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INTRODUCTION AND GENERAL OVERVIEW

Bridge Diagnastics, Inc. (BDI) was contraded by the Sedtle Transportation Department
(Searran) 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. Spedfic details relating to the test results, analysis
statistics, and load rating are provided in following sedions. Detailed information on test
procedures, analysis techniques, model cdibration, and load rating are provided in the
appendices at the end d the report.

STRUCTURE DESCRIPTION

The superstructure is a multi-span reinforced concrete (RC) beam/dlab kridge that has an
asphalt weaing surface, sidewalks and guardrails. Many of the beams are tapered, meaning that
their cross ®dions vary aong their length. This “permanent” north approac is broken down
into two separate sedions, the northernmost of which is a four-span continuows gructure with a
variable skew. The second sedion aso consists of four continuows gans, although they have no
skew. Both of these sedions med at the expansion joint, which cantilevers off of Bents 14 and
15.Table 1 contains adetail ed description d the north approach spans for University Bridge.

Table 1 Structure Description

Structure Identification University Bridge, Permanent Approaches

Location Eastlake Avenue over Lake Union, Sedtle, WA.

Structure Type Reinforced Concrete

Number of Spans 2 £ 4 span continuows £gments

Span Lengths Varies

Skew Varies

Structure/Roadway Widths | 75 / 44’ roadway

Ded Reinforced Concrete, 95” thick between GirdersA & B, C & D.
20" thick between GirdersB & C.

Visual condtion Structured appeared to be in good condtion with typicd cracking
throughou 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 dan was to measure the primary flexural
responses throughou the entire superstructure, which would provide abasis for improving the
acaracy of a mmputer-generated finite dement 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, ore ¥4' diameter hale gpproximately
1-1/2" deep was drill ed into the mncrete so a mounting stud could be used on ore end of each
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24° extended strain transducer. When testing was completed, the mounting studs were “snapped
off at the surfaceof the concrete. The purpose of the extensions was to provide an averaged
strain value over this gage length, which reduces the locdized effect of concrete aadks. While
the strain values are not intended to provide adired measure of reinforcement stress they do
provide areasonably accurate measure of flexural bending.

After the structure was completely instrumented, controll ed live-load tests were condicted by
driving a three-axle loading vehicle (UBIT) along four different prescribed lateral paths. During
ead truck crossng, strains were rearded at 33Hz on ead channel whil e the vehicle©s position
was monitored remotely. Testing was performed twicefor each path to ensure reproducibili ty of
the structural resporses. An ouline of the test procedure is provided in Table 2 and axle weights
and configuration can be seenin Figure 2.

Table2 Test Procedures

Date August 18", 2003

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

Test vehicle direction East boundfor &l tests (Positive X diredion)

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

AutoClicker Position Passenger side front wheel

Truck position AutoClicker recorded truck pasition at ead whed
revolution. Whed circumference =11.4'

Lateral truck path(s) 4 truck paths were defined for the load test. The'Y

paositionrefers to distance between driver side front
whed and Structure Reference Point (0,0).
Y1=56.3,Y2=39.4,Y3=26.1,Y4=2.0

M easurements (40) removable strain transducers recorded at 33 Hz.
Gage Placement SeeFigure 1.
Number of test cycles Data was recorded whil e the test truck crossed the

bridge & crawl speal (<5 mph). Ead truck path was
runtwiceto 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 threeman crew on August 12",
2003. The instrumentation was installed duing the day, and the testing procedures and
instrumentation removal were completed after 7:00PM that evening in order to reduce impact on
traffic. The UBIT supplied by Sealran was used for both access and for the load tests.
Workzone Traffic Control provided all traffic control during instrumentation and load testing.

PRELIMINARY INVESTIGATION OF TEST RESULTS

All of the field data was first examined graphically to determine its quality and to provide a
gualitative assessment of the structure©s livvoad resporse. Some of the indicaors of data
quality included reproducibility between identicd truck crosdngs, elastic behavior (strains
returning to zero after truck crosdng), and unuwsual-shaped resporses that might indicae
nonlinea behavior or possble gage mafunctions.

In addtion to a data "quality check”, information olaned during the preliminary
investigation was used to determine gpropriate modeling procedures for the dfedive dedk and
conredion stiffnesses. For example, the shape of the strain histories of the gages near the
suppats can indicate whether or not there is rotational restraint present, giving a good initia
starting point for modeling the bourdary condtions. Gages that were placein the transverse
diredion will give an understanding of the lateral load dstribution. It should be noted that this
gualitative investigation of the data is very important for establishing the diredion that the
guantitative investigation shoud take.

Conclusions made diredly from the field data were:

All strains appea to be linea with respect to load magnitude (truck paosition) and al strains
returned to zero indicaing elastic behavior. In addition, there was good reproducibili ty
between identicd truck paths, which is ancther indicaion that the data wlleded is of good
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quality. Figure 3 displays both the linear elastic behavior and reproducibility between
identicd truck paths.

When the loading vehicle was in Span 18, the strain magnitudes recrded in Span 15were
exceptionally low as iown in Figure 4. Because of the minor influence the loading vehicle
had when in Span 18 and that the bridge geometry becomes much more mmplex nea the
abutment, it would be best to end the model at mid-span of Span 17. Rotational restraints
will be included at this locaion to simulate the dfects of mid-span condtions. It was
originally decided by both BDI and SeaTran that the instrumented span that was developed
would be enough to establish the aiticd rating fadors for the North Approach spans.

Figure 5 displays the lateral load dstribution acoss pan 14, 11-3° North of Bent 13. This
chart istypicd of the lateral load dstribution throughou the bridge. It isimportant to notice
that the lateral load dstribution dces not extend further than either adjacent girder with
resped to the load pasition. This means that when the truck is traveling along path Y1
(passenger whedl on Girder D, driver whed between Girders C & D), the load is dhared
between Girders C & D only. No load istransferred pest 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 sted tie rods through the existing bents and the
reinforced concrete frame. This leads to the possble scenario that the load is being
transferred dredly into the reinforced concrete frame, which was cast in placefor earthquake
load transfer rather than vehicle load transfer. Since earthqueke loading is a lateral force, it
makes ensethat thereislittl e lateral |oad transfer over the expansion joint span.

