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EXECUTIVE SUMMARY

The design of prestressed concrete bridge girders has changed significantly over the past
several decades. Specifically, the design procedure to calculate the shear capacity of bridge
girders that was used forty years ago is very different than those procedures that are
recommended in the current AASHTO LRFD Specifications. As a result, many bridge girders
that were built forty years ago do not meet current design standards, and in some cases warrant
replacement due to insufficient calculated shear capacity. However despite this insufficient
calculated capacity, these bridge girders have been found to function adequately in service with
minimal signs of distress.

When the Utah Department of Transportation decided to replace the bridge on 45th South
on I215 as one of the first Accelerated Bridge Construction replacement projects in Utah, the
existing bridge provided an opportunity to investigate the ultimate shear capacity of precast,
prestressed bridge girders built during this era. The original bridge was built as a four span
superstructure with an overall roadway width of approximately 77 feet. The bridge had a
significant change in elevation which resulted in water and deicing salts running down the length
of the bridge. Each span was constructed with a fixed support on one end and an expansion joint
on the other which allowed water and salt to enter the expansion joint and resulted in corrosion
of the ends of the prestressed concrete girders. Due to the corrosion and the insufficient
calculated shear capacity, UDOT asked researchers at Utah State University to determine the
ultimate capacity of the girders as well as investigate strengthening procedures.

In order to meet the objectives of the project, eight AASHTO Type 2 girders were
salvaged during the demolition and shipped to the Systems, Materials and Structural Health
(SMASH) Laboratory at Utah State University. Six girders were salvage from one bridge and
the last two girders were salvaged from a separate bridge. Girders 1 through 6 had an in-service
span length of 22-ft 3-in, and Girders 7 and 8 had an in-service span length of 34.5-ft. The
girders were simply supported and loaded at a distance of 48 inches (d + 1-ft) from the supports
with a single point load.

Upon investigation, the shear reinforcement was found to consist of number 4 bars at a
spacing of 21 inches on center. Material tests determined that the vertical stirrups were made of
33 ksi steel and the prestressing strand was 250 ksi stress relieved strand. Baseline ultimate
shear capacities were obtained by applying a vertical load at a distance d from the face of the
support. Subsequently, carbon fiber reinforced polymers that were donated by The Chemical
Company (BASF) were applied to the remaining girders in five different configurations. The
retrofitted girders were then tested similarly as the baseline tests so that direct comparisons could
be made.

The measured data from the testing girders and the subsequent analyses lead to the
following conclusions and recommendations:



. The average measured shear capacities for Girders 1 through 6 and 7 and 8 respectively
were 163.56-kips and 261.50-kips.

. The measured capacities for the two groups of girders were compared with the calculated
capacities according to procedures outlined in the AASHTO LRFD Specifications (2007)
and the ACI 318 guidelines (2005). In general, the measured girder capacities were
larger than any of the calculated values.

. The strut-and-tie method was determined to provide the best estimate of the shear
capacity of the girders. For girders 1 through 6, the strut-and-tie produced an ultimate
shear capacity of 138.56 kips which is 84.72% of the average measured value. For
girders 7 and 8, the strut-and-tie method resulted in an ultimate shear capacity of 258.7
kips which was 98.93% of the average measured value.

The AASHTO LRFD and ACI methods for calculating shear capacity were much more
conservative in comparison to the strut-and-tie methodology. The AASHTO LRFD
general method predicted a shear capacity of 82.27 kips and 100.28 kips, which was
50.3% and 38.3% of the measured capacity, for girders 1 through 6 and girders 7 through
8 respectively. The ACI-318 simplified method predicted a shear capacity of 101.74 kips
and 131.09 kips, which was62.2% and 50.1% of the measured capacity, for girdersl
through 6 and girders 7 through 8 respectively.

. The experimental strengthening program consisted of the load testing of five different
CFRP reinforcement configurations. The CFRP reinforcement was found to increase the
shear capacity of the AASHTO I-shaped prestressed girders. The magnitude of the
increased shear capacity was found to be highly dependent on the CFRP reinforcement
configuration and anchorage system. The application of the CFRP reinforcement resulted
in larger deflections before failure. Based on the recorded strain measurements, it was
concluded that the CFRP fabric was not overstressed at failure and the primary failure
mode was debonding.

. While five CFRP configurations were evaluated, the configuration on Girders 5 and 8§,
which consisted of vertical stirrups and a horizontal strip placed over the vertical stirrups
for anchorage, was found to produce the largest consistent increase in shear capacity
consistently. This configuration was also the easiest to apply and can be credited for its
consistency. The four tests on Girders 5 and 8 produced an average increased shear
capacity of 55.70 kips.

. Two analytical methods were evaluated to determine the most accurate methodology in
determining the increased shear capacity of prestressed concrete I girders reinforced with
CFRP. The ACI method was found to be the most accurate in predicting the increased
shear capacity of the AASHTO prestressed I-shaped girders tested in this research. The
Hutchinson, Donald, and Rizkalla (1999) method overestimated the increased shear
capacity by 12.05%.
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EXECUTIVE SUMMARY

The Utah Department of Transportation (UDOT) is interested in the existing shear
capacity of their AASHTO prestressed concrete bridge girders and the options for shear capacity
rehabilitation. Utah’s bridges are exposed to deterioration from rain, snow, and the introduction
of salt for ice removable. The shear capacity of prestressed concrete girders is difficult to predict
accurately, especially after being in service for an extended period of time. This report presents
research findings on the existing shear capacity of prestressed concrete girders. It also presents
an innovative rehabilitation technique for deteriorated highway bridges using a Carbon Fiber

Reinforced Polymers (CFRP) system provided by BASF.

Eight AASHTO Type II bridge girders were tested up to failure by applying external
loads near the supports to determine their ultimate shear capacities. The measured results were
then compared to predictive models for the existing shear capacity, prestressing force, and the
additional shear capacity from the CFRP. Calculated values for the existing shear capacity were
obtained using the AASHTO LRFD bridge design code, and the ACI 318-08 design code.
Prestress losses were measured by means of a cracking test and then compared to values
calculated according to the AASHTO prestress loss equations. The additional shear capacity
from the CFRP was compared against the ACI 440.2R-8 method and a method presented in a
research paper by Hutchinson, Donald, and Rizkalla (1999).
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1.0 INTRODUCTION

1.1 Context

The ultimate shear capacity of prestressed concrete beams is difficult to predict
accurately, especially after being in service for an extended period of time. The Utah
Department of Transportation asked researchers at Utah State University to experimentally
determine the existing shear capacity of 41-year-old prestressed, decommissioned concrete
bridge girders and then provide recommendations on how to increase that ultimate shear

capacity.

Eight AASHTO Type II bridge girders were tested up to failure by applying external
loads near the supports to determine their ultimate shear capacities. The measured results were
then compared to predictive models for the existing shear capacity, prestressing force, and the
additional shear capacity from the CFRP. Calculated values for the existing shear capacity were
obtained using the AASHTO LRFD bridge design code, and the ACI 318-08 design code.
Prestress losses were measured by means of a cracking test and then compared to values
calculated according to the AASHTO prestress loss equations. The additional shear capacity
from the CFRP was compared against the ACI 440.2R-8 method and a method presented in a
research paper by Hutchinson, Donald, and Rizkalla (1999).

This research investigates the application of rehabilitation techniques to strengthen
AASTHO prestressed bridge girders for shear. Carbon Fiber Reinforced Polymers (CFRP) are
becoming more prevalent as a tool in highway bridge rehabilitation. The research presents the

application of CFRP fabrics on AASTHO prestressed I-girders for shear reinforcement.

The testing involved retrofitting five of the girders with various configurations of CFRP
fabric. Based on the initial tests, the most effective configuration was then applied to another set
of I-shaped concrete girders for verification. After the experimental testing, two analytical
models developed for predicting the additional shear contribution of the CFRP reinforcement
were compared with the measured results from the experimental program. After testing and

comparisons, a CFRP reinforcement configuration and theoretical model was selected as a



reliable and effective method for application of external shear reinforcement of AASHTO

prestressed I-shaped girders.
1.2 Ultimate Shear Capacity

There are three principle methods in which a reinforced prestressed concrete beam can
fail in shear. The first type of shear failure is a web crushing failure. For a web crushing failure,
the concrete compressive strength is exceeded and the web crushes typically at the top flange of
an I-shaped section near the applied load. For a web crushing failure, the cracking is initiated in

the web and then extends out in both directions.

The second type of shear failure is called a flexural shear failure. For this type of failure,
the initial cracks form due to flexure at a 90-degree angle with respect to the longitudinal axis of
the beam. As the externally applied load increases, shear forces and principal tensile stresses
dominate the flexural effects causing the cracks to change direction (close to a 45 degree angle
from the longitudinal axis) and continue until the principal stresses produce enough dilation of

the crack to cause failure.

The third type of failure occurs in the discontinuity regions of the beam where plane
sections don’t remain plane due to the load being applied so close to the support. Typical failure
mechanisms occur due to arching action between the applied load and the support. Both the

AASHTO LRFD and the ACI 318-08 design codes account for these three types of failure.

The ultimate shear capacity is a very complicated failure mechanism which is not fully
understood or easy to quantify, despite significant advances over the past several years. There
are several analytical methodologies which have been accepted as accurate approximations of the
overall shear behavior of reinforced prestressed concrete beams. This research focused on shear
behavior produced by applying load at the near support (d-region) regions of AASHTO Type 11
girders. The deterioration that occurred over the service life of these girders added another level
of uncertainty. Laboratory tests were performed on the eight girders to determine their existing

shear capacities.



1.3 CFRP Reinforcement Design

The research program consisted of the testing of a total of five different CFRP
configurations. The CFRP fabric selected for this research was the MBrace® CF 160 system
that was generously provided by The Chemical Company (BASF). This product was selected
based on its simplicity in application and proven superior performance. A specific performance
issue was acknowledged when using external CFRP fabrics for I-shaped girders in comparison to
typical rectangular cross sections used in previous research. When loaded in shear, a large
normal force begins to develop in the CFRP fabric on the web to flange corner which would lead
to a premature delamination resulting in a small increase in capacity. Therefore, four of the five

CFRP configurations had anchorage systems integrated into them.

Four of the five CFRP configurations included a U-wrap used as a stirrup anchored by
one of two proposed anchorage systems. The remaining CFRP configuration did not include an
anchorage system and was used as a baseline comparison to those with anchorage systems. The
U-wraps were applied as either vertical or diagonal stirrups that were overlapped on the bottom
of the girder. The anchorage system was applied as either a horizontal strip of CFRP fabric
placed along the web and over the CFRP stirrups or a CFRP laminate that was imbedded into the

girder by means of a cut at the web to flange intersection.

