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DISCLAIMER

The contents of this report reflect the views of the authors and not necessarily the
views of the University. The authors are responsible for the facts and the accuracy of the
data presented herein. The contents do not necessarily reflect the officia views or
policies of either the North Carolina Department of Transportation or the Federa
Highway Administration at the time of publication. This report does not constitute a

standard, specification, or regulation.
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EXTENDED SUMMARY

The objective of the project was to evaluate the current NCDOT bridge analysis
and rating procedures. These procedures include both field inspections and bridge ratings
using in-house softwares. First, the NCDOT simple and continuous span bridge analysis
softwares were verified through several examples using different methods, including the
governing AASHTO bridge rating procedures, AASHTOWare bridge rating softwares, as
awell as a spreadsheet program developed by UNC Charlotte. Pardlél to this effort, four
bridges (one with a GFRP deck) were aso tested during the first phase of the project;
bridges located within Division 10 (including Anson, Cabarrus, Mecklenburg, Stanly, and
Union Counties), North Carolina, to compare the test data with the analytical predictions.

The first phase of the project proved that the NCDOT bridge rating software
directly follows the latest AASHTO requirements (with one small exception), providing a
safe and conservative approach to assess the existing bridges. Furthermore, the
experimental results also showed that the analytical predictions can not, in most cases,
provide an accurate estimate of the true behavior of these (especially older concrete)
bridges. Significant strength reserves were identified due to several factors, including
girder/deck composite action, impact and distribution factors, materia strength,
contribution of non-structural elements, girder end conditions, etc...

Based on the fact that most of these factors are unique to specific bridges and
bridge types, as proved by these preliminary data, it was concluded that it is unrealistic to
expect that analytical procedures alone will capture the true performance of individual

bridges. Therefore, the second phase of the project focused on a broader approach, which



included: the development of a simple spreadsheet based program to provide alower and
upper bound solution; the use of non-destructive tests (NDT) for materials and
construction details; and the development of a simplified bridge test protocol to evaluate
the true response of individual bridges.

The spreadsheet program allows the user to input a range of values for most of the
above-mentioned influencing factors, and when combined with more realistic material
properties from NDT tests, the output provides alower and upper bound bridge response
(i.e. strain, deformation, bridge rating and posting).

During the development of the simplified testing protocol, three additional
bridges were tested. Similarly to the previous four bridges, this experimental phase of the
project involved the instrumentation (using up to 102 instruments) and the load testing of
these bridges using static, slow and dynamic load cases using truck weights close to the
operating rating. However, in addition to this large setup, an independent data
acquisition system was also used with asmall number of additional instruments.

The purpose of this parallel (and much smaller) setup was to investigate whether a
scaled down instrumentation will provide realistic information on impact and distribution
factors, support conditions, composite actions and non-structural elements. Based on the
last three bridges tested, it was concluded, that a relatively simple instrumentation setup
can be effective in the load rating of bridges through testing. These diagnostic tests are
also included in the “Manual for Bridge Rating Through Load Testing”, a document
published by NCHRP.

The specific recommendations that are suggested by the authors based on the

seven bridges analyzed and tested can be summarized as:



@ Reconsider the use of PercEffective in the NCDOT bridge rating software,
especially for concrete girder bridges with only minor hairline cracks in tension zone.
It is aso recommended to use actual concrete strength values determined by NDT.

@ Consider reducing or eliminating the impact factor for existing bridges with
“healthy” approach slabs and deck joints. Thiswould increase most bridge ratings by
20-30%

@ Consider the use of UNC Charlotte’'s spreadsheet program (properly tested) to
allow the analysis to include simple span girder end restraint. This could be as high
as 30% for semi-integral and integral end walls.

@ Consider the composite action (up to a certain horizontal shear level) between
steel girders and concrete decks for older bridges with certain construction details.

@ Expand the bridge files to include non-destructive tests and damage extent and
propagation (cracks, spallings, and corrosion signs).

@ Use bridge load testing (based on fully developed and detailed testing protocols)
to verify transverse load distribution, impact factor, and member strain levels.

@ Revise and expand the current NCDOT analysis software to alow for parametric
studies, upgrade inspection field reports to include specific information on materials,
and damage/corrosion details, and combine the analysis with selected bridge tests.

In conclusion, the current NCDOT analysis software provides safe and
conservative bridge rating in accordance with the latest AASHTO requirements.
However, parametric studies in combination with properly planned load tests can
provide a more realistic estimate of bridge performance at the load level investigated,

and will result (in most cases) in higher load ratings for existing bridges.
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1. INTRODUCTION

1.1  Background

Over 50% of the nation’s bridges are either structurally deficient or functionally
obsolete. So, why don’t we see alot of structural collapses and closed bridges? First,
most of the problems are identified during the scheduled bridge inspection. Based on the
inspection report, structural analyses and rating are performed. Bridge postings prompt
actions, and regular maintenance needs are issued as necessary.

The second reason is the actual bridge capacity and performance may be far
superior to the performance shown by current rating procedures. Similarly to engineering
practices in other fields, safety factors are included in bridge design and analysis as well.
Furthermore, bridges often exhibit inherent strength reserves from various factors, such
as higher composite action, girder end restraints, contributions from secondary elements,
etc... Therefore, in order to assess the bridge capacity more redlistically, for bridge
posting or for special permits, the results from actual load tests may improve/supplement
the current analytical procedures.

In 1968, the Federal Highway Act created the National Bridge Inspection
Program (NBIP) which required state agencies to track and catalogue the conditions of
bridges on principal highways. This program was later changed by the Surface
Transportation Assistance Act of 1978 to include al bridges on public roads. Each year,
State highway agencies are required to comply with the National Bridge Inspections

Standards (NBIS), which contains five magor provisions. inspection procedures,
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frequency of inspections, qualifications for individuas performing inspection, inspection
reports, and inventories.

The evaluation of the load carrying capacity of bridges is an important process,
and it is essential in alerting motorists of any load carrying deficiencies by posting load
restrictions. The inspection information of each bridge in the State is then submitted to
the Federal Highway Administration (FHWA), and stored in the National Bridge
Inventory (NBI) database. The information stored is used by the FHWA to allocate state
funding for the Highway Bridge Replacement Program (HBRP).

It is believed that the current rating process may underestimate the load carrying
capacity of some of the bridges, resulting in unwarranted load posting. In 2003, North
Carolina DOT reported 2,400 National Highway System (NHS) bridges and 14,422 non-
NHS bridges. Of the 2,400 NHS bridges, 18.7% and 28.9% were designated deficient
with ADT>50,000 and ADT<50,000, respectively (NBI 2003). The numbers were 32.1%
and 33.9% for non-NHS bridges with ADT>10,000 and ADT<10,000, respectively.

Load-restricting postings create difficulties for shipping goods. Routes have to be
changed and special permits need to be approved. School bus routes have to be changed
(school busses require an SV-16 ton posting, or better), resulting in increased commuting
time for the students. Postings reduce the service level of aroad, which in turn, has an
economic impact on the geographical area served by the particular bridge. In some cases,
trucks are not able to deliver products to certain areas due to bridge postings. On the
other hand, it is difficult to enforce these postings, especialy in rura areas. The reality
may be however, that the analysis procedures are overly conservative, and they might

unnecessarily result in a bridge posting.
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The University of North Carolina at Charlotte (UNC Charlotte), in collaboration
with the North Carolina Department of Transportation (NCDOT), developed a research
project to evaluate the current analysis procedures used to determine the load rating of
North Carolina bridges.

The project was divided into three phases and was projected to take two years to
complete. The first phase focused on the testing of a glass fiber reinforced polymer
(GFRP) deck, a new type of decking system never used before in the state of North
Carolina.  The second phase required the evaluation of the current bridge rating
procedures used by NCDOT, and the testing of three bridges. In the third and find
phase, the findings of phase two are analyzed, and improvements are suggested to the

existing procedure to better predict the response of the bridges to service conditions.

12  Literature Review

The true strength of existing bridges puzzled DOT officias, engineers and
researchers for along time. It has been observed very early on that standard analytica
procedures do not and can not accurately predict all the factors influencing a bridge's
load carrying capacity. Among these factors, one must mention the distribution and
impact factors, unintended composite actions and girder end fixities, strength increase
due to non-structural elements, etc...

NCHRP Report 301 (Moses, 1987) makes recommended revisions concerning
steel girder bridges for the AASHTO “Manua for Condition Evaluation of Bridges'.
These recommendations were included in the 2™ Edition of the AASHTO manual

(AASHTO, 2000) which was used for this report. Another important resource in this
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field is the “Guide Specifications for the Strength Evauation of Existing Steel and
Concrete Bridges’, (AASHTO, 1988).

NCHRP Report 306 (Burdette and Goodpasture, 1988) discusses several topics
concerning unintended composite action between the deck and girders of a bridge
designed to have no composite action. Other topics covered in this report were the
stiffening affect of railings and the unintended continuity that occurs within simple span
bridges.

The effects that railings (especially concrete railings) and curbs have on bridges
have been known for some time. Sartwell (1976) anayzes this behavior for a smple-
span bridge. His theoretical results based on the interaction of the rail and curb for a
concrete deck bridge closely matched what was seen through experimental analysis. He
concluded that the parapet and curb increase the strength of the bridge when loads are
applied adjacent to the curb.

However, theoretical analyses can only provide a (sometimes too) conservative
bridge rating, often resulting in unnecessarily low postings which are nearly impossible
to enforce. These analyses can be complemented by sound bridge load tests to evaluate
the true capacity of a structure. Currently, the “Manual for Bridge Rating Through Load
Testing” (NCHRP Project 12-28(13)A, Lichtenstein and Associates, 1990), provides the
most comprehensive load rating available. The authors distinguish between diagnostic
and proof load tests.

For the diagnostic test a selected load is positioned on the structure, and its effects
are analyzed and compared to analytical predictions. Any discrepancy is rationalized,

and the improved model included in future analyses. During proof load testing, the
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bridge is incrementally increased, while its members monitored throughout the test. The
test is aborted as soon as a predetermined target load is achieved, or the bridge members
reached their elastic limit. In this project, diagnostic load tests were performed on seven
North Carolinabridgesin atwo-year period.

Bakht and Jaeger (1990) discuss some of the surprises associated with bridge
testing and their affect on the underestimation of the bridge's strength, resulting from
enhanced flexura stiffness due to end conditions and the composite action in non-
compositely designed bridges.

A study performed by Nowak and Kim (1998) looked into the strain distribution
between girders for an existing bridge. They found strain levels less than predicted in the
girders at the midspan of the structure. This was partially attributed to a rotational
stiffness at the end bents. Strain gages placed near the supports of the bridge yielded
some compression in the bottom flange of the girder, which supported the theory that
rotational stiffness is present at the support. They also made the conclusion that the
AASHTO Standard Specification distribution factors were an overestimate of the
distribution measured for single truck loading.

In the field of steel bridges, two publications are highlighted here: one on short
gpan steel bridges (Stallings and Y 0o, 1993), and the other on curved steel girder bridges
(Galambos et a., 2000). Two papers by Aktan et a. (1997 and 1998) discuss the
anaytical (modal analysis) and experimental aspects of bridge structural identification.

The authors emphasi ze the as-built bridge information and on finite element analysis.

Gergely et a. (2000), and Pantelides and Gergely (2002) performed detailed

analytica studies on severa Interstate bridges in the Salt Lake Valley in order to assess

14



the capacity of these structures for gravity and lateral loads. These analyses included
finite element non-linear pushover analyses, a method that studies the behavior of
structures well beyond their service load conditions.

Furthermore, to evaluate the increase in bridge capacity by composite retrofit,
three bridge bents were tested as well. The composite repair and retrofit significantly
improved the bridge's ductility and lateral load capacity (Pantelides and Gergely, 2002).
It is important to mention that the bridge retained its gravity load capacity even when its
lateral load capacity dropped significantly — an important life safety issue in regions with
high seismic demands.

An experimenta study is currently under way in South Carolina (Schiff and
Philbrick, 1999), with the primary objective to assess and rate highway bridges by load
testing. In the first phase, the investigators provided a detailed review of current
technologies and practices, followed by the development of a bridge testing protocol, and

thefield test of this new method.

The present project also includes the analysis and load testing of the first glass
fiber reinforced polymer deck bridge in the Carolinas. This new decking material has
been extensively researched by the Delaware Center for Composite Materials (2000).
The focus of the research was on the connection between the deck panels and the
supporting structure, the connection between the deck panels, and the service life of the
deck material. It was found that the connection of the deck panel to the girder was best
accomplished by grouting three shear studs spaced at 24", with each shear stud being

surrounded with a spiral to confine the concrete around the shear stud. With this
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arrangement, laboratory testing found composite action to occur between the deck and

the girder.

Another study done on a bridge improvement published by Alampalli and Kunin
(2001) involved replacement of the concrete deck of a truss bridge with a GFRP deck
system. When the GFRP was tested, the system showed no composite action with the
supporting floor beams. In addition to the lack of composite action, there was aso no
transfer of shear between adjacent panels. The panels however, lacked the mechanical
connections used in the previous study, and were simply butt connected with epoxy.

In a similar study Bridge Diagnostics, Inc. (2000) field-tested a GFRP deck on a
truss bridge in Warrensburg, NY. The GFRP was being used to replace the heavier
concrete deck slab. The bridge used a beam and stringer system to support the deck and
live load. They found the deck to act compositely with the stringers and beams.
Similarly to the Delaware study, the panel to steel connection was made with studs, but
the details of the connection were unclear. One noteworthy finding was the localized

cupping of the top flange when the axle load passed over astrain gage.
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2. PROJECT OVERVIEW

21  Objectives

The objective of the project was to evaluate the current NCDOT bridge analysis
and rating procedures. These procedures include both field inspections and bridge ratings
using in-house softwares. First, the NCDOT simple and continuous span bridge analysis
softwares were verified through several examples using different methods, including the
governing AASHTO bridge rating procedures, AASHTOWare bridge rating softwares, as
awell as a spreadsheet program developed by UNC Charlotte.

Parallel to this effort, four bridges (one with a GFRP deck) were also tested
during the first phase of the project; bridges located within Division 10 (including Anson,
Cabarrus, Mecklenburg, Stanly, and Union Counties), North Carolina, to compare the test
data with the analytical predictions.

The second phase of the project focused on a broader approach, which included:
the development of a simple spreadsheet based program to provide a lower and upper
bound solution; the use of non-destructive tests (NDT) for materials and construction
detalls; and the development of a simplified bridge test protocol to evaluate the true
response of individual bridges.

The UNC Charlotte spreadsheet program alows the user to input a range of
values for most of the above-mentioned influencing factors, and when combined with
more realistic material properties from NDT tests, the output provides alower and upper

bound bridge response (i.e. strain, deformation, bridge rating and posting).
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During the development of the simplified testing protocol, three additional
bridges were tested. Similarly to the previous four bridges, this experimental phase of the
project involved the instrumentation (using up to 102 instruments) and the load testing of
these bridges using static, slow and dynamic load cases using truck weights close to the
operating rating. However, in addition to this large setup, an independent data
acquisition system was also used with asmall number of additional instruments.

The purpose of this parallel (and much smaller) setup was to investigate whether a
scaled down instrumentation will provide realistic information on impact and distribution
factors, support conditions, composite actions and non-structural elements. Based on the
last three bridges tested, it was concluded, that a relatively simple instrumentation setup
can be effective in the load rating of bridges through testing. These diagnostic tests are
also included in the “Manual for Bridge Rating Through Load Testing”, a document
published by NCHRP.

The proposed project was performed in close collaboration with NCDOT and
FHWA engineers and personnel at both divisional and State level. Both the AASHTO
Standard Specifications (1992 and interims) and the North Carolina requirements were
considered in the load tests and bridge analyses. The project provided vauable
information on the correlation between predicted and actual bridge behavior under a

specific truck loading, and under atypical day’s traffic conditions.

2.2 Significance of Work

This project provided a unique opportunity to monitor the construction of the first

glass fiber reinforced polymer (GFRP) deck bridge in North Carolina. A construction
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report has been prepared, recording every step of the construction process. Once the
bridge was completed, using close to a hundred instruments, the behavior of the bridge
was monitored while loaded with a moving concrete truck.

Furthermore, five conventional bridges were also analyzed and tested. The results
revealed important strength reserves in these bridges (ranging from 1 month to 55 years
of age), attributed to girder end restraints, composite action between girders and decks,
and contribution from secondary elements, among other factors. To analyze these
bridges, analysis procedures developed by NCDOT, as well as commercially available
software and in-house spreadsheet programs were used.

Also, the last bridge studied in this project was a bridge with timber deck on steel
girder. The bridge was retrofitted using a crutch bent installed in one of the spans. This
investigation proved the effectiveness of thisrelatively ssmple retrofit method.

And finally, this project provided a great opportunity for UNC Charlotte graduate
and undergraduate students to become more familiar with bridge analysis and testing
procedures, and to interact with NCDOT personnel at both State and Division 10 level.

Overdl, the authors hope that this research will benefit the NCDOT Bridge

Maintenance Unit in future bridge analysis and testing procedures.
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3. LOAD RATING

3.1  Bridge Condition Evaluation

The Manual for Condition Evauation of Bridges (AASHTO, 2000) provides
detailed procedures on the inspection, material testing, and load rating of bridges. This
manual includes specific requirements for bridge records, including the following
information: construction, shop, and as-built drawings; specifications, materid
certification and tests; load test data, maintenance and repair history, accident records,
postings, inspection history and requirements. It also requires a detailed inventory data
with complete geometric and component descriptions, inspection information, and bridge
condition and load rating data.

All public bridges are subject to a biannua bridge inspection program. Routine
inspections (the most common inspection type — others are initial, damage, in-depth, and
special ingpections) closely follow the requirements of the National Bridge Inspection
Standards. These ingpections are conducted by qualified inspection personnel and the

results are recorded in standard inspection forms and bridge records (see Figure 3.1).

20



380028 BRIDGE MAINTENANCE UNIT RUN DATE 08/22/02
DATA ON EXISTING STRUCTURE

COUNTY: DIVe: DISTe3 STRUCTURE NUMBER: LENGTH: ¢
CABARRUS 10 1 12 0271 135 FEET
ROUTE CARRIED: FEATURE INTERSECTED:
SR1157 IRISH BUFFALO CREEK
LOCATEDS BRIDGE NAME:
023 MIs NeJCTeUS601 BYP -
FUNCe CLASS: SYSTON: SYST.UNDER:  ADT & YR:  RAIL TYPE:
uc FA — 6400 —- LT 311 RT 311
BUILT: BY: PROJ: FED.AID PROJ: DESIGN LOAD:
1933 SHPWC 6150 E-323-A H-15
REMAB: BY: PROJ: ALIGNMENT:  SKEW:  LANES:
e R AN 090 ON 02 UNDER 00
NAVIGATION: HT+CRNTG BED: WATER DEPTH:
VE --- FT HC ———- FT 22 FT 2 FT
SUPERSTRUCTURES
REINFORCED CONCRETE DECK GIRDERS
SUBSTRUCTURE:
ABUTMENTSZRC SPILL THROUGH ON PILE FOOTINGSsINT.BENTSIRCPEM
SPANS! - WET

134592 5134591 9124502
BEAMS OR GIRDERS:
3 LINES OF 18 X30 RC DECK GIRDERS @ 8'0C CENTERS

FLODR: ENCROACHMENTS: DECK (OUT TO DUT):
10 RCyH AWS 8 UTILITY PIPE 023.2
CLEAR ROADWAY: BETWEEN RAILS: SIDEWALK OR CURB:
02040 021 G LT 0G«5 RT 0045
VERTCL-0OVER: VERT+CL-UNDERZ HOR«CLa& UNDER S SPECIAL PERMIT:
9% FT 99 IN 00 FT 00 IN 00.0 FT -—=
INV«RTG=: OPE«RTGs: LCONTR+MEMBERZ POSTED:
HS— 9 HS5- 16 RCDG SV 23 TTST 27 DATE 03 13 2002
SYSTEM: GREEN LINE ROUTE:
8 URBAN=~SECUNDARY NO
2ND CPENINGS: 3RD OPENING: 4TH OPENING: S5TH OPENING:
REMARKS:

v e ek

—— o o g Y LT

Figure 3.1 Bridge record sheet
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In order to learn more about the inspection procedures, the UNC Charlotte
research team joined the Division 10 bridge inspection crew to severa bridges scheduled
for routine inspection. During this process, the two-man crew performed severa field
measurements on the superstructure, the substructure, and the channel profile (where
applicable). The inspectors also noted the condition and the grade of deterioration (where
applicable) for all structural and non-structural elements, and took digital pictures of
selected bridge details. All of thisinformation was included in the inspection report and
sent to the Analysis Team of the Bridge Maintenance Unit.

As a part of the bridge condition evauation, the AASHTO (2000) manual
provides guidelines on material testing, including both field and laboratory tests. These
tests are aimed, using destructive and non-destructive methods, at the in-situ or laboratory

assessment of strength and condition of concrete, steel, and timber materias.

3.2 AASHTO Load Rating Guidelines

As part of the condition assessment of bridges, the above-mentioned manual
(AASHTO, 2000) aso provides detailed bridge load rating procedures. These
calculations are performed in order to evaluate the safe load carrying capacity of bridges,
and are performed or updated following each bridge inspection.

Highway bridges are rated at two levels, inventory and operating levels. The
inventory rating (IR) represents “aload level which can safely utilize the structure for an
indefinite period of time.” Thisrating uses alarge safety factor, since this day-to-day use
will imply the largest amount of traffic passing over the bridge. The operating rating

(OR) represents “the absolute maximum permissible load level to which the structure
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may be subjected.” This rating uses a smaller safety factor in order to maximize the
capabilities of the bridge for the occasional specia case. Therefore, the OR is not
intended for everyday use.

The rating can use either the allowable stress (AS) method, or the load factor (LF)
method. The selection of the method will change the load factors and the member
capacity values used in Equation 3.1:

R = A:% -L"A&('l-l[-) ) >
where: RF — rating factor for live load; C — capacity of the member; A, — factor for dead
loads; D — dead load effect; A, — factor for live loads; L — live load effect; and | — impact
factor.

This rating factor can also be used to determine the bridge rating in tons (using
Equation 3.2). The overall bridge rating will be governed by the member with the lowest
rating factor.

RT =(RF)" W 3.2
where: RT — bridge member rating in tons, and W — weight of nominal truck used to

determine live load effects.

3.3 NCDOT Bridge Rating Procedures
The computer analysis programs currently used by the NCDOT are MS-DOS
based programs, and are based on equations recommended by AASHTO (2000) for

bridge superstructures.
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The input files for these programs are generated using bridge records and the most
current inspection reports. These files include general bridge data, such as bridge
number, county number, date inspected, and date of anaysis, geometric information,
including span length, size of members, bridge dead loads;, material properties from as-
built drawings, or from AASHTO recommended values when no other datais available.

In addition, the programs prompt the user to input the percentage of the girder that
is still effective. This is where the inspection process ties in with the computer program.
From the notes and photographs of a particular component the bridge inspectors provided
in their report, the analyzing engineer estimates the percent effective of the cross-section.
Obvioudly, thisis a subjective estimate, and it is intended to result in a conservative load
rating.

After al the information is input into the program, the computer calculates the
dead load moment, girder capacity, and live load moments. The program computes live
load moments by positioning different types of legal truck loads to determine critical
elements on the bridge. The schematics shown on Figure 3.2 are used by the programs to
model real vehicle axle spacing and axle loads. Each of these trucks are identified by a
reference number and is placed into one of two categories. single vehicles (SV), and

truck tractor semi-trailer (TTST).
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SINGLE VEHICLE(SV)

TRUCK TRACTOR SEMI-TRAILER(TTST)

REF. # SCHEMATIC REF. # SCHEMATIC -
5K 20K 25K 121K 1205K 19K 19K
sH | O O 12.5 TON O O OO
14' I T4A g | & |4 |
<« W»
1205 19K 19K 50.05K 62.15K
25.025 TON 31,075 TON
S3A o 4| 745K 18K 19K 12.625K 12.625K
bl O, 00 OO0
el LN LAY
19K 19K 43K t: 26
O O Q 21.5 TON > 70.4K
s3c 11 &> 35.2 TON
Mw' | 121K 8.2K 19K 19K 10.45K 10.45K
’ O O O OO0
12.65K B.2K 19K 18K 58.85K TEA I 4
O OOCO 20.425 TON b $1
S4A 1-49—?74»4 > ;Z?EFON
l‘ ] | .
' > 41K 4K 19K 18K 113K 11.3K 11.3K
121K 8.5K 18K 1K 8.5K 67.1K O OO0 OO
O O O OQ 355TON | T7A |9
S5A "1 PN hMNM
’4 80K
> 40 TON
121K 86KB6K 10K 19K 86K 75.9K 41K 105K 10.5K 845K 8.45K 19K 19K
e O OOCOCO  sesTon o OO CPQOO
bg | i25i [a 4 | 78 Hibl‘ui.l ﬁ 3 14
> “ 80K
5.2K 8.59K 8.6K 13K 18K 8.6K 11K 40 TON
o O CooocCe O
H#&“&-»‘
'80K
40 TON
44K 9.4K9.4K 19K 19K 9 4K 8.4K
- O OOO0COO
MW&&
80K 7/18/85
40 TON

Figure 3.2 NCDOT lega loads
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Using these live load moments the program calculates two rating factors,
inventory and operating. These factors are then multiplied by the weight of the truck, and
then divided by the distribution factor to develop arating for that girder. To calculate the

rating factors, the program utilizes Equation 3.3.

0 Pelr(():(l)Eff - (A" MomentDL)
RF, = : ; "2 3.3
A, MomentLL; " |

where: M, — moment capacity of the girder; PercEff — percent of girder resisting loading;
MomentDL — moment due to dead load; MomentLL — moment due to live load; | —
impact factor; A; = 1.3 (dead load factor); A, = 1.3 for operating, 2.17 for inventory (live
load factor); and i —indicates this value varies with each truck.