Sincethere was 2uch minor continuity over the expansion joint span, it was determined that it
would be best to model this dructure 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 locdized behavior was naticed on a few of the upper gage locaions throughou
the structure, however thisis common. Figure 8 shows alocdized compresson spike & the
whed load is directly on top d the gage locaion. Since this type of behavior canna be
modeled, gages that display such irregular shapes will not be included in the model
correlation rocess

The maximum strain recorded in the transverse diredion was 42.69 me at mid-span in the
crossmember between grders C-D as well as Bents 13-14 on @th Y1 (Transducer 4113.
Maximum and minimum strains for all 40 gage locaions are provided in Table 3 and

Table 4.
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Figure 3 Reproducibility and Linear Elastic Behavior

Figure 4 Influenceof Loading Vehiclein Span 18
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Figure 5 Lateral Strain Distribution

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

Figure 8 Influenceof Expansion Joint Span
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Figure 9 L ocalized Behavior dueto Whed load directly on top of Gage L ocation

Table3 Maximum and Minimum Responses (Fil es 1-4)

University 1.dat

University_2.dat

University_3.dat

University_4.dat

TRANSDUCER |MINIMUM  |[MAXIMUM  [MINIMUM MAXIMUM |MINIMUM  [MAXIMUM  (MINIMUM  [IMAXIMUM
ID RESPONSE |RESPONSE |RESPONSE [RESPONSE |RESPONSE|RESPONSE |RESPONSE [RESPONSE
ne ne ne ne ne ne ne ne
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
ne ne ne ne ne ne ne ne
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 (Fil es 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
ne e e e e ne e e

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

LIVE LOAD TESTING AND LOAD RATING + UNIVERSITY BRIDGE

10



University_5.dat University_6.dat University_7.dat University_8.dat
TRANSDUCER [MINIMUM  [MAXIMUM [MINIMUM  |[MAXIMUM  [MINIMUM  [IMAXIMUM  |MINIMUM  [MAXIMUM
1D RESPONSE |RESPONSE [RESPONSE [RESPONSE|RESPONSE|RESPONSE |RESPONSE[RESPONSE
e e e e e e e e

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 bean, plate and spring elements. Due to the tapered girders nea the
piers and the variable shea sted reinforcement, eat element in the model will have to be
explicitly defined. This includes defining the sedion depth and eccentricity with respect to the
top d the dek.

Elastic suppats were used at beaing locaions as well as aong the expansion joint to
simulate the dfeds of end restraint. As mentioned in the Preliminary Investigation o Test
Results the model was broken down into two segments. The first portion contains gan 11-14,
including the small cantilevered sedion leading up to the expansion joint. The second portion
also contains asmall cantilevered sedion leading df the expansion joint, as well as spans 15, 16
and helf of span 17. The model includes rotational restraints at the north end (middle of span 17)
to simulate the dfeds of mid-span condtions. In addition, spring el ements were included along
the expansion joint in both models to simulate the dfeds of an expansion joint. Figure 10 and
Figure 11 shows both portions of the model. Detail s 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)

Oncethe models were devel oped, the load testing procedures were esentially "reproduced” in
the models. A two-dimensiona "foatprint" of the loading vehicle (Figure 2) was applied to the
models along the same paths that the adual test vehicle aossed the bridge. A dired comparison
of strain values was then made between the analyticd predictions and the experimentally
measured results. The initial models were "cdibrated" by modifying various properties and
boundry condtions urtil the results matched those measured in the field.
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Table 5 Analysisand Model Detail s

Analysistype Linear-elastic finite dement - stiffnessmethod.

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

Nodal locaions Nodes placel at all bearing locations.

Nodes at al four corners of eat plate dement.

Model comporents

Dedk represented by plate dements.
Elastic spring elements used to simulate rotational restraint at the
abutments and piers.

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

Deal-load Self-weight of structure plus 56.31bs/ft” to acourt for asphalt and 160

Ibs./ft applied to the aurb beams to accourt for curb and railing nd
explicitly defined by the model. (Used for load rating only)

Data comparison

26 strain gage locaions defined on models. Strains computed for
several truck pasitions along ead path (a total 630 truck pasitions).
26x630 = 1638 strain values. Strain recrds were extraded from load
test datafil es corresponding to analysis truck paositions.

Modd statistics First Model SeoondModel
1534 Nodes 890 Nodes
2094 Elements 1272 Elements
101 Crosssedions 117 Crosssedions
357 Load Cases 273 Load Cases
14 Gage locations 12 Gage locations
Adjustable 1 Concrete moduus (Ec - ksi).
parameters for model | 2 Rotational restraints at abutments and @ers. (kip-in/rad).
cdibration

MODEL CALIBRATION RESULTS

Following the optimization procedures, the model produced an excdlent correlation. The
acaracy values obtained by the initial and final, cdibrated model are provided in Table 6. See
Appendix B for adescription d ead error value.

Table 6 Model Accuracy Terms

Error / Accuracy Term First Model (Spans 11-14) First Model (Spans 15-17)
Initial Model | Final Model Initial Model | Final Model
Absolute Error 14561.2 1996.2 223594 2668.1
Percent Error 27.0% 11.7%6 33.%% 17.0%
Scde Error 21.3% 2.% 19.8% 1.7%
Correlation Coefficient 0.86 0.95 0.82 0.95
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The dfective stiffnessof the mncrete increased slightly during the cdibration process This
increase in stiffnessis not unusua for concrete in the Northwest region due to higher quality
aggregate available there. Furthermore the resulting moduus is representative of the beam
stiffnesswhich includes the dfead of reinforcement. When little aadking is present it is common
for the optimized value to be greaer than the true concrete moduus. The spring aong the
expansion joint provided quite ahigh stiffnessin the vertica diredion, which is due to the large
reinforced concrete frame that was cast through this gpan. The final values obtained for the
rotational springs provided at the suppat locaions indicated a significant amourt of restraint in
the longitudinal diredion.

L oAD RATING PROCEDURE AND RESULTS

The goal of producing accurate models was to predict the structure©s actual live load behavior
when subjeded to the design or rating loads. This approad is esentially identicd to standard
load rating procedures, except that "field verified" models were used instead of atypicd beam
analysis combined with load dstribution fadors.

Load ratings were performed on the cdibrated models acwmording to AASHTO LFD
spedficaions for Inventory and Operating Load Limits, as well as for Washington State DOT
LRFR approach. The resistance factors used for ead of these gpproaches can be seen in Table
1.

The member cgpadties, aong with their corresponding stiff ness 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 apadty cdculations. This is an acceptable vaue given that the results from the
cdibrated load test indicae that the concrete strength is most likely greater than that.

