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This dissertation is an investigation of the use of fatigue of the strand in
prestressed concrete beams for the load rating of prestressed concrete bridges. The
criteria for load rating prestressed concrete bridges are provided by the American
Association of State Highway and Transportation Officials in the Manual for
Condition Evaluation of Bridges, which does not contain provisions for load
rating prestressed concrete bridges for fatigue. Rather, a serviceability criterion is
provided for the control of flexural cracks in prestressed members by limiting the
concrete tensile stress at the extreme fiber of the member being evaluated. The
initial thrust behind the research was the apparent discrepancy between the
condition of bridges observed in the field, which show no significant signs of
deterioration, and the expected condition from load ratings based on the current

concrete tensile stress limit. To investigate this discrepancy, a research program
vi



was developed that included diagnostic load tests of five existing bridges and a
series of fatigue tests on six, one-quarter scale specimens that were designed
behave similarly to the beams in bridges considered in this investigation. The
diagnostic load tests provided information used to evaluate the response of the
bridges to applied live loads, and the results were compared with the current code
provisions and the results from finite element analyses. The results of the fatigue
tests provided a link between the stress range in the prestressing strand due to
applied live loads and the fatigue life of the beams. Based on the results of the
load tests, fatigue tests and related analyses, recommendations for improved load
rating procedures with respect to the tensile stress criterion are provided and
alternative criteria for load rating prestressed concrete bridges based on the

fatigue of the prestressing strand are proposed.
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CHAPTER 1

Introduction

1.1 GENERAL

Highways represent a critical part of the infrastructure of the United States
and bridges are a key component of the highway system. Since the passage of the
Federal Highway Act of 1956, the American Association of State Highway and
Transportation Officials (AASHTO), which was the American Association of
State Highway Officials at the time, has been working with the Federal Highway
Administration, formerly the Bureau of Public Roads, in the development of
uniform, minimum standards for the design of highways.

An important part of developing specifications is incorporating changes in
technology and reflecting those changes in the specifications. Just as bridge
construction technologies have developed, the size of vehicles traveling on the
highway system has increased. Although new bridges can be designed to
accommodate the increased loads, older bridges must be evaluated to determine if
they can resist loads higher than originally intended. The Interim 2003 AASHTO
Manual for Condition Evaluation of Bridges (MCEB) is currently used for this
purpose. The MCEB provides serviceability and strength criteria that are used to
calculate the permissible loads that existing bridges can safely resist.

Two load rating levels are given in the MCEB: inventory and operating.
The inventory level rating provides the safe load that may be applied to the bridge
for an indefinite period of time. The operating level provides the maximum
permissible live load that a bridge may sustain. The consequences associated

with a bridge that fails to meet the minimum load rating may be costly, and



include posting of maximum permissible loads, increased frequency of
inspections, structural upgrades, or replacement. While the direct costs of these
scenarios are obvious, the indirect costs are more difficult to quantify. Indirect
costs include the increase in the cost of trucking and distribution of good and
services due to bridge closures and construction and the costs associated with
increased congestion due to remedial measures. Therefore, it is critical that the
evaluation of existing bridges be accurate while maintaining an acceptable level

of safety.

1.2 OVERVIEW, OBJECTIVES, AND SCOPE

1.2.1 Overview

Throughout the State of Texas, a significant number of prestressed
concrete highway bridges were designed and constructed during the 1950s and
1960s. Many of these bridges have load ratings that fall below the current
minimum design vehicle specified in the MCEB. Specifically, the load ratings for
these bridges are being controlled by the criterion in the MCEB that limits the
concrete tensile stress in prestressed concrete beams. As a result of the low load
ratings, TxDOT personnel are required to increase the frequency of inspection for
these bridges from once every two years to annually.

A low load rating would seem to indicate that these existing bridges would
show signs of deterioration due to daily vehicular traffic. However, observations
made by TxDOT during inspections indicate that the condition of these bridges is
good, and that there are generally no signs of deterioration. The discrepancy
between the conditions expected based on the load ratings and those observed in
the field was noted by TxDOT. In an effort to increase the load rating of these
bridges and reduce the required rate of inspection, TxXDOT increased the concrete

tensile stress limit used to establish the inventory level load rating. The limit
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specified in the MCEB is 6\/f7C’ , where f/ is taken as the specified compressive

strength of the concrete in the prestressed beams and the tensile stress is

calculated using the transformed, composite section assuming the section is

uncracked. TxDOT is currently using a value of 12\/Té to load rate prestressed

concrete bridges and has justified this increase in stress using the provisions in the
1995 Building Code Requirements for Structural Concrete (ACI 318-95)
developed by the American Concrete Institute.

However, ACI 318-95 is intended to be applied to buildings where the
fatigue limit state generally does not govern. Unlike buildings, bridges see
repeated cycles of the design load which makes the fatigue limit state more
significant. TxDOT realized that the provisions used to justify the elevated
tensile stress limit were in question. Therefore, TxXDOT deemed it necessary to
investigate the applicability and effects of using the elevated tensile stress for the
load rating of prestressed concrete bridges in Texas and sponsored this

investigation.

1.2.2 Objectives

TxDOT established two primary objectives for this investigation. The
first objective is to evaluate the applicability of the elevated tensile stress limit for
the load rating of prestressed concrete bridges. The second objective, which is
dependent on conclusions to the first objective, is to evaluate the effect on the
fatigue life of prestressed concrete bridges where an elevated tensile stress limit
was used for load rating.

The objectives of this dissertation are complimentary to the primary
objectives set by TxDOT for this investigation. The criteria for the evaluation of
prestressed concrete bridges prescribed in the MCEB are based on serviceability

and strength. However, bridges are subjected to cyclic loading and, therefore, the
3



fatigue limit state should also be considered. Therefore, the primary objective of
this dissertation is to investigate the use of the stress range in the strand as a
criterion for the load rating of prestressed concrete bridges. The second objective
is to evaluate the current load rating procedures and determine if the tensile stress

in the concrete can be used to estimate stress range in the strand.

1.2.3 Scope

TxDOT provided the research team with a list of thirty-three bridges for
which at lease one span failed to meet the tensile stress load rating criterion in the
MCEB. Five bridges from this list were selected for detailed investigation. The
bridges studied were two-lane, simply-supported, highway bridges composed of
prestressed concrete beams and a composite, cast-in-place deck. A total of eight
spans on the five bridges were inspected, instrumented, and load tested. Five of
the eight spans tested had load ratings controlled by the concrete tensile stress
criterion prescribed in the MCEB.

The measured data collected during the diagnostic load tests were used to
evaluate the live load distribution characteristics of each bridge and provide
insight into the condition of the bridges. The data collected were compared with
the results from finite element analyses.

In addition to the diagnostic load tests, laboratory fatigue tests were
performed on six, quarter-scale specimens. The specimens were designed based
on a prototype beam that was typical of the bridges studied in this investigation.
The philosophy behind the design of the test specimens was to achieve similar
strand stress ranges and median stresses at similar values of calculated concrete
extreme fiber stresses as that of the prototype bridge beam. The extreme fiber
stresses were calculated assuming uncracked sections, which is consistent with

the method of calculating stresses in the MCEB for the tensile stress criterion.



The stress levels considered were: 6/ fle , 7.5/ fée , and 12/, , where fl, is

the estimated in situ compressive strength of the concrete in the prestressed
beams. These index stress levels correspond to nominal strand stress ranges of
approximately 10, 20, and 40 ksi based on cracked section analyses.

Based on the results of the diagnostic load tests and laboratory fatigue
tests, conclusions are made regarding the use of stress range in the strand as a
criterion for the load rating of prestressed concrete bridges. In addition,
recommendations are made for improving the current load rating procedures for

bridges where the load rating is controlled by the concrete tensile stress criterion.

1.3 FATIGUE OF PRESTRESSED CONCRETE BEAMS

Previous research on the fatigue of prestressed concrete beams has focused
on the fatigue behavior of the prestressing strand. The primary reason for this is
that engineers generally produce designs where the fatigue strength of the
concrete does not govern. Per ACI Committee 215, the fatigue strength of
concrete is approximately 55% of the static strength for compression, tension and
flexure (1997). In addition, ACI Committee 215 (1997) states that concrete does
not exhibit an endurance limit, meaning that regardless of the magnitude of the
stress range, concrete will exhibit a finite fatigue life. Therefore, the committee
adopted a fatigue life of 10,000,000 cycles as the basis for their recommendations.

Recommendations related to prestressed concrete are summarized below.

* For concrete in compression, the stress range in concrete should not
exceed 40% of its compressive strength when the minimum stress is zero.
The recommended stress range decreases linearly as the minimum stress is
increased and is zero when the minimum stress is 75% of the compressive

strength. This relationship is shown in Figure 1.1.
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e If the nominal tensile stress in the concrete in the precompressed zone
calculated using transformed composite section properties exceeds 3,/ f{

under service loads and the minimum stress in the strand is less than 60%
of the tensile strength of the strand, the stress range in the strand should
not exceed 6% of the tensile strength of the strand based on a cracked
section analysis. This corresponds to stress ranges of 15.0 ksi and 16.2 ksi

for strand with tensile strengths of 250 ksi and 270 ksi, respectively.

e
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e e 2
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| | |

Stress Range/f ',
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Figure 1.1 ACI 215-74 (1997) Recommended Compressive Stress Range in
the Concrete for Design of Prestressed Concrete Beams Subjected to Fatigue
Loading

As reported by Shahawi and Batchelor (1996), the compressive stresses
produced in the concrete by the design fatigue loads are typically small when
compared with the fatigue strength of concrete. Therefore, fatigue of the concrete

is not considered in this investigation. However, the net tensile stresses in the

precompressed zone being investigated in this study are above the limit of 3,/ f/ .

Therefore, the stress range in the strand is considered to be critical to the fatigue

6



life of the beams, and the balance of this section will focus the fatigue

characteristics of the prestressing strand and prestressed concrete beams.

1.3.1 Fatigue Response of Prestressing Strand In-Air

Paulson, et al. (1983) studied of the fatigue characteristics of prestressing
strand. The study included a comprehensive literature review and fatigue tests on
prestressing strands. The results from over 700 fatigue tests were reported. Two
fatigue models were proposed based on the data. The first model, given in
Equation 1-1, represents the mean number of cycles that a strand should
experience prior to failure when subjected to cyclic loading for a given stress

range.

logN =11.45-3.51og$, (1-1)

where N is the number of load cycles at failure and Sy is the strand stress range, in
ksi. Due to the variability of the data, Paulson, et al. (1983) proposed a second
model for design purposes. A one-sided tolerance limit corresponding to a 95%
probability that 97.5% of the data would be above the limit was proposed. This
design model is given in Equation 1-2. Figure 1.2 shows the plots of both models

and the data that were the basis for their development.

logN =11-3.5logS, (1-2)

More recently, data were compiled and reported by Heller (2003).
Industry data that were provided to the University of Texas at Austin by VSL
Corporation and the results of fatigue tests on the strand used to construct the

fatigue specimens tested in this investigation are included. The industry data are
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shown in Figure 1.3, and the results of the tests performed by Heller (2003) are
shown in Figure 1.4. These additional data support the models proposed by
Paulson, et al. (1983).

1.3.2 Fatigue of Prestressed Concrete Beams with Straight Tendons

The research discussed in this section focuses on the fatigue studies
performed on fully prestressed concrete beams with straight tendon profiles. The
primary objective of a majority of the research presented focused on determining
the fatigue performance of the prestressing strands.

In a study by Overman (1984), fatigue tests were performed on seven full-
scale, prestressed concrete beams with straight strands. The specimens tested
were TxDOT Type C and AASHTO-PCI Type II prestressed beams with
composite 7.75-in. thick by 6 ft-3 in. wide cast-in-place slabs. The overall length
of the specimens tested was 48 ft. The results of the fatigue tests are summarized
in Table 1.1.

In addition to the fatigue tests, Overman conducted an exhaustive
literature review. Data from 41 prestressed concrete beams that were tested in the
1950s through the late 1970s were reported. The results of these tests are
summarized in Table 1.3.

A more recent study on the fatigue of prestressed concrete beams with
straight tendons was performed by Muller and Dux (1994). The results of the
tests on seven specimens with straight strands are summarized in Table 1.2.

The data from Overman (1984) and Muller and Dux (1994) are shown in
Figure 1.5. The fatigue models developed by Paulson, et al. (1983) are also shown
for comparison. The data shown in Figure 1.5 indicate that the in-air fatigue
model is a reasonably good estimate of the fatigue life of prestressed concrete

beams with straight tendons.
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Table 1.1 Summary of Fatigue Tests on Prestressed Concrete Beams with Straight
Strands Performed by Overman (1984)

Number of
. Strand Stress .
Extreme Fiber Fatigue
Beam ID Range**

Stress Level* (ksi) Cycles

(million)
C-16-NP-10.5-NO-0.58 3.5 fém 43.7 0.58
C-16-NP-7.2-OL-1.48 7.2 fem 24.0 1.48
C-16-NP-10.1-NO-0.91 10.1 4/ fom 49.1 0.91
C-16-NP-6.0-NO-1.91 6.0/ fém 27.8 1.91
C-16-UP-8.0-NO-1.73 8.0/ fém 20.7 1.73
C-16-CP-7.2-NO-2.54 7.2 fém 22.5 2.54
C-16-CP-5.5-0OL-9.43 5.5 fem 11.7 9.43

* Extreme fiber stress was calculated using uncracked, transformed, composite
section properties and the measured compressive strength of the concrete.

** Strand stress range was calculated using cracked, transformed, composite
section properties and the measured strength of the concrete.

Table 1.2 Summary of Fatigue Tests on Prestressed Concrete Beams with Straight
Strands Performed by Muller and Dux (1994)

Beam ID Strand Stress Range* Number of thigue Cycles
(ksi) (million)
PS2 27.6 7.06
PS3 27.6 207
PS4 27.6 417
PT2 31.2 1.23
VP2 36.3 1.51
VP3 27.6 2.93
VP4 27.6 7 89

* Strand stress range was calculated using cracked, transformed, composite
section properties and the measured strength of the concrete.
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Table 1.3 Summary of Fatigue Tests on Prestressed Concrete Beams with Straight
Strands Reported by Overman (1984)

Strand Number of Strand | Number of
Stress Fatigue Stress Fatigue
Beam ID Range* Cyc%es Beam ID Range* Cycgles
(ksi) (million) (ksi) (million)
Ozell and Ardaman (1956) Abeles, Brown and Hu (1974)
L-2 41 0.46 A3 58.3 0.11
M-1 60 0.28 A5 89.9 0.02
M-2 47 0.33 A6 94.2 0.02
M-3 18 0.94 A7 114.5 0.01
M-4 80 0.13 B1 13 2.52
Nordby and Venuti (1957) B3 79.7 0.06
6A 23.9 0.14 B4 54.3 0.17
6B 23.9 0.19 BS5 84 0.05
S6 29.4 0.84 B6 58.1 0.14
Ozell and Diniz (1958) Cl 62.2 0.16
S-2 49 0.78 C3 60.8 0.17
S-3 76 0.19 C4 46.4 0.39
S-4 68 0.51 D4 53.7 0.21
S-5 43.5 0.87 D5 86.7 0.05
S-6 32.5 2.27 D6 89.1 0.04
Warner and Hulsbos ((1966) D7 51.3 0.22
F1 44.5 0.14 El 46.2 0.31
F2 43.5 0.16 E2 27.5 2.05
F4 43.3 0.23 E3 27.3 0.76
Rabbat et al. (1978) E4 42.4 0.29
Gl1 18.2 3.78 E5 28.9 0.96
G13 20.1 3.20 F2 132.3 0.02
F4 132.8 0.02

* Strand stress range was calculated using cracked, transformed, composite
section properties.
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1.3.3 Fatigue of Prestressed Concrete Beams with Depressed Strands

In this section, research related to the fatigue properties of prestressed
concrete beams with depressed strands is presented. The research discussed
includes fatigue tests on prestressed concrete beams with segmental strand
profiles created with either one or two hold-downs. In this dissertation, strand
profiles with one and two hold-downs are defined as draped and inclined,
respectively. These strand profiles are shown in Figure 1.6.

Muller and Dux (1994) report results on the fatigue tests of both draped
and inclined strands. The results from five specimens with draped strand profiles
and eleven specimens with inclined profiles are summarized in Table 1.4. The
researchers investigated the effects of three parameters related to the hold-down
location. The parameters included the diameter of the pin, the change in angle of
the strand, and the bundling of strands at the hold-down locations. Based on their
data, and data from Hsu (1979), Rigon and Thiirlimann (1985) and Koch (1988)

the fatigue model given in Equation 1-3 was proposed.

fr = 0.12xlog(N) +0.75 (1-3)

pu

where S; is the stress range in the strand, fy, is the tensile strength of the strand,
and N is the number of load cycles at failure. The proposed fatigue model and
data are shown in Figure 1.7.

Based on the limited amount of data, Muller and Dux concluded that
fatigue life of prestressed concrete beams with depressed strands is decreased
when the ratio of the hold-down pin diameter to strand diameter is greater than the

conventional 2 to 1 ratio and when strands are bundled at the hold-down.
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Overman (1984) also tested four prestressed concrete beams with draped
strands. The specimens tested were identical in size to the specimens tested with
straight strands. Overman also reported data from six additional prestressed
concrete beams (Ozell, 1962 and Rabbat, et al., 1978). These data are
summarized in Table 1.5 and shown in Figure 1.8.

The data from fatigue tests on prestressed concrete beams with depressed
tendons are compared with data from fatigue tests on prestressed concrete beams
with straight strands in Figure 1.9. Data reported by Muller and Dux (1994) for
tests with ratios of hold-down pin diameter to strand diameter greater than 2 to 1
ratio and with bundled strands are not shown. The variability in the data for tests
on prestressed concrete beams with both depressed strands and straight strands

appears comparable.

W

Vo rrs i SIT7777 s
a) Inclined Strand Profile

Hold-Down (Typical)
M

PP SIPTFS s
b) Draped Strand Profile

Figure 1.6 Strand Profiles of Beams Previously Tested
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Table 1.4 Summary of Fatigue Tests on Prestressed Concrete Beams

with Depressed Strands Performed by Muller and Dux (1994)

Diameter of Pin

Inclination of

Number of

Beam ID P?:)rg?e% at Hold-Down | Strand at Hold- ?{;ﬁ;ﬂf&:i Fatigue Cycles
(mm) Down (degree) (million)
HD1025-1 Inclined 25 10 32.6 0.89
HD1025-2 Inclined 25 10 56.6 0.19
HD1025-3 Inclined 25 10 14.5 5.00
HD525-2 Inclined 25 5 15.2 7.74
HD525-3 Inclined 25 5 15.2 8.10
HD550-2 Inclined 50 5 15.2 3.80
HD550-3 Inclined 50 5 15.2 1.00
HD51400-1 Inclined 1400 5 15.2 0.84
HD51400-2 Inclined 1400 5 15.2 0.64
HD5B-2** Inclined 25 5 15.2 1.79
HD5B-3** Inclined 25 5 15.2 1.61
HD516-3 Draped 16 5 27.6 0.34
HD516-4 Draped 16 5 27.6 0.35
HD516-5 Draped 16 5 14.5 1.04
HD516-6 Draped 16 5 6.5 10.35
HD516-7 Draped 16 5 6.5 10.00"

" Fatigue test stopped prior to failure.
" Strand profiles shown in Figure 1.6.
* Strand stress range was calculated using cracked, transformed, composite section properties and the
measured strength of the concrete.
** Strands were bundled at the hold-down location.
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Table 1.5 Summary of Fatigue Tests on Prestressed Concrete Beams

With Depressed Strands Reported by Overman (1984)

Inclination of Strand Sir Number of
Beam ID Strand Strand at Extreme Fiber Ran e*: 5 Fatigue
Profile Hold-Down | Stress Level* (k%i) Cycles
(degree) (million)
C-14-NP-5.5-OL-2.29 Draped 3.3 5.5.f0 24.7 2.98
A-22-NP-6.2-OL-2.84 Draped 3.3 6.2/ fln 20.9 2.84
A-22-NP-6.2-NO-5.0 Draped 3.3 6.2./fl 20.5 5.00
A-22-NP-3.5-OL-5.95 (NF) | Draped 3.3 3.5/ f0 7.5 5.95"
G-10 (Rabbat, et al. 1978) | Draped 2.9 6.0/ fln 19.5 3.63
12 (Ozell 1962) Draped 3.6 Varied'" 15.3 2.50
13 (Ozell 1962) Draped 3.6 i 283 1.50
14 (Ozell 1962) Draped 3.6 (8.7 fem 24.4 0.76
15 (Ozell 1962) Draped 3.6 to 13.0 /fc'm ) 25.0 0.64
16 (Ozell 1962) Draped 3.6 30.5 0.21

" Fatigue test stopped prior to failure.
"' Values were not reported by Overman for individual beams.
* Extreme fiber stress was calculated using uncracked, transformed, composite section properties and the
measured compressive strength of the concrete.
** Strand stress range was calculated using cracked, transformed, composite section properties and the
measured strength of the concrete.
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1.3.4 Additional Studies on the Fatigue of Prestressed Concrete Beams

Rao and Frantz (1996) conducted fatigue tests on actual bridge girders that
were taken out of service. The bridge girders were precast, prestressed concrete

box beams, 36 in. wide by 27 in. deep, with a span of 56 ft. One beam was tested
at a nominal bottom fiber stress of 6\/Té and a measured strand stress range of

approximately 15 ksi. The beam survived 1.5 million cycles without a significant

change in behavior or increase in measured strand stress range. The other beam

was tested at a nominal bottom fiber stress of 9,/ f{ and an initial measured strand

stress range of 27.5 ksi. After 20,000 cycles, the measured strand stress had
increased approximately 5 ksi and wire failures in the strand were observed after

150,000 cycles. The concrete compressive strength ( f{) used to determine the

nominal bottom fiber stress was based on cores extracted from the girders.

1.3.5 Summary

Previously reported data from fatigue tests performed on strand in-air were
presented in this section. The in-air tests on strand were conducted at stress
ranges between 30 and 75 ksi. The results from these tests confirm the fatigue
models presented by Paulson (1983) for the stress ranges tested.

Results from fatigue tests on prestressed concrete beams with both straight
and depressed tendons were also presented. A majority of the tests were
performed at stress ranges above 10 ksi. There is significant scatter in the data,
particularly at stress ranges between 10 and 30 ksi. In addition, as shown in
Figure 1.9, the in-air design fatigue model proposed by Paulson (1983) appears to
overestimate the fatigue life of prestressed concrete beams with both straight and

depressed tendons.
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14 CURRENT AASHTO PROVISIONS FOR THE DESIGN AND EVALUATION OF

PRESTRESSED CONCRETE BEAMS IN FATIGUE

The Interim 2002 AASHTO Standard Specification for Highway Bridges
(AASHTO Standard) does not include specific provisions for the design of
prestressed concrete beams based on fatigue of the prestressing strand. Similarly,
the MCEB does not provide evaluation criteria based on fatigue of the

prestressing strand for prestressed concrete beams. Rather, both the AASHTO
Standard and MCEB limit the extreme fiber tensile stress to 6\/sz' . This limit is

reduced to 3,/f{ when the member is located in a severe corrosive environment

and to zero when there are unbonded tendons.

Unlike the AASHTO Standard, the Interim 2003 AASHTO LRFD Bridge
Design Specifications (AASHTO LRFD) provides fatigue requirements for
prestressing strand in prestressed concrete beams. Per the AASHTO LRFD, if the

tensile stress in the extreme fiber exceeds 3/ f. at a prescribed service load state,

the stress range in the strand is limited to between 10 ksi and 18 ksi for bonded
tendons with radii of curvature between 12 ft and 30 ft, respectively. In addition,
these limits assume fretting due to tendons rubbing on hold-downs or deviators is
not a concern. Where fretting is a concern, the AASHTO LRFD states that it is

necessary to consult the literature for determination of appropriate stress ranges.

