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INTRODUCTION AND GENERAL OVERVIEW 

Bridge Diagnostics, Inc. (BDI) was contracted by the Seattle Transportation Department 
(SeaTran) to perform live load testing and load rating on the concrete North Approach spans of 
the University Bridge.  The goal of this project was to use field measurements to verify an 
analysis model from which an accurate load rating could be obtained. 

This report contains an overview of the load test procedures and evaluation methods along 
with a summary of load rating results.  Specific details relating to the test results, analysis 
statistics, and load rating are provided in following sections.  Detailed information on test 
procedures, analysis techniques, model calibration, and load rating are provided in the 
appendices at the end of the report. 

STRUCTURE DESCRIPTION 

The superstructure is a multi -span reinforced concrete (RC) beam/slab bridge that has an 
asphalt wearing surface, sidewalks and guardrails. Many of the beams are tapered, meaning that 
their cross sections vary along their length.  This “permanent” north approach is broken down 
into two separate sections, the northernmost of which is a four-span continuous structure with a 
variable skew. The second section also consists of four continuous spans, although they have no 
skew.  Both of these sections meet at the expansion joint, which cantilevers off of Bents 14 and 
15. Table 1 contains a detailed description of the north approach spans for University Bridge. 

Table 1 Structure Descr iption 

Structure Identification University Bridge, Permanent Approaches 

Location Eastlake Avenue over Lake Union, Seattle, WA. 

Structure Type Reinforced Concrete 

Number of Spans 2 ± 4 span continuous segments 

Span Lengths Varies 

Skew Varies 

Structure/Roadway Widths 75’ / 44’ roadway 

Deck Reinforced Concrete, 9.5” thick between Girders A & B, C & D.  
20” thick between Girders B & C. 

Visual condition Structured appeared to be in good condition with typical cracking 
throughout the structure. 

INSTRUMENTATION AND LOAD TESTING PROCEDURE 

The superstructure was instrumented with a total of 40 extended-length strain transducers as 
shown in Figure 1.  The goal of the instrumentation plan was to measure the primary flexural 
responses throughout the entire superstructure, which would provide a basis for improving the 
accuracy of a computer-generated finite element model. 

All of the strain sensors were attached in a non-destructive manner meaning that no concrete 
was removed in order to expose reinforcement.  However, one ¼” diameter hole approximately 
1-1/2” deep was drill ed into the concrete so a mounting stud could be used on one end of each 
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24º extended strain transducer.  When testing was completed, the mounting studs were “snapped 
off at the surface of the concrete.  The purpose of the extensions was to provide an averaged 
strain value over this gage length, which reduces the localized effect of concrete cracks.  While 
the strain values are not intended to provide a direct measure of reinforcement stress, they do 
provide a reasonably accurate measure of f lexural bending. 

After the structure was completely instrumented, controlled live-load tests were conducted by 
driving a three-axle loading vehicle (UBIT) along four different prescribed lateral paths.  During 
each truck crossing, strains were recorded at 33Hz on each channel while the vehicle©s position 
was monitored remotely.  Testing was performed twice for each path to ensure reproducibili ty of 
the structural responses.  An outline of the test procedure is provided in Table 2 and axle weights 
and configuration can be seen in Figure 2. 

Table 2 Test Procedures 

Date August 18th, 2003 

Structural Reference Point X=0, Y=0 at the inside edge of West curb, directly on 
the expansion joint between Bents 14 and 15. 

Test vehicle direction East bound for all tests (Positive X direction) 

Start of data recording Data acquisition began with front axle at: 
X = -164.71'  

AutoClicker Position Passenger side front wheel 

Truck position AutoClicker recorded truck position at each wheel 
revolution.  Wheel circumference = 11.42'  

Lateral truck path(s) 4 truck paths were defined for the load test.  The Y 
position refers to distance between driver side front 
wheel and Structure Reference Point (0,0). 
Y1 = 56.3', Y2 = 39.4', Y3 = 26.1', Y4 = 2.0'  

Measurements (40) removable strain transducers recorded at 33 Hz. 

Gage Placement See Figure 1.   

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 reproducibili ty. 
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Figure 1 Instrumentation Plan 
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Figure 2 Load Testing Vehicle Configuration (kips) 

Instrumentation and live load testing was performed with a three-man crew on August 12th, 
2003.  The instrumentation was installed during the day, and the testing procedures and 
instrumentation removal were completed after 7:00PM that evening in order to reduce impact on 
traff ic. The UBIT supplied by SeaTran was used for both access and for the load tests.  
Workzone Traffic Control provided all traff ic control during instrumentation and load testing.  

 

PRELIMINARY INVESTIGATION OF TEST RESULT S 

All of the field data was first examined graphically to determine its quality and to provide a 
qualitative assessment of the structure©s live-load response.  Some of the indicators of data 
quali ty included reproducibili ty between identical truck crossings, elastic behavior (strains 
returning to zero after truck crossing), and unusual-shaped responses that might indicate 
nonlinear behavior or possible gage malfunctions. 

In addition to a data "quali ty check", information obtained during the preliminary 
investigation was used to determine appropriate modeling procedures for the effective deck and 
connection stiffnesses.  For example, the shape of the strain histories of the gages near the 
supports can indicate whether or not there is rotational restraint present, giving a good initial 
starting point for modeling the boundary conditions. Gages that were place in the transverse 
direction will give an understanding of the lateral load distribution.  It should be noted that this 
qualitative investigation of the data is very important for establishing the direction that the 
quantitative investigation should take. 

Conclusions made directly from the field data were: 

·  All strains appear to be linear with respect to load magnitude (truck position) and all strains 
returned to zero indicating elastic behavior.  In addition, there was good reproducibili ty 
between identical truck paths, which is another indication that the data collected is of good 
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quali ty.  Figure 3 displays both the linear elastic behavior and reproducibili ty between 
identical truck paths. 

·  When the loading vehicle was in Span 18, the strain magnitudes recorded in Span 15 were 
exceptionally low as shown in Figure 4.  Because of the minor influence the loading vehicle 
had when in Span 18 and that the bridge geometry becomes much more complex near the 
abutment, it would be best to end the model at mid-span of Span 17.  Rotational restraints 
will be included at this location to simulate the effects of mid-span conditions.  It was 
originally decided by both BDI and SeaTran that the instrumented span that was developed 
would be enough to establish the criti cal rating factors for the North Approach spans.   

·  Figure 5 displays the lateral load distribution across span 14, 11' -3º North of Bent 13.  This 
chart is typical of the lateral load distribution throughout the bridge.  It is important to notice 
that the lateral load distribution does not extend further than either adjacent girder with 
respect to the load position.  This means that when the truck is traveling along path Y1 
(passenger wheel on Girder D, driver wheel between Girders C & D), the load is shared 
between Girders C & D only.  No load is transferred past Girder C to Girder B. 

·  Very minor continuity was noticed over the expansion joint between bents 14 and 15.  From 
Figure 6 and Figure 7, it can be seen that a very large reinforced concrete frame was cast 
through the expansion joint span including steel tie rods through the existing bents and the 
reinforced concrete frame.  This leads to the possible scenario that the load is being 
transferred directly into the reinforced concrete frame, which was cast in place for earthquake 
load transfer rather than vehicle load transfer.  Since earthquake loading is a lateral force, it 
makes sense that there is littl e lateral load transfer over the expansion joint span.   