Table7 Applied L oad and Resistance Factors

L oad/Resistance Faaor WSDOT LRFD AASHTO LFD AASHTO LFD
Inventory Operating

Moment ResistanceF y 0.90 0.90 0.90

Shea ResistanceF v 0.85 0.85 0.85
Live-load factor 1.65 2.17 1.30

(ADTT <1000

Dead-load factor 1.20 1.30 1.30

Impact Fador 0.10 0.30 0.30

* Average Daily Truck Traffic

A table containing cross-sedion cgpacities is usually provided in this edion d the report,
however, due to the complexity of the bridge and model, a very large number of cgpacities were
cdculated according to spedfic locations of elements within the model. For example, since the
main girders are tapered nea the supports and the shear steel reinforcement spadng varies, a
cgoacity was cdculated at the known worst-case locaion acording to the location d the
correspondng element in the model. Excd spreadsheds were used to simplify the procedure of
cdculating the cgadties for positive and negative moment in addition to shea throughou the
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structure. These spreadsheds will be provide dong with the report (University Capeacities Spars
11-14xls and University Capecities Spars 15-17 xIs).

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 discusson d load rating
principles and the mmputation d load-rating fadorsis provided in Appendix C of thisreport.
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Table 8 Rating Factorsfor AASHTO HS-20— L FD Inventory Limit

Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16
+My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz
Girder A |3.44 239 [1.80 |3.97 [2.32 198 |3.99 |3.08 |1.85 [5.29 |3.36 [1.89 [3.92 1.33 ]1.94 [3.80 [1.59 0.90
GirderB [2.27 224 [1.01 249 219 147 ([2.00 284 |1.71 227 295 176 (251 [1.42 130 |[250 [1.27 |0.79
GirderC [2.27 224 [1.01 249 219 147 ([2.00 284 |1.71 227 295 176 (319 [1.02 096 |[2.60 [1.20 |0.77
GirderD [3.44 239 [1.80 |3.97 [2.32 198 |3.99 [3.08 |1.85 [5.29 336 [1.89 [541 281 |1.58 [3.34 3.22 |0.93
Table 9 Rating Factorsfor AASHTO HS-20— L FD Operating Limit
Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16
+My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz
Girder A |5.74 399 [3.00 |6.64 [3.87 331 |666 |5.14 [3.09 [8.84 |5.62 [3.16 [6.55 [2.22 324 635 265 |1.50
GirderB [3.78 [3.74 [1.69 416 [3.65 246 [3.34 473 286 |3.78 492 293 419 [2.37 (217 418 (212 |1.32
GirderC |3.78 3.74 [1.69 416 [3.65 [246 |3.34 473 286 [3.78 1492 293 [5.32 [1.70 |1.60 [|433 [2.01 |1.29
GirderD |5.74 399 [3.00 |6.64 [3.87 331 |666 |[5.14 [3.09 (884 |5.62 [3.16 [9.03 469 |2.63 [5.58 |5.37 |1.55
Table 10 Rating Factorsfor WSDOT HS-20— L RFR Approach
Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16
+My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz
Girder A |5.42 |3.84 288 16.20 [3.72 3.17 |6.24 1488 [294 [8.28 |5.34 [297 [6.13 [2.16 [3.06 [5.98 [2.60 |1.48
GirderB [3.99 387 [1.87 438 (380 246 |355 476 [3.08 [3.99 1498 [290 [395 236 [2.09 [38.97 212 [1.31
GirderC [3.99 387 [1.87 1438 [3.80 246 |3.55 476 |3.08 [399 498 [290 [5.01 1.69 |156 411 [2.02 |1.28
GirderD |5.42 |[3.84 [2.88 [6.20 [3.72 [3.17 [6.24 1488 [294 1828 [5.34 297 [849 449 (252 |5.25 |[5.17 |[1.54
Table 11 Rating Factorsfor WSDOT TYPE 3—-LRFR Approach
Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16
+My  |-My Fz +My  |-My Fz +My  |-My Fz +My -My  |Fz +My -My  |Fz +My  |-My Fz
Girder A 16.34 542 [3.82 |743 522 |3.84 ([r59 632 |3.87 1026 |7.75 |3.63 |[7.15 295 393 [7.50 [3.54 |2.13
GirderB |4.70 |[547 233 [5.26 [5.39 [3.12 428 [6.27 |3.89 4.70 6.68 |[3.59 |4.77 3.23 274 |5.09 [2.89 [1.93
GirderC 470 547 233 [5.26 [5.39 [3.12 428 [6.27 |3.89 14.70 6.68 [3.59 [6.21 231 205 [5.29 [2.75 |1.88
GirderD [6.34 |[5.42 [3.82 |743 [5.22 3.84 (759 16.32 |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 Factorsfor WSDOT TYPE 3-3 + LRFR Approach

Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16

+My  |-My Fz +My -My  |Fz +My -My  |Fz +My -My  |Fz +My -My  |Fz +My -My  |Fz
Girder A |893 436 |4.10 1246 455 |3.49 (1188 490 350 |12.69 [6.33 |4.57 [10.19 |3.38 |5.35 |10.06 |3.29 |2.52
GirderB 16.63 [4.26 |2.38 [8.51 4.60 [3.19 |6.58 4.80 341 16.63 5.23 |3.87 [6.41 2.62 |3.56 16.78 252 |2.06
GirderC 16.63 426 |2.38 [8.51 4.60 [3.19 |6.58 4.80 341 16.63 5.23 [3.87 18.04 272 256 |7.14 2.33 |1.89
GirderD |8.93 436 |4.10 1246 455 |3.49 [11.88 490 |3.50 |12.69 |[6.33 |4.57 [13.54 [6.53 |4.05 [9.00 5.67 [2.12
Table 13Rating Factorsfor WSDOT TYPE 3S2 £+ LRFR Approach
Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16

+My  |-My Fz +My -My  |Fz +My -My  |Fz +My -My  |Fz +My -My  |Fz +My  |-My Fz
Girder A 16.80 |3.78 ([3.50 |10.72 417 294 1040 |4.06 |3.05 [11.15 |5.34 |3.85 [8.14 3.19 430 |8.03 [2.98 |1.87
GirderB |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 |6.87 246 [2.27 [65.58 219 [1.62
GirderD 6.80 |3.78 |[3.50 |10.72 4.17 (294 |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 Factorsfor WSOL 1 = L RFR Approach

Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16

+My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz
Girder A 1443 320 249 |5.15 [3.08 290 |5.28 [3.64 [2.76 (715 451 [2.65 [5.13 [1.69 [257 484 204 [1.23
GirderB [3.26 |3.22 [1.71 |3.59 (313 [2.03 |295 357 282 [3.26 |3.87 [2.38 [3.23 [1.85 |1.69 [3.18 [1.66 |1.08
GirderC |3.26 |3.22 [1.71 |3.59 [3.13 [2.03 |295 357 |2.82 [3.26 |3.87 [2.38 [4.04 1.32 |1.26 |[3.30 [1.58 |1.07
GirderD 443 [3.20 [2.49 |[5.15 [3.08 [290 [5.28 |3.64 [2.76 |7.15 451 265 |[6.97 [3.50 ([2.06 }4.19 4.06 |1.31

Table 15Rating Factorsfor WSOL 2 + L RFR Approach

Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16

+My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz
Girder A [3.87 198 [196 [6.36 [2.08 [1.58 [6.18 222 190 |8.19 287 329 [474 [151 245 455 [1.40 1|0.99
GirderB [2.87 192 [1.17 428 [2.08 144 (340 215 181 287 235 176 (297 [1.12 165 [3.12 [1.08 |0.83
GirderC [2.87 192 [1.17 428 [2.08 144 (340 (215 181 287 235 176 [3.71 [1.112 117 |3.38 [1.00 |0.79
GirderD [3.87 (198 [1.96 [6.36 [2.08 [1.58 [6.18 [2.22 |1.90 |8.19 287 |3.29 |[6.25 [2.71 190 J}4.41 [2.38 |0.97
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Table 16 Rating Factorsfor WSUB50+ L RFR Approach

Member Span 11 Span 12 Span 13 Span 14 Span 15 Span 16

+My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz +My  |-My Fz
Girder A |5.77 412 [3.12 689 1431 402 [691 1482 298 |9.06 |5.74 |3.05 |[6.82 [2.63 [3.70 |6.67 [3.17 |1.70
GirderB |4.26 413 [1.95 |478 440 298 [3.87 477 |3.06 426 506 344 435 [2.86 [256 450 [2.57 |1.53
GirderC 426 413 [1.95 478 440 298 [3.87 477 |3.06 426 506 [344 |[554 [2.05 191 472 245 |1.50
GirderD |5.77 412 [3.12 689 431 14.02 [6.91 1482 298 |9.06 5.74 |3.05 [9.18 [5.45 ([3.14 |5.95 [6.31 |1.83

Table 17 Summary of Critical 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 diredly from the load test data ae qualitative in nature and indicate that
the structure is behaving normally for a reinforced concrete structure. The structure gopeaed to
be in good condtion with no vsible aads. All strain measurements indicated that the structure
was behaving linealy with respea to load magnitude (truck paosition) and all resporses were
elastic. Strain measurements taken nea the ébutments indicate that there is a significant amourt
of endrestraint.

Eff orts were successful in cdibrating a 2-D finite dement models to reproduce the measured
strains with an acceptable degree of accuracy. Reasonably good comparisons were made for
eat o the four truck paths for both models. Rotational stiffnessvalues of the springs over the
piers were reasonably high due to the lengths of the concrete column and the cnnedion detail s
(tapered sections). The stiffnessvalues were not reduced for the rating processbecause it is most
likely that there will be no changein the mnredion detail s over the piers.

Since Spans 17 and 18 were not modeled completely, no rating fadors can be provided for
these spans. Because the bridge gets much more complicated as well as the aldition d ancther
girder past Girder D, it would na be redlistic to attempt to model spans 17 and 18 withou
having place some gages within these spans. After briefly reviewing the plans, the shea sted
reinforcement detail s are similar to those in spans 12-13. Spans 17 and 18would most likely
have rating fadors smilar to thasein spans 12-13.

The final load rating increased from 0.22 and 0.44as cdculated from conventional bean
analysis, to 0.77and 1.0, respedively, for AASHTO'sLFD Inventory Load Limit. The primary
reason for the large increease in load rating was due to the redlistic representation d the lateral
and longitudinal load distribution throughou the structure.

The load rating fadors and conclusions presented in this report are provided as
recommendations based on the structure©s response behavior and condtion at the time of load
testing. Any structural degradation must be considered in future load ratings. Note that no eff ort
was made to assessthe condtion a cgpadty of the ebutments.

MEASURED AND COMPUTED STRAIN COMPARISONS

While statisticd terms provide a means of evaluating the relative acuracy of various
modeling procedures or help determine the improvement of amodel during a cdibration pocess
the best conceptual measure of a model©s acairacy is by visual exaination d the resporse
histories. The following graphs contain measured and computed strain histories from eacd truck
path. In each graph, the @ntinuows lines represent the measured strain at the spedfied gage
locaion as afunction d truck position as it traveled aaossthe 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 15Girder D - Span 14, Bottom Gage near Bent 13

LIVE LOAD TESTING AND LOAD RATING + UNIVERSITY BRIDGE

21




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

Figure 17 Crossmember, between Girders B-C, Bottom Gage
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Figure 18 Girder B - Span 15, Bottom Gage near Bent 15

Figure 19 Girder B - Span 15, Upper Gage near Bent 15
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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 arelatively easy-to-implement field-testing system wasto
allow short and medium span hridgesto be tested onaroutine basis. Original development of
the hardware was darted in 1988at the University of Colorado undr a contrad with the
Pennsylvania Department of Transportation (PennDOT). Subsequent to that projed, the
Integrated Technique was refined onanather study funded by the Federal Highway
Administration (FHWA) in which 35 bridges located onthe Interstate system throughou the
courtry were tested and evaluated. Further refinement has been implemented ower the last
several years through testing and evaluating several more bridges, lock gates, and aher
structures.

Thereal 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 dtaded to the structural membersin just a
few minutes. These sensors were originaly developed for monitoring dynamic strains on
foundition ples during the driving process They have been adapted for use in structural testing
through special modificaions, and have 3 to 4 percent accuracy, and are periodically re-
cdibrated to NIST standards.

In addition to the strain sensors, the data aquisition hardware has been designed specificdly
for field use through the use of rugged cables and military-style mnnedors. This allows quick
asembly of the system and keeps bookkeeping to aminimum. The analog-to-digital converter
(A/D) isan dof-the-shelf-unit, but all signal condtioning, amplificaion, and balancing hardware
has been specialy designed for structural testing. The test software has been written to all ow
easy configuration (test length, etc.) and qoeration. The end result is a system that can be used
by people other than computer experts or electricd engineas. Other enhancementsinclude the
use of an automatic remote-control positionindicaor. The AutoClicker, a devicethat
eledronically courts wheel revolutions, is mourted onthe test vehicle over one of the wheds.
Asthe test vehicle crosses the structure dong the preset path, a communication radio sends a
signal to the strain measurement system that receivesit and pusamark in the data. Thisallows
thefield strains to be compared to analytical strains as afunction o vehicle position, nd only as
afunction d time.