1.5 DEVELOPMENT AND EVALUATION OF LIVE LOAD DISTRIBUTION FACTORS

Live load distribution factors are a critical part of the load rating process.
The method of calculating live load distribution factors (LLDF’s) in the
AASHTO Standard has remained unchanged since it was introduced based on the
work by Newmark (1948). The method of calculating live load distribution
factors in the AASHTO LRFD was first introduced in 1994 based on the work by
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Zokaie et al. (1991). The following discussions are based on the results of
investigations that discuss the accuracy of the AASHTO Standard and AASHTO
LRFD methods of calculating LLDF’s. In addition, the AASHTO LRFD permits
the calculation of LLDF’s based on finite element analyses. Therefore, some of
the discussions compare LLDF’s based on the AASHTO LRFD and finite

element analyses.

Chen and Aswad (1996)

The main objective in Chen and Aswad (1996) was to review the accuracy
of the approximate methods of analysis for determining LLDF’s in the AASHTO
LRFD using the results of finite element analyses. Analyses were performed on
simple-span, prestressed concrete bridges, comprising prestressed I-girders and a
cast-in-place concrete deck. The girders and deck were assumed to act in a
composite manner. The researchers investigated bridges with spans that ranged
between 90 and 140 ft, had overall widths of 48 to 60 ft, and had 5 to 7 girders
spaced at 8 to 10 ft on center. A comparison of the LLDF’s based on the finite
element analyses and those based on the AASHTO LRFD procedures indicated
that LLDF’s were reduced by 18 to 23% for interior beams, and reduced 4 to 12%

for exterior beams when finite element analyses were used.

Schwarz and Laman (2001)

The results of field tests on three prestressed I-girder bridges are
presented, and live load distribution factors were determined from measured
service load stresses due to normal truck traffic. The three bridges investigated
were similar in cross section and comprised prestressed I-girders and cast-in-place
decks. Girder depths ranged from 2.5 to 5 ft, spans ranged from 34 to 102 ft,
roadway widths were approximately 46 ft, and all bridges had 6 girders, which
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were spaced between 6.75 and 7.6 ft on center. Based on measured strains at the
midspan of each girder, it was concluded that both one-lane and two-lane LLDF’s
based on the AASHTO LRFD and AASHTO Standard were conservative. For
one-lane loading, the inferred LLDF’s were at least 17% lower than those
predicted by the AASHTO LRFD and AASHTO Standard. The AASHTO
Standard LLDF’s were 17 to 41% higher than those measured for two-lane
loading, with the highest difference occurring on the longest span. The AASHTO
LRFD LLDF’S were 23 to 33% higher than the measured LLDF’s for two-lanes.

Shahawy and Huang (2001)

The accuracy of the AASHTO LRFD procedures for calculating LLDF’s
were investigated in this study. The study compared LLDF’s based on AASHTO
LRFD with the results for the analyses of 645 bridge models analyzed using a
three-dimensional finite element model. The bridge configurations analyzed
consisted of spans ranging from 50 to 120 ft in length, with 4 or 5 girders spaced
4 to 10 ft on center, deck overhangs of -0.5 to 5.5 ft, and AASHTO Type II, III,
IV and V girders. The girders were modeled and were assumed to act
compositely with concrete decks ranging in thickness from 6 to 9 in. Shahawy
and Huang concluded that LLDF’s calculated using the AASHTO LRFD were
generally too conservative for strength evaluation and load rating purposes.
However, it was noted that for bridges with beam spacing less than 6 ft, and deck
overhangs of 3 ft and greater, the LLDF’s calculated using the AASHTO LRFD
were lower than those calculated using finite element analyses.

In addition, seven bridges were tested in the field to verify the finite
element models. The results of the finite element analyses were within 12% of

the values measured in the field.
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Barr, Eberhard and Stanton (2001)

A three-span, skewed prestressed concrete bridge was tested in this study
and the measured response was compared to results from finite element analyses.
A total of twenty-four bridge configurations were analyzed to investigate the
effects due to diaphragms, continuity, and skew angle. It was concluded that
finite element analyses reproduced the moments calculated using measured strains
from the load tests within 6%. In addition, the LLDF’s calculated using the
AASHTO LRFD were up to 28% greater than those calculated using finite
element analyses. The effect of end diaphragms was reported to significantly
reduce the LLDF’s; however, intermediate diaphragms had almost no effect.
LLDF’s were also found to decrease with increasing skew angles, an effect that

the AASHTO LRFD reasonably approximated.

1.6 OVERVIEW OF DISSERTATION

This dissertation contains nine chapters and fourteen appendices. Chapter
2 is a description of the five bridges that were studied in detail during this
investigation. Chapter 3 provides information about the diagnostic load testing
program and a description of the measured data collected during the load tests.
Chapter 4 provides the analysis and evaluation of the data collected during the
load tests. Chapter 5 discusses the design of the fatigue test specimens and
provides an overview of fatigue tests that were performed. Chapter 6 discusses
the results of the fatigue tests. Chapter 7 includes an overview of the load rating
procedures and discusses the results of the load rating analyses. Chapter 8
discussed the sensitivity of load ratings to the tensile stress criterion and evaluates
the use of strand stress range for load rating. The conclusions of this investigation

are reported in Chapter 9.
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The appendices provide information to support the discussions in the
chapters. Information included in Appendices A and B corresponds to Chapter 2
and describes the bridges in more detail. Appendix C corresponds to Chapter 3
and includes additional information on the diagnostic load testing program.
Appendix D corresponds to Chapter 4 and includes measured data from the load
tests. The results of calculations using these data are included in Appendices E
and F. Specifically, Appendix E and Appendix F include moments and live load
distribution factors inferred from the measured data. Appendix G includes a
discussion of the finite element program used and analyses performed on the
bridges in this investigation. The results of these analyses are provided in
Appendix H. Appendix I corresponds to Chapter 7 and provides information on
the load rating procedures used. The information included in Appendix I has been
previously reported by Wagener (2002), however, it is included for the
convenience of the readers of this dissertation. Appendices J through N
correspond to Chapter 5 and include analyses and material property information
used in the fatigue study. Appendix J is a discussion of the analysis of an interior
beam for one bridge that was used as the prototype for the development of the
fatigue specimens. Appendix K is a discussion of the material properties for
materials used in the fabrication of the fatigue specimens. Appendices L and M
describe analyses performed on the fatigue specimens and include the analysis of
measured data used for evaluating the effective prestress force in the specimens,
and the analyses of the fatigue specimens used for determining the loads applied
to the specimens during the fatigue tests. Appendix N corresponds to Chapter 6

and includes additional data and results from the fatigue tests.
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1.7 NOTATION AND DEFINITIONS

1.7.1 Abbreviation of Specifications

Throughout this dissertation, reference will be made to several
specifications that are currently used for the design or evaluation of highway
bridges. Because the investigation and recommendations are closely tied to these
specifications, the edition of each specification used is identified here for clarity.

The abbreviations that will be used for these specifications are as follows.

e MCEB - AASTHO Manual for the Condition Evaluation of Bridges
(Interim 2003)

e AASHTO Standard — AASHTO Standard Specifications for Highway
Bridges, 17" Edition (Interim 2002)

* AASTHO LRFD — AASHTO LRFD Bridge Design Specifications
(Interim 2003)

1.7.2 Notation for Concrete Compressive Strength

Two parameters that are central to this dissertation, the limiting concrete
tensile stress and the elastic modulus of concrete, are reported as a function of the
compressive strength of concrete. Although the concrete compressive strength
used for the evaluation of prestressed concrete bridges is typically taken to be the
value specified on the design documents, the MCEB permits the use of in situ
properties of the bridge for evaluation purposes. As a result, several values of
compressive strength are used throughout this investigation. For clarity, the
notation that is used to distinguish among the different values of concrete

compressive strength is presented here.
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* fe — Specified compressive strength based on design documents
. fc'q — Compressive strength determined from quality control test records
* fe — Estimated in situ compressive strength

* f¢n —Measured compressive strength of laboratory specimens

When the term f{ is used, any of the four values of compressive strength may be

appropriate. Care will be taken to discuss which value is most appropriate for

each specific application.

1.7.3 Definition of Index Stress

The tensile stress limit used in the AASHTO load rating and design
procedures is calculated using uncracked, transformed composite section
properties. For simplicity, the maximum tensile stress calculated at the extreme

fiber of the transformed cross section is defined as the index stress.

29



CHAPTER 2
Description of the Prestressed Concrete Bridges

Tested in this Investigation

This chapter presents an overview of the five bridges tested in the
diagnostic load testing portion of the project. In addition to general bridge
information, the material properties and cross-sectional properties are discussed.
The material properties and cross-sectional properties presented are used
throughout the analyses presented in other chapters, such as analyses of measured
data from diagnostic load tests, analyses used to evaluate the strand stress ranges
used in the fatigue testing portion of the investigation, load rating analyses, and
finite element analyses. More information regarding the bridges can be found in

Appendices A and B and in Wagener (2002).

2.1 OVERVIEW OF BRIDGE STRUCTURES

The five bridges investigated were selected from a list of thirty-three
bridges provided by TxDOT. A summary of the thirty-three bridges is presented
in Appendix A. All of the bridges on the TxDOT list included spans that had load
ratings controlled by the concrete tensile stress criterion presented in the
AASHTO MCEB (2003). A visual survey of these bridges was conducted and
spans were selected based on ease of access for instrumentation and load testing.
A total of eight spans on five bridges were selected and tested. Five of these
spans had load ratings controlled by the concrete tensile stress criterion. Table
2.1 summarizes general information about each bridge. The names assigned to

each bridge in Table 2.1 are throughout this dissertation.
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Table 2.1 General Bridge Information (Wagener 2002)

. Year . Daily Traffic % Truck
Bridge Name Completed Location Volume* Traffic*
IH35 @
Chandler 1965 Chandler 7,951 25%
Creek
Creek
FM 1431 @ 0
Lake LBJ 1964 Lake LBJ 8,300 5%
Lampasas FM 2657 @
P 1970 Lampasas 2,100 12%
River .
River
I FM 972 @ o
Willis Creek 1961 Willis Creck 800 16%
) RM 12 @ 0
Wimberley 1959 Blanco River 10,200 5%

*Recorded by TxDOT between 1999 and 2000.

All the bridges selected for load testing were two-lane highway bridges
comprising prestressed concrete beams and a composite cast-in-place deck. All
spans were simply-supported. Although the bridges were similar in layout and
construction, their overall dimensions did vary, as shown in Table 2.2. The spans
varied between 40 ft and 75 ft in length, roadway widths varied between 24 ft and
28 {t-8 in., beam spacing varied between 6 ft-8 in. and 8 ft and skew angles varied
between 0° and 30°. Detailed information about each bridge, including plan
dimensions, cross sections, beam details, curb details and diaphragm

configurations, are summarized in Appendix A.
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Table 2.2 Overall Dimensions of Bridges

[43

G 1
> o a o0
= = 175 175 o0} 175] *
Bigge | 2% ZE | £ | SE|SET SE| PE | B8 | 25 | % | 32
= ~ O ) ®) A @) B3) v — =
Name 53 é% 2B | za|lzad| ZzR8 | 8k |B<| P2 | & -
n = o
400" | 2 ]
C?iggfr 140" | 28'-0" 4 8-0" | 30° | 725" |No | 3-2"
60'-0" | 1 ]
Lake LBJ | 780" | 28-0" | 65-0" | 12 1 4 80" 0° 725" | Yes | 3-7"
Lampasas | ¢o0 | 26 0v | 75207 | 8 2 4 714" 0° 6.5" | No | 3-1%"
River
Willis 130’ | 240" |65-0" | 2 1 4 6'-8" 0° 6" |Yes | 2-10"
Creek
400" | 5 2
Wimberley | 440" | 30-0" 5 6-11" | 220 | 625" |Yes |2-2%"*
60'-0" | 4 0

* Overhang reported is an average dimension. Overhang varies because bridge deck is curved in plan.
** Curb dimensions vary. Curb details are included in Appendix A.
" Deck overhang as measured from centerline of exterior girder to exterior face of curb or slab.




2.2 COMPRESSIVE STRENGTH OF CONCRETE

As discussed in Chapter 1, the load rating for many older prestressed
concrete bridges in Texas is controlled by the concrete tensile stress criterion in
the MCEB (2003). TxDOT currently uses the specified concrete compressive
strength in all calculations to establish the load rating. The actual concrete
compressive strength is likely to be considerably higher than the specified value;
therefore, available data were used to estimate the in situ strength of the concrete.
Various estimates of the in situ compressive strength are discussed in this section.
Additional information on the measured concrete material properties for the five

bridges is summarized in Appendix B.

2.2.1 Specified Compressive Strength

Design calculations are based on the specified compressive strength of the
concrete; however, the average measured strength of the concrete must exceed
this value. Most ready-mix suppliers design concrete mixtures such that the
average measured strength at 28 days exceeds the specified compressive strength
and thereby avoid the costly penalties associated with supplying under-strength
concrete. Additionally, there are significant economic advantages associated with
early form removal in the precast, prestressed concrete industry. Through a
combination of concrete mixture design and curing, the concrete achieves the
specified strength at an early age to maximize throughput at the plant. For these
reasons, load rating calculations based on the specified compressive strength of
the concrete are considered to be conservative. The specified concrete

compressive strengths, f',, for the bridges considered in this study are

summarized in Table 2.3. The specified compressive strengths for the prestressed
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beams in the bridges in this study were 4000 psi at release, f'_;, and 5000 psi at

csi o

28 days, f',, except for the Lampasas River Bridge which had a specified

compressive strength of 5100 psi. The slabs and curbs for bridges in this study
had a specified compressive strength of 3000 psi.

Table 2.3 Specified Compressive Strength of Concrete (Wagener 2002)

Beam Slab Curb

. f ' i f ' f 1 f 1
Bridge Name o © © ©
(psi) (psi) (psi) (psi)

Chandler Creek 4000 5000 3000 -
Lake LBJ 4000 5000 3000 3000

Lampasas River 4000 5100 3000 -
Willis Creek 4000 5000 3000 3000
Wimberley 4000 5000 3000 3000

2.2.2 Construction Quality Control Records

The compressive strength of the concrete was measured during
construction as part of the quality control process. These data were available in
the TxDOT archives for the prestressed beams used to construct four of the five
bridges and for the cast-in-place concrete used in the slab for the Chandler Creek
bridge. All results correspond to compressive strength of 6x12-in. cylinders.
Throughout this dissertation the maximum compressive strength measured during
the quality control tests will be called the quality control compressive strengths,

fle

Data from compressive strength tests on concrete from the prestressed
beams were available at ages between 1 and 21 days. The average compressive
strength at each age for spans where test records were available is shown in

Figure 2.1. The average compressive strength for each span at release of the
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prestressing and for the latest available record is summarized in Table 2.4 and

have been designated f',; and f',, respectively. As reported in Table 2.4, the

compressive strengths based on the latest available record were between 48% and
74% higher than the specified compressive strengths.

Data from compressive strength tests on concrete from the Chandler Creek
cast-in-place slab were available at ages between 3 and 28 days. The average
compressive strength at each age is shown in Figure 2.2. The average

compressive strength at 28 days is reported in Table 2.5, and was 76% higher than

the specified compressive strength.

Table 2.4 Maximum Concrete Compressive Strength Reported in Quality
Control Records for Prestressed Beams

Release Latest Available Reports
Bridge Name No. of f'c?i Age® | No. of f'c.q flog/ f'e
Tests | (psi) (days) | Tests (psi)
Chandler | 40-ft Span 19 5100 18 2 7400 148%
Creek 60-ft Span 2 5500 14 6 8700 174%
Lake LBJ 30 5100 14 26 8000 160%
Lampasas River 8 6000 10 2 8300 163%
Willis Creek 4 5400 21 4 8600 172%

* Age after placement of concrete.

Table 2.5 Maximum Concrete Compressive Strength Reported in Quality
Control Records for Cast-in-place Slab in Chandler Creek Bridge

Latest Available Reports
Bridge Name Age Number f £
(days) of Tests (psi) “ane
Chandler Creek 28 6 5300 176%

32



9000

¢ A
+ o+ * X "
7500 n ]
& ]
5
2 6000 * *
& mA *X A
2 " X
2 4500
2
9
£
% 3000 @ Chandler Creek - 60-ft
& W Chandler Creek - 40-ft
3 A Willis Creek
1500 - .
+ Lampasas River
X Lake LBJ
O T T T T T T T
0 3 6 9 12 15 18 21 24

Age (days)

Figure 2.1 Measured Concrete Compressive Strength Obtained from
Construction Quality Control Records for Prestressed Beams

6000

5000 A

4000 - 4 *

3000

2000 A

Average Compressive Strength (psi)

1000

# Chandler Creek - Slab

0 T T T T T T T
0 4 8 12 16 20 24 28 32

Age (days)

Figure 2.2 Measured Concrete Compressive Strength Obtained from
Construction Quality Control Records for Slabs

33



The values of concrete compressive reported in Table 2.4 based on the
latest available quality control test record, are considered to be lower bound
estimates of the in situ compressive strength of the concrete in the prestressed
beams. Quality control test records were not available for the prestressed beams
in the Wimberley bridge. Therefore, quality control compressive strengths were
assumed to be the average of the quality control compressive strengths of all other
beams in this investigation. Additionally, quality control test records for concrete
in the cast-in-place slabs and curbs were only available for the Chandler Creek
bridge. Therefore, the quality control compressive strength for all other cast-in-
place slabs and curbs was assumed to be the same as for the Chandler Creek slab.
The quality control compressive strengths that will be used for analyses

throughout this dissertation have been summarized in Table 2.6.

Table 2.6 Summary of Quality Control Compressive Strengths

Beam Slab Curb
Bridge Name ' L f'y 'y
(psi) (psi) (psi) (psi)
Chandler 40-ft Span 5100 7400 5300 -
Creek 60-ft Span 5500 8700 5300 -
Lake LBJ 5100 8000 5300 5300
Lampasas River 6000 8300 5300 -
Willis Creek 5400 8600 5300 5300
Wimberley 5400 8200 5300 5300

2.2.3 Estimated In Situ Compressive Strength

Concrete continues to gain strength with time; therefore, it is reasonable to
expect that the in situ compressive strength is greater than the compressive
strength reported in the quality control test records. The relationship between

compressive strength and age given in ACI 209R-92, Prediction of Creep,
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Shrinkage, and Temperature Effects in Concrete Structures, was used to estimate
the in situ compressive strengths using data from the quality control tests.
Compressive strengths estimated based on this model will be called the estimated

in situ compressive strengths, fg., throughout this dissertation.

The ACI 209 model uses the 28-day compressive strength and two

constants, ¢ and /f, to estimate the variation of the compressive strength with
time. The constants ¢ and f are functions of the type of cement used, Type I or
Type 111, and curing method used, moist or steam curing. Equation 2.1 is the ACI
209 relationship between the compressive strength of concrete at 28-days,

f'. (28), and compressive strength at all other times, f' (t). The constants, «

and £, fall in the range of 0.05 to 9.25 and 0.67 to 0.98, respectively.

fr() = ﬁ f1,(28) 2.1)

For the prestressed beams, the values of & and g were taken as 2.3 and

0.92, respectively. These values correspond to Type III cement and moist curing.

For the slabs, the values of ¢ and S were taken as 4.0 and 0.85, respectively,

which correspond to Type I cement and moist curing.

The data from the quality control tests (Table 2.4) were used in Eq. 2.1 to
estimate the 28-day strength. These estimates are summarized in Table 2.7 and
Table 2.8 for the prestressed beams and cast-in-place slabs, respectively. The
estimated 28-day compressive strength was between 56% and 88% higher than
the specified compressive strength of the prestressed beams.

The estimated 28-day compressive strength was then used to forecast the

in situ compressive strength at the time of field testing. These estimates are also
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summarized in Table 2.7 and Table 2.8. The estimated in situ compressive
strength was between 74% and 106% higher than the specified compressive
strength of the prestressed beams and 107% higher than the specified strength of
the Chandler Creek cast-in-place slab. The estimated in situ compressive
strengths of the prestressed beams and cast-in-place slabs used for the analyses of
bridges studied in this investigation are summarized in Table 2.9. The values
reported for the Wimberley bridge are the average of the estimated compressive

strengths of bridges for which quality control test records were available.

Table 2.7 Estimated 28-Day and In Situ Compressive Strengths of the
Prestressed Beams

Quality Control | Estimated Estimated In Situ Percqnt of
) Records 28-Day Specified
Bridge Name Time,t | f'g Strength | Time, t f'e Strength
(days) | (psi) | (psD) | (days) | (psi) |(F'e/ f's)
Chandler
Creek 14 7400 7800 12,500 | 8700 174%
(40-ft Span)
Chandler
Creek 14 8700 9400 12,500 | 10,300 206%
(60-ft Span)
Lake LBJ 14 8000 8700 13,500 | 9500 190%
Lampasas 10 | 8300 | 9500 | 11,300 | 10,300 | 202%
River
Willis Creek 21 8600 8900 14,000 | 9600 192%
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Table 2.8 Estimated In Situ Compressive Strength of Cast-in-Place Slabs

and Curbs
Quality Control Estimated In Situ Percept of
) Records Specified
Bridge Name Time,t | f'g Time, t f' Strength
(days) (psi) (days) (psi) | ( oo/ Tl
Chandler Creek 28 5300 12,500 | 6200 207%

Table 2.9 Summary of Estimated In Situ Compressive Strengths

Beam Slab Curb
Bridge Name P | s | fu s | Fl s
(psi)
Chandler 40-ft Span 5100 8700 6200 -
Creek 60-ft Span 5500 10,300 6200 -
Lake LBJ 5100 9500 6200 6200
Lampasas River 6000 10,300 6200 -
Willis Creek 5400 9600 6200 6200
Wimberley 5100 9700 6200 6200

2.2.4 Measured Strength of Cores Extracted From Chandler Creek Bridge

In addition to the estimates described in Section 2.2.3, the in situ concrete
strength was evaluated from compression tests of concrete cores. TxDOT
permitted a small number of concrete cores to be extracted from one bridge span.
The span selected was the 60-ft span of the Chandler Creek bridge. The cores
were obtained and tested in accordance with the Standard Test Method for
Obtaining and Testing Drilled Cores and Sawed Beams of Concrete (ASTM
C42).

Figure 3.2 shows the location and orientation of the cores that were
extracted from the structure. Two, 3-in. diameter horizontal cores were taken

from the web of each beam near midspan. The cores from the prestressed beams
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were extracted cleanly, did not contain any reinforcing steel and had an average
diameter and length of 2.72 in. and 7.00 in., respectively. In addition, three
vertical cores were extracted from the concrete slab near the eastern edge and
spaced equally along the length. In an attempt to avoid coring through
reinforcement in the slab, a HILTI Ferroscan FS-10 reinforcement detection
system was used to locate the reinforcement. However, all three cores extracted
from the deck contained reinforcing steel. As a result, in accordance with ASTM

C42, these cores were not tested.

Chandler Creek Bridge — 60 ft. Span &»
/I, Beam 8 96 | /
f 7 1 7 === Beam Lines
L r:é | L
7/ Beam7 | I_,-,Q 1 / = = = Diaphragm Lines
/ 1 g 1 /
/ 1 l?,.ﬁ 1 / (o] Core Through Girder
/ Beam 6 | v /
/ B’ B / o Core Through Slab
7 ! ’ ’
. 1 9-9 .
/ Beam 5 (o) [4) (o) /
7
£.-— Midspan
= Midspan

3" Diameter Core (5_—,—6

Near Midspan i

T~
e

Section A-A Section B-B

Figure 2.3 Chandler Creek Coring Plan
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Prior to testing, the cores from the beams were cut to an average length of
5.09 in. and capped with sulfur. The average overall length was 6.03 in., resulting
in an average length to diameter ratio of 2.22. The compression test results from
these cores are summarized in Table 2.10. The mean core strength was 7400 psi,
with a coefficient of variation of 12%. This is a 48% increase in strength over the
minimum specified design compressive strength.