1.3.1 Theoretical Models of Shear Contribution of CFRP

This research also presents a comparison of two analytical design procedures to calculate
the contribution of the CFRP reinforcement for shear for AASHTO prestressed girders. The
design, philosophy is a natural extension to current procedures used to calculate the nominal

shear capacity of a girder:
Vn=Vc+ Vs + Vf

where Ve is the shear contribution from the concrete, Vs is the shear contribution from the

embedded steel stirrups, and VT is the shear contribution from the CFRP reinforcement.

The first method evaluated in this research is found in ACI 440.2R-8 entitled Guide for
the “Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete

Structures”. The second method to evaluate Vf was a methodology presented in a research paper
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entitled “FRP for Shear Strengthening of AASHTO Bridge Girders” by Hutchinson, Donald, and
Rizkalla (1999). Each of these methodologies is used to calculate the additional contribution of
the CFRP reinforcement to the nominal shear capacity of the girder. The focus of this research is
to investigate the effectiveness of the two methods for predicting the shear contribution of the

CFRP reinforcement.
1.4 Research Objectives

The goal of this research was twofold: First, to obtain analytical and experimental values
for the ultimate shear capacities of aged prestressed concrete bridge girders that had been
subjected to corrosive conducive environments and second, to obtain analytical and experimental
values for the increased shear capacity from the CFRP reinforcement. The experimentally
obtained results for the existing shear capacity were compared to the calculated shear capacity
obtained following the procedures outlined in the AASHTO LRFD bridge design code (2009), as
well as the ACI 318-08 building code. Residual prestressing forces were experimentally
obtained and compared to the values calculated using the AASHTO prestress loss equations.

The experimentally obtained results for the increased shear capacity from the CFRP
reinforcement were compared to the calculated shear contribution from the CFRP as outlined in

the ACI 440.2R-8 as well as a method found in Hutchinson, Donald, and Rizkalla (1999).
1.5 Organization of Report
The organization of the report is as follows:

1. Chapter 2 presents a summary of past research that had been performed on the shear
capacities of prestressed concrete beams and the shear contribution of CFRP fabrics on

concrete girders.

2. Chapter 3 presents the full-scale experimental program for the AASHTO prestressed
girders. The different stages of the experimental process are described in detail,
beginning with the test setup, then discussing the effective prestress tests, the shear tests,
and finally presenting the results. It also outlines the various configurations of the CFRP

systems. A comparison of results between the various configurations is also presented.



3. Chapter 4 introduces the design equations to calculate the ultimate shear capacity,
prestress losses, and the additional shear capacity from the CFRP. A comparison

between the measured results and the predicted results is also performed.

4. Chapter 5 summarizes the report and key conclusions. Recommendations for future
research on predicting ultimate shear capacity, prestress losses, and the additional shear
capacity from the CFRP. Design recommendations for application of the CFRP system
to AASHTO prestressed [-shaped girders are also presented.



2.0 LITERATURE REVIEW

2.1 Literature Review on Shear Capacity

As prestressed concrete beams age and deteriorate, the tendency is to reinforce them in
flexure leading to a very stiff beam that is more likely to fail in shear. This trend makes it more
important than ever to understand the shear behavior of prestressed concrete beams. There are
many factors that influence the overall shear capacity of prestressed concrete beams, many of
which are dependent on the type of concrete, aggregate used, water content, and admixtures.
According to ACI 318-08, there are two methods to determine the shear capacity of prestressed
concrete beams: 1) the simplified method or 2) the detailed method where V. is the lesser of V;
or V.. These equations simplify the shear capacity calculations and overlook some of the
contributors to the shear strength of the member. The actual shear capacity at failure depends on
a combination of shear from the concrete, longitudinal mild reinforcement, prestressing strands,

and the stirrups.

One contributing factor to the ultimate shear capacity that has changed drastically over
the past 20-30 years is the strength of concrete. Since high-strength concrete is now being used
more frequently in the design and construction of prestressed concrete beams, the effects of this
higher strength concrete need to be considered when determining the shear capacity. Much of
the completed research has been to determine the adequacy of the design codes’ specifications as
they apply to medium and high strength concrete, because the original design codes were
developed based on regular strength concrete. With these considerations in mind, this chapter
reviews some of the research that has been done to better understand the total shear strength of

prestressed concrete beams.

2.1.1 Kordina, Hegger. and Teutsch (1989)

This research was done to gain a better understanding of the shear capacity of prestressed
concrete beams with un-bonded prestressing tendons. Most of the research done prior to this
investigation focused on quantifying the shear capacity of prestressed concrete beams with

bonded tendons or the flexural capacity of prestressed concrete beams with un-bonded tendons.



The goal of this research was to test prestressed concrete beams with un-bonded tendons in shear

and to develop an accurate shear design methodology for this type of beam construction.

In their research, the authors conducted three series of tests. The first series utilized three
monolithic beams. Each beam was simply supported and loaded at the mid-span. The beams
spanned 13.12 ft (4 m). The second series of tests was carried out on two different beams. The
first beam (SOV1) had a simple span of 19.69 ft (6 m), and the second beam (SOV2) was a
continuous two span beam which was loaded at two points sequentially until shear failure
occurred. Both of the beams used in the second series of tests were precast with joints that were
carefully profiled. The third series of tests were performed on five beams simply supported over
a 19.69 ft (6 m) span. These five beams, all containing stirrups, were loaded at different
locations to cause up to three failure zones. All of the beams that were used in these three series
of tests were I-sections with the exception of one T-shaped cross section used in the third series.
Straight tendons, having a diameter of 1.04 or 1.25 in (26.5 or 32 mm), or two unbonded single-
strand tendons, harped at an angle of inclination of 0=3.1 degrees towards the support, were

used.

Two analytical models were employed to analyze the behavior of the prestressed concrete
beams, a truss analogy, and a tied-arch analogy. According to the truss analogy, the main factor
governing shear was web reinforcement, whereas the tied arch analogy showed that the shear
was controlled purely by the tension member. Therefore, the two main parameters looked at in

this study were web reinforcement and tension reinforcement.

The initial formation of shear cracks in these test beams with unbonded tendons was
similar to prestressed concrete beams with bonded tendons. The tension chords in the shear zone
remained almost totally uncracked resulting in shear cracks forming independently from flexural
cracks. After the initial cracking, the beams with un-bonded tendons continued to crack due to
“plate-action.” The shear cracking was the main observed difference between the bonded and

unbonded prestressed concrete beams with regards to the shear carrying capacity.

The authors concluded that the most accurate shear model for use with prestressed
concrete beams without bonded tendons is the truss analogy. The truss analogy can distinguish
between tension-shear or flexural-shear failure and web-crushing failure. This analogy was
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found to accurately predict the load-bearing capacity and the failure mode. The tied-arch model
only considered compression-arch failure which was not consistent with the test results from six

of the tested beams where the obvious method of failure was yielding of the web reinforcement.

2.1.2 Oh and Kim (2004)

Several research projects have been conducted on prestressed concrete (PSC) beams with
an emphasis on flexural behavior. The shear behavior, however, is much more complicated and
less research has been conducted on this subject. As such, this research focused on the shear
capacity of prestressed, post-tensioned concrete beams. The authors employed the use of large-
scale, post-tensioned PSC girders made with medium and high-strength concrete with
compressive strengths of 40 and 60 MPa respectively. Strain gages were used on the stirrups to
analyze the strain behavior of the shear stirrups, and surface concrete strain gages were attached
to the side surfaces on the beams to detect strain at that surface. Because of the deformation that
occurs during shear failure, many grids of sensors were needed, and the average strain was used
to describe the strain in the PSC beam during shear failure. With all of the data collected during
this study, more advanced design and analysis procedures of PSC beam structures were

proposed.

For this research two large-scale, post-tensioned PSC girders with grouted ducts were
constructed using normal and high-strength concrete. Each girder was a 1200 mm deep and
10,600 mm long I-section. Girder 1 had a design compressive strength of 40 MPa, and Girder 2
was designed for a 60 MPa target compressive strength (42.8 and 62.1 MPa, respectively, at
testing). The prestressing strands used were seven-wire strands with nominal diameter of 12.7
mm and nominal area of 98.71 mm? having a yield strength of 1620 MPa and an ultimate
strength of 1890 MPa. Each girder encases three tendons consisting of six strands each. The
girders each had mild steel reinforcements as stirrups (13 mm diameter) and as longitudinal steel
bars (16 mm diameter), both having a yield strength of 345 MPa and ultimate strength of 540
MPa. Two different stirrup arrangements were used. The first was a 200 mm spacing on the

right side and the second with a 400 mm spacing on the left side of each girder.

Girders 1 and 2 were loaded up to the ultimate load while strains in the stirrups and
concrete surface were measured and compared. The cracking patterns were similar in both
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girders, but with some slight variation. Girder 2 exhibited more cracking, but with less dilation.
This was a result of the high-strength concrete that was used in that girder. The strains on the
surface of the girders remained small until diagonal shear cracks formed, and then a rapid
increase was observed on the surface strains. Principal stresses along with their directions were
calculated based on the strain and the deformations of the LVDTs that were attached to the sides
of the girders. The principal directions were shown to rotate greatly as the load increased, and

the principal directions approached 23 to 25 degrees at the ultimate load stage.

Oh and Kim concluded that: 1 - the high-strength concrete girder exhibited a more
distributed cracking pattern, that is, there were more diagonal cracks with a smaller crack width,
2 - the principal directions decreased as the load increased, and 3 - the concept of average strains
and the changing of principal directions according to the applied load can be used for a more

realistic shear analysis of PSC girders.

2.1.3 Kaufman and Ramirez (1988)

This paper presents research on high-strength prestressed concrete beams loaded in shear
and flexure. The focus of this paper was on the ultimate shear behavior of high-strength,
prestressed concrete beams. The authors employed the truss model to obtain an accurate model
which shows the behavior of the entire beam as opposed to the segmental approach sometimes
used. In their investigation, Kaufman and Ramirez tested six full-scale AASHTO I-beams that
included four Type I and two Type II. The beams were cast at a local precast plant and designed
according to ACI and AASHTO bridge specifications. Each of the beams were loaded to failure
and monitored for strain and centerline deflection. Three different failure modes were observed:
(1) flexural, (2) web crushing, and (3) shear tension. The web crushing, flexural and shear
tension failures were all very explosive and brittle, however, if conservatively detailed following

either ACI or AASHTO specifications a more ductile failure was achieved.

High-strength concrete increased the capacity of the diagonal truss member which
allowed for smaller inclination angles. As the angle of inclination gets smaller, the web
reinforcement becomes more efficient through the mobilization of more stirrups. The
effectiveness of the truss model was contingent on the detailing of the members to allow
redistribution of internal forces and increased ultimate strengths. The amount of reinforcement,
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both longitudinal and transverse and the proper development of these reinforcements have a
great affect on the shear strength of prestressed, high-strength concrete beams. Proper
development must be achieved by controlling the concrete stress in the web and flexural

compression zone before web crushing occurs.