·  Since there was such minor continuity over the expansion joint span, it was determined that it 
would be best to model this structure in two separate models.  The first model would contain 
the perpendicular portion (Spans 11-14) and the second would represent the variable-skew 
portion (Spans 15-17-1/2).  Figure 8 displays the minor load transfer over the expansion joint 
span with respect to Span 15. 

·  Some minor localized behavior was noticed on a few of the upper gage locations throughout 
the structure, however this is common.  Figure 8 shows a localized compression spike as the 
wheel load is directly on top of the gage location.  Since this type of behavior cannot be 
modeled, gages that display such irregular shapes will not be included in the model 
correlation process.   

·  The maximum strain recorded in the transverse direction was 42.69 me at mid-span in the 
cross-member between girders C-D as well as Bents 13-14 on path Y1 (Transducer 4113).  
Maximum and minimum strains for all 40 gage locations are provided in Table 3 and  

·  Table 4.   
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Figure 3 Reproducibili ty and L inear Elastic Behavior  

 

 
Figure 4 Influence of Loading Vehicle in Span 18 
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Figure 5 Lateral Strain Distr ibution 

 
Figure 6 Reinforced Concrete Frame Under Expansion Joint Span 
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Figure 7 Steel Tie Rods Through Reinforced Concrete Frame 

 
Figure 8 Influence of Expansion Joint Span 
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Figure 9 Localized Behavior due to Wheel load directly on top of Gage Location 

Table 3 Maximum and Minimum Responses (Files 1-4) 
  University_1.dat University_2.dat University_3.dat University_4.dat 

TRANSDUCER MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM 

ID RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE 

  me me me me me me me me 
5569 -9.80 22.36 -9.72 23.01 -2.35 0.91 -2.07 1.27 
5698 -5.36 0.85 -5.41 0.76 -0.54 0.04 -0.72 0.09 
4119 -3.67 1.21 -3.78 1.17 -0.89 0.07 -0.44 0.39 
3878 -3.22 31.62 -2.81 32.58 -1.54 3.22 -0.78 4.25 
7248 -1.45 4.12 -1.41 4.03 -3.66 8.69 -3.79 8.59 
5568 -3.19 7.21 -3.05 7.12 -6.65 21.12 -6.89 21.54 
4115 -1.31 7.02 -1.32 6.81 -2.86 19.79 -2.61 21.30 
4424 -0.31 1.31 -0.54 1.42 -0.65 1.78 -0.58 2.05 
4371 -0.16 1.68 -0.61 1.30 -0.30 0.20 -0.14 0.42 
4050 -0.19 0.71 -0.54 0.62 -0.60 0.04 -0.19 0.32 
4120 -0.50 0.85 -0.93 0.94 -0.53 0.05 -0.34 0.12 
4315 -3.18 4.59 -3.44 4.61 -0.67 0.75 -1.00 0.21 
4058 -0.87 0.56 -0.79 0.71 -5.51 8.77 -4.12 9.48 
5556 -0.04 0.23 -0.18 0.36 -1.62 1.59 -1.29 1.73 
4114 -0.01 1.01 -0.27 0.82 -0.95 7.29 -0.68 7.49 
5561 -0.04 0.33 -0.03 0.44 -0.57 0.07 -0.40 0.30 
5833 -3.34 3.57 -3.53 3.33 -0.27 0.70 -0.09 0.91 
4112 -2.96 22.13 -2.99 22.26 -0.75 1.98 -0.92 1.96 
6120 -2.28 1.10 -2.64 0.68 -0.15 0.39 -0.34 0.15 
5567 -10.37 35.23 -10.17 35.48 -1.71 2.75 -1.78 2.63 
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  University_1.dat University_2.dat University_3.dat University_4.dat 

TRANSDUCER MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM 

ID RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE 

  me me me me me me me me 
5694 -0.13 0.09 -0.10 0.24 -0.49 0.69 -0.61 0.48 
5560 -0.68 0.21 -0.51 0.38 -4.59 8.69 -4.58 8.35 
5564 -0.75 0.05 -0.57 0.27 -1.46 5.64 -1.47 5.54 
5854 -0.71 0.08 -0.56 0.42 -1.33 3.00 -1.13 3.10 
5859 -0.51 5.60 -0.45 5.43 -2.85 17.83 -2.75 18.81 
4372 -0.15 3.40 -0.22 3.18 -0.88 4.53 -0.51 5.21 
4795 -4.96 21.90 -5.08 22.40 -0.52 1.12 -0.22 1.68 
5563 -15.60 1.48 -14.75 2.05 -0.69 0.06 -0.30 0.63 
4312 -0.66 4.07 -0.66 4.14 -1.25 6.44 -0.75 7.20 
4122 -1.86 10.23 -1.29 10.87 -2.51 23.84 -1.85 24.91 
5853 -4.37 7.43 -4.21 7.73 -8.37 20.50 -8.00 21.52 
5699 -1.28 3.65 -1.21 3.71 -3.35 6.45 -2.92 6.97 
4111 -30.47 0.65 -30.28 0.72 -3.40 6.95 -3.45 7.36 
4846 -4.42 2.99 -5.97 2.43 -5.80 12.47 -5.94 14.11 
4191 -5.25 0.65 -5.08 0.17 -0.18 0.60 -0.01 0.70 
4113 -0.70 42.69 -0.86 40.37 -2.01 0.22 -1.74 0.13 
4426 -9.06 0.38 -8.72 0.45 -0.29 19.57 -0.27 19.95 
4057 -4.90 0.64 -4.78 0.18 -0.53 11.00 -0.50 10.83 
4055 -5.97 0.27 -5.64 0.40 -0.01 18.68 -0.07 17.98 
4118 -1.71 0.59 -1.81 0.35 -1.81 3.69 -0.84 3.69 
 

Table 4 Maximum and Minimum Responses (Files 5-8) 
  University_5.dat University_6.dat University_7.dat University_8.dat 

TRANSDUCER MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM 

ID RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE 

  me me me me me me me me 
5569 -0.06 0.86 -0.64 0.11 -0.18 0.09 -0.45 0.08 
5698 -0.04 0.90 -0.21 0.24 -0.11 0.07 -0.49 0.04 
4119 0.00 0.89 -0.55 0.07 -0.14 0.14 -0.23 0.32 
3878 -0.04 1.08 -0.70 0.35 -0.35 0.14 -0.13 0.64 
7248 -1.61 2.23 -1.66 2.31 -0.20 0.12 -0.27 0.09 
5568 -2.99 6.02 -3.28 5.91 -0.42 0.23 -0.55 0.05 
4115 -1.33 5.00 -1.51 4.96 -0.67 0.07 -0.60 0.13 
4424 -0.19 0.89 -0.36 0.65 -0.28 0.12 -0.20 0.07 
4371 -0.08 0.20 -0.34 0.23 -0.07 0.28 -0.35 0.14 
4050 -0.13 0.26 -0.85 0.12 -0.64 0.06 -0.51 0.13 
4120 -0.06 0.32 -0.40 0.25 -0.21 0.44 -0.22 0.23 
4315 -0.15 0.26 -0.14 0.50 -0.28 0.21 -0.19 0.31 
4058 -10.01 27.72 -10.28 26.50 -5.30 7.34 -4.76 7.61 
5556 -2.98 6.27 -3.20 5.74 -1.44 2.26 -1.41 2.16 
4114 -2.10 27.33 -2.94 25.59 -0.52 7.18 -0.41 7.08 
5561 -0.52 1.56 -1.01 1.03 -0.06 1.37 -0.09 1.34 
5833 -0.05 0.23 -0.37 0.05 -0.23 0.05 -0.06 0.07 
4112 -0.56 0.37 -0.70 0.23 -0.16 0.31 -0.62 0.08 
6120 -0.05 0.24 -0.04 0.30 -0.05 0.39 -0.39 0.05 
5567 -0.56 0.19 -0.51 0.34 -0.11 0.36 -0.38 0.05 
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  University_5.dat University_6.dat University_7.dat University_8.dat 