As reported by Bartlett and MacGregor (1994), the strength of concrete
cores can be affected by several factors. These include, but are not limited to,
specimen diameter, specimen length to diameter ratio, moisture condition, core
damage, and the location and orientation of the core.

These effects have been recognized in ACI 318-02, which states that the
average strength of cores extracted from a structure is likely to be less than the in
situ compressive strength. In addition, ACI 318-02 permits acceptance of
concrete where core strengths exceed 85% of the specified strength, provided the
strength of no single core is less than 75% of the specified strength. Assuming
the lowest core strength, 7000 psi, is 75% of the actual compressive strength, the
compressive strength of the concrete in the Chandler Creek bridge beams may be
conservatively estimated to be between 7400 and 9300 psi. Therefore, using the
available material test records for load rating prestressed concrete bridges appears

appropriate.
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Table 2.10 Average Compressive Strength of Cores from the Prestressed
Beams of the Chandler Creek Bridge

Average Core Percent of Specified
Location Strength, ¢ Compressive Strength
(psi) (Fem/ f'es)
East Exterior o
(Beam 5) 7100 142%
East Interior o
(Beam 6) 7300 146%
West Interior o
(Beam 7) 7000 140%
West Exterior o
(Beam 8) 8300 166%
Mean 7400 148%
Coefficient of Variation 12%

2.3 CALCULATED SECTION PROPERTIES

The procedures used to calculate the uncracked, transformed, composite
section properties for the interior and exterior sections of each bridge are
described in this section. The plans, sections and details given in Appendix A
were used to establish the dimensions of the cross sections. Prestressing strand
configurations were based on the details provided on the design drawings. The
effective flange widths were calculated using the provisions in the AASHTO
LRFD Specifications, which are summarized in Figure 2.4 and Table 2.11. It
should be noted that the width of the exterior overhangs were not increased when
curbs were present as permitted by the AASHTO LRFD. However, the curbs
were included in the calculation of the transformed, composite section properties
for the exterior beams based on their transformed area and relative position.

Transformed, composite section properties were calculated for three

different levels of concrete compressive strength: f',, f'., and f',. The

cq ’

corresponding section properties are shown in Table 2.12, Table 2.13 and Table
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2.14, respectively. The modulus of elasticity (E.) for concrete was calculated

using Eq. 2.2 from ACI 318-02.

E, =57,000,/f", (2.2)

where f '. was the corresponding compressive strength in psi, and E; is the
modulus of elasticity in psi. The modulus of elasticity of the prestressing strand
was assumed to be 28,500 ksi.

The values reported include the transformed composite area (Acomp), the
transformed composite moment of inertia, (Icomp), the distance from the calculated
neutral axis to the bottom fiber of the section (yp-comp), and the distance from the
calculated neutral axis to the top fiber of the slab (yicomp). Throughout this
dissertation the transformed, composite section properties calculated based on the
three levels of compressive strength will be called the specified section properties,
quality control section properties and estimated in situ section properties,

respectively.
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bgr | b= Effective Flange Width.

d, For exterior beams, the effective flange width is the
‘—" minimum of the following:
Y ! 1. Minimum of L,¢/8 + d, or L,¢/4 where L g is the
I ] effective span length taken as the center-to-center

bth—t distance between the bearing pads
; sl 2. Maximum of 6t +t,/2 +d, or 6ty +b/2 +d,
w 3. Maximum of 12ty+t, or 12t +b/2

4. Minimum of S/2 +d, or S, where S is center-to-
center distance to the adjacent interior beam

(a) Exterior Beam

| begr R For interior beams, the effective flange width is the
'| minimum of the following:
l 1. L.y/4, where L 4is the effective span length taken
b T_ as the center to center distance between the bearing
i ty pads
t, 2. Maximum of 12t; +t, or 12t + b,/2
3. S, where S is center-to-center distance to the
adjacent beams (This assumes the spacing to the
adjacent beam is the same on both sides)

(b) Interior Beam

Figure 2.4 Effective Flange Width Used for Calculating Composite Section
Properties

Table 2.11 Summary of Effective Flange Widths Used for Calculating
Transformed Composite Section Properties

Interior Beam Exterior Beam

Bridge Name Desr Governing Desr Governing

(in.) Criterion* (in.) Criterion*
Chandler Creek — 40’ Span 93.5 2 84.8 2
Chandler Creek — 60" Span 94.0 2 85.0 2
Lake LBJ 94.0 2 80.0 2
Lampasas River 85.0 2 80.0 2
Willis Creek 79.0 2 73.5 2
Wimberley 81.5 2 55.8 2

* Criteria are given in Figure 2.4.
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Table 2.12 Specified Section Properties

' Interior Beam Exterior Beam
Brldge Name Acomp Icom yb»comp yt-comp Acomp Icom yt)—comp y1-comp
(in.%) (in.") (in.) (in.) (in.%) (in.%) (in.) | (in)
Chandler Creek — | ¢q0 | 163000 | 28.1 13.2 847 | 158000 | 27.5 | 13.8
40" Span
Chandler Creek — | 043 | 579000 | 303 16.9 992 | 269000 | 29.6 | 17.7
60" Span
Lake LBJ 1058 | 283000 | 30.3 170 | 1090 | 331000 | 31.8 | 154
Lampasas River 942 | 254000 | 285 | 18.0 917 | 249000 | 28.1 | 184
Willis Creek 884 | 233000 | 27.7 | 18.4 935 | 269000 | 292 | 16.8
Wimberley 772 | 144000 | 26.1 142 753 | 168000 | 27.0 | 13.2
Table 2.13 Quality Control Section Properties
' Interior Beam Exterior Beam
Brldge Name Acorgp Icom Yb-comp Yt-comp Acorilp Icom Yb-comp Yt-comp
(in.”) (in.”) (in.) (in.) (in.”) (in.”) (in.) (in.)
Chandler Creek = | o431 166000 | 286 | 12.6 889 | 161000 | 28.1 | 13.2
40’ Span
Chandler Creek =\ 0,1 | 576000 | 305 | 1638 990 | 266000 | 29.8 | 17.5
60" Span
Lake LBJ 1068 | 282000 | 30.7 | 166 | 1113 | 333000 | 323 | 149
Lampasas River | 954 | 255000 | 29.0 | 17.5 928 | 249000 | 28.6 | 17.9
Willis Creek 883 | 232000 | 27.9 | 18.1 935 | 268000 | 294 | 166
Wimberley 783 | 144000 | 264 | 13.8 763 | 169000 | 27.4 | 12.9
Table 2.14 Estimated In Situ Section Properties
' Interior Beam Exterior Beam
Brldge Name Acomp Icom yb—comp Yt-comp Acomp Icom Yb-comp Yt-comp
(in.%) (in.%) (in.) (in.) (in%) (in.%) (in.) | (in.)
Chandler Creek —1| o) | 165000 | 286 | 126 887 | 160000 | 28.1 | 13.2
40’ Span
Chandler Creek — | 535 | 574000 | 30.5 16.8 986 | 265000 | 29.8 | 17.5
60" Span
Lake LBJ 1062 | 280000 | 30.7 | 166 | 1107 | 331000 | 32.3 | 14.9
Lampasas River | 939 | 251000 | 28.8 | 17.7 014 | 245000 | 284 | 18.1
Willis Creek 891 | 234000 | 280 | 18.0 944 | 270000 | 29.6 | 164
Wimberley 779 | 143000 | 264 | 13.8 760 | 168000 | 27.4 | 129
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24 SUMMARY

An overview of the bridges being studied was presented in this chapter.

f' . and

Three different estimates of compressive strength were discussed: ', ',

f'.. For each estimate of compressive strength, transformed, composite section

properties were calculated for the interior and exterior beams of each bridge, and
have been called specified section properties, quality control section properties
and estimated in situ section properties. The notation is important because these
section properties will be used in the analyses discussed in other chapters.

The quality control and estimated in situ section properties vary between
95% and 105% of the specified section properties. The difference is attributable
to the varying modular ratios, which were different for each estimate of concrete
compressive strength. The small variation indicates that the different estimates
for concrete compressive strength had little influence on the calculation of
transformed, composite areas and moment of inertias. However, both the
modulus of elasticity of concrete and the tensile stress used for load rating are
functions of the compressive strength of concrete. Therefore, the different levels
of concrete compressive strengths will have a significant influence on the
calculated values of modulus of elasticity of the concrete and the limiting tensile.

The influence of these parameters will be discussed in Chapter 7.
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CHAPTER 3
Description of Bridge Load Test Procedures and

Measured Data

This chapter presents an overview of the test procedures used in the
diagnostic load testing portion of this investigation. In addition to discussing the
instrumentation and equipment used for data collection, the load paths and
loading vehicles are also addressed. More information regarding the load test
procedures can be found in Appendices C and D and in Wagener (2002), where

this information has been previously reported.

3.1 INSTRUMENTATION

Figure 3.1 is a schematic of the components that comprised the data
acquisition system used for data collection and shows the connectivity of the
various components and the instrumentation used. Figure 3.2 shows several of
these components and Figure 3.3 shows the typical arrangement of these
components installed in the field.

The system included a Campbell Scientific CR9000 data logger, which
allowed fifty-five channels of input and was powered by a 12-volt DC source.
The CR9000 sampled instrumentation output voltages at a rate of 10 Hz during
each load test, and then averaged those data using a five-point average before
storing the value in a data file. Data files stored in the CR9000 were then
downloaded to a laptop computer. The “clicker” is a device used to manually
interrupt the excitation voltage sent out to the instrumentation. The interruption
of the excitation voltage created a distinct record in the CR9000 data file that was

used to locate the longitudinal position of the loading vehicles on the bridge.
45



Strain gages were connected to the CR9000 through a series of cables, junction
boxes and completion boxes. To avoid electrical instability and interference, the
data acquisition system was grounded, the primary and secondary cables were
shielded, and the junction boxes and completion boxes were designed to minimize

fluctuations in output voltage.

12-volt DC
Source
-aptop CR9000 Primary Cables Junction Boxes
Computer

(13 . Yy Secondary

Clicker onda
Strain Gages Completion

Boxes

Figure 3.1 Components of the Data Acquisition System (Wagener 2002)

&

L
Notebook

Computer

CR9000
- Inlets for the

Eleven
Junction Boxes EEa

s

Figure 3.2 Data Acquisition System Hardware (Matsis 1999)
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Completion Boxes

Junction Boxes

— Prlmary Cable
Strain Gages <

12-volt DC Source

Secondary Cables i
I CR9000 ;

Figure 3.3 Arrangement of CR 9000, Primary Cables, Junction Boxes,
Secondary Cables, Completion Boxes, and Strain Gages (Wagener 2002)

Figure 3.4 shows the instrumentation plan for the Chandler Creek bridge.
Similar plans are included in Appendix C for the other four. The plan indicates
the locations where strain gages were placed on the bridge. As noted, gages were
installed at multiple locations along each beam within the instrumented span. At
each location, strain gages were installed at several depths on the section. Gages

were typically installed on the bottom fiber, web, and top flange of the beam and
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were designated “bottom”, “web” and “top” gages. Figure 3.5 shows the
approximate position of and nomenclature for the gages installed. Where multiple
spans were tested, the limitations of the data acquisition system required that the
top gages away from midspan be eliminated. Temperature compensating, 120-
ohm, electrical resistance strain gages with a 2-in. gage length were used for all
tests. Figure 3.6 and Figure 3.7 are photographs of the strain gages as installed in
the field.

' Lef#4 ' Leff/4 P Lef#4 ' Leff/4 ' North
/40-ft Span q ARy " b 60-ft Span /
’'Beam 4 2 K 77" Beam 8§ / / i Y
’IBeam 3 S A IBeam 7/ / | 7
= o—T——+ T ¢ i 7
/I 1 7 [ /I /I 1/ 7 1 /I
/ : f\'/v é'/v / / f\{ t\'/v : /
//'Beam 2! __,-'v / //' //'Beam 6 »_,-'v: ._,-‘v //'
‘Beam 1 L / “YV/Beam 5 .~ | 4 y
z 1 V4 z 1 o V4
/9 /9 VA '/,9 Dt /
o Strain Gage Location =---- Diaphragm Locations Beam Locations

Figure 3.4 Instrumentation Plan for Chandler Creek Diagnostic Load
Testing

7 g2 ¥
%,

Top Strain Gage
Web Strain Gage

Bottom Strain Gage

Figure 3.5 Approximate Gage Locations (Wagener 2002)
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Bottom Gage

Figure 3.7 Placement of Bottom Strain Gage (Wagener 2002)
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3.2 TEST VEHICLES

The vehicles used to provide live load were standard ten cubic-yard dump
trucks provided by TxDOT. Figure 3.8 is a photograph of the type of vehicle
used and Figure 3.9 shows the dimensions. The vehicles were loaded with
various construction materials and axle weights were measured at a weigh station
before the trucks arrived at the bridge site. At the Chandler Creek and Willis
Creek bridges, individual wheel group loads were measured using a portable
scale, provided by the Travis County Sheriff’s Department, that was accurate to

the nearest fifty pounds. Table 3.1 summarizes the axle weights of the trucks

used for the diagnostic load tests.

e ] a4

v

Figure 3.8 Typical Vehicle Used for Diagnostic Load Testing
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Figure 3.9 Dimensions of Loading Vehicles

Table 3.1 Axle Weights of the Loading Vehicles

Axle Weights (kip) Total

Bridee Name Truck Weight
& Number | Front Rear #1 | Rear #2 (Eilg)
Chandler 1 10.7 15.5 14.3 40.5
Creek 2 11.1 15.0 14.0 40.1
] 12.7 18.0 18.0 487
Lake LBJ 2 10.8 17.6 17.6 46.0
Lampasas 1 10.9 17.2 17.2 45.3
River 2 10.7 16.7 16.7 441
. 1 12.6 18.6 17.9 49.1
Willis Creek 2 10.6 182 17.8 46.6
. 1 133 18.6 18.6 50.5
Wimberley 2 9.9 18.0 18.0 459

3.3 LoAD PATHS, VEHICLE CONFIGURATIONS AND TEST RUNS

Several load paths and vehicle configurations were used at each bridge site
to obtain a comprehensive view of the distribution of live load and bridge
response. Three different vehicle configurations were used during the diagnostic
load testing: “single-truck,” “side-by-side,” and “back-to-back.” Diagrams and

photographs of these configurations are shown in Figure 3.10 through Figure
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3.15. The lines on each diagram indicate the reference line that was used to locate

the truck(s) on the bridge, and the arrow indicates the direction of truck

movement.
—E=] B Load Path ——E=3-»
E= E=
5\ Centroid of Rear Axles
E= E=
E= EA ==

Figure 3.10 Configuration of Single Truck Run

Figure 3.11 Photograph of Single Truck Run at Willis Creek
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Figure 3.12 Configuration of Side-by-Side Truck Run
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Figure 3.14 Configuration of Back-to-Back Truck Runs

Figure 3.15 Photograph of Back-to-Back Truck Run at Lampasas River

Figure 3.16 shows the load path plan for the Chandler Creek bridge. As
noted, the load paths are shown as lines with an arrow indicating the direction of
truck movement, and beam and diaphragm locations are shown as broken lines.
These load path lines correspond to the paths indicated in the truck configuration

figures previously discussed. The load paths were arranged such that the
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centerline of the truck axles were either centered on an interior bridge beam or
between two adjacent bridge beams. This is shown more clearly in Figure 3.17
which indicates the location of the truck wheel lines for each path shown in
Figure 3.16. Similar figures for the other four bridges are included in Appendix
C. Figure 3.18 illustrates how these load paths were marked in the field.

S — 7 —~
ol [ /A 7/
ol /4 7
ol L WA 7
Iy 7/ 4
L : 40-ft Span // : 60-ft Span /
—> Load Paths = ceeeeeeeee Beam and Diaphragm Locations _>North

Figure 3.16 Plan of Chandler Creek Loading Paths
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Figure 3.17 Load Paths for Chandler Creek Brldge Diagnostic Load Testing
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hd

Figure 3.18 Photograph of Load Paths at Willis Creek Looking East

At each bridge, multiple load tests were conducted and each test was
designated with a “run number”. The number of load tests conducted at each
bridge varied between fifteen and twenty. Table 3.2 summarizes the run number,
loading configuration and path that each truck traveled on for the load tests
conducted at the Chandler Creek bridge. Similar tables for the other bridges are
included in Appendix C. To establish the repeatability of data, two runs were
conducted for each combination of truck configuration and load paths. This also
provided a level of redundancy in case unusable data were collected for any

particular run.
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Table 3.2 Test Runs at the Chandler Creek Bridge

Run Number Loading Truck 1 Path Truck 2 Path
Configuration Number Number
1 Side-by-Side 1 4
2 Side-by-Side 1 1
3 Side-by-Side 1 3
4 Side-by-Side 1 3
5 Side-by-Side 2 5
6 Side-by-Side 2 3
7 Back-to-Back 1 1
8 Back-to-Back 1 1
9 Back-to-Back 3 3
10 Back-to-Back 3 3
11 Back-to-Back 5 5
12 Back-to-Back 5 5
13 Single-Truck 1 _
14 Single-Truck 3 —
15 Single-Truck 5 —

3.4 CALCULATION OF CONCRETE STRAIN FROM MEASURED DATA

Detailed information on the measured strains has been previously reported
by Wagener (2002). This section includes a discussion of the calculations that
were performed to determine strains from the data collected, and a brief
discussion of the general trends in the measured strains. Sample strain histories
and the maximum measured strains for the gages located at the midspan of the
bridges are summarized in Appendix D.

As previously discussed, the CR9000 data logger measured and recorded
output voltages from the strain gages installed on the bridge. Using these

measured voltages, concrete strains were calculated using Eq. 3.1.

LE :M-lm (3.1)
GF(Vexcite)
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In Eq. 3.1, Vot is the output voltage from the strain gages recorded by the
CR9000, Vexcite 1s the excitation voltage, which was supplied by the CR9000 and
was approximately 5000 mV, GF is the strain gage factor, which was 2.09 for the

strain gages used on this project, and ue 1is the resulting microstrain. As

previously discussed, the output voltage (Vou) value recorded by the CR9000 and
used for these calculations was the result of a five-point average with a sampling
rate of 10 Hz.

Because the strain profiles were to be the basis of all subsequent analyses
and evaluation of the bridges, it was important to review the measured strain
histories for any problems commonly associated with electrical systems. Two
common problems are noise, which is the fluctuation of output voltages due to an
electrical disturbance, and drift in data during the load tests. Figure 3.19 and
Figure 3.20 are sample strain plots that exhibit noise and drift, respectively. The
data shown in Figure 3.19 would be deemed unusable because no clear line can be
distinguished with any level of accuracy. In Figure 3.20, the data that exhibit drift
are designated “before” and may be corrected. The correction would be
accomplished by subtracting the initial strain reading from all subsequent strain
readings, which leads to the data designated “after” in the figure. Figure 3.21 isa
sample strain history from Willis Creek and is typical of the strain histories
recorded during this investigation. As reported by Wagener (2002), it was
concluded that noise and drift were not significant problems in the data collected

during load tests on the bridges studied in this investigation.
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Figure 3.21 Sample Strain History for Beam 4, Midspan Bottom Gage of
Willis Creek Bridge during Run 1 (Side-by-Side Configuration)
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CHAPTER 4
Analysis and Evaluation of Measured Data from

Bridge Load Tests

Evaluating the condition of bridges and their response to live loads is an
important part of the load rating process. The 2003 MCEB provides guidelines
for the inspection, testing, and rating of steel and prestressed concrete highway
bridges. Although the MCEB provides simple methods for determining the live
load response of structures, it also permits the use of more advanced methods for
the load rating of bridges, such as finite element analyses and diagnostic load
testing. Both have been used in this investigation to evaluate the five bridges
discussed in Chapter 2. The analysis of measured data from load tests performed
on the bridges will be discussed in this chapter. In addition, results from the
analyses of the measured data will be compared with the results from finite
element analyses, as well as the simple analysis methods outlined in the MCEB.
The details of the finite element analyses are discussed in Appendix G.

The measured strains from the load tests were used to calculate neutral
axis depths, live load moments, and live load distribution factors, which are
discussed in Sections 4.2, 4.3 and 4.4, respectively. In Section 4.2, inferred
neutral axis depths are compared with values calculated using the specified and
estimated in situ concrete compressive strengths discussed in Chapter 2. The
comparison of inferred and calculated neutral axis depths provides some insight
into the condition of the bridges in the field, including in situ concrete
compressive strengths and the possibility that the beams experienced flexural

cracking during their service life. In addition, it will be shown that inferred
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estimates of neutral axis depth allowed for a more accurate calculation of live
load moments from the measured data.

In Section 4.3, inferred live load moments are compared with the results of
finite element analyses. Similarly to the inferred neutral axis depths, inferred live
load moments provide a means of evaluating the estimated concrete compressive
strengths discussed in Chapter 2. In addition, inferred live load moments were
used to determine live load distribution factors (LLDF), which are a measure of
the response of the structure. These inferred live load distribution factors are
discussed in Section 4.4. Live load distribution factors based on finite element

analyses and AASHTO specifications are also presented for comparison.

4.1 DESCRIPTION OF FINITE ELEMENT ANALYSIS SOFTWARE

As discussed in the introduction to this chapter, the results of finite
element analyses were compared with the measured data and the AASHTO
specifications. The software used to perform the finite element analyses is called
BRUFEM (Bridge Rating Using Finite Element Modeling) and was developed at
the University of Florida for the Florida Department of Transportation. The
software was developed specifically for load rating bridges. Therefore, modeling
of the bridges and vehicle loading configurations are easy to establish. Additional
information about the software and modeling of the bridges is included in

Appendix G.

4.2 NEUTRAL AXIS DEPTHS

Determination of neutral axis depths from the measured data provides
insight into the condition of the bridges in the field and allows for more accurate
calculation of live load moments, which will be discussed in Section 4.3. Neutral
axis depths were inferred from the measured strains, and will be compared with

neutral axis depths calculated using the material and section properties discussed
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in Chapter 2. In addition, the sensitivity of calculated neutral axis depths to

several key assumptions was evaluated.

4.2.1 Inferred Neutral Axis Depth using Measured Strains

The depth of the neutral axis was calculated using the measured strains by
assuming that the live-load response was in the linear range of the moment-
curvature response. Therefore, as reported by Hurst (1998), it is reasonable to
assume that the strain profile due to the applied live load varies linearly with
depth of the composite section. This assumed strain profile is shown in Figure
4.1.

As discussed in Chapter 3, a minimum of two strain gages were installed
on each beam for each longitudinal location studied. With multiple gages at each
location and the assumption of a linear strain profile, it was possible to calculate
the neutral axis depth from each pair of strain gages. The corresponding
equations are given in Figure 4.1, where the neutral axis depth is denoted as c.

These calculations were performed for all possible pairs of gages for each
diagnostic load test. The calculated neutral axis depths were plotted as a function
of the location of the centroid of the rear axles along the span. Figure 4.2
corresponds to Run 1 on the 60-ft span of the Chandler Creek bridge using the
bottom and top gages located at the midspan of Beam 5. These data are typical
of the results of these calculations.

The scatter in the data at the beginning and end of the test run (Figure 4.2)
is typical, and results from calculations being performed on relatively small
measured strains. To eliminate the effect of this scatter on the calculation of the
average inferred neutral axis depths, only the data between the vertical lines
indicated in the figure were considered. The vertical lines were centered on the

location corresponding to the maximum total midspan moment for the bridge and
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the distance between the lines is approximately one-third of the span length of the
bridge. The average inferred neutral axis depth for the interior and exterior beams
of each bridge is summarized in Table 4.1 and Table 4.2. The data used to
determine the average inferred neutral axis depths were reported by Wagener

(2002).