In order to prevent early tension shear failure, it is important to ensure that the transfer
zone of the prestressing steel is behind the support region. If shear cracks develop that cross the
transfer region of the prestressing steel, the bond will be damaged leading to a shear tension
failure. The authors proposed that an alternative mechanical anchorage could be used to avoid
this problem. Also noted was the fact that the ACI and AASHTO provisions are conservative in

properly detailed members.

2.1.4 Elzanaty, Nilson, and Slate (1986)

This research investigated the effect of high-strength concrete on the shear capacity of
reinforced concrete beams. The authors tested 18 beams with different concrete compressive
strengths ranging from 6,000-12,000 psi (41-83 MPa). Of the 18 beams, only three had web
reinforcement. Shear strength contribution from the concrete is essentially the “shear resistance
of the still uncracked compression concrete above the top of the diagonal crack, aggregate
interlock along the diagonal crack, and dowel resistance provided by the longitudinal
reinforcement.” In high-strength concrete, the diagonal tension crack usually forms suddenly
and typically has a much smoother shape than regular strength concrete leading to a decrease in

aggregate interlock and subsequently reducing the shear capacity of the member.

The beams were reinforced with longitudinal ASTM Grade 60 deformed reinforcing bars
with a yield strength of f,=63 ksi (434 MPa). The stirrups were smooth round bars 4 inch in
diameter (6.4 mm) with f,=55 ksi (379 MPa). The beams were all 7 inches (178 mm) wide by 12
inches (305 mm) deep. To identify the influence that f°, a/d, and p,, had on the shear capacity,
beams without web reinforcement were tested, whereas the beams with web reinforcement had a
constant a/d ratio of 4.0 while f’; varied. The tests on all of the beams were all loaded with
symmetric concentrated loads. The loading was done in 4 kip (17.8 kN) increments up to a
predicted load of 70 percent of the ultimate load where the load increments were reduced to 2
kips (8.9 kN). Strains, displacements, and crack development/propagations were measured at
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each load step. Material samples taken from each beam were tested to determine the

compressive strength and modulus of rupture after each beam test.

Once flexural cracks formed in the shear spans the behavior of the beam varied
depending upon the values of f’;, a/d, and py,, and was shaped by the presence or absence of web
reinforcing steel. Beams without web reinforcing and with p,=0.012 failed suddenly in shear by
forming a diagonal crack from the compression zone near the applied load towards the support.
The beams without stirrups and with an a/d = 4 had an ultimate capacity in shear that was a little
greater than the cracking load, but beams with an a/d = 2 showed significant shear capacity
beyond the diagonal cracking load. Failure was observed to occur by either splitting along the
flexural reinforcement or sudden propagation of the critical inclined crack into the compression

zone of the beam.

The authors concluded that the shear strength of beams without any web reinforcements
increased with the increase of concrete compressive strength. They also stated that the current
ACI codes for predicting shear capacity of concrete beams was unconservative for beams
without web reinforcement and having high f°; and a/d, with low p,,. This was because the ACI
code didn’t fully consider the effect of py, and a/d, yet overestimated the benefit of increasing
compressive strength. Shear failures were more abrupt and the failure surfaces were smoother

for beams with high-strength concrete.

2.1.5 MacGregor, Sozen, and Siess (1965)

In this study 104 simply supported, prestressed-concrete beams were tested in shear to
determine the effects of web reinforcements on the overall shear capacity. All beams’ span was
9 ft with overall cross-sectional dimensions of 6 X 12 inches. Ten of the beams had a 2 X 24
inch deck cast on top after the prestressing strand was released. Five of the beams were
rectangular, 43 were I-sections with 3 inch-thick webs, and 45 had a 1.75 inch-thick web. The
strands had varying levels of prestress force ranging from 60-127 ksi, but with most beams’
strands prestressed to 120 ksi. Some of the beams had the prestressing tendons draped in the

shear spans at an angle ranging from 1.5 to 10 degrees.

During the testing of the beams, different cracking patterns were observed for the

inclined cracks. “Web-shear crack” was defined in this paper as an inclined crack which occurs
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in the web before flexural cracks appeared in its vicinity. In contrast, flexural cracks occurred in
the shear span before stresses were high enough to cause web-shear cracks. If an inclined crack
occurred it was either an extension of a flexural crack or it occurred over or beside a flexural

crack. The flexural crack that caused the inclined crack was referred to as an “initiating crack.”

For beams with draped tendons both web-shear and flexure-shear cracks were observed,
however, the majority of the beams developed flexure-shear cracks. The test results indicate that
draping the longitudinal reinforcement increases the inclined cracking load in the beams which
developed web-shear cracks, and decreased the inclined cracking load for beams which

developed flexure-shear cracks.

Two shear failures associated with the tied arch phenomenon were observed, namely tie
rod connection failure and web distress failure. These failures were more prevalent in beams
without web reinforcement therefore causing a large eccentricity of the compressive thrust.
Shear compression failure also occurred where the inclined cracks reached the top of the beam
under the loading point. In this type of failure the web reinforcement acts to restrain the opening

of the inclined cracks and distribute the forces over a larger area.

The loads which caused flexure-cracking were found to correlate closely with the flexural
cracking load near its point of origin. Web-shear cracking loads could be found by using an
uncracked section analysis. These loads were increased for beams with web reinforcement and
in general it was found that stirrups increased the shear capacity of prestressed concrete beams.

The web reinforcement was also found to increase the overall strength and ductility of the beams.

2.1.6 Sagan and Frosch (2009)

The shear strength of concrete is dependent on many factors such as concrete shear
strength, the shear contribution of the prestressing steel and mild steel reinforcement. This
research focused on the contribution of the flexural reinforcement with respect to the overall
shear capacity of prestressed-concrete beams. Nine beams with varying amounts of mild
reinforcement were tested to determine their effect on the shear capacity. All of the tested beams
had the same prestressing force with identical cross-sectional dimensions (14 x 28 in. [336 x 711

mm]) and concrete strengths.
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The testing was divided into three series, each with three beams for experimentation.
Every series contained one beam with only prestressing strands and the other two beams had
different quantities of mild steel reinforcement, as noted in the research, in addition to the
prestressing strands. The prestressing strands were ASTM416, 0.5 inch (12 mm) seven wire
Grade 270 low-relaxation prestressing strands. The mild steel used was ASTM A615, Grade 60
reinforcing bars. The concrete was specified as ASTM C150, Type I with nominal design
strength of 6000 psi (41 MPa). The beams were tested as simply supported with a concentrated
load applied at mid-span. The load was applied in 5 kip increments up to the calculated cracking
load after which 2 kip load increments were used. A load cell was used to measure the load and
LVDTs were used at mid-span and at the supports to measure deflections. Strains were
measured in the prestressing strands as well as in the mild reinforcement at mid-span by means

of strain gauges.

The authors found that beams with mild reinforcement were much stiffer and the overall
behavior of the beams was similar to that of a tied arch. All of the beams failed in shear-
compression with the failure surface as the primary flexure-shear crack. For beams with only
prestressing strand reinforcement the failure was more violent. It was also noted that by
increasing the cross-sectional area of the prestressing steel the shear capacity also increased.
Adding mild reinforcement (for larger moment capacity) increases the shear strength of the

prestressed member.
2.2 Literature Review for CFRP application

All over the United States those responsible for the maintenance of our highway bridges
are looking for better methods to rehabilitate them. The use of carbon fiber reinforced polymers
(CFRP) for the rehabilitation of reinforced concrete members has been a rapidly growing
rehabilitation option over the last few years. CFRP has been found to be useful due to its high
strength, light weight, corrosion resistance, non-metallic properties, and its ease in application.
The purpose of this literature review is to summarize the application of CFRP in the case of

shear reinforcement for in service highway bridge girders.

There has been a large amount of research and testing on the use of CFRP for flexural

strengthening but little on its application for shear strengthening. A selection of papers on the
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subject of CFRP for shear reinforcement is summarized in the following sections. These papers
focus on the design and effectiveness of CFRP reinforcement for shear. Some of the important
parameters that are needed for accurate design are the fiber thickness, fiber orientation, strip
spacing, the fiber wrapping, and anchorage. In the papers, the authors present equations that can
be used to calculate the additional shear capacity. Also provided are testing results that compare

and verify the test and analytical results.

2.2.1 Carolin and Téljsten (2005)

This paper presents testing and research on the use of Carbon Fiber Reinforced Polymers
for shear strengthening of reinforced concrete members. The paper addresses parameters of
CFRP such as fatigue, anchorage, and the strain field in shear spans. There are several methods
in designing of reinforcement with CFRP. These CFRP reinforcement design varies with respect
to the orientation of the fibers, strip orientation, and strip thickness. The aim of the study was to

address the various methods and compare them to provide insight into their application.

To provide data for the experimental study of CFRP for shear reinforcement the authors
tested 23 rectangular beams. Each beam had a different configuration of the CFRP with respect
to their angle of orientation, spacing, and fiber thickness. Each beam was loaded with a two
point scheme to failure. Strains, stress, and shear strength were measured. Particular attention

was paid to the failure mode of the reinforcement, whether it be anchorage or fiber rupture.

The study was able to provide insight into the use of CFRP in shear reinforcement. The
authors found that the orientation of the fibers was a critical parameter. To maximize their
performance, they must be aligned perpendicular to the shear cracks. Another aspect that was
found to be of importance was the anchorage of the CFRP. Full wrapping was ideal, but in the
field it may not be plausible. The author recommended further study in the field of anchorage.
Measurement of the strain at specific points was found to be insufficient due to non-uniformity.

Therefore, the authors suggest using strain measuring methods that cover the beam as a whole.

2.2.2 Zhang and Hsu (2005)

In this paper the authors present four objectives for their research of CFRP as shear

reinforcement for concrete beams. The first is to increase the test database of shear
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strengthening using externally bonded composites. The second, to investigate the shear behavior
and modes of failure of RC beams with shear reinforcement deficiencies with CFRP laminates.
Thirdly, to study the effect of various CFRP types and shear reinforcement configurations on the
shear behavior of the beam; and finally, to propose design methodologies that are based on

experiments and analytical results.

Experimental data was obtained by testing 11 beams in shear with four CFRP
configurations. Vertical strips, strips at a 45-degree angle from the longitudinal axis, a
longitudinal strip along the middle, and a CFRP fabric placed along the whole side walls of the
beam. The reinforced beams test results were compared to the test results with a control beam.
Two design equations were used for calculating the shear contribution of the CFRP

reinforcement. The design approaches were based on the traditional truss analogy.

Comparison of the test results led to the conclusion that CFRP provides an increase in
shear capacity. CFRP strips were found to be very effective compared to CFRP fabrics. The
diagonal side strips with angles of 45 and 135 degrees were found to provide the greatest
increase in shear strength. The proposed design equations provided acceptable predictions for

the reinforced beams shear strength.

2.2.3 Deniaud and Cheng (2004)

In this article the authors present their findings on shear design methods for concrete
beams strengthened with Fiber Reinforced Polymer sheets. The two methods presented combine
both the strip method and the shear friction approach. The methods describe the interaction
between the concrete, the stirrups, and the FRP sheets. The equations were used and compared

to 35 experimental test results.