TRANSDUCER MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM MAXIMUM 

ID RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE RESPONSE 

  me me me me me me me me 
5694 -1.28 2.22 -1.21 2.20 -0.52 1.01 -0.56 0.93 
5560 -9.55 28.96 -9.52 28.64 -4.01 8.28 -3.70 8.24 
5564 -10.01 14.72 -2.66 19.24 -1.22 5.73 -1.19 5.53 
5854 -2.40 9.77 -2.45 9.25 -1.01 4.21 -1.04 3.84 
5859 -0.56 4.72 -0.82 4.31 -0.25 0.54 -0.05 0.93 
4372 -0.15 2.24 -0.70 1.78 -0.15 0.39 -0.06 0.63 
4795 -0.04 1.20 -0.37 0.38 -0.12 0.24 -0.04 0.36 
5563 -0.02 0.77 -0.40 0.11 -0.25 0.07 -0.20 0.07 
4312 -0.20 2.63 -0.87 2.02 -0.22 0.04 0.00 0.46 
4122 -1.22 7.61 -2.06 7.04 -0.48 0.34 0.00 0.75 
5853 -4.26 5.97 -4.92 5.67 -0.87 0.24 -0.66 0.36 
5699 -1.28 2.51 -1.98 2.03 -0.33 0.04 -0.07 0.43 
4111 -4.56 0.26 -4.92 0.09 -1.58 0.18 -1.37 0.26 
4846 -15.38 0.39 -15.38 0.35 -3.28 0.70 -3.16 0.74 
4191 -0.06 0.26 -0.17 0.16 -0.13 0.06 -0.06 0.06 
4113 -5.07 0.24 -4.84 0.62 -0.83 0.24 -0.93 0.22 
4426 -1.89 1.53 -2.07 1.17 -2.55 0.41 -2.52 0.36 
4057 -1.02 0.59 -1.02 0.46 -1.62 0.24 -1.61 0.19 
4055 0.00 10.08 -0.05 10.69 -5.11 0.27 -5.12 0.25 
4118 -0.68 3.01 -0.10 3.94 -1.95 0.21 -1.74 0.28 
 
 
 MODELING, ANALYSIS, AND DATA CORRELATION 

The next phase of the investigation was to develop a representative finite element model of 
the superstructure.  As with most beam/slab type bridges, the superstructure was modeled as a 
planar grid consisting of beam, plate and spring elements.  Due to the tapered girders near the 
piers and the variable shear steel reinforcement, each element in the model will have to be 
explicitly defined.  This includes defining the section depth and eccentricity with respect to the 
top of the deck.   

Elastic supports were used at bearing locations as well as along the expansion joint to 
simulate the effects of end restraint.  As mentioned in the Preliminary Investigation of Test 
Results the model was broken down into two segments.  The first portion contains span 11-14, 
including the small cantilevered section leading up to the expansion joint.  The second portion 
also contains a small cantilevered section leading off the expansion joint, as well as spans 15, 16 
and half of span 17.  The model includes rotational restraints at the north end (middle of span 17) 
to simulate the effects of mid-span conditions.  In addition, spring elements were included along 
the expansion joint in both models to simulate the effects of an expansion joint.  Figure 10 and 
Figure 11 shows both portions of the model.   Details regarding the structure model and analysis 
procedures are provided in Table 5. 
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Figure 10 Finite Element Model of Spans 11-14 

 
Figure 11 Finite Element Model of Spans 15-(17-1/2) 

Once the models were developed, the load testing procedures were essentially "reproduced" in 
the models.  A two-dimensional "footprint" of the loading vehicle (Figure 2) was applied to the 
models along the same paths that the actual test vehicle crossed the bridge.  A direct comparison 
of strain values was then made between the analytical predictions and the experimentally 
measured results.  The initial models were "calibrated" by modifying various properties and 
boundary conditions until the results matched those measured in the field. 
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Table 5 Analysis and Model Details 

Analysis type Linear-elastic finite element - stiffness method. 

Model geometry 2-D grid model of beam, plate and spring elements.  The entire 
superstructure was modeled.  

Nodal locations Nodes placed at all bearing locations.  
Nodes at all four corners of each plate element. 

Model components Deck represented by plate elements. 
Elastic spring elements used to simulate rotational restraint at the 
abutments and piers.   

Live-load 2-D footprint of test truck consisting of 10 vertical point loads. Truck 
paths simulated by series of load cases with truck moving at 2-foot 
increments. 

Dead-load Self-weight of structure plus 56.3 lbs/ft2 to account for asphalt and 160 
lbs./ft applied to the curb beams to account for curb and raili ng not 
explicitly defined by the model. (Used for load rating only) 

Data comparison 26 strain gage locations defined on models.  Strains computed for 
several truck positions along each path (a total 630 truck positions). 
26x630 = 16380 strain values.  Strain records were extracted from load 
test data files corresponding to analysis truck positions. 

Model statistics First Model 
1534  Nodes 
2094 Elements 
101 Cross-sections 
357 Load Cases 
14  Gage locations 

Second Model 
890  Nodes 
1272 Elements  
117 Cross-sections 
273 Load Cases 
12  Gage locations 

Adjustable 
parameters for model 
calibration 

1 Concrete modulus (Ec - ksi). 
2 Rotational restraints at abutments and piers. (kip-in/rad). 

MODEL CALIBRATION RESULTS 

Following the optimization procedures, the model produced an excellent correlation.  The 
accuracy values obtained by the initial and final, calibrated model are provided in Table 6.  See 
Appendix B for a description of each error value. 

Table 6 Model Accuracy Terms 

First Model (Spans 11-14) First Model (Spans 15-17) 
Error / Accuracy Term 

Initial Model Final Model Initial Model Final Model 

Absolute Error 14561.2 1996.2 22359.4 2668.1 
Percent Error 27.0% 11.7% 33.4% 17.0% 
Scale Error 21.3% 2.2% 19.8% 1.7% 
Correlation Coeff icient 0.86 0.95 0.82 0.95 
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The effective stiffness of the concrete increased slightly during the calibration process.  This 
increase in stiffness is not unusual for concrete in the Northwest region due to higher quali ty 
aggregate available there. Furthermore the resulting modulus is representative of the beam 
stiffness which includes the effect of reinforcement. When li ttle cracking is present it is common 
for the optimized value to be greater than the true concrete modulus.  The spring along the 
expansion joint provided quite a high stiffness in the vertical direction, which is due to the large 
reinforced concrete frame that was cast through this span.  The final values obtained for the 
rotational springs provided at the support locations indicated a significant amount of restraint in 
the longitudinal direction.   

 

LOAD RATING PROCEDURE AND RESULT S 

The goal of producing accurate models was to predict the structure©s actual li ve load behavior 
when subjected to the design or rating loads.  This approach is essentially identical to standard 
load rating procedures, except that "field verified" models were used instead of a typical beam 
analysis combined with load distribution factors. 

Load ratings were performed on the calibrated models according to AASHTO LFD 
specifications for Inventory and Operating Load Limits, as well as for Washington State DOT 
LRFR approach.  The resistance factors used for each of these approaches can be seen in Table 
7. 