.- Neutral

Strain Gage (Typ.) Axis

Composite Cross Strain Profile Due to
Section Applied Live Load
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Figure 4.1 Neutral Axis Depth Inferred From Measured Data
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Figure 4.2 Typical Plot of Neutral Axis Location Inferred from Measured
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4.2.2 Comparison of Calculated and Inferred Neutral Axis Location

The neutral axis depths inferred from the measured strains are compared
with the calculated neutral axis depths corresponding to uncracked, transformed,
composite section properties in Tables 4.1 and 4.2. The specified concrete
compressive strengths were used to calculate the values reported in Table 4.1, and
the estimated in situ compressive strength was used to calculate the values
reported in Table 4.2. In all cases, the depth of the neutral axis inferred from the
measured strains was less than the neutral axis depth calculated using specified
section properties. The differences varied from 2.1 to 21.7%.

When the neutral axis depths calculated using the estimated in situ
compressive strengths were used as the basis of comparison, the trend was
similar. The neutral axis depths inferred from the measured strains for most of

the beams were 1.8 to 16.0% less than the calculated values. However, using
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these material properties, the depth of the neutral axis inferred from the measured
strains were larger than the calculated values for the exterior beams of the 40-ft
span of the Chandler Creek bridge and the interior beams of the Wimberley
bridge. These differences were approximately 1.5%. The slight reduction in the
differences between calculated and inferred neutral axis depths when the
calculations are based on estimated in situ material properties implies that these
estimated values provide a better representation of the actual stiffness of the
beams.

The more pronounced trend in the data indicates that the neutral axis is
located closer to the top of the section than calculated using the transformed,
composite section properties. This is most likely a result of flexural cracking in
the beam which would shift the neutral axis closer to the top of the section.
Cracking may have occurred due to significant overloads or repeated loading
cycles that create a net tension at the bottom fiber of the section. Based on fatigue

tests of prestressed concrete beams, Overman (1984) reported that repeated cycles
that create a tensile stress at the bottom fiber greater than 3\/25 will produce
flexural cracks in the section even though the maximum tensile stress is below the
modulus of rupture, which is typically taken to be 7.5,/ f, . Similar results from

tests on prestressed concrete beams were reported by Heller (2003). Therefore, it
is within reason that the bridge girders are cracked, and the actual neutral axis
location is above the neutral axis depth calculated using gross, transformed cross
sectional properties.

The neutral axis depths previously discussed were calculated assuming
uncracked section properties and an elastic modulus that was calculated using Eq.
2.2, which is from ACI 318-02. The influence of both of these assumptions on

the calculation of neutral axis depths is discussed below.
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Table 4.1 Comparison of Neutral Axis Depths Calculated Using Specified
Concrete Compressive Strengths with Values Inferred from Measured Strains

Neutral Axis Depth (in.)
Bridge Beams | colculated'” (VA Aver"‘gs ;‘;femd % Difference
1.4 13.8 13.4 2.9%
Chandler 2.3 132 123 7.5%
Creek 58 17.7 15.9 11.9%
6,7 16.9 15.9 7.5%
1.4 15.4 12.9 -16.8%
Lake LBJ 23 17.0 14.0 21.4%
Lampasas 1,4,5,8 18.4 15.2 -21.7%
River 2.3,6,7 18.0 15.2 21.7%
- 1.4 16.8 16.1 4.7%
Willis Creek 23 18.4 17.0 7.6%
. 1,5,6,10 132 12.1 7.4%
Wimberley 2-4,7-9 142 14.0 2.1%
NA: — NA 0
T Percent Difference = e S 100 Ayerage /o
NA, Difference
" Values Reported in Table 2.12 -11.1%

Table 4.2 Comparison of Neutral Axis Depths Calculated Using Estimated In Situ
Concrete Compressive Strengths with Values Inferred from Measured Strains

Neutral Axis Depth (in.)
Bridge Beams Calculated' (VA4,) Averagg;;gferred % Difference’
1,4 13.2 13.4 1.5%
Chandler 2,3 12.6 12.3 -2.4%
Creek 5,8 17.5 15.9 -9.1%
6,7 16.8 15.9 -5.4%
1,4 14.9 12.9 -13.4%
Lake LBJ 23 16.6 14.0 15.7%
Lampasas 1,4,5,8 18.1 15.2 -16.0%
River 2.3,6,7 17.7 15.2 -14.1%
. 1,4 16.4 16.1 -1.8%
Willis Creek 23 18.0 17.0 5.6%
. 1,5,6,10 12.9 12.1 -6.2%
Wimberley 24,79 13.8 14.0 1.4%
NA: — NA o
¥ Percent Difference = L ¢ 100 Ayerage %
NA, Difference
™ Values Reported in Table 2.14 -7.7%
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Table 4.3 summarizes the height of flexural cracks corresponding to a
15% reduction in the calculated neutral axis depth based on estimated in situ
concrete compressive strengths for the interior and exterior beams of each bridge.
The reduced neutral axis depths were calculated assuming a transformed
composite section, where the concrete below the height of the crack was
neglected. For the bridges considered, the presence of flexural cracks that
extended an average of 3.6 in. above the bottom fiber (7.9% of the overall depth
of the composite section) lead to a 15% reduction in the calculated neutral axis
depth. The crack heights that resulted in the reduced neutral axis depth are
relatively small and would not be visible unless a significant live load was present
on the bridge. Therefore, it is reasonable to assume that these cracks would not
have been visible during the visual inspections on the bridges in this study.

As discussed in Chapter 2, the modulus of elasticity was calculated using
the relationship given in ACI 318-02 (Eq. 2.2), which is a function of the
compressive strength of the concrete. In ACI 363R-92, State-of-the-Art Report on
High Strength Concrete (ACI 363), the committee provides an alternate
relationship between compressive strength and modulus of elasticity for concrete
with compressive strengths between 6,000 and 12,000 psi. This relationship is
given in Eq. 4.1.

E, =40,000,/ ', +1,000,000 4.1)

where f/ is the compressive strength of the concrete in psi and E. is the modulus

of elasticity of the concrete in psi. As discussed in Chapter 2, the estimated in situ
compressive strength of the concrete in the prestressed beams for the bridges in

this investigation ranges from 8,700 to 10,300 psi. For this range of compressive
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strength, Eq. 4.1 yields values of modulus of elasticity approximately 88% of the
value calculated using Eq. 2.2.

Table 4.4 summarizes the effect of using a reduced modulus of elasticity
to calculate the neutral axis depth using gross, transformed section properties for
both the interior and exterior beams of each bridge. The reduced modulus of
elasticity of the concrete in the prestressed beam reduces the depth of the neutral
axis by an average of 5.3%.

The effects of flexural cracking and variations in the elastic modulus on
the calculated neutral axis depths were investigated. Although it is not possible to
determine which phenomena affected the beams in the field, considering the
presence of relatively small cracks and using a better approximation of the elastic
modulus of the concrete both lead to closer agreement between the calculated

neutral axis depths and those inferred from the measured strains.

Table 4.3 Height of Flexural Crack Corresponding to a 15% Decrease in
Depth of Calculated Neutral Axis Using Estimated In Situ Section Properties

) Height of Flexural Height of Crack as a
Bridge Beams . Percent of Depth of
Crack (in.) . .
Composite Section

1,4 3.4 8.3%
2,3 34 8.3%
Chandler Creek 5.8 3.9 22%
6,7 3.8 8.1%
1,4 3.4 7.3%
Lake LBJ 23 3.9 8.2%
Lampasas 1,4,5,8 39 8.3%
River 2,3,6,7 3.8 8.2%
. 1,4 3.5 7.6%
Willis Creek 23 33 A
: 1,5,6,10 2.9 6.0%
Wimberley 2-4,7-9 3.4 8.3%
Average 3.6 7.9%
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Table 4.4 Neutral Axis Depths Calculated Using Estimated In Situ Concrete
Compressive Strengths and Different Values of Modulus of Elasticity

Bridge Beams Ne}:;n%ral Axis Dep thE(lg') % Difference
1,4 13.2 12.5 -5.3%
Chandler 2,3 12.6 12.0 -4.8%
Creek 5,8 17.5 16.6 -5.1%
6,7 16.8 15.9 -5.4%
1,4 14.9 14.0 -6.0%
Lake LBJ 23 16.6 15.8 “4.8%
Lampasas 1,4,5,8 18.1 17.2 -5.0%
River 2,3,6,7 17.7 16.8 -5.1%
Willis 1,4 16.4 15.5 -5.5%
Creek 2.3 18.0 17.1 -5.0%
. 1,5,6,10 12.9 12.1 -6.2%
Wimberley =7/ 5 13.8 13.1 5.1%
" E_=57,000,/f"  (Eq.2.2) Average -5.3%

T E_=40,000,/f". +1,000,000 (Eq.4.1)

4.3 LIVE LOAD MOMENTS

The calculation of live load moments from the measured data will be used
to evaluate the response of the bridges to the applied live loads. In addition,
comparing inferred live load moments with the results of finite element analyses
provides a means of evaluating the assumed concrete compressive strengths
discussed in Chapter 2. The calculated live load moments are discussed in this

section.
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4.3.1 Calculation of Live Load Moments using Measured Strains

Live load moments were calculated from the measured strains by
assuming a linear relationship between moment and curvature and a linear

variation of strain with depth:

M = EI¢ (4.2)

&
p=—2 10" (4.3)

gage

where M is the live load moment in a composite bridge beam in kip-in., £ is the
modulus of elasticity of the prestressed beam in ksi, / is the moment of inertia for
the gross, transformed, composite section in in.4, &gage 15 the measured strain in
microstrain, and dgq. is the distance from the strain gage to the assumed neutral
axis of the composite transformed section in in.

Because the in situ properties of the concrete were not known, the live
load moments were calculated using section properties corresponding to the three

concrete compressive strengths discussed in Chapter 2: fi;, f¢,, and fZ,. In

addition, each set of section properties was combined with two estimates of the
neutral axis depth: calculated using the gross, transformed, composite cross
sections and inferred from the measured strains.

As discussed in Chapter 2, the variation of the compressive strength of the
concrete had little influence on the calculation of the moment of inertia; therefore,
the differences in moment of inertia had little impact on the calculation of the live
load moments. However, the modulus of elasticity is a function of the
compressive strength. The values of E. calculated and using Eq. 2.2 increased by

a range of 22 to 32% for the quality control concrete compressive strengths and
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32 to 44% for the estimated in situ concrete compressive strengths when
compared with the modulus of elasticity based on specified concrete compressive
strengths. Similarly, the modulus of elasticity calculated using Eq. 4.1 increased
by a range of 16 to 24% for the quality control compressive strengths and 24 to
32% for the estimated in situ compressive strengths. The modulus of elasticity
calculated using Eq. 4.1 yields a modulus of elasticity 5 to 13% lower than the
value calculated using Eq. 2.2; however, both relationships result in an increase in
the modulus of elasticity when the quality control and estimated in situ concrete
compressive strengths are used in lieu of the specified concrete compressive
strength. The relationship in ACI 318, Eq. 2.2, was used to calculate the modulus
of elasticity used in the analyses presented throughout this dissertation. The
increase in the modulus of elasticity results in a directly proportional increase in
the calculation of live load moments.

Each of the three strain gages (bottom, web and top) were used to
calculate the moment at midspan for each beam for each truck location where data
were collected. The total moment in the bridge for each truck location was then
calculated by summing the corresponding moments in the beams at midspan. A
total moment was calculated using all the bottom gages, all the web gages and all
the top gages independently. Figure 4.3 shows an example of how beam
moments were calculated for a particular gage location. Figure 4.4 shows how
total midspan moments were calculated for bridges with and without a skew. The
maximum total midspan moment was then determined and reported. All

calculated maximum midspan moments are reported in Appendix E.
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Neutral Axis Depth
(Calculated or Inferred)

X

gage i

Bottom Strain Gage
on Beam i

Calculation of Moment Based on .
Measured Strain from Bottom Gage for Beam i: M, = EI, b
gage i

1. E depends on the level of compressive strength of concrete, (f”, f”.,, or f”.,), and the
same value was used for all beams in a given span.

2. I, is the gross, transformed, composite moment of inertia of beam i calculated using the
same value of concrete compressive strength assumed for the calculation of E.

3. dgyq. ;18 distance between the assumed neutral axis depth for beam i (inferred or
calculated) and the known location of the strain gage.

Notes:

Figure 4.3 Calculation of Beam Moment at Midspan Based on Measured Strains and Assumed Depth of the
Neutral Axis
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4.3.2 Effect of Neutral Axis Location on Inferred Live Load Moments

The moment calculated using Eq. 4.2 is sensitive to the assumed depth of
the neutral axis. Ideally, the moments within a given beam calculated using the
measured strains from each gage would be the same for each longitudinal position
of the loading vehicle. However, the actual location of the neutral axis is not
known, and it may vary along the span. In addition, the strain data include noise,
which can not be eliminated. The consequences of assuming a single neutral axis
depth is investigated in this section.

Figure 4.5 is a plot of total inferred live load moment at midspan for a
side-by-side run performed on the 60-ft span of the Chandler Creek bridge as a
function of truck location. The calculations are based on measured strains at all
three locations, estimated in situ concrete compressive strengths and section
properties, and the neutral axis depths corresponding to the transformed section
properties. The total midspan moment obtained from the finite element analysis
is also plotted for comparison. The total moment from the finite element analysis
was also calculated by summing the moments at the midspan node for each beam
at each truck location analyzed.

The calculated moments based on the bottom and web gages and the
results of the finite element analysis gave similar results. The moment based on
the top gages, however, significantly underestimates the total moment.

Figure 4.6 is a plot of total inferred midspan live load moment using the
same measured data, estimated in situ concrete compressive strengths and section
properties, and the neutral axis depth inferred from the measured strains. The
difference between the total moments from all gage locations (top, web and
bottom) is now less than 5% of the total moment calculated from the results of the

finite element analysis. It is also important to note that the change in the assumed
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neutral axis locations did not significantly change the moments calculated from
the bottom and web gages. However, the change in the moment calculated using
the top gages was significant compared with the calculated neutral axis depth.
This result is expected, because the distance between the top gage and the neutral
axis depth is small. Therefore, the strain readings from the top gage are smaller in
magnitude and more sensitive to noise.

Table 4.5 and Table 4.6 summarize the average percent difference in
inferred moments calculated based on measured strains from the bottom, web and
top gages at midspan for each bridge in this investigation using calculated and
inferred neutral axis depths, respectively. Typically, the percent difference
decreases when inferred neutral axis depths are used to calculate the live load
moments in lieu of calculated neutral axis depths. In particular, the average
difference between moments calculated using the bottom and web gages reduced
from 8% to 5%. When moments calculated using the bottom or web gage data are
compared to moments calculated using the top gage, the percent difference is
significant. As previously mentioned, this is expected due to the proximity of the
top gage to the neutral axis depth. Based on these trends, the average live load
moment based on the bottom and web gages calculated using the inferred neutral

axis depths will be used for comparative purposes in this dissertation.
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Figure 4.5 Total Inferred Midspan Live Load Moment Plotted as a Function
of Truck Location using Calculated Neutral Axis Depths
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Figure 4.6 Total Inferred Midspan Live Load Moment Plotted as a Function
of Truck Location using Inferred Neutral Axis Depths
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Table 4.5 Comparison of Inferred Live Load Moments from Bottom, Web
and Top Strain Gages using Calculated Neutral Axis Depths

Average Percent Difference Between Inferred Live
Bridee Name Load Moments at Midspan
g Bottom and Bottom and Web and Top
Web Gages*® Top Gages*® Gages™*

Chandler Creek 40-ft Span 6% 16% 21%
Chandler Creek 60-ft Span 7% 22% 27%
Lake LBJ 5% 35% 36%
Lampasas River Span 1 10% 33% 39%
Lampasas River Span 2 13% 33% 41%
Willis Creek 5% 9% 9%
Wimberley Span 1 9% NAT NAT
Wimberley Span 2 NAT NAT NAT

T Not available due to gage malfunction during testing.
* Bottom gage used as basis for comparison.
** Web gage used as basis for comparison.

Table 4.6 Comparison of Inferred Live Load Moments from Bottom, Web
and Top Strain Gages using Inferred Neutral Axis Depths

Average Percent Difference Between Inferred Live
Bridee Name Load Moments at Midspan
g Bottom and Bottom and Web and Top
Web Gages*® Top Gages*® Gages™*

Chandler Creek 40-ft Span 5% 19% 24%
Chandler Creek 60-ft Span 4% 8% 11%
Lake LBJ 6% 11% 16%
Lampasas River Span 1 3% 6% 9%
Lampasas River Span 2 2% 3% 4%
Willis Creek 5% 21% 23%
Wimberley Span 1 8% NAT NAT
Wimberley Span 2 NAT NAT NAT

T Not available due to gage malfunction during testing.
* Bottom gage used as basis for comparison.
** Web gage used as basis for comparison.
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4.3.3 Effect of Concrete Compressive Strength Assumptions

Live load moments were calculated based on each set of section properties
as discussed in Section 4.3.1. Figure 4.7 is a plot of total live load moment as a
function of truck location for a side-by-side run performed on the Chandler Creek
60-ft span and was calculated using specified concrete compressive strengths,
design section properties and inferred neutral axis depths. The total moment
based on a finite element analysis using the same truck positions and section
properties at Chandler Creek is also plotted. The maximum inferred moment is
approximately 70% of the total moment calculated from the finite element
analysis.

Figure 4.7 and Figure 4.8 are plots of live load moment calculated using
quality control and estimated in situ section properties, respectively. The total
moments are approximately 85% and 95% of the live load moment calculated
from the finite element analyses using the corresponding section properties,
respectively.  This trend is typical for bridges in this investigation. The
differences between the maximum inferred live load moments and those obtained
from the finite element analyses are summarized in Table 4.7 for all spans tested.
The inferred live load moment reported is the average moment inferred from the
bottom and web gages at midspan for each bridge. Similar information for each
run performed on each bridge is presented in Appendix E. The average percent
difference decreases from -44% to -12% when the estimated in situ material and
section properties are used in lieu of the specified material and section properties.
It is also important to note that using the estimated in situ material and section
properties underestimates the live load moment from the results of the finite
element analyses by 1% to 17%. The range of variation was larger for the other

combinations of material and section properties. Therefore, for the bridges
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studied in this investigation, the estimated in situ material properties appear to be

reasonable.
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Figure 4.7 Comparison of Live Load Moments Calculated using Design
Section Properties
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Figure 4.8 Comparison of Live Load Moments Calculated using Quality
Control Section Properties
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Figure 4.9 Comparison of Live Load Moments Calculated using Estimated
In Situ Section Properties

80



Table 4.7 Comparison of Total Midspan Live Load Moments from Finite
Element Analysis and Inferred from Measured Data

Average Percent Difference Between Inferred’ and
Finite Element Live Load Moment For All Test
Bridge Name Runs

spotiod | oty | B
Chandler Creek 40-ft Span -38% -23% -17%
Chandler Creek 60-ft Span -30% -9% -1%
Lake LBJ -34% -17% -11%
Lampasas River Span 1 -55% -23% -13%
Lampasas River Span 2 -67% -30% -19%
Willis Creek -63% -25% -17%
Wimberley Span 1 -34% -15% -9%
Wimberley Span 2 -33% -15% -11%
Average -44% -20% -12%

1 Inferred live load moments calculated using inferred neutral axis depths.

4.4 L1ve LOAD DISTRIBUTION FACTORS

Accurately estimating the lateral distribution of live load moments in
prestressed concrete bridges is an important aspect in the load rating process.
Live load distribution factors (LLDF) are used to calculate the maximum live load
resisted by individual beams in a bridge and are a percentage of the total live load
moment applied to the bridge. An overly conservative estimate of LLDF’s results
in decreased load ratings; therefore, an important aspect of this investigation is to
evaluate the LLDF’s calculated per the AASHTO specifications by comparing
these values with values inferred from measured data. Diagnostic load testing
generally provides the best estimate of LLDF’s; however, it is an unrealistic
expectation to load test all bridges to determine the live load response of each
bridge. Therefore, the use of finite element analyses is also investigated as a

method of determining LLDF values. In this section, LLDF’s based on the
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AASHTO specifications, inferred from measured data, and calculated from the

results of finite element analyses will be compared.

4.4.1 Inferred Live Load Distribution Factors using Measured Strains

Live load distribution factors were calculated for each beam and test run
performed during diagnostic load testing. LLDF’s for each beam (LLDF;) were
calculated from measured data using Eq. 4.4. In this equation, M; is the maximum
live load moment for each individual bridge beam. In addition, for each truck
location, the total midspan moment was calculated as the sum of the calculated
midspan moments in each beam. The moment in each beam was then divided by
the maximum total midspan moment calculated for the same test run. Figure 4.10

is a sample plot showing the ratio of the midspan moment in a beam for a given

truck location to the maximum bridge moment, M, / (ZM D » Dlotted as a

function of truck location. LLDF’s were calculated based on data from the
bottom and web strain gages at the midspan location. Two maximum LLDF’s
were calculated; one based on the bottom gages only and the other based on the
web gages only. These two values were then averaged and reported as the
average maximum LLDF. A summary of inferred LLDF’s for each beam and test

run are summarized in Appendix F.

M;)
LLDF, = ———"— 4.4
l (ZMi)max ( )

Table 4.8 is a summary of the maximum inferred LLDF’s for interior and
exterior beams, for both one design lane and two design lane loading
configurations for each bridge. The single truck and back-to-back truck runs were

used to develop the LLDF’s for one design lane loaded. Two design lane values
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are based on the side-by-side truck runs performed; however, they have been
expressed in terms of a single design lane. This was accomplished by multiplying
the live load distribution factor calculated using Eq. 4.4 by a factor of 2.0 as
shown in Eq. 4.5. This was done to be consistent with the two-lane LLDF’s
calculated per the AASHTO Specifications, which are used in conjunction with

the live load based on a single lane loading.

(M,)
LLDF =2| —— ‘- 4.5
’ {@MJWJ ()
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Figure 4.10 Ml./(ZMI.) Plotted as a Function of Truck Location

max
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Table 4.8 Maximum Inferred Live Load Distribution Factors Determined
from Diagnostic Load Tests

Interior Beams Exterior Beams
Bridge Name One Two One Two

Lane' Lanes'' Lane' Lanes''
Chandler Creek, 40 ft Span 0.51 0.64 0.58 0.62
Chandler Creek, 60 ft Span 0.40 0.63 0.52 0.60
Lake LBJ 0.38 0.51 0.52 0.53
Lampasas River, Span 1 0.37 0.54 0.48 0.50
Lampasas River, Span 2 0.35 0.50 0.50 0.51
Willis Creek 0.38 0.50 0.51 0.55
Wimberley, Span 1 0.47 0.55 0.51 0.55
Wimberley, Span 2 0.46 0.59 0.48 0.55

1 Single truck runs and back-to-back truck runs used to determine LLDF for
one design lane.
+1 Side-by-side truck runs used to determine LLDF for two design lanes.

4.4.2 Live Load Distribution Factors Based on Finite Element Analyses

The results from the finite element analyses discussed in Section 4.1 and
Appendix G were used to calculate LLDF’s. For each bridge, an analysis was
performed for each truck configuration tested in the field. Midspan moments
were determined for each beam in the bridge as a function of truck location on the
span. Using these values and Eq. 4.4, the live load distribution factor for each
beam, LLDF;, was calculated. Summaries of the maximum LLDEF’s calculated for
each bridge and truck configuration analyzed are presented in Appendix F.

Table 4.9 is a summary of the maximum LLDEF’s for the interior and
exterior beams based on the results in Appendix F. As with the inferred LLDF’s
from the measured strains, the one design lane LLDF’s were based on the single
truck runs and back-to-back runs, and the two design lane LLDF’s were based on

the side-by-side truck runs. Additionally, the two design lane LLDF’s were
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calculated using Eq. 4.5, and therefore, are expressed in terms of a single lane
load to be consistent with the values from the AASHTO Specifications.