The Strip Method is described in detail in the paper. An interface shear strength curve is
needed for the use of the strip method and is explained in detail. One aspect of the method that
was found was, as the width of the FRP sheets become smaller, the bond strength increases. The
Shear Friction Method is also explained in detail. The continuous and discrete equations were
used to support of the proposed method. Examples were also provided to demonstrate the

usefulness of the two methods.
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Various conclusions were obtained concerning the two methods. The first was that the
design formulations can conservatively predict the experimental results. In addition, the strip
method can be used and adapted in various anchorage configurations. Finally, despite the
simplicity of the method, it well describes the interaction between the concrete, the stirrups, and
the FRP sheets. Overall, the paper presents viable information to the formulation of design

equations for FRP reinforcement.

2.2.4 Adhikary and Mutsuyoshi (2004)

The authors of this research tested and analyzed the effectiveness of using Carbon Fiber
Sheets (CFS) as shear reinforcement of RC beams. CFS can be oriented in many ways with
respect to fiber orientation, CFS thickness, and sheet depth. The authors address various
methods of design in the experimental program to evaluate the contribution of CFS

reinforcement.

Eight beams were used with different CFS reinforcement configurations. Different
configurations were varied with respect to vertical and horizontal fiber reinforcement, U wrap or
just side beam wraps only, thickness, and height of reinforcement on the side of the beam. The
beams were loaded and failed in shear as expected. During the test strains, vertical deflection,
and applied load was monitored and recorded. There were two prediction models evaluated that

were developed to calculate the contribution of the CFS in shear.

The CFS was found to provide up to 109% increase in the shear capacity for the RC
beams. This was based on the results of the configuration consisting of vertical U-wrapped
beams. The researchers compared the two equations to the test data and found that both
provided satisfactory results in predicting the added shear strength from the CFS. In conclusion,
the authors provided sufficient analysis of the equations and test data to provide a confirmation

on the usefulness of CFS in shear reinforcement.

2.2.5 Diagana, Gedalia, and Dlemas (2002)

In this research the authors studied the shear behavior of RC beams reinforced with
CFRP. CFRP have been shown to be an effective option for the retrofitting of concrete beams

for flexure and shear. The paper focuses on the reinforcement of shear because it is important to
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insure flexural failure of beams instead of shear. A total of ten beams were tested in this
research. Two were used as control specimens, while the other eight were reinforced with
CFRP’s in various configurations. An equation was also used to calculate the increased shear

strength of beams retrofitted with CFRP.

The two control beams were constructed with longitudinal steel for flexure and with steel
stirrups for shear. An important part of this study was that the beams are already provided with
steel stirrups, which is typically of in-service beam conditions. Four beams were given U-shaped
CFF strips at 90- and 45-degree orientations at different spacing. The other four were given full-
wrap CFF strips at 90- and 45-degree orientations at different spacing’s. The beams were then
loaded with a single point load to failure. An equation used in many design codes was used to

calculate the increase shear capacity and was then compared with the test results.

Each configuration was found to have its pros and cons. However, all configurations
were found to increase the shear capacity. Vertical full-wraps were found to produce the largest
increase in shear strength but in field operations full-wraps are not always plausible. Diagonal U
strips were found to provide the next highest increase in shear strength, which is a more plausible
method in the field. An important aspect of failure of U strips is that they fail due to debonding
which is addressed in the predictive equation. The equation used in design was found to provide
accuracy up to 14% for most of the beams. The authors concluded that the equation is

acceptable for CFRP design.

2.2.6 Hutchinson, Donald, and Rizkalla (1999)

This research paper presents the results of scale-model testing of AASHTO girders that
had been strengthened in shear by applying external carbon fiber reinforced polymer (CFRP).
The authors tested ten different configurations of CFRP wraps. The AASHTO I-girders present
special needs when anchoring the CFRP wraps to the web to flange connection, which the

authors addressed in the paper.

The experimental program consisted of seven scale-model pretensioned concrete girders.
The girders were divided into two types consisting of two different internal stirrup configurations
that are typically found in practice. The CFRP wraps configurations consisted of vertical wraps,

diagonal wraps, and full wraps. The CFRP wraps were anchored by either clamping or a
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horizontal strip along the web. The beams were then loaded to their ultimate shear capacity.
The capacity of the CFRP was then analytically calculated and compared to the actual found

capacity.

The authors found that externally bonded CFRP wraps increased the shear capacity. The
configurations that yielded the highest capacities were the diagonal and horizontal wraps

anchored by a horizontal strip. They yielded a 36% and 35% increase, respectively.

2.2.7 Khalifa et al. (1998)

The authors of this research paper present their findings on the contribution of externally
bonded FRP to shear capacity of RC beams. They reviewed research on shear reinforcement and
testing of RC beams. The aim of the paper was to use the previous research to propose simple

design algorithms for computing the contribution of FRP to shear strength of RC members.

The experimental results from 48 test specimens were used to validate the proposed
design algorithms. The 48 specimens were collected from eight different research studies
previously published. Two different design approaches were used; one based on Effective FRP
Stress, and one based on Bond Mechanism. The paper presents all aspects of the approaches that
need to be defined for design. These aspects include fiber orientation, fiber thickness, spacing,
bond lengths, etc. Examples were provided for the use of each method. This provided the reader

with a thorough explanation of each design approach.

Each design approach was found to be consistent with the ACI 318 protocol and was able to be
easily applied for FRP reinforcement on RC beams. The first approach is based on effective
FRP stress. This method was found to be valid for CFRP continuous sheets or strips with any
orientation angle. The key aspect of that method is that the failure is controlled by sheet rupture.
The second approach based on bond mechanism was also found to be valid for CFRP continuous
sheets or strips. The key to this method is the effective width of the FRP sheet at delamination.
This is because the method is controlled by the sheet delaminating. Both methods were found to
conservatively underestimate the actual shear strength of the beams. The authors concluded that
the design approaches can be used in calculating the contribution of CFRP’s as shear

reinforcement of RC beams.
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3.0 EXPERIMENTAL TESTING PROGRAM AND RESULTS

3.1 Introduction

Eight precast, prestressed concrete girders were experimentally tested for this research.
Two different tests were performed on the salvaged girders. The first test was to determine the
effective prestress force that remained in the girder after more than 40 years of service, and
subsequently the second test was performed to determine the ultimate shear capacity at the end
of the girder. Details about these two tests are presented in this chapter. Section 3.2 describes
the test setup and all of the preparatory work completed prior to the experimental testing.
Section 3.3 summarizes the determination of the effective prestress force. Section 3.4 details the

existing shear capacity tests. Section 3.5 presents the shear test results.
3.2 Test Setup

In order to apply the necessary external loads to the AASHTO girders, a steel reaction
frame was designed and constructed. The completion of a new structural testing facility at Utah
State University (USU) was finalized just prior to the commencement of this research. The
Systems Materials and Structural Health Lab (SMASH Lab) at USU contains a strong floor
which provided the means to anchor the reaction frame and develop the required external loads.
A steel reaction frame was designed to be used in conjunction with this strong floor. The
reaction frame was designed to maximize the width of the strong floor and had a capacity of
1,000,000 Ibs with a live load factoring of 1.6L according to American Institute of Steel
Construction (AISC) manual (AISC, 2007).

The reaction frame consists of two I-shaped columns attached to stiffened base plates that
can be anchored to the floor. The columns support a stiffened I-beam that can be bolted to the
flanges of the columns as shown in Figure 3.1. The cross beam was designed so that a hydraulic
ram could be attached to the bottom flange of the beam and easily positioned anywhere along the
length of the beam according to the test requirements. Once the reaction frame was designed and
fabricated, it was delivered to the USU SMASH Lab and installed on the strong floor by means
of eight 2.5 inch diameter threaded rods which held the base plates of the columns to the strong
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floor. Figure 3.2 shows a close-up of the base plate and Figure 3.3 shows the connection of the

beam to the column.

Eight American Association of State Highway and Transportation Officials (AASHTO)
Type 11 girders were procured for this testing. The first six were shorter in length and the last
two girders were longer and from a different bridge. All girders had the same cross-sectional
dimensions as shown in Figure 3.4. A portion of the bridge deck was left over the top flange of

each girder and the resultant structural properties are listed in Table A.1.

Figure 3.1 3-D view of reaction frame CAD model.

20



L

\

g

ol

- 5MAS

Figure 3.3 Beam to column connection

21



50| 150

- —

Figure 3.4 AASHTO Type II girder dimensions.

Girders 1 through 6 were salvaged from Interstate 215 (I-215) in Salt Lake City, Utah at
45™ South. The bridge was built in 1968 as a four span bridge with span lengths of 23-ft, 74.5-ft,
74.5-ft, and 67-ft shown in Figure 3.5. Figure 3.6 shows a picture of the bridge as it was being
torn down showing the bridge’s in-service state. Figure 3.5 also shows that the bridge had a
change of elevation of about 43 feet from one end to the other (for detailed bridge plans see
Appendix A Figures A.3 through A.25). This slope caused the majority of the water and snow to
run down into the expansion joint on the downward slope of the bridge causing degradation of
the prestressed concrete girders due to corrosion of the steel reinforcements. It was the concern
of UDOT that the deterioration that had occurred had reduced the shear capacity of the girders.
Because they had several other bridges in similar states, UDOT was interested in evaluating the
capacity of the girders. Each girder used in this testing was from Span 1 of this bridge where the
most degradation had occurred. The center-to-center of bearing span length of these six girders
was 22 feet 3 inches with an outside to outside dimension of 23 feet 7 inches. The girders were
spaced at 9 feet on the bridge. The girders were made composite with an 8-in reinforced
concrete cast-in-place deck. When the girders were delivered to USU, a portion of that deck was
still intact. To prepare the girders for testing, the decking was squared up to provide a more

uniform specimen (Figure 3.7).
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Figure 3.7 Girders before testing.
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Each of the girders was reinforced for shear with No. 4 bars used as stirrups. The first
stirrup was placed 7.5 inches from the center of the bearing and then 23 inches on center
afterwards. The bridge plans specified that “all reinforcing steel shall be intermediate grade
billet steel conforming with AASHO designation M-31. Deformations shall conform with
AASHO designation M-137 (Utah State Department of Highways Structural Division, 1967).
Intermediate grade billet steel was specified as 33-ksi according to the state of practice up to the
1970s. A sample of shear reinforcing steel was removed from the girder and tested using a
Tinius Olsen universal testing machine and the yield strength of the web steel was verified as

being 33.4-ksi. Figure 3.8 shows the stress-strain curve for the web steel that was tested.
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Figure 3.8 Stress-strain relationship for web shear steel.