The use of amoving load as oppcsed to pladng the truck at discrete locations has two major
benefits. First, the testing can be completed much quicker, meaning there islessimpad on
traffic. Second,and more importantly, much more information can be obtained (both
guantitative and qualitative). Discontinuities or unusual resporsesin the strain histories, which
are often signs of distress, can be eaily deteded. Sincetheload pasitionis monitored aswell, it
is easy to determine what loading condtions cause the observed effeds. If readings are recorded
only at discred truck locations, therisk of losing information between the paintsisgrea. The
advantages of continuous readings have been proven over and over again.

Thefollowing list of procedures has been reproduced from the BDI Structural Testing System
(STS) OperationManual. Thisoutlineisintended to describe the genera procedures used for
completing a successful field test on a highway bridge using the BDI-STS. Other types of structures
can be tested aswell with orly slight deviations from the diredions given here.

Once atentative instrumentation plan has been developed for the structurein question, the strain
transducers must be dtached andthe STS prepared for running the test.
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ATTACHING STRAIN TRANSDUCERS

There ae two methods for attaching the strain transducers to the structural members: C-
clamping or with tabs and adhesive. For sted structures, quite often the transducers can be
clamped drectly to the sted flanges of roll ed sections or plate girders. If significant lateral
bending is assumed to be present, then ore transducer may be damped to ead edge of the
flange. If thetransducer isto be damped, insure that the damp is centered over the mourting
holes. In genera, the transducers can be damped dredly to painted surfaces. However, if the
surface being clamped to isrough or has very thick paint, it shoud be deaned first with a
grinder. The dternative to clamping is the tab attachment method oulined below.

1. Placetwo tabs in mourting jig. Place transducer over mounts and tighten the 1/4-20 nus
until they are snug (approximately 50 in-Ib.). This procedure dlows the tabs to mourted
withou putting stresson the transducer itself. When attaching transducers to R/C members,
transducer extensions are used to oltain a longer gage length. In this case the extension is
bdted to ore end d the transducer and the tabs are balted to the free eds of the transducer
and the extension.

2. Mark the centerline of the transducer locaion onthe structure. Placemarks 1-1/2 inches on
either side of the centerline and wsing a hand grinder, remove paint or scde from these aess.
If attaching to concrete, lightly grind the surfaceto remove aty scde. If the paint is quite
thick, use a tisel to remove most of it before grinding.

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

4. Apply athinline of adhesive to the bottom of each transducer tab.
5. Spray ead tab and the contad area on the structural member with the alhesive acelerator.

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

If the dove steps are followed, it shoud be posgble to mourt ead transducer in
approximately five minutes. When the test is complete, carefully loasen the 1/4-20 nus from the
tabs and remove transducer. If oneisnaot careful, the tab will poploase from the structure and
the transducer may be damaged. Use vice grips to remove the tabs from the structure.

ASEMBLY OF SYSTEM

Oncethe transducers have been mournted, they should be cnreded into an STSunit. The
STSunits $houd be placal nea the transducer locations in such a manner to all ow four
transducersto be plugged in. Each STS unit can be eaily clamped to the bridge girders. If the
structure is concrete and noflanges are avail able to set the STS units on, transducer tabs glued to
the structure and dastic zip-ties or small wire can be used to hdd them up. Sincethe transducers
will i dentify themselves to the system, thereis no speda order that they must follow. The only
information that must be recorded is the transducer serial number and its locaiion onthe
structure. Large cables are provided which can be conneded between the STS units. The
maximum length between STS unitsis 50ft (15m). If several gages arein close proximity to
eadt ather, then the STS units can be plugged drectly to each ather withou the use of a cdle.
All conredorswill " click" when the conrection has been completed properly.
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Once dl of the STS units have been connected in series, one cable must be run and conrected
to the power suppy locaed nea the PC. Conned the 9-pin seria cable between the computer
and the power supfy. The positionindicator isthen asseembled and the system conneded to a
power source (either 12VDC or 120-240AC). The system is now ready to acquire data.

PERFORMING LOAD TEST

The general testing sequenceis as foll ows:

1. Transducers are mournted and the system is conrected together and turned on.

2. The ded is marked ou for ead truck pass Locate the point on the ded diredly above the
first beaing for one of the fasciabeams. If the bridge is skewed, the first point encountered
from the diredion d travel is used and an imaginary line extended acrossand namal to the
roadway. All tests are started from this line. In order to tradk the position d the loading
vehicle on the bridge during the test, an X-Y coordinate system, with the origin at the
seleded referencepoint islaid ou.

In addition to monitoring the longitudinal position, the vehicle©s transverse paosition must
be known. The transverse truck pasition is kept uniform by first aigning the truck in the
center of the lane where it would namally travel at highway speed. Next, a chak mark is
made on the dedk locating the transverse location d the driver©s sde front whed. By making
a measurement from this mark to the reference point, the transverse ("Y") pasition d the
truck isalways known. Thetruck isaligned onthis mark for all subsequent testsin thislane.
For two lane bridges with shouders, tests are run on the shouder (driver©s sde front whed
along the white line) and in the canter of ead lane. If the bridge has only two lanes and
very little shouder, tests are run in the center of each lane only. If the purpose of the test is
to cdibrate a omputer mode, it is sometimes more cnvenient to simply use the lane lines
as guides snce it is easier for the driver to maintain a cnstant lateral position. Resporses
dueto criticd truck pasitions are then oltained by the analysis.

The driver is instructed that the test vehicle must be kept in the proper locaion onthe
bridge. For example, the left front wheel neals to be kept on the white line for the shouder
tests. Ancther important item is that the vehicles maintain arelatively constant rate of speed
during the entire test. The processof conwverting data to a function d truck paosition assumes
constant speed between eadch 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 stoppng at aloca scde.
However, a weight enforcement team can use portable scaes and weigh the truck at the
bridge site. Whedbase and axle width dmensions are made with a tape measure and
recorded.

3. The program is darted and the number of channels indicaed is verified. If the number of
channels indicated do not match the number of channels adually there, a malfunction hes
occurred and must be @rreded before testing commences.
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10.

The transducers are initialized (zeroed ou) with the Balance option. If a transducer canna
beinitiali zed, it shoud be inspeded to ensure that it has not been damaged.

The desired test length, sample rate, and ouput file name ae selected. In general, a longer
test time than the adua event is ®leded. For most bridge tests, a one or two-minute test
length will suffice since the test can be stopped as oon as the truck crosses completely over
the structure.

To fadlitate presenting data & a function d load pasition, rather than time, two items
describing the PI information must be defined. The starting paosition and Pl interval distance
allow the data to be plotted using position coordinates that are cnsistent with a numeric
anaysis. The starting position refers to the longitudinal position d the load vehicle in the
model coordinate system when the data recording is garted. The interval distance is the
circumference of the tire that is being used by the Autoclicker. It is important that this
information ke dearly defined in thefield naes.

If desired, the Monitor option can be used to verify transducer output during a trial test.
Also, it is useful to run a Position Indicaor (Pl) test whilein Monitor to ensure that the dicks
are being received properly.

When all parties are ready to commence the test, the Run Test optionis sleded which paces
the system in an adivated state. The Autoclicker is positioned so that the first click occurs
at the starting line.  Thisfirst click starts the test. The Autoclicker also puts one mark in the
data for every whed revolution. An effort shoud be made to get the truck aaosswith no
other traffic on the bridge. There shoud be no talking over the radios during the test, as a
“pasition® will be rearded each time the microphones are adivated.

When the test has been completed, and the system is gill recording data, hit "S" to stop
colleding data and finish writing the recorded data to disk. If the data files are large, they
can be coompressed and copied to floppy disk.

It isimportant to record the field naes very carefully. Having data withou knowing where it
was rewmrded can be worse than having no data & all. Transduce locaion and serial
numbers must be recorded accurately. All future data handling in BDI-GRF is then
acomplished by keying on the transducer number. This system has been designed to
eliminate the need to tradk 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 apracticd means of evaluating short- to medium-span bridges,
it is apparent that testing procedures must be eonomic to implement in the field and the test
results tranglatable into aload rating. A well-defined set of procedures must exist for the field
applicaions aswell asfor the interpretation d results. An evaluation approach based on these
requirements was first developed at the University of Colorado duing areseach projed
sporsored by the Pennsylvania Department of Transportation (PennDOT). Over severa years,
the tedhniques originating from this projed have been refined and expanded into a cmmplete
bridge rating system.

The ultimate goal of the Integrated approach isto oltain redistic rating values for highway
bridgesin a wst effedive manner. Thisisaccomplished by measuring the resporse behavior of
the bridge due to aknown load and cetermining the structural parameters that producethe
measured resporses. With the avail abili ty of field measurements, many structural parametersin
the analyticd model can be evaluated that are otherwise mnservatively estimated or ignored
entirely. Itemsthat can be quantified through this procedure include the dfeds of structural
geometry, effedive beam stiff ness redistic suppat condtions, effeds of parapets and aher
nonstructural components, lateral |oad transfer capabiliti es of the dedk and transverse members,
andthe dfeds of damage or deterioration. Often, bridges are rated poorly because of inaccurate
representations of the structural geometry or because the material and/or crosssedional
properties of main structural elements are not well defined. A redistic 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 aqudit ative evaluation of the raw field
data Muchisleaned duing thisstep to aid in the rapid development of a representative model.

INITIAL DATA EVALUATION

Thefirst step in structural evaluation consists of avisua inspedion d the datain the form of
graphic resporse histories. Graphic software was developed to dsplay the raw strain datain
variousforms. Strain histories can be viewed in terms of time or truck position. Sincestrain
transducers are typically placed in pairs, neutral axis measurements, curvature resporses, and
strain averages can also be viewed. Linearity between the responses and load magnitude can be
observed by the @ntinuity in the strain histories. Consistency in the neutral axis measurements
from bean to beam and as afunction d load pasition provides great insight into the nature of the
bridge condtion. The diredion and relative magnitudes of flexural responses along a beam line
are useful in determining if end restraints play a significant role in the response behavior. In
generad, theinitial datainspedion povides the enginea with information concerning modeling
requirements and can help locate damaged aress.

Having strain measurements at two depths on ead beam crosssedion, flexural curvature and
the locaion d the neutral axis can be computed dredly from the field data. Figure 24ill ustrates
how curvature and neutral axis values are cmputed from the strain measurements.
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Figure 24 11lustration of Neutral Axisand Curvature Calculations

The onsistency in the N.A. values between beams indicaes the degreeof consistency in
bean stiffness Also, the consistency of the N.A. measurement on asingle bean as afunction d
truck pasition provides agood quality chedk for that beam. If for some reason abean's giffness
changes with resped to the gplied moment (i.e. lossof composite adion or lossof effedive
flange width dueto a deteriorated dedk), it will be observed by ashift inthe N.A. history.

Sincestrain values are trandated from a function of time into afunction d vehicle position on
the structure and the data aayuisition channel and the truck positiontradked, a considerable anount
of bodk keging is required to perform the strain comparisons. In the past, this required
manipul ation of result fil es and spreadsheds which was tedious and amajor sourceof error. This
processin now performed automaticaly by the software and al of the information can be verified
visudly.

FINITE ELEMENT MODELING AND ANALYSIS

The primary function d the load test dataisto aid in the development of an acarate finite
element model of the bridge. Finite dement analysisis used because it provides the most
genera toadl for evaluating various types of structures. Since acomparison d measured and
computed resporses is performed, it is necessary that the analysis be @le to represent the adual
resporse behavior. Thisrequiresthat actual geometry and boundary condtions be redisticdly
represented. |n maintaining reasonable modeling eff orts and computer run times, a cetain
amourt of simplicity isaso required, so a planar grid model is generated for most structures and
linea-elastic resporses are asumed. A grid of frame dementsis assembled in the same
geometry asthe adual structure. Frame dements represent the longitudina and transverse
members of the bridge. The load transfer charaderistics of the deck are provided by attaching
plate dementsto the grid. When end restraints are determined to be present, elastic spring
elements having bath trandlational and rotational stiff nessterms are inserted at the suppat
locations.
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Loads are gplied in amanner similar to the actual load test. A model of the test truck,
defined by atwo-dimensional group o point loads, is placed onthe structure model at discrete
locaions aong the same path that the test truck foll owed during the load test. Gage locaions
identicd to thosein thefield are dso defined onthe 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 df ective spring
stiff nesses that best represent in-situ suppat condtions. Where @it is generally smpleto
evaluate aspring constant in terms of moment per rotation, the value generally has littl e meaning
to the enginee. A more conceptua approad isto evaluate the spring stiff nessas a percentage of
afully restrained condtion. For example: 0% being a pinned condtion and 100% being fixed.
Thisis best acaompli shed by examining the ratio of the beam or slab stiffnessto the rotational
stiffnessof the suppat.

Asan ill ustration,apoint load is applied to a smple beam with elastic supports, seeFigure
25. By examining the moment diagram, it is apparent that the ratio of the end moment to the
midspan moment (MJ/Mp,) equals 0.0if the rotational stiffness(K,) of the springsis equal to 0.0.
Conwversaly, if thevalue of K, is =t to infinity (rigid) the moment ratio will equal 1.0.If afixity
term is defined as the ratio (Md/M,), which ranges from 0 to 100 grcent, a more cnceptual
measure of endrestraint can be obtained.

The next step isto relate the fixity term to the actual spring stiffness(K;). The degree to which
the K, effeds the fixity term depends on the beam or dlab stiffnessto which the spring is
attached. Therefore the fixity term must be related to the ratio of the beam/spring stiffness
Figure 26 contains a graphicd representation d the end restraint effed ona simple beamn. Using
the graph, a mnceptual 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.
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Figure 26 Relationship Between Spring Stiffness and Fixity Ratio.

MODEL CORRELATION AND PARAMETER MODIFICATION

The accuracy of the model is determined numerically by the analysis using severa statisticd
relationships and through visual comparison d the strain histories. The numeric accuracy values
are useful in evaluating the dfed of any changes to the model, where & the graphical
representations provide the engineer with the best perception for why the model is respondng
differently than the measurementsindicate. Member properties that canna be accurately defined
by conventional methods or diredly from the field data ae 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 datais obtained. It isthe
enginea's resporsibility to determine which parameters neeal to be refined and to assgn redistic
upper and lower limitsto ead parameter. The evaluation d the member property is
acomplished with the ad of aparameter identification process(optimizer) built i nto the
analysis. Inshort, the processconsists of an iterative procedure of analysis, data comparison,
and parameter modification. It isimportant to nde that the optimization processis merely atool
to help evauate various modeling parameters. The processworks 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 acaracy and improvement. The aror is
guantified in four different ways, ead providing a diff erent perspedive of the model©s abili ty to
represent the acual structure; an absolute error, a percent error, ascale error and a @rrelation
coefficient.

The absolute error iscomputed from the asolute sum of the strain dfferences. Algebraic
diff erences between the measured and theoretical strains are computed at each gage location for
ead truck paosition wsed in the analysis, therefore, several hunded strain comparisons are
generaly used in this cdculation. This quantity istypicdly used to determine the relative
acaracy from one model to the next and to evaluate the dfed of various dructural parameters.
It is used by the optimization algorithm as the objective function to minimize Because the
absolute aror isin terms of micro-strain (me) the value can vary significantly depending onthe
magnitude of the strains, the number of gages and nunber of different loading scenarios. For
thisreason, it has littl e conceptual value except for determining the relative improvement of a
particular model.

A percent error iscdculated to provide abetter qualitative measure of accuracy. Itis
computed as the sum of the strain dfferences gjuared dvided by the sum of the measured strains
squared. Theterms are squared so that error values of different sign will not cancd ead ather
out, andto pu more emphasis onthe aeas with higher strain magnitudes. A model with
aaceptable accuracy will usually have apercent error of less than 10%.

The scale err or is Smilar to the percent error except that it is based onthe maximum error
from each gage divided by the maximum strain value from each gage. This number is useful
because it isbased orly on strain measurements recorded when the loading vehicleisin the
vicinity of each gage. Depending onthe geometry of the structure, the number of truck
positions, and various other factors, many of the strain readings are esentially negligible. This
error function uses only the most relevant measurement from each gage.

Anocther useful quantity isthe correlation coefficient, which isameasure of the lineaity
between the measured and computed data. This value determines how well the shape of the
computed resporse histories match the measured responses. The @rrelation coefficient can have
avalue between 1.0(indicaing a perfect linea relationship) and-1.0 (exad oppasite linea
relationship). A goodmodel will generally have acorrelation coefficient greaer than 0.90. A
poar correlation coefficient is usually an indicaion that amagjor error in the modeli ng process
has occurred. Thisis generally caused by poar representations of the bourdary condtions or the
loads were gplied incorredly (i.e. truck traveling in wrong diredion).

The following table mntains the eguations used to compute each of the statisticd error values:
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Table 18 Err or Functions

ERROR FUNCTION EQUATION
Absolute Error & lem-ecl
Percent Error . .

4 em-ec)?/ &(em)?
Scde Error

a max|em- 9C|gage

é. maXI emlgage

Correlation Coefficient é(em';n)(ec-;;)

é>‘\/(E‘m‘;n)2(t9c‘a:)2

In addition to the numerica comparisons made by the program, periodic visual comparisons
of the resporse histories are made to oltain a conceptual measure of acairacy. Again,
engineaing judgment is essential in determining which parameters sroud be aljusted so asto
obtain the most acairate model. The seledion d adjustable parametersis performed by
determining what properties have asignificant effect on the strain comparison and determining
which values canna be accurately estimated through conventional engineering procedures.
Experiencein examining the data cmparisons is helpful, however, two general rules apply
concerning model refinement. When the shapes of the cmmputed resporse histories are simil ar to
the measured strain records but the magnitudes are incorrect thisimplies that member stiff ness
must be adjusted. When the shapes of the computed and measured resporse histories are nat
very similar then the boundary condtions or the structural geometry are not well represented and
must be refined.

In some caes, an accurate model canna be obtained, particularly when the resporses are
observed to be non-linea with load pasition. Even then, agreat ded can be leaned abou the
structure and intelligent evaluation deasions can be made.
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APPENDIX C - LOAD RATING PROCEDURE

For borderline bridges (those that cdculationsindicae apaosting is required), the primary
drawback to conventional bridge rating is an oversimplified procedure for estimating the load
applied to a given beam (i.e. whed load dstribution fadors) and a poor representation o the
beam itself. Dueto lack of information and the need for conservatism, material and cross
sedion properties are generally over-estimated and beam end suppats are essumed to be simple
when in fad even relatively simple beam bearings have asubstantial effect on the midspan
moments. Inaccurades asociated with conservative asaumptions are cmmpounded with complex
framing geometries. From an analysis sandpant, the goal hereisto generate amodel of the
structure that is cgpable of reproducing the measured strains. Decisions concerning load rating
are then based onthe performance of the model onceit is proven to be accurate.

The main pupose for obtaining an acairate modd is to evauate how the bridge will respond
when standard design loads, rating vehicles or permit loads are gplied to the structure. Sinceload
testing is generaly not performed with all of the vehicles of interest, an analysis must be performed
to determine load-rating fadors for ead truck type. Load rating is acamplished by applying the
desired rating loads to the model and computing the stresses onthe primary members. Rating
fadors are mmputed using the equation spedfied inthe AASHTO Manual for Condition Evaluation
of Bridges - seeEquation (1).

It isimportant to understand that diagnostic load testing and the integrated approach are most
applicable to dotaining Inventory (serviceload) rating values. Thisisbecaiseit isasaumed that all
of the measured and computed responses are linea with resped to load. Theintegrated approad is
an excedlent method for estimating serviceload stress values but it generally provides little
additiona information regarding the ultimate strength o particular structural members. Therefore,
operating rating values must be cmputed using conventional assumptions regarding member
cgoadty. Thislimitation o the integrated approad isnat viewed as a serious concen, however,
because load responses gould never be permitted to read the inelastic range.

Operating and/or Load Factor rating values must aso be mmputed to ensure afador of safety
between the ultimate strength and the maximum allowed serviceloads. The safety to the publicis
of vital importancebut aslong asload limits are imposed such that the structure is not damaged then
safety isnolonger an issue.

Following is an outline describing how field datais used to help in developing aload rating for
the superstructure. These procedures will only complement the rating process, and must be used
with due cnsideration to the substructure and inspection reports.

1. Preiminary Investigation: Verificaion d linea and elastic behavior through continuity of
strain histories, locae neutral axis of flexural members, deted moment resistance d beam
suppats, and qualitatively evaluate behavior.

2. Develop representative model: Use graphic pre-processors to represent the actual geometry
of the structure, including span lengths, girder spaang, skew, transverse members, and ded.
Identify gage locations on model identicd to those gplied 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 pasition.
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4. Compare measured and initial computed strain values: Various global and locd error
values at each gage locdion are computed and visual comparisons made with pcst-procesor.

5. Evaluate modeling parameters: Improve model based on dita comparisons. Engineering
judgment and experience is required to determine which variables are to be modified. A
combination d dired evaluation tedhniques and parameter optimization are used to oltain a
redistic model. General rules have been defined to simplify this operation.

6. Model evaluation: In some caesit is nat desirable to rely on secondary stiffening effeds if
it islikely they will not be dfedive a higher load levels. It is beneficial, though, to quantify
their effects on the structural resporse so that a representative wmputer model can be
obtained. The stiffening eff ects that are deamned urreliable can be diminated from the model
prior to the computation d rating factors. For instance if a noncomposite bridge is
exhibiting compaosite behavior, then it can conservatively be ignored for rating purposes.
Howeuver, if it has been in service for 50 years and it is gill behaving compositely, chances
are that very heavy loads have crossed over it and any bond-breaking would have dready
occaurred. Therefore, probably some level of compasite behavior can be relied upon. When
unintended compaosite action is alowed in the rating, additional load limits soud be
computed based on an allowable shear stress between the sted and concrete and an utimate
load of the noncomposite structure.

7. Perform load rating: Apply HS-20 and/or other standard design, rating and permit loads to
the cdibrated model. Rating and pasting load configuration recommended by AASHTO are
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shownin

Axle Loads 8 32 32
(kips)
14.0° 14.0° to 30.0°
Axle No. 1 2 3

HS-20 VEHICLE WEIGHT = 72 KIPS (36 TONS)

Axle Loads 16 17 17
(kips)
15.0° 4.0°
Axle No. 1 2 3

TYPE 3 VEHICLE WEIGHT = 50 KIPS (25 TONS)

Axle Loads 10 15.5 15.5 15.5 15.5
(kips)
11.0° 4.0 22.0° 4.0
Axle No. 1 2 3 4 5

TYPE 3S2  VEHICLE WEIGHT = 72 KIPS (36 TONS)

Axle Loads 12 12 12 16 14 14
(kips)
15.0 4.00 15.00 16.0' 4.0
Axle No. 1 2 3 4 5 6

TYPE 3-3 VEHICLE WEIGHT = 80 KIPS (40 TONS)

8. Figure 27.The same rating equation spedfied by the AASHTO - Manual for the Condition
Evaluation of Bridgesis applied:

_ C-aD (1)
AoL(1+1)

where:

RF= Rating Fador for individual member.

C= Member Capacity.

D= Deal-Load effect.

L= Live-Load effect.

A; = Fador applied to dead-load.
A, = Fador appliedto live-load.

I = Impact effed, either AASHTO or measured.

The only difference between this rating technique and standard bean rating programsisthat a
more reali stic model is used to determine the dead-load and live-load effeds. Two-dimensional
loading techniques are goplied because whed load distribution fadors are not applicebleto a
planar model. Stressenvelopes are generated for several truck paths, envelopes for paths
separated by normal lane widths are combined to determine multi ple lane loading effeds.
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9. Consider other factors: Other fadors such as the mndtion d the deck and/or substructure,
traffic volume, and aher information in the inspedion report shoud be taken into
consideration and the rating fadors adjusted accordingly.

Axle Loads 8 32 32
(kips)
14.00 14.0° to 30.0¢
Axle No. 1 2 3

HS—20 VEHICLE WEIGHT = 72 KIPS (36 TONS)

Axle Loads 16 17 17
(kips)
15.0° 4.0
Axle No. 1 2 3

TYPE 3 VEHICLE WEIGHT = 50 KIPS (25 TONS)

Axle Loads 10 15,5 155 155  15.5
(kips)
11.0° 4.0’ 22.0° 4.0
Axle No. 1 2 3 4 5
TYPE 3S2 VEHICLE WEIGHT = 72 KIPS (36 TONS)
Axle Loads 12 12 12 16 14 14
(kips)
15.0° 4.0’ 15.0" 16.0° 4.0
Axle No. 1 2 3 4 5 6

TYPE 3-3 VEHICLE WEIGHT = 80 KIPS (40 TONS)

Figure 27 AASHTO rating and posting load configurations.
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