In addition to analyses of truck configurations from the diagnostic load
tests, analyses were performed using the standard HS-20 loading and truck
configurations based on the provisions in AASHTO. The truck configurations
considered included one and two design lanes, and the trucks were positioned on
the bridge to obtain the maximum response for both the interior and exterior
beams on each bridge. Figure 4.11 compares the truck configurations used for the
analyses based on the AASHTO provisions for transverse truck location with
trucks centered in the traffic lanes. As shown in Figure 4.11, the transverse
positioning of trucks specified by AASHTO concentrate the trucks closer to the
edge or centerline resulting in larger, more conservative LLDF’s. Similar figures
for the other bridges in this investigation are included in Appendix G. Table 4.10
is a summary of the results of these analyses and includes the maximum LLDF’s

for the interior and exterior beams for one and two design lanes.
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Table 4.9 Maximum Live Load Distribution Factors from Finite Element
Analysis Using Field Runs

Interior Beams Exterior Beams
Bridge Name One Two One Two
Lane' Lanes'' Lane' Lanes''
Chandler Creek, 40 ft Span 0.38 0.64* 0.49 0.69*
Chandler Creek, 60 ft Span 0.35 0.60** 0.46 0.59%*%*
Lake LBJ 0.34 0.50 0.45 0.51
Lampasas River 0.33 0.51 0.42 0.51
Willis Creek 0.34 0.50 0.44 0.50
Wimberley 0.39 0.49 0.49 0.52

1 Single truck runs and back-to-back truck runs used to determine LLDF for one
design lane.

+1 Side-by-side truck runs used to determine LLDF for two design lanes.

* LLDEF’s for interior and exterior beams reduce to 0.55 and 0.57, respectively when
truck path is in the actual lanes.

** LLDF.s for interior and exterior beams reduce to 0.53 and 0.54, respectively when
truck path is in the actual lanes.

Table 4.10 Summary of Maximum Live Load Distribution Factors from
Finite Element Analyses Using AASHTO Truck Configurations

Interior Beams Exterior Beams
Bridge Name One Two One Two

Lane' Lanes'’ Lane' Lanes'’
Chandler Creek, 40 ft Span 0.39 0.65 0.53 0.57
Chandler Creek, 60 ft Span 0.35 0.62 0.48 0.66
Lake LBJ 0.34 0.61 0.48 0.55
Lampasas River 0.32 0.58 0.43 0.61
Willis Creek 0.32 0.56 0.44 0.57
Wimberley 0.37 0.58 0.47 0.55

1 LLDF for typical HS-20 truck configuration producing maximum live load
response.

+1 LLDF for typical two design lane HS-20 truck configuration producing maximum
live load response.
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4.4.3 Live Load Distribution Factors Based on AASHTO Specifications
The MCEB currently references the AASHTO Standard for the calculation

of LLDF’s to be used in the load rating process. However, as reported in
Shahawy (2001) significant improvements in the calculation of LLDF’s were
incorporated in AASHTO LRFD. Similarly, Zokaie, et al. (1991) reported that
LLDF’s based on the AASHTO Standard overestimated the response for bridges
with small beam spacing and overestimated the response for bridges with large
beam spacing. Therefore, LLDF’s based on both the AASHTO Standard and the
AASHTO LRFD, will be compared with those inferred from the measured data

and from the results of the finite element analyses.

4.4.3.1 Provisions in the AASHTO Standard for Calculating LLDF’s
The AASHTO Standard equations for calculating the LLDF’s for the

interior beam of a bridge with a concrete deck and prestressed concrete beams for

one and two traffic lanes are given in Eq. 4.6 and 4.7, respectively.

AASHTO Standard for Interior Beams:

LLDF, =

One—Lane

for S< 10 ft (4.6)

LLDF.

Two—Lane =

for <14 ft 4.7)

where S is the average center-to-center spacing to the adjacent beams.
The AASHTO Standard provisions for calculating the LLDF’s for the
exterior beam of a bridge with a concrete deck and prestressed concrete beams is

as follows:

88



AASHTO Standard for Exterior Beams:
The LLDF shall be determined by applying to the beam the reaction of the
wheel load obtained by assuming the flooring to act as a simple span

between beams

A schematic showing how to calculate the LLDF for an exterior beam is
shown in Figure 4.12. Based on the provisions in the AASHTO Standard, it is
required that the exterior beam have a capacity greater than or equal to the
capacity of the interior beams. Therefore, this provision requires that the LLDF

for the exterior beam be greater than or equal to the LLDF for the interior beam.

~—Inside face of curb or traffic barrier
P (Wheel Load)
PY X |

-
L X
P

LLDF,,

/
>

LLDF = % > LLDF for Interior Beam

ext

Figure 4.12 Method of Calculating LLDF in Exterior Beams per AASHTO
Standard
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Table 4.11 Summary of Live Load Distribution Factors Calculated Based on

AASHTO Standard

Interior Beams Exterior Beams™

Bridge Name One Two One Two
Lane Lanes Lane Lanes

Chandler Creek (60-ft Span) 0.57 0.73 0.50 0.50
Chandler Creek (40-ft Span) 0.57 0.73 0.50 0.50
Lake LBJ 0.57 0.73 0.50 0.50
Lampasas River 0.52 0.67 0.50 0.50
Willis Creek 0.48 0.61 0.50 0.50
Wimberley 0.49 0.63 0.39 0.39

* LLDF’s for exterior beams were not increased to match the capacity of the
interior beams.

The provisions for calculating LLDF’s based on the AASHTO Standard
are based on a single wheel line. However, LLDF’s calculated using the
AASHTO LRFD, calculated from the results of finite element analyses, and those
inferred from measured data are based on a single vehicle, or two wheel lines.
Therefore, the LLDF’s based on the AASHTO Standard reported in Table 4.11
have been divided by two to allow a direct comparison with the other values. In
addition, where the LLDF for the exterior beam was less than the interior beam,
the calculated value was retained, rather than replacing it with the LLDF for the
interior beam. This allows for a more direct comparison of the LLDF’s with other

methods.

4.4.3.2 Provisions in the AASHTO LRFD for Calculating LLDF’s

The AASHTO LRFD equations for calculating the LLDF’s for the interior
beam of a bridge with a concrete deck and prestressed concrete beams for one
traffic lane and two traffic lanes are given in Eq. 4.8 and 4.9, respectively. These
equations are applicable for bridges where the beam spacing is between 3.5 and

16 ft, the slab thickness is between 4.5 and 12 in., the span length is between 20
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and 240 ft and the number of beams is 4 or greater. All the bridges in this

investigation fall within these ranges.

AASHTO LRFD for Interior Beams:

S 0.4 S 03 K. 0.1
LLDF, =0.06 + £ 4.8
One—Lane ( 14 j ( L j 120Ll’3 ( )

0.6 0.2 K 0.1
LLDF, .  =0.075+ S S £ (4.9)
9.5 L 12.0L¢

where S is the beam spacing in ft, L is the effective span length in ft, K, is the

longitudinal stiffness parameter and is calculated using Equation 4.10, and ¢ is the

thickness of the slab in in.
K, =n(1+4¢) (4.10)

where 4 is the area of the noncomposite beam in in.?, L is the effective span
length in ft, e, is the distance between the centers of gravity of the noncomposite
beam and the slab in in., / is the moment of inertia of the noncomposite beam in
in.*, and » is the modulus of elasticity of the concrete in the prestressed beam
divided by the modulus of elasticity of the concrete in the slab.

The AASHTO LRFD equations for calculating the LLDF’s for the exterior
beam of a bridge with a concrete deck and prestressed concrete beams for one and
two traffic lanes are given in Eq. 4.11 and 4.12, respectively. These equations are
applicable for bridges where distance between the web of the exterior beam and

the interior edge of the curb or traffic barrier is between -1.0 ft and 5.5 ft  All the

bridges in this investigation fall within these ranges.
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AASHTO LRFD for Exterior Beams:

LLDF,,, .. = Use Lever Rule (See Figure 4.12) (4.11)
LLDFTW()—Lane = €&interior (412)

where e is calculated using Equation 4.13 and ginterior 1S the two-lane LLDF for the

interior beam.

e=077+| (4.13)
9.1

where d, is the distance between the web of the exterior beam and the interior
edge of the curb or traffic barrier and is taken positive if the exterior web is
inboard of the interior face of the traffic barrier or curb.

The lever rule is similar to the analysis performed for the exterior beams
in the AASHTO Standard. A schematic showing an analysis using the lever rule
is given in Figure 4.13.

Similarly to the AASHTO Standard, the provisions in the AASHTO
LRFD require the exterior beam to have a capacity greater than or equal to the
capacity of the interior beams. Therefore, this provision requires that the LLDF
for the exterior beam be greater than or equal to the LLDF for the interior beam.
However, the AASHTO LRFD permits the exterior beam to have less capacity, if
the potential for future widening of the bridge is inconceivable. For the
determination of LLDF’s based on the AASHTO LRFD for the bridges in this
investigation it has been assumed that future widening is not a consideration;
therefore, it was not required that the exterior beam have a LLDF greater than or

equal to the interior beam.
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The AASHTO LRFD also contains a provision for the reduction of
LLDEF’s for skewed bridges. The reduction factor (RFey) is calculated using the

equation given in Equation 4.14.

RF

skew

=1-c¢,(tan@)"’ (4.14)

where c; is calculated using Equation 4.15 and @ is the skew angle in degrees.

0.25 05
K S
c, =0.25 £ 4.15
1 [lthiJ[Lj &1

where S, L, K,, and , are the same as those used in Eq. 4.8 and 4.9. The skew

reduction factor is applicable to any number of lanes loaded provided the beam
spacing is between 3.5 and 16 ft, the slab thickness is between 4.5 and 12 in., the
span length is between 20 and 240 ft, the number of beams is 4 or greater and the
skew angle is between 30° and 60°. Based on these limits, the skew correction
factor was only applicable to the Chandler Creek bridge.

In addition to the provisions just discussed, the AASHTO LRFD requires
an additional analysis be performed for the exterior beams of beam-slab bridges
with diaphragms. AASHTO LRFD states that this additional analysis is required
because the effects of diaphragms were not considered in the development of the
equations for determining LLDF’s. The analysis assumes that the cross section of
the bridge deflects and rotates as a rigid body and may be calculated using
Equation 4.16.
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LLDF,, = xL + (4.16)

where N is the number of lanes being considered, N, is the number of beams in
the cross section, x,.,, is the horizontal distance between the center of gravity of
the pattern of girders and center of gravity of the exterior beam in ft, x is the
horizontal distance between the center of gravity of the pattern of girders to the
center of gravity of each girder in ft, and e is the eccentricity of the design load
from the center of gravity of the pattern of girders in ft. Figure 4.14 illustrates
how the LLDF is determined using the rigid body analysis for the case with one

design lane.

«— Inside face of curb or traffic barrier

X1

|‘E’

s y) Gy
IR
P

LLDF,,,

LLDF,, =2t 5%

ext

Figure 4.13 Example of Lever Rule in AASHTO LRFD for Determining
LLDF for Exterior Beams
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‘—" “—’ { of the girders
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Figure 4.14 Rigid Body Analysis for Determining LLDF for Exterior Beam
of Beam-Slab Bridge with Diaphragms

The multiple presence factor prescribed by the AASHTO Standard
specification is 1.0 for both one and two design lanes loaded. However, in the
AASHTO LRFD the multiple presence factor is 1.2 for one design lane loaded
and 1.0 for two design lanes loaded. The multiple presence factors were included
in the development of the equations for LLDF’s given in Eq. 4.7, 4.8 and 4.11.
Therefore, when LLDF’s based on the provisions in the AASHTO LRFD are
compared with the other methods of determining LLDF’s, the AASHTO LRFD
values for the interior girder and one design lane have been divided by a factor of
1.2. It should also be noted that when the lever rule or rigid body analysis is used,
the multiple presence factor has not been included. Therefore, these values may
be compared without any modifications.

A summary of the LLDF’s calculated using the AASHTO LRFD is given
in Table 4.12. For the two-lane loading case, the analysis using the rigid body
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assumption governs for all the bridges in this investigation. As stated previously,
the provision is for bridges with diaphragms. However, in a study by Barr, et al.
(2001), it was concluded that intermediate diaphragms had almost no effect on
distribution factors calculated using the results of finite element analyses. In
addition, the diaphragms in the bridges in this investigation are not rigidly
connected to the prestressed beams, and in some cases are not connected to the
cast-in-place slab. Therefore, the AASHTO LRFD provision appears overly
conservative and it will be assumed the LLDF’s based on the rigid body analysis

do not apply.

Table 4.12 Live Load Distribution Factors Calculated using AASHTO
LRFD Provisions

Interior Beams Exterior Beams*
Bridge One Two One Two Rigid Body Analysis
Name n One Two
Lane** Lanes Lane Lanes +
Lane Lanes
Chandler
Creek 0.44 0.72 0.62 0.72 0.59 0.80
60 ft Span
Chandler
Creek 0.49 0.76 0.62 0.76 0.59 0.80
40 ft Span
Lake LBJ 0.43 0.71 0.63 0.70 0.59 0.80
Lampasas 0.40 0.66 0.59 0.65 0.58 0.75
River
Willis 0.40 0.66 0.55 0.65 0.57 0.68
Creek
Wimberley 0.46 0.72 0.35 0.59 0.47 0.65

* LLDF’s for exterior beams were not increased to match the capacity of the
interior beams. This was done to allow a direct comparison with the other
methods of calculating LLDF’s.

** One lane interior beam LLDF’s were divided the multiple presence factor, 1.2,
to allow comparison with other methods of calculating LLDF’s.

" LLDF’s based on lever rule and rigid body analysis for one lane were not
modified by the multiple presence factor.
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4.4.4 Comparison of AASHTO LRFD and AASTHO Standard LLDF’s

Table 4.13 shows the comparison of the LLDF’s calculated using the
AASHTO Standard provisions with the LLDF’s calculated using the AASHTO
LRFD provisions. The LLDF’s calculated based on the AASHTO LRFD for the
interior beams and one traffic lane are average of 18% lower than the
corresponding value calculated using the AASHTO Standard. For the interior
beams with two traffic lanes the values based on the AASHTO LRFD are
generally equivalent or slightly higher than the values calculated using the
AASHTO Standard. For the exterior beams, the AASHTO LRFD LLDEF’s are
higher than the values calculated using the AASHTO Standard. For one traffic
lane, the AASHTO LRFD values are an average of 15% higher, and for two
traffic lanes, the LRFD values are 40% higher.

Table 4.13 Comparison of LLDF’s Calculated Using AASHTO LRFD and
AASHTO Standard Provisions

LLDFrrp/LLDFstandard

Bridge Name Interior Beams Exterior Beams
One Two One Two
Lane Lanes Lane Lanes

Chandler Creek, 60 ft Span 0.77 0.99 1.24 1.44
Chandler Creek, 40 ft Span 0.86 1.04 1.24 1.52

Lake LBJ 0.75 0.97 1.26 1.40
Lampasas River 0.77 0.99 1.18 1.30
Willis Creek 0.83 1.08 1.10 1.30
Wimberley 0.94 1.14 0.90 1.51
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445 Comparisons of Inferred and Calculated Live Load Distribution

Factors

The LLDF’s inferred from measured data were compared with values
from the results of the finite element analyses using vehicle loads and truck
configurations from the diagnostic load tests. Table 4.14 summarizes the
difference in maximum inferred LLDF’s and maximum LLDEF’s based on finite
element analyses. The finite element analyses reproduced the live load response
within an average of 5% of the measured values. Similar results from the
comparison of measured LLDF’s and those calculated using the results of finite

element analysis were reported by Barr, et al (2001).

Table 4.14 Comparison of Maximum Inferred Live Load Distribution
Factors With Maximum LLDF from Finite Element Analysis

Percent Difference™

Bridge Name Interior Beams Exterior Beams

One Lane Two One Lane Two

Lanes Lanes
Chandler Creek, 40 ft Span -13% 0% -9% 7%
Chandler Creek, 60 ft Span -5% -3% -6% -1%
Lake LBJ -4% -1% -7% -2%
Lampasas River, Span 1 -4% -3% -6% 1%
Lampasas River, Span 2 -2% 1% -8% 0%
Willis Creek -4% 0% -7% -5%
Wimberley, Span 1 -8% -6% -2% -3%
Wimberley, Span 2 -7% -9% -1% -3%

* Percent difference is presented as a function of the total live load moment.
1 Single truck runs and back-to-back truck runs used to determine LLDF for
one-lane loading.

t1 Side-by-side truck runs used to determine LLDF for two-lane loading.
LLDF is based on one-lane loading.
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Inferred LLDF’s were compared with the LLDF’s calculated using the
provisions in the AASHTO Standard. The comparison is summarized in Table
4.15. For the interior beams, the inferred LLDF’s were and average of 81% of the
LLDEF’s based on the AASTHO Standard. The trend in the values shows that the
AASHTO Standard approximated the actual LLDF within approximately 10% for
the 40-ft spans, but the differences increased as the span length increased. The
trends in the exterior beams are opposite the trends in the interior beams. For the
exterior beams, the inferred LLDF’s were an average of 114% of the value based
on the AASHTO Standard. The AASHTO Standard provisions approximated the
actual LLDF’s within 5% for the longest span, Lampasas; however, the
differences increased as the span length decreased.

Inferred LLDF’s were also compared with those calculated using the
AASHTO LRFD Specifications. These comparisons are summarized in Table
4.16. With the exception of the Wimberley one-lane exterior beam LLDF and the
Chandler Creek 40-ft span one-lane interior beam, the measured LLDF’s ranged
from 72% to 102% of the calculated values. The one design lane, exterior beam,
inferred LLDF’s for the Wimberley bridge were 46% and 37% larger than the
calculated value. Similar results were reported by Shahawy, et al (2001) based on
extensive analyses of bridges with similar span lengths, beam spacing and deck
overhangs as the Wimberley Bridge. The Wimberley bridge is a 40-ft span, with
a beam spacing of 7 ft and a deck overhang of approximately 6 in. Shahawy
reported a 32% error for a 50-ft span bridge, with a beam spacing of 6 ft and a
deck overhang of 3 in.

LLDF’s based on the AASHTO Standard and AASHTO LRFD are
compared with the LLDF’s calculated using the results of finite element analyses
in Table 4.17 and Table 4.18, respectively. The trends are similar to the

comparisons with the inferred values.

99



Table 4.15 Comparison of Inferred Live Load Distribution Factors and Live
Load Distribution Factors Based on AASHTO Standard Specifications

Inferred LLDF as a percent of AASHTO
Standard Calculated LLDF

Bridge Name Interior Beams Exterior Beams

One Two One Two
Lane Lanes Lane Lanes
Chandler Creek, 40 ft Span 89% 88% 116% 124%
Chandler Creek, 60 ft Span 70% 86% 104% 120%
Lake LBJ 67% 70% 104% 106%
Lampasas River, Span 1 71% 81% 96% 100%
Lampasas River, Span 2 67% 75% 100% 102%
Willis Creek 79% 82% 102% 110%
Wimberley, Span 1 96% 87% 131% 141%
Wimberley, Span 2 94% 94% 123% 141%

Table 4.16 Comparison of Inferred Live Load Distribution Factors and Live
Load Distribution Factors Based on AASHTO LRFD Specifications

Inferred LLDF as a percent of AASHTO
LRFD Calculated LLDF

Bridge Name Interior Beams Exterior Beams

One Two One Two
Lane Lanes Lane Lanes

Chandler Creek, 40 ft Span 116% 89% 94% 86%
Chandler Creek, 60 ft Span 82% 83% 84% 79%
Lake LBJ 88% 72% 83% 76%
Lampasas River, Span 1 93% 82% 81% 77%
Lampasas River, Span 2 88% 76% 85% 78%
Willis Creek 95% 76% 93% 85%
Wimberley, Span 1 102% 76% 146% 93%
Wimberley, Span 2 100% 82% 137% 93%
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Table 4.17 Comparison of Live Load Distribution Factors Calculated from
the Results of Finite Element Analyses and Live Load Distribution Factors
Based on AASHTO Standard Specifications

Finite Element Analysis LLDF as a percent

of AASHTO Standard Calculated LLDF

Bridge Name Interior Beams Exterior Beams

One Two One Two
Lane Lanes Lane Lanes
Chandler Creek, 40 ft Span 67% 73% 98% 114%
Chandler Creek, 60 ft Span 61% 73% 92% 108%
Lake LBJ 60% 68% 90% 102%
Lampasas River 63% 76% 84% 102%
Willis Creek 71% 82% 88% 100%
Wimberley 80% 78% 126% 133%

Table 4.18 Comparison of Live Load Distribution Factors Calculated from
the Results of Finite Element Analyses and Live Load Distribution Factors
Based on AASHTO LRFD Specifications

Finite Element Analysis LLDF as a percent
of AASHTO LRFD Calculated LLDF

Bridge Name Interior Beams Exterior Beams

One Two One Two
Lane Lanes Lane Lanes

Chandler Creek, 40 ft Span 86% 74% 79% 79%
Chandler Creek, 60 ft Span 71% 70% 74% 71%
Lake LBJ 79% 70% 71% 73%
Lampasas River 83% 77% 71% 78%
Willis Creek 85% 76% 80% 77%
Wimberley 85% 68% 140% 88%
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Figure 4.15, Figure 4.16 and Figure 4.17 are diagrams comparing the
LLDF’s for the 60-ft span of the Chandler Creek Bridge that were inferred from
measured data, calculated based on the AASHTO LRFD Specification, and from
the results of finite element analyses of diagnostic load test runs. These diagrams
show the generally good agreement between the inferred values and those from
the results of finite element analyses, and indicate that the AASHTO values are
typically conservative. In addition, the LLDF’s based on the AASHTO LRFD
estimate the actual LLDF’s more accurately than the AASHTO Standard.
Although the AASHTO LRFD is conservative, the profile of LLDF’s are similar
in shape to the profiles based on the results of finite element analyses and
diagnostic load tests. These are typical results and corresponding data for the
other bridges are included in Appendix F.

Figure 4.18 and Figure 4.19 compare the LLDF’s for the 60-ft span of the
Chandler Creek Bridge for one design lane and two design lanes based on the
AASHTO LRFD and from the results of finite element analyses performed using
the HS-20 loading vehicle and truck configurations. The trends are similar to
those based on the field runs. These are typical results and corresponding data for

the other bridges are included in Appendix F.
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Chandler Creek 60-ft Side-by-Side Truck Runs, LLDF Comparison

LLDF

0.2
0.0
5 6 7 8
Beam Number

—-0- FE Analysis Paths | & 4 —-<- FE Analysis Paths 1 & 5
—-2- FE Analysis Paths 2 & 5 —&— Inferred Paths 1 & 4
—o— Inferred Paths 1 & 5 —a— Inferred Paths 2 & 5
- - AASHTO LRFD —X- AASHTO Standard

Figure 4.15 Comparison of Inferred and Calculated LLDF’S for Side-by-Side
Truck Runs Performed at Chandler Creek Bridge, 60-ft Span

Chandler Creek 60-ft Back-to-Back Truck Runs, LLDF Comparison

LLDF

5 6 7 8
Beam Number
—-0- FE Analysis Path 1 —-<- FE Analysis Path 3 —-2- FE Analysis Path 5
—&— Inferred Path 1 —eo— Inferred Path 3 —4&— Inferred Path 5
- - AASHTO LRFD —X- AASHTO Standard

Figure 4.16 Comparison of Inferred and Calculated LLDF’S for Back-to-
Back Truck Runs Performed at Chandler Creek Bridge, 60-ft Span

103



Chandler Creek 60-ft Single Truck Runs, LLDF Comparison

LLDF

Beam Number

-0~ FE Analysis Path 1 -<©- FE Analysis Path 3 -2- FE Analysis Path 3
—&— Inferred Path 1 —&— Inferred Path 3 —a— Inferred Path 5
- - AASHTO LRFD —X- AASHTO Standard

Figure 4.17 Comparison of Inferred and Calculated LLDF’S for Single
Truck Runs Performed at Chandler Creek Bridge, 60-ft Span

Chandler Creek, 60-ft Span, LLDF's for One-Lane HS-20 Truck Configuration

0.8
06 -+, . L
et T T T T T = o~
— - ~ ... . S —
°3 R Y S o’
g 04 -
=
0.2
0.0 ‘
5 6 7 8
Beam Number
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- ®- AASHTO LRFD

—0—FE Analysis Exterior Run 2
—O0—FE Analysis Interior Run 2
—X- AASHTO Standard

Figure 4.18 Comparison of AASHTO and FE Analysis One-Lane LLDF’S
for Chandler Creek Bridge, 60-ft Span
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Chandler Creek, 60-ft Span, LLDF's for Two-Lane HS-20 Truck Configuration

LLDF

0.0
5 6 7 8
Beam Number
—+— FE Analysis Exterior Run 1 —o— FE Analysis Exterior Run 2
—2— FE Analysis Interior Run 1 —0— FE Analysis Interior Run 2
- - AASHTO LRFD —X- AASHTO Standard

Figure 4.19 Comparison of AASHTO and FE Analysis Two-Lane LLDF’S
for Chandler Creek Bridge, 60-ft Span

45 SUMMARY

In this chapter, the measured strain data were used to calculate the depth
of the neutral axis. The inferred neutral axis depths were then compared with
calculated values. The inferred depth of the neutral axis was then used to
calculate live load moments and LLDF’s using estimated in situ material and
section properties.

The inferred neutral axis depths were typically closer to the top of the
section than calculated using the gross, transformed section properties and
estimated in situ material properties. It is likely that the difference between
calculated and inferred neutral axis depth is caused by flexural cracking and that
the value of the modulus of elasticity of the concrete in the prestressed beas was

overestimated.
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Live load moments calculated using the inferred neutral axis depths,
estimated in situ material properties, and estimated in situ section properties were
1 to 19% lower than the live load moment estimated using the results of finite
element analyses. This indicated that the estimated in situ concrete compressive
strength was reasonable.

LLDF’s were also investigated in this chapter. LLDF’s based on the
provisions in the AASTHO LRFD and AASHTO Standard, the results of finite
element analyses and inferred from measured data were compared. The inferred
LLDF’s were estimated reasonably well using finite element analyses. In
addition, the provisions in the AASHTO LRFD, although conservative, were
generally more accurate than the provisions in the AASHTO Standard in

predicting the live load response of the bridges.
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CHAPTER 5

Description of Laboratory Fatigue Tests

This chapter presents a detailed discussion of the design, fabrication,
instrumentation, and testing of six prestressed concrete beams constructed and
tested as part of this investigation. The one-quarter-scale specimens were
designed and fabricated to represent key features of the prototype beam, which
was typical of the bridges tested in the diagnostic load-testing portion of the
project. The 60-ft span of the Chandler Creek bridge was selected as being
representative of the five bridges studied in the field. Properties of the interior
beam from the Chandler Creek bridge are presented in Table 5.1.

The initial thrust behind the fatigue tests was to evaluate the relationship
between the index stress level and the fatigue life of prestressed concrete beams.
The index stress is defined as the calculated tensile stress at the extreme fiber of
the cross section under the maximum applied load and is calculated using
uncracked transformed section properties. However, as discussed in Chapter 1,
the fatigue life of prestressed concrete beams is controlled by the fatigue of the
prestressing strands. Therefore, both the index stress levels and strand stress
ranges were investigated in this study.

The procedure for evaluating prestressed concrete bridges in the MCEB
includes a serviceability limit for the calculated tensile stress at the extreme fiber
of the cross section. This limit often controls the load rating. Although the
specified concrete compressive strength is typically used for load rating
prestressed concrete bridges, the index stress used in this investigation is
calculated using the measured concrete compressive strength at the time of

testing. The impact of using the measured compressive strength of the concrete in
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lieu of the specified compressive strength in the load rating calculations for beams
tested in this investigation will be addressed in Chapter 7.

The stress range in the strand can only be determined reliably if the
effective prestress level is known. Therefore, the instrumentation for the fatigue
test specimens included a significant number of strain gages, which were used to
monitor the prestress losses with time. As discussed in Chapter 1, the fatigue life
of a prestressed concrete beam is directly related to the stress range in the strand;
however, the calculation of the stress range is significantly more complex than the
calculation of the index stress. As a result, designers and evaluators prefer to use
the index stress as the criterion for evaluating the fatigue life of prestressed
concrete bridges to simplify the calculations.

Three index stress levels in the prototype beam were selected for study in
this investigation: 6./l , 7.5/ fee and 12/fls . These index stress levels

correspond to strand stress ranges in the prototype beam of 14, 20, and 40 ksi,
respectively. In addition, test specimens were designed such that at each index
stress level, the median strand stress and the range of stress in the strand would be
similar to the calculated values in the prototype bridge at the same index stress
level. However, due to the sensitivity of the index stress to the effective prestress
and because the compressive strength of the concrete could only be estimated
during the design stage, preference was given to achieving similar strand stress
ranges and median stresses rather than achieving a particular index stress.

The design of the fatigue test specimens is discussed in Section 5.1. The
analysis of the prototype beam is discussed in Section 5.2. The fabrication of the
fatigue test specimens is discussed in Section 5.3. The test set-up used for the
fatigue tests is discussed in Section 5.4. The instrumentation used to evaluate the

effective prestress force is discussed in Section 5.5. The analysis of the fatigue
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test specimens is discussed in Section 5.6. The test procedures for the fatigue

tests are discussed in Section 5.7. A summary is provided in Section 5.8.

5.1 DESIGN OF FATIGUE TEST SPECIMENS

The objective for the design of the test specimens was to achieve similar
strand stress ranges at similar levels of index stress as that of the prototype bridge
beam. A key requirement was to maintain comparable relationships between
section properties. The test specimen elevation and cross-section are shown in
Figure 5.1 and Figure 5.2, respectively. The beam properties are summarized in
Table 5.1. The shape of the test specimen cross section was modified to simplify
the construction process; however, other parameters are similar. The section
properties for both the prototype beam and test specimens are compared in Table
5.2. The section properties for the prototype bridge beam are based on estimated
in situ compressive strengths of the concrete, which are discussed in Chapter 3.

The differences in these geometrical parameters summarized in Table 5.2
vary from 0 to 17%, with an average difference of 6%. Based on these
comparisons and a preliminary analysis using assumed material properties
representative of the concrete compressive strengths at the age of testing, it was
concluded that the behavior of the test specimens would be similar to the behavior
of the prototype bridge beam.

The compressive strengths of the concrete used for design were 6000 psi
for the web concrete at release, 10,000 psi for the web concrete in situ at the start
of the fatigue tests, and 6000 psi for the slab concrete in situ at start of the fatigue
tests. The measured compressive strengths of the web concrete at release, the
web concrete at the start of the fatigue tests, and the slab concrete at the start of
the fatigue tests were approximately 2, 25, and 10% greater than the compressive

strengths used for design, respectively. The differences between the specified and
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measured material properties of the concrete are discussed further in Section

53.2.
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Figure 5.2 Cross Section of Test Specimens
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Table 5.1 Properties of Prototype Bridge Beam and Fatigue Test Specimens

Beam Property ‘Bridger | Specimen
Beam Length L 60 ft 15 ft
Composite Beam Depth H 47.25 in. 12 in.
Effective Slab Width be 94 in. 24 1in.
Beam Moment of Inertia I, 82,800 in.* 417 in.*
Composite Beam Moment of Inertia Leomp 274,000 in.* 1200 in.*
Area of Beam A, 496 in. 50 in.?
Transformed Area of Composite Beam | Agy 1040 in. 90 in.
Area of Prestressing Steel Aps 3.24in.2 0.306 in.
Neutral Axis of Composite Beam Yeomp 30.45 in. 7.48 in.

* Properties based on estimated in situ compressive strength of concrete for the

Chandler Creek 60-ft span, fg.

" Properties based on specified compressive strength of concrete for test

specimens, fg.

Table 5.2 Parameters from Prototype Bridge Beam and Fatigue Test

Specimens
Parameter Prototype Bridge Test Specimen Difference
L/H 15 15 0 %
bo/H 2 2 0 %
Leomp/ Lg 3.3 29 12 %
Ayl Aps 153 163 6 %
Agy/ Ag 2.1 1.8 17 %
Ag/ Aps 321 294 8 %
H/ yeomp 1.56 1.63 2%
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5.2  ANALYSIS OF PROTOTYPE BRIDGE BEAM

A separate analysis was performed of the prototype beam using each of
three sets of section properties, which were calculated using the three values of

concrete compressive strength described in Chapter 3: f, fey, and fg. For

each analysis, the relationship between live load moment and stress range in the
strand was calculated. The stress range in the strand corresponds to the change in
strand stress induced by live load. Five live load conditions were used to generate
each relationship, and are defined in Table 5.3. The resulting relationship
between live load moment and strand stress range for estimated in situ material
and section properties is shown in Figure 5.3.

Data point 1 represents the condition of zero live load. The effects of the
effective prestress force and dead loads, which includes dead loads on the non-
composite beam and the composite beam, are considered. Dead loads include the
weights of the beam, deck, diaphragms, overlay, and an allowance for
miscellaneous dead load. In addition, it was assumed that the prestressed beams
were unshored during the placement of the deck. Data point 2 corresponds to the
live load that results in zero net stress at the bottom fiber of the cross section, and
is called the decompression point. Data points 3 and 4 were determined by
specifying the neutral axis of the composite section and calculating the moment
corresponding to equilibrium.

Data points denoted 1, 2, and 3 were calculated using compatibility and
equilibrium. Stress and strain were assumed to be linearly related in both the
concrete and the prestressing steel. Data point 4 was calculated using stress-block
factors to estimate the nonlinear stress-strain relationship in the concrete. Data
point 5 was calculated using the equation for flexural capacity given in the
AASHTO Specifications. A detailed discussion of the methods used to analyze

the cross section at each state of stress is presented in Appendix J.
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The stress range in the strand for each level of index stress being
investigated was then determined graphically using the six data points from each
analysis and assuming that the live load moment varied linearly between each

data point. Data points A, B, and C denoted in Figure 5.3 correspond to the live

load moment and strand stress range at index stress levels of 6/ o , 7.5/ fée ,

and 12,/ , respectively. The moments for each index stress were calculated

using gross, transformed section properties. However, the strand stresses were
calculated assuming a cracked section.

Table 5.4 summarizes the results of each analysis of the prototype beam.
The table provides the strand stress range, median strand stress, live load moment
and HS vehicle weight corresponding to each index stress level. The HS vehicle
weight was calculated as shown in Figure 5.4. The bridge was modeled as a
simply-supported beam and loaded with a vehicle that had the HS-20 axle spacing
required by the AASHTO Standard. The AASHTO Standard live load
distribution factor and dynamic impact factor were also included in the

calculation.

Table 5.3 Description of Analysis Points for Prototype Beam

Point | Description

Full dead load state
Decompression of bottom fiber
Neutral axis at bottom of web
Neutral axis at top of web
Flexural Capacity

Live load moment at index stress of 6/ fio

Live load moment at index stress of 7.5/ fge

Q|| » nbs|jwo|—

Live load moment at index stress of 12/ f g
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where:
__RL/2-M, P = live load in kip
11.2 M, = the live load moment in ft-kip
S L = the effective span length of the bridge and taken as the
LLDF = 55 centerline-to-centerline of the bearing pads in ft
LLDF = the live load distribution factor for an individual
| =1+ 50 wheel line per the AASHTO Standard specification
125+L S = the centerline-to-centerline spacing of the girders in ft
p I = the impact factor per the AASHTO Standard
HSg, = IDF1_ specification

HSg, = the equivalent HS vehicle weight in ton

Figure 5.4 Calculation of Equivalent HS Loading
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Tables 5.5 to 5.7 provide comparisons of the analyses for each index stress
being investigated. As shown in Table 5.5, there is an 89% increase in strand

stress range and a 15% increase in the loading required to produce that stress

range at the index stress of 6\/f_c' for the quality control analysis as compared

with the design analysis. As the index stress increases, the difference in strand
stress range decreases and difference in loading increases. Similar trends are
exhibited in the comparison of the estimated in situ analysis with the design
analysis and are shown in Table 5.6. In Table 5.7 the results from the estimated
in situ analysis are compared with the results from the quality control analysis.
The calculated strand stress range increases by 6% to 14% for the estimated in
situ analysis as compared with the quality control analysis. This corresponds to
an increase of 4% to 6% in the loading required to produce that strand stress
range.

The results from the analyses of the other bridges being studied in this
investigation using estimated in situ material and section properties are provided

in Table 5.8. The strand stress range varies from 4 to 20 ksi, 10 to 31 ksi, and 29
to 65 ksi at index stresses of 6./l , 7.5\/E , and 12,/ fl. , respectively.
Similarly, the median stress in the strand ranges from 137 to 146 ksi, 140 to 151
ksi and 148 to 168 ksi at index stresses of 6\/f_c’e, 7.5 fee , and 12/ fs ,

respectively. These data indicate that as the index stress increases, the strand
stress range and median strand stress increase; however, these data also indicate
that for a given index stress there is no direct relationship to the range in strand
stress. Rather, as shown in Figure 5.5, the trends in the data indicate that for a
given value of index stress, the range in strand stress decreases with the increase
in span length of the bridges. In addition, Figure 5.5 shows that the sensitivity of

the calculated strand stress range increases as the index stress increases. Similar
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trends are found for the median strand stress; however, the median stress is less
sensitive to changes in span length and index stress.

As discussed in the introduction to this chapter, it was desirable to conduct
the fatigue tests on the specimens at the same index stresses as the prototype
beam. However, based on the analyses of the interior beams from the other
bridges, it is clear that there is no direct link between a particular index stress and
stress range in the strand. In addition, as discussed in Chapter 1, the fatigue life
of prestressed beams is directly related to the strand stress range and not index
stress. Therefore, although it was originally planned to test the beams in the

laboratory at the same index stresses as the prototype beam, the criterion that the

beams be tested at similar strand stress ranges controlled for the test specimens.

Table 5.4 Results of Analysis of Prototype Bridge

Calculated Calculated
Inde(x SSi;ress Strand Stress Median Strand ( fi\_/ll'{‘l" ) E'{?E;
P Range (ksi) Stress (ksi) P P
Specified Concrete Compressive Strengths
6/ fes 6.3 139 706 19.7
7.5 fés 11.7 142 788 22.0
12/ fes 28.6 150 1032 28.8
Quality Control Concrete Compressive Strengths

6,/ fcq 11.9 141 805 22.6
7.5/ feq 18.2 144 911 25.5
12 fc'q 37.1 154 1227 343

Estimated In Situ Concrete Compressive Strengths
64/ fee 13.6 142 841 23.5
7.5 fee 20.1 145 955 26.7
12/ fee 39.5 155 1298 36.2
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Table 5.5 Comparison of Results of Analyses of Prototype Bridge Beam
Using Quality Control and Specified Material Properties

Percent Percent Percent
Index Stress Difference in Difference in Difference in
Strand Stress Median Strand Equivalent HS
Range Stress Loading
64 fe 89% 1% 15%
7.5t 56% 1% 16%
12/ f; 30% 3% 19%

Table 5.6 Comparison of Results of Analyses of Prototype Bridge Beam
Using Estimated In Situ and Specified Material Properties

Percent Percent Percent
Index Stress Difference in Difference in Difference in
Strand Stress Median Strand Equivalent HS
Range Stress Loading
64 fe 116% 2% 19%
7.5 f¢ 72% 2% 21%
12/ f; 38% 3% 26%

Table 5.7 Comparison of Results of Analysis of Prototype Bridge Beam
Using Estimated In Situ and Quality Control Material Properties

Percent Percent Percent
Index Siress Difference in Difference in Difference in
Strand Stress Median Strand Equivalent HS
Range Stress Loading
6/ f¢ 14% 1% 4%
7.5 e 10% 1% 5%
12/ f;¢ 6% 1% 6%
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Table 5.8 Results of Analysis of the Bridges in this Investigation using

Estimated In Situ Material and Section Properties

Calculated Calculated

Bridee Strand Stress Median ML HSgq
& Range Strand Stress (ft-kip) (kip)
(ksi) (ksi)
Index Stress of 6/ fee
Chandler Creek
(40-ft Span) 19.5 146 564 28.6
Chandler Creek
(60-ft Span) 13.6 142 841 235
Lake LBJ 8.5 137 842 21.2
Lampasas River 4.2 139 584 13.4
Willis Creek 8.9 141 600 18.1
Wimberley 19.8 139 772 45.7
Index Stress of 7.5/ f¢e
Chandler Creek
(40-ft Span) 30.8 151 631 32.1
Chandler Creek
(60-ft Span) 20.1 145 955 26.7
Lake LBJ 14.2 140 953 24.0
Lampasas River 10.3 142 694 15.9
Willis Creek 15.9 145 702 21.2
Wimberley 26.0 142 839 49.6
Index Stress of 12,/ f e
Chandler Creek
(40-ft Span) 64.7 168 832 423
Chandler Creek
(60-ft Span) 39.5 155 1298 36.2
Lake LBJ 314 148 1287 324
Lampasas River 28.8 151 1025 23.5
Willis Creek 37.0 155 1008 30.4
Wimberley 45.3 152 1039 61.5
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5.3 FABRICATION OF FATIGUE TEST SPECIMENS

construction sequence and materials.

This section presents information about the construction of the test

specimens and the properties of the materials used to fabricate them. The six

fatigue test specimens were constructed simultaneously, using the same

time, the impact of variation in concrete material properties and differences due to

variation in the construction process were limited.

5.3.1 Phases of Fabrication of Fatigue Test Specimens

By fabricating all the specimens at one

The fatigue test specimens were fabricated in the Ferguson Structural

Engineering Laboratory at the University of Texas at Austin. The six beams were
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built in the prestressing bed pictured in Figure 5.6. The prestressing bed consisted
of three beam lines and two beams were constructed along each line.

After the formwork, shear reinforcement and strain gages on the strand
were in place, the strands were stressed. Each strand was stressed individually.
In order to verify the initial prestress force, load tests were performed on each
strand. These load tests are discussed in detail in Section 5.5.2.

After the initial prestress force was determined, concrete was placed in the
web portion of the beam. Approximately twenty-four hours after placement of
the web concrete, the stress in the strands was released. The slab portion of the
beam was placed approximately twenty-four hours after release of the prestressing

strands.

5.3.2 Fatigue Test Specimen Material Properties

The materials for the fatigue test specimens were evaluated during both
the fabrication and testing phases. Material tests conducted included compression
tests on the concrete, elastic modulus tests on the concrete and in-air tension and
fatigue tests of the prestressing strand.

One set of compression and elastic modulus tests were conducted on the
concrete used for the web portion of the beam prior to releasing the stress in the
strands. To have a more accurate estimate of the compressive strength and elastic
modulus of the concrete at release, Sure-Cure® cylinders were used. The Sure-
Cure® cylinder system uses thermocouples to monitor the temperature of the in
situ concrete and utilizes temperature-controlled, 4x8-in., steel cylinders such that
the temperature of the concrete in the cylinders is the same as the concrete in the
test specimen. In addition, standard 4x8-in. cylinders were cast from the concrete
used in the web and concrete used in the slab. These cylinders were used to

determine the compressive strength and modulus of elasticity of the web and slab
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concrete at the age of testing. A summary of the concrete compressive strength
and elastic modulus data at various times during fabrication and testing process
are presented in. Data from all tests conducted can be found in Appendix K and
key results are summarized in Table 5.9.

Tensile strength tests, elastic modulus tests and in-air fatigue tests were
conducted on the prestressing strand. The results of the in-air fatigue tests on the
prestressing strand were discussed in Chapter 1. As a result of the tests, it was
concluded that the strand used in the construction of the test specimens conformed
to ASTM A 416.

A summary of the results of the static tests conducted on the strand is
shown in Table 5.9. The results include yield strength, breaking strength and
modulus of elasticity. Two values for the modulus of elasticity are reported. The
modulus of elasticity, denoted Es in Table 5.9, was determined using measured
data from an external extensometer collected during tension tests performed on
the strand. The apparent modulus of elasticity, denoted Es; in Table 5.9, was
determined using data collected from strain gages located on the outer wires of
the prestressing strand and oriented along the local axis of the wire, which is
oriented at a pitch to the longitudinal axis of the strand. As a result of the
orientation of the strain gages, measured strains will be smaller than the actual
longitudinal strain of the strand. Obtaining the relationship between data from the
strain gages and longitudinal strain of the strain was necessary because the
measured strains were used for the analyses and evaluation of the beams. A more
detailed discussion of the tests conducted on the prestressing strand can be found
in the thesis by Heller (2003). Additional data on both the static and fatigue tests

on the prestressing strand can be found in Appendix K.
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Figure 5.6 Prestressing Bed with Formwork at Ferguson Structural
Engineering Laboratory Prior to Placement of Concrete

Table 5.9 Measured Concrete and Prestressing Strand Material Properties

Material Property Measured Value
Compressive Strength of Web Concrete at Release™ f'a w 6100 psi
Modulus of Elasticity of Web Concrete at Release™ E. . 5200 ksi
Compressive Strength of Web Concrete at Testing** f'c w | 12,000-12,800 psi
Modulus of Elasticity of Web Concrete at Testing®* E. w 6100-6200 ksi
Compressive Strength of Slab Concrete at Testing** f'e s 6300-6800 psi
Modulus of Elasticity of Slab Concrete at Testing™** Ec_s 4900-5100 ksi
Yield Stress of Prestressing Strand f, 245 ksi
Breaking Strength of Prestressing Strand f o 275 ksi
Modulus of Elasticity of Prestressing Strand Es 29,400 ksi
Apparent Modulus of Elasticity of Prestressing Strand Esa 31,200 ksi

* Release occurred approximately 24 hours after placement of the web concrete.
** Age of concrete varied due to time between the start of the fatigue tests on the beams.
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A comparison of the measured and specified material properties of the
concrete for the beams is given in Table 5.10. The specified material properties
were used in the design of the fatigue specimens and the measured values were
used for the analyses of the beams prior to testing. The most significant
difference observed was in the compressive strength of the concrete in the web.
The measured compressive strength of the concrete at the time of testing was 20
to 28% higher than the specified value. The effect of this difference is discussed

in Section 5.6.

Table 5.10 Comparison of Measured and Specified Concrete Material

Properties
Material Property Specified Value Percl\?[régglirfizra clf:lzvith

LI 6000 psi 2%
B w* 4500 ksi 16%

f'ow 10,000 psi 20-28%

Ec w* 5800 ksi 5-17%

f'e s 6000 psi 5-13%

E. . * 4500 ksi 9-13%

* E =57,000,/f",

5.4 TEST SET-UP AND INSTRUMENTATION

5.4.1 General Geometry

Figure 5.7 is a photograph of the test setup for the beams. The setup was
simple with the beam supported on elastomeric bearing pads on top of concrete
piers. Each beam was loaded symmetrically with point loads located 2 ft from the

beam centerline. The total length of the beam was 15 ft, with an effective span
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length of 14.5 ft. The effective span length was determined based on the
centerline-to-centerline distance between the bearing pads. A schematic view of
the test setup is shown in Figure 5.8.

As shown in Figure 5.7 and Figure 5.8, a single hydraulic ram was used to
apply the load to the beam. This load was divided into two equal loads through a
spreader beam. The load was transferred from the spreader beam to the beam
through two, 1-in. thick elastomeric bearing pads. This loading configuration
created a 4-ft constant moment region that provided a finite length of prestressing
strand where material flaws may be present and ultimately result in the fatigue
failure of the strand. The length of the constant moment region was the same as
the length of the specimens used to evaluate the fatigue characteristics of the

prestressing strand, in air.

Figure 5.7 Photograph of Fatigue Test Setup (Heller 2003)
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5.5 [EFFECTIVE PRESTRESS FORCE

5.5.1 Instrumentation Used to Evaluate Effective Prestress Force

Two types of strain gages were used to evaluate the effective prestress
force. These included strain gages attached to the surface of the prestressing
strand, and strain gages embedded in the concrete.