The prestressing force after losses, according to the bridge plans, was specified as 176
kips at an eccentricity of 9 inches as measured from the bottom of the girder. The concrete
compressive strength of the girder at transfer (f°;) was specified as 4,000-psi. Two concrete
samples were removed from the control girder and tested in compression to determine the actual
compressive strength according to ASTM standards. These tests yielded an average concrete

compressive strength (f;) of 7,100-psi. A split-cylinder test was also conducted following
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ASTM C496-86 guidelines to determine that the concrete tensile strength (f;) was 590-psi for
these girders. This relationship resulted in the tensile capacity being equal to 7.0 £’ which is

close to the 7.5 £.% reported in most codes.

The prestressing strands that were used in the girders were 7/16 inch diameter, 7-wire
strands. These strands were tested in the lab to establish their ultimate stress, which was
measured as 258.7-ksi. Figure 3.9 shows the stress vs. strain diagram for the prestressing
strands. From these results and talking with UDOT officials it was assumed that the specified
grade for the strands used in these girders was 250-ksi stress relieved strands. The plans did not
give any exact criteria with respect to the grade and type of prestressing strands, but 250-ksi
stress relieved strands were common during this time period. The first row of four tendons was
located at 2 inches from the bottom, a second row of four tendons was located at 3.5 inches from
the bottom, a third row of two tendons was located at 27 inches from the bottom, and a fourth
row of two tendons was located at 28 inches from the bottom. This resulted in an eccentricity of
11 inches as measured from the bottom of the girder, which disagrees with the bridge plan
specifications calling for a 9 inch eccentricity for the prestressing strands (Utah State Department

of Highways Structural Division, 1967).

The two longer girders were also AASHTO Type II girders. Both were 34.5 feet in
length. These girders were salvaged from a highway bridge in southern Utah that had been in
service for about 40 years. These two girders were also used in UDOT project No. 81F15404,

Determining Residual Tendon Stress in Pre-Stressed Girders.

The girders were stressed with fourteen 7/16-inch diameter, 7-wire prestressing strands
which imparted a total prestressing force of 264,600 Ibs onto the beams at an eccentricity of 9.46
inches as measured from the bottom of the beam. The ultimate capacity, f;,, of the strands was
250 ksi for these two girders. Two rows of four strands were placed 6 inches from the bottom of
the girder followed by three rows of two strands. All strands were placed on a 2 inch center-to-
center spacing. The residual prestress force in these longer girders was determined previously by
means of a cracking test as 120,000-1bs. The compressive strength of these girders was specified

as 5,000-psi, but was experimentally determined to be 9,300-psi. No information was available
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Figure 3.9 Stress-strain relationship for prestressing strands.

on the shear steel properties, but since these girders were fabricated approximately at the same
time as the other six girders and detailed by the same organization (UDOT), it was assumed that
the web steel was also intermediate grade steel with a yield stress of 33-ksi. In the two longer
girders, the stirrups began at six inches from the center of the support and were then spaced at 17

inches throughout the length of the beam.

3.3 Determination of Effective Prestress Force

Even though the strands were horizontal and had no vertical component to contribute to
shear, it was still of interest to determine the residual prestress force. Since the girders had been
exposed to corrosive conditions during a large portion of their service lives as well as other
deterioration, the prestress force was not likely to be easily predicted. To this end, a simple test
was performed to quantify the remaining prestress force after all losses had occurred during the

40 plus years of being in service.

Each beam was simply supported under the reaction frame so that a concentrated load

could be applied directly at the mid-span of the girder. The external load was incrementally
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increased until there was a visibly clear crack across the bottom flange of the prestressed girder.
Once this crack was identified, the load was held constant until the crack could be traced with a
permanent marker to provide easy identification once the load was removed and the prestress

force closed the crack.

After each girder had undergone this initial cracking, strain gauges were applied to each
girder in three different locations with respect to the crack as shown in Figure 3.10. One 3.5 inch
long foil strain gauge was placed across the crack, and two 2 inch long gauges were placed on
either side of the crack. This strain gauge configuration was used to try to quantify the load that
resulted in zero stress at the extreme tension fiber of the concrete. The value of the external load
which resulted in the stress being equal to zero could be determined, and this value was used to

calculate the effective prestress force.

Each of the girders had slightly different cross-sectional properties due to the deck
portion that remained on top of the girders. Consequently, detailed section properties needed to
be determined in order to accurately calculate the residual prestress force in the girders. For

detailed information on each girder’s structural properties see Appendix A, Table A.1.

Gauge 2

Gauge 3

Gauge 1

Figure 3.10 Typical strain gauge placements for effective prestress test.
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Once the strain gauges were applied and allowed to cure, section properties were
determined, and the cracking tests were conducted. The applied load (decompression load) was
recorded throughout the duration of the test. From the decompression load the prestressing force
could then be calculated by means of Equation 3.1 and Equation 3.2 with careful attention given

to the sign of each term.

B g By Mooy _ Mgy
g m 8= i & (3.1)

Equation 3.1 can be rewritten as Equation 3.2 to find the effective prestress force.

1

o
.

. (3.2)
P Es

where:

o = stress at the crack location (ksi)

P. = the effective prestress force in the beam (kips)

I, = moment of inertial of the girder at the crack location (in*)

I. = moment of inertial of the composite section at the crack location (in*)
A, = cross-sectional area at the crack location (in%)

e = eccentricity of the prestressing force at the crack location (in.)

yg = neutral axis location of the girder measured from the bottom of the beam at crack location
(in.)
ye = neutral axis location of the composite section measured from the bottom of the beam at

crack location (in.)

M= the total moment at the crack location (kip-in.)
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M= L"mf.‘i_r M. (3.3)

x= distance from the crack to the nearest support (in.)
L= distance between supports (in.)

M;,= moment at crack location due to self weight of the girder assuming a unit weight of .155

kip/ft® (kip-in.)

_ BB .3
Msw_ 171g Ax (3 4)
M= maximum moment in the beam due to externally applied load (kip-in.)
M= 25 (3.5)

P.,= externally applied load (kips)

A Vishay system 5000 data acquisition system was used to record the externally applied
load measured with a Goekon strain gauge based load cell. Deflections were also measured
using an LVDT placed on the top of the beam adjacent to the load cell. Three channels of strains
were recorded from the strain gauges that were applied to each tested girder as described above.
Measurements were recorded at a sampling rate of 10 hertz throughout each test. Tests were
performed up to two different load steps. The first load was 70,000-1bs and the second was
80,000-1bs. This was done to ensure that the crack had sufficient dilation yet not enough dilation

to destroy the strain gauges.

Once the test for each girder had concluded, the data was plotted as load vs. micro strain
from the three strain gauges as well as plots of load vs. deflection. After analyzing the data, it
was determined that the gauges that were placed directly over the crack showed the clearest point
at which nonlinear behavior began. This determination came from examining others’ research
findings, and also observing that the collected data was most consistent from the gauges that
were placed over the crack. The strain gauges placed to either side of the crack were expected to
produce a bilinear response when plotted versus load, but no such response was observed. The

load vs. deflection theoretically would have produced a similar bilinear response as the crack
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opened to that of load vs. strain, but the LVDT that was available at the time of testing did not
read with the precision needed to determine the magnitude of load at which the crack opened,
and therefore that data was not used in determining the decompression load. Typical plots of
load vs. micro strain are shown in Figure 3.11 for each of the three gauge positions. The plots
for the other girders are shown in Appendix B. The graphs produced from the gauges located to
the right and left of the crack were more difficult to identify the exact load at which the crack
opened up, and therefore the gauges over the crack were consistently used to determine the

decompression load.

The experimentally determined decompression load was obtained by fitting a straight line
to the initially “straight” portion of the load vs. strain plot produced from the strain gauges
placed directly over the crack. The decompression load was defined as the load at which the
strain enters the nonlinear portion and deviates from this initially straight line. As illustrated in
Figure 3.12 the decompression load was 30,500-1bs for Girder 3. This definition comes from the
reasoning that as soon as the externally applied load reaches a magnitude large enough to
overcome the prestressing force, the section would crack and assume a different moment of
inertia. With this changing moment of inertia the load vs. strain relationship would become
nonlinear as the externally applied load was increased. Once the section was fully cracked, the
load vs. strain continues on a “straight” line, but with a different slope having a fully cracked
moment of inertia. The portion of the plot between the two “straight” lines is where there is still
aggregate interlock and the section properties (moment of inertia) were changing with external
load. For these reasons, the decompression load was taken as the point where the load vs. strain

behavior initially changes.

The experimentally determined decompression load was obtained by fitting a straight line
to the initially “straight” portion of the load vs. strain plot produced from the strain gauges
placed directly over the crack. The decompression load was defined as the load at which the
strain enters the nonlinear portion and deviates from this initially straight line. As illustrated in
Figure 3.12 the decompression load was 30,500-1bs for Girder 3. This definition comes from the
reasoning that as soon as the externally applied load reaches a magnitude large enough to

overcome the prestressing force, the section would crack and assume a different moment of

31



inertia. With this changing moment of inertia the load vs. strain relationship would become
nonlinear as the externally applied load was increased. Once the section was fully cracked, the

load vs. strain continues on a “straight” line, but with a different slope having a fully cracked
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Figure 3.11 Strain gauges from girder 2 showing an example of the data recorded during the
decompression tests.
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moment of inertia. The portion of the plot between the two “straight” lines is where there is still
aggregate interlock and the section properties (moment of inertia) were changing with external
load. For these reasons, the decompression load was taken as the point where the load vs. strain

behavior initially changes.

Table 3.1 lists each of the six girders’ externally applied loads with their corresponding
calculated decompression load as determined using Equation 3.2. Table A.2 shows all of the
calculations used to determine the effective prestress force in the girders. The first load listed
comes from the initial test in which an externally applied load of 70,000-1bs was reached before
the test was concluded, and the second load listed comes from the test in which an externally

applied load of 80,000-1bs was reached

before the test was concluded. The average calculated residual prestress force shown in the
fourth column is the force which was considered as the residual prestressing force in the girders.

The bridge plans specified a prestress force after all losses of 176-kips.
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Figure 3.12 Typical load vs. micro strain plot (Girder 3 shown with an 80,000-1b limit).

Table 3.1 Girder decompression loads with corresponding residual prestress force

Residual Prestressing Force Average Risidual
Beam [Decomp. Load (kips) (kips) Prestressing Force (kips)
1 38.5 175.2
172.3
1 37.0 169.4
2 35.5 161.2
158.3
2 34.0 155.3
3 30.5 138.6
145.3
3 34.0 151.9
4 36.5 178.3
176.1
4 35.5 174.0
5 37.5 170.0
172.9
5 39.0 175.9
6 35.0 159.1 —
6 38.0 170.9

3.4 Shear Tests

After the conclusion of the cracking test to determine the effective prestress force, shear
tests were performed on each end of the eight girders. This section will focus on the shear
behavior of the girders with an emphasis on the ultimate shear capacities. Of the eight girders
tested, two were tested in an unaltered condition for a total of four shear tests. The other six
girders were retrofitted with carbon fiber reinforced polymer at the ends. These beams were
tested in shear with the goal of quantifying the additional shear capacity that the carbon fiber

wraps imparted to the girders.