The member capacities, along with their corresponding stiffness values, were then used as the 
basis for rating the calibrated model.  A conservative value of 3.0 ksi for concrete strength was 
used in the capacity calculations.  This is an acceptable value given that the results from the 
calibrated load test indicate that the concrete strength is most likely greater than that. 

Table 7 Applied Load and Resistance Factors 

Load/Resistance Factor WSDOT LRFD AASHTO LFD 

Inventory 

AASHTO LFD 

Operating 

Moment Resistance F M 0.90 0.90 0.90 

Shear Resistance F V 0.85 0.85 0.85 

Live-load factor 
(ADTT* < 1000) 

1.65 2.17 1.30 

Dead-load factor 1.20 1.30 1.30 

Impact Factor 0.10 0.30 0.30 

* Average Daily Truck Traff ic 

A table containing cross-section capacities is usually provided in this section of the report, 
however, due to the complexity of the bridge and model, a very large number of capacities were 
calculated according to specific locations of elements within the model.  For example, since the 
main girders are tapered near the supports and the shear steel reinforcement spacing varies, a 
capacity was calculated at the known worst-case location according to the location of the 
corresponding element in the model.  Excel spreadsheets were used to simpli fy the procedure of 
calculating the capacities for positive and negative moment in addition to shear throughout the 
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structure. These spreadsheets will be provide along with the report (University Capacities Spans 
11-14.xls and University Capacities Spans 15-17.xls). 

Load rating factors were computed by applying standard design loads and the asphalt overlay 
to the superstructure and are provided in the following tables. A discussion of load rating 
principles and the computation of load-rating factors is provided in Appendix C of this report.   
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Table 8 Rating Factors for AASHTO HS-20 – LFD Inventory L imit 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 3.44 2.39 1.80 3.97 2.32 1.98 3.99 3.08 1.85 5.29 3.36 1.89 3.92 1.33 1.94 3.80 1.59 0.90 
Girder B 2.27 2.24 1.01 2.49 2.19 1.47 2.00 2.84 1.71 2.27 2.95 1.76 2.51 1.42 1.30 2.50 1.27 0.79 
Girder C 2.27 2.24 1.01 2.49 2.19 1.47 2.00 2.84 1.71 2.27 2.95 1.76 3.19 1.02 0.96 2.60 1.20 0.77 
Girder D 3.44 2.39 1.80 3.97 2.32 1.98 3.99 3.08 1.85 5.29 3.36 1.89 5.41 2.81 1.58 3.34 3.22 0.93 
 

Table 9 Rating Factors for AASHTO HS-20 – LFD Operating L imit 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 5.74 3.99 3.00 6.64 3.87 3.31 6.66 5.14 3.09 8.84 5.62 3.16 6.55 2.22 3.24 6.35 2.65 1.50 
Girder B 3.78 3.74 1.69 4.16 3.65 2.46 3.34 4.73 2.86 3.78 4.92 2.93 4.19 2.37 2.17 4.18 2.12 1.32 
Girder C 3.78 3.74 1.69 4.16 3.65 2.46 3.34 4.73 2.86 3.78 4.92 2.93 5.32 1.70 1.60 4.33 2.01 1.29 
Girder D 5.74 3.99 3.00 6.64 3.87 3.31 6.66 5.14 3.09 8.84 5.62 3.16 9.03 4.69 2.63 5.58 5.37 1.55 
 

Table 10 Rating Factors for WSDOT HS-20 – LRFR Approach 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 5.42 3.84 2.88 6.20 3.72 3.17 6.24 4.88 2.94 8.28 5.34 2.97 6.13 2.16 3.06 5.98 2.60 1.48 
Girder B 3.99 3.87 1.87 4.38 3.80 2.46 3.55 4.76 3.08 3.99 4.98 2.90 3.95 2.36 2.09 3.97 2.12 1.31 
Girder C 3.99 3.87 1.87 4.38 3.80 2.46 3.55 4.76 3.08 3.99 4.98 2.90 5.01 1.69 1.56 4.11 2.02 1.28 
Girder D 5.42 3.84 2.88 6.20 3.72 3.17 6.24 4.88 2.94 8.28 5.34 2.97 8.49 4.49 2.52 5.25 5.17 1.54 
 

Table 11 Rating Factors for WSDOT TYPE 3 – LRFR Approach 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 6.34 5.42 3.82 7.43 5.22 3.84 7.59 6.32 3.87 10.26 7.75 3.63 7.15 2.95 3.93 7.50 3.54 2.13 
Girder B 4.70 5.47 2.33 5.26 5.39 3.12 4.28 6.27 3.89 4.70 6.68 3.59 4.77 3.23 2.74 5.09 2.89 1.93 
Girder C 4.70 5.47 2.33 5.26 5.39 3.12 4.28 6.27 3.89 4.70 6.68 3.59 6.21 2.31 2.05 5.29 2.75 1.88 
Girder D 6.34 5.42 3.82 7.43 5.22 3.84 7.59 6.32 3.87 10.26 7.75 3.63 10.10 6.14 3.25 6.61 7.04 2.22 
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Table 12 Rating Factors for WSDOT TYPE 3-3 ± LRFR Approach 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 8.93 4.36 4.10 12.46 4.55 3.49 11.88 4.90 3.50 12.69 6.33 4.57 10.19 3.38 5.35 10.06 3.29 2.52 
Girder B 6.63 4.26 2.38 8.51 4.60 3.19 6.58 4.80 3.41 6.63 5.23 3.87 6.41 2.62 3.56 6.78 2.52 2.06 
Girder C 6.63 4.26 2.38 8.51 4.60 3.19 6.58 4.80 3.41 6.63 5.23 3.87 8.04 2.72 2.56 7.14 2.33 1.89 
Girder D 8.93 4.36 4.10 12.46 4.55 3.49 11.88 4.90 3.50 12.69 6.33 4.57 13.54 6.53 4.05 9.00 5.67 2.12 
 

Table 13 Rating Factors for WSDOT TYPE 3S2 ± LRFR Approach 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 6.80 3.78 3.50 10.72 4.17 2.94 10.40 4.06 3.05 11.15 5.34 3.85 8.14 3.19 4.30 8.03 2.98 1.87 
Girder B 5.04 3.69 2.04 7.18 4.19 2.60 5.66 3.97 2.96 5.04 4.36 3.09 5.25 3.48 3.03 5.36 2.35 1.69 
Girder C 5.04 3.69 2.04 7.18 4.19 2.60 5.66 3.97 2.96 5.04 4.36 3.09 6.87 2.46 2.27 5.58 2.19 1.62 
Girder D 6.80 3.78 3.50 10.72 4.17 2.94 10.40 4.06 3.05 11.15 5.34 3.85 11.23 6.17 3.62 7.24 5.19 1.87 
 

Table 14 Rating Factors for WSOL1 ± LRFR Approach 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 4.43 3.20 2.49 5.15 3.08 2.90 5.28 3.64 2.76 7.15 4.51 2.65 5.13 1.69 2.57 4.84 2.04 1.23 
Girder B 3.26 3.22 1.71 3.59 3.13 2.03 2.95 3.57 2.82 3.26 3.87 2.38 3.23 1.85 1.69 3.18 1.66 1.08 
Girder C 3.26 3.22 1.71 3.59 3.13 2.03 2.95 3.57 2.82 3.26 3.87 2.38 4.04 1.32 1.26 3.30 1.58 1.07 
Girder D 4.43 3.20 2.49 5.15 3.08 2.90 5.28 3.64 2.76 7.15 4.51 2.65 6.97 3.50 2.06 4.19 4.06 1.31 
 