Ten, 5-mm strain gages were attached to individual wires on the
prestressing strand within 12-in. of the midspan of each beam. Six of the gages
were installed on the strand prior to the stressing of the strand. The remaining
four gages were installed after the strands were stressed and prior to the
placement of the concrete. The gages installed prior to stressing had experienced
a relatively large strain due to the stressing process. As a result, the additional
four gages were installed as a precaution in case the original gages experienced
failures due to the large strain.

In addition to the strain gages on the strand, one, 60-mm embedded
concrete gage was located at the centroid of the prestressing strand and within 12-
in. of midspan of each beam. Data from the gages on the strand and embedded in
the concrete were used throughout the construction and testing phases of the

investigation.

5.5.2 Determination of Initial Prestress Force

The initial prestress force in each strand was determined by conducting a
load test, commonly called a lift-off test, after final prestressing and prior to
placing the concrete. A schematic of the load test setup is shown in Figure 5.9.
During each load test, data were collected from the strain gages attached to the

prestressing strand and from the load cell.
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The data collected during the load test included the increases in strand
strain and the applied axial load. The measured strand strain was averaged to
provide one reading from the strain gages installed on each prestressing strand.
The corresponding strand stress was calculated by dividing the applied load as
measured by the load cell, by the nominal area of the prestressing strand. It
should be noted that prior to starting the load test, all strain gages were zeroed,
therefore the strain readings reported represent the increase in strain from the
initial prestressed condition. The idealized response and measured behavior of
strands within Beams 1 and 2 are shown in Figure 5.10.

The idealized response is shown as two lines in Figure 5.10. For stress less
than the initial prestress of 150 ksi, no change in strain is expected. Above the
initial prestress, the change in strain is expected to vary linearly with the change
in stress. As shown in Figure 5.10, a small increase in strain was observed at
prestress levels between 100 and 150 ksi. However, the strand strain did not
increase appreciably until after the applied stress exceeded 150 ksi. As a result,
the initial stress in the strand was determined by projecting the linearly varying
portion of to data to the point of zero strain and assuming this point to be the
initial prestress. These points are noted in Figure 5.10. The most likely cause for
the deviation of the measured response from the idealized behavior is the twisting
of the strand as the applied force increases. The idealized response and measured
response for all strands differed by a range of 57 to 132/.&, which corresponds to
a difference in strand stress of 2 to 4 ksi. Load test data from the other strands are

summarized in Appendix L.
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Figure 5.10 Typical Variation of Strand Strain and Inferred Strand Stress
During Load Test

5.5.3 Determination of Effective Prestress Force

Knowing the effective prestress force is critical in the analysis of
prestressed concrete beams and in particular for performing a load rating analysis.
Therefore, the strain gages on the prestressing strand and embedded in the
concrete were monitored from release up to the time of testing. A sample of the
data collected is shown in Figure 5.11. The changes in strain indicated in Figure
5.11 are the immediate change in strain at release and the total change in strain up
to the time of testing. The estimated change in strain is also shown in Figure
5.11, which was calculated using the time-dependent method in the PCI Design

Handbook (1992). Calculations of the estimated prestress losses are presented in
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Appendix L. The measured change in strain for the six beams ranged from 76%
to 89% of the predicted change in strain. This corresponds to a difference of 105

to 201/.&, or approximately 3 to 6 ksi in the strand.

26-Oct 20-Nov 15-Dec  9-Jan  3-Feb 28-Feb 25-Mar 19-Apr 14-May
0 -1 | | | | | | |

-7+ Change in Average Strand

Strain
-200 1 —&— Change in Concrete Strain at

Centroid of Strand

—¥-Predicted Change in Strand
Strain

Due to Release
-303 (Concrete)

-400 -

"
3
£
s
2 -322 (Strand) At Start of Testing
§ -600 - -874 (Concrete)
n -852 (Strand)
R=
S -800 1
<
=
@]

-1000 -

Beam 1
-1200

Figure 5.11 Typical Variation in Strand and Concrete Strain with Time

5.6 ANALYSIS OF THE FATIGUE TEST SPECIMENS

Prior to the start of fatigue testing, each specimen was analyzed to
determine the required load range that would produce the desired index stress,
strand stress range, and median strand stress. The measured concrete compressive
strength and modulus of elasticity used for the analysis of each beam are
summarized in Table 5.11. The properties of the prestressing strand used in the
analyses were previously reported in Table 5.9. The effective prestress force used

for the analyses were based on measured strains. Table 5.12 summarizes the
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effective prestress at release, prestress losses, and effective prestress at the start of
testing. The effective prestress force at release was determined using the lift-off
tests discussed in Section 5.5.1. Prestress losses were calculated based on the
measured change in strain discussed in Section 5.5.2.

The analyses of the fatigue specimens were similar to the analyses used to
idealize the response of the prototype beam. The applied load and stress range in
the strand corresponding to the five states of stress summarized in Table 5.13
were calculated for each beam. The full dead load state, point 1, included the
weight of the web, slab, and spreader beam and accounted for all prestress losses
at the start of testing. The other points were similar to the points used in the
analysis of the prototype beam. Using the results of the analyses, a plot of applied
load as a function of stress range in the strand was generated for each beam.
Figure 5.12 is a plot of applied load as a function of the range of stress in the
strand for Beam 4. A detailed discussion of the methods used to analyze the
cross section at each state of stress is presented in Appendix M.

The stress range in the strand being investigated was then determined
graphically using the five data points from the analysis and assuming the applied
load varied linearly between each data point. Data points A and B denoted in
Figure 5.12 correspond to the minimum and maximum applied load used for
fatigue testing, respectively. The loads were determined graphically using the

median stress and strand stress range given in Table 5.14.
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Table 5.11 Summary of Measured Concrete Material Properties Used in
Analyses of Fatigue Test Specimens

Beam

Compressive Strength (psi)

Modulus of Elasticity (ksi)

D Release Start of Fatigue Test | Release Start of Fatigue Test
Web Web Slab Web Web Slab
1 6100 12,700 6900 5200 6200 5200
2 6100 12,600 6800 5200 6200 5200
3 6100 12,600 6800 5200 6200 5200
4 6100 12,000 6300 5200 6100 4900
5 6100 12,000 6700 5200 6100 5200
6 6100 12,700 6900 5200 6200 5300

Table 5.12 Summary of Prestressing Data Used in Analyses of Beams

Average | Average
Number Measured | Measured Total )
of Days Prestress | Change in | Measured Total Effective
Beam | Between Prior to Strain of | Change in Prestre%s Prestrgss
ID Release Release* | Strand at | Strain of Loss§s at Tes.tmg
anq (ksi) Release** | Strand' (ksi) (ksi)
Testing
(ue) (ue)
1 202 148 322 852 27 121
2 162 148 323 789 25 123
3 144 147 290 699 22 125
4 105 147 287 683 21 126
5 128 151 294 760 24 127
6 252 151 279 759 24 127

* Average stress for the strands in the beam line based on lift-off tests.
** Average of the change in strain from data recorded by all 10 gages on the
prestressing strand at release. (See Figure 5.11 and corresponding figures for

the other beams in Appendix L.)

" Average of the change in strain from data recorded by all 10 gages on the
prestressing strand from release to the start of the fatigue tests. (See Figure

5.11 and corresponding figures for the other beams in Appendix L.)

™ Calculated using average measured change in strain of the strand and the

apparent modulus of the prestressing strand.
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Table 5.13 Description of Analysis Points for Fatigue Specimens

Point | Description
1 Full dead load state
2 Decompression of bottom fiber
3 Neutral axis at center of gravity of strand
4 Neutral axis at top of web
5 Flexural Capacity
A Minimum applied load for fatigue test
B Maximum applied load for fatigue test
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Figure 5.12 Plot of Applied Load as a Function of Stress Range in the Strand
for Beam 4

133



The results of the analysis of each beam are summarized in Table 5.14.

Although it was intended that the beams be tested at index stresses of 6/ f.y, ,

7.5 fem > and 12/, , all the beams were tested at stress levels below the

desired index stress. Differences in the compressive strength of the concrete and
prestress losses between the preliminary design and actual beams required that
either the median stress level in the strand or the index stress vary from the
prototype beam. As discussed in Chapter 1, the strand is the key element in the
fatigue life of prestressed concrete beams. Therefore, reduced index stresses were
selected so that the median strand stress would be similar to the median strand
stress in the prototype beam.

Beams 1 and 6 were tested at a similar strand stress range and median
stress as the prototype beam at the index stress level of 6\/fic’e , which are given
in Table 5.4. Similarly, Beams 2 and 3 were tested at a similar strand stress range
and median stress as the prototype beam at the index stress level of 7.5/ 5. , and
Beams 4 and 5 were tested at a similar strand stress range and median stress as the
prototype beam at the index stress level of 12@ . Although the strand stress

ranges and median stresses for the test beams did not match the calculated the
prototype beam, all of the strand stress ranges and median stresses for the beams

fall within the ranges calculated for the five bridges studied in this investigation.
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Table 5.14 Summary of Analyses on Fatigue Test Specimens

Strand .

Index Min. Max. Stress at Strand Median

Beam .. Stress Strand

Stress* Load Load Minimum

ID . s s Range** | Stress**

(psi) (kip) (kip) Load (ksi) (ksi)
(ksi)

1 2.4/ fim 10.5 11.4 138 7 145
2 2.7 tem 2.8 11.7 126 22 137
3 4.6 fem 1.9 11.9 127 25 140
4 9.0/ fem 1.0 14.2 127 47 150
5 9.1/ fém 0.6 14.3 124 47 148
6 3.1 fém 5.5 10.8 132 14 139

* Index stress was calculated using uncracked, transformed, composite section
properties and measured compressive strength of the concrete.

** Strand stress range and median strand stress were calculated based on
equilibrium and compatibility using the measured properties of the materials
and assuming cracked section properties.

It was also intended that Beam 2 be tested at a similar index stress to
Beam 3 and that Beams 1 and 6 also be tested at a similar index stress. However,
based on observations during release of the prestressing forces in the strands and
the measured change in strain in the strands, it was determined that the
compressive stress at the bottom fiber of Beam 2 was larger than the compressive
stress at the bottom fiber of Beam 3 at the dead load state. The compressive stress
at the bottom fiber has a direct impact on the calculation of the index stress and
preference was given to loading the beam at a similar strand stress range and
The observations and

median stress over attaining a particular index stress.

measured data on which this determination was made are discussed below.
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The forces in the prestressing strands were released in sequential order,
starting with strand 1 and finishing with strand 6. During the release of strand 1
and strand 2, which are the strands in Beams 1 and 2, significant movement of the
prestressing bed and formwork for Beams 1 and 2 was observed. In contrast,
when the remaining strands were released, no appreciable movement was
observed. Based on this observation and the measured change in strain at the time
of release, which are summarized in Table 5.15, it was reasonable to assume that
the formwork was restraining Beams 3 through 6, while Beams 1 and 2 were fully
released from the formwork when the prestressing strands were cut.

The possibility of the formwork restraining the beams was investigated by
analyzing the non-composite beam using the measured change in strain of the
strand due to the release of the prestress forces. Assuming a linear strain profile
and the measured strains, an equilibrium analysis was performed and the stress at
the bottom fiber of the cross section at release of the strands was determined. The
compatibility and equilibrium equations used to perform this analysis are given in
Figure 5.13 and addition details are given in Appendix M. The results of this
analysis are shown in Table 5.15 and are compared with the bottom fiber stress
calculated assuming the formwork did not restrain the beams. The general
equation used to calculate the bottom fiber stress assuming the formwork did not

restrain the beams is as follows:

fo=—+ e (5.1)

where fj, is the bottom fiber stress, P is the measured effective prestress force, A is
the gross area of the web, | is the gross moment inertia of the web, € is the

eccentricity between the prestressing strand and the center of gravity of the web, C
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is the distance from the center of gravity of the web to the bottom fiber, and Mgy
is the self-weight moment of the web. The difference between the calculated and
inferred bottom fiber stresses given in Table 5.15 are nominally the same for
Beams 1 and 2, however, the calculated stress is significantly higher than the
inferred stress for Beams 3 through 6.

Based on the results in summarized in Table 5.15, it is reasonable to
assume that Beams 1 and 2 were not restrained by the formwork and were
subjected to the full force of initial prestressing when the strands were released.
However, Beams 3 through 6 were restrained by the formwork immediately after
the strands were released and the compressive stresses along the bottom fiber of
the web were less than anticipated. As a result, Beam 3 had a lower net
compressive stress than Beam 2. Even though Beams 2 and 3 were nominally the
same, the differences in behavior at release resulted in Beam 3 being tested at a
lower index stress than Beam 2. A similar comparison can be made between
Beams 1 and 6, which also were nominally the same, however, were tested at
different index stresses due to the effects of the restraint provided by the

formwork.
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Table 5.15 Summary of Bottom Fiber Compressive Stresses

Bottom Fiber .
Calculated St ¢ Difference
alculate Measured Tess a Betweer
Bottom Fiber . Release
Change in Calculated and
Beam Stress At . Inferred From
Strain in the Inferred
1D Release Measured .
A o N Strand at Ch . Bottom Fiber
SSUING NO | pelease (ue) ange 1n Stress at
Restraint™ (psi) Strain at .
. Release (psi)
Release™** (psi)
1 2330 322 2410 -80
2 2330 323 2420 -90
3 2320 290 2120 200
4 2320 287 2090 230
5 2390 284 2040 350
6 2390 279 2000 390

* Based on gross section properties of the web, measured concrete material
properties, and measured prestress prior to release given in Table 5.12.

** Calculated using gross section properties of the web, and compatibility and
equilibrium based on measured strains.
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Figure 5.13 Equations Used to Calculate the Bottom Fiber Stress Inferred
from the Measured Strains

5.7 TEST PROCEDURES

Each beam was subjected to a series of static tests throughout the fatigue
tests. Both the static and fatigue test procedures are discussed in the following
sections.

In addition to the instrumentation previously discussed, five instruments
were used to measure displacements of the beam. Three of the instruments were
direct current linear variable differential transformers (LVDTs) and were used to
measure the vertical displacement of each beam at midspan and at the center of

each bearing pad. In addition, a linear motion transducer was used to measure
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midspan displacement. It should be noted that all midspan displacements reported
in this document have been corrected for the average compression of the bearing
pads, and represent the deformation of the test specimens. The locations of these
instruments are shown in Figure 5.14.

The fifth displacement instrument was installed after a crack formed in the
beam. This LVDT was installed horizontally with its axis aligned with the bottom
surface of the beam, and measured displacements across the most prominent
crack. Figure 5.15 is a photograph of this displacement transducer after
installation. Data collected from this LVDT were used to approximate when the
crack opened and closed due to the applied load.

The applied load was measured using a load cell. The location of the load

cell is shown in Figure 5.7 and Figure 5.8.

Linear Motion Transducer attached by wire

Figure 5.14 Schematic of Vertical Displacement Instruments (Heller 2003)
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Figure 5.15 Photograph of LVDT Across Flexural Crack (Crack
Displacement Gage) (Heller 2003)

5.7.1 Static Tests

5.7.1.1 Initial Static Tests

The purpose of the initial static tests was to define the baseline behavior of
the beams for comparison with data collected during the fatigue tests. Data were
collected from four displacement transducers (two located at the midspan of the
beam and one located at the centerline of each bearing), strain gages on the
prestressing strand, and an embedded concrete strain gage located at the center of
gravity of the prestressing strand. Data were collected during the loading and
unloading phases of the static test. In addition, cracks were marked at the
maximum applied load during each test.

Beams 1, 2, 4, and 5 cracked during the initial static test. After each of
these tests, a horizontal displacement transducer was installed across the most
prominent crack, and two surface concrete strain gages, one on each side of the
prominent crack, were installed. After this instrumentation was installed, another

static test was conducted.
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Beams 3 and 6 did not crack during the initial static test. As a result, a
small number of fatigue cycles were performed until the first crack formed. After
the crack appeared, the additional instrumentation was placed on these beams and
an additional static test was performed.

The load during the initial static test was typically applied in 1-kip
increments. In the vicinity of the decompression load, the load increment was

reduced to approximately 0.25 to 0.5 kip to capture the nonlinear beam behavior.

5.7.1.2 Periodic Static Tests

Periodically during the fatigue tests on each beam, additional static tests
were performed. In some cases the fatigue loading was interrupted because the
beam had sustained a predetermined number of cycles. In other cases the
displacement of the beam increased suddenly, typically due to the fracture of a
wire. Each time the fatigue tests were interrupted for a static test, data were
collected from all the instruments.

Similar to the initial static test, data were collected during the loading and
unloading portion of the tests and cracks were marked at the maximum applied
load. The load increments for these tests were the same as described for the initial

static tests.

5.7.2 Fatigue Tests

Cyclic loads were applied to each beam with the maximum and minimum
loads determined from the analyses presented in Appendix M. The maximum and
minimum loads were selected to produce the desired range of stress in the strand
and median stress. Two beams were tested at each strand stress range. Beams 1
and 6 were tested at a strand stress of approximately 10 ksi, Beams 2 and 3 were
tested at a strand stress of approximately 23 ksi and Beams 4 and 5 were tested at

a strand stress of approximately 47 ksi.
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Detailed descriptions of the procedures for establishing the load settings
and cycle frequency on the load controller used to drive the hydraulic ram are

provided in Heller (2003).

5.7.3 Post Mortem Investigation

The fatigue tests were run until a prescribed number of cycles had been
reached or a significant decrease in the stiffness of the beam had been achieved,
which indicated that several wires had fractured. In either case, further testing of
the specimens was determined to be unnecessary and the beams were removed
from the test setup. The concrete around the prestressing strands was removed
within the region defined by the cracks furthest from the centerline of the beam to

expose the strand and determine the number of wire failures.

5.8 SUMMARY

For the prototype beam the relationship between the index stress level and
strand stress range was similar at all three levels of concrete compressive strength

investigated. An increase in the strand stress range of 46 to 76% was calculated

when the index stress was increased from 6,/ f; to 7.5,/f. . An increase in the

strand stress range of 180 to 340% was calculated when the index stress was

increased from 6 \/fT:' to 12 \/TC' .

Based on the analysis of the prototype beam and interior beams from the
other bridges in this investigation, it was shown that no particular strand stress
range corresponds uniquely to an index stress level. However, the trends in the
data indicated that strand stress range increases as span length decreases. In
addition, the variation of strand stress range for a particular span length and index
stress level indicates that the sensitivity of the calculation of the strand stress

range increases as the index stress increases.
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Six prestressed concrete beams were designed, constructed, and subjected
to fatigue loads. The calculated strand stress ranges and median stresses in the
specimens were similar to those in the prototype beam for three different index
stress levels. When determining the load range for the fatigue tests, preference
was given to achieving the strand stress range and median stress over the index

stress. As a result, Beam 2 was tested at a strand stress range and median stress
that was similar to the levels in the prototype beam at an index stress of 7.5,/ f, ;

however, the calculated index stress in Beam 2 was lower than the index stress

level in the prototype beam.
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CHAPTER 6

Results of Laboratory Fatigue Tests

As previously discussed, six prestressed concrete beams were subjected to
fatigue loads as part of this investigation. Typical results at each range in
nominal strand stress are presented in this chapter. Additional results can be
found in Appendix N. Results for Beams 2, 3, 4 and 5 have been previously
reported by Heller (2003). Table 6.1 and Table 6.2 summarize the beam tests
conducted as part of this project. The tests reported in Table 6.2 were performed
on two beams that had no significant fatigue damage after ten million cycles.

As discussed in Chapter 5, the nominal strand stress ranges selected for
testing correspond to strand stress ranges based on analyses of the prototype

beam. The prototype beam was analyzed at three load levels that correspond to
index stresses of 6/ foe , 7.5/ fee , and 12/ e .

A minimum of two beams were tested at each range of nominal strand
stress determined from the analyses of the prototype beam. The ranges of strand
stress in the beams were determined based on cracked section properties,
measured prestress losses, and measured material properties of the concrete and
prestressing strand. Although it was desirable that the index stress in the fatigue
specimens correspond to the index stress in the prototype beam, preference was
given to achieving the same median stresses and range of stresses in the strand
from the analyses of the prototype beam, rather than the index stress.

This chapter is divided into five sections. The fatigue response of the
beams at each of the ranges of nominal strand stress is summarized in Sections

6.1, 6.2, and 6.3. Beams 1 and 6 both survived 10,000,000 cycles at a strand
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stress range of approximately 10 ksi, and were subsequently subjected to
additional fatigue cycles at higher ranges of strand stress. Data from these tests

are described in Sections 6.4 and 6.5.

6.1 BEHAVIOR OF BEAMS 1 AND 6

Beams 1 and 6 were subjected to fatigue loads corresponding to a stress
range in the strand of approximately 7 ksi and 14 ksi, respectively. Based on the
data presented in Chapter 1, the strand stress range for Beam 1 appears to be
below the endurance limit for prestressing strand in prestressed concrete beams.
However, the strand stress range for Beam 6 appears to be slightly above the

endurance limit. Data from these tests are summarized in this section.

6.1.1 Initial Static Tests

During the initial static test, Beam 1 was loaded until flexural cracking

occurred. As summarized in Table 6.3, the calculated cracking load was 14.4 kip,

which corresponds to a modulus of rupture of 7.5,/ f., , and the first crack was

observed at an applied load of 12 kip.

Unlike Beam 1, Beam 6 did not crack during the initial static test. Beam
6 was loaded to the maximum fatigue load during the initial static test, which was
less than the calculated cracking load. Then Beam 6 was subjected to 1000
loading cycles between a minimum load of 5.5 kip and a maximum load of 10.8
kip and then was subjected to another static test. Flexural cracks were first

observed during this static test at an applied load of approximately 10.5 kip.
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Table 6.1 Overview of Fatigue Tests

Applied Calculated | Calculated

Date .

' . Load Strand Median

Beam fcm Fatigue St Strand
D Test | Min. | Max. Tess ran

Started Range Stress
psi kip | kip ksi ksi
1 12800 | 5/19/03 | 105 | 11.4 7 142
2 12600 | 4/9/03 34 | 11.7 22 137
3 12600 | 3/22/03 2.3 11.9 25 140
4 12000 | 2/11/03 1.2 | 14.2 47 150
5 12000 | 3/6/03 06 | 143 47 148
6 12800 | 7/8/03 55 | 10.8 14 139

Table 6.2 Overview of Additional Fatigue Tests of Beams 1 and 6

Applied Calculated | Calculated

Date .

. Load Strand Median

Beam | Fatigue Stress Strand

ID Test Min. | Max.

Started Range Stress
kip | kip ksi ksi
1A 6/7/03 10.0 | 14.5 41 155
1B 8/13/03 | 0.7 | 13.5 44 144
6A 8/5/03 2.7 | 143 45 152

The average measured strand strain during the initial static test for Beam 1
is shown in Figure 6.1. Based on the observed change in stiffness, cracking
appears to have initiated at an applied load of approximately 11.5 kip. Similar
data for Beam 6 (Figure 6.2) indicate a somewhat more linear relationship
between applied load and average strand strain. Data were not collected during
the fatigue tests; therefore, it is not possible to estimate the cracking load from

the strain data for Beam 6. The initial crack patterns for Beams 1 and 6 are

shown in Figure 6.3 and Figure 6.4, respectively.
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Table 6.3 Summary of Results from Initial Static Tests

Applied Load at | Cracking Load | Maximum Load
Calculated . . .

Beam Cracking Load* First Observed Inferred from durlng Initial

ID Crack Strand Data Static Test
(kip) (kip) (kip) (kip)
1 14.4 12.0%* 11.5 12.0
2 14.5 11.0** 11.0 11.7
3 13.6 9.5%1 —7 11.9
4 13.4 13.0%* 11.0 18.0
5 13.4 11.3%* 10.5 14.5
6 13.4 10.57+1 —7 10.8

* Calculated cracking load corresponds to a tensile stress at the extreme tension
fiber of 7.5/ foy, using gross section properties.

** First crack observed during initial static test.
T Cracking occurred during fatigue loading; therefore, the cracking load could
not be inferred from the measured data.
T1Beam did not crack during initial static test. Beam was subjected to 25 fatigue

cycles, and cracking was observed in the subsequent static test.

111 Beam did not crack during initial static test. Beam was subjected to 1000
fatigue cycles, and cracking was observed in the subsequent static test.
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Figure 6.1 Applied Load versus Average Strand Strain during Initial Static
Test for Beam 1
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Figure 6.2 Applied Load versus Average Strand Strain during Initial Static
Test for Beam 6
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Figure 6.3 Crack Pattern for Beam 1 after Initial Static Test
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Figure 6.4 Crack Pattern for Beam 6 after 1,000 Cycles

6.1.2 Decompression Load

The decompression load is the applied load at which the flexural tensile
stress at the bottom fiber overcomes the net compressive stress due to combined
prestressing and dead load. The calculated decompression loads for Beams 1 and
6 were 9.2 and 9.4 kip, respectively. These calculations were performed using

cracked section properties and the prestress losses inferred from the measured

strains and are documented in Appendix M.

The decompression load could also be inferred from the measured
response of the beams. After the initial cracks formed, the strain data from the
prestressing strand, the midspan deflection data, and the data from the

displacement gage across the most prominent crack were repeatable in successive
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static tests. Near the decompression load, the effective stiffness of the cross
section changes from uncracked to cracked properties. This change in stiffness
occurs gradually, and a distinct decompression load can not be clearly identified
from the data. However, the decompression load was approximated as the
intersection of the best-fit lines at loads above and below the nonlinear transition.
A typical example using strain data from Beam 1 is shown in Figure 6.5.
Additional plots are shown in Appendix N.

Decompression load results are summarized in Table 6.4. In general the

decompression loads inferred from the measured data are 0 to 13% lower than the

calculated values.
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Table 6.4 Summary of Decompression Loads

Calculated Decompression | Decompression | Decompression
Beam | Decompression Load Inferred Load Inferred Load Inferred
from Strand from Midspan from Crack
ID Load* . . .
Strain Displacement Opening
(kip) (kip) (kip) (kip)
1 9.2 8.3 8.2 8.3
2 9.4 9.3 8.9 9.1
3 9.2 8.2 7.8 8.1
4 9.1 9.1 9.5 9.6
5 9.1 9.1 9.1 9.1
6 9.0 8.2 7.8 8.1

* Calculated using cracked section properties and prestress losses inferred from
the measured data.

6.1.3 Fatigue Response

The maximum and minimum loads applied to the test specimens during
the fatigue tests are summarized in Table 6.1. The calculated stress range and
median stress in the strand are also listed.

As noted previously, the fatigue tests were stopped periodically and the
beams were subjected to additional static tests. The data collected during these
tests provide a mechanism for quantifying changes in the beam response.

Applied load is plotted in Figure 6.6 as a function of the midspan
displacement for the eleven static tests performed on Beam 1. A significant
change in stiffness was observed between the first two static tests. The beam was
initially uncracked, so this change was expected. The stiffness continued to
decrease as the number of fatigue cycles increased. After ten million cycles, the

maximum midspan displacement under the maximum applied fatigue load was

approximately 23% larger than the maximum displacement during the initial
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static test and approximately 14% larger than the maximum displacement after
one loading cycle.

The corresponding data from Beam 6 are shown in Figure 6.7. As
previously discussed, Beam 6 did not crack during the initial static test; therefore,
the significant change in stiffness did not occur until later in the loading
sequence. Rather, the cracks that were observed after the initial static test for
Beam 1 were not observed until Beam 6 had experienced approximately 1,000
fatigue cycles. Similarly to Beam 1, the stiffness of Beam 6 continued to
decrease as the number of fatigue cycles increased. After ten million cycles, the
maximum midspan displacement under the maximum applied fatigue load was
approximately 27% larger than the maximum displacement during the initial
static test and 23% larger than the maximum displacement after 1,000 loading
cycles.

The applied load is plotted as a function of the average strain in the strand
in Figure 6.8 and Figure 6.9 for Beams 1 and 6, respectively. The variation of
strain is more sensitive to the number of fatigue cycles than the midspan
displacement for both beams. This difference is likely due to the locations of
strain gages relative to the cracks.

The applied load is plotted as a function of the width of the most
prominent initial crack in Figure 6.10 and Figure 6.11 for Beams 1 and 6,
respectively. The trends are not significantly different from those exhibited by
the other instruments.

The variations of the midspan displacement and crack width at the
maximum applied load during each static test are shown in Figure 6.12 and
Figure 6.13 for Beams 1 and 6, respectively. The gradual decrease in stiffness

with the number of loading cycles is observed for both beams.
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The crack patterns observed in Beams 1 and 6 after ten million cycles at a
strand stress range of approximately 8 ksi are shown in Figure 6.14 and Figure
6.15, respectively. The length of the initial cracks increased during the fatigue
loads and several new cracks formed.

The behavior of Beams 1 and 6 did not change appreciably during the
initial series of fatigue tests. As described in Sections 6.4 and 6.5, these beams
were subjected to additional fatigue loading corresponding to higher ranges of

strand stress.
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Figure 6.7 Variation of Midspan Displacement during Fatigue Tests of Beam

Midspan Displacement, in.

6 at a Strand Stress Range of 14 ksi
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6.1.4 Post Mortem Investigation

No post mortem investigation was conducted after the fatigue tests of
Beams 1 and 6 described in this section. After 10 million cycles, no significant
change in beam behavior was observed for either beam and therefore, the
structural integrity of the beams was maintained so that further tests could be

conducted.

6.2 BEHAVIOR OF BEAMS 2 AND 3

Beams 2 and 3 were subjected to fatigue loads corresponding to stress
ranges in the strand of approximately 22 and 25 ksi, respectively. Data from

these tests are summarized in this section.

6.2.1 |Initial Static Tests

During the initial static test, Beam 2 was loaded until flexural cracking

occurred. As summarized in Table 6.3, the calculated cracking load was 14.5 kip,

which corresponds to a modulus of rupture of 7.5,/ f.y, , and the first crack was

observed at an applied load of approximately 11 kip.
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Unlike Beam 2, Beam 3 did not crack during the initial static test.
Therefore, Beam 3 was subjected to 25 loading cycles between a minimum load
of 2.3 kip and a maximum load of 11.9 kip. The beam was then subjected to
another static test, and flexural cracking was observed at an applied load of
approximately 9.5 kip.

The average strand strain during the initial static test for Beam 2 is shown
in Figure 6.16. Based on the observed change in stiffness, cracking appears to
have initiated at an applied load of approximately 11.0 kip. Similar data for
Beam 3 (Figure 6.17) indicate a near linear relationship between applied load and
average strand strain. Data were not collected during the fatigue tests; therefore it
is not possible to estimate the cracking load from the strain data for Beam 3. The

initial crack patterns for Beams 2 and 3 are shown in Figure 6.18 and Figure 6.19,

respectively.
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6.2.2 Decompression Load

The calculated decompression loads for Beams 2 and 3 were 9.4 and 9.2
kip, respectively, and the calculations are documented in Appendix M. As with
Beams 1 and 6, the decompression load could also be inferred from the measured
response of the beams. Results for Beams 2 and 3 are summarized in Table 6.4,

and decompression load plots for Beams 2 and 3 are shown in Appendix N.

6.2.3 Fatigue Response

The maximum and minimum applied loads, and calculated stress range
and median stress in the strand for Beams 2 and 3 during the fatigue tests are
summarized in Table 6.1.

In Figure 6.20, applied load is plotted as a function of the midspan
displacement for the seventeen static tests performed on Beam 2. A change in
stiffness was observed between the first two static tests as a result of flexural
cracking of the concrete. During subsequent static tests, up to and including the
test conducted at 5,000,000 cycles, new cracks and the propagation of existing
cracks were observed resulting in small changes in stiffness. After 5,000,000
cycles, the maximum midspan displacement was approximately 34% larger than
the maximum displacement during the initial static test and 31% larger than the
maximum displacement after one fatigue cycle. With each test beyond 5,000,000
cycles, a significant increase in midspan displacement was observed after
relatively few fatigue cycles. These changes in stiffness are likely due to the
fatigue failure of individual wires in the strand. After approximately 5.8 million
cycles, the final static test was performed and the maximum midspan
displacement was approximately 200% larger than the maximum displacement
during the initial static test and 190% larger than the maximum displacement

after one load cycle.
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The corresponding midspan displacement data from Beam 3 are shown in
Figure 6.21. Similarly to Beam 6, Beam 3 did not crack during the initial static
test; therefore, the significant change in stiffness did not occur until later in the
loading sequence. Cracks were observed after Beam 3 had experienced
approximately 25 fatigue cycles. Similarly to Beam 2, the stiffness of Beam 3
continued to decrease as the number of fatigue cycles increased. After 2,000,000
cycles, the maximum midspan displacement was approximately 36% larger than
the maximum displacement during the initial static test and 14% larger than the
maximum displacement after 25 fatigue cycles. The response of Beam 3 beyond
2,000,000 cycles was similar to the response of Beam 2 after 5,000,000 cycles.
With each static test a significant increase in midspan displacement was observed
after relatively few load cycles. After approximately 3.1 million cycles, the final
static test was performed and the maximum midspan displacement was
approximately 185% larger than the maximum displacement during the initial
static test and 140% larger than the maximum displacement after 25 fatigue
cycles.

The applied load is plotted as a function of the average strain in the strand
in Figure 6.22 and Figure 6.23 for Beams 2 and 3, respectively. For both Beams
2 and 3, the maximum average measured strain in the strand after 100 fatigue
cycles was approximately 35% larger than the average measured strain during the
initial static test. This increase in strain is a result of flexural cracking. After
5,000 fatigue cycles on Beam 2 and 500 fatigue cycles on Beam 3, a significant
number of strain gages on the strand failed. As a result, no reliable strain data
were available beyond these static tests.

The applied load is plotted as a function of the width of the most

prominent initial crack in Figure 6.24 and Figure 6.25 for Beams 2 and 3,
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respectively. Similarly to Beams 1 and 6, the trends are not significantly
different from those exhibited by the other instruments.

The variations of the midspan deflection and crack width at the maximum
applied load during each static test are shown in Figure 6.26 and Figure 6.27 for
Beams 2 and 3, respectively. A gradual decrease in stiffness with the number of
loading cycles is observed for the first 5,000,000 and 2,000,000 cycles for Beams
2 and 3, respectively. Beyond this point, both beams exhibit significant increases
in displacement with relatively few additional fatigue cycles. As mentioned
previously, this rapid degradation of the stiffness of the beam is likely due
individual wire failures in the strand.

The crack patterns observed in Beams 2 and 3 after 5.8 and 3.1 million
cycles at a stress range of approximately 22 ksi are shown in Figure 6.28 and
Figure 6.30, respectively. The length of the initial cracks and total number of
cracks increased significantly during the fatigue loads for both beams.

The behavior of Beams 2 and 3 did not change appreciably during the first
five million cycles in Beam 2 and two million cycles in Beam 3. Beyond this
point, a rapid decrease in stiffness with relatively few additional fatigue cycles

occurred in both beams.
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Figure 6.29 Composite Photograph of Beam 2 at End of Fatigue Tests at a
Strand Stress Range of 22 ksi (Heller 2003)
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6.2.4 Post-Mortem Investigation

Upon completion of the fatigue testing, post mortem investigations of
Beams 2 and 3 were conducted. For each beam the prestressing strand was
exposed between the cracks shown in Figure 6.33 and Figure 6.35. After
carefully removing the concrete seven wire breaks were noted in Beam 2 and six
wire breaks in Beam 3. The wire failures, which were deemed fatigue failures
due to their appearance, were located near cracks within the constant moment
region of the beam. Figure 6.32 and Figure 6.34 are photographs of the beams
after the concrete was removed and indicate the location of the wire failures.
Figure 6.33 and Figure 6.35 illustrate the final crack patterns after the conclusion
of fatigue testing and indicate the location of the wire breaks.

It is important to note that the wire failures uncovered in the post-mortem
investigations can be correlated to the changes in midspan deflection and crack
LVDT displacement noted in Figure 6.26 and Figure 6.27. It can be seen that six
significant changes in displacement occurred during the fatigue loading on each
beam. Therefore, it is assumed that these changes in displacement are due to the

wire failures.
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Figure 6.32 Photograph of Beam 2 after Removal of Concrete to Expose
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Figure 6.33 Location of Wire Failures in Beam 2 (Heller 2003)

Figure 6.34 Photograph of Beam 3 after Removal of Concrete to Expose
Strand (Heller 2003)
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Figure 6.35 Locations of Wire Failures in Beam 3 (Heller 2003)

6.3 BEHAVIOR OF BEAMS 4 AND 5

Beams 4 and 5 were subjected to fatigue loads corresponding to a stress
range in the strand of approximately 47 ksi. Data from these tests are

summarized in this section.

6.3.1 Initial Static Tests

During the initial static tests, Beams 4 and 5 were loaded until flexural
cracking occurred. As summarized in Table 6.3, the calculated cracking load was

13.4 kip for both beams. As noted, these loads correspond to a modulus of
rupture of 7.5,/ fl,, . The first cracks were observed at an applied load of 13.0

and 11.3 kip for Beams 4 and 5, respectively.

The average strand strain during the initial static test for Beam 4 is shown
in Figure 6.36. Based on the observed change in stiffness, cracking appears to
have initiated at an applied load of approximately 11.0 kip. Similar data for
Beam 5 (Figure 6.37) indicates cracking initiated at an applied load of
approximately 10.5 kip. The initial crack patterns for Beams 4 and 5 are shown

in Figure 6.38 and Figure 6.39, respectively.
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Figure 6.36 Applied Load versus Average Strand Strain during Initial Static
Test for Beam 4
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Figure 6.39 Crack Pattern for Beam 5 after Initial Static Test (Heller 2003)

6.3.2 Decompression Load

The calculated decompression load for Beams 4 and 5 was 9.1 kip, and
the calculations are documented in Appendix M. As with previous beams, the
decompression load could also be inferred from the measured response of the
beams. Results for Beams 4 and 5 were similar to the results for all previous
beams and are summarized in Table 6.4. Decompression load plots for Beams 4

and 5 are shown in Appendix N.
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6.3.3 Fatigue Response

The maximum and minimum applied loads, and calculated stress range
and median stress in the strand for Beams 4 and 5 during the fatigue tests are
summarized in Table 6.1.

In Figure 6.40, applied load is plotted as a function of the midspan
displacement for the ten static tests performed on Beam 4. A change in stiffness
was observed between the first two static tests as a result of flexural cracking of
the concrete. During subsequent static tests, up to and including the test
conducted at 500,000 cycles, results were repeatable and no significant change in
beam response was observed. After 500,000 cycles, the maximum midspan
displacement was approximately 37% larger than the maximum displacement
during the initial static test and 4% larger than the maximum displacement after
one fatigue cycle. With each test beyond 500,000 cycles, a significant increase in
midspan displacement was observed after relatively few fatigue cycles. These
changes in stiffness are likely due to the fatigue failure of individual wires in the
strand. After approximately 543,000 cycles, the final static test was performed
and the maximum midspan displacement was approximately 95% larger than the
maximum displacement during the initial static test and 45% larger than the
maximum displacement after one load cycle.

The corresponding data from Beam 5 are shown in Figure 6.41. The
observed trends for Beam 5 are similar to those for Beam 4. After 320,000
cycles, the maximum midspan displacement was approximately 14% larger than
the maximum displacement during the initial static test and 4% larger than the
maximum displacement after one fatigue cycle. After approximately 366,000
cycles, the final static test was performed and the maximum midspan

displacement was approximately 70% larger than the maximum displacement
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during the initial static test and 60% larger than the maximum displacement after
one load cycle.

The applied load is plotted as a function of the average strain in the strand
in Figure 6.42 and Figure 6.43 for Beams 4 and 5, respectively. For Beam 4, the
maximum average measured strain in the strand after one fatigue cycle was
approximately 26% larger than the average measured strain during the initial
static test. This increase in strain is a result of flexural cracking. After 100,000
fatigue cycles on Beam 4 a significant number of strain gages on the strand
failed. As a result, no reliable strain data were available beyond that static test.

For Beam 5, the maximum average measured strain in the strand after one
fatigue cycle was approximately 5% larger than the average measured strain
during the initial static test. Like Beam 4 this increase in strain is a result of
flexural cracking; however, the increase in Beam 5 was significantly less than the
increase in Beam 4. This discrepancy is likely due to location of the strain gages
relative to the cracks, and length of debonding of the strand adjacent to cracks
after the initial static test. Similar to Beam 4, after 100,000 fatigue cycles on
Beam 5 a significant number of strain gages on the strand failed. As a result, no
reliable strain data was available beyond that static test.

The applied load is plotted as a function of the width of the most
prominent initial crack for Beams 4 and 5 in Figure 6.44 and Figure 6.45,
respectively. As with beams previously discussed, the trends are not significantly
different from those exhibited by the other instruments.

The variations of the midspan deflection and crack width at the maximum
applied load during each static test are shown in Figure 6.46 and Figure 6.47 for
Beams 4 and 5, respectively. A relatively constant stiffness with the number of
loading cycles is observed for the first 500,000 and 300,000 cycles for Beams 4

and 5, respectively. Beyond this point, both beams exhibit significant increases
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in displacement with relatively few additional fatigue cycles. As mentioned
previously, this rapid degradation of the stiffness of the beam is likely due to
individual wire failures in the strand.

The crack patterns observed in Beams 2 and 3 after 643,000 and 362,000
cycles with at a strand stress range of approximately 43 ksi are shown in Figure
6.48 and Figure 6.50, respectively. The length of the initial cracks and total
number of cracks increased significantly during the fatigue loads for both beams.

The behavior of Beams 4 and 5 did not change appreciably during the first
500,000 cycles in Beam 4 and 320,000 cycles in Beam 5. Beyond this point, a
rapid decrease in stiffness with relatively few additional fatigue cycles occurred

in both beams.
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Figure 6.42 Variation of Average Strand Strain during Fatigue Tests
of Beam 4 at Strand Stress Range of 47 ksi (Heller 2003)
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of Beam 4 at Strand Stress Range of 47 ksi (Heller 2003)
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Figure 6.48 Crack Pattern for Beam 4 at End of Fatigue Tests at a Strand
Stress Range of 47 ksi (Heller 2003)
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Strand Stress Range of 47 ksi (Heller 2003)
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Figure 6.50 Crack Pattern for Beam 5 at End of Fatigue Tests at a Strand
Stress Range of 47 ksi (Heller 2003)
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Figure 6.51 Composite Photograph of Beam 5 at End of Fatigue Tests at a
Strand Stress Range of 47 ksi (Heller 2003)

6.3.4 Post-Mortem Investigation

Upon completion of the fatigue testing, post mortem investigations of
Beams 4 and 5 were conducted. The prestressing strand in each beam was
exposed between the cracks shown in Figure 6.53 and Figure 6.55. After
carefully removing the concrete, four wire breaks were noted in Beam 4 and
seven wire breaks were noted in Beam 5. The wire failures, which were deemed
fatigue failures due to their appearance, were located near cracks within the
constant moment region of the beam. Figure 6.52 and Figure 6.54 are
photographs of the beams after the concrete was removed and indicate the

location of the wire failures. Figure 6.53 and Figure 6.55 illustrate the final crack
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patterns after the conclusion of fatigue testing and indicate the location of the
wire breaks.

Similar to Beams 2 and 3, the wire failures uncovered in the post-mortem
investigations of Beam 4 can be correlated to the changes in midspan deflection
and crack LVDT displacement noted in Figure 6.46. It can be seen that four
significant changes in displacement occurred during the fatigue loading;
therefore, it is assumed that these changes in displacement are due to the wire
failures. For Beam 5, based on Figure 6.47, only six significant changes in
displacement occurred, however seven wire failures were observed. This
discrepancy is likely due to the failure of two wires during one series of fatigue

cycles. Therefore, similar to previous beams, it is assumed that the changes in

displacement do correspond to wire failures.

Figure 6.52 Photograph of Beam 4 after Removal of Concrete to Expose
Strand (Heller 2003)
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Figure 6.53 Location of Wire Failures in Beam 4 (Heller 2003)
183



Figure 6.54 Photograph of Beam 5 After Removal of Concrete to Expose
Strand (Heller 2003)
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Figure 6.55 Location of Wire Failures in Beam 5 (Heller 2003)

6.4 BEHAVIOR OF BEAMS 1A AND 6A

After surviving 10 million fatigue cycles at a stress range of
approximately 7 and 14 ksi, respectively, Beams 1 and 6 were subjected to
additional fatigue cycles at loads corresponding to a stress range in the strand of
approximately 43 ksi. Beams 1 and 6 will be designated as Beams 1A and 6A for

this series of fatigue tests. Data from these tests are summarized in this section.

6.4.1 Baseline Static Tests

In order to evaluate the change in beam response during this series of

fatigue cycles, a baseline static test was performed for both Beams 1A and 6A.
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Beam 1A was loaded from zero to 14.5 and Beam 6A was loaded from zero to
14.3 kip. The crack patterns for Beams 1 and 6 after the baseline static test are

shown in Figure 6.56 and Figure 6.57, respectively.
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Figure 6.57 Crack Pattern for Beam 6A after Baseline Static Test

6.4.2 Fatigue Response

The maximum and minimum loads applied to Beams 1A and 6A during
this series of fatigue cycles are summarized in Table 6.1. The calculated stress
range and median stress in the strand are also listed.

Applied load is plotted as a function of the midspan displacement for all
the static tests performed in this series of fatigue cycles in Figure 6.58 and Figure
6.59 for Beams 1A and 6A, respectively. A change in stiffness was observed

between the first two static tests. Although the beams were initially cracked,
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additional flexural cracking occurred due to the higher loads applied during this
series of tests, so this change was expected. The stiffness of Beam 1A remained
relatively constant as the number of fatigue cycles increased. Unlike Beam 1A,
the stiffness of Beam 6A decreased as the number of fatigue cycles increased.
After 110,000 cycles, the maximum midspan displacement under the maximum
applied fatigue load was approximately 64% larger than the maximum
displacement during the initial static test.

Applied load is plotted as a function of the average strain in the strand in
Figure 6.60 and Figure 6.61 for Beams 1 and 6, respectively. Applied load is
plotted as a function of the width of the most prominent initial crack in Figure
6.62 and Figure 6.63 for Beams 1A and 6A, respectively. The trends observed in
the strand strain and crack width data for each beam were similar to the trends
observed from the corresponding midspan displacement data.

The variations of the midspan displacement and crack width at the
maximum applied load during each static test are shown in Figure 6.64 and
Figure 6.65 for Beams 1A and 6A, respectively. A relatively constant stiffness is
observed in Beam 1A, while a steady decrease in stiffness is observed for Beam
6A.

The crack pattern observed in Beam 1A after 3.4 million cycles at the
increased range of strand stress is shown in Figure 6.66. For Beam 1, small crack
extensions were observed beyond the baseline static test. The crack pattern
observed in Beam 6A after 110,000 cycles at the increased range of strand stress
is shown in Figure 6.67. Unlike Beam 1A, several new cracks formed during the
fatigue loading of Beam 6A. In addition to the new cracks, extensions of the
cracks present after the baseline static test were observed.

The behavior of Beam 6A at a range of strand stress of 44 ksi changed
significantly during the fatigue cycles. After only 20,000 cycles a significant
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change in stiffness was observed during each static test. Unlike Beam 6A, the
behavior of Beam 1A did not change appreciably during this series of fatigue
cycles.

Beam 6A was subjected to additional fatigue cycles after 10.11 million
cycles; however, no additional static tests were conducted. A mechanical failure
of the displacement limit switch used to terminate the fatigue loading when a
significant change in midspan displacement occurred, allowed the beam to be
subjected to approximately 50,000 additional cycles even though significant
changes in stiffness had occurred. During these loading cycles, numerous fatigue
wire failures occurred and the beam ultimately failed in flexure under the applied
load. Figure 6.68 is a photograph of Beam 6A after failure and indicates the

location of all the wire fatigue failures.
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