Prior to testing, each girder was fitted with a high strength grout pad on the top of the
deck at a distance equal to the depth of the beam (not including the deck) plus one foot (d+1-ft).
This was done to provide a flat surface for the hydraulic ram to react against as illustrated in
Figure 3.13. The grout pad was not considered to provide any structural integrity and was not

taken into account while determining the section properties of the girders (Table A.1).
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Figure 3.13 Grout pad fitted onto girders.

During testing, all girders were simply supported with varying span lengths as listed in
Table 3.2. The spans varied due to the fact that both ends were tested independently. Once one
end had been tested through failure, it became necessary to place the support under a portion of
the beam where the cross-section was still intact. The shear spans were kept close to a constant
distance of 48 inches on the ends with the exception of Girder 6. Girder six was initially tested
with a 48-inch shear span, but cracking occurred in the middle of the girder rather than at the
end. This failure behavior was produced by the carbon fiber reinforcement providing an increase
in shear strength on the end, which was more than the shear strength in the middle of the beam
where the shear force was lower. In order to ensure that failure occurred at the desired location,
the shear span was decreased slightly, and the expected failure was observed. Girders 7 and 8
had varying shear spans due to space limitations in the lab, however, the desired shear failures
were still observed. In Table 3.2 the A or B denotes which end was tested according to the
markings on the beams. Top or Bottom denotes the orientation of the beam when it was in

service (e.g. top refers to the up-slope end of the girder).

The externally applied load was measured during the shear tests in two ways. The first was

by means of a pressure transducer in line with the hydraulic ram, and the second was with a
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Table 3.2 Beam spans

Geokon strain gauge based load cell. To calculate the load from the pressure transducer, the

pressure (psi) was multiplied by the bore area of the ram (in®) to get the load in pounds.

Span Shear Span Shear
Beam Length Span Beam Length Span
(inches) | (inches) (inches) | (inches)

1A (Bottom) 268.25 48.00 5A (Top) 180.50 48.00|
1B (Top) 208.25 48.00 5B (Bottom) 270.00 48.00|
2A (Bottom) 206.00 48.00 6A(Top) 210.00 42.00|
2B (Top) 268.00 48.00 6B(Bottom) 268.00 42.00|
3A (Top) 210.00 48.00 7LA 199.50 51.50}
3B (Bottom) 269.00 48.00 7LB 163.00 48.00|
4A (Bottom) 215.50 48.00 8LA 150.5 48.5
4B (Top) 268.50 48.00 8LB 196.00 49.00]

Because the failure load was the most important criterion considered in this testing, the
redundancy was desirable to verify results. Deflections were also measured with a LVDT placed
on top of the girder next to the load cell. Strains were also measured in various locations on the
girder. The strain gauges were placed strategically so that strains could be measured in line with

the fibers of the carbon fiber wraps. Figure 3.14 shows a typical shear test setup.
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Figure 3.14 Typical shear test setup.

Once the setup was completed and the span lengths were recorded, the load tests were
performed. A hydraulic ram was used to gradually apply the increasing load up to and through
failure. The applied load was continuously monitored and recorded during the test by means of
an online display in the Vishay software which was used in conjunction with the System 5000
data acquisition system. Once the applied maximum load had dropped off significantly, the test
was terminated by completely removing the load, after which the girder and data were examined.

Table 3.3 shows the ultimate shear capacities from each test.

The ultimate shear capacity was determined using simple statics. The ultimate load was
determined as the maximum recorded load from the data. This load was used along with
Equation 3.6 to calculate the ultimate shear force. For the completed tests, the base line shear
was determined as 163.6-kips for Girders 1 through 6 and 261.5-kips for Girders 7 and 8 from
the average shear of the two tests on the control girder (Girders 1 and 7). The ultimate shear

capacities from Girders 2 through 6 are compared with a baseline ultimate shear capacity of
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163.6-kips and Girder 8 was compared to a baseline ultimate shear of 261.5-kips to determine

the increase in shear capacity that resulted from the application of the carbon fiber wraps.

Table 3.3 Ultimate shear capacity of each girder

Beam Shear Beam Shear
(kips) (kips)
1A(Bottom) 150.25 5A (Top) 225.07
1B(Top) 176.86 5B (Bottom) 244.94
2A(Bottom) 178.71 6A(Top) 261.48
2B(Top) 162.70 6B(Bottom) 151.79
3A (Top) 197.02] [7LA 263.36
3B (Bottom) 209.50 7LB 259.63
4A (Bottom) 179.61 SLA 311.96
4B (Top) 174.80 8LB 307.97
¥, = Gkt (3.6)
where:

V, = ultimate shear force at failure (kips)

P,= maximum applied load (ultimate load) (kips)
L = span length (in.)

L’ = shear span (in.)

For Girder 1, the failure mechanism was flexural shear where the cracks first developed
at an angle of 90-degrees from the longitudinal axis. The cracks changed direction as the shear
forces dominated the flexural effects, and the cracks’ directions changed to approximately 42-

degrees. The cracks then dilated until there was not enough aggregate interlock or friction to
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hold the girder together at which point the girder experienced a significant failure as shown in
Figure 3.15.

Girder 7 underwent a web crushing failure as it was loaded through its ultimate load. The
cracks started in the web and extended toward the flanges as the load increased. Once the
compressive strength of the concrete was reached, the top web of the top flange crushed causing

the girder to fail. Figure 3.16 shows a close-up of the top flange after it had crushed.

i
-~ .
1. 5

Figure 3.16 Top flange of Girder 7 after web crushing failure.
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3.4.1 Shear Test Results

The experimental results will be presented in two formats. The first will be the load vs.
deflection charts, and the second will be the load vs. (micro) strain charts. Due to some
equipment failures, the load vs. deflection was not recorded on all beams. Load vs. deflection
was of less interest in this study and consequently was not used in the determination of the
results, but nevertheless will be shown herein for comparison purposes only. The load vs. strain
charts are numbered in Appendix B according to the location of the corresponding strain gauge
on the control girder. Figure 3.17 shows the control beam ends with their respective strain gauge

locations and numbers.

Figure 3.17 Placement and numbering of strain gauges.
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Each beam failed in a repeatable manner with a primary shear crack forming at an
average of 42 degrees. This shear crack began at the support and moved diagonally up the girder
towards the point of the applied load. The primary shear crack was accompanied by other shear
cracks, but smaller in size. The accompanying cracks were generally parallel to the primary
shear crack. The behavior of the beams with the carbon fiber failed in a slightly different way,

but in general the failure mode was the same.
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Figure 3.18 Strain gauge on control Girder 1B.

The strain was measured at the concrete surface. By measuring the strain in the concrete,
compatibility can be used to assume that the strain in the steel was the same as in the concrete.
As was shown in Figure 3.8 the yield stress of the shear steel was 33-ksi. This stress occurred at
a strain of 0.003, yet the strain in the concrete was 0.004, showing that the stress in the concrete
at failure was at, or a little above, the yield stress of the steel and therefore verifying that the

girder failed as the steel yielded.
3.5 CFRP Design

Over the years CFRP fabrics have been found to be useful in providing external
reinforcement of structural members. While most of the research has focused on the testing of
new members, little amounts of testing and research have been done on retrofitting aged, full-

scale girders, with CFRP fabrics. The CFRP fabric system chosen for this testing project was the
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MBrace® CF 160 system that was generously provided by The Chemical Company (BASF).
This product was chosen because of its simplicity in application and proven superior

performance.

There were five different CFRP configurations tested for this research. Each
configuration was tested twice by applying it on six 40-year-old AASHTO girders. After the
testing of the first set of 6 girders (12 tests), the most efficient configuration was selected and
then tested two more times on the second set of differently reinforced AASHTO girders to allow
for further comparison. A specific issue had to be addressed when using external CFRP fabrics
for I-shaped girders. When loaded in shear a large normal force begins to develop on the web to
flange connection (see Figure 3.19). During loading this would cause the CFRP strips to
delaminate prematurely resulting in a small increase in capacity. This delamination of the carbon

fiber was one of the main criteria used in developing the CFRP application schemes.

Web to Flange
Connection

4

Figure 3.19 Location of web to flange connection.
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3.5.1 Configurations

The first girder tested was used as the control. There was no external reinforcement put
on either of the ends. Figure 3.20 is a drawing of the beams configuration while Figure 3.21 is an

actual picture of one of the ends of the control girder before testing.

CONTEOL A1E COMNTEROL

Figure 3.20 Girder 1: No external reinforcement.

Figure 3.21 Girder 1: No external reinforcement.

The second girder tested was the first one that was reinforced with CFRP. Each side
consisted of three vertical U-shaped strips that were 20 inches wide placed right next to each
other (see Figures 3.22 and 3.23). The strips were anchored with an embedded CFRP laminate
along the web to flange connection (see Figure A.24 in Appendix A for detail). This
configuration was provided by engineers from The Chemical Company (BASF). It was selected

because it addressed the anchorage of the CFRP to the web to flange connection.
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Figure 3.22 Drawing of Girder 2 CFRP design.

#

MR TR, S

Figure 3.23 Girder 2 CFRP design

g
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The third girder had CFRP strips oriented at a different angle. Each side consisted of six
diagonal (45 degrees) strips 10 inches wide spaced at 4.5 inches and two horizontal strips with a
height of 15 inches and 70 inches in length applied over the diagonal strips along the web (see
Figures 3.24 and 3.25). Since the diagonal strips could not be continuous, the strips were
overlapped on the bottom flange to simulate continuity. This configuration was selected from
previous research entitled “FRP for Shear Strengthening of AASHTO Bridge Girders” by
Hutchinson, Donald, and Rizkalla (1999). The authors found this configuration to be one of the
most effective in increasing shear capacity of AASHTO prestressed girders.

Figure 3.24 Drawing of Girder 3 CFRP design.

Figure 3.25 Girder 3 CFRP design.
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The fourth reinforced girder was similar to the third except that the web was not
reinforced with a horizontal strip of CFRP. Specifically each side consisted of six diagonal (45
degrees) strips 10 inches wide spaced at 4.5 inches (see Figures 3.26 and 3.27). Since the
diagonal strips could not be continuous, the strips were overlapped on the bottom flange to
simulate continuity. This configuration was selected for comparison with Girder 3 results. The
configuration did not have an anchorage system which provided for comparative results with the
anchored configurations. This allowed us to see how the horizontal anchorage system was
performing and adding to the shear capacity.

N ——

Figure 3.26 Drawing of Girder 4 CFRP design.

Figure 3.27 Girder 4 CFRP design
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The fifth girder was instrumented with individual vertical strips of CFRP as well as the
horizontal middle strip. Each side consisted of four vertical U-shaped strips with a width of 10
inches spaced at 4.5 inches and two horizontal strips with a height of 15 inches and 63 inches in
length were applied over the vertical strips for anchorage along the web (see Figures 3.28 and
3.29). This configuration was selected from previous research entitled “FRP for Shear
Strengthening of AASHTO Bridge Girders” by Hutchinson, Donald, and Rizkalla (1999). The
authors found this configuration to be one of the most effective in increasing shear capacity of

AASHTO prestressed girders.

| —— B

Figure 3.28 Drawing of Girder 5 CFRP design.