Table 15 Rating Factors for WSOL2 ± LRFR Approach 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 3.87 1.98 1.96 6.36 2.08 1.58 6.18 2.22 1.90 8.19 2.87 3.29 4.74 1.51 2.45 4.55 1.40 0.99 
Girder B 2.87 1.92 1.17 4.28 2.08 1.44 3.40 2.15 1.81 2.87 2.35 1.76 2.97 1.12 1.65 3.12 1.08 0.83 
Girder C 2.87 1.92 1.17 4.28 2.08 1.44 3.40 2.15 1.81 2.87 2.35 1.76 3.71 1.11 1.17 3.38 1.00 0.79 
Girder D 3.87 1.98 1.96 6.36 2.08 1.58 6.18 2.22 1.90 8.19 2.87 3.29 6.25 2.71 1.90 4.41 2.38 0.97 



LIVE LOAD TESTING AND LOAD RATING ± UNIVERSITY BRIDGE 18 

Table 16 Rating Factors for WSUB50 ± LRFR Approach 
Span 11 Span 12 Span 13 Span 14 Span 15 Span 16 

Member 
+My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz +My -My Fz 

Girder A 5.77 4.12 3.12 6.89 4.31 4.02 6.91 4.82 2.98 9.06 5.74 3.05 6.82 2.63 3.70 6.67 3.17 1.70 
Girder B 4.26 4.13 1.95 4.78 4.40 2.98 3.87 4.77 3.06 4.26 5.06 3.44 4.35 2.86 2.56 4.50 2.57 1.53 
Girder C 4.26 4.13 1.95 4.78 4.40 2.98 3.87 4.77 3.06 4.26 5.06 3.44 5.54 2.05 1.91 4.72 2.45 1.50 
Girder D 5.77 4.12 3.12 6.89 4.31 4.02 6.91 4.82 2.98 9.06 5.74 3.05 9.18 5.45 3.14 5.95 6.31 1.83 
 

Table 17 Summary of Cr itical HS-20 Rating Results 
Segments Load Rating Mode Location 
  Rating Factor     

Spans 11-14 HS-20 Inventory 1.01 Fz Girder B&C, mid-span of Span 11 

Spans 15-16 HS-20 Inventory 0.77 Fz Girder C, mid-span of Span 16 
Spans 11-14 HS-20 Operating 1.69 Fz Girder B&C, mid-span of Span 11 
Spans 15-16 HS-20 Operating 1.29 Fz Girder C, mid-span of Span 16 
Spans 11-14 HS20 - LRFR 1.87 Fz Girder B&C, mid-span of Span 11 

Spans 15-16 HS20 - LRFR 1.28 Fz Girder C, mid-span of Span 16 
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CONCLUSION AND RECOMM ENDATIONS 

Conclusions made directly from the load test data are qualitative in nature and indicate that 
the structure is behaving normally for a reinforced concrete structure.  The structure appeared to 
be in good condition with no visible cracks.  All strain measurements indicated that the structure 
was behaving linearly with respect to load magnitude (truck position) and all responses were 
elastic.  Strain measurements taken near the abutments indicate that there is a significant amount 
of end restraint.   

Efforts were successful in calibrating a 2-D finite element models to reproduce the measured 
strains with an acceptable degree of accuracy.  Reasonably good comparisons were made for 
each of the four truck paths for both models.  Rotational stiffness values of the springs over the 
piers were reasonably high due to the lengths of the concrete column and the connection details 
(tapered sections).  The stiffness values were not reduced for the rating process because it is most 
li kely that there will be no change in the connection details over the piers.   

Since Spans 17 and 18 were not modeled completely, no rating factors can be provided for 
these spans.  Because the bridge gets much more complicated as well as the addition of another 
girder past Girder D, it would not be realistic to attempt to model spans 17 and 18 without 
having place some gages within these spans.  After briefly reviewing the plans, the shear steel 
reinforcement details are similar to those in spans 12-13.  Spans 17 and 18 would most likely 
have rating factors similar to those in spans 12-13.   

The final load rating increased from 0.22 and 0.44 as calculated from conventional beam 
analysis, to 0.77 and 1.01, respectively, for AASHTO's LFD Inventory Load Limit.  The primary 
reason for the large increase in load rating was due to the realistic representation of the lateral 
and longitudinal load distribution throughout the structure.   

The load rating factors and conclusions presented in this report are provided as 
recommendations based on the structure©s response behavior and condition at the time of load 
testing.  Any structural degradation must be considered in future load ratings.  Note that no effort 
was made to assess the condition or capacity of the abutments. 

MEASURED AND COMPUTED STRAIN COMPARISONS 

While statistical terms provide a means of evaluating the relative accuracy of various 
modeling procedures or help determine the improvement of a model during a calibration process, 
the best conceptual measure of a model©s accuracy is by visual examination of the response 
histories.  The following graphs contain measured and computed strain histories from each truck 
path.  In each graph, the continuous lines represent the measured strain at the specified gage 
location as a function of truck position as it traveled across the bridge. The computed strains are 
shown as markers at discrete truck intervals.   
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Figure 12 Girder B - Span 14, Upper Gage near Bent 14 

 
Figure 13 Girder C - Span 14, Bottom Gage near Bent 14 
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Figure 14 Girder C - Span 14, Upper Gage near Bent 13 

 
Figure 15 Girder D - Span 14, Bottom Gage near Bent 13 
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Figure 16 Girder D - Span 14, Upper Gage near Bent 14 

 
Figure 17 Cross-member, between Girders B-C, Bottom Gage 



LIVE LOAD TESTING AND LOAD RATING ± UNIVERSITY BRIDGE 23 

 
Figure 18 Girder B - Span 15, Bottom Gage near Bent 15 

 
Figure 19 Girder B - Span 15, Upper Gage near Bent 15 



LIVE LOAD TESTING AND LOAD RATING ± UNIVERSITY BRIDGE 24 

 
Figure 20 Girder C - Span 15, Upper Gage Mid-Span 

 
Figure 21 Girder C - Span 15, Bottom Gage near Bent 16 
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Figure 22 Girder D - Span 15, Bottom Gage Mid-Span 

 
Figure 23 Girder D - Span 15, Upper Gage near Bent 15 
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APPENDIX A - FIELD TESTING PROCEDURES 

The motivation for developing a relatively easy-to-implement field-testing system was to 
allow short and medium span bridges to be tested on a routine basis.  Original development of 
the hardware was started in 1988 at the University of Colorado under a contract with the 
Pennsylvania Department of Transportation (PennDOT).  Subsequent to that project, the 
Integrated Technique was refined on another study funded by the Federal Highway 
Administration (FHWA) in which 35 bridges located on the Interstate system throughout the 
country were tested and evaluated.  Further refinement has been implemented over the last 
several years through testing and evaluating several more bridges, lock gates, and other 
structures. 

The real key to being able to complete the field-testing quickly is the use of strain transducers 
(rather than standard foil strain gages) that can be attached to the structural members in just a 
few minutes.  These sensors were originally developed for monitoring dynamic strains on 
foundation piles during the driving process.  They have been adapted for use in structural testing 
through special modifications, and have 3 to 4 percent accuracy, and are periodically re-
calibrated to NIST standards. 

In addition to the strain sensors, the data acquisition hardware has been designed specifically 
for field use through the use of rugged cables and military-style connectors.  This allows quick 
assembly of the system and keeps bookkeeping to a minimum.  The analog-to-digital converter 
(A/D) is an off-the-shelf-unit, but all signal conditioning, ampli fication, and balancing hardware 
has been specially designed for structural testing.   The test software has been written to allow 
easy configuration (test length, etc.) and operation.  The end result is a system that can be used 
by people other than computer experts or electrical engineers.  Other enhancements include the 
use of an automatic remote-control position indicator.  The AutoClicker, a device that 
electronically counts wheel revolutions, is mounted on the test vehicle over one of the wheels.   
As the test vehicle crosses the structure along the preset path, a communication radio sends a 
signal to the strain measurement system that receives it and puts a mark in the data.  This allows 
the field strains to be compared to analytical strains as a function of vehicle position, not only as 
a function of time. 

The use of a moving load as opposed to placing the truck at discrete locations has two major 
benefits.  First, the testing can be completed much quicker, meaning there is less impact on 
traff ic.  Second, and more importantly, much more information can be obtained (both 
quantitative and qualitative).  Discontinuities or unusual responses in the strain histories, which 
are often signs of distress, can be easily detected.  Since the load position is monitored as well , it 
is easy to determine what loading conditions cause the observed effects.  If readings are recorded 
only at discreet truck locations, the risk of losing information between the points is great.  The 
advantages of continuous readings have been proven over and over again. 

The following list of procedures has been reproduced from the BDI Structural Testing System 
(STS) Operation Manual.  This outline is intended to describe the general procedures used for 
completing a successful field test on a highway bridge using the BDI-STS.  Other types of structures 
can be tested as well with only slight deviations from the directions given here. 

Once a tentative instrumentation plan has been developed for the structure in question, the strain 
transducers must be attached and the STS prepared for running the test. 
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ATTACHING STRAIN TRANSDUCERS 

There are two methods for attaching the strain transducers to the structural members: C-
clamping or with tabs and adhesive.  For steel structures, quite often the transducers can be 
clamped directly to the steel flanges of rolled sections or plate girders.  If significant lateral 
bending is assumed to be present, then one transducer may be clamped to each edge of the 
flange.  If the transducer is to be clamped, insure that the clamp is centered over the mounting 
holes.   In general, the transducers can be clamped directly to painted surfaces.  However, if the 
surface being clamped to is rough or has very thick paint, it should be cleaned first with a 
grinder.  The alternative to clamping is the tab attachment method outlined below. 

1. Place two tabs in mounting jig.  Place transducer over mounts and tighten the 1/4-20 nuts 
until they are snug (approximately 50 in-lb.).  This procedure allows the tabs to mounted 
without putting stress on the transducer itself.  When attaching transducers to R/C members, 
transducer extensions are used to obtain a longer gage length.  In this case the extension is 
bolted to one end of the transducer and the tabs are bolted to the free ends of the transducer 
and the extension.   

2. Mark the centerline of the transducer location on the structure.  Place marks 1-1/2 inches on 
either side of the centerline and using a hand grinder, remove paint or scale from these areas.  
If attaching to concrete, lightly grind the surface to remove any scale.  If the paint is quite 
thick, use a chisel to remove most of it before grinding. 

3. Very lightly grind the bottom of the transducer tabs to remove any oxidation or other 
contaminants. 

4. Apply a thin line of adhesive to the bottom of each transducer tab. 

5. Spray each tab and the contact area on the structural member with the adhesive accelerator. 

6. Mount transducer in its proper location and apply a light force to the tabs (not the center of 
the transducer) for approximately 10 seconds. 

If the above steps are followed, it should be possible to mount each transducer in 
approximately five minutes.  When the test is complete, carefully loosen the 1/4-20 nuts from the 
tabs and remove transducer.  If one is not careful, the tab will pop loose from the structure and 
the transducer may be damaged.  Use vice grips to remove the tabs from the structure. 

 

ASSEMBLY OF SYSTEM 

Once the transducers have been mounted, they should be connected into an STS unit.  The 
STS units should be placed near the transducer locations in such a manner to allow four 
transducers to be plugged in.  Each STS unit can be easily clamped to the bridge girders.  If the 
structure is concrete and no flanges are available to set the STS units on, transducer tabs glued to 
the structure and plastic zip-ties or small wire can be used to hold them up.  Since the transducers 
will i dentify themselves to the system, there is no special order that they must follow.  The only 
information that must be recorded is the transducer serial number and its location on the 
structure.  Large cables are provided which can be connected between the STS units.  The 
maximum length between STS units is 50ft (15m).  If several gages are in close proximity to 
each other, then the STS units can be plugged directly to each other without the use of a cable.  
All connectors will " click" when the connection has been completed properly. 
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Once all of the STS units have been connected in series, one cable must be run and connected 
to the power supply located near the PC.  Connect the 9-pin serial cable between the computer 
and the power supply.  The position indicator is then assembled and the system connected to a 
power source (either 12VDC or 120-240AC).  The system is now ready to acquire data. 

 

PERFORMING LOAD TEST 

The general testing sequence is as follows: 

 
1. Transducers are mounted and the system is connected together and turned on. 
 
2. The deck is marked out for each truck pass.  Locate the point on the deck directly above the 

first bearing for one of the fascia beams.   If the bridge is skewed, the first point encountered 
from the direction of travel is used and an imaginary line extended across and normal to the 
roadway.   All tests are started from this line.  In order to track the position of the loading 
vehicle on the bridge during the test, an X-Y coordinate system, with the origin at the 
selected reference point is laid out.    

 
 In addition to monitoring the longitudinal position, the vehicle©s transverse position must 
be known.  The transverse truck position is kept uniform by first aligning the truck in the 
center of the lane where it would normally travel at highway speed.   Next, a chalk mark is 
made on the deck locating the transverse location of the driver©s side front wheel.  By making 
a measurement from this mark to the reference point, the transverse ("Y") position of the 
truck is always known.   The truck is aligned on this mark for all subsequent tests in this lane.  
For two lane bridges with shoulders, tests are run on the shoulder (driver©s side front wheel 
along the white line) and in the center of each lane.   If the bridge has only two lanes and 
very li ttle shoulder, tests are run in the center of each lane only.   If the purpose of the test is 
to calibrate a computer model, it is sometimes more convenient to simply use the lane lines 
as guides since it is easier for the driver to maintain a constant lateral position.  Responses 
due to criti cal truck positions are then obtained by the analysis. 

 
 The driver is instructed that the test vehicle must be kept in the proper location on the 
bridge.   For example, the left front wheel needs to be kept on the white line for the shoulder 
tests.   Another important item is that the vehicles maintain a relatively constant rate of speed 
during the entire test.  The process of converting data to a function of truck position assumes 
constant speed between each click mark. 

 
 Two more pieces of information are then needed: the axle weights and dimensions of the 
test vehicle.   The driver generally provides the axle weights, after stopping at a local scale.  
However, a weight enforcement team can use portable scales and weigh the truck at the 
bridge site.  Wheelbase and axle width dimensions are made with a tape measure and 
recorded. 

 
3. The program is started and the number of channels indicated is verified.  If the number of 

channels indicated do not match the number of channels actually there, a malfunction has 
occurred and must be corrected before testing commences. 
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4. The transducers are initialized (zeroed out) with the Balance option.  If a transducer cannot 
be initialized, it should be inspected to ensure that it has not been damaged. 

 
5. The desired test length, sample rate, and output file name are selected.  In general, a longer 

test time than the actual event is selected.  For most bridge tests, a one or two-minute test 
length will suffice since the test can be stopped as soon as the truck crosses completely over 
the structure. 

 
6. To facilit ate presenting data as a function of load position, rather than time, two items 

describing the PI information must be defined.  The starting position and PI interval distance 
allow the data to be plotted using position coordinates that are consistent with a numeric 
analysis.  The starting position refers to the longitudinal position of the load vehicle in the 
model coordinate system when the data recording is started.  The interval distance is the 
circumference of the tire that is being used by the Autoclicker.   It is important that this 
information be clearly defined in the field notes. 

 
7. If desired, the Monitor option can be used to verify transducer output during a trial test.  

Also, it is useful to run a Position Indicator (PI) test while in Monitor to ensure that the clicks 
are being received properly. 

 
8. When all parties are ready to commence the test, the Run Test option is selected which places 

the system in an activated state.   The Autoclicker is positioned so that the first click occurs 
at the starting line.   This first click starts the test.  The Autoclicker also puts one mark in the 
data for every wheel revolution.   An effort should be made to get the truck across with no 
other traff ic on the bridge.  There should be no talking over the radios during the test, as a 
“positionº will be recorded each time the microphones are activated . 

 
9. When the test has been completed, and the system is still recording data, hit "S" to stop 

collecting data and finish writing the recorded data to disk.  If the data files are large, they 
can be compressed and copied to floppy disk. 

 
10. It is important to record the field notes very carefully.  Having data without knowing where it 

was recorded can be worse than having no data at all .  Transducer location and serial 
numbers must be recorded accurately.  All future data handling in BDI-GRF is then 
accomplished by keying on the transducer number.  This system has been designed to 
eliminate the need to track channel numbers by keeping this process in the background.  
However, the STS unit and the transducer©s connector number are recorded in the data file if 
needed for future hardware evaluations.   
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APPENDIX B - MODELING AND ANALYSIS: THE INTEGRATED APPROACH 

INTRODUCTION 

In order for load testing to be a practical means of evaluating short- to medium-span bridges, 
it is apparent that testing procedures must be economic to implement in the field and the test 
results translatable into a load rating.  A well -defined set of procedures must exist for the field 
applications as well as for the interpretation of results.  An evaluation approach based on these 
requirements was first developed at the University of Colorado during a research project 
sponsored by the Pennsylvania Department of Transportation (PennDOT).  Over several years, 
the techniques originating from this project have been refined and expanded into a complete 
bridge rating system. 

The ultimate goal of the Integrated approach is to obtain realistic rating values for highway 
bridges in a cost effective manner.  This is accomplished by measuring the response behavior of 
the bridge due to a known load and determining the structural parameters that produce the 
measured responses.  With the availabili ty of f ield measurements, many structural parameters in 
the analytical model can be evaluated that are otherwise conservatively estimated or ignored 
entirely.  Items that can be quantified through this procedure include the effects of structural 
geometry, effective beam stiffness, realistic support conditions, effects of parapets and other 
non-structural components, lateral load transfer capabiliti es of the deck and transverse members, 
and the effects of damage or deterioration.  Often, bridges are rated poorly because of inaccurate 
representations of the structural geometry or because the material and/or cross-sectional 
properties of main structural elements are not well defined.  A realistic rating can be obtained, 
however, when all of the relevant structural parameters are defined and implemented in the 
analysis process. 

One of the most important phases of this approach is a qualitative evaluation of the raw field 
data.  Much is learned during this step to aid in the rapid development of a representative model. 

 

INITIAL DATA EVALUATION 

The first step in structural evaluation consists of a visual inspection of the data in the form of 
graphic response histories.  Graphic software was developed to display the raw strain data in 
various forms.  Strain histories can be viewed in terms of time or truck position.  Since strain 
transducers are typically placed in pairs, neutral axis measurements, curvature responses, and 
strain averages can also be viewed.  Linearity between the responses and load magnitude can be 
observed by the continuity in the strain histories.  Consistency in the neutral axis measurements 
from beam to beam and as a function of load position provides great insight into the nature of the 
bridge condition.  The direction and relative magnitudes of f lexural responses along a beam line 
are useful in determining if end restraints play a significant role in the response behavior.  In 
general, the initial data inspection provides the engineer with information concerning modeling 
requirements and can help locate damaged areas. 

Having strain measurements at two depths on each beam cross-section, flexural curvature and 
the location of the neutral axis can be computed directly from the field data.  Figure 24 ill ustrates 
how curvature and neutral axis values are computed from the strain measurements. 
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Figure 24 I llustration of Neutral Axis and Curvature Calculations 

 
The consistency in the N.A. values between beams indicates the degree of consistency in 

beam stiffness.  Also, the consistency of the N.A. measurement on a single beam as a function of 
truck position provides a good quali ty check for that beam.  If for some reason a beam's stiffness 
changes with respect to the applied moment (i.e. loss of composite action or loss of effective 
flange width due to a deteriorated deck), it will be observed by a shift in the N.A. history. 

Since strain values are translated from a function of time into a function of vehicle position on 
the structure and the data acquisition channel and the truck position tracked, a considerable amount 
of book keeping is required to perform the strain comparisons.  In the past, this required 
manipulation of result files and spreadsheets which was tedious and a major source of error.  This 
process in now performed automatically by the software and all of the information can be verified 
visually.   

 

FINITE ELEMENT MODELING AND ANALYSIS 

The primary function of the load test data is to aid in the development of an accurate finite 
element model of the bridge.  Finite element analysis is used because it provides the most 
general tool for evaluating various types of structures.  Since a comparison of measured and 
computed responses is performed, it is necessary that the analysis be able to represent the actual 
response behavior.  This requires that actual geometry and boundary conditions be realistically 
represented.  In maintaining reasonable modeling efforts and computer run times, a certain 
amount of simplicity is also required, so a planar grid model is generated for most structures and 
linear-elastic responses are assumed.  A grid of frame elements is assembled in the same 
geometry as the actual structure.  Frame elements represent the longitudinal and transverse 
members of the bridge.  The load transfer characteristics of the deck are provided by attaching 
plate elements to the grid.  When end restraints are determined to be present, elastic spring 
elements having both translational and rotational stiffness terms are inserted at the support 
locations. 
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Loads are applied in a manner similar to the actual load test.  A model of the test truck, 
defined by a two-dimensional group of point loads, is placed on the structure model at discrete 
locations along the same path that the test truck followed during the load test.  Gage locations 
identical to those in the field are also defined on the structure model so that strains can be 
computed at the same locations under the same loading conditions. 

 

EVALUATION OF ROTATIONAL END RESTRAINT 

A common requirement in structural identification is the need to determine effective spring 
stiffnesses that best represent in-situ support conditions. Where as it is generally simple to 
evaluate a spring constant in terms of moment per rotation, the value generally has littl e meaning 
to the engineer. A more conceptual approach is to evaluate the spring stiffness as a percentage of 
a fully restrained condition. For example: 0% being a pinned condition and 100% being fixed. 
This is best accomplished by examining the ratio of the beam or slab stiffness to the rotational 
stiffness of the support. 

As an ill ustration, a point load is applied to a simple beam with elastic supports, see Figure 
25. By examining the moment diagram, it is apparent that the ratio of the end moment to the 
midspan 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 percent, a more 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 26 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. 
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Figure 25 Moment Diagram of Beam with Rotational End Restraint. 



LIVE LOAD TESTING AND LOAD RATING ± UNIVERSITY BRIDGE 33 

End Restraint Fixity Terms

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8 9 10

(EI)/(KL) - Radians

E
nd

 -
 M

id
sp

an
 M

om
en

t R
at

io
 (

M
en

d 
/ M

m
id

)

 
Figure 26 Relationship Between Spr ing Stiffness and Fixity Ratio. 

 

MODEL CORRELATION AND PARAMETER MODIFICATION 

The accuracy of the model is determined numerically by the analysis using several statistical 
relationships and through visual comparison of the strain histories.  The numeric accuracy values 
are useful in evaluating the effect of any changes to the model, where as the graphical 
representations provide the engineer with the best perception for why the model is responding 
differently than the measurements indicate.  Member properties that cannot be accurately defined 
by conventional methods or directly from the field data are evaluated by comparing the 
computed strains with the measured strains.  These properties are defined as variable and are 
evaluated such that the best correlation between the two sets of data is obtained.  It is the 
engineer's responsibili ty to determine which parameters need to be refined and to assign realistic 
upper and lower limits to each parameter.  The evaluation of the member property is 
accomplished with the aid of a parameter identification process (optimizer) built i nto the 
analysis.  In short, the process consists of an iterative procedure of analysis, data comparison, 
and parameter modification.  It is important to note that the optimization process is merely a tool 
to help evaluate various modeling parameters.  The process works best when the number of 
parameters is minimized and reasonable initial values are used. 
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During the optimization process, various error values are computed by the analysis program 
that provides a quantitative measure of the model accuracy and improvement.  The error is 
quantified in four different ways, each providing a different perspective of the model©s abili ty to 
represent the actual structure; an absolute error, a percent error, a scale error and a correlation 
coeff icient. 

The absolute error  is computed from the absolute sum 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 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.  
It is used by the optimization algorithm as the objective function to minimize.  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 littl e conceptual 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%. 

The scale err or  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. 

Another useful quantity is the correlation coeff icient, which is a measure of the linearity 
between the measured and computed data.  This value determines how well the shape of the 
computed response histories match the measured responses.  The correlation coeff icient 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 coeff icient greater than 0.90.  A 
poor correlation coeff icient 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: 
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Table 18 Err or Functions 

ERROR FUNCTION EQUATION 
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In addition to the numerical comparisons made by the program, periodic visual comparisons 
of the response histories are made to obtain a conceptual measure of accuracy.  Again, 
engineering judgment is essential in determining which parameters should be adjusted so as to 
obtain the most accurate model.  The selection of adjustable parameters is performed by 
determining what properties have a significant effect on the strain comparison and determining 
which values cannot be accurately estimated through conventional engineering procedures.  
Experience in examining the data comparisons is helpful, however, two general rules apply 
concerning model refinement.  When the shapes of the computed response histories are similar to 
the measured strain records but the magnitudes are incorrect this implies that member stiffness 
must be adjusted.  When the shapes of the computed and measured response histories are not 
very similar then the boundary conditions or the structural geometry are not well represented and 
must be refined. 

In some cases, an accurate model cannot be obtained, particularly when the responses are 
observed to be non-linear with load position.  Even then, a great deal can be learned about the 
structure and intell igent evaluation decisions can be made. 
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APPENDIX C - LOAD RATING PROCEDURE 

For borderline bridges (those that calculations indicate a posting is required), the primary 
drawback to conventional bridge rating is an oversimpli fied procedure for estimating the load 
applied to a given beam (i.e. wheel load distribution factors) and a poor representation of the 
beam itself.  Due to lack of information and the need for conservatism, material and cross-
section properties are generally over-estimated and beam end supports are assumed to be simple 
when in fact even relatively simple beam bearings have a substantial effect on the midspan 
moments.  Inaccuracies associated with conservative assumptions are compounded with complex 
framing geometries.  From an analysis standpoint, the goal here is to generate a model of the 
structure that is capable of reproducing the measured strains.  Decisions concerning load rating 
are then based on the performance of the model once it is proven to be accurate. 

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.   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.  Load rating is accomplished by applying the 
desired rating loads to the model and computing the stresses on the primary members.  Rating 
factors are computed using the equation specified in the AASHTO Manual for Condition Evaluation 
of Bridges - see Equation (1). 

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 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.  The safety to the public is 
of vital importance but as long as load limits are imposed such that the structure is not damaged then 
safety is no longer an issue. 

Following is an outline describing how field data is used to help in developing a load rating for 
the superstructure.  These procedures wil l only complement the rating process, and must be used 
with due consideration to the substructure and inspection reports. 

 
1. Preliminary Investigation: Verification of linear and elastic behavior through continuity of 

strain histories, locate neutral axis of f lexural members, detect moment resistance at beam 
supports, and qualitatively evaluate behavior. 

 
2. Develop representative model: Use graphic pre-processors to represent the actual geometry 

of the structure, including span lengths, girder spacing, skew, transverse members, and deck.  
Identify gage locations on model identical to those applied in the field. 

 
3. Simulate load test on computer model: Generate 2-dimensional model of test vehicle and 

apply to structure model at discrete positions along same paths defined during field tests.  
Perform analysis and compute strains at gage location for each truck position. 
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4. Compare measured and initial computed strain values: Various global and local error 
values at each gage location are computed and visual comparisons made with post-processor. 

 
5. Evaluate modeling parameters: Improve model based on data comparisons.  Engineering 

judgment and experience is required to determine which variables are to be modified.  A 
combination of direct evaluation techniques and parameter optimization are used to obtain a 
realistic model.  General rules have been defined to simpli fy this operation. 

 
6. Model evaluation: In some cases it is not desirable to rely on secondary stiffening effects if 

it is likely they will not be effective at higher load levels.  It is beneficial, though, to quantify 
their effects on the structural response so that a representative computer model can be 
obtained.  The stiffening effects that are deemed unreliable can be eliminated from the model 
prior to the computation of rating factors.  For instance, if a non-composite bridge is 
exhibiting composite behavior, then it can conservatively be ignored for rating purposes.  
However, if it has been in service for 50 years and it is still behaving compositely, chances 
are that very heavy loads have crossed over it and any bond-breaking would have already 
occurred.  Therefore, probably some level of composite behavior can be relied upon.  When 
unintended composite action is allowed in the rating, additional load limits should be 
computed based on an allowable shear stress between the steel and concrete and an ultimate 
load of the non-composite structure. 

 
7. Per form load rating: Apply HS-20 and/or other standard design, rating and permit loads to 

the calibrated model.  Rating and posting load configuration recommended by AASHTO are 
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shown in 

 
8. Figure 27.The same rating equation specified by the AASHTO - Manual for the Condition 

Evaluation of Br idges is applied: 
 

I) + L(1A2

DA1 - C
 = RF   

(1) 

 where: 

  RF = Rating Factor for individual member. 
   C = Member Capacity. 
   D = Dead-Load effect. 
   L = Live-Load effect. 
  A1 = Factor applied to dead-load. 
  A2 = Factor applied to li ve-load. 
   I = Impact effect, either AASHTO or measured. 
 
The only difference between this rating technique and standard beam rating programs is that a 

more realistic model is used to determine the dead-load 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. 
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9. Consider other factors: Other factors such as the condition of the deck and/or substructure, 

traff ic volume, and other information in the inspection report should be taken into 
consideration and the rating factors adjusted accordingly. 

 

 
Figure 27 AASHTO rating and posting load configurations. 
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