear behavior. 
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Figure 12 Nonlinear response due to semi-composite beam-deck interface. 
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Other relatively common occurrences are bi-linear support conditions. These are found mainly 
on steel bridges where a beam support or abutment wall has been damaged or where a beam 
has been loaded beyond its elastic limit so that it is permanently bent. This can result in the 
beam end not being in contact with the bearing until a vehicle load pushes the beam end down. 
Figure 13 provides and illustration of this situation. The negative strain that occurs at midspan 
when the truck reaches the beginning of the bridge is caused by the cantilever action of the 
beam. Once the beam is pushed down on to the support, the response behavior appears to be 
normal. 
 

Negative moment at midspan due to bi-linear support condition.

Truck Position (ft)

S
tr

ai
n 

(m
ic

ro
-s

tr
ai

n)

BI-LINEAR SUPPORT CONDITION (BEAM 3 - MIDSPAN 3)

 

Figure 13 Non-linear response due to bi-linear beam support. 

 

Apply Secondary Gage Factors 
Occasionally, an additional multiplier must be applied to some or all of the raw strain readings. 
The most common need for secondary gage factors is when gage extensions are used on R/C 
structures. During the load test, the Intelliducers identify themselves to the data acquisition 
system. The data acquisition software then looks up the correct calibration constant and applies 
the factor to the strain readings. These factors provide the correct strain to voltage relationship 
for the standard length transducer. The displacement of an extended transducer is concentrated 
in the transducer itself so that the strain measurements are amplified and not equal to the actual 
strain. The secondary gage factor that must be applied is a function of the extension length and 
can be applied as the ratio of the original gage length over the extended length as in Equation  
(1). 

�
�
�

�
�
�=

Lx
Li

GF 9.0  

Where: 
    Li = original gage length (3 inches) 

(1) 
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    Lx = extended gage length (6, 9, 12, 15, 18, 21, or 24 inches) 

 
Other situations that may require the use of a secondary gage factor is if the sensor used in the 
field were not Intelliducer-compatible so that the calibration factor was not automatically applied, 
if the STS system cannot find the calibration factor for a particular sensor (XDUCER.CAL file), 
or if data is to be displayed in units different than those specified by the calibration factor.  
 

Modeling and Structural Analysis 
The reason the “Integrated Approach” to load rating was developed in the first place was due to 
the recognition that design procedures based on a simplified analyses (beam line analyses with 
distribution factors) were insufficient for representing actual performance of existing structures. 
The use of distribution factors is reasonable for design because they are efficient and the results 
provide safe bridges for nearly all conditions. However, when dealing with existing bridges, 
more sophisticated analyses may be desired if they can result in a more accurate load rating. 
The desire for a more accurate load rating is generally associated with prioritizing bridge 
replacement, defining permit truck routes, or defining a more realistic load limit for bridges that 
appear to be performing well but rate poorly by standard calculations. In these cases, the 
bridges can be examined individually so that stiffness factors specific to the bridge can be 
determined and utilized. 
 
Results from numerous research projects and load tests indicate that an accurate analysis 
requires modeling the total load distribution, not just the portion of the load on a single 
component. Therefore, analyses used for comparisons with measured responses, as in the 
“Integrated Approach”, should not be based on load distribution factors but on a reasonable 
representation of the structure’s actual geometry.  The required complexity of the model 
geometry varies depending on the structure type.  
 
For most bridge types, a planar model is sufficient to represent the load paths with a reasonable 
degree of accuracy because both longitudinal and lateral load distribution can be simulated. The 
longitudinal stiffness components include the beams and beam end-conditions, while the bridge 
deck, transverse members, and variations in the beam stiffness across the bridge provide the 
lateral-load transfer. With a planar model, features such as skew-angle, beam-spacing to beam-
length aspect ratio, and edge stiffening provided by curbs and parapets can be simulated.  
 
Other requirements for realistic modeling and implementation of the Integrated Approach 
include efficient application of truck loads, the ability to compute responses analogous to the 
load test measurements, a method of comparing results and accessing accuracy of the model, 
and tools for improving the model accuracy. A considerable amount of bookkeeping is 
necessary to make the comparisons between the load test and analysis results. For a typical 
bridge test, there may be as many as 64 gage locations and two or three truck paths with strains 
recorded continuously during moving load scenarios. The applied load conditions may be 
simulated by the analysis with upwards of 100 different load cases, meaning that several 
thousand data points may be generated for comparison. To make this process feasible, it must 
be automated as much as possible. 
 
A variety of planar analyses are available including finite elements, grillage techniques, semi-
continuum methods and others. Any of these can provide suitable results; however, BDI 
selected a finite element approach due to the flexibility in modeling and the wide range of 
structure types. It was also necessary to implement specific features of the Integrated Approach 
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so that modeling, comparison, and calibration could be performed in an efficient manner. This is 
why BDI chose to develop custom software rather than utilize an existing commercial analysis 
package. The following sections provide details on the available analysis features and on 
recommended modeling techniques.  
 
The analysis package provided by WinSAC is a general-purpose 3-D finite element program. 
However, the majority of modeling tools are geared towards a typical bridge that can be 
modeled as a grid structure. The program WinGEN is a model generation program used to 
generate SAC input files. It enables an engineer to generate a representative 2-D model of a 
bridge very quickly and perform all the steps necessary to simulate a load test.  
 
3-D models can also be generated and analyzed; however in the current state of the software, 
the process is significantly more complicated. A combination of CAD software, WinGEN, and 
manual manipulation of the combined input files is necessary. For the sake of simplicity, only 2-
D modeling procedures will be considered in this manual.  
 

Model Geometry 
The first step in generating a realistic model is to simulate the planar geometry as best as 
possible. This includes providing the correct number of beam-lines, spacing, span-length(s), and 
any skew angle. Other things that might need to be considered are transverse members, width 
of interior pier supports, and modeling of curbs and parapets. The secondary items are 
important because they can control the location of work points (forced nodal locations). For 
example, if the deck on a beam-slab bridge is not cantilevered over the exterior beams, such 
that a wheel load cannot effectively be applied between the centerline of the beam and the curb, 
then the exterior beam and curb/parapet can be treated as a single beam line. Any stiffening 
provided by the curbs can be assumed to contribute the exterior beam stiffness. Alternatively, if 
the deck does have a significant cantilever (more than 2 feet between beam centerline and curb 
face) then the curb/parapet should be treated as a separate beam line.  
 
WinGEN enables the user to define the basic geometry of most slab and beam-slab bridge by 
filling in table entries corresponding to the above information along with desired mesh 
refinement parameters. The mesh, including nodal points and element connectivity, is then 
defined automatically and displayed as shown in Figure 14. 
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Figure 14 Single span bridge model generated by WinGEN. 

The mesh can then be further manipulated by adding transverse members at desired locations 
and spring elements to simulate elastic support conditions. Whenever possible, transverse 
members (diaphragms) should be included in the model because they may have some effect on 
the lateral load distribution. They are often used as reference points in the field when locating 
transducers on the structure, so it is very convenient to have the same work points on the 
model. Transverse members (with no stiffness) can also be used as work lines to force nodal 
points at specific locations (for example splice locations or face of an integral pier or abutment). 
Occasionally, the effective width of an interior support may influence the structural response. 
This is most common with continuous R/C slabs with integral supports where the width of the 
support maybe as much as 1/10th the span length. In these cases, it may be necessary to model 
the thickened slab at the support or simulate a long support condition. This may help provide a 
more accurate representation and move the critical shear region to the face of the pier rather 
than at the pier centerline. 
 
Spring elements should typically be provided at all beam support locations and occasionally at 
intermediate deck nodes along abutment and pier lines. Accurate support definition is probably 
the most important aspect of obtaining a realistic bridge model.  Any node that may be partially 
restrained by the substructure should receive a spring. Minimal resources required to implement 
springs and the stiffness constants can be set to zero if they are to be ignored, so it is 
advantageous to place them wherever they might be needed rather than adding them later.  
 
A variety of extenuating problems occur with other parts of the model definition when the mesh 
is modified. Items such as gage placement, member group definition, and boundary conditions 
get shuffled, so whenever possible, it is best to finalize the geometry before continuing with the 
model definition. 
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Model Components 
The main components of a bridge model include frame elements to represent beams and 
diaphragms, shell elements for the deck, spring elements to simulate elastic restraint of support 
conditions and boundary conditions. Following the geometry definition, the member model 
components are located by the mesh generation routine. That is to say that all of the frame 
elements, springs and shell elements are in place and attached to nodes. At this point, however, 
there are no material or cross-section properties associated with the members. 
 
While spring elements and boundary conditions are both associated with support locations, it is 
important to understand that they are not the same thing. Springs are simple finite element 
components that provide some degree of stiffness to one or more degrees of freedom and are 
intended to provide some type of resistance to movement. On the other hand, boundary 
conditions are simply “binary switches” associated with nodes that indicate whether or not a 
particular degree of freedom can move. Boundary conditions can be simulated by spring 
elements by entering stiffness terms of zero or infinity (or a really large number).  
 

Cross-section and Material Properties 
Member cross-sections and material properties are created and cataloged in member groups. 
Member groups are then assigned to the various elements. Using this approach, material and 
cross-section properties do not need to be explicitly defined for individual members. Typically, 
members having the same cross-section are given the same member group. However, multiple 
groups can be created having identical properties when the need arises. For example, interior 
and exterior beams may initially be given the same properties but have different group 
assignment so that they can changed independently during the model calibration process. 
Assignment of member groups may also be controlled by variations in member capacity even 
though stiffness properties are relatively constant.  
 
The type of element (beam/frame, plate/shell, or spring) is the first parameter that is defined for 
each member group, followed by the various stiffness parameters associated with the element. 
Plate and spring elements properties must be defined explicitly; plate elements require values 
for thickness, average material modulus, and Poisson’s ratio, while spring elements are defined 
by spring constants for each degree of freedom. WinGEN has tools to generate stiffness 
properties for various types of beam cross-sections, such as the AISC steel table and a 
graphical cross-section building tool. Each member group must be given a unique and 
descriptive name so that it can be referenced later. 
 
Composite behavior between beams and deck can be defined by the cross-section definition or 
implied by geometry. By turning on the “composite” flag, a transformed section is generated on 
the screen. The contributing portion of deck is defined in terms of deck thickness, effective 
flange width, and haunch (offset between deck and top flange of beam). The stiffness ratio of 
the deck and beam materials can also be defined. Cross-section properties are automatically 
computed for the transformed section. The cross-section area, however, is based strictly on the 
non-composite portion of the beam. When composite behavior is modeled in this manner. It is 
assumed by the analysis that the composite beam neutral axes are located in the mid-plane of 
the deck shell elements (Eccentricity equals zero).   
 