Figure 3.29 Girder 4 CFRP design.
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The last reinforced girder of the group of six had a combination of reinforcing schemes.
Each reinforced side consisted of six diagonal (45 degrees) strips 10 inches wide spaced at 4.5
inches (see Figures 3.30 and 3.31). The strips were anchored using an embedded CFRP laminate
along the web to flange connection (see Figure A.24 in Appendix A for detail). Since the
diagonal strips could not be continuous, the strips were overlapped on the bottom flange to
simulate continuity. This configuration was selected to see how the embedded anchorage system

would perform with diagonal strips.

1@\ ——

Figure 3.30 Drawing of Girder 6 CFRP design.

-':;'.4--'« at - \‘(3‘
Figure 3.31 Girder 6 CFRP design
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In addition to the previously mentioned six girders, two additional girders were tested.
These last two girders had similar prestressing strand configurations but had smaller stirrup
spacing. By testing these two girders it was believed that the CFRP reinforcement on other
girders could be evaluated. Figures 3.32 and 3.33 show a drawing and picture of the seventh

girder tested, the control girder from the second set of two girders.

CONTROL ATE CONTEOL

Figure 3.32 Girder 7 with no external reinforcement.

Figure 3.33 Girder 7 with no external reinforcement.
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The eighth girder tested was the same girder as Girder 7 but was reinforced with the same
configuration as girder 5. Each side consisted of: Four vertical U-shaped strips with a width of
10 inches spaced at 4.5 inches and two horizontal strips with a height of 15 inches and 63 inches
length were applied over the vertical strips for anchorage along the web (see Figures 3.34 and
3.35). This configuration was selected because it yielded a high increase in shear capacity and its

ease in application.

| ——

Figure 3.34 Drawing of Girder 8 CFRP design.

Figure 3.35 Girder 8 CFRP design.

3.5.2 CFRP application

The Chemical Company (BASF) provided detail instruction on how to apply the CF 160
System to the prestressed concrete girders. The installation required preparing the concrete

surface for the application of the MBrace® materials. The concrete preparation required crack
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repair, sand blasting to at least an ICRI CSP 3 profile, and removal of all dust, laitenance, and
bond inhibiting compounds. After the surface preparation was completed the MBrace materials
were applied in the following order; the MBrace® Primer, the MBrace® Putty, the MBrace®
Saturant, then the MBrace® CF 160 fabric (see Appendix A Figures A.25-A.33 for material
detail). For testing, the MBrace® Topcoat was not applied for the last step because the topcoat is
for a cosmetic appeal. In practice, the MBrace® Topcoat would be applied as the last step (for
detailed instruction on the application see Figures A.34-A.39 in Appendix A). After application

of all products the girders were given a seven day curing period.

Figure 3.36 Application of CFRP MBrace® system.

3.6 Testing Analysis of CFRP Reinforced Girders

Each load test consisted of placing a hydraulic jack at a distance D (depth of the girder)
plus one foot from the end support. The girder was then monotonically loaded until complete
failure was achieved. Before each test the support and loading locations were measured and used
to calculate the ultimate shear capacity. During each test the load, strain, and deflection (next to
applied load) were monitored and recorded. Figure 3.37 is typical graph of the different types of

measured data. Graphs of the measured data can be found in Appendix B.
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Test 1B Load vs Time
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Figure 3.37 Typical graph of measured data.

3.6.1 Test 2A

For this test, the hydraulic jack applied load at a distance of 48 inches from the end
support with a beam span of 208 inches. The beam failed in shear at an applied load of 333.36
kips. The CFRP system failed due the CFRP laminate anchorage failing, which led to a large
normal force at the flange to web connection. After the anchorage failure, the concrete surface
attached to the CFRP fabrics was ripped off causing the reinforcement to fail (see Figure 3.39 for
detail). Under the CFRP reinforcement there were multiple cracks that were roughly 45-degrees
from the load to support (see Figure 3.38 for failure crack orientation). The failure cracks were
pushed closer to the support and towards the top of half of the girder. The test yielded an
ultimate shear force of 255.68 kips which is an increase of 92.12 kips or a 36.03% increase in
shear capacity compared to the average control capacity of 163.56 kips. The data recorded for
load, strain, and deflection are found in Appendix B figures B.27 to B.33. The strain gauge

orientation can be found on Figure 3.38 and compared to the strain gauges on control test 1B.
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Figure 3.39 Anchorage failure and concrete surface failure.

3.6.2 Test 2B

For the second test on this beam, the hydraulic jack applied load a distance of 48 inches
from the end support with a beam span of 268 inches. The beam failed in shear at an applied load
of 198.2 kips. The CFRP system failed due the CFRP laminate anchorage failing, which led to a
large normal force at the flange to web connection. After the anchorage failure the concrete

surface attached to the CFRP fabrics was ripped off causing the reinforcement to fail (see
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Figures 3.40 and 3.41 for detail). Under the CFRP reinforcement there were multiple cracks that
were roughly 45-degrees from the load to support. The failure cracks were pushed farther from
the support and towards the bottom half of the girder (see Figure 3.41 for failure crack
orientation). The test yielded an ultimate shear force of 162.70 kips which is a decrease of 0.86
kips or a 0.53% decrease in shear capacity compared to the average control capacity of 163.56
kips. The two tests of this CFRP configuration yield large differences in increased shear
capacity. The inconsistent results are assumed to be from the cuts made into the girder for the
anchorage system. Further inconsistencies were found in tests 6A and 6B which had the same
anchorage system. The data recorded for load, strain, and deflection are found in Appendix B
Figures B.34 to B.40. The strain gauge orientation can be found on Figure 3.40 and compared to

the strain gauges on control test 1B.
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Figure 3.40 Anchorage failure and strain gauge orientation.

Figure 3.41 Failure of Test 2B.
55



3.6.3 Test 3A

For this beam, the hydraulic jack applied the load at a distance of 48 inches from the end
support with a beam span of 210 inches. The beam failed in shear at an applied load of 255.4
kips. The CFRP system failed due to the horizontal strip of CFRP fabric ripping the top layer of
concrete off, which led to a large normal force at the flange to web connection. After the
anchorage failure the CFRP diagonal strips ripped off the top layer of concrete leading to
delamination causing the reinforcement to fail (See Figures 3.42 and 3.43 for detail). Under the
CFRP reinforcement there were multiple cracks that were roughly 45-degrees from the load to
support. The failure cracks were similar to the controls crack orientation (see Figure 3.43 for
failure crack orientation). The test yielded an ultimate shear force of 197.02 kips which is an
increase of 33.46 kips or a 16.98% increase in shear capacity compared to the average control
capacity of 163.56 kips. The data recorded for load, strain, and deflection are found in Appendix
B Figures B.41 to B.49. The strain gauge orientation can be found on Figure 3.42 and compared

to the strain gauges on control test 1A.

el

Figure 3.42 Anchorage failure and strain gauge orientation of Test 3A.
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Figure 3.43 Failure of Test 3A.

3.6.4 Test 3B

For the second test on this beam, the hydraulic jack applied the load at a distance of 48
inches from the end support with a beam span of 269 inches. The beam failed in shear at an
applied load of 255 kips. The CFRP system failed due the horizontal strip of CFRP fabric ripping
the top layer of concrete off, which led to a large normal force at the flange to web connection.
After the anchorage failure the CFRP diagonal strips ripped off the top layer of concrete leading
to delamination causing the reinforcement to fail (see Figures 3.44 and 3.45 for detail). Under the
CFRP reinforcement, there were multiple cracks that were roughly 45-degrees from the load to
support. The failure cracks were similar to test 3A’s crack orientation but were pushed up
towards the top half of the girder (see Figure 3.45 for failure crack orientation). The test yielded
an ultimate shear force of 209.5 kips which is an increase of 45.94 kips or a 21.93% increase in
shear capacity compared to the average control capacity of 163.56 kips. The data was not

recorded for load, strain, and deflection but the maximum applied load was recorded.
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Figure 3.45 Failure of Test 3B.

3.6.5 Test 4A

For this girder, the hydraulic jack applied the load at a distance of 48 inches from the end
support with a beam span of 215.5 inches. The beam failed in shear at an applied load of 231.08
kips. The CFRP system failed due to the large normal force generated at the web to flange
connection. Since there was no anchorage system the CFRP fabric began to prematurely

delaminate. There were still small amounts of the CFRP fabric ripping the concrete off the girder
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instead of delamination but the failure was primarily delamination (see Figures 3.46 and 3.47 for
detail). Under the CFRP reinforcement there were multiple cracks that were roughly 45-degrees
from the load to support. The failure cracks were similar to the controls crack orientation (see
Figure 3.47 for failure crack orientation). The test yielded an ultimate shear force of 179.61 kips
which is an increase of 16.05 kips or a 8.94% increase in shear capacity compared the average
control capacity of 163.56 kips. The data recorded for load, strain, and deflection are found in
Appendix B Figures B.50 to B.58. The strain gauge orientation can be found on Figure 3.46 and

compared to the strain gauges on control Test 1A.

Figure 3.47 Failure of Test 4A.

59



3.6.6 Test 4B

For the second test of this girder, the hydraulic jack applied a load at a distance of 48
inches from the end support with a beam span of 268.5 inches. The beam failed in shear at an
applied load of 212.85 kips. The CFRP system failed due to the large normal force generated at
the web to flange connection. Since there was no anchorage system the CFRP fabric began to
prematurely delaminate. There were still small amounts of the CFRP fabric ripping the concrete
off the girder instead of delamination but the failure was primarily delamination (see Figures
3.48 and 3.49 for detail). Under the CFRP reinforcement there were multiple cracks that were
roughly 45-degrees from the load to support. The failure cracks were similar to test 4A’s cracks
orientation (see Figure 3.49 for the failure crack orientation). The test yielded an ultimate shear
force of 174.8 kips which is an increase of 11.24 kips or a 6.43% increase in shear capacity
compared to the average control capacity of 163.56 kips. The data recorded for load, strain, and
deflection are found in Appendix B Figures B.59 to B.67. The strain gauge orientation can be

found on Figure 3.48 and compared to the strain gauges on control Test 1A.
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Figure 3.48 CFRP delamination and strain gauge orientation of Test 4B.
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Figure 3.49 Failure of Test 4B.