To convert this rating factor into arating, Equation 3.4 is used:

(TruckWeight, " RF,)
DistFactor

Rating, = 34

where: Truck Weight — weight of vehicle; RF — rating factor; and DistFactor —

distribution factor (based on AASHTO or user input).

34  SampleAnalysis

This section outlines a sample computer analysis first by hand calculations, then
by using the NCDOT computer output. For simplicity, the hand calculations will be
limited to the S3C truck. The same process can be repeated for al the remaining loading
trucks. The structure being analyzed is a simple-span reinforced concrete deck girder
(RCDG) bridge. The process is similar for steel girder bridges with a few exceptions,

such as, serviceability requirements, compact section requirements, etc.
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Hand Calculations:

Span =45 ft PercEff = 95% Beam spacing = 6 ft
50
Impact= ———— +1=1294<13 ... OK
Span +125
Distribution factor = @ =1

Beff

CWS—. —AWS
\,

SLAB

FILLET
STEM

Figure 3.3 Sample girder section

Dead Load
Asphalt Wearing Surface (AWS) = 2in.

Concrete Wearing Surface (CWS) = 3iin.

Slab=6.5in. Fillet=4in.

Ber = 721N, Stem Depth = 27 in.
Top Stem=18in. Bottom Stem = 18in.
Diaphragm = 35 Ib/ft Post & Rail = 67 Ib/ft
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DLy, = AWS™ 12+ CWS 11—520 "~ Sacing + Spacing” Sab %

DL =|SemDepth” TopStem+ Fillet? % +DLg,, + Post & Rail + Diapragm=1481Ib/ ft

2
MomentDL = DL P&V — 375k - ft
8000

Live Load
Truck = S3C

MomentLLgc = 418.31 k-ft

Girder Capacity Caculation

f'c = 2500 psi fy = 33000 psi 1=0.85 =09
d=27.46in. Beff =72in. As=16.974in? t=Sab- in.
A, . . .
a= — —5 —— =3661lin.<t=625In. ... Rectangular Compression Zone
0.85" f.” By
Mn=f A’ f, d-& I =1077k- ft
2 12000
Rating Factor
Al1=13 A2 =1.3for operating, 2.17 for inventory
i Pelrggff - A"~ MomentDL
RF,, = . - " 2=0.913
A, MomentlLg. " |
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M- PECE A« MomentbL
100

RI:oper = S . ! 2=1524
Ao MomentLLg,. " |

Load Rating

TruckWQthssc R, =19.6tons
DistFactor

Rating,,, =

TruckWeightg,. = RF,
DistFactor

%% =32.8tons

Rating,,,., =

NCDOT Computer Program Output:

The same information as in the hand calculations was input into the NCDOT
program. Figure 3.4 shows the output sheet from the NCDOT bridge analysis program.
The echo input information is summarized at the bottom of the figure. This sheet shows
the calculated operating and inventory ratings for each of the North Carolinatrucks. Asit
can be seen, for the S3C truck the inventory rating is 19.6 tons, and the operating rating is
32.6 tons, values very close to the results of the hand calculations.

To determine if a load restricting postings is heeded on an analyzed bridge, the
program compares each operating rating with the legal weight of the each truck. If the
operating rating for any of the vehicles is less than the weight of that particular truck,
then the bridge needs to be posted. If this is true for more than one truck in each
category, SV or TTST, then the lowest operating rating that does not pass will be

considered the posting for the bridge.
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NORTH CAROLINA DEPARTMENT OF TRANSPORTATION - BRIDGE MAINTENANCE
ANALYSIS SECTION

BRIDGE NUMRER Zxample 1 DATE OF RATING 6/19/02
COUNTY 0 RATED BY UNCC
DATE OF INSPECTION example CHECKED BY

Load Factor Method
REINFOR. CONCRETE DECK GIRDER RATING

Truck Weight Operating Inventory Controls LLmoment
HS515 15.00 28 7 14.2 Strength 404 .01
H15 LE. 0D 2.3 18 .2 Strength 296.81
TRZ 15"75 34.2 20.5 Strength 293 .85
TE3 24 .94 34.5 20.7 Strength 458.1C
TR4 33.60 34.4 20.¢6 Strength 619.46
TRS 36.75 3 Y 23.9 Strength 584 .85
SH 12,50 32.1 158.2 Strength 247 .34
s3C 21.50 32.6 12.5 Strength 41831
S3a 25.02 33.7 20.2 Strength 470.94
S4a 29 .42 35 .5 i Strength 526.78
SEA 2358 25 2 2L T Strength 587.41
S6A 3795 38.4 8.0 Strength 628.95
S7B 40.00 37.6 &2 Strength 674 .50
87A 4G.00 39 .7 23.8 sbrength 639.6<
T4Aa 31.08 39.3 23wl Strength 503.60
TSB 35,20 39.2 23.5 Strength 569.55
Teh 39.60 41.7 25.48 Strength 603.85
T7A 40.00 42.7 25.6 Strength 595 _54
T7B 40.00 44 .5 26 .7 Strength 578.79
Last update 3-26-98----------- NON-INTERSTATE TRAFFIC-------------+ Version ¢
INPUT:
Rating for Maximum Moment Possible
Interior RCDG Clear Roadway = 22.000 ft. Nurber of Beams = 4
§lab Full Thick = 6.50 in. Stem Depth = 27.000 in. Fillet Size = 4 in
Top Stem Width = 18.00 in. Bot Stem Widch = 18.00 in.
Number of Bars Size Number Distance
4 L1 3.000
& 11 &.000
=, 10 5.000
4 10 2.000
Weights:
Asphalt Wear. Surf. = 2,00 in. Concrete Wear. Surf. = 3.00 in.
Diaph = 67 lb/ft. Post-Rail = 35 lb/ft.
ACDG Spacing = 6.000 ft.
Percentage Effective = 85.000 % Span = 45.000 ft.
Concrete Compression Stress = 2500 psi Reinfor. Steel Yield Stress = 3300(

COMPUTED BY THE PROGRAM:
Dead Load = 1481 1b/ft. Eff. Slab Width = 72.00 in. Impact + 1 = 1,2¢
Dist. Factor = S$/6.0 = 1.000 Modulus Ratio of Elasticity n = 12

Figure 3.4 Output sheet from NCDOT program



Thisis done for both SV and TTST separately; therefore, if a bridge is posted, it
will be posted for both SV and TTST, as needed. TTST are generaly longer vehicles
with wider axle spacing, so the ratings are generally larger. Figure 3.5 is a summary
sheet for the bridge analysis. The three columns near the center of the page, from left to
right, are the trucks reference numbers, truck weight in tons, and operating rating for each
particular truck.

For the SV, each one of the operating ratings is larger than the legal weights,
except for S7B and S7A. The lower of these two ratings is rounded down to the closest
whole number and governs the load-restricting posting. In this case, S7B governs the SV
category with 37 tons. For the TTST, none of the operating ratings are lower than the
legal weights. Therefore, the bridge is not restricted for TTST.

The result of these comparisons is noted on the summary sheet:

SV-37tons TTST-Legal grossweight
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Figure 3.5 NCDOT program summary sheet for the example bridge
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35 AASTHOWare

The AASHTOWare software package consists of three programs: Opis, Virtis and
Pontis. These three programs allow for the exchange of data between the programs. This
enables the user to input data for the structure only once, and then share it between the
programs to carry out each program’s specific functions. Therefore, a user can design a
bridge with Opis, which is design software that was not evaluated during this research.
Then export the data to Virtis, a load rating software to determine the Inventory and
Operating Ratings, and finally, export that data to Pontis, a bridge management system
that generates data for the National Bridge Inventory (NBI).

The Virtis and Pontis programs were developed by AASHTOWare to implement
the NCHRP 12-50 methods (Transportation Research Board, 2003). This 1998 project
concluded in 2002 with the development of a methodology for bridge-design software
validation. From this, "Process 12-50", a systematic method of comparing and evaluating
bridge design and anaysis software, was generated. Process 12-50 provides a
standardized report format for presenting and comparing results for a specific bridge
design and a powerful method for formally reviewing specification changes.

The demonstration copies of Virtis and Pontis were evaluated for ninety days,
during this project. This time limitation only allowed for the analysis of one of the
scheduled test bridges. The outputs were compared with the current NCDOT load rating

software.
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Virtis

The software Virtis Version 4.1 was developed by AAHSTO in 2001. Itisa
bridge load rating software with the capability of using either LFD or LRFD. The
demonstration copy used during this research employed the 1996 AASHTO Standard
Specifications for Load Factor Design and the 1998 AASHTO LRFD Specifications.
However, full versions of this product alow for code updates (interim revisions) as
required.

Virtis alows the user to input al design data for the bridge, or import it from
Opis, including shear reinforcement. The user input option alows the user to define
different beam shapes, end conditions, and material properties. The program can
evauate stedl, timber, or reinforced and prestressed concrete members. The bridge can
be defined as a simple beam or continuous, or a combination of both for multiple spans
with the end conditions defined as pinned-pinned, fixed-fixed, or a combination.

For steel girder bridges, this program alows the user to detall information
concerning the deterioration of the beam. A deterioration profile can be created for the
web, top and bottom flanges, and top and bottom cover plates. This profile can be
generated based on field inspection notes, and will greatly affect the load rating of the
bridge.

The program will also consider percent effective of the bridge member’s section.
However, adjusting the percent effective from the default 100% created a controlling
Ultimate Shear Capacity versus Ultimate Moment Capacity. While this may redlistically
be the controlling factor, there is a known problem with the software in thisregard. The

modification of the percent effective does not allow the user to ignore shear.
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The program can evaluate the entire bridge, a selected span, or asingle girder. It
will report the calculated load ratings for the controlling load vehicle. It will aso
generate graphs and tables for moment, shear, and displacement. This program however,
will not generate load postings. It generates inventory and operating ratings that are used
in determining the required posting. These ratings were used to compare and eval uate the

current NCDOT load rating software.

Pontis

The software Pontis Version 4.1 was developed by AASHTOWare as a bridge
management system. It allows the user to either create or import data from Virtis and
determine the sufficiency ratings of the bridge. Pontis is currently used by most states.
Missouri and Florida Departments of Transportation have utilized the program since
1998.

The sufficiency rating calculations follow the items described by NBI (USDOT,
1995). These rating are based on inspection details, which are entered into the program
from the field inspection notes. The program transfers the field inspection ratings into
NBI Coding. Thisis then used to determine the bridge sufficiency rating. The Federa
Highway Administration (FHWA) considers a bridge structuraly deficient when the
sufficiency rating is below 50.

The software’'s management system also entails the ability of project planning,
programming, and preservation of the structure. For the purposes of this research

however, only the inspection function was used.
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3.6 UNCC Bridge Analysis Software

In order to perform some of the lower and upper bound anayses on severdl
bridges, the researchers developed a simple-span bridge analysis (Excel based) software.
For reference, the file is attached to this report, and a detailed instruction manual is
provided in Appendix A.

An output exampleis shown in Figure 3.6, illustrating the ratings for 59-0038. As
it can be seen, the software evaluates the bridge rating using both LFD and LRFD
methods. Furthermore, it is possible to input pinned, fixed, and partially fixed girder end
connections. Even though the software does not have continuous span capabilities, this
feature allows the user to investigate the effect partia fixity has on the bridge rating.

The software aso alows the engineer to input calculated or user definer
distribution factors and impact factors for both concrete and steel girder bridges. For
RCDG bridges, cracked section properties are used, as needed. In order to alow a more
direct comparison between analytical rating and load test results, an added feature allows
for the calculation of strains and stresses in the bridge girders.

Another feature for this software is the capability to save the input and output files
electronically. This alows the user to store the bridge data between two inspections,
reducing the time needed to re-run the program.

The intent of the development of this program was not to replace the existing
NCDOT bridge analysis software, only to complement its capabilities with added features
that alow for alower and upper bound analysis. However, if there is a need expressed
by NCDOT, the software can be further developed to include continuous span girders, as

well as avariety of other customized features.
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NCDOT BRIDGE BEAM ANALY SIS SPREADSHEET

Type of Bridge:  Steel Girdersw/ RC Deck Date: 10/5/04
Bridge Number:  59-0038 Number of Spans. 1 Date Built: 1945
Clear Roadway: 24833 ft Controlling Clear Span: 34 ft Analyzed Beam: Interior Beam
Beam Type: User Defined  Beam Spacing: 4.083 ft Effective Width: 48,996 in

Depth: 20 in IXx: 1172 in4 Area 174 im2

Slab Thickness: 7 in Mu 36548  k*ft Sxx: 117 i3

AWS Thickness: 8 in ZXX: 1329 in"3

CWS Thickness: 0 in Steel Yield Stress: 33000 psi Percent Effective: 95.7%
Deck f@: 1500 ps Skew Angle: 0

One Lane Loading Scheme Only

Load Vehicle: HS 15 Moment LL: 257.70  k*ft Beam Connections: Pinned - Pinned
Design Vehicle: H_15 Impact Factor: ~ 30.00%

User Defined Dead Load: 820 Ib/ft

Distribution Factors: LFD: 0.742 LRFD: 0.433
Load Rating: Operating Rating: HS 155 Operating Rating: HS 26.5
Inventory Rating: HS 9.3 Inventory Rating: HS 15.9

% Differnece in Ratings: 171%

LFD: LRFD
Vehicle Weight (tons) LLMoment (k*ft Opr Rating Opr Rating

SH 125 178.94 18.6 31.8

S 3C 215 300.08 19.0 32.6

S 3A 25.0 333.35 20.0 34.2

S 4A 294 365.42 214 36.7

S 5A 33.6 402.70 221 37.9

S 6A 38.0 418.30 24.1 41.3

S 7B 40.0 454.20 234 40.1

S 7A 40.0 418.26 254 43.6

T_4A 311 327.15 25.2 433

T 5B 35.2 375.05 24.9 2.7

T _6A 39.6 384.60 274 46.9

T 7A 40.0 370.80 28.7 49.1

Recommened Postings: LFD: LRFD

SV: 19.0 tons SV: No Posting tons
TTST: 25.2 tons TTST: No Posting tons
Current Postings: Sv: 19.0 tons TTST: 25.0 tons

Figure 3.6 UNC Charlotte bridge rating software printout
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4. BRIDGE SELECTION

41  Selection Criteria

The criterions for selecting appropriate bridges for this project were created to
ensure a true representation of typical bridges, especialy those with higher maintenance
needs. The selection and prioritization was coordinated with the NCDOT Bridge
Maintenance Unit using the available computer database. Each selection was based on

the following criteria (not in order of importance):

Importance and traffic — to minimize commuter inconvenience the NCDOT

suggested that only bridges on the secondary system should be considered, with
adequate possibilities for traffic detours.

Load ratings — the selected bridges had a wide range of load ratings, anywhere
from bridges posted for SV-14 tons, to bridges with no postings.

Bridge condition and estimated remaining life — only bridges with a reasonable

life expectancy were considered.

Bridge superstructure system — both concrete and steel girder bridges were

selected, with simply supported and continuous systems.
Site access — to allow the research team to prepare bridges for testing, only
structures with reasonabl e foot and vehicular access were considered.

Location of bridges — in order to avoid long travel times for the research team,

only bridges within Division 10 were considered.
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42  GFRP Deck Bridge

This project provided a unique opportunity to the researchers at UNC Charlotte to
monitor the construction, instrumentation and field testing of the first glass fiber
reinforced polymer (GFRP) deck bridge in North Carolina. The origina Bridge 89-022
was built in 1944, and replaced in September 2001.

The origina steel girder and concrete deck system superstructure was replaced
with 7 — W24x94 steel girders and a composite deck supplied by Martin Marietta
Composites. Asit was mentioned earlier, this deck replacement project was funded with
a discretionary grant from the Federal Highway Administration’s (FHWA) Innovative
Bridge Research and Construction (IBRC) program. Table 4.1 at the end of this chapter
provides more specific details for Bridge 89-022. In addition, a detailed, phase-by-phase
construction report and structural description for this composite deck bridge is included

in Appendix B.

4.3  Concrete Deck Girder Bridges

During this project, two reinforced concrete deck girder (RCDG) bridges were
anayzed, instrumented and tested. The first RCDG structure was Bridge 59-361, a rural
two-lane bridge located in western Mecklenburg County, North Carolina on Bellhaven
Blvd. (SR 2373). The bridge consists of three simple spans of approximately 40 ft each.
The deck is supported by four reinforced concrete girders spaced at 6 ft-8 in. on center.
Construction of bridge 59-361 was completed in 1935; since that time, there have not
been any structural modifications made to either the substructure or the superstructure.

Figure 4.1 shows an elevation view of bridge 59-361, and Figure 4.2 shows a typica
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cross section of the bridge superstructure.

Figure 4.1 Side view of Bridge 59-361

Figure 4.2 Typical cross-section of the superstructure for Bridge 59-361

The steel reinforcement is not shown in Figure 4.2 for clarity. The deck is
reinforced with #4 bars at 6 in. o.c. in the bottom of the deck and #4 bars at 16 in. 0.C. in
the top of the deck longitudinal to the direction of traffic. In the transverse direction, #5
bars at a varying spacing were used. The girders were reinforced with (4) - #11 bars 3 in.

from the bottom of the girder, (2) - #11 and (2) - #10 bars 6 in. from the bottom of the
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girder, and (4) - #10 bars 9 in. from the bottom of the girder. For shear reinforcing, #4
bars at an unknown spacing were used.

The most recent three bridge inspection reports covering a span of five years have
been reviewed. According to these reports, bridge 59-361 has isolated, minor hairline
cracks in the girders and the piers. Each of these girders was rated as either good or fair.
Furthermore, each report stated the same observed condition of the girders. Therefore, it
is fair to assume that the cracks did not widen over this five-year period. In order to
monitor changing conditions of concrete girders, it is recommended to mark the extent of
these cracks, properly identifying the date of the last inspection and markings.

Although the apparent beam conditions have remained the same, the bridge load-
restricting posting has been decreased after each report. Until 1999, the bridge was not
posted. At the time of inspection, bridge 59-361 was posted at 35 tons for single
vehicles, due to achange in materia properties specified by AASHTO. The compressive
strength of concrete for bridges constructed before 1959 was increased from 2,500 psi to
2,700 psi and the yield strength of steel for bridges constructed before 1954 was
decreased from 33,000 psi to 30,000 psi. Obviously, these changes had an impact on the
bridge posting.

Since the load testing in November 2001, the bridge has been reposted at 32 tons
for single vehicles (SV) and 38 tons for truck tractor semi-trailers (TTST). This change
was due to the resurfacing of SR 2373, resulting in an addition of 2.5 in. of asphalt

wearing surface for atotal of 9” of asphalt.

The second RCDG structure tested was Bridge 12-0271 (Figure 4.3), a three-span

reinforced concrete deck girder bridge with three girders. This two-lane secondary route
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bridge carries SR1157, Wilshire Avenue in Concord, NC, over Irish Buffalo Creek, just
east of the SR1157 and NC601 intersection. It has an overall structure length of 132 ft —

6in. A typical cross section of the bridge is shown in Figure 4.4.

Figure 4.3 View of girdersin span 1 of bridge 12-0271

23 =27

5" AWS 37 CwWS

/s

8

4" Fillet

Figure 4.4 Cross section of bridge 12-0271
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The bridge was designed for aload vehicle of H-15. It is currently posted for SV
a 23 tons and TTST at 27 tons. This posting occurred on March 13, 2002, which
represents a reduction from the previous posting of 32 tons. This change in posting
occurred due to a change in allowable stresses for concrete and steel. The prior posting
was based on unknown material strengths governed by the year of construction.

However, a recent NCDOT memorandum mandates the use of reinforcing steel
and concrete alowable stresses from the original plans, whenever the information is
available. Based on the original plans, the concrete compressive strength was established
as 1,950 psi, and the yield strength of the reinforcing steel was computed as 30 ksi.

The last inspection of this bridge occurred on January 29, 2002. In this report, the
bridge inspectors noted that, there were vertical and horizontal cracks on the sides face of
the girders at midspan, which led to a decision to use a 95% effectiveness for the girder
sections (PercEff in Equation 3.3). The current load ratings are Inventory HS-9.9 and
Operating HS-16.5, resulting in a sufficiency rating of 48.1%, which gives the bridge an

NBI status of structurally deficient.

44  Sted Girder Bridges
Three steel girder bridges were analyzed and tested during the two-year period of

this project. The first was Bridge 59-0038, a rura two-lane bridge located in

southeastern Mecklenburg County, North Carolina on Sam Newell Road (SR 3168). The
bridge consists of one simple span of approximately 36 ft. The original superstructure of
the bridge consisted of a reinforced concrete deck supported by five steel girders spaced

a 4 ft —1in. on center. Construction on this bridge was completed in 1945. Since that
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time, bridge 59-0038 has been widened using an additional steel girder placed on each
side 3 ft — 6 in. from the existing girders in 1988. Another addition to the structure was
the asphalt wearing surface added to protect the origina deck from excessive wear.

Figure 4.5 shows atypical bridge cross section.

I T T I+ 1 T 1

4/71//

Figure 4.5 Typical cross-section of Bridge 59-0038

Similar to all seven bridges load tested in this project, the most recent three field
inspection reports have been reviewed for 59-0038. According to these reports, this
bridge has isolated, minor hairline cracks in the deck and concrete substructure. Each of
these structural components was rated as good. The condition of the steel girders was not
documented in these reports. However, it was found that the top flanges of many of the
origina steel girders had signs of surface corrosion.

Due to unchanging conditions of bridge 59-038, the posting has remained
constant at 19 tons SV and 25 tons TTST since 1997. The girders are identified as
W20x60 in the inspection reports, but thisis not atypical rolled W-shape. Measurements
of the girder were taken; however, the dimensions did not match any current rolled shape.
Therefore, in calculating the moment of inertia these measurements were used.
Information about the reinforcing of the concrete deck was not found either.

The second steel girder bridge tested was Bridge 12-0227 (see Figure 4.6), a

structure similar to bridge 59-0038. The bridge has two W24x76 exterior girders and two



W27x94 interior girders. The reinforced concrete deck has an epoxy-wearing surface. It
carries state route SR1006 (Mt. Pleasant Road) over Rocky River.

As it can be seen in Figure 4.7, significant debris was present at the time of the
bridge instrumentation and testing. Also, it is evident from Figure 4.8 that the add-on
timber bent has been repaired in the past. An additiona timber post has been installed
between the first and second posts, unloading the gravity loads from one of the severely

decayed origina posts.

Figure 4.6 View of bridge 12-0227
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Figure 4.7 View of center spans of bridge 12-0227

Figure 4.8 Repaired timber bent #1 (in the background)
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This bridge has a current posting of an SV at 24 tons and TTST a 28 tons,
established on July 24, 1995. The bridge provided easy work access on two of the five
gpans with a ladder, while a snooper truck was required to complete the scheduled tasks
only on the third (middle) span.

The as-built plans of the bridge specify the alowable stresses in the structural
steel as 18 ksi, and the allowable concrete compression stress as 1,000 psi. The five
spans of this bridge are 40 ft — 3 in. for spans 1 and 5, and the three interior spans are 40
ft—0in. A typical cross section of the bridge can be seen in Figure 4.9.

For the analysis of the interior girders a 95% effective area was assumed, for the
exterior girders 98% was assumed. The bridge plans do not show any shear studs that
would result in composite action between the deck and girders, so the bridge was

anayzed as a non-composite beam with a concrete deck.

opr-q”

o /JJZ" Epoxy Wearing Surface ]

;
5.75”
I
L] |
-
- _
W24 x 76 W27x 94 W27 x 94 W24 x 76—
l .

! 7'=0"

Figure 4.9 Cross section of Bridge 12-0227

The inspection report conducted on October 8, 2001, lists severa items of
importance. The inspection states that the epoxy wearing surface is missing in certain

areas, and may fail to protect the deck. Also, the end diaphragms are cracked and
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spaled. The exposed rebars are severely corroded. Figure 4.10 shows a cracked end
diaphragm between Girders 1 and 2 of Span 1. Similar damage was present on all end
diaphragms of the exterior bays. These defects made the likelihood of effective transverse

load distribution questionable.

Figure 4.10 Cracked end diaphragm

The third steel girder bridge analyzed and tested was Bridge 59-0841, a two-lane

bridge spanning a portion of Interstate 485 that, at the time of testing, was still under
construction. This bridge is located in eastern Mecklenburg County, North Carolina on
Caldwell Road (SR 2801). The overall length of this bridge is approximately 290 ft,
consisting of two continuous spans of 144 ft and 146 ft, respectively. The reinforced
concrete deck is supported by five continuous steel plate girders spaced at 9 ft — 4 in. on

center. Figure 4.11 shows the elevation view of the continuous span structure.
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Figure 4.11 Elevation view of Bridge 59-0841

Construction on this bridge was completed in early 2002. Older bridges of this
size located in Division 10 are used to span wide waterways or heavily traveled
interstates. In order to test a continuous bridge over a large waterway, either excessive
marine equipment would had to be rented, or the bridge would had to be closed for an
extended period of time to alow snooper trucks to park on the bridge and research
personnel to gain access to the underside of the structure. Both of these solutions would
have been excessively expensive and/or unnecessarily inconvenience commuters.
Therefore, it was decided to test this new bridge.

Although construction was progressing on Interstate 485 under bridge 59-0841,
no work was planned for the week UNC-Charlotte needed to prepare the bridge for
testing.  Consequently, commuters were not unnecessarily inconvenienced and
construction was not interrupted. Since bridge 59-0841 is a new structure, the bridge

maintenance division has not yet scheduled a bridge inspection.
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45  Crutch Bent Bridge
As it was mentioned earlier, during this project, special interest was expressed
from the NCDOT on the effectiveness of a crutch bent retrofit. In order to satisfy this

requirement, Bridge 89-0219 was analyzed and tested, a steel bridge with timber decking

gpanning over a creek. The bridge originaly had a load posting for SV loading of 14
tons, and for TTST loading of 18 tons. The load posting prohibited school buses from the
legal use of bridge. The intent wasto raise the legal posting to at least 16 tons in order to
allow school bustraffic.

Bridge 89-0219 is located in Union County, NC carrying route SR1008 across a
creek. The bridge was constructed in 1962, and originally consisted of two simple spans,
one of them over acreek. The deck consists of 3% in. X 7% in. timber boards on ten lines
of W14x30 steel beams. The analysis and posting of the bridge was originally done
based on an estimated 95% percent effective cross-sectional area. However, this value
might be unconservative, considering the significant corrosion of steel girders (see Figure
4.12).

The wooden crutch bent was installed for only one of the spans. This was donein
order to avoid lengthy environmental permitting requirements for construction work in a
creek bed. Due to the urgency of this project, only the span above dry land was
retrofitted, with the second span to be done in the near future, once the environmental
permit is secured. The crutch bent was designed by engineers from the NCDOT Bridge
Maintenance Unit, and consisted of five (10 in. x 10 in.) timber posts at 6 ft spacing, and

10in. x 11%in. cap and sill plate, properly braced (see Figure 4.13).
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Figure 4.12 Steel girder corrosion

Figure 4.13 Crutch bent retrofit

51



46  Summary of Bridge Selection

As it can be seen from the previous sections, alarge variety of bridges have been
anayzed and tested. In order to allow quick referencing of these structures, Table 4.1
shows a summary of al the bridges tested in this project. In this table only the most

important details are provided.



Table 4.1 Summary of bridge details

BRIDGE BRIDGE BRIDGE | BRIDGE | BRIDGE | BRIDGE | BRIDGE

89-0022 59-0361 12-0271 59-0038 12-0227 59-0841 89-0219
County Union Mecklenburg | Cabarrus Meckl. Cabarrus Meckl. Union
Road Number SR 1627 SR 2373 SR 1157 SR 3168 SR 1006 SR 2801 SR 1008
Feature | nter sected dry creek creek creek creek river [-485 creek
Year Built 1944 1935 1933 1945 1951 2002 1950
Year Repaired/Retrofitted 2001 n/a n/a 1988 n/a n/a 1960, 2003
ADT 2800 6800 6400 13000 1300 n/a 2500
No. Spans 1 3 3 1 5 2 (cont.) 2(3)
Span Lengths (ft-in) 42-0 (20 38-9 (2 43-9 36-0 (240-3 144 -0 28-4

(1) 40-0 (1) 45-0 (3)40-0 146-0 28-1
No. Girders 7 4 3 7 4 5 10
Girder Types W24x94 RCDG RCDG | (5) W20x60((2) W24x76 | steel plate | W14x30
(2) W21x... |(2) W27x94 | girders
Girder Spacing (ft-in) 3-11 6-8 8-0 (2 3-6 7-0 9-4 2-7
44-1

Deck Type GFRP concrete concrete concrete concrete concrete timber
Original Design L oad unknown H-15 H-15 unknown H-15 HS- 25 unknown
Inventory Rating HS- 14 HS- 13 HS-9.9 HS-9 HS- 10 n/a HS-7
Operating Rating HS - 23 HS - 23 HS-16.5 HS- 15 HS- 17 n/a HS- 12
SV Posting (tons) 37 32 23 19 24 none 14
TTST Posting (tons) none 38 27 25 28 none 18
Tested 11/2001 11/2001 09/2002 03/2002 03/2003 04/2002 04/2003




5. EXPERIMENTAL RESULTS

Throughout this project, seven bridges were analyzed, instrumented and tested.
Hundreds of experimental data files were generated from recordings of up to a hundred of
instruments during static, slow and dynamic loading, focusing on the behavior of structural and
non-structural components. The following sections describe the most important findings for

each bridge, and their relevance to the project objectives.

51  Bridge89-0022

Strain level and composite action

One method to prove composite or non-composite action in the bridge would be to locate
the neutral axis of the girders. With no composite action, the strain in the girders would change
from compression to tension at a location near the center of mass of the girder (for this bridge
that would be 12.16 in.). The midspan of girders 2 and 4 were instrumented with strain gages on
the top and bottom flanges. These instruments were used to help locate the position of the
neutral axis. Assuming the strain in the girder remains linear, which should be the case for
girder stresses lower than the yield level, the position of the neutral axis (NA) from the bottom of
the steel girders can be calculated using Equation 5.1

EB
& +e

NA=(d- t,) 5.1

where: d = 24.31 in. — girder depth; t; = 0.875 in. — flange thickness; g — bottom flange strain

(in/in); er—top flange strain (in/in).
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The calculations for the experimental neutral axis location are demonstrated using the
readings from the top and bottom flange strain at the midpoint of girder 2 for path 4. Both static
(see Figure 5.1) and slow (see Figure 5.2) readings were analyzed. For both cases, the maximum
bottom flange tensile strain was measured around 149 ne, and the maximum top flange strain
was approximately -98 me. Using Equation 6.1, the neutral axis was computed as 14.1 in.

When the neutral axis at the midpoint of girder 2 was computed for all five load paths
(shown in Table 5.1), the position of the neutral axis was computed to be an average of 14.9 in.
above the bottom flange of the girder. Similar result (14.5 in.) was recorder for girder 4 at
midspan. With the center of mass of the girder being located at 12.16 in., it is clear that there

was some composite action taking place. Thisresult will be further analyzed in Chapter 6.
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SG-4G2g
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Strain (in/in)
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-1.00E-04 +

-1.50E-04
L oad L ocation

Figure 5.1 Strain at midpoint of girder 2 - static path 4
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Figure 5.2 Strain at midpoint of girder 2 - slow path 4

TABLE 5.1 Experimental location of neutral axisfor girder 2

Path Gage | Strain (in/in) | Neutral Axis(in.)

1 SG-4G2g 27 E-06 154
SG-4G2G| -14E-06

2 SG-4G2g 41 E-06 155
SG-4G2G| -21E-06

3 SG-4G2g 72 E-06 15.2
SG-4G2G| -39 E-06

4 SG-4G2g| 149 E-06 14.1
SG-4G2G| -98 E-06

5 SG-4G2g| 107 E-06 14.2
SG-4G2G| -69 E-06

Average 14.9
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Being the first GFRP deck bridge in the Carolinas, special attention was paid to
the strain levels in the GFRP deck. Composite materials are linear; therefore, in order to
avoid brittle material failure, it is important that at service level, adequate safety factors
are used.

Being comprised of glass fiber laminas with various orientations, the strain in the
fibers of the panels was not evaluated, and there was no alowable strain given by the
panel manufacturer for the laminas themselves. Martin Marietta Composites provided
designers only an overal alowable strain on the bottom of the deck panel for
compression (-0.26%) and tension (0.26%). The ultimate strain levels should be at least
Six to eight times higher.

The strain readings in Bays 5 and 6 are plotted for load path 2 in Figure 6.5. The
maximum tensile strain was observed in Bay 5, and it was approximately 0.024%
(0.00024 in/in, or 240 ne). Therefore, the allowable strain in the material is over ten
times larger than the strain experienced in the panel.

The maximum negative strain (compression) was recorded in bay 6. The strain at
this location reached -0.002%. Once again, the strain induced in the material did not
even come close to reaching the strain allowed in the material. In this case the alowable
strain in the materia was —0.26%, or roughly 130 times the strain present in the deck
panel.

Indeed, from these data, one can conclude that the bridge deck is performing well
within the manufacturer’ s specifications. In the future, it will be possible to increase the

efficiency of FRP bridge decks significantly.
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Figure 5.3 GFRP deck strain readings

Deck and girder deformations
In addition to strength requirements (to carry vehicular loads), a bridge aso has

service performance criteria. Excessive bridge deflections are perceived as a concern to

the general public.
Therefore, another focus area for the testing of this bridge was the stiffness of the

GFRP panels and stedl girders. For the deck information, attention was placed on the
data gathered when the loading truck was following path 2. In path 2, one line of wheels
was centered between girders 5 and 6. This path placed the load on the side of the bridge

where displacement transducers were positioned to record the relative deformation of

deck panel 3.
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The deflection of the bays is shown in Figure 5.4. From this graph, one can see
the maximum deflection of the panel to be 0.017 in. It was aso noted that the panel
seemed to camber up slightly in bay 6. This camber reached a maximum vaue of 0.008
in. With the girders spaced at 47 in. o.c., the 0.017 in. deflection, as aratio to the girder
spacing, is L/2800. Presently, AASHTO does not have a requirement for the deflection
of the composite deck. However, when comparing the deck deflection ratio to the
tolerances established for girders, this structure is well within the L/800 live load criteria
established for bridges (AASHTO Standard Specifications 10.6.2).

Midspan deflections were recorded for girders 1, 4, 5, 6, and 7. These deflections
were plotted for all the slow load paths. The deflections for slow path 1 are shown in
Figure 5.5. The corresponding maximum deflection for this loading condition occurred
at girder 6, and had a magnitude of 0.183 in. This value represents approximately

L/2600, which is well within the live load limit established by AASHTO.
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Figure 5.5 Midspan girder deflection — slow path 1
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Transverse load distribution

Finaly, attention was also given to distribution factors (DF). Present bridge
design practice uses DF to estimate what percentage of the load being applied on the top
of the deck is being transmitted to the girder being designed. AASHTO specifies awheel
load DF = S/5.5 for a span supported by more than 4 steel girders, where S is the span
length in feet, and DF is the percentage of the load applied to the girder. Based on
recommendations from the GFRP manufacturer, the designers of the superstructure used
aconservétive value of DF = S/5.

In order to experimentally determine the DF for this bridge, the strain readings at
the bottom flanges on the girders at midspan (the approximate location of the maximum
stresses) were used (see Table 5.2). For this bridge, two load paths were selected, paths 1
and 4 — for path 1 the loading truck is centered in one lane, and for path 4 the loading

truck is centered in the opposite lane, moving in the same direction.

It isimportant to note that the live load distribution factors provided by AASHTO
are based on whee loads (i.e. half the axle load) acting on a specific girder. However,
during testing, the full truck load was applied to the entire bridge. Furthermore, the
calculations have been made based on both traffic lanes loaded simultaneously.
Assuming that the truck positioned in the opposite lane will generate a similar but
mirrored strain distribution, the strain values for the opposite lane were ssmply copied
from the original strain profile (e.g. for girder 1 during loading in path 1, 24  were
recorded. For the opposite lane, this value would have corresponded to the strain at the
bottom of girder 7). In order to estimate the effect of both lanes loaded simultaneously, a

simple superposition was used, which should be valid in the elastic zone.

61



Table 5.2 Distribution factor at girder midspan

L oad Strain at Bottom Total
Path of Girder () 1 2 3 4 5 6 7 Strain ()

Slow 1 onelane 24 27 65 115 | 146 | 149 | 98 624
opposite lane 98 149 | 146 | 115 65 27 24 624
both lanes 122 | 176 | 211 | 230 | 211 | 176 | 122 1248

DF 0.39 | 0.56 | 0.68 | 0.74 | 0.68 | 0.56 | 0.39
Slow 4 onelane 95 149 | 142 | 108 63 27 1 584
opposite lane 1 27 63 108 | 142 | 149 95 584
both lanes 96 176 | 205 | 216 | 205 | 176 | 96 1168

DF 0.33 | 0.60 | 0.70 | 0.74 | 0.70 | 0.60 | 0.33

Finally, to calculate the truck load distribution factor for both traffic lanes |oaded,
Equation 5.2, developed by Stallings and Y 00 (1993), was used:

DE =_ "€ _ 4(230)
Lok 1248

eWw;

j=1

=0.74 5.2

where: n —the number of wheel lines (2 trucks x 2 wheel lines = 4 wheel lines); ; —strain
at the bottom of the i girder; w; — the ratio of the section modulus ratio of the i™ girder to
the section modulus of atypical interior girder; k — the number of girders.

The maximum distribution factor for both paths 1 and 4 occurred at girder 4, with
the calculated value of 0.74. It isimportant to note that, in Equation 5.2 it was assumed
that all girders have the same section modulus. For this bridge, this is a reasonable
assumption. However, for RCDG bridges, where the sections of the outside concrete
girders are increased by curbs and railings, this assumption will generate conservative
estimates for interior girders, and dlightly unconservative distribution factors for the

outside girders.
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5.2  Bridge59-0361

Strain levels

Strain readings were recorded for all seven load paths, for static, slow and
dynamic procedures. However, the presence of the LVDTs slowed down the recording
speed significantly, to less than 2 readings per second, which made the static versus
dynamic comparison obsol ete.

The position of the neutral axis was also impossible to determine due to the
erroneous readings from the LVDT located on the sides of the girders. As mentioned
earlier, the LVDTs used have a high noise range, which made them ineffective for
reading very small strain measurements. Since the placement of the LVDTs was close to
the presumed neutral axis, where small strains are present anyway, the instruments were
unable to record useable data. Thiswas avoided in all the future tests in this project.

Figure 5.7 shows the static strain readings for path 2 — span 1, from the bottom of
girders (position 2) 2, 3 and 4. As it can be seen, the maximum reading was close to 30
nme. By inspecting all the other static readings, no higher static strain level was observed
than 40 rre.

Figures 5.7 and 5.8 show the slow strain readings for paths 2 and 5, spans 1 and 2.
These readings are comparable with the static readings, except for gage ST,229SP2,
bottom of girder 2, span 2. The instrument recorded strain readings close to 70 me. This
was also confirmed from other slow readings in span 2. This in turn suggests that, the
gpan 2 (middle span in a three simply supported span concrete bridge) readings were
higher due to a smaller degree of girder fixity in the middle span, as compared to the

conditions present at the end spans (spans 1 and 3).
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Figure 5.6 Static tensile strain readings — path 2, span 1
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Figure 5.7 Slow tensile strain readings — path 2, spans 1 and 2
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Figure 5.8 Slow tensile strain readings — path 5, spans 1 and 2

Girder deformation

Figure 5.9 shows the deformations for girders 2 and 3 at midspan during slow
path 5. As a reminder, path 5 placed the center of the truck on the centerline of the
wheel. Therefore, it is not surprising that both girders 2 and 3 have been deforming
approximately the same amount in both spans. However, it is interesting to note that the
deformations in span 2 were somewhat smaller than the ones measured in span 1. This
fact does not fully support the assumption made earlier that span 2 is more flexible due to
lower levels of fixity at its support.

It is interesting to note that while the truck was on span 2 (after the timestamp 62
seconds), the displacement transducers in span 1 recorded reasonable deformations. This
could support afact that there might have been continuity between girders. Although one

has to remember that the values are overall small, lessthan 1/25 in.
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Figure 5.9 Girder midspan deflections — slow path 5

Transverse load distribution

Similarly to the previous bridge, special attention was paid to the transverse
distribution of the truck load. Figures 5.10 and 5.11 show the strain distributions to each
girder. The points on the graph indicate the girder positions measured from Girder 1.
Since there was no strain measurements made for Girder 1, its values had to be estimated
based on readings of Girder 4 during a similar test with the loading truck in the opposite
lane.

To calculate the distribution factor, a method identical to the one presented for
bridge 89-0022 was used. Path 2 and 6 were selected for this analysis. Based on

experimental results, the calculated value was DF = 1.33 for both paths (see Table 5.3).
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Table 5.3 Distribution factor at girder midspan

Load Strain at Bottom Total
Path of Girder () 1 2 3 4 Strain ()
Static 2 onelane 5 12 28 15 60
opposite lane 15 28 12 5 60
both lanes 20 40 40 20 120
DF 0.67 | 1.33 | 1.33 | 0.67
Static 6 onelane 15 20 14 3 52
opposite lane 3 14 20 15 52
both lanes 18 34 34 18 102
DF 0.71 | 1.33 | 1.33 | 0.71

5.3  Bridge 12-0271

Strain levels

This was the second RCDG bridge tested in this project. Similarly to the first
RCDG bridge, low strain levels were measured throughout the bridge. For this bridge,
LVDTs were aready eliminated and more strain transducers were added to the
instrumentation list. Furthermore, in order to investigate the effect of the concrete curbs,
these secondary elements were instrumented as well.

The experimental determination of the neutral axis location was important to
determine composite interaction of the deck with the beam, and to analyze the strain
levels in the concrete girders. In addition to the deck, this bridge has an additional 3 in.
of concrete wearing surface (CWS). If the fact that these two surfaces act compositely
could be proven, it will greatly affect the depth of the compression zone and the

anticipated strain/stress levelsin the girders.
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In order to experimentally determine the position of the neutral axis, strain
transducers were placed at the top and bottom of the girder at midspan locations. The
bottom strain transducer was placed along the centerline, while the top strain transducer
was placed on the side of the girder at a distance 4 in. down from the deck.

Figure 5.11 shows the strain readings of two of the locations. In Span 1, Girders 2
and 3 were instrumented at top and bottom. Using the similar triangles method, and
assuming that the material has not yielded, the neutral axis was determined. The path

shown is from Path 4 of the static load sequence.

Strain (in/in)

Position of Front Axle (ft)

— S1-G2-CL-B —— S1-G2-CL-T -x- S1-G3-CL-T --- S1-G3-CL-B

Figure 5.11 Strain levelsin girders 2 and 3 — static path 4
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The three stopping points are clearly identifiable for the bottom readings. Based
on the readings for both girders, the neutral axis was located within the deck. If the strain
readings at the top of the beam had been negative, meaning in compression, then the
readings would have been above the neutral axis. However, the top strain readings were
consistently positive, meaning below the neutral axis and in tension.

The neutral axis was found at 33.0 in. for girder 3 and 34.1 in. for girder 2
measured from the bottom of the girders. Slightly higher NA positions were determined
for path 1. Figure 5.12 illustrates the neutral axis of Girders 2 and 3 as a function of the
position of the loading vehicle as it moves across the span in static load sequence along

path 4.

N
a1

Height Above Bottom of Girder (in)

PATH 4 G2
20 T T T T T T T

13 20 26 37
Position of Front Axle (ft)

— G3NA ---G2NA —Top of Girder —Top of Deck —Top of CWS

Figure 5.12 Neutral axisfor girders 2 and 3 — path 4
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The shift of the neutral axis into the deck could also be attributed to the cracked
nature of each girder. Girder 2, throughout the length of the bridge, had more cracks in
the bottom face of the girder than the others did. There were also more longitudinal
cracks within the depth of Girder 2. Figure 5.13 shows some of the longitudinal cracks
near the centerline of Girder 2 in Span 1. Photo (a) shows a longitudinal crack
(highlighted) that is at an average distance of 14.5” from the bottom of the girder. Photo
(b) shows another longitudinal crack (highlighted) running along the bottom of the girder.

Figure 5.14 shows a representative vertical crack. These vertical cracks up to 9
in. are seen throughout the bridge. The image shown was taken at midspan of Girder 2 in
Span 1. The crack has been highlighted to aid its clarity. This type of crack is most

commonly aflexural crack; although no other sign of distress was visible.

@ (b)

Figure 5.13 Cracked girder sections
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A

Figure 5.14 Existing vertical crack

Girder deformations

Figure 5.15 illustrates the displacement transducer readings of Path 4 of the static
load sequence. The fact that Spans 1 and 3 are the same, should have yielded the same
readings as the load vehicle passed through both spans. However, this was not seen and
in fact, the highest deflection reading was in the third span, 0.033" not the controlling
design span, which was Span 2. Span 2 saw a deflection of 0.031” while Span 1 saw the
least amount of deflection at 0.023".

The figure aso indicates that some upward movement in Span 2 was recorded as
the load vehicle was in both Span 1 and 3. This would indicate some form of continuous

gpan action. This was however, only an average 0.005” movement upward. Therefore, the
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continuous span action illustrated here should be ignored since thisis out of the accuracy

range of the displacement transducers and could be considered noise.
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Figure 5.15 Centerline deflections of Girder 2 — static path 4

Having the load vehicle follow a path that places it in the center of one of the

lanes will represent the actual loading condition. Figure 5.16 shows the load vehicle

following Path 5 of the static load sequence. This places the truck in the center of the
opposite lane, facing on-coming traffic. This also places the vehicle amost in the center

of two girders. As expected with the load vehicle in Path 5, which places the vehicle
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amost between Girders 1 and 2, Girder 3 shows the least deflection at 0.01”. Girders 1
and 2 read almost identical deflections at approximately 0.021”.

These figures show the deflection readings of the bridge under different load
locations. However, in each figure, the measured deflections never reach the predicted
deflections for pinned — pinned or fixed — fixed end conditions. This would indicate that
the materia properties were incorrect or that some interaction from the railings and curb

istruly happening and greatly affecting the bridge’ s load response.
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Figure 5.16 Span 1 centerline deflections — static path 5
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Transverse load distribution

The determination of the live load distribution to the girders was done using the
strain readings at the centerlines of the three girders. Here, two dynamic paths were
chosen for analysis. After these readings were compiled in a table format (shown in
Table 5.4), the truck load distribution factors were calculated. It isimportant to note, that
the DF = 1.44 calculated for this three-girder bridge is significantly higher than the values
established for a seven-girder bridge. Obvioudly, the demand on these three girders to

carry the truck load is substantially higher.

Table 5.4 Distribution factor at girder midspan

L oad Strain at Bottom Total
Path of Girder () 1 2 3 Strain ()
Dynamic 2 onelane 4 10 14 28
opposite lane 14 10 4 28
both lanes 18 20 18 56
DF 129 | 143 | 1.29
Dynamic B onelane 13 9 3 25
opposite lane 3 9 13 25
both lanes 16 18 16 50
DF 128 | 1.44 | 1.28

Dynamic effects

The measurement of strains induced by the impact of the load vehicle was
monitored during the dynamic load sequences. These dynamic strains were then
compared with those seen in the static and slow loading sequences to determine if impact

was occurring. These loading sequences only lasted for an approximate duration of 4
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seconds, with the DAQ recording five readings every second. The dynamic loadings
were all conducted at a vehicle speed of 35 mph, which was the current speed limit.
Figure 5.17 shows the strain readings in al three girders of Span 1 at midspan as
the load vehicle was driven through the bridge following path 4. Girder 2 had the highest
strain reading of 18 . This value is significantly higher than the 8  recorded in the
static case load sequence seen in Figure 5.11. However, girder 3read 11  , lessthan the

14  seenin static path 4.
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Figure 5.17 Dynamic strain readings in span 1 — path 4
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These two readings are at the two extremes measured during dynamic |oading.
The vast mgjority of the dynamic readings were approximately equal to the static data.
The actual impact is greatly affected by the presence of bumps on the bridge approach
(Beal, 1998). It was noticed during the bridge test that some vehicular impact was
occurring as vehicles entered the bridge from the approaches. Some differences in the
asphalt overlay at the bridge abutments were noticeable at both ends of the bridge. This
caused the vehicles to “bounce” on to the bridge. Figure 5.18 shows one of the

approaches with the unevenness of the asphalt, which contributes to the bouncing effect.

Figure 5.18 Uneven asphalt at bridge approach

77



54  Bridge 59-0038

Strain levels

Bridge 59-038 is a one span steel girder concrete deck bridge. The seven girders
were heavily instrumented with strain gages, strain transducers and displacement
transducers. To identify the strain levels recorded during the static loading, the results of
two paths will be discussed. For path 1, the loading truck was positioned in the middle of
the northbound lane. This positioning aso coincided with the left wheel line of the truck

halfway between Girders 6 and 7.

Figure 5.19 shows a graph of mid-span strain readings measured on the bottom
flange of each girder. As expected, girders 5, 6, and 7 resisted the majority of the load.
The highest strain levels recorded on the bottom of the girders reached 113 . The
steeply sloped portion indicates the loading truck was moving to the next stopping
position, and the flat portion of the graph indicates the truck was stationary at the

stopping point.

Figure 5.20 shows the strain readings at mid-span for path 3. For this path, the
loading truck was positioned along the center line of the bridge. As it can be seen from
this graph, only two stopping points were used for this path. Furthermore, it was
expected that the majority of the load would be resisted by girders 3, 4, and 5. The
highest readings were recorded at the center line, on girder 4, with values up to 88
This value is considerably lower than the maximum readings for path 1, which loaded
primarily one side of the bridge, as opposed to path 3, for which the load was more

evenly distributed.
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Figure 5.19 Static strain readings at mid-span of girders — path 1
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Figure 5.20 Static strain readings at mid-span of girders — path 3
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Figure 5.21 shows the mid-span strain readings measured on the top flanges of
each girder. This information along with data from Figure 5.19 dlows for the
determination of the position of the neutral axis, which in turn, provided information as to
whether or not the girders and deck are acting compositely. At the time of construction
of bridge 59-038, the use of composite members was not a common practice. Although
the construction drawings of this bridge are not available, at the beginning of the analysis,
it was believed that shear studs were not used; therefore, the bridge should act non-
compositely (i.e. the experimental neutral axis should be located at the centroid of the

steel girder.

To calculate the neutral axis from test data, the girder was assumed to be in the
elastic range, and the strain slope was linear. Considering the small strain levels
measured during these tests, this assumption was reasonably accurate. The position of
the neutral axis was then determined using similar triangles. Table 5.5 shows the

calculated neutral axisfor al girders at mid-span.

As it can be seen from this table, all erroneous readings were omitted (shaded
information) in this analysis. Asshown in Table 5.5, the girders are acting as composite
members to some degree, because the position of the neutral axis was not located halfway
down the section, in this case 10 in. The average NA position was calculated as 5.28 in.,
well above the mid-height of the girder web. However, since only three readings were

used to come to this conclusion, caution must be used when a scientific trend is sought.

To confirm these findings, the results of path 3 were also analyzed, and
summarized in Table 5.6. As it can be seen, the instruments on girders 2, 3, 4, and 5

recorded valid data. The other three girders were either too far away from the loading to
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record accurate data, or had malfunctioning strain gages. The average neutral axis for the
properly functioning gages was 6.84 in. The other four paths were aso analyzed using
the same method, and yielded 16 useful neutral axis locations with and average of 6.45
in. from the top of the steel girder; which clearly proves the presence of aload transfer

between the girders and concrete deck.

It isimportant to note that, even though composite action is being discussed, there
was no physical evidence of positive connections between girders and deck. Therefore,
this apparent composite action could be the result of shear friction, and adhesion between

the concrete and steel members.
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Figure 5.21 Static mid-span strain readings on top flanges — path 1
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Table 5.5 Experimental neutral axislocations — static path 1

Girder Reading on Reading on N.A below top of
bottom flange top flange girder
() (me) (in)
7 113 1.45
6 89 na
5 80 D
4 61 -23 5.93
3 29 -8 4.81
2 10 -3 5.10
1 12.25

Note: shaded strain values are recorded from malfunctioning gages

Table 5.6 Experimental neutral axislocations — static path 3

Girder Reading on Reading on N.A below top of
bottom flange top flange girder
(ne) (e) (in)
7 24 I 3.39
6 42 n/a
5 64 -34 7.35
4 86 -42 6.98
3 67 -34 7.15
2 51 -19 5.88
1 34 1.70

Note: shaded strain values are recorded from malfunctioning gages

Transverse load distribution

Figures 5.22 and 5.23 show the strain distribution for paths 1 and 3. Each point
on the graph indicates the position of a girder in relation to Girder 1. These graphs allow
for the calculation of distribution factors. Table 5.7 summarizes the distribution factor

calculations for path 1, resulting in DF = 0.64.
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Figure 5.23 Strain distribution at mid-span — static path 3
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Table 5.7 Distribution factor for bridge 59-0038

Load Strain at Bottom Total
Path of Girder () 1 2 3 4 5 6 7 Strain ()
Static 1 onelane 2 10 29 61 80 89 113 384
opposite lane 113 89 80 61 29 10 2 384
both lanes 115 99 109 | 122 | 109 99 115 786
DF 0.60 | 052 | 0.57 | 0.64 | 0.57 | 0.52 | 0.60

It is important to note that the graph for path 3 the strain distribution is nearly
symmetrical. However, Figure 5.24 shows a discrepancy on the load distribution to
girders 2, 3, 5, and 6. The same discrepancy exists in the distribution factorsin Table 5.7
—theload is not being transferred to the outside girders as smoothly.

So what is happening at this bridge? Asit was outlined in Table 4.1, the bridge
built in 1945 was widened in 1988 by the addition of one steel wide flange girder on each
side. It isobvious from Figure 5.22 and Table 5.7, a discontinuity has been introduced at

the two exterior girders, which affected the transverse distribution of the truck |oad.

Dynamic effects

Figure 5.24 shows the dynamic strain readings for path 1. As anticipated, girders
6 and 7 recorded the highest levels, and girders 1 and 2 the lowest, respectively. Table
5.8 compares the data between static and dynamic tests for paths 1 and 3. It is clear from
this table that there is no significant increase in strain due to impact from the dynamic
test. All three dynamic runs have been analyzed for each path, and the results from the
highest reading runs were included in Table 5.8. Furthermore, no impact effect was

observed for any of the remaining five paths.

84




So the obvious question could be: why has no impact effect been observed in
these tests? There are severa possible answers; one could be that the approach slabs
leading to the bridge have been paved at the same time as the bridge. Therefore, thereis
a smooth transition between the road and the bridge. Another would be that bridge 59-
038 has an asphalt overlay of 9 in. on a 7 in. concrete deck. This overlay could have

dampened the impact effects of the dynamic loads.
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Figure 5.24 Dynamic strain readings at girder mid-span — path 1

85



Table 5.8 Strain comparisons for static and dynamic cases

Gage Strain Readings— Path 1 Strain Readings— Path 3
Position (ne) (me)
Static Dynamic Static Dynamic
279 113 114 24 28
269 89 76 42 31
259 80 63 64 60
24g 61 54 86 82
239 29 28 67 62
229 10 12 51 58
219 2 4 34 33

55  Bridge 12-0227

Strain readings

For the tests conducted on this bridge, the 140 ft displacement transducer was not
used. There was an in-field problem with the device the day of testing. Unfortunately, it
could not be solved within the tight schedule of the required road closure. Therefore, all
the graphs were plotted versus the test time instead of the position of the front axle, as it
was done for all the other static tests.

Figure 5.25 shows the strain readings from girder 3 of Span 1. The readings are
from the static load sequence following path 2. The data from this path was selected
since it generated the highest strain readings in girder 3. The figure shows the readings
from both the primary DAQ and the portable DAQ. Asit was mentioned earlier, for two
bridges a second DAQ system was used with six strain transducers to investigate the
possibility of using only asmall number of instruments to evaluate a particular bridge. In
this figure, each of the instruments from the portable DAQ was designated with a

preceding ‘Z’.
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The figure clearly indicates the loading vehicle's stopping positions on the girder.
There was an average of 20% difference in the strain readings between the portable DAQ
and the primary DAQ in the centerline and the quarter point instruments. The Z
instruments were positioned away from the centerline of the girder, and the difference in
the readings can be explained by the girder not being loaded concentrically (there was a
noticeable horizontal curvature in most of the girders, a deviation from a straight line up

to afew inches); thus inducing sometorsion in the beam.
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Figure 5.25 Strain readings along girder 3 — static path 2
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These readings aso indicate that there was some fixity at the supports. The two
strain transducers at the abutment and pier recorded negative valuesup to -60 , proving
that there was a certain degree of fixity present at the ends. According to the report by
Bakht (1990), this degree of fixity could be occurring due to bearing restraints. As noted
by Bakht, even bridges with elastometric bearings show an increase in stiffness as
compared to theoretical analyses.

While some fixity was clearly occurring, the instruments were recording close to
zero strain as the load vehicle passed from one span to another, illustrating that there was
no continuous action between spans. Figure 5.26 shows the readings from the four

girders at the midspan of span 1.
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Figure 5.26 Span 1 strain readings at midspan — static path 2
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As it can be seen on Figure 5.26, the reading for girder 2 did not follow a logical
trend. A new pile was installed at this location at pier 1 (see Figure 5.27) with a
noticeable gap between the top of the pile and the bottom of the concrete cap. With this
knowledge, and the fact that the deteriorated pile was missing a large portion of its cross-
section at ground level, the concrete span had virtually no support under Girder 2.
Therefore, two displacement transducers were used to monitor the vertical displacement
in the concrete cap. The displacement transducers were placed on either side of the
deteriorated pile.  Figure 5.28 shows the displacement readings from these two

instruments as the load vehicle followed the static path 4.

Figure 5.27 Pier repair
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Figure 5.28 Deflection of the concrete cap

The figure clearly illustrates that there is some vertical movement of the concrete
cap. The measured maximum deflection in this static load case was 0.017 in. Thisisa
relatively low amount of movement; however, this could easily affect the superstructure’s
behavior, especialy for girder 2, directly above the repaired timber pile.

Similarly to the previous bridges, the composite action between deck and girder
was of major interest for bridge 12-0227. As it was done before, in order to establish the
experimental location of the neutral axis, strain gages and strain transducers were placed
at the bottom and top flanges of the steel girder at severa locations.

Figure 5.29 shows the strain readings for the top and bottom of the girder at two
locations. These locations are on girder 3 in spans 1 and 2 at midspan. Strain readings

were also taken at the midspan of girder 3 in span 3 at the top and bottom of the girder;
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however, after reviewing this data, the strain gage at the top position was lost prior to
testing and the data recorded was unusable.

Again, using the similar triangles method, and assuming that the steel has not
yielded, the neutral axis was determined. In span 1, the average NA was determined to
be 18.46 in., while in Span 2, the average NA was 17.40 in. from the bottom flange of the
girder. Considering the fact that centroid of the W27x94 interior girders are located at
13.46 in. from the bottom flange, one can conclude that there was a composite action
between the stedl girders and the concrete deck. However, this composite action relies
only on adhesion between the two bridge components. In fact, a similar study was
performed for girder 4, and the experimental NA was located at the centroid of the steel

girder, dismissing any assumptions of a composite action.
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Figure 5.29 Strain readings for girder 3 in spans 1 and 2 — path 2
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Girder deformation

Figure 5.30 illustrates the displacement transducer readings for static path 6. The
figure shows that in both spans, the instrument on girder 4 measured the highest
deflections, with 0.20 in. in span 1, and 0.26 in. in span 2. This fact proves that this
girder resisted more load than any other girder. Furthermore, this figure aso
demonstrates that there was no continuity between spans; i.e. only the instruments in the

loaded span recorded meaningful deflections.
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Figure 5.30 Girder deflections — static path 6
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Figure 5.31 shows the deformations for static path 3. This path places the loading
vehicle on the two interior girders. As expected, girders 2 and 3 showed the most
deflection at midspan with girder 2 measuring 0.20 in. in both spans, and girder 3

measuring 0.18 in. in span 1. The displacement transducer at the midspan of girder 3 in

Span 2 recorded no data.
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Figure 5.31 Girder deflections — static path 3

Transverse load distribution

The determination of the live load distribution to the girders of the bridge

followed the previously described procedure, by using the strain readings at the midspan

of the four girders (see Table 5.9).
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Table 5.9 Distribution factor for bridge 12-0227

L oad Strain at Bottom Total
Path of Girder () 1 2 3 4 Strain ()

Static 5 onelane 88 139 39 15 281
A opposite lane 15 39 139 88 281
both lanes 103 | 178 | 178 | 103 562

DF 073 | 1.27 | 1.27 | 0.73
Dynamic 5 onelane 95 171 51 28 345
VA opposite lane 28 51 171 95 345
both lanes 123 | 222 | 222 | 123 690

DF 071 | 1.29 | 1.29 | 0.71
Dynamic A onelane 81 142 52 26 301
VA opposite lane 26 52 142 81 301
both lanes 107 | 194 | 194 | 107 602

DF 071 | 1.29 | 1.29 | 0.71

For this analysis, one static and two dynamic paths were selected. As it can be
seen, the results clearly suggests a DF = 1.29. Furthermore, the letter “Z” indicates that
the strain readings were taken using the six additional strain transducers connected to the
standalone data acquisition system. This proves that a handful of instruments attached to
carefully selected locations could provide valuable information on transverse load

distribution, end restraints and position of neutral axes.

Dynamic effects

Figures 5.32 and 5.33 show the results of the static and dynamic loading of span 1
along path 1. As it can be seen, both of these loadings resulted in maximum strain
readings of approximately 120  — suggesting no dynamic effects. However, it is clear
from Table 5.9 that girder 2 recorded 23 % higher dynamic strains than static strains.
This was not a real surprise, considering the condition of the expansion joints, and the

uneven approach slab/bridge deck transition.
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5.6  Bridge59-0841

Strain levels

As it was described earlier, bridge 59-0841 is a continuous steel girder bridge.
The tota length of the two spans is approximately 300 ft over 1-485, the outer belt of
Charlotte, NC. Only a static loading test was conducted on this bridge. The static tests
were performed by positioning two fully loaded NCDOT tandem trucks at various

locations on the bridge. Each of these vehicles weighed approximately 25 tons.

Figures 5.34 and 5.35 show the mid-span strain readings on the bottom of each
girder on spans 1 and 2 for static pathl. During this test, the right wheel of the loading
vehicles was positioned directly above girder 1. As it was expected, girders 1 and 2

carried the mgjority of the loads.
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Figure 5.34 Static strain readings for span 1 — path 1
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Figure 5.35 Static strain readings for span 2 — path 1

Figures 5.36 and 5.37 show the results of path 3. For thisloading case, the trucks
were positioned in the center of the eastbound lane. As expected, the girders carry the
load more uniformly, and the recorded maximum strains were around 100 . Compared

tothe 160 recorded for path 1, thisloading condition resulted in smaller girder strains.

Furthermore, as opposed to the previous case, girder 2 was stressed to the same
(or higher) levels as compared to girder 1. Findly, these figures clearly identify the
moment when the loading trucks move from one span to the other. It is interesting to
note, that the stresses completely reverse when the trucks are on the adjacent span.
Although the strain levels were in the 30 range, this reversal must be accounted for in

fatigue calculations.
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Figure 5.36 Static strain readings for span 1 — path 3
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Figure 5.37 Static strain readings for span 2 — path 3



The girders of bridge 59-0841 were designed as composite sections. By using the
strain readings from the bottom flanges and readings from the top flanges, the location of
the neutral axis for a member was determined. Table 5.10 shows the calculated neutral
axis positions for each pair of strain gages at the mid-span of each span. Similar
comparisons were made for all pairs on strain gages on the bridge, and an average neutral

axis location of 58.25 in. above the bottom flange was cal cul ated.

Considering the fact that these welded plate girders were more than 5 ft deep,
these calculations prove that the concrete deck and the steel plate girder were resisting

live loads as a composite section.

Table 5.10 Position of neutral axis

Span Girder Distance from bottom flange
(in.)
61.46
59.18
56.79
55.86
58.26
Bad gage
60.04
58.18
55.58
57.71

N
QBIWIN|FR[OAWIN|F
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Girder deformations

Figure 5.38 shows the midspan deformations for girders 1 and 3 in spans 1 and 2.
The figure clearly indicates the continuity of the steel girders by reading -0.4 in.
(representing an L/4500 deformation level) in span 1 when the trucks were positioned in
span 1, and by an upward reading of +0.19 in. (instrument DT.21g) when the trucks were
moved to span 2. Similar values have been recorded for span 2 displacement transducers

(DT.61g and DT.63g).

It is also important to note that girder 1 deformed about 20-30 % more than girder
3in span 1. However, due to unknown reasons, the difference in deformations between

the two girders was smaller in span 2 (i.e. 10-15 %).
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Figure 5.38 Girder deformations for spans 1 and 3 — path 3
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Transverse load distribution

To caculate the experimental distribution factor, path 3 was chosen. This path
positioned the two trucks on the center of the eastbound lane, producing the most
common loading procedure. Figure 5.39 shows the strain distribution at midspan of the
five steel girders. Using the previously introduced method, the distribution factors have
been calculated for spans 1 and 2, and summarized in Table 5.11. An average DF = 0.90

was calculated for path 3.

Path 3 however, did not generate the highest distribution factor. Bridge 59-0841
has an unusually large space on both sides of the traffic lane, suitable for either a bicycle
or for additional traffic lanes to be added in the future. Path 1 for example, positioned the
right wheel line of the trucks directly above girder 1, generating a distribution factor of
0.94. However, this factor does not represent the current traffic conditions; therefore, in

this report the 0.90 value will be used.
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Figure 5.39 Strain distribution at midspan — path 3
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Table 5.11 Distribution factor for bridge 59-0841

Load Strain at Bottom Total
Path of Girder () 1 2 3 4 5 Strain ()

Static 3 onelane 91 97 73 48 27 337
Span 1 opposite lane 27 48 73 97 91 337
both lanes 118 145 146 145 118 674

DF 0.70 | 0.86 | 087 | 0.86 | 0.70
Static 3 onelane 87 93 79 52 29 340
Span 2 opposite lane 29 52 79 93 87 340
both lanes 116 145 158 145 116 680

DF 068 | 0.85 | 093 | 0.85 | 0.68

5.7 Bridge 89-0219

Strain levels

The instrumentation of this bridge consisted of over eighty instruments positioned
throughout the two spans of the bridge. Span 1 received the crutch bent retrofit,
therefore, the two half spans are designated spans 1A and 1B. Furthermore, girders 2 and
9 were instrumented on the full length, whereas the remainder of the girders received
instruments only at midspan, and afew additional locations.

Figure 5.40 shows the readings from selected strain gages and strain transducers.
As expected, girders 9 and 10 recorded the highest strain levelsin span 2, reaching strain
valuesup to 180 . These values are significantly lower than the strain recorded in span
1 and at the crutch bent location, at which location the highest strain values were in the
70  range — clearly indicating the benefits offered by the crutch bent retrofit. This
relatively simple and fast repair method lowered the demand on the girders by 250%, a

significant reduction.
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Figure 5.40 Strain readings for girders 9 and 10 — path 1

Figure 5.40 aso indicates that there was no composite action between the steel
girders and the timber deck. Considering the existing deck-to-girder connections, and the
condition of the timber deck, this was no surprise. As it can be seen, girder 9 at the
crutch bent and at the midspan of span 2 recorded near identical strain values at the top
and bottom flanges, 60 and 180 , respectively.

Similarly to previous bridges, the condition of the supports was aso investigated.
Theoretically, the original spans were simply supported. However, as it evident from
Figure 5.41, negative strain readings were recorded at the bottom flange of girder 2 in
span 2 (the span without retrofit). In fact, at the pier, 59  were recorded, athird of the

peak strain values at midspan, clearly indicating a certain level of end restraint.
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Figure 5.41 Girder 2 strain reading in span 2 — path 3

Girder deformation

Figure 5.42 shows girder 2 deflections throughout the length of the bridge. Asit
was observed previously, the effect of the crutch bent is significant — it lowered the peak
girder deformations from 0.26 in. (~L/1300) to 0.08 in. (~L/4500).

From this figure, one could clearly identify the position of the truck, as it travels
from span 1A, through span 1B, to span 2. On this figure, two additional readings were
included representing two crutch bent (CB) locations, between timber posts 1 and 2, and
2 and 3, respectively. Both of these instruments recorded settlement, one recording
deflections up to 0.035 in., the other reached 0.35 in.

This latter value represents a significant settlement, especiadly if one considers
that 0.07 in. was permanent deformation, clearly indicating that the crutch bent was still
in the initia settlement phase. After this, the magnitude of the secondary settlement

should be minimal in the future, unless a heavier-than-posted truck travels on the bridge.
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Figure 5.42 Girder 2 deflection readings — path 3

Transverse load distribution

Considering the fact that ten steel girders shared the loads applied to the deck, it
was not a surprise to discover that the distribution factors were in the range of 0.54 to
0.64, calculated using two separate load paths for span 1A and 2 (see Table 5.12). The
magnitude of the total strains for each load path clearly indicates that the span with the
crutch bent significantly reduced the demand on the steel girders.

It is interesting to note that by installing the crutch bent, the girders in the shorter
gpans (1A and 1B) were resisting the truck load in a different way, concentrating most of
the load on girder 2 and 9. However, the girders in original span (2) distributed the load

more evenly between girders 1 and 2, and 9 and 10, respectively.
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Table 5.12 Distribution factor for bridge 89-0219

Pan | otcirde(y | 1234156 7[8]°]1] gun( )
Slow 3 onelane 64 |109| 56 |40 |39 |12 |12 10| 4 | 6 352
Span 1A opposite lane 6 | 410|12|12| 39|40 |56 |109| 64 352
both lanes 68 |113| 66 | 52 | 41 | 41 | 52 | 66 |113| 68 704
DF 0.39/0.64|0.38/0.30|0.23|0.23|0.30|0.38|0.64|0.39
Slow C onelane 18|13 | 8 | 12 | 42 | 49 |120| 139|168 188 757
Span 2 opposite lane 1881168|139(120| 49 | 42 |12 | 8 | 13| 18 757
both lanes 206|181 |147|132| 91 | 91 132|147 (181|206 1514
DF 0.54|0.49|0.39|0.35|0.24|0.24|0.35|0.39|0.49|0.54

Dynamic effects

Similarly to the previous six bridges, dynamic tests have also been performed on
this bridge. The dynamic paths followed the same wheel alignment as the slow loading
conditions, except the truck was traveling with the speed limit (35 mph) across the
bridge. Each dynamic path was driven twice, following the protocol developed for the
slow paths.

Figure 5.43 shows the readings for the span 2 girders (except girder 4, for which
the instrument delivered unreliable data — therefore, those readings have been
eliminated). The 194  strain reading for girder 10 was the highest of al the dynamic
tests performed for this bridge. As compared to the slow test results for the same path
and girder (shown in Table 5.12), this dynamic value is barely larger (~3 %) than the 188

recorded for the path sslow C. Therefore, for this bridge, there was no real impact

factor determined experimentally.
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Figure 5.43 Dynamic strain readings in span 2 — path C
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6. ANALYTICAL STUDIESAND COMPARISONS

During the first phase of the project, four bridges were tested and anayzed.
Based on these preliminary analyses, the loading truck and the instrumentation details
were determined. After the actual experiments, the test data was analyzed, and then the
results compared with the bridge ratings.

In the second phase, bridge testing was preceded by extensive analyses, including
a parametric study with variables, such as material property, girder end fixity, degree of
composite action, etc.... These analyses provided a bridge response envelope,
considering the combined effects of the above-mentioned factors. This phase was
followed by the bridge tests, and then a comparison was performed between the
analytical and experimental results.

In this section, nearly all variablesinvolving bridge rating will be examined. Asit
will be demonstrated, a number of these variables are bridge specific, and conclusions
could not be drawn for general use. Even more so, some of these bridge specific
variables are also condition specific, and they could easily be atered during routine

mai ntenance procedures.

6.1 BridgeRating
In order to evaluate the NCDOT bridge rating software, the previously described
AASHTOWare software was used, in addition to an elaborate spreadsheet developed at

UNC Charlotte based on the AASHTO load rating equations discussed earlier. As
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mentioned before, the limited availability of the demonstration versions of the
AASHTOWare programs Virtis and Pontis, only allowed one test bridge to be evaluated
using these software packages. These programs were used to analyze the RCDG
bridgel2-0271.

Evaluating the RCDG bridge with the software package Virtis began with
entering the original NCDOT data about the bridge. This information came from the as-
built bridge plans, and the current load-rating summary, which ensured that the data was
entered correctly. Table 6.1 shows the comparison between the three load rating
programs used.

As it can be seen in the table, the three sources generated nearly identical ratings.
A 1 % difference was calculated between the NCDOT Load Rating Program and the
created Excel spreadsheet, and only a 5 % difference resulted from the comparison
between Virtis and the NCDOT program. In both cases, the NCDOT program was lower.
These calculations were aso performed with higher percent effective and different
material properties for concrete, and yielded approximately the same good agreement
between the three sources.

Table 6.1 Load rating comparison for bridge 12-0271

I nput/Output Category NCDOT | Virtis4.1 UNCC
Per cent Effective (%) 95 95 95
fe (ps) 1950 1950 1950
fy (ks) 30 30 30
Slab Thickness (in) 8 8 8
Inventory Rate 9.9 10.38 10
Per cent Difference (%) - 5 1
Operating Rate 16.5 17.33 16.7
Per cent Difference (%) - 5 1
SV Post 23 n/a n/a
TTST Post 27 n/a n/a

109



6.2  Distribution Factors

Current AASHTO specifications define transverse load distribution factors to
longitudina members based on girder spacing and number of lanes. Furthermore,
separate transverse distribution factors are provided for interior and exterior girders.
Table 6.2 summarizes the AASHTO load distribution factors relevant to the current
bridge project, involving concrete deck bridges with steel and concrete girders, a timber
deck bridge with steel girders, and finally a glass fiber reinforced polymer (GFRP)
composite deck bridge with steel girders. As it can be seen, only the factors for bridges
with two or more lanes were considered. Table 6.3 offers a direct comparison between
the predictions based on the AASHTO distribution factors with the test result for each

bridge investigated. For the GFRP deck bridge only one expression was provided.

Table 6.2 AASHTO ASD transverse load distribution factors

Girder Girder Deck Girder Distribution
Type Material Type Spacing’ Factor (DF)
S
Interior Sted | Concrete | S<14ft 55
S
GFRP? - 5.0
S
Timber - 40
S
Concrete T | Concrete | S<10ft 6.0
S
Exterior® - - S<6ft 5.5
S>6ft S
- - S< 141t 4.0+ 0.25S

Notes: “For girder spacing larger than the upper limit, special analysisis required
?Deck manufacturer suggested value
3For four or more girders
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Table 6.3 Comparison of distribution factors

Av. Girder Interior Girder Exterior Girder

Bridge | Girder- | Spacing [DF'[DF?| Test® | DF' [ DF?| Test®

Number Deck (ft)

89-0022 Sted! - 3.92 078 x 0.74 | 078 x 0.39
GERP . . . . .
Concrete —

59-0361 Concrete 6.67 1111065 133 [118(059| 0.71
Concrete —

12-0271 Concrete 8.00 1331072 144 |[133(065| 1.29

59-0038 Sted! - 3.89 0.74(043| 064 [0.74]10.36| 0.60
Concrete
Stedl —

12-0227 Concrete 7.00 1271069 129 |[122|057| 0.73
Stedl —

59-0841 9.33 1.70| x 093 | 147 x 0.70
Concrete

89-0219 Sed— 2.58 065(036| 064 [047]030| 054
Timber

Notes. 'Calculated using AASHTO ASD equations
“Calculated using AASHTO LRFD equations
¥Calculated from test data

It is clear from this comparison, that the distribution factors calculated using
Equation 5.2 and the test data are surprisingly close to the design values. Except for the
two RCDG bridges, the test values for the interior girders are at or slightly below (with a
difference of up to 10%) the predicted values. Even for the RCDG bridges the difference
isonly 8 and 19%, respectively.

This is surprising to some degree, considering the fact that these predicted values
do not take into account severa key factorsin transverse load distribution, such as, girder
torsiona rigidity, slab stiffness, and slab to girder connection, among others.

However, the same can not be concluded for the exterior girders. With one
exception, the predicted values are far greater than the test results. Furthermore, it is not

clear why the large difference (about 80%) exists between the predicted and test factors
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for the interior girders of bridge 59-0841 (the new continuous steel girder bridge with
gpans close to 150 ft), the predicted values being far too conservative for most of the

tested bridges.

6.3  Impact Factors

In order to account for dynamic, vibratory and impact effects, for design
purposes, AASHTO specifies an impact factor that is used to increase the live load
effectson abridge. Asit can be seen from Equation 6.1, the formula for impact factor (1)
is based on the bridge span. The upper limit for this value is set for 0.30, representing a
30 % increase for the live |oads applied.

50
L+125

6.1

where: | —live load impact factor; and L — bridge span length (ft).

It is clear from this equation, that this equation will yield lower impact factors for
longer span bridges with possibly longer dynamic periods. This philosophy follows the
classical seismic design approach based on spectral accelerations, yielding higher seismic
forces for stiffer, and therefore, shorter period structures (all other aspects being equal).

Table 6.4 provides a comprehensive evauation on the dynamic loadings. It is
clear from this table, that with the exception of one or two values, the vast mgjority of the
dynamic loadings did not result in any significant impact factors. Virtualy al the
dynamic readings, with the exception of the first (1¥) and maybe the second (2" highest
values, were lower than the corresponding static or slow experimental result.

By carefully reviewing all of the results it was obvious, that some of the spikes

resulting in a higher dynamic reading were erroneous, and could not be confirmed with
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any other readings. This could have been caused by atemporary instrument malfunction,
or a sudden fluctuation in the power supplied by the portable generator — for no apparent
reason, the voltage supplied to the DAQ system sometimes dropped a few volts, causing

asmall error in the current readings (which were especialy small for the RCDG bridges).

Table 6.4 Comparison of impact factors

I mpact Factor

Bridge Girder Deck ALvenS;?\n P Test

Number | Material Type (1) AASHTO = o 39

89-0022 Sted GFRP 42.00 0.30 n/a n/a n/a
59-0361 | Concrete | Concrete | 40.00 0.30 0.18 0.15 <0

12-0271 | Concrete | Concrete 43.75 0.30 1.25 0.43 <0

59-0038 Sted Concrete | 36.00 0.30* <0 <0 <0

12-0227 Sted Concrete | 40.25 0.30 0.13 0.02 <0

59-0841 Steel Concrete | 144.00 0.19 na’ na’ na’

89-0219 Stedl Timber | 28.33 0.30" 0.20° 0.08° 0.03°

Notes: 'Values reduced to the maximum level of 0.30
*Dynamic loading was performed using only one truck (two trucks were used for static
loading)
3\ aues recorded from the same dynamic path

It is obvious from Table 6.4 that none of the bridges had significant dynamic
effects. Considering the shape of the approach slabs and deck joints for some of the
bridges tested, thisis somewhat of a surprise. However, one also hasto consider the facts
that the RCDG bridges for example, recorded strain values in the lower teens,
approaching the lower bound of the instruments accuracy. At this low strain level, the
difference between the static and dynamic readings could be questionable.

Furthermore, the first three bridges were tested with a low sampling rate, and
using only few dynamic paths. This was however, significantly improved for the last

three bridges, for which, dozens of dynamic paths were scheduled, repeating each path
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twice, to ensure repeatability.

6.4  Composite Action

A Dbridge girder’s flexural capacity is significantly increased if positive
connections are provided between the girder and the bridge deck. The connection in
contemporary construction is realized by shear studs welded to stedl girders, and poured
integrally with the concrete deck. Shear studs however, have not always been used to
transfer the longitudinal shear loads between girders and deck.

For these older bridges, no composite action exists — at least theoretically. In
reality, out of the five steel girder bridges tested, only the timber deck bridge behaved as
expected. As it was shown in the previous chapter, the neutral axes of the superstructure
for the other four steel girder bridges was found to be well above the mid-height of the

girders, clearly indicating a certain level of composite action in most of the cases.

Bridge 89-0022

Traditionally, composite action was accounted for by using transformed sections,
where a homogeneous section was created from the two materials of the superstructure.
Based on the manufacturer's recommendation, in the design of the GFRP deck
replacement, for structure 89-0022, no composite action was assumed. However, the
load testing clearly showed interaction between the steel girders and the GFRP deck.

To verify this result, an attempt was made to develop a transformed section. This
was done by using the modular ratio of the steel and the composite material. Using the

manufacturer’s information for the modulus of elasticity of the deck panels, and the steel
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modulus of elasticity (see Table 6.5), the modular ratio (n) was computed using Equation

6.2.
n= E =116 6.2
EC

where: Eq — modulus of elasticity of steel (psi); and E. — modulus of elasticity of GFRP deck in

the transverse direction (psi).

Table 6.5 Stedl girder and composite panel information

Stedl Girder GFRP Deck
Es= 2.90E+07 psi E.l = 2.50E+06 psi
H=24.31in h=7.661in
T4=0.875in Ty=0.66in
l;=2700in" WE=47in
A=27.7in° A=31.02in
S=222.1in’

Using this information and the girder spacing as the tributary width, the effective

width of deck panel for the section was computed using Equation 6.3 to be 4.1 in.

by =— 6.3

where: bg; — effective section width (in.); and W— girder spacing (in.).
Using this effective area and the dimensions of the girder, the neutral axis was
computed using Equation 6.4, to be located at 14.98 in. above the bottom flange of the

girder.
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A%+(beff C2 Tpf)
6.4

2431 . 405 27 066" 2431+ P

2777
=14.98in

ho = 27.7+(4.05" 2 0.66)

where: yp, — transformed section neutral axis location (in.); As— area of steel girder (in®);
H — height of steel girder (in.); h—height of GFRP deck panel (in.); and Ty —top flange
thickness (in.).

Using the location of the neutral axis, the composite section properties can be
found, such as the section modulus (273.03 in®), and the moment of inertia (4136.2 in®).
As it was shown in Table 5.1, the measured neutral axis position was nearly identical
with the value calculated using Equation 6.4, clearly proving that full composite action

exists between the steel girders and the GFRP deck.

Bridge 59-0038

As one more example of composite calculations, the results of bridge 59-0038
will aso be presented, for which, the steel girder was embedded in the concrete deck.
Table 6.6 shows the calculations for the strains, the bending stresses and the deflections
based on non-composite and composite sections. Asit can be seen, the composite section
results are much closer to the actual test data. There are some discrepancies, however,
and they can be the result of higher compressive strength for the concrete deck.

This would certainly affect the modular ratio, as well as the stiffness results for

the composite section. But would this automatically imply a composite action even at
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higher load levels? This is questionable — and some researchers recommended
calculating the horizontal shear capacity of the steel-concrete bondline to find the limiting

bond stresses between the stedl girder and the concrete deck.

Table 6.6 Analysisresults for bridge 59-0038

_ Test Results Non-Com posn_e Section Composite Schon
Loading Properties Properties
Path D f D f D f

(me) (in.) (ksi) (me) (in.) (ksi) (me) (in.) (ksi)

Path 1 119 0.12 3.45 247 0.41 7.17 156 0.133 4.54

Path 4 132 0.11 3.83 247 041 7.17 156 0.133 4.54

6.5 Girder End Conditions

Except bridge 59-0841 (which is a continuous span structure), all the other
bridges tested during this project were single or multi-span bridges, consisting of simply
supported girders. Once again, the strain measurements from gages mounted close to the
girder supports, and the deflection profiles along the girders suggest that, a certain degree
of fixity existed at the supports for most of the bridges considered.

For some of the bridges these girder end conditions resulted in continuities with
the girders from the adjacent spans. However, in most cases, the conditions of the deck
joints were uncertain. When debris and asphalt runoff filled up these joints, they
provided a certain degree of fixity. But again, to count on these joints to transfer load for
every bridge and under any circumstance would be unconservative, to say the least.

There was one exception to this, however. As it was mentioned previoudly,
bridge 89-0022 received a new deck system, including a semi-integral end wall for the

steel girders and the GFRP deck. To estimate the upper and lower bounds of the end-
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wall conditions, both fixed and pinned supports were analyzed. It is clear from Figure
6.1 that the test results for the selected girder were between the two end conditions

assumed.

This fact was also confirmed by the compression strain readings at the bottom
flanges near the end walls, as well as the tension strain readings at the top flanges. The
uncertainties of these end conditions make it difficult to set up areliable analytical model
— as these partial fixities greatly influence the stiffness of the bridges, and lower the

flexural demand of the girders around the mid-span.

-0.050 -
-0.100 -

-0.150 +

Deflection (ft)

-0.200 -

-0.250 -

Simple
= = = Fixed
——DT-2G4

-0.300 -

-0.350
Distance Along Span (ft)

Figure 6.1 Deformation profile of bridge 89-0022
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6.6  Strain Levels

In the second phase of this project, in order to estimate the expected strain levels
in the bridge girders, al of the factors mentioned in this chapter were considered in
different combinations. However, this created upper and lower bound strain values that
were so far apart, the range became too wide to be meaningful.

The largest differences between predicted and tested strains and stresses occurred
for the RCDG bridges. For these concrete girders, strains in the 200-300 ne levels were
predicted. This numbers were aso confirmed with simpler finite element analyses.
Nevertheless, during testing, the strain levels recorded were well below 100 ne. Even the
deformations were in the few hundreds of an inch range, proving that these structures are
far stiffer and stronger than anticipated.

To find the reasons for this unexpected behavior, non-destructive tests (NDT)
were performed to verify the concrete compressive strength for the girders. As it was
mentioned earlier, AASHTO and NCDOT guidelines clearly specify the concrete
strength for older structures (for these two bridges the values were 1,950 and 2,500 psi,
respectively), when the original specifications are not clear, or they are no longer
available.

Schmidt hammer and Windsor probes were used in the NDT, and the results were
surprisingly high. Virtualy all of the measurements for the two RCDG bridges resulted
in concrete strengths well above 6,000 psi. Indeed, one could argue that f'¢ has little or
no effect on the girder’s flexural capacity — when these values were used in the NCDOT
bridge rating software, the significantly higher concrete strength resulted in a difference

less than 10%.
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However, there could be no argument about the fact that these high concrete
strengths will yield much stiffer girders, and the shear capacity is also increased for these
members. Furthermore, the effect of non-structural elements is also increased. Strain
gages attached to the concrete railing and curb on bridge 12-0271 indicated compressive
strain levels up to 21 ne (see Figure 6.2), higher than the maximum tensile strains at the
girder bottom for the same path.

These relatively large compression members can not be ignored, but they are
extremely difficult to incorporate in the analysis or in preliminary calculations.
Especidly since insufficient details exists on the curb and the rail connection to the
concrete deck. Without this information, one could only guess their contribution to the

strength and stiffness of the superstructure.
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Figure 6.2 Strain readings at midspan — path 1
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For the steel girder bridges, the strain values were more predictable, and the best
estimates were within 40 % of the measured data. As an example, Table 6.6 shows the
strain and stress comparisons between test data and analytical results for bridge 59-0038.
As it can be seen, the predicted strain values for both paths 1 and 4 are reasonably close
to the composite section estimates. Similar results have been found for bridge 89-0219 as

well.

6.7  Crutch Bent Retrofit
As it can be seen in Figures 6.3 and 6.4, the crutch bent retrofit increased the
Inventory Rating for bridge 89-0219 from HS 7.2 to HS 20.8, and the Operating Rating
from HS 12.1 to HS 29.4. This is close to 200% increase, and once the second span is
retrofitted, posting on the bridge could be removed entirely.
As it was presented in Section 5.7, thisincrease in bridge rating is also proven by
experimental data. The peak steel girder strain in tension decreased from 180 to 70
, and the maximum girder deflection decreased from 0.26 in. to 0.08 in. These values
represent the same 200% change as the above-mentioned rating adjustments due to the

crutch bent retrofit, clearly proving its effectiveness.
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Figure 6.3 Summary of bridge rating for 89-0219 before crutch bent retrofit
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Figure 6.4 Summary of bridge rating for 89-0219 after crutch bent retrofit
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7.NCDOT BRIDGE ANALY SIS SOFTWARES

7.1  Simple Span Analysis Software

During this research project, five of the bridges tested were also analyzed using
NCDOT’s simple span analysis software. As it was mentioned in Chapter 3 of this
report, the NCDOT analysis software directly follows the AASHTO (2000) bridge
condition evaluation procedures. The only added feature in the software is the use of an
effective girder cross section, a factor (smaller than one) that accounts for the loss of
effective area due to corrosion or vehicular damage. This feature adds an additional
safety factor to the already conservative AASHTO approach.

In addition, two other softwares have been used to verify the results of the
NCDOT analysis software. One is the Virtis program developed by AASHTOWare, the
other is an Excel-based spreadsheet developed by the UNC Charlotte research group.
Both of these programs verified the accuracy of the NCDOT program, and once again,
proved its safe and conservative approach to bridge evaluation.

In order to have a better appreciation of the accuracy of the NCDOT software, an
example calculation will be presented here. This example presents the findings of the
analysis and testing of bridge 59-0038.

Figures 7.1 and 7.2 are the output sheets from the NCDOT bridge analysis
program using the original data for Bridge 59-0038. For the original conditions, the S3C
single loading vehicle and the T4A - TTST loading vehicle govern the analysis, and

result in a bridge posting of 19 tonsfor SV, and 25 tonsfor TTST.
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Figure 7.1 Liveload calculations for loading vehicles on Bridge 59-0038
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Figure 7.2 Summary of NCDOT bridge analysis of Bridge 59-0038

Based on the actual tandem truck loading setup (generating a maximum moment

of 212.2 K-ft versus 300.0 K-ft resulted from the governing S3C), hand cal culations were

performed to estimate the stresses, strains, and deflections at mid-span.  Figure 7.3
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shows the non-composite girder (as assumed in the origina analysis based on field

construction and design details) calculations.

Estimated Stresses of Girders on Bridge 59-038

Concrete: Steel:
Span = 34 ft
fc= 2700 psi = 33000 psi
Slab = 7in tw = 0.375 in beff = Smaller of
Spacing = 49 in bf = 8in Spacing = 49 in
tf= 0.647 in 1/4 span = 102 in
h= 20 in 12tc= 84 in
I= 1400.58 in4 1= 1173.85in4
E= 2961.81 psi E= 29000 psi
Rigidity = 2.11 Rigidity = 24.70
Steel carries 92.1 % of load
Concrete carries 7.9 % of load
n= 9.79 beff/n = 5.00 in
beff = 49
| transformed = 143.04 in4
Itotal = 1316.90 in4
Live load:
Moment @ CL= 212.20 k-ft
DFM = 0.74
Mo = 78.73 k-t
fb = 7.17 ksi
Estimated Deflection of Girders on Bridge 59038
P1= 11.66 k P2 = 13.46 k P3= 13.28 k L= 34 ft
al= 66 in a2= 219 in a3= 274 in le= 1317 in’
bl= 342 in b2 = 189 in b3 = 134 in E= 29000 ksi
DFM = 0.74
Axlel = 0.181 in Axle2 = 0.495 in Axle3 = 0.4194 in Impact = 0
[Beam = 0.406 in |

Figure 7.3 Non-composite hand calculations for Bridge 59-0038
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After testing Bridge 59-0038, the results of the tests were compared to the hand
calculations to determine if the structure was performing as expected. Similar to other
bridges, Bridge 59-038 performed better than anticipated. Although the differences in
strain and deflection values were not as large, the steel girder bridge still experienced
only half the estimated strain and a quarter of the estimated deflection.

One of the reasons for these differences is a result of a possible composite action
between the girders and the bridge deck. The bridge was inspected and the top flange of
the girder is embedded into the concrete deck, bracing the compression flange and tying
the girder firmly to the deck. This connection was strong enough to alow the bridge to
act partially composite at the load level tested. Figure 7.4 shows the hand calculations
performed assuming full composite action in the bridge superstructure.

Table 7.1 compares the strain and deflection values at mid-span of one of the steel
girders from the loading tests, as well as the results from the non-composite and
composite hand calculations. From this table, it is clear that the test strains values are
slightly less than the composite values, whereas the deflections are practically identical.

However, one should remember that the horizontal shear capacity between the
girders and the deck could be exceeded if a significantly larger truckload was applied to

the bridge. This should need to be further investigated on a case-by-case basis.

Table 7.1 Strain and deflection values at mid-span for Bridge 59-0038

Loading Test Values Analysis Based on Analysis Based on
Path Non-Composite Sections Composite Sections

me | DGn) | f(ks) | me | D@n) | f(ks)| me | D(in) | f(ks)

1 119 0.12 345 247 041 7.17 156 0.133 4.54

4 132 0.11 3.83 247 0.41 7.17 156 0.133 4.54

128



Estimated Stresses of Girders on Bridge 59038
Spacing = 4.083 ft Section Area = 17.4 in®
Span = 34 ft Slab Thickness = 7 in
Asphalt = 25 psf
TA = 138.822 ft*
Non-Compsite Dead Load Compsite Dead Load NCDOT Tandem Truck Live Load
Beam = 59.21 plIf Rail = 10 plf Max. Moment = 212.20 k-ft
X-Frame = 4.14 plf Asphalt = 102.075 plf
Slab = 357.26 plf 112.075 plf Impact =
B/U = 0.00 plf Mivpact = k-ft
420.62 plf
DFM = 0.64
Mp"© = 60.78 Mp© = 16.19 k-t Mem = 67.90 k-ft
M= 60.78 kft | Imc= 84.10 KAt |
Non-Compsite Section Propeties Compsite Section Propeties
Ayc = 17.4 i n= 9.79 be/n = 5.0047 in
ber = 49.00 in
Ine = 1177 in*
Ye = 19.26 in
Yne = 10.06 in
le = 3458.75 in*
£, = 6.23 ksi f, ¢ 5.62 ksi (Bottom of Steel)
£, 0.11 ksi (Bottom of Top Flange)
Stresses due to Live load only
4.54 Kksi (Bottom of Steel) 0.08 ksi
0.08 ksi (Bottom of Top Flange)
4.54 ksi
Estimated Composite Deflection of Girders on Bridge 59038
P1= 11.66 k P2 = 13.46 k P3= 13.28 k L= 34 ft
al= 66 in az2= 219 in a3 = 274 in lc= 3459 in’
bl= 342 in b2 = 189 in b3 = 134 in E= 29000 ksi
DFM = 0.64
Axlel = 0.069 in Axle2 = 0.189 in Axle3 = 0.1597 in Impact = 0
[Beam = 0.133 in |

Figure 7.4 Composite hand calculations for Bridge 59-0038
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So the real question is - how safeis bridge 59-0038? If one considers the fact that
the moment generated by the S3C truck used in the load rating software is about 40%
higher than the actual load applied, and realizing that the superstructure materials are well
within their linear range, the maximum strain valuesin Table 7.1 would be 189  for the
S3C, or 5.41 ksi tensile stress at the bottom of the steel girder.

It should aso be noted that an additional moment of 118.5 K-ft will result from
dead load, increasing the total tensile stress in the steel girdersto 7.55 ksi, well within the
allowable/elastic range for a 33 ksi steel, even though, no load factors have been used in

this simple evaluation.

7.2  Continuous Span Analysis Software

A similar analysis to the above described simple span example has been also
performed for the continuous span software, using the information from bridge 59-0841.
As mentioned before, this was a new bridge at the time of the testing, and due to the
geometry and load capacity of the bridge, two testing trucks have been used in the
experimental analysis.

Bridge 59-0841 was opened for traffic one week before load testing was
performed, therefore, the inventory and operating ratings for this structure are extremely
high and do not require the bridge to be posted. The NCDOT continuous bridge analysis
program was used to determine the ratings. Figure 7.5 is a summary sheet of the latest
anaysisfor Bridge 59-0841. The load rating is based on a maximum negative moment of
-1,629 K-ft (governed by lane loading), and a positive moment of 1,940 K-ft in Span 1,

and 1,931 K-ft in Span 2, respectively.
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Figure 7.5 Rating summary for Bridge 59-0841

These rating vaues are somewhat different from the actua moment levels
induced by the two tandem trucks used in the tests. The actual negative moment
achieved was -1,310 K-ft, and the positive moments for the two spans were 2,379 K-ft
and 2,300 K-ft, respectively — an overloading accepted by the NCDOT Analysis Team.

The results of the “hand calculations’ are shown in Figures 7.6 and 7.7.
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Estimated Stresses of Girders on Bridge 59-0841

Geomectric Properties of the Concrete Deck

Deck thickness = 8.75 in
Beff = 105 in
B/U = 25 in
f'c= 3000 psi
Ra
Span 1

Span = 146.5 ft
Beff = Smaller of

Spacing =

1/4 span =

12tc =

Section Area = 918.75 in2
I = 5861.81641 in4
E= 3155.92425 ksi

Non-Compsite Section Propeties

Anc = 80.75 in’
Yine = 34.93 in
ybye = 31.19in
Ine = 98726.373 in*

Top flange width =

Top flange thickness =
Bottom flange width =
Bottom flange Thinkness =
Web thickness =

Web height =

Spacing =

NCDOT Tandem Truck Live Load

Geometric Properties of the Plate Girders

20 in
1in

22 in
1.125 in
0.5625 in
64 in
9.33 ft

Max. Mom:  2379.30 k-ft
Impact =
Mivpact = k-ft
112 in DFM = 0.93
440 in
105 in Mo = 1106.37 k-ft
Section Area = 80.75 in2
| = 98726.37 in4
E= 29000 ksi
Compsite Section Propeties
n= 9.19 bey/n deck =
bg/n B/U =
Ac= 186.17 in2
o= 1783412 in*
yte = 22.67203 in
ybe = 54.70297 in

Stresses due to Live load only

0.78 ksi

4.07 ksi

11.43in
2.18 in

Figure 7.6 Composite hand calculations for span 1 of Bridge 59-0841
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Estimated Stresses of Girders on Bridge 59-0841

Geomectric Properties of the Concrete De

Deck thickness = 8.75 in

Beff = 105 in

B/U = 25 in

f'c= 3000 psi

Ra

Span 2

Span = 144 ft

Beff =  Smaller of
Spacing = 112 in
1/4 span = 432 in
12tc = 105 in

Section Area = 918.75 in2
= 5861.8164 in4
E= 3155.9243 ksi

Non-Compsite Section Propeties

Anc = 80.75 in’
Yine = 34.93 in
ybye = 31.19 in
Ine = 98726.373 in’

Geometric Properties of the Plate Girders

Top flange width = 20 in
Top flange thickness = 1in
Bottom flange width = 22 in
Bottom flange Thinkness = 1.125 in
Web thickness = 0.5625 in
Web height = 64 in
Spacing = 9.33 ft

NCDOT Tandem Truck Live Load

Max. Moment = 2300.00 k-ft

Impact =
Mimpact = k-ft

DFM = 0.93

MmPeam = 1069.50 k-ft

Section Area = 80.75 in2
| = 98726.4 in4
E= 29000 ksi

Compsite Section Propeties

3n = 27.57 ber/n deck =
n= 9.19 ber/n B/U =
Ac = 115.89 in2

le = 141196.38 in*

yte = 33.592272 in

ybe = 43.782728 in

Stresses due to Live load only

1.94 ksi

3.98 ksi

3.81in
0.73 in

Figure 7.7 Composite hand calculations for span 2 of Bridge 59-0841
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After testing Bridge 59-0841, the results of the tests were compared to the hand
calculations to determine if the structure was performing as expected. Table 7.2 shows a
good agreement between anticipated and test live load values (considering only truck
loads). Once again, these values are far from the allowable stresses for the AASHTO

M270 Grade 50W steel, even though only live loads have been considered in this

example.
Table 7.2 Strain values at mid-span for Bridge 59-0841
Loading Test Vaues Hand Calculations
Configuration me f(ksi) me f(ksi)
Path 1, Span 1 165 4.79 140 4.07
Path 5, Span 1 147 4.26 140 4.07
Path 1, Span 2 165 4.79 137 3.98
Path 5, Span 2 145 4.21 137 3.98

7.3  Conclusions

In conclusion, it is clear that based on the seven bridge tests and extensive
anaytical work, the NCDOT simple and continuous span softwares directly follow the
AASHTO requirements (with one minor conservative exception) for bridge rating, and
provide a safe and conservative estimate for the load capacity of existing bridges. At this
point, improvement to these softwares could only be made if the bridge analysis program
results are complemented by bridge tests to allow for more redlistic estimates of

important factors, such as transverse load distribution, impact, composite action, €etc...
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8. BRIDGE RATING THROUGH LOAD TESTING

It is clear from the discussions presented in the previous chapters that the true
behavior of each individua bridge largely depends on the specific conditions present at
the bridge being investigated. Would a full finite element analysis provide these factors
with confidence? Yes, for some of them (e.g. load distribution factors, contribution of
secondary elements); but even dlight deviations from the design specifications, in
combination with the under- or over-estimation of the true condition of structural
elements (degree of corrosion and cracking), deck and girder joints, approach slabs and
material properties, would provide erroneous results.

Based on the data presented in this report, it is evident that some of the factors
that influence the true response of a bridge structure can be estimated with confidence.
However, a good number of other factors can only be evaluated through actua load
testing. The Manual for Bridge Rating Through Load Testing (1998) published by the
NCHRP Research Results Digest provides detailed information on factors influencing
bridge rating, load testing protocols, and guidelines for re-evaluating bridges based on
test data.

Would it make economical and engineering sense to test every single bridge in the
country? Probably not, these tests would be most feasible for posted bridges or structures
with questionable strength, damaged bridges, or bridges evaluated for specia permits.

As sensor technology evolves in the near future, it would be beneficial to embed sensors
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into several bridge components, and either monitor them continuously, or record their

data as aload testing is performed in the future.

8.1 Rating Procedure

As it was mentioned earlier, for the last three bridges tested in this research
project an additional portable data acquisitions system was also used to monitor the
bridges' response. It was clear, that the handful of instruments used with this system
provided reliable data that could be used to rerate these bridges based on test
information. These instruments allowed the more realistic evaluation of several factors,
including the load distribution and impact factors, the true strain levels in primary bridge
components, the presence of composite action, and the degree of fixity for simple span
superstructure components.

Although it is not anticipated to occur with frequency, the bridge testing might
reveal a weaker-than-expected structure. Experience shows that most bridges tested
exhibit significant load reserves. No matter what is the result, load testing will provide a
more redistic “picture’, well worth the effort. The actual procedure should include the
following steps:

1. Bridge inspection and evaluation — this step is aready being done every other
year. Should also include materia tests using NDT techniques, or tests on actual samples
collected from selected members.

2. Initial bridge load rating — based on real materia properties and updated loading

information, perform an initia load rating of the bridge.
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3. Design of instrumentation and loading protocol — based on the make-up,
geometry, size, ADT, and other factors, design an instrumentation plan. Select the
loading truck(s) sufficiently large to perform a diagnostic testing in function of the
current load rating of the bridge.

4. Instrumentation of bridge components — this step involves the preparation of the
bridge site, and the positioning of the instruments. These instruments (up to two dozens)
should include strain measuring devices, e.g. strain transducers, strain gages or LVDTS,
depending on the girder and deck material. If load testing will not immediately follow
the installation of the instruments, these devices must be protected against environmental
effects and vandalism.

5. Bridge load testing — during this phase, the bridge is partialy or fully closed to
traffic. Then, following a predetermined loading protocol, the bridge is loaded with a
slow-moving truck. The load path is designed to provide maximum effect on the girders
and decks, as applicable. In order to provide a more realistic impact factor for the bridge
being evaluated, data would be recorded while the loading truck moves at the legal speed
limit.

6. Experimental data analysis — using simple hand calculations (or in-house
spreadsheet programs, or commercially available software), the test data is analyzed, and
compared with predicted values.

7. Update of initial bridge load rating — based on the experimenta data, the bridge
is then re-rated, to provide a more realistic performance level for the structure being
anayzed. The above mentioned Manual for Bridge Rating Through Load Testing

provides detailed rating procedures using actual field test data.
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8.2

Personnel and Equipment Needs

Bridge rating through load testing is not new. Several commercia entities exist

around the country specialized in this procedure. However, in order to provide a more

economica approach, with minimal training and a reasonable initia investment in

equipment, severa testing crews could be established. Table 8.1 summarizes the

personnel and equipment needs to perform the 7 steps outlined in the previous section.

Table 8.1 Summary of bridge testing personnel and equipment needs

Step Task Personnel Personnel | Equipment Type | Equipment | Estimated Time
Description Need Training Cost
1 bridge existing inspection | minimal NDT depends on 1 hour
inspection crew for NDT (if used) NDT type for NDT
2 initial 1oad existing bridge no change no change no change no change
rating analysis team
3 design bridge 1-2 additionsto | minimal to none none 2-3 hours
test protocol bridge analysis moderate
4 bridge 1 addition to minimal 6-12 for strain $3k - $6k 2-3 hours
instrumentation | inspection crew 4-6 for deformation | $2k - $3k
5 bridge load truck driver (from | minimal to data acquisition ~$25k 1-2 hours
testing NCDOT yard) moderate loading truck minimal
traffic control
6 test data same as Step 3 moderate in-house or ~$5k for 2-4 hours
analysis commercia software| commercial
7 update bridge same as Step 3 moderate same as Step 6 none 1-2 hours
load rating

As it can be seen, the majority of personnel are already in place, requiring only 1

additional inspection crew member trained to place instrumentation and conduct bridge

load testing. This crew member would travel with the testing equipment to bridge test

sites, and would be assisted by the local bridge maintenance and/or inspection team.

There would be a need for 1 or 2 additional bridge analysis personnel. The

training for these engineers would be relatively simple, including experimental stress
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analysis, basic instrumentation, and test data interpretation.

The initia equipment cost is approximately $40k - $50k, not including
consumables such as clamps, ties, etc... This cost could be recovered within the first few
bridge tests by minimizing or eliminating some of the structural repair and strengthening
work otherwise required. These instruments are well documented and established within
the bridge testing community. Some of these firms also developed software programs
that directly import test data, and perform the necessary load rating calculations.

The actual field work (steps 4 and 5) requires 3-5 hours per bridge, depending on
the complexity of the project, access to the bridge site, etc... However, the bridge would
be closed for only an hour to perform the actua bridge testing. The instrumentation
placement and tear-down requires no specia traffic control (bridge or lane closure), for
most of the bridges.

Table 8.1 only provides cost estimates for the initial equipment investment. The
objective of the project did not include a detailed cost analysis of per bridge testing and
analysis, however, it is safe to estimate this cost as $10k-$15k, depending on project
gpecifics. The same work can be also contracted to outside firms, in which case the cost
per bridge would probably be in the $30k to $45k range (estimated price for 2003).

Based on thisinformation, is bridge testing worth the effort and the investment by
any DOT? Not for al the bridges, but if severe postings, expensive bridge repairs or
bridge replacements can be delayed or avoided, it is clear that a comprehensive bridge
testing program benefits the travelers both short term and long term. This project
provided only a pilot study on thistopic. In order to develop a detailed test and analysis,

and to field test the entire procedure, further studies are required.
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9. SUMMARY AND CONCLUSIONS

This project involved the analysis and testing of seven bridges in Division 10.
The list of bridges included two RCDG bridges, three steel girder bridges with concrete
deck, one steel girder bridge with GFRP deck, and finally, one steel girder bridge with
timber deck. The analysis included simple spreadsheet programs, NCDOT and
AASHTOWare bridge rating softwares, finite element analysis, and simple calculations.

The testing phase of the project involved the instrumentation (using up to 102
instruments, and two separate DAQ systems) and the load testing of these bridges using
static, low and dynamic load cases. Two types of trucks were used in the experimental
phase, a 9 cy concrete mixer, and a standard NCDOT tandem dump truck, loaded to
generate stresses in the structures close to the operating rating load.

As it was mentioned earlier, only representative experimental data and analytical
results are provided in this report. More detailed information can be found in the theses
and project report of the co-author graduate research assistants involved in this project.

After analyzing and testing seven bridges, several conclusions can be drawn.

9.1 General Conclusions

Considering the factors influencing the behavior of (especially older) bridges, it is
difficult to estimate their behavior. These factors included girder/deck composite action,
impact and distribution factors, materia strength, contribution of non-structural elements,

girder end conditions, etc... Based on the load tests, significant capacity reserves were
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found in every bridge, well beyond the analytical predictions.

Properly planned load testing can provide valuable information on the true capacity of
a bridge for a service load test desired. However, some of the factors mentioned before,
are dependent of the load level. They include: (1) the composite action based only on
friction and bond; (2) the condition of the approach slabs as a contributor to the impact
factors; (3) the connections between structural and non-structural elements; etc...

Based on the last three bridges tested, it was concluded, that a relatively ssmple
instrumentation setup can be effective in the load rating of bridges through testing. Asit
was mentioned earlier, a second data acquisition system was used in the second phase of
this project, recording test data from six independent strain transducers. This setup was
successful in capturing valuable bridge-specific conditions. These findings were also
confirmed by the more elaborate DAQ and instrumentation system.

Sixteen displacement transducers were used at each bridge, however, the data
recorded by these instruments was not as useful as anticipated. At the most, they proved
the existence of girder end conditions, and indicated the stiffness of the superstructure.

The applicability and the reliability of the results from the strain transducers far
exceeded the expectations. Properly mounted, these instruments were superior to the
strain gages and LV DT-s considered in this project.

After several bridge tests, it was concluded that the static loading sequences did not
provide results that complimented the data from the slow moving loading trucks.
Therefore, the time consuming static loadings were eliminated from the rest of the bridge

tests, reducing the bridge preparation and closure time.
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9.2 Concrete Girder Bridges

Current analysis procedures significantly underestimate the strength and stiffness of
reinforced concrete deck girder (RCDG) bridges.

The concrete compressive strength in the RCDG bridges tested was much higher than
the initially assumed values.

Both the assumed transverse distribution factors and the impact factors were off, as
compared to the test values.

Concrete railings and curbs significantly contribute to the strength and stiffness of
these bridges, especially to the exterior girders.

Besides minor hairline cracks, these bridges were in relatively good shape.

It is very difficult to predict the girder end conditions (they depend on the condition

of the deck, the joint, etc...).

9.3  Sted Girder Bridges

The predicted (AASHTO) distribution factors were surprisingly close to the test
results.

Virtually no impact factors were experienced during the dynamic loading. This was
the case even for the bridge with poor approach slab and deck joint conditions.

Composite action between steel girders and concrete deck was experienced for most
of the cases. However, it isdifficult to predict its effectiveness at higher loads.

It was difficult to quantify the effects of girder bearing plate and diaphragm

conditions. These certainly affected the transverse load distribution.
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94  GFRP Deck Bridge

Since this was arelatively new bridge system (the first in North Carolina), this bridge
received alot of the attention, both experimentally and analytically.

The results confirmed full composite action between the steel girders and the GFRP
deck.

The recorded strain levels on the GFRP deck were significantly lower than the
allowable values recommended by the manufacturer.

The semi-integral end walls provided a certain level of end fixities for the steel

girders.

9.5  Crutch Bent Repair

Although this is a temporary safety measure, this relatively simple repair method
significantly improved the capacity and stiffness of one of the spans for the steel girder
timber deck bridge.

As expected, the timber deck did not provide any composite action with the steel

girders.
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10. RECOMMENDATIONS AND IMPLEMENTATION

Based on the finding of this project, severa recommendations are being made.
Each of these recommendations is accompanied by a suggested method of
implementation, and the resources required for achieving them.

Based on the seven bridges analyzed and tested (the authors do not suggest that the
number of bridges tested allows for a full statistica evaluation — the pool of bridges
considered only reflects representative bridges), the following recommendations can be
made on bridge analysis and rating:

@ Reconsider the use of PercEffective in the NCDOT bridge rating software,

especially for concrete girder bridges with only minor hairline cracks in tension zone.

@ Consider reducing or eliminating the impact factor for existing bridges with

“healthy” approach slabs and deck joints.

@ Consider the use of UNC Charlotte's spreadsheet program (properly tested) to

allow the analysis to include simple span girder end restraint. This could be as high

as 30% for semi-integral and integral end walls.

@ Consider the composite action (up to a certain horizontal shear level) between

stedl girders and concrete decks for older bridges with certain construction details.

Expand the bridge files to include non-destructive tests and damage extent and
propagation (cracks, spallings, and corrosion signs). More accurate material properties
and reinforcing steel details are needed, at least once for each bridge with unknown or

unclear design and/or construction data.
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@ Implementation: Develop an NDT equipment list, equip and train the bridge

inspection crew to use the basic NDT kit for concrete and steel material evaluation.

Use bridge load testing to verify transverse load distribution, impact factor, and
member strain levels. Thiswill be particularly useful for posted bridges, or when issuing
specia permits for a particular structure.

@ Implementation: Develop a detailed standard bridge loading protocol. Train and

equip a bridge maintenance crew to perform relatively simple bridge tests, using only
a handful of instruments strategically located and applied in a short period of time,
and tested with well planned loading paths and a standard truck. The recorded test
information can be then forwarded to the analysis team for evaluation.

Enforce bridge posting more effectively.

@ Implementation: move the posting sign (or provide additional ones) further away

from the posted bridge. During this project, in several occasions, trucks with

significantly larger loads than the allowed were traveling over the posted bridge.

Specia sensors could be embedded in the road surface to warn the driver of large

loads of possible detours and bridge postings.

As the technology becomes more available and affordable, in the future remote
sensing could significantly increase the interaction between the inspection and analysis
(load rating procedures). This investment may streamline operations such as evacuation,
detour and construction zone management, etc...

A revised and expanded analysis software, with an upgraded field report to include
specific information on materials and details, combined with selected testing would

enhance the bridge rating procedures allowing for a more accurate assessment.
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APPENDIX A
UNC CHARLOTTE BRIDGE ANALYSIS SOFTWARE

-INSTRUCTION MANUAL -

A.1 Introduction

This Bridge Analysis Spreadsheet was specifically designed to analyze North
Carolina Department of Transportation (NCDOT) Bridges 12-0271 and 12-0227. The
spreadsheet allowed for quick evaluation of the current NCDOT Load Rating software
and in-field test results. This spreadsheet was also used to compare a few NCDOT
bridges with their respective NCDOT load ratings and test results. This spreadsheet is
limited to the bridge types of reinforced concrete deck girder (RCDG) and steel girder
with concrete deck bridges that are ssimply supported.

Although this spreadsheet was reviewed, tested, and verified with the current
NCDOT load rating software, some errors in calculations and in software programming
may have been overlooked. For this reason, this spreadsheet should not be used for load
rating bridges until extensive comparative studies have been performed. It is designed to
be used as a supplement to compare various factors that influence the load rating and
posting of bridges.

This spreadsheet has been protected to keep inadvertent changes from being made
to the spreadsheet. Please note that the screen images shown within this report may vary
slightly from the actual screen image that you see in the version you are using.

A2 Start Up

1. Locatethefile"Bridge Anaysisv1.4.xIs’ and open.

2. This spreadsheet utilizes macros that must be enabled for proper function.
Therefore the macros must be enabled.

3. The spreadsheet opens up to a disclaimer that must be accepted to move on.
Declining the terms of the disclaimer will lead to Excel shutting down. The
‘Disclaimer’ screen can be seen in the following figure.
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4. After accepting the disclaimer terms, the ‘Main Menu’ screen appears.

A.3 Bridge Type Selection

1. Select the bridge type, either RCDG or Steel Girders w/ Concrete Deck, from the
yellow cell whichisapull down list. The*Main Menu’ screen is seen below.

2. You will notice several key notes on this page that attention must be paid to.
a. “ Thisspreadsheet is designed for simply supported bridges only.”
This states that the analysis of continuous beams cannot be preformed by
this spreadsheet at the present level of devel opment.
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A4

b. “Enter all detailsin yellow highlighted boxes.”
Information can only be entered in yellow cells. This includes selections
made from pull-down lists.

c. “Macros must be enabled for proper navigation through spreadsheet.”

. After selecting the bridge type desired for analysis, hit the * Enter Details' button.
. The appropriate bridge detail s page opens.
. Pushing the *Exit’ button will shut down Excel.

RCDG Bridge Details

. Known information concerning the basic design of the bridge is to be entered on

this page. Enter the desired information in the appropriate yellow boxes. A view
of the *‘RCDG Bridge Details page can be seen below.

White boxes indicate information that is calculated for the user. This page
calculates the clear span and beam section properties that include area, moment of
inertia and the section modul us.

Severa checks are aso done which include depth ratios, effective length, and the
term D¢ for the calculation of LRFD distribution factors.

There is apull-down list to choose which span to evaluate the interior girder.
There are also pull-down lists for entering in the ‘ Design Load’, ‘Inv. Rating’, and
‘Opr. Rating'.

Navigation buttons located at the top of the screen allow the user to move to next
desired page. These include: returning back to the ‘Man Menu', ‘View
Moments', ‘View My, ‘View Shears', ‘View DFs, ‘Cracked Section Anaysis,
‘Stress & Strains', and ‘Load Rating'. Clicking on any of these buttons will take
the user to the selected page.

Another navigation button is located below these for entering rebar details.
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A5

Girder Rebar Details

. Known information concerning the rebar layout of the interior girder is to be

entered on this page. Enter the yield strength, f,, of the stedl.

. Enter the desired information concerning the rebar in the yellow boxes. White

boxes indicate information that is calculated for the user. This page checks the
minimum area of steel required.

. The user can either enter the area of steel, or enter the rebar details up to 6 barsin

each layer and up to 6 layers. This choice can be made by selecting the
appropriate choice from the pull-down list under ‘ Select the method to determine
As. A view of the ‘Rebar Details page with the ‘Calculated” method chosen is
shown below.

. With the ‘Calculated’ method chosen, the user can enter the number of rebar

layers. One to six layers can be evaluated with this spreadsheet. The table below
thiswill be altered according to the number entered.

. Enter the distance, in inches, representing the cover from center of rebar to

bottom of beam.

. For each layer, specify how many individual rebars are located in this layer, up to

6

. Enter, ininches, the distance from one layer to the next.
. Then specify, using ‘Y’ or “N’, whether or not the rebars in the layer are of the

same type. If yes, select the rebar size from the pull-down list in the box next to
‘All Rebars'. If no, then enter the appropriate rebar size in the appropriate rebar
location. Thisis based on the number of rebarsin the layer entered by user.

. The area of steel and the distance from the bottom of the beam to the neutral axis

of the stedl is calculated by the spreadsheet.
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10. The effective depth chosen from the pull-down list includes: ‘effective depth
excluding CWS', ‘effective depth including CWS', and ‘ User Defined'.

11. A view of the ‘Rebar Details page with the ‘User Defined” method chosen is
shown below.

12. Enter the user defined area of steel in the yellow box.

13. Using the user defined area of steel requires that the user defines the effective
depth. Enter the effective depth in the appropriate yellow box.

14. Whether using the ‘ Calculated’ method or the ‘User Defined’ method, navigation
buttons are seen at the top of the screen. These will take return you to the ‘Main
Menu’ or ‘Return to Bridge Details'.
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A.6

A7

Steel Bridge Details

. Known information concerning the basic design of the bridge is to be entered on

this page. Enter the desired information in the appropriate yellow boxes. A view
of the * Steel Bridge Details' page can be seen below.

. White boxes indicate information that is calculated for the user. This page

determines the factor De to be used in the LRFD distribution factor calculations.
There is apull-down list to choose at which span to evaluate the interior girder.
There are aso pull-down lists for entering the: ‘Design Load’, ‘Inv. Rating’, and
‘Opr. Rating'.

Navigation buttons located at the top of the screen allow the user to move to the
next desired page. These include: returning back to the ‘Main Menu’, ‘View
Moments', ‘View Shears, ‘View DFs, ‘Stress & Strains', and ‘Load Rating'.
Clicking on any of these buttons will take the user to the selected page.

. Another navigation button is located below these for entering the steel beam

properties.

Steel Beam Details

. Known information concerning both the interior and exterior girders needs to be

entered on this page.

Enter the desired information concerning the steel in the yellow boxes. White
boxes indicate information that is calculated for the user. This page checks for
beam compactness.

The user can either enter the steel beam properties or select the appropriate beam
from the pull-down list.

For both the interior and exterior girders, the user can select the appropriate
choice from the pull-down list under ‘ Properties to be used:” A view of the ‘ Steel
Beam Details' page with the ‘ Calculated” method selected is shown below.
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. With the *Calculated’ method selected, the user can select the beam type from the
pull-down list. This will automatically enter all other information except for the
percent effective which isrequired to be entered by the user.

. A view of the ‘ Steel Beam Details' page with the *User Defined” method selected
is shown below.

. Enter al information in the yellow boxes.

. Whether using the *Calculated’ method or the *User Defined” method, navigation
buttons are seen at the top of the screen. These will return the user to the ‘Main
Menu’ or ‘Return to Bridge Details'.
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A.8

M oments

. The ‘Moments page determines the dead, live, and impact moments for the

selected bridge type. The desired bridge type will be shown in the upper left
corner of the screen. The ‘Moments' screen can be seen below.

. Enter the desired information in the yellow boxes. White boxes indicate

information that is calculated for the user.

. Selecting the proper ‘Beam Connections, determines the type of moment

calculated. This is either ‘Pinned — Pinned’, ‘Partial Fixity’, or ‘Fixed — Fixed'.
This selection is done from a pull-down list.

. When the ‘Partial Fixity’ ‘Beam Connection’ is selected, the user is prompted to

enter the percent of fixity assumed. Enter the percentage in the appropriate box. A
view of the ‘Moments' screen with ‘Partia Fixity’ selected can be seen below.

. The'‘Loading Scheme' is apull-down list that allows the user to select: ‘One Lane

Loading’, ‘Two Lane, Opposite’, or ‘One Lane, Two Trucks'. It is recommended
to leave this option as ‘One Lane Loading’ to ensure proper calculations
throughout the spreadsheet.

. The Live Load is determined based on the selected vehicle type. This is done

from three pull-down lists. The lists coincide with the vehicle types: H, HS, and
NCDOT. Only vehicleisto be selected at atime. To make a selection, choose the
desired vehicle from the appropriate list. Then select the *-* from the other two
lists.

. The calculated Live Load moment is compared to moments from standard design

aids for select vehicles and also compared to the maximum moment calculated on
the'V & M Diagrams’ page.

. The Impact Load is calculated based on the selected live load moment. The user

can select whether or not the impact moment can be ignored due to a smother
approach.
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A.8

0.

10.

The Dead Load can be either calculated or defined by the user for the interior or
exterior girders. If the user defines the dead load, the uniform dead load in kips
per foot is to be entered in the appropriate yellow box. If the user decides to have
the spreadsheet calculate the dead loads, the user must insure that all bridge
details have been properly entered at the appropriate places.

Navigation buttons located at the top of the screen allow the user to move to next
desired page. These include: returning back to the ‘Main Menu’, ‘Return to
Bridge Detalls, ‘View Shears, ‘View DFs, ‘Stress & Strans, 'V & M
Diagrams’, and ‘' Load Rating’. Clicking on any of these buttons will take the user
to the selected page.

RCDG My,

The nominal resisting moment, ‘M, page, for the RCDG Bridge is based on
current NCDOT M,, Load Factor Design (LFD) calculations.

The only user information required on this page is the phi ( ). Enter thisvauein
the yellow box.

If the bridge number is 12-0271, then the spreadsheet will display the ‘Previous
NCDOT’ M, calculation, seen on the right, using 33 ksi and 2,500 psi for fy and
f ¢, respectively.

Navigation buttons located to the right of the screen allow the user to move to
next desired page. These include: returning back to the ‘Main Menu’, ‘Return to
Bridge Details’, ‘Moments', and ‘Load Rating’. Clicking on any of these buttons
will take the user to the selected page.
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A.9 RCDG Cracked Section Analysis

1. The ‘Cracked Section Analysis of the RCDG Bridge is a completely calculated
page. No user inputs are required for this page. This page can be seen below.

2. Navigation buttons located to the right of the screen alow the user to move to
next desired page. These include: returning back to the ‘Main Menu’, ‘Return to
Bridge Details', and ‘Moments’. Clicking on any of these buttons will take the
user to the selected page.

157



A.10

V & M Diagrams

1. The 'V & M Diagrams page represents the maximum shear and moment

All

diagrams for both ‘Pinned — Pinned’ and ‘ Fixed — Fixed' ‘Beam Connections’ for
the selected live load vehicle. The desired bridge type will be shown in the upper
left corner of the screen. The 'V & M Diagram’ screen can be seen below.

The shear and moment diagrams are set up to be calculated for 2 and 3 axle
vehiclesonly.

The user can input a distance, in feet, from a predetermined point A, and verify
the cal culated maximum moment at that point.

Navigation buttons located to the right of the screen allow the user to move to
next desired page. These include: returning back to the ‘Main Menu’, ‘Return to
Bridge Detalls', ‘Moments’, ‘Shears, ‘Stress & Strains, and ‘Load Rating'.
Clicking on any of these buttons will take the user to the selected page.

Distribution Factors

The ‘DFs page caculates the LFD and LRFD distribution factors for both
interior and exterior girders for the selected bridge type. The desired bridge type
will be shown in the upper left corner of the screen. The ‘DFS screen with the
‘Calculated’ interior DF to be used selected can be seen below.

Enter the desired information in the yellow boxes. White boxes indicate
information that is calcul ated for the user.

This page cal culates the distribution factors and checks the range of applicability.
This page only alows the user to select whether the distribution factor for the
interior girder will be calculated, or user defined. This selected distribution factor
will be used throughout all the calculation under the LFD heading.
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5.

6.

7.

If the user selects the ‘User Defined’ interior distribution factor, then the user will
be prompted to enter the desired value. The ‘DFs' screen with the *User Defined’
interior DF to be used sel ected can be seen below.

To ensure proper calculation of the LRFD distribution factors for the steel bridge,
the user must make sure to enter details on both the interior and exterior beams.
Navigation buttons located to the right of the screen allow the user to move to the
next desired page. These include: returning back to the ‘Main Menu’, ‘Return to
Bridge Details, ‘Moments’, ‘Stress & Strains’, and ‘Load Rating’. Clicking on
any of these buttons will take the user to the selected page.
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A.12

Load Rating

The Load Rating for each type of bridges follows current NCDOT procedures.
The user can input Operating and Inventory Ratings that were determined using
the current NCDOT software to acquire a percent difference. The user can adjust
the load rating factors A1, A2, and A3 as necessary. These inputs are al in yellow
boxes.

The Load Rating for the RCDG can be seen below. It calculates the load rating
utilizing the current LFD distribution factors and the LRFD distribution factors.

If the bridge number is 12-0271, then the spreadsheet will display the ‘Previous
NCDOT’ Load Rating calculation, seen on the right, using 33 ksi and 2,500 psi
for fy and f ¢, respectively.

Navigation buttons are located to the right of the screen alow the user to move to
next desired page. These include returning back to the ‘Main Menu’, ‘Return to
Bridge Details', ‘Moments', ‘View RCDG My, ‘Load Rating’, and ‘View Load
Rating Printout’. Clicking on any of these buttons will take the user to the
selected page.

The Load Rating screen for a Steel Bridge seen below, calculates the load rating
based on maximum strength and serviceability.

For the Load Rating of the Steel Bridge, the user must select from a pull-down list
whether the load rating will be preformed on the interior or exterior ‘Beam Type'.
Navigation buttons located to the right of the screen allow the user to move to
next desired page. These include: returning back to the ‘Main Menu’, ‘Return to
Bridge Details', ‘Moments’, ‘Load Rating’, and ‘View Load Rating Printout’.
Clicking on any of these buttons will take the user to the selected page.
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A.13 Shears

1. The ‘Shears’ page for the Steel Bridge is calculated by the spreadsheet entirely

and does not require any user inputs. The ‘Shears' page for the Steel Bridge can
be seen below.

2. Navigation buttons located to the right of the screen alow the user to move to
next desired page. These include returning back to the ‘Main Menu’, ‘Return to
Bridge Details', ‘Moments', ‘V & M Diagrams, and ‘ Stress & Strains'. Clicking
on any of these buttons will take the user to the selected page.
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3. The ‘Shears page for the RCDG requires user inputs only for calculating the
ultimate shear. The user is required to enter the values for phi, the area of steel
resisting shear, and the spacing. The ‘Shears’ page for the RCDG can be seen
below.

4. Navigation buttons located to the right of the screen allow the user to move to
next desired page. These include returning back to the ‘Main Menu’, ‘Return to
Bridge Detals', ‘Moments', ‘View RCDG My, 'V & M Diagrams’, and ‘ Stress
& Strains'. Clicking on any of these buttons will take the user to the selected
page.
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A.l4

Stress & Strains

The ‘Stress & Strains page calculates the stresses and strains based on the
selected live load moment from the pull-down list in the yellow box.

Stresses and strains are determined for non-composite beam action only, or for
composite action for the beam and deck for both the Steel Bridge and the RCDG
Bridge.

For the RCDG Bridge, the stresses and strains due to the composite action
between the beam and deck are determined twice. First, the composite action not
considering the concrete wearing surface (CWS), and secondly, the composite
action that includes the CWS.

The ‘Stress & Strains' page for the Steel Bridge is shown below.

5. Navigation buttons located to the right of the screen alow the user to move to

next desired page. These include returning back to the ‘Main Menu’, ‘Return to
Bridge Details’, ‘Moments, ‘V & M Diagrams’, ‘Stress & Strains', and ‘Load
Rating’. Clicking on any of these buttons will take the user to the selected page.

6. The*'Stress & Strains' page for the RCDG Bridge is shown below.
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A.15 Printout
1. The ‘Printout’ page alows the user to print a paper copy of the selected data for
comparison with the current NCDOT load rating software. This printout shows
the calculated moments, load ratings, and recommended postings for both LFD
and LRFD distribution factors. The ‘ Printout’ page can be seen below.
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. To print the *Printout’, go to File and select Print and choose the printer you wish

to print from.

If the printout does not print correctly, the user may have to reset the print area.

. Navigation buttons located on the top of the screen allow the user to move to next
desired page. These include: ‘Return to Load Rating’, and ‘Exit’. Clicking on the

‘Exit’ button will shut down Excel.
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APPENDIX B

GFRP DECK BRIDGE CONSTRUCTION REPORT

B.1  Executive Summary

The 20" century brought about many innovative changes to the world of
construction. While concrete and steel tend to be the materials of choice, technology has
introduced a material, which may become the material of choice for future designs. This
materia is Fiber Reinforced Polymer (FRP). Composites being both light and strong, are
being introduced to many applications, including bridge construction.

In an effort to speed construction and increase service life of a bridge, the North
Carolina Department of Transportation (NCDOT) looked to composites. A deteriorating
bridge in Union County presented the opportunity to test this new concept in bridge
construction. Bridge #89-022 over Mill Creek on New Salem Road (SR1627) needed to
be removed and rebuilt, so it was chosen to receive the first composite deck in the State
of North Carolina. Martin Marietta Composites division, producer of the FRP
DuraSpan™ system, was contracted to produce the panels required for the bridge
replacement.

The construction of this bridge was funded in large part through a discretionary
grant from the FHWA through the Innovative Bridge Research and Construction
Program. Evaluation of this structure continues as a part of the NCDOT Research Project
2002-12 entitled “Evauation of Bridge Analysis vis-avis Performance’. The results of
this evaluation will therefore be contained in the fina report for this research to be
concluded in the summer of 2003.

First, the existing structure was removed, and the new steel girders were installed.
Then, angles were welded to the girders to support the panel and to provide room for
grout injection. After the angles were welded in place, the panels were placed in
accordance with the Martin Marietta Installation Guide by NCDOT personnel, and under
the supervision of Martin Marietta representatives. After the deck panels were placed, a
combination of shear studs and grout were used to permanently attach the panels to the
girders. Once this attachment was made, the rebar and forms for the endwalls were
placed, and the concrete was poured. The asphalt overlay was then placed followed by
the guardrail. The last item on the agenda was the load testing of the bridge. Once
testing was completed, the bridge was opened to traffic.
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B.2 General Information

The bridge over Mill Creek carrying New Salem Road through its course in
Union County was first constructed in 1944. The structure spans 42 feet between
masonry abutment walls. The bridge superstructure, steel plank flooring on steel girders,
has seen many cars and trucks safely across Mill Creek. This structure has since seen
many resurfacings and repairs in its lifetime. As with all structures, time and elements
will contribute to weakening of components. County Inspectors began to notice
settlement of the approach slab, rusting of the metal deck, and cracks in the concrete. As
the structure became weakened, NCDOT posted the span, limiting the amount of load the
structure could carry to 37 tons (see Figure B.1).

Figure B.1: Load limit sign

When the structure was recently deemed too weak, due to degradation of the
beams and supports, the decision was made to replace the existing superstructure with a
composite system. This system is composed of a DuraSpan'™ Fiber Reinforced Polymer
deck (FRP), produced by Martin Marietta, and steel girders. The replacement process
began with the closure of the road on September 17, 2001 and was reopened to traffic on
November 20", 2001.

B.3 SitePreparation

Once the decision was made to remove the existing superstructure severa steps
were taken to bring the structure to its current rehabilitated level. The surrounding
neighborhood was made aware of the impending closure of the bridge through postings
along the route. The structure was closed on September 17, 2001. Once closed, the
existing superstructure was removed.

The new superstructure was designed to use 7 — W24X94 in place of the 11 —
W21X55 girders being replaced. In preparation for the placement of the new girders a
number of modifications were required. The girder seats had to be lowered dlightly due
to akali penetration of the stone and mortar used in the origina abutment. A
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jackhammer was used to remove approximately 3" of mortar and stone from the bridge
seat at each abutment. In addition to the removal of concrete from the bridge seat,
concrete was removed from the front face of each abutment as well, which was required
due to longer girder length. This concrete was removed with the jackhammer at the East
abutment. However, this proved to be a difficult operation and a contractor was hired to
cut the concrete along the West abutment wall. This method took about the same amount
of time but resulted in a cleaner and more accurate cut. To prepare alevel surface for the
bearing, a quick set concrete was mixed and placed at both abutments (see Figure B.2).

This concrete type was selected to alow a quick instalation. Properly mixed, this
concrete sets in 45 minutes and attains a compressive strength of 2000 ps in
approximately two hours.

Figure B.2: Bridge seat formed and poured

B.4  Structural Sted Erection

Once the forms were removed, the surfaces were prepared for the placement of
the new girders. The centerline of the road was marked at each abutment. This mark was
used to lay out the location of the new bearing pads and anchor bolts. It was noticed that
the centerline of the road did not fall on the middie of the abutments. The centerline of
the road was actualy 2" North of the centerline of the abutment (see Figure B.3). In
order to center the girders on the existing abutments, the superstructure was shifted 2”
below the centerline of the road. The anchor bolts were placed in 1” diameter 10" deep
holes drilled into the concrete. The holes were drilled using an electric hammer drill with
an elastomeric bearing pad acting as atemplate (see Figure B.4).
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Figure B.3: Difference in road and abutment centerlines

Figure B.4: Bearing pad used as atemplate for drilling

Due to time constraints, work had to be halted after the holes were drilled in the
first abutment. At the start of the next workday the existing holes had to be dried out
with atorch due to the presence of water from a previous rainstorm that weekend. Once
all the holes were drilled out and dried, an air compressor was used to blow the dust and
debris out of the holes. The holes were then filled one thirds full with HIT-HY 150
epoxy/resin.  The anchor bolts were placed, sometimes forcibly, into the epoxy filled
holes. Care was taken not to damage the threads when more than hand pressure was
required to seat the bolts to the depth of the whole (see Figure B.5).
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Figure B.5: Nut being used to protect threads from damage

After the epoxy had time to cure, the W24X94 stedl girders were brought to the
site. Using a crane onsite, the center girder (G4) was removed from the truck and placed
on blocksto the side of thetrailer (see Figure B.6). Blocks were used to protect the strain
gages that were previoudy installed on the bottom of the girder. This girder was then
fitted with a “lifeline” that was used for protection when walking on the girders. This
girder was lowered carefully onto the anchor bolts allowing workers to snug the nuts and
washers onto the bolts. The remaining girders were then placed in the following order:
G3, G5, G2, G6, G1, and finaly G7.

Figure B.6: Girder placement on blocks

Once the girders were in place, plywood panels were cut to fit on top of the
bottom flange of the girder. Due to the wide spacing of the new girders some
intermediate support was required. This support was provided by 2X4 construction grade
studs placed under the panels at the center and at the ends. The panels were attached to
the supports using wood screws. Once this temporary flooring was in place, the lifeline
attachment was no longer a necessity (see Figure B.7).
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Figure B.7: Girders and temporary flooring in place

After the girders were secured, and the temporary flooring was in place, the
diaphragms (10 — C12X20.7) were bolted into place (see Figure B.8). The diaphragms
were bolted to a 3/8” thick connector plate welded to the web of the girder. For more
information on the connector plate, see the Connector Plate Detail on Sheet 2 of the
NCDOT Preliminary Bridge Plans supplied in Appendix A. The holes in the girder were
located and placed by the fabricator of the girders. For more information on the location
of the diaphragm, see the Diaphragm Detail on Sheet 1 of the bridge plans supplied in
Appendix A. The connection was made using 7/8" diameter bolts. The bolts were
classified as HDG Structural Screws made from A325 steel. They were 3" long and
required both a nut and a washer.

After the cross members were in place, two events occurred simultaneously.
First, the posts and blocks used to attach the barrier rail were instaled on the exterior
girders. These members were pre-assembled on the back of a boom truck and lowered
into position (see Figure B.9). The same type of bolts used in the cross member
connection, were used to secure the post and block to the girder.
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Figure B.8: Diaphragm bolted in place

Simultaneously, the angles (L2X?2) used to separate the composite deck from the
girder were installed. The angles were positioned so as to be level across the bridge
transversely, and angled so as to follow the camber of the bridge along the longitudinal
direction. The angles were welded to the girders top flange usinga ” fillet weld placed
every 12”. The next step in the process was the installation of the suspended scaffolding.
This scaffolding was attached to the bottom flanges of two girders (G2 and G6). Oncein
place, this scaffold allowed access to the bottom of the bridge superstructure.

Figure B.9: Post and block assembly
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B.5 GFRP Pand Installation

During the next phase of the construction process, the composite deck panels
wereinstalled. The bridge deck was designed to use five DuraSpan™ FRP panels. Each
panel was approximately 8 X 25'-4", creating a 40’ X 25'-4" composite deck across the
girders. Each panel was composed of pultruded tubes, which were bonded together. The
tubes created a “honeycomb” type cross-section in the panel, with the tubes running
perpendicular to the girders.

The process of placing the panels began with the installation of angles at the east
end of the girders. These angles were welded in place to allow the end of the FRP panel
to fit flush with the end of the steel girder (see Figure B.10).

Figure B.10: Angles at end of girders

A standard silicone caulk was used to sea any gaps between the longitudinal
angles, and the girder. The same caulk was placed on the top of the longitudinal angles
to act as a sealant between the FRP panel and the angle (see Figure B.11). The purpose
of making the seal was to prevent grout from escaping the shear stud pockets, thus
creating avoid in the concrete.

The DuraSpan™ FRP panels were installed in accordance with the Martin
Marietta Installation Manual. The bonding surfaces (as indicated in Figure B.12) of the
panels were first cleaned with acetone to remove any oils that would affect the bond of
the adhesives.
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Figure B.11: Caulk being applied to angles

Figure B.12: Panel joint

The panels were then prepared for the epoxy application with a coat of primer
applied to the bonding surfaces. Martin Marietta supplied both the primer and the epoxy,
which were manufactured by Master Builder Technologies. The primer consisted of two
parts, part A and part B, mixed in the proportion of two parts A to one part B per volume.
The two components were poured into a bucket and mixed to an even consistency using
an electric drill fitted with a mixing tool. The mixture was applied to the bonding
surfaces evenly using a small paint roller (see Figure B.13). The primer was alowed to
set for approximately 30 minutes before the application of the epoxy.
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Figure B.13: Primer Application

While the primer was curing, straps were threaded through the shear stud holes in
the first panel. These straps were approximately 4" wide, 10’ long, flat, nylon tow straps.
There was one strap placed at each corner of the panel. Once the primer had set, a crane
was used to position the panels on the structure. Care was taken to align the panel
between the post and block assembly. The panel was lowered on the girder and dlid
against the stops at the end (see Figure B.10). Once in position longitudinally, this panel
was adjusted in the transverse direction as well.

After the first panel was positioned, the next panel was prepared for assembly.
This preparation consisted of first attaching the lifting straps. Secondly, epoxy was
mixed to create a permanent bond between the panels. The epoxy was mixed with the
same ratio as the primer, and thoroughly mixed using the same electric drill. Once
mixed, the epoxy was applied to the male end of the next panel to be installed, and to the
female end of the panel aready positioned on the girders. The epoxy for the female end
was placed on the “bottom lip” of the bonding surface only. See Figure B.12 for joint
details. On both panels, the epoxy was initially placed using a flat trowel, then spread
usinga " grooved trowel (see Figure B.14).

Once the epoxy was applied to both panels, the crane lowered the new panel into
position. The panel was aligned visualy in the transverse direction. After the ends were
brought into contact and hand pressed together, jacks were used to press the panels
together. Standard hydraulic bridge jacks were used with manual pumps. An angle was
spot welded to the girder to provide a solid support for the jack. Then, the jack was
positioned so the stroke of the piston would run longitudinally along the girder, pressing
against a wood block placed between the head of the piston and the panel edge (see
Figure B.15). Two jacks were used, one on G2, and the other on G6. The jacks were
used to press the panels together and sgueeze out al excess epoxy, which was then
scraped off using a putty knife.

175



Figure B.14: Epoxy after spreading

Figure B.15: Jack Placement

While the jacks were holding the pressure, a 5/8” hole was drilled through the
panel joint at a point roughly centered between two girders (see Figure B.16). The holes
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were drilled between girders G1 & G2, and between G6 & G7. Then, an epoxy coated
composite dowel was driven into the hole to secure the two FRP panels while the
adhesive cured (see Figure B.16).

Figure B.16: Dowel Placement

Once the dowels were in place, the jacks were released and the temporary angle
braces removed. This process of epoxy application, panel placement, jacking, drilling
and doweling was repeated for al the remaining panels. The jacking of the last panel
required some modification. The last panel covered the ends of the girders, so the jack
brace could not be welded to them. A brace was made from scrap wood on-site to
transfer the jacking force to the approach pavement (see Figure B.17).

Figure B.17: Jack Placement at End Panel

After being alowed to set and cure overnight, the panel joints were prepared for
the joint tape. This preparation consisted of grinding away any excess epoxy that
expanded out of the joint during the curing process. Once this was done, acetone was
used to clean the top surface of the joints of any oils that would interfere with the
bonding of the tape to the deck surface.
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The next step was the measurement of the fiber strips. The material for the strips
was brought to the site on alarge spool. The spool was unrolled across the width of the
deck panel and cut, allowing for an overhang at the ends (see Figure B.18). The material
itself was a triax E-glass fabric produced by Johnson Industries. The triax term comes
from the direction of the fibers in the fabric. The fibers were oriented in a [90/+45/-45]
pattern. This material was placed over the deck panel joint and bonded in place with a
vinylester material (Atlac 580). This material was chosen due to the flexibility of the
material.

Figure B.18: Joint tape rolled out

The bonding materia consisted of two parts, the first part being the resin, and the
second part being the catalyst. Due to the warm temperature present when the strips were
being placed, only a small batch (just enough to do one strip) was mixed a a time.
Approximately one gallon of resin (Promoted Hectron FR992) was mixed with 30 mL of
catalyst (Cadox C50A) for each strip.

Once mixed, some of the resin was poured onto the deck joint. The material was
then spread out in a thick layer over the area where the fabric would be placed (see
Figure B.19). Then, the fabric was placed over thejoint. A grooved steel roller was used
to press the material into the underlying resin (see Figure B.19). Another layer of resin
was then brushed on the top surface of the fabric. This process resulted in the material
being completely soaked, and in full contact with the panels on either side of the joint.

Once the fabric was in place, any extra material at the overhang was removed.
This process was repeated at each joint on the deck surface. Care was taken during the
process not to have any unnecessary foot traffic on the deck surface. The strips were
cured overnight before work was resumed.
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Figure B.19: Resin Application

B.6  Deck-to-Girder Connection

Once the panels were completely connected to each other, the connection between
the panels and the deck was established. This connection was achieved through the use
of shear studs. The deck itself was manufactured with pockets aong the length of the
girder, which alowed the placement of shear studs. Each pocket was designed to have
three %2’ diameter shear studs (see Figure B.20).

Figure B.20: Shear stud pocket

The steel studs were installed using a speciaty tool designed specifically for
welding studs. The Division 10 bridge maintenance department did not have a welder of
sufficient capacity to weld the large studs, so a contractor was hired to place the studs.
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Once the contractor arrived to the job site, there was a minimal amount of
preparation for the “stud shooting”. First, the welder was set at 1700 Amps and a stud
was welded in the first pocket. This stud was then tested to check the quality of the bond.
This test consisted of bending the stud a few inches in the transverse direction of the
bridge, then bending it an equal amount in the opposite direction. This side-to-side
movement produces a large amount of stress on the weld, and it is believed that if the
weld can withstand this large movement, then it is fully attached to the girder.

With the amperage set, the studs were positioned in place to allow the welder to
move quickly from one pocket to the next. Insulators, which are used to keep the heat
produced from the weld localized to the stud, were placed in the pocket at each location a
stud was desired. The studs were set besides each opening (see Figure B.21) resulting in
an efficient installation procedure.

Figure B.21: Studs arranged for welding

There were only two complications encountered, both of which were related to a
shortage of material. The welding crew was short by approximately a dozen studs, which
meant that there were several pockets that only received two studs. The second problem
was a shortage of insulators. The welding crew had some leftover from a previous job,
and used those to finish the work. Once all the welding was completed, there was some
discussion as to whether the insulators around the shear studs would interfere with the
bond between the studs and the grout scheduled to be pumped into the opening. It was
decided to break the insulators away from the studs, to allow the grout to completely
cover the area around the base of the stud.
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Once the studs were in place, the next step in the connection was the placement of
the grout in the stud pockets. The grout pump was primed with Slick Willy to promote a
better flow of the grout. The grout itself was mixed in a gasoline powered rotary mixer at
aratio of 50 Ibs of grout to 2 gallon of water. The materials were alowed to mix for
approximately 10 minutes before being placed in the hopper of the pump. The NCDOT
personnel placed severa batches of the mix into the pump before starting the process to
ensure an adequate supply. After checking the slump of the mixture, which was
approximately 11", the process was started at the girder line farthest from the pump.
Each pocket was filled to deck level before moving to the next pocket in the girder line
(see Figure B.22). The crew noticed that as they worked down the line, previous pockets
had settled down below deck level. These pockets were back filled manually, using a
bucket of grout and atrowel (see Figure B.22). According to the manufacturer, the grout
had a setting time of three hours, and a curing time of one day.

Figure B.22: Grout placement and finishing

B.7  Semi-Integral Endwall Construction

The next step in the construction of the bridge was the construction of the
concrete end wall. The end wall was designed to be semi-integral with the deck dlab, i.e.
the deck would be tied to the concrete abutment. This tie was made through the use of
rebars passed through holes pre-cored in the deck (see Figure B.23). The reinforcement
was then tied into the cage placed around the girders and bearing pad.

Once the reinforcement was in place, forms for the concrete were cut and nailed
into position. The formwork consisted of a plywood interior surface being braced by 2"
lumber. After fully bracing the formwork against possible outward movement, the
concrete was ordered.
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Figure B.23: Endwall Connection

Metromont Materials supplied the concrete. Two trucks were required, one at
each abutment. The first truck arrived at the West abutment with 5 yards of class AA
concrete. The concrete was poured directly from the truck into the forms. A mechanical
vibrator was used to remove any trapped air from the mixture as it was placed (see Figure
B.24). The surface was hand finished using atrowel. The same process was repeated on
the East abutment. In order to test the 28-day strength of the mix, three cylinders were
collected from each truck. The samples were taken in accordance with ASTM C31-91.

Figure B.24: Concrete Poured at Endwall
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B.8 Roadway Construction

Once the superstructure was finished, the next step in the construction process
was to prepare the approaches to the bridge. The area surrounding the end walls had
been excavated to allow access to the abutment. Therefore, the soil had to be replaced
and compacted in those areas. Once the soil was in place, the structure was ready for the
asphalt pavement. The I-2 asphalt was placed in 2" layers (or lifts). Three layers of
binder were placed in the approaches to raise them to the desired level. After placing
three layers of binder in both approaches with a layer on the deck of the bridge, crews
began to place the asphalt. Each lift of binder and asphalt was compacted by a vibratory
drum roller before the next layer was applied (see Figure B.25).

Figure B.25: Vibratory Drum Roller

With the raised level of the approach, some grading was required to bring the
shoulder of the road up as well. In order to set the new shoulder height, the existing
barrier rail had to be removed. Soil was placed along the side of the road and leveled out
with amotor grader (see Figure B.26).

Upon completion of the grading, the road surface was brushed off with a
combination of brooms and a mechanical brush.
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Figure B.26: Motor Grader Finishing the Shoulder

The next phase was the installation of the guardrail. NCDOT personnel attached
the guardrail to the posts along the side of the bridge, and hired a contractor to install the
posts leading up to the bridge from both sides. The contractor used a hydraulic ram to
drive the posts into the soil, and attached the rail using an air impact wrench. Once the
guardrail was in place, crews were able to apply the pavement markings, and the bridge
was ready to be opened to traffic. In the period of afew months, the Mill Creek crossing
was upgraded through the use of a composite deck.
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B.9 NCDOT BridgePlans
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Twpe 1 - Thoa-trizss or loog span stooetor es,
For thre fowss ot longeT span stmchres whers cmnes do ot hawe sufficient mach to metall the panels, panals ey e
lift=d and plac-ed with the lightast weight squiprcent (typicslly foddifts) posible. For this tppe of installstion, the
specific piece of squiprrent shall be approned by the rrenufactirer. In omdsr 1o help spresd the fite ad onver the wet
bomdlites, tiobersteel plandong running the full Engthof the tire conbet ares will te required as shown in the
following pictures. A seel phis (or other accepiable rreans) shall also be plhoeed 5t the egnnng of the todzs o
pmtectﬂeu:ﬁuppjrbsiaigenfdm][dmgguﬁmﬂatm

Twpe 2 =5borct to coedinm span stroctuces,

For short 1o rredinty span stmuctures, s cizne with sufficisnt resch to place 31 panels without gtdng on the bodgs is
tha praferred opton =nd shondd be wesd whenseer possble. This reethod not onlp protacts the ntegrity of tha
bomdline whils it cures but also aliows for srellarangls and wells o be wead for the haunches.

189



Installation Ghids

MM TR BIIJigE Tzl o tin Marivila Cvmpusiles M
A

4. Jacking the panels
Tha pansl finld joint cwstlap 4 (ongue-in-gmonss tppe jomt), so the pansls will nesd o ke shid 4747, depending on
how closs the pare lowsred into place. Pansls ars jaclied into place by roeans datarvinsd by the contreetor. In the
past, jacle wellad 1o 3 sesl phe were chivped to the top flangs or the angls supports. Thars are sveral other
options which k2 can share with the contrmetor, but wiiretsl p the reethod for the placing of the paneals is the
msponability of the confrator. BAbdC wall wodo with the confractor with his proposed reethod . For roost bodges,
e jacling locations sach sids of the centarling will te sufficiant hibdc! will
pronids frekers that will fit the shape of the d2ch © jaclisgming. The penels
shold be jaclesd coropletaly togathar so that the lip of the farvala snd ==akE
flush agminst the op daclisudfac: on the el end. Whils the jacling
przszure is sl being spplisd penvensnt FREF dowel bars are insalled in tha
lip= of tha fi=ld joints pror to relsssng j=cl presars © pootzct the inte gty
of the bondline whils itcures Dibdi will prondds the FEP dowel bars,  After
tha dowesl bare are in ples and the jacling pressure has been ralaassd all
anass sdhasive that has been squaseed out of the bondline shall ke sl off
flush with the top surface of the dacl with 3 scraper befors the adhesve cures.

B L - s w -

T. FEPFP splee s@wips on panel fleld Jodnis

Afterall the pansls are in plece and the fz1d bondlines haee sufficiandy cured (uswally cnemight) FEFP splics stmips
are installad cer the bondlites, Thess strips will be 320= thaedal fabric and will te daliversd o the Hte pre-cut o
T widz and 1o the properlangh (will wiap overweriosl adgs of decll). Staps for the metallation of thess Simps 3=
== follones

1. Tha bonding surfzcs will te prapered in the shop bt will need o be sandad (40000 grit smndpeper ) or
gmund Lightlyin the fizld to mreoes all contarvinants and ansure 3 good bonding surface (snd the section
untl all of the ghoes = alivanated and the urface &= thomghly oughened).

2. Afterssnding/erinding, the surfsce will ne=d © be blown s clean == posible with an & coropre=or 2nd
wiped with scatone wips prior o spplicaton of tha strps., Allow scetons o cotoplataly doy.

3. A vyl 2ster reein and stesl rollars will be wsed towetout the faboe. Cetalyes and roix fhe resin in ons
mallon containers, The pot Life of the rsin rdx is tenpemiure dependant Themfore, the awmount of catalyst
rrowst b reodifisd according 1o =i tarnpemture and dasired woddng tivee. The following charts dapict the
poper caieliet and protroer soounts 2nd are beesd on specifications for Baichhold 58006 resin sjetatre:

Reichbeol S50-05 Mirng retructions per gal i
Poured of Besin Gallons of [ Lbzofresn | MESF ]| MEF ] Coblph | Corlaph
Gel Time | MEKF | Gotleph | lresin@is Fl_ @7sF | o Vi) wey | e
| Tap By ] dnirunest § 03] [L=E] igal) il 5, or il S cootml |
b % 1 =3+ 120 qesi [ 54 1544 |
40 S0-d0 24 0.7 2 i 12% 9252 0.5 HET
=21 ] el L2:11] 15 e e 255 15 L& 0o
=1 20030 20 0.5 i <] 120 18520 0,43 E1.md
SOedn 15 g = [ i 139 2oalsd [ 54 s
450 12 0.5 B 51 12% 2T 0.5 o a2
P 18- 15 g T Sa5 15 Sodde 0 a3 Js te
2030 14 0.4 [ 5] 120 ST0.dE 0,43 12349
SOedn 12 0 ] TES 139 [ [ [ 54 Bl
) 1525 12 0.3 10 =] 129 o B3, 05 10,03 154 65
K 12 [
-4 049 0.2

Resin derwity @ 5 baig
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ITotest

+ Add the reguired prommeter and catabest to the desired amwunt of resin, Clatabeee only one
pallom at atioe.

+ Mz cesindeatabest for oot lessthan one minute, & doill and a bigh shear coizer should be otilzed.

+  Mever min Colfaph with IEKF iothe same container.,

4. Afterthe entire splice sutfacs is coatad with resin, By the 32 o, fabaic (chop side dowm) and mll oa with
the seal mollere.

5. Foll the reat in the dirsetion of the joint, then mil the ¥at peIpendicular tothe joint. Thiswill fomma out the
=T Basin will soaln up though the fabmic. [fdry spots appesr, sppl p addificonsl =En on the topof the
faboc as necessary if thars are sl dry spots =qd mll out untl fboc is toedly wet out.

&, If there = apoess Tesinon the top or sid=s, soaloup the epcess Ecin with s peintoesh

i will poonvids all rratemals and tachnical owsrsight for tha instalation of thes srips and the comrachor will be
rsponsibla for the 1shor and aquiperrent. Thess srips will nesd 1o ufficiant] pcurs Cuswally cwsrndght) before
wodrars 312 slowed towellion tharn Priorto instsling the cwverlsy, ght ssnding with 4060 gmit ssndpeper iz
rootrrrendsd for pooper adhason.
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§. Imnstallatdon of shear studs (deck-to-girder conmestdons)

Aftertha splice stips have cured, the connentional headed shearstuds reey then be welled 1o fe beares, Afterall
of tha stwds 31 in place and hawve besn t2sted in sccomdanes wit DT specifications, the none-shrind o goout ey e
Placad.

% Installadon of nomshrink grout pocket: and hawmches

Afterthe shear studs have heen inselled, the stud pocliets and haunches ey than be gmutsd. The gouting
ofertion shall rest the following specfication. SileSrout2]s has been woed and ussd in the paet, butabemats
Fonuts rresting the specification ars sccepiable. The grod will floww thaowgh e stud poclests 1o fill W the vadable
depth haumch betwesn the bottoroof e daclo and the top of the temrn  Grout will fow wndstnesth daclobo sdjzeant
holz, than 611 goout pocliets. Itis wary immportEnt to met the haunches and cadte s coreple ']y fll=d without any
voids, A reobils roieer loc sted off the and of the bddgs snd = purop to get the goont outon the bodgs iz highly
recorrreendad. Care should also be talen to prevent spillage onto dacl sudacs (plastic wes wssd on previous jobe.

=
=

NONEHRINK GROTUTFOR HATTMCHES AMD SHEAR ST P OCKECTS

Lo Materials and Mizing,
Thz nonshrindt grout shall te = flowsbls nonreetallic goont reesting the requirstcents of ASTRA O 1107 Gede
.

The roicture shall haes @ fow of 12594 10 145% wheen tested in accordamnc 2 with ASThd O 106k, The grout

shall hawvs 3 reearoonnallowabls spancon of 196 at 3, 14, and 28 dayps whan sted in accordance with
ASThA e 10, Tha =xpansicn st 5 =and 14 daps shall not be grester than the expansion 3128 days.

Tha gront shall have 3 cormpressive Siengh of ot 1ess than 34 biFs at the age of T dayps and 40 MFPaat the ag=
of 14 d=ays when tested wang the applicabls porbions of ASTEL O 10EMd, The coropresawe steength specitrens
chall te producad fove s paxnime of the dry gout 2nd sufficiont weter o produce 3 fowshls rduure, The
initial ===t shall not be Jess than &0 reinwes whan te=ted in accordamece with A% Thed O 05D,

The re=sismnce of the grout to freeee thaw shall be such that it raintEine 3 rlstive dynaiic rodules of ekbaticiy
of ot less than 4004 afer 300 ¢ polas when tasted in sccordance with AASHTO T 141, Procssdurs B

Tha gront product will be accaptad pooddad that cedified test dats is subroittad that reflects confonrvenc: with
the mqwirstrents stated hersin,
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bdircng shadl be dons with miating peddle-type wrixdng rechines 3nd shall te continued untl all ingrediants ars
thomowghly redeed. Omce ropeed, gout shall not be EEerpersd by the addidon of weter and shall be placed
within 1 honr,

20 Formiog and Flacing,

The forrve =hall be constmucte d of wood, retal or other needal spproved by the Enginesr. The forree shall e
constmctad o migin the gout without laalmes, Ansdhesve-bacleed fomn bed shall te placed on the tops of the
fortee i comtast with the dacl panels in ordst to seal the inedface . Tha foorns shall be desimmead to rarvsin s
toshape and rigidly support tha weight of the FEFP panzls and sl netarels aquippreTdt and personnsal necesssry
for placatrent of the gmout. Foons shall be setand reeintuined 1o the ines and medes specifisd on the plans and
in 3 rranneTappmoyed by the Enginser il their rrooval.

All iz md=, bolts, anchorzges and other fomvdng hardwers which 1= incorporsted into the haunches shall be
malvanimed . Tis mods, bolts and anchomges, within the forree shall be constructad 20 25 1© perriit their reroval
to s dapth of 3t last 40 ron foen the face witout mjury to the conerete. Wirs des, whan weed, shall b= cut
tecli st least 15 nevfrornthe face of concrete wpon rereovel of the fonns. Al fitings for roetal fies shall be of
such dasign that, wpon their revnonal the cavities which ars it will be of the sralle=t practcal d=s.

If staj-in-placs fomve 312 not weed, the fonve should be lined or costed with 3 bond-trealer sppooved ey the
Enginzer. The fonre shall ot e mrooved until the groadt has hardened sufficiantly that it will ot ke d=erarsd
and untl the Enginser has sppoowed such r=rowsl

Tha grout shall be placed = renner and sequancs such thatall woids ae cormpletely Glkd. WVent holes or
tukes i the fomoawodn shall be stzed and located as necessr p to prenent &t snimperent I the Contmmetor's
reethods of placatrent do not achisve full coversgs of the grout, 35 daeovined by the Enginser, puroping of the
ot wall e requirad.

The gmout shall be placed contmeonsly. Drelivery, roedng 3nd placetrent shall procesd such that thars wdll ot
b an intermption of rrore than 15 roinutes duston in the placing of the goont onser = singls gmrdar.

3.0 Finkhing and Caring,

The axpoeed top surface of e grout shall te shall te stowclooff flush with the top of the decloand fini<hed with
o flomt, The surface shall be given = final finich by bowshing with = boistl brush The brush shall be drmsm
Ioes the gmont =t right angles to the centedine of the madwsp.

Tha arpoed surfases of the st shall be wet o ure for 3 roindrorooof 5 dase or == diTected by the blamutfactrsr
toachizwe the mquirsd design strength. The ree thod of wet cunng shall be o scoomdance: with the TOT

Drrpvediztel p aftar revocnval of forrve, the srposed sudsces shall be fnished in accord=nes with the TOT
spacifications spcept that gronut cleaning and 3 mubbed finich is ot Equited.

d. Application of Loads,
“Fehicles, squiprrent 3nd reeterizls will not be peoatted on the bodge untl the gromt has achisved = roiniemn
cohpreEsle sitength of 40 hE3.

10, Fimal pour for integralssemd-Intesral backwalls (Hf appleahle)
If integrs] or ss¥ri-inte gral bacloalls ars wed, the finel pour will typically e dons after the dacl pansks arsin placs
and the goout for the connections 2nd hauneches hawve cured.

11. Imstallation of haxrier xafls'ewrhs and expanston Jodnds (If applicalle)
Afterthe grout has achisved a roirdreatn cotopressve siength of 40 bips, the barmsr mil'curhs 3nd axpansion joints
can be installed .
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1L Imstallation of overly (asphalt as:umed)

Tha daclrwill be shipped toths sie with anepocy non-s1id sudfac: . Pror tappling e ek cost and ovedap »
high pressire wetaT Wlact (prefrehly whing = da mreacer’) will be required by he confreeior in the fisld pror o the
BEpLGEOn Of the Wealmy sufsce Ho TSnonds snj Gonismmants, AL 1o corrplete Ly oy belore 3ppLMLT tBol coat
and ==phal.

The t3pe of oveday isthe cwner' schodcs. I another tppe of ovedsy is damed nehas poljpner concrete or 1odcm
slica rrodifisd concete, the spoecy il wall be slivinats’ and the surfacs will be haaily ssndad proor © being
shipped 0 the jobsite. A light sandtlzst will then be required at tha site afer the dacliis in phee, and sfterclzaing
tha amfara A pritretwnll he appliad totha dacdr aimfaes mior tothe msteginarIbtian Farostzgs ntharthan
==phalt 3 reed application i highly eocrverexdsd.
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B.11 Timdine

The following charts provide schedule details for the demolition of the old
superstructure, and for the construction of the new GFRP deck system. Asit can be seen,
the actual deck installation required only afew days to complete.
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APPENDIX C

INSTRUMENTATION AND LOAD TESTING

C.1 Instrument Description

In order to monitor the behavior of the bridges, severa types of instruments were
used. The two basic categories of instruments were displacement and strain instruments.
Displacement transducers and linear variable differential transformers (LVDT) were
used to record vertical deformations of bridge girders and decks. Strain transducers,
strain gages, and LVDTs were used to record strain readings on the elements of the
bridge superstructure.

The Celesco displacement transducers used in this project utilize a voltage source
to record displacement by measuring the change in resistance of the potentiometer. The
displacement transducers were calibrated by UNC-Charlotte Cameron Research Facility’s
Metrology Lab to an accuracy of 0.01 in. Each instrument had a maximum stroke of 20
in. Figure C.1 shows severa views of displacement transducers mounted in position.
Since the instruments required a stable base, especially on uneven ground, a concrete
masonry unit with an attached plywood-mounting strip was used.

Figure C.1 Mounted 20 in. displacement transducers

A second type of displacement transducer was used to measure the position of the

load vehicle during the tests. This 140 ft — stroke device was calibrated to an accuracy of

2.0 in., and it was mounted on a bracket that alowed it to be placed in a 2 in. truck

receiver. The other end of the string was attached to the loading truck’s rear or front
bumper, depending on the loading position.

The BDI strain transducers were the primary strain measuring devices. These

instruments devel oped specifically for bridge tests have an accuracy of 2 % with a strain
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range of 4,000 microstrains ( ). There were two mounting possibilities for these
instruments. The preferred method was using two mountings tabs attached to the surface
of the bridge member at the predetermined location (see Figure C.2). These tabs required
that the surface be free of soil, debris, rust, and paint. Therefore, each location was
grinded down to ensure a smooth, clean surface to adhere the tabs. The tabs were
adhered using either atwo-part epoxy, or Loctite’'s 410 Adhesive and 7452 Accelerator.

Figure C.2 Strain transducer

However, the performance of these adhesives was dependent on the current
atmospheric conditions. Cold and rainy days made the curing process extremely difficult
to control. Therefore, in cases where it was necessary and possible, c-clamps were used
to secure the instruments to the bottom flanges of stedl girders.

Towards the end of the project, up to twenty strain transducers were used at each
bridge site. In order to maximize the test data recorded during the last two bridge tests,
Zapata Engineering, a local engineering firm, generously donated the usage of six
additional strain transducers that were used with an additional data acquisition system.

Strain gages were the only non-reusable instruments used during the test. These
devices work by measuring the change of resistance over the gage length with an applied
constant voltage. The strain gages used for the tests were an open face design with an
overal length of in., and with alimit of 5 % total elongation.

Strain gages are inexpensive instruments. However, these devices were very
dependent on the quality of application. Usually, errors in the application process are the
main cause for inaccuracy in the readings. Hence, only qualified personnel were allowed
to attach these instruments to bridge members. The application process and the size of
these gages limited their use to steel girders. In addition, they require a lot of
preparation, and are easily damaged. Figure C.3 showsa in. strain gage mounted to a
stedl girder.

Initially, LVDTs were also used to measure the strain level on concrete members.
An LVDT is adelicate instrument, requiring frequent recalibration in the lab. The ones
avalable to UNC-Charlotte researchers generated a fair amount of electrical noise
compared to other instruments. Also, the accuracy of these instruments was within the
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actual strain measurements. For these reasons, at the beginning, the use of the LVDTs
was limited, and eventually discontinued.

Figure C.3 Strain gage attached to girder

Each of the previously described instruments was connected to a numbered data
cable that ran to the data acquisition (DAQ) system. The DAQ was a system consisting
of an HP mainframe and digital multimeter, a dual processor Gateway server (see Figure
C.4), and power supplies. Each numbered cable (ranging in length between 80 ft and 180
ft) was then plugged into a designated channel, which read the gathered information into
a data acquisition computer program. At maximum, 112 instruments were used at one of
the bridges

Over the course of the seven bridge tests, revisions were made to the original data
acquisition program to improve speed. Also, new programs were written satisfy different
test needs, such as higher sampling rate for dynamic tests. Each bridge required a
different test program to be created. This was due to the variation in instruments for each
bridge, as well as the different strain gage factors. The number of instruments for the rest
of the bridges averaged at about 60 instruments.
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Figure C.4 Data acquisition system

As it was mentioned earlier, for two of the bridges, and additional portable DAQ
system was used to record data from six strain transducers. This portable DAQ consisted
of aDéll laptop computer with power supplies, and an Agilent multimeter.

C.2 Instrument Plans

Bridge 89-022 had instruments on the steel girders, and the GFRP deck panels. In
the instrumentation plan the goal was to determine the strain in both materials under a
variety of loading conditions; to prove the existence of composite action between the
girders and the deck panels; to establish the distribution of the load across the structure;
as well as to determine the amount of fixity at the abutments resulting from the use of
semi-integral back walls.

All seven girders were fitted with  in. strain gages on the bottom and top flanges
at the quarter and middle points. For this bridge, instrument locations are indicated by
type of instrument, position number, girder number, and location number (see Figures
C.5and C.6).

Position Number

Location Letter

SG-1G4g /

Instrument Abbreviation \ Girder / Panel Number

Figure C.5 Instrument identification for Bridge 89-0022
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/////GFRP Deck Pane

Top Flange Goge
SG-4G2G

Girder 2 (Midspan>

Bottom Flange Gage
SG-4Gaeg

Figure C.6 Placement and nomenclature of strain gage on steel girders

In addition to measuring the deflection of the girders, there was also an interest in
the net deflection of the GFRP panels. In order to measure this panel deflection, the
displacement transducers were mounted to a board, which was then clamped to the
bottom flanges of two adjacent girders (see Figure C.7). There were three displacement
transducers used in to measure the deck deflection. They were placed in bay 3, bay 4,
and bay 5.

GFRP Deck
| |
| |
— —
‘ ‘ Displocement
| -~ Troansducer
‘ ‘ Assembly
I ’7 I
[ < < < < < 1 ‘;‘
|
We4XS7 (Typ) = =—2.500 2.033" == =
~1"-11.500" =
FS’*E»OOO”;—
re— 3'-11.000" ————

Figure C.7 Displacement transducer for panel deflections
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The instrumentation of the remaining six bridges followed a similar plan. The
goals of these tests were to verify continuity, composite action, strain and deformation
levels, and transverse distribution of loads. These plans are provided in detal in the
individual theses of Brad Stiller, Chad Ritter, Tim Lawrence, and in the project report of
Claudia Prado.

C.3 Load Testing Procedures

The objective of any bridge load testing is to quantify the capacity of the
structure, which in many cases, well exceeds the theoretical values predicted by
traditional analysistools. Furthermore, during the analysis of the test data, it isimportant
to identify the inherent strength and stiffness reserves in a bridge, provided by
unexpected composite action or continuity/end restraints, by superior material properties,
or by contributions from secondary el ements, such as guard rails, parapets, curbs, etc...

The Manual for Bridge Rating through Load Testing (TRB, 1998) introduces two
types of nondestructive load tests, diagnostic and proof load tests. During a diagnostic
load test, a selected load is placed at predetermined locations on the bridge. The load
applied during a diagnostic test represents the rating load level. The structure’ s response
is monitored through instrumentation attached to the bridge. Finally, this response is
compared to analytical predictions.

During a proof load test however, the bridge is incrementaly loaded until it
reaches its elastic limit, or it develops visible signs of distress. As such, the proof load is
significantly higher than the diagnostic load, and can be used to verify the capacity of a
bridge. Since the proof load resultsin stresses close to the elastic limit, this must be done
incrementally, and by experienced personnel.

During this project, al seven bridges were tested up to their rating level. More
specifically, whenever it was possible, the goal was to find the truck load closer to the
operating level. Therefore, diagnostic load tests were performed on these structures.
This was aso evidenced by the low (sometimes very low) stress and deformation levels
reached in these tests. Furthermore, none of the bridges exhibited even the slightest sign
of distress, such as additional cracking, excessive deformation, concrete spalling, etc...

Due to the load levels required in this project, it was decided to use trucks to
perform the diagnostic load tests. In design and load rating H or HS type vehicles are
being considered. However, these are fictitious trucks, with similarities to real vehicles.
Therefore, an attempt was made in each bridge test to find the vehicle that will generate a
similar moment and shear diagram, in shape and magnitude, to the operating rating load.

This was not a simple task, considering the large variations in the seven bridges,
some posted at 14 tons SV, others spanning close to 300 ft with an intermediate support.
Finally, two types of trucks were used in this project. Thefirst truck was a concrete truck
(its use donated by Concrete Supply Co. of Charlotte, NC) loaded with wet aggregate.
Figure C.8 shows a diagram with the axle spacing and weights for the loaded concrete
truck. Obvioudly, this weight distribution changed dlightly for bridge 59-0361, the only
other bridge loaded with a similar truck.

This 9 yd truck had asimilar effect to an HS-25 truck for spans in the 40 ft range.
As it can be seen in Figure C.9, the bending moment generated by the concrete truck is
close to the one calculated with an HS-25, with 14 ft axle spacing. A comparable
similarity existed between the actual and theoretical shear forces as well.
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Figure C.8 Concrete truck axle loads and spacing — bridge 89-0022
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Figure C.9 Bending moment comparisons — bridge 89-0022
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The second truck type was a NCDOT tandem truck loaded with aggregate at
different levels (see Figure C.10). Thisloading system resulted in gross weights between
18 to 25 tons, close to most of the posting levels of the bridges considered. For bridge
59-0841 two of these trucks were used to simulate the effects of the governing lane load
(for al of the other bridges truck loads governed the design and analysis).

Whenever it was possible, the trucks were weighed, axle by axle, by the Division
of Motor Vehiclesin the morning of the tests. Also, the axle spacing was verified in each
case — this was necessary because there was a few feet difference in the tandem trucks
available on a particular test date.

Figure C.10 Tandem truck loading bridge 89-0219

As it was mentioned earlier, a diagnostic load test requires the positioning of a
loading vehicle at predetermined |ocations, while reading the bridge’ s structural response.
Based on this requirement, it makes sense to position the loading vehicle to locations on
the bridge that would generate the largest shear and bending forces, and vertical
deformations. In this project, four different loading protocols were followed: static,
dynamic, and slow movements, and finally, ambient traffic loading.

The static load followed the above-mentioned recommendations for diagnostic
testing. The trucks were positioned at dozens of locations throughout the bridges,
loading al the lanes, one at the time, from both traffic directions. In order to confirm test
repeatability, the most important locations were loaded twice, then the result compared.

For one of the early bridges, these same static “spots’ were loaded again, but with
a slow moving truck. The position of the truck along the bridge was recorded using the
146 ft displacement transducer. By comparing the result of the static and the slow
loading procedures, no real differences were observed. Therefore, it was decided for the
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rest of the bridge tests to eliminate the static loading. By doing this, the bridge testing
time was significantly reduced, allowing the bridge to be reopened much sooner, without
loosing important experimental data.

The dynamic load was induced by the loading truck traveling along the bridge at
the speed limit. This test method provided valuable information on the measured impact
factors for each of the bridges tested. And finally, for most of the bridges, the
instruments were recording ambient traffic data for at least 30 minutes after the
controlled loadings had been completed, and the bridges reopened for traffic.

C.4 Load Paths

For each of the seven bridges, load paths were specified for both static/slow and
dynamic test procedures. These load paths were designed to maximize the effect on
certain girders and deck segments. Once again, this section only provides the load paths
for one bridge, the rest of them are in Attachment D. Furthermore, a detailed description
and explanation for each of these paths are included in the previously mentioned theses
and report.

Bridge 89-0022 was tested using five load paths. Each path was chosen to subject
various components of the structure to the worst case of shear and moment/deflection.
The paths selected were (see Figure C.11):

Path 1. Truck traveling West to East with right wheels on G6.

Path 2: Truck traveling West to East with right wheel between G5 and G6.

Path 5: Truck traveling West to East centered on bridge.

Path 3: Truck traveling East to West with right wheels on G2.

Path 4: Truck traveling East to West with right wheels between G2 and G3.

h PATH 3 ﬂ

'

T 5TWH “

Figure C.11 Static load paths — bridge 89-0022
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stopping points are a'so summarized in Table C.1, and are shown in Figure C.12.

The stopping points used in the static testing varied depending on the path. These

The eight stopping points for this bridge were:

a)
b)
0)
d)
€)
f)
Q)
h)

Back wheels |ocated to produce maximum moment in span.
Back wheels located to produce maximum shear in span.

Back wheels centered in GFRP panel 1.

Back wheels centered in GFRP panel 2.

Back wheels centered in GFRP panel 3

Back wheels centered in GFRP panel 4.

Back wheels centered in GFRP panel 5

Back wheels positioned over joint between panel 2 and panel 3.

The slow testing was performed along the same paths as the static testing. The
location of the load path was measured and marked on the pavement with a chalk line.
During the testing, there was a spotter just in front of the load truck guiding the driver
along the proper path. The load was applied slowly across the span in order to avoid any
dynamic effects.

Table C.1 Stopping points for testing

Path Static
Number| a b c d e f g h
1 X X
2 X X X X X X
3 X X
4 X X
5 X X X X X X
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Figure C.12 Stopping points for static |oading — bridge 89-0022
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Bridge 89-022
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Figure C.13 Strain gage location on girders
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Figure C.14 Strain gage location on GFRP deck
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Figure C.15 Strain transducer location on GFRP deck
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Figure C.16 Location of displacement transducers
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C.6  Bridge59-0361
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Figure C.17 Instrumentation on Span 1
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Figure C.18 Instrumentation on Span 2
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C.7 Bridge 12-0271
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Figure C.19 Instrumentation for Span 1
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Figure C.20 Instrumentation for Span 2
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Figure C.21 Instrumentation for Span 3
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Bridge 59-0038
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Figure C.22 Instrument plan for static testing
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C.10 Bridge 12-0227
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Figure C.23 Instrument plan for Span 1



Pier

3 Point

Midspan

% Point

Pier

Girder 1

der 4

Girder 2 Girder 3 Gir
Key
Strain Transducer

Displacement Transducer

LVDT

Strain Gages

Figure C.24 Instrument plan for Span 2
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Figure C.25 Instrument plan for Span 3
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C.11 Bridge59-0841
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Figure C.26 Instrument plan for static loading
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C.12 Bridge 89-0219
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APPENDIX D

LOAD PATHS
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D.1  Bridge59-0361
Path Description of path Static Slow | Dynamic
No. a d|e| f]|g]|h
1 | Right wheel line over
. X X | x| x| x| X X
girder 4
2 | Truck centered in X X X
southbound lane
3 Right wheel line between X x| x| x| x .
girders3and 4
4 Right wheel line over
. X X X
girder 1
5 | Truck center of yellow line
) X X
on bridge
6 | Truck centeredin X . x
northbound lane
7 Right wheel line between X x
girders1 and 2

U

L]

Tt

\ WHEEL DIRECTLY OVER GIRDER 1
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D.2 Bridge 12-0271

Path #

Description

Right wheel line over girder 3

Load vehicle in center of lane

Right wheel between girders2 & 3

Load vehiclein center of bridge

Load vehiclein center of opposite lane

Right wheel line over girder 1

Load vehicle in center of lane

Right wheel between girders1 & 2

Load vehiclein center of bridge

MO|IO|T@|>|la|ld|lw|N]|F

Load vehiclein center of opposite lane

PATH1 G3 G2
PATHA Gl G2
| ]
PATH2  G3 G2
PATHB Gl G2

G1
G3
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D.3 Bridge59-0038
Path Description of path Static Dynamic
No. c
1 Right wheel line between
G6 and G7 (also middle of X X
northbound lane)
2 Right wheel line over G6 X
3 Center line of truck over
center line of bridge X
4 Right wheel line between
G1 and G2 (also middle of X
southbound lane)
5 Right wheel line over G2
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D.4 Bridge 12-0227

Path # | Description

Load vehicle in center of lane
Load vehicle straddling girder 3
Load vehiclein center of bridge

[

Load vehicle straddling girder 2 in opposite lane

Load vehiclein center of opposite lane
Load vehicle between girders 3 & 4
Load vehicle between girders 1 & 2
Right wheel on girder 3

Right wheel on girder 2

(o} Neool NN Ne N Né 1l RN WOV IV}

Path # | Description

Load vehicle in center of lane

Load vehicle straddling girder 2

Load vehiclein center of bridge

Load vehicle straddling girder 3

Load vehiclein center of opposite lane
Load vehicle between girders 1 & 2
Load vehicle between girders 3 & 4
Right wheel on girder 2

Right wheel on girder 3

>

—|T|®(MmMm|O|O|®

PATH1 G4 G3 G2 Gl
PATHA G1 G2 G3 G4
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D.5

Bridge 59-0841

Path #

Description (two trucksfor static, onefor dynamic tests)

Right wheel line over girder 1

Right wheel line between girders 1 and 2

Trucks centered in eastbound |ane

Trucks centered on bridge center line

Right wheel line over girder 5

Right wheel line between girders 4 and 5

Njojlo|lh~|lw|N

Trucks centered on westbound lane
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D.6

Bridge 89-0219

Path Description of path Slow Dynamic
No.
1 Truck centered in lane, traveling X X
towards Waxhaw
2 Truck centered on bridge center X X
line, traveling towards Waxhaw
3 Truck centered in lane, traveling X X
towards Waxhaw
A Truck centered in lane, traveling
X X
from Waxhaw
B Truck centered on bridge center X X
line, traveling from Waxhaw
C Truck centered in lane, traveling
X X
from Waxhaw
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