The alternate method of simulating composite behavior is to provide an eccentricity term that 
specifies the distance between the beam centroid and the center of the deck elements. In this 
case the beam is defined as non-composite (no transformed section) and the composite 
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behavior is obtained implicitly by the geometry. Because the beam is offset from the deck via a 
rigid transformation, the beam element will experience both bending and axial force. 
Technically, this is a more realistic method for representing composite behavior. However, due 
to the nature of shear transfer between the shell and beam elements, a more refined mesh is 
required. Load rating also becomes more complicated with this approach because the stresses 
are a function of two force components. Figure 15 provides and illustration of both forms of 
composite behavior that can be modeled by WinGEN. 
 

DECK

N.A.

N.A.

 

Figure 15 Two methods of simulating composite behavior. 

Assigning Member Groups 
An element’s stiffness properties are defined by assigning a member cross-section group to that 
member. This is done by selecting the group name from the list and then selecting members 
which are to be associated with the group. The selection of members is carried by windowing 
with the mouse cursor. Windowing from left to right selects all members that are entirely in the 
window. Right to left windowing select all members in the rectangle as well as those crossing 
the boundaries. WinGEN will only select members of the correct type. For instance, only beams 
will be selected when the current group is of type beam. Therefore, there is no need to worry 
about accidentally assigning beam properties to deck elements that might be within the window 
rectangle. 

Loading 
Loading is applied in two stages. For the first stage, data is to be compared with load test data, 
and it is important to simulate the actual applied load conditions. Only the truck live-load will be 
applied since measured strains are induced by live-load only. A footprint of the truck is defined 
that has the same axle spacing, wheel widths, and wheel loads as the actual test truck. If more 
than one bridge was tested with the same test truck it is convenient to save this configuration in 
the truck library. 
 
After the truck is defined, truck paths must be defined that correspond with the actual test paths. 
The same lateral position relative to the structure must be applied; therefore the actual truck 
path must be accurately measured and reported in the field notes. Each path is simulated by a 
series of discrete truck positions (sequential load cases). Truck paths are defined in WinGEN by 
providing the truck starting position, ending position, and interval distance. It is important to 
remember that the truck path definition values must be defined in model coordinates and that 
the truck reference point is the left side front wheel. The discrete positions do not have to 
correspond to the “click” intervals from the load test. It is best to have the truck at least partially 
on the bridge for the first and last truck positions in case the analysis is going to be run for zero 



 30 

applied loads. A convenient interval for the truck placement should be selected so that the 
shape of the response history curves can be adequately simulated. Usually 10 to 15 intervals 
per span is reasonable.  
 
After a path is defined, it can be displayed on the screen to ensure that it is correct. Among the 
most common modeling errors are mistakes in truck path definition. The usual scenarios are 
that the truck is given the wrong direction so that it is traveling backwards, the lateral position is 
measured from the passenger side rather than driver side, or the wrong sign is given to the 
position interval to indicate whether the truck movement is to the left or right. One common 
mistake at this point is that only one axle line has been defined and it appears that only half of 
the truck is loading the structure. Therefore, it is important that each path is displayed from start 
to finish. 
 
When the process has advanced to the load rating stage, a separate load-rating model should 
be developed. This model is to contain the rating load conditions; most likely different than the 
test load conditions. First of all, the load vehicle will usually be a standard rating truck or a 
custom permit vehicle. The truck paths must also be designed to generate the critical loading for 
all components. AASHTO specifications require that the exterior wheel-line of a truck be 2’-0 
from the curb line to provide critical loading on exterior beams. Additional paths must then be 
defined relative to the curb path to provide multilane load scenarios. AASHTO specifies trucks 
(lanes) be at 10 foot intervals, however, local agencies often allow for 12 foot intervals on 
existing bridges that are striped at 12 feet.  
 
A series of truck paths must also be defined to obtain the critical loading on at least one interior 
beam. Place the truck’s (interior) wheel-line directly over a beam and then add the necessary 
multilane loading paths. Again, the first and last truck position should have the truck just on and 
almost off of the structure. The paths can be generated to handle the longest vehicle for which 
rating is to be performed. The reasonable position interval that will generate the critical load 
conditions for all members is approximately 1/12th of the shortest span. This interval is much 
shorter than that used for the model calibration truck paths. During calibration, the goal is to 
generate a representative model, not necessarily the most critical responses. It is important to 
remember that run time increases with the number of load cases. Therefore, it is best to avoid 
unnecessary computations. 
 

Gage (Transducer) Locations 
Gages are located graphically in a manner similar to how they are attached in the field. For 
beam-slab type bridges, gages are usually attached to the primary beam elements or to the 
bottom of the slab on R/C slab bridges. In both cases, some convenient reference point is used 
to locate each gage. A reference point can be any nodal point on the model (i.e. support 
location, diaphragm intersection, cross-section change).  
 
For beam gages, the user locates the reference node and then locates another node to indicate 
a direction from that point. The program then prompts the user for the distance from the 
reference point and information about the number of gages at the cross-section and Gage 
Identification. Once the location on the model has been defined, a cross-section view of the 
beam is displayed and the user graphically locates the gages on the beam surfaces. To 
facilitate subsequent data comparison, the same gage identification (Transducer ID) listed in the 
field notes must also be provided. 
 
Plate (slab) gages are placed similarly, except that longitudinal and transverse dimensions are 
entered to locate the gage relative to the reference point. The user is then prompted to define 
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the location from the plate neutral axis, the Gage Identification, and the orientation of the gage 
longitudinal with plate X-axis or Y-axis.  
 
Defining the vertical distance from an R/C slab neutral axis to the gage sometimes requires 
some engineering judgment. One of the common goals of load tests is to identify neutral axis 
locations, however, this process becomes difficult at best when it comes to slabs. The 
calculation requires that strains be available from two depths. With exception to the edge, where 
there is usually a curb and railing, only the bottom surface of the slab is practically accessible. In 
theory, gages could also be placed on top of the slab directly above the bottom gages, but this 
is usually not practical. The top surface often has a few inches of asphalt, which is not suitable 
for strain measurements, and then there is the problem of traffic on top of the bridge. With 
considerable effort in protecting cables and transducers, measurements have been made on the 
top slab surface, but with marginal success. Based on those measurements and recognizing 
that the N/A should lie between the two extremes (theoretical cracked section and the mid-
surface of the deck (gross concrete section), the location midway between the extreme 
compression surface (concrete) and the tension steel centroid has been selected as a 
reasonable N/A position. So, for most interior slab locations, the value entered for distance from 
N/A is a negative in sign (down) with a magnitude equal to the distance between the assumed 
N/A position and the bottom surface. Note the calculation changes slightly between positive and 
negative moment regions because in the first case the gage is located on the extreme tension 
surface, where as in negative moment it will be on the compression face. 
 
In the current stage of the modeling software, there are several extenuating circumstances that 
can lead to errors if previously defined beam cross-sections are modified after gage placement. 
For example, the vertical position of beam gages is stored relative to the top of the deck. If the 
cross-section is modified, by increasing the deck stiffness, the gages will move with the top of 
the deck and therefore be incorrect. It is important to check gage placement after making any 
modification to beam cross-section properties. 

Extract STS Data (Field Strain) 
Determining the accuracy of the model requires a convenient means of comparing measured 
and computed responses. Visual comparisons such as strain history plots provide the best 
intuitive measure for the engineer. But it is important to get representative numeric measures as 
well as this is absolutely essential for the model calibration procedures. Because of the large 
number of sensors, measurement samples, and analysis loading conditions, the process of 
making these numeric comparisons requires considerable bookkeeping efforts. Therefore, 
WinGEN has a feature to extract field data that corresponds exactly to the truck positions 
currently defined in the model. The user simply specifies what (STS) data files are associated 
with each truck path. 
 
The user should note that the “Field Strain” menu option follows the “Load Options” and “Gage 
Locations” menu items. This is intentional because both truck positions and Gage Identifications 
are required so that the software can extract STS data correctly. This also implies that if the 
truck path definition is modified in any way (starting position, ending position, and/or position 
intervals) that the data from the modified path must be extracted again. Modification of gage 
locations does not require re-extraction of field data, but there is a requirement that any Gage ID 
provided in WinGEN must exist in the STS data file. 
 
When using the STS data extraction feature, the program provides a table of all defined truck 
paths, along with the corresponding lateral position and range of load cases. The user simply 
clicks the mouse on a table row and a list of available STS data files is displayed. After the 
correct STS file has been selected, WinGEN prompts the user to specify whether or not 
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“Secondary Gage Factors” are required. Secondary gage factors are defined with the WinGRF 
software during the preliminary investigation stage of the process and are stored in graph 
settings data file(s).  If the user responds “Yes” to the secondary gage factor query, a list of 
graph setting files (*.GRF) are displayed. The user can then pick the file containing the correct 
gage factor information. 
 

Comparison of Data 
The concept behind the Integrated Approach relies entirely on the ability to compare measured 
and computed responses. The comparison process must be efficient so that it can done on a 
routine bases. The type of comparisons should be both visual, to provide intuitive information for 
the engineer, and statistical, to provide quantitative measures of accuracy.   
 
All of the load test and modeling methods developed by BDI have been geared to simplify the 
comparison process. During the load test, the truck position is monitored and the data is stored 
so that it is relative easy to obtain a response from any particular sensor for any specified truck 
position. The modeling software was designed so that the entire load test can be reproduced in 
a reasonable fashion. For example, a truck with same wheel weights and axle spacing can be 
generated, identical truck paths are defined, sensors are located using the same reference 
points, and the same gage IDs are used in the model as are listed in the field notes. 
 
Since STS data is imported into the analysis input file, a direct numeric comparison can be 
made with the computed strain responses. At the end of each analysis run, which generally 
includes many load cases, four different statistical values are computed to provide a measure of 
accuracy; absolute error, percent error, scale error and correlation coefficient. Each term provides 
a different perspective of the model©s ability to represent the actual structure. 
 
The absolute error is computed from the sum of the absolute values of the strain differences.  
Algebraic differences between the measured and theoretical strains are computed at each gage 
location for each truck position used in the analysis; therefore, several-hundred to several-
thousand strain comparisons are generally used in this calculation.  This quantity is typically used 
to determine the relative accuracy from one model to the next and to evaluate the effect of various 
structural parameters. Because the absolute error is in terms of micro-strain (me), the value can 
vary significantly depending on the magnitude of the strains, the number of gages and number of 
different loading scenarios.  For this reason, it has little practical value except for determining the 
relative improvement of a particular model. 
 
A percent error is calculated to provide a better qualitative measure of accuracy.  It is computed 
as the sum of the strain differences squared divided by the sum of the measured strains squared.  
The terms are squared so that error values of different sign will not cancel each other out, and to 
put more emphasis on the areas with higher strain magnitudes.  A model with acceptable accuracy 
will usually have a percent error of less than 10%. This value is closely related to the least squares 
solution that is used during the parameter optimization process. The percent error can essentially 
be considered the optimization objective function. 
 
The scale error is similar to the percent error except that it is based on the maximum error from 
each gage divided by the maximum strain value from each gage.  This number is useful because it 
is based only on strain measurements recorded when the loading vehicle is in the vicinity of each 
gage.  Depending on the geometry of the structure, the number of truck positions, and various 
other factors, many of the strain readings are essentially negligible.  This error function uses only 
the most relevant measurement from each gage. 
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Another useful quantity is the correlation coefficient, which is a measure of the linearity between 
the measured and computed data.  This value determines how well the shapes of the computed 
response histories match the measured responses.  The correlation coefficient can have a value 
between 1.0 (indicating a perfect linear relationship) and -1.0 (exact opposite linear relationship).  A 
good model will generally have a correlation coefficient greater than 0.90.  A poor correlation 
coefficient is usually an indication that a major error in the modeling process has occurred.  This is 
generally caused by poor representations of the boundary conditions or the loads were applied 
incorrectly (i.e. truck traveling in wrong direction). 
 
The following table contains the equations used to compute each of the statistical error values: 
 

Table 4 Error Functions 

ERROR FUNCTION EQUATION 

Absolute Error |c - m| ee�  

Percent Error ( ) )2m( / c - m
2 eee ��  

Scale Error 

|gagem|

|gagec - m|

e

ee

max

max

�

�
 

Correlation Coefficient 
 

)2c - c()2m - m(

)c - c)(m - m(

eeee

eeee

�

�
 

  
 
While the statistical terms are a necessary measure of accuracy and required for parameter 
optimization, the process really hinges on the ability of the engineer to get a feel for how the 
bridge is responding and how the actual responses are different from those computed by the 
analysis. The best way to achieve this is through visual examination of response history plots.  
With the response history plots, a visual comparison can be made for each gage location for a 
variety of different load cycles. Common modeling errors related to incorrect loading scenarios 
or poor boundary condition definition can be detected very quickly by noting that the response 
histories are out-of-phase or that the plot shapes are incorrect. 
 
After the bridge is modeled and the load test conditions are simulated, the analysis is run using 
SAC (Structural Analysis and Correlation). Unless aided by divine intervention, the statistical 
accuracy values obtained from the first series will usually be poor. The first step in the visual 
comparison will therefore be to detect any gross modeling errors. Using the WinGRF software, 
the user will load the appropriate STS data files (one per truck path), and the analysis results. 
Until a “workspace” is defined and saved, it will be necessary to inform the software how to 
associate the data files with the analysis load cases. When both STS and SAC data are 
available, the strain history plots will show the field data as continuous lines and the analysis 
results as discrete markers on the same plot. Measured and computed results from the same 
gage and truck path will be displayed with the same color. The legend at the bottom of the plot 
will generally indicate the gage IDs and truck path (ordered by STS data file loading sequence). 
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There are a variety of visual clues to help detect gross modeling errors. The ability to detect and 
assess the errors improves with experience in viewing strain histories. In many cases it is 
necessary to view a combination of strain history plots, each with multiple data histories, to 
confirm a modeling problem or verify an unusual response. For example, viewing responses 
from a single truck path but several gages (i.e. all midspan gages across the bridge) could 
indicate that the lateral position of the truck is defined incorrectly. This would be illustrated as 
beams having largest responses being on opposite sides of bridge. Viewing responses 
associated with a single gage, but different truck paths may confirm the scenario. The second 
set of plots might show that truck paths are assigned in the wrong order.  There is no substitute 
for experience when it comes to visual comparison of data. However, in an attempt to shorten 
the learning curve, the following section contains strain histories along with discussions that 
indicate what may be leading to a poor correlation. Keep in mind though that not all major 
discrepancies are related to gross modeling errors. There will be occasions that field notes are 
incorrect, the field data has errors, or that the bridge is experiencing unusual behavior. 
 

What is Wrong With This Picture? 
Following are a series of strain history plots with common discrepancies between the measured 
and computed data. All of the data is generated from an actual bridge test with the geometry 
and instrumentation plan as shown in Figure 16. In these examples, common gross errors are 
made in the model to provide to illustrate the effect on the strain history plots. Errors of these 
types generally produce very poor statistical values as well. As a general rule if the correlation 
coefficient is much below 0.90, there is a good chance that there is something very wrong in the 
model and/or load test simulation. 
 

 

Figure 16 Trouble shooting - framing and instrumentation plan. 
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Data out-of-phase 

 

Figure 17 Incorrect simulation of truck on bridge. 

In this example, we see midspan strains from Beam 2 as the truck crosses along Path 1. It is 
obvious that the longitudinal truck position is not simulated correctly. The maximum computed 
strains occurs when the truck is supposedly just barely on the bridge and then reduces as the 
truck crosses the bridge. Since the starting and ending strains in the field data look normal, the 
most likely cause of this error is that there is an error in the analysis truck path. The path 
starting and ending point may be incorrect, or the truck orientation may be backwards. 
Examination of additional gages along the beam line will help in identifying the exact source of 
error. 
 
In many cases, the source of error will be from the STS data file due to a missed click, incorrect 
truck starting value, or incorrect position interval number. Errors in the STS data file should be 
detected during the preliminary field data investigation, but it is important to verify that the 
directions and reference points used in the field correspond to those used in the model. 
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Truck paths defined in wrong order 

 

Figure 18 Inconsistent ordering of truck paths. 

These strain history plots came from midspan of Exterior Beam 1 and are generated from two 
different truck paths (defined as Path 1 and Path 2 in the field notes). In this case it is apparent 
that the computed data is now in-phase, but the magnitudes are very different. If we look at the 
responses from each path, we notice that the measured strains are greatest during Path 1 and 
the computed strains are greatest during Path 2. This observation is easier to identify when 
viewing data from a color monitor because measured and computed strains from the same gage 
and same path are given the same color.  
 
It is relatively easy to verify that the source of this error is due to inconsistent order of truck path 
definition between the field notes and the model. Examination of additional strains from the 
other side of the bridge would confirm this theory. 
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Beam Cross-section Modeled Incorrectly (neutral axes) 

 

Figure 19 Composite beam cross-section modeled as non-composite. 

Along with structure and loading geometry problems, gross errors are also commonly made in 
the definition of beam cross-sections. When this occurs, the theoretical beam will of course 
have the wrong stiffness, but even more significant is that the vertical distance of the gages 
relative to the beam neutral axis will be incorrect. The above strain histories are again taken 
from midspan of Beam 2 during Truck Path 1. This time, both the top and bottom flange strain 
histories are shown at the same time.  Examination of the field data shows that the bottom 
flange experienced tension (positive strain) while the top-flange strains were essentially zero. 
This is a direct indication of composite behavior for the beam cross-section. The analysis 
results, however, indicate a large amount of compression in the top flange, which in turn would 
indicate non-composite action. In order to get a realistic representation of the actual structure, it 
is necessary to model the beam cross-sections accurately.  
 
A similar error is to define the upper and lower gages incorrectly, either in the field notes or in 
the model, so that the model gage placement is opposite of the actual condition.  This generally 
results in a negative correlation factor for the gage (provided in SAC output file) and is relatively 
obvious when viewing the strain histories. 
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Model Calibration 
In the preceding sections, there has been a lot of discussion related to requirements for model 
calibration (parameter optimization). Most of it has to do with the steps necessary to efficiently 
compare measured and computed responses. Model calibration is essentially the process of 
adjusting the model so as to improve that comparison. There are two basic parts to model 
calibration, the heuristic process and the automated error minimization process. 
 
The heuristic method is based on visual examination of the strain comparisons. An engineer 
experienced with data comparisons can make decisions on what stiffness parameters need to 
change in order to improve the model. For example, if all of the midspan computed strains are 
over-estimated, the longitudinal stiffness components of the bridge need to be increased. This 
generally means that the beam stiffness (EI) must be increased, but it can also be a function of 
beam end-restraints. The engineer would also examine strain comparisons near the abutments. 
If the error ratio near the abutment is greater than what was observed from the midspan gage 
locations, this would be a direct indication that the end-restraints need to be increased. Figure 
20 shows two sets of strain comparisons obtained from a beam’s midspan and abutment gage 
locations. The fact that the error ratio of the abutment gages (2’ from abutment) is far greater 
than the midspan gages, indicates that the effective moment diagram for the beam is shifted 
downward for each truck position. This observation combined with the fact that the bottom 
flange actually experiences compression near the abutment confirms that end-restraints must 
be increased. 
 

 

Figure 20 Midspan and abutment strain comparisons for single span beam. 

Additional investigation will lead to conclusions regarding other potential model adjustments. By 
comparing curvature or strain values for all beams at midspan, it is relatively easy to determine 
whether the lateral stiffness components are reasonable. Figure 21 contains a midspan 
curvature plot for the truck position that produced the maximum midspan moment. The 
differences in relative error between beam suggests that there is room for improvement in 
representing lateral distribution.  Since the exterior beam has the greatest discrepancy, it is 
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likely that the stiffness of the exterior beam must be modified. It is also likely that the effective 
deck stiffness (Et) must be modified as well. 
 

 

Figure 21 Lateral load distribution at midspan. 

The ability to make these assessments improves with experience in observing load test data 
and bridge modeling. Until this experience is obtained, the next best substitute is a lot of trial-
and-error.  In reality, this process is never easy. Every bridge seems to have its own unusual 
behavior such that the required modifications are not always obvious. 
 
Because of the wide variety of structure types and instrumentation considerations, a completely 
automated method is not likely to be realized in the near future. Tools to simplify some of the 
trial-and-error are available and are included in the BDI software. The analysis program, SAC, 
contains a parameter optimization algorithm. This process is an error minimization routine, 
which attempts to minimize the comparison error by modifying selected stiffness parameters. 
The parameters to be adjusted must be identified by the engineer, along with reasonable upper 
and lower limits for each parameter. Therefore, the success of the parameter optimization 
process is largely a function of the preceding heuristic approach.  
 
The error minimization process is based primarily on a least squares approach. To provide a 
very brief technical description, an over-determined set of equations (more equations than 
variables) is setup, which includes the effects of small incremental changes in each adjustable 
parameter (Di). For each equation, the summation of delta effects multiplied by their own 
coefficients (Ci) must be equal and opposite of the comparison error (eSTS - eSAC). The number of 
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equations is equal to the number of strain gages multiplied by the number of applied load cases. 
Where as the coefficient number is equal to the number of adjustable stiffness parameters, so 
there are typically many more equations than variables. The quality of the least squares solution 
is dependent on whether the correct variables are selected (meaning that a good solution is 
possible) and the linearity between the variables and the strain measurements. 
 
Selecting the correct variables is the hard part because the step has two important implications. 
First, all of the variables responsible for producing the error must be selected. Otherwise 
adjustments to parameters will be made to compensate for the error caused by other factors.  
And secondly, the rest of the model must be basically correct including geometry, boundary 
conditions, loading, etc. Any error induced by other modeling aspects will have an effect on the 
least squares solution. As for linearity, the relationship between member stiffness and strain is, 
for the most part, nonlinear when it comes to statically indeterminate structures. That is why the 
error minimization is an iterative process. The main objective from the least squares is to 
determine the direction that a parameter must be changed and the relative magnitude of the 
step size (big or small).  
 
Knowledge of the principles and limitations of least squares would be useful, but it is sufficient to 
realize that this process is simply a tool to automate parameter refinement. The following outline 
provides basic rules for selecting parameters to optimize: 

·  All parameters must be relevant to the error. Do not select cross-section or material 
properties that have minimal effects on the computed strains. 

·  The least squares process cannot handle duplicate parameters. Do not select stiffness 
variables that have identical effects on the computed strains. For example, the flexural 
stiffness of a beam is based on the product (EI). If a solution to the beam stiffness is 
desired, the user must select E or I but not both. Otherwise infinite solutions would exist 
and the least squares routine will fail. 

·  The process works best with a relatively small number of variables (less than 10). 
Therefore as a particular parameter is narrowed down, it should be eliminated from the 
process. 

 
Stiffness results from the optimization will always be within the user define ranges. It is 
important to note, however, if any of the limits were reached. This is an indication that the limit 
definition was incorrect or that the program was attempting to compensate for some other 
modeling error. While all results should fall within reasonable limits, it is often useful to allow the 
process to exceed normal ranges just to see where the process is attempting to go. Quite often, 
results that are obviously wrong will generate clues as to what needs to be changed in the 
model so that it will be representative of the real structure. The optimization routine is not the 
only thing that is iterative; but the process of selecting the correct parameters, defining realistic 
boundary conditions, and geometry refinement is often repetitive as well.  
 
Selecting reasonable limits for a particular stiffness parameter can be a bit of an art in itself. For 
many types of beams the definition is relatively straightforward. With steel beams, the modulus 
is reasonably constant and the moment of inertia can be defined as follows; non-composite 
section minus a percentage to account for loss of section define the lower limit and the upper 
limit is the composite section plus additional effective flange thickness to account for effects of 
additional wearing surface. Moment-of-inertia limits for R/C beams can be defined similarly with 
elastic cracked and gross concrete sections representing the extreme values. But with concrete, 
the modulus is also an unknown quantity. Exterior beams are generally more difficult to define 
than interior beams due the possible contribution of curbs, sidewalks, parapets and railing. Still, 
with a little bit of experience, reasonable limits can usually be achieved.  
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The area where conventional engineering really falls short is in defining reasonable limits for 
beam end-restraints and rotational restraint provided by interior supports on continuous bridges. 
In the case of integral piers, where continuous beams or slabs are “rigidly” attached to the 
interior bents, the solution is reasonably straightforward. In this situation, the goal is to 
determine how much moment is transferred into the support as opposed to across the support 
into the adjacent span. In the model the pier effect is usually modeled as a series of springs with 
a rotational stiffness (KR). The upper limit of KR can be estimated by the rotational stiffness term 
of a beam element (4EI/L). The stiffness terms here are based on the pier properties and 
geometry. Care must be taken in determining which nodes are effectively attached to the pier 
cap or bent. In the case of continuous bents, the stiffness is a function of the mesh refinement 
because the effective width, and therefore the stiffness, applied to each node is dependent on 
the node spacing. The units of measure for KR are moment per unit rotation (radian). Since 
radians are large angles, rotational stiffness terms are usually large numbers. Because these 
numbers are difficult to conceptualize, it is difficult to verify that the calculation was done 
correctly.  
 
Beam and slab end-restraints provided by abutments and non-continuous interior supports are 
generally modeled in a similar fashion with rotational spring elements. However, a direct 
computation of the effective stiffness of an abutment and how it affects a bridge superstructure 
is not reasonable. A more practical approach is to evaluate the restraint as a percentage 
between free and fixed. The numbers associated with the two extremes are zero and infinity, 
which leaves a wide range of values that are nearly the same as fixed or free. Therefore, it is 
necessary to define reasonable spring constants as a function of the attached beam stiffness 
(Gerstle, et al.). One way of relating spring stiffness to a beam is by determining how it affects 
the ratio of the end and midspan moments.  

 
As an illustration, a point load is applied to a simple beam with elastic supports as shown in 
Figure 22. By examining the moment diagram, it is apparent that the ratio of the end moment to 
the mid-span moment (Me/Mm) equals 0.0 if the rotational stiffness (Kr) of the springs is equal to 
0.0. Conversely, if the value of Kr is set to infinity (rigid) the moment ratio will equal 1.0. If a fixity 
term is defined as the ratio (Me/Mm), which ranges from 0 to 100%, a conceptual measure of 
end-restraint can be obtained.  

 
The next step is to relate the fixity term to the actual spring stiffness (Kr). The degree to which 
the Kr effects the fixity term depends on the beam or slab stiffness to which the spring is 
attached. Therefore, the fixity term must be related to the ratio of the beam/spring stiffness. 
Figure 23 contains a graphical representation of the end restraint effect on a simple beam. 
Using the graph, a conceptual measure of end-restraint can be defined after the beam and 
spring constants are evaluated through structural identification techniques. Alternatively, a 
reasonable starting value for the spring stiffness can be obtained by assuming an end restraint 
of 10%. Using the graph, a 10% fixity term results in a stiffness ratio of approximately 2.25. 
Therefore an initial rotational spring constant value can be defined as: ( )LEIK R 25.2» . 
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Figure 22 Simple beam with rotational end-restraints. 
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Figure 23 Relationship between spring stiffness and fixity ratio. 
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Load Rating 
At the end of the model calibration process, a model representative of the actual structure 
should exist or at least a model that is deemed to be reasonable and conservative. It is 
impossible to obtain a highly accurate model when non-linear responses are detected (semi-
composite behavior) so often, one must settle for the conservative extreme. Before this model 
can be used to compute load rating factors, it is important to perform a little reality check and 
assess the results for reasonableness.  
 
Are the results within the scope of reality? Is it likely that the bridge’s condition will remain the 
same for an extended duration or if heavy loads are applied? These are questions that must be 
addressed by the engineer. Many factors can influence the decision process including 
inspection frequency, assumed changes in traffic patterns, the mechanism providing additional 
stiffness, and even political factors. The NCHRP Manual for Bridge Rating Through Load 
Testing  - 1998, provides useful information on determining limits for various conditions. While in 
the opinion of BDI, the outlined rating process for diagnostic load testing is over-simplified and 
too subjective, the discussions regarding the use of secondary stiffness effect, such as end-
restraints and unintended composite action, are very informative. 
 
The method of load rating suggested here is to obtain a realistic model of the bridge and then 
compute capacities for the components that are deemed reliable while eliminating the 
components that are assumed to be unreliable. Quite often, the model used for load rating 
calculations is different from the final calibrated model. For example, significant end-restraint 
can be induced by frozen rocker-type beam bearing, causing midspan moments to be reduced 
by more than 15 percent. However, this condition can possibly be changed by heavy impact 
loading or the frozen bearing may be repaired during future bridge maintenance. Therefore, the 
engineer may elect to eliminate the effective end-restraint from the model prior to running load-
rating scenarios.  
 
Once the model is adjusted for rating considerations, capacities must be computed for the 
various sections. Generally, these capacities are obtained through standard methods specified 
by AASHTO or other governing codes. Information obtained from the load test may have some 
influence on the definition of a beam cross-section and therefore influence the capacity 
calculation. But, in general, the member capacities are based on the appropriate allowable or 
ultimate stress limits. The only difference between this rating technique and standard beam rating 
programs is that a more realistic model is used to determine the dead and live-load effects. Two-
dimensional loading techniques are applied because wheel load distribution factors are not 
applicable to a planar model. Stress envelopes are generated for several truck paths, envelopes 
for paths separated by normal lane widths are combined to determine multiple lane loading effects. 
 
Because the SAC analysis program is used to load rate both steel and concrete structures, the 
member limits are based on force and moment values rather than stress. Therefore, it is up to 
the engineer to enter appropriate shear and moment capacity limits for all member groups to be 
load rated.  
 
The main purpose for obtaining an accurate model is to evaluate how the bridge will respond when 
standard design loads, rating vehicles or permit loads are applied to the structure.  Figure 24 
contains configurations of common design and load rating vehicles. Since load testing is generally 
not performed with all of the vehicles of interest, an analysis must be performed to determine load-
rating factors for each truck type. The desired rating loads are applied to the model and the critical 
responses are computed for each member. Generally, the truck paths will also need to be modified 
from the original load test paths. The lateral truck positions must be defined to induce critical 
responses for interior and exterior beams and to provide multiple lane loading scenarios. Rating 
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factors are computed using the equation specified in the AASHTO Manual for Condition Evaluation 
of Bridges - see Equation (2). 
 

 

Figure 24 AASHTO rating and posting load configurations. 

 
 

RF =  
C -  1A D

2A L(1 +  I)
  

(2) 

 where: 
 RF = Rating Factor for individual member. 
 C = Member Capacity. 
 D = Dead-Load effect. 
 L = Live-Load effect. 
 A1 = Factor applied to dead-load. (1.0 for ASD, 1.3 for LFD) 
 A2 = Factor applied to live-load. (1.0 ASD, 2.17 LFD inventory, 1.3 LFD operating) 
 I = Impact factor (AASHTO or measured). 
 
It is important to understand that diagnostic load testing and the Integrated Approach are most 
applicable to obtaining Inventory (service load) rating values. This is because it is assumed that all 
of the measured and computed responses are linear with respect to load. The Integrated Approach 
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is an excellent method for estimating service load stress values but it generally provides little 
additional information regarding the ultimate strength of particular structural members. Therefore, 
operating rating values must be computed using conventional assumptions regarding member 
capacity. This limitation of the Integrated Approach is not viewed as a serious concern, however, 
because load responses should never be permitted to reach the inelastic range. Operating and/or 
Load Factor rating values must also be computed to ensure a factor of safety between the ultimate 
strength and the maximum allowed service loads.  
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