3.6.7 Test SA

For the fifth girder, the hydraulic jack applied the load at a distance of 48 inches from the
end support with a beam span of 180.5 inches. The beam failed in shear at an applied load of
306.6 kips. The CFRP system failed due the horizontal strip of CFRP fabric ripping the top layer
of concrete off, which led to a large normal force at the flange to web connection. After the
anchorage failure, the CFRP vertical strips ripped off the top layer of concrete leading to
delamination causing the reinforcement to fail (See Figures 3.50 and 3.51 for detail). Under the
CFRP reinforcement there were multiple cracks that were roughly 45-degrees from the load to
support. The failure cracks were similar to the controls crack orientation except for there were no
vertical cracks under the applied load (see Figure 3.51 for the failure crack orientation). The test
yielded an ultimate shear force of 225.07 kips which is an increase of 61.51kips or a 27.33%
increase in shear capacity compared to the average control capacity of 163.56 kips. The data
recorded for load, strain, and deflection are found in Appendix B Figures B.68 to B.78. The
strain gauge orientation can be found on Figure 3.50 and compared to the strain gauges on

control test 1B.
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Figure 3.51 Failure of Test SA.

3.6.8 Test 5B

For the second test on this girder, the hydraulic jack applied the load at a distance of 48
inches from the end support with a beam span of 270 inches. The beam failed in bending at an
applied load of 273.58 kips. The CFRP system did not fail in shear. Right under the applied load
some concrete under the CFRP system broke off but the girders reinforced shear capacity was

greater than the girders moment capacity. This led to the concrete in the top flange crushing and
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having more of a bending failure than a shear failure (see Figure 3.53 for detail). Some shear
cracks did form in the girder (see Figure 3.52 for failure crack orientation). Since the girder
failed in bending the ultimate shear capacity was not obtained but the test yielded a shear force
of at least 224.94 kips which is an increase of 61.37 kips or a 27.29% increase in shear capacity
compared to the average control capacity of 163.56 kips. The data recorded for load and strain
are found in Appendix B Figures B.79 to B.89. The strain gauge orientation can be found on

Figure 3.52 and compared to the strain gauges on control test 1B.
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Figure 3.53 Failure of Test 5B.
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3.6.9 Test 6A

For this test, the hydraulic jack applied the load at a distance of 42 inches from the end
support with a beam span of 210 inches. The beam failed in moment at an applied load of 310.07
kips. The CFRP system did not fail in shear. The girders reinforced shear capacity was greater
than the girders moment capacity. This led to the concrete in the top flange crushing and failing
in bending (see Figures 3.54 and 3.55 for detail). Since the girder failed in bending we were
unable to find the ultimate shear capacity but the test yielded a shear force of at least 248.06 kips
which is an increase of 84.5 kips or a 34.06% increase in shear capacity compared to the average
control capacity of 163.56 kips. The data recorded for load, strain, and deflection are found in
Appendix B Figures B.90 to B.97. The strain gauge orientation can be found on Figure 3.54 and

compared to the strain gauges on control test 1A.

Figure 3.55 Bending failure of Test 6A.
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3.6.10 Test 6B

For the second test on this beam, the hydraulic jack applied the load at a distance of 42
inches from the end support with a beam span of 268 inches. The beam failed in shear at an
applied load of 180 kips. The concrete in the beam failed in shear before allowing the load to be
transferred to the CFRP system. This led to some of the CFRP fabrics to delaminate without the
anchorage system failing (see Figures 3.56 and 3.57 for detail). The premature failure in the
girders with this type of anchorage system is assumed to be caused by the grooves cut into the
girder. Under the CFRP reinforcement there were multiple cracks that were roughly 45-degrees
from the load to support. The failure cracks were similar to the control (see Figure 3.57 for
failure crack orientation). The test yielded an ultimate shear force of 151.79 kips which is a
decrease of 11.77 kips or a 7.75% decrease in shear capacity compared to the average control
capacity of 163.56 kips. The data recorded for load, strain, and deflection are found in Appendix
B Figures B.98 to B.106. The strain gauge orientation can be found on Figure 3.56 and compared

to the strain gauges on control Test 1A.
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Figure 3.56 Concrete shear failure and strain gauge orientation of Test 6B.
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Figure 3.57 Failure of Test 6B.

3.6.11 Test 8A

For the eighth girder, the hydraulic jack applied the load at a distance of 48.5 inches from
the end support with a beam span of 150.5 inches. The CFRP system failed due the horizontal
strip of CFRP fabric ripping the top layer of concrete off, which led to a large normal force at the
flange to web connection. After the anchorage failure, the CFRP vertical strips ripped off the top
layer of concrete leading to delamination causing the reinforcement to fail (see Figures 3.58 for
detail). Under the CFRP reinforcement there were multiple cracks that were roughly 45-degrees
from the load to support. The failure cracks were similar to the controls crack orientation except
for there were no vertical cracks under the applied load (see Figure 3.59 for the failure crack
orientation). The test yielded an ultimate shear force of 311.96 kips which is an increase of 50.44
kips compared to the average control capacity of 280.44 kips. The data recorded for load and
deflection are found in Appendix B Figures B.111 and B.112. There were no strains measured

for this test.
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Figure 3.59 Failure of Test 8A.

3.6.12 Test 8B

For the second test of the eighth girder, the hydraulic jack applied the load at a distance
of 49 inches from the end support with a beam span of 196 inches. The beam failed in shear at an
applied load of 410.63 kips. The CFRP system failed due the horizontal strip of CFRP fabric
ripping the top layer of concrete off, which led to a large normal force at the flange to web
connection. After the anchorage failure, the CFRP vertical strips ripped off the top layer of

concrete leading to delamination causing the reinforcement to fail (see Figures 3.60for detail).
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Under the CFRP reinforcement there were multiple cracks that were roughly 45-degrees from the
load to support. The failure cracks were similar to the controls crack orientation except for there
were no vertical cracks under the applied load (see Figure 3.61 for the failure crack orientation).
The test yielded an ultimate shear force of 307.97 kips which is an increase of 46.48 kips
compared to the average control capacity of 261.5 kips. The data recorded for load and
deflection are found in Appendix B Figures B.113 and B.114. There were no strains measured

for this test.

Figure 3.60 Anchorage failure of Test 8B.
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Figure 3.61 Failure of Test 8B.

3.6.13 Comparison of measured strains

During testing strain gauges were placed on the CFRP system parallel to the direction of
fibers. Measuring the strain along the fibers would allow for conclusive evidence that while the
girder was loaded, the shear was being transferred to the CFRP reinforcement. Figure 3.62 shows
a graph of Load vs Strain for a strain gauge on the control and a strain gauge on a reinforced
girder. It can be seen on the graph that as the externally applied load increases the control girders
concrete begins to yield at that spot and the strain begins to increase. It can be seen also that the
strain of the CFRP reinforcement begins to increase around the same external load at the same
point. This is seen as evidence that the shear resistance of the girder is being transferred to the
CFRP shear reinforcement. Figure 3.63 is another example of Load vs Strain comparisons of a
non reinforced girder and a reinforced girder. These two graphs of Load vs Strain are evidence

that the CFRP shear reinforcement is resisting the shear force applied to the girder.
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Figure 3.62 Load vs strain of strain gauges 3 on control Test 1A and CFRP reinforced Test 4A.
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Figure 3.63 Load vs strain of strain gauges 3 on control Test 1A and CFRP reinforced Test 3A.

There is another observation made from the measurement of strain that is vital to
understanding the how the CFRP reinforcement is reacting. Gauges 4 and 8 are horizontal
located on the horizontal strip used for anchorage, while gauges 3 and 9 are vertical located on
one of the vertical strips (see Figure 3.50 for exact of locations). It can be seen that in Figure
3.64 that the max strain measured for gauges 3,4,8, and 9 are .001, .006, .009, and .001,

respectively. Plotting the max measured strains on Figure 3.65 shows us that the max stress (ksi)
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in the fibers are 33, 198, 297, and 33 for their respective locations. This shows that the max
stress of 297 ksi is well below the rupture stress of 550 ksi. It can also be noted that there were
large stresses in the horizontal strip which provides evidence that the anchorage system was

successful in increasing the capacity.
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Figure 3.64 Load vs strain of strain gauges 3, 4, 8, and 9 on Test SA.
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Figure 3.65 Stress vs strain graph of the CFRP fabric (CF 160).
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3.6.14 Comparison of measured deflections

During each test the vertical deflection was measure at the applied load. Taking this
measurement and plotting it as the load increased allowed for observations on the changes in
deflection of the girder due to the CFRP reinforcement throughout reading. In Figure 3.66 it can
be seen that as the load is increased the deflection is linear until yielding began, at which point
the deflection began to increase more rapidly with less applied load. It can be seen that from
Figure 3.66 that the girder with CFRP reinforcement was stronger and was able to produce a
larger deflection than the girder without reinforcement. We can conclude that the CFRP
reinforcement does provide the system with increased deflections as the girder and CFRP

reinforcement act compositely.

Another observation found in Figure 3.66 is that during the loading stage where the
concrete is remaining linear, the stiffness of the girder remains the same with either no

reinforcement or if there is reinforcement.
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Figure 3.66 Load vs deflection of control and Girder 5 configuration
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3.6.15 Comparison of measured shear capacity

During testing the externally applied load was measured using a load cell and pressure
gauge. The beam distance from support to support was called the beam span and the distance
from the applied external load to the nearest support (shear span). With these measurements,
ultimate shear force using elemental beam theory was calculated. Table 3.4 shows the measured
results recorded for each test. The unreinforced baseline shear force was obtained from the two
control tests. The 163.56 kip shear force was obtained based on an average of the two tests which
were 150.25 kips and 176.86 kips. After each experimental test with the CFRP reinforcement the
total shear force was obtained and by subtracting the baseline shear force the magnitude of shear

that was contributed by the CFRP reinforcement was obtained.

The experimental program was successful in providing evidence that CFRP
reinforcement on I-shaped prestressed AASHTO girders does provide additional shear strength.
Not all CFRP reinforcement configurations were as successful as others. The configurations on
Girders 2 and 6 had very inconstant results of roughly -8 % to 34% changes in shear capacity,
which was assumed to be due to the cuts in the girders needed for the anchorage system. The
CFRP reinforcement configurations on girders 3 and 5 were found to be the most effective,
ranging from an increase of 17% to 33%. The configuration on Girder 4 was similar to Girders 3
and 5 except the configuration did not have the horizontal anchorage system. This configuration
was roughly 8-20% less effective than the other two. That decrease in capacity is evidence that
the horizontal anchorage system was effective in anchoring the CFRP sheets and giving an

overall increase in shear capacity.

From the first set of six girders we were able to conclude that the fourth CFRP
reinforcement configuration (vertical strips with a horizontal anchorage strip) was the most
effective in increasing the shear capacity. That configuration was then tested on the second set of
two girders. On Girder 8 the same CFRP reinforcement was found to increase the shear capacity
of the girder. The increase of shear capacity of was an average of 30 kips. This increase was less
than that found on Girder 5 which had the same configurations; this can be due to the larger

existing shear strength in the girder.
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Table 3.4 Comparative results of experimental program

Shear Beam | Applied Existing CFRP Total

Test Span Span Load Shear Shear Shear Percent

(inches) | (inches) | (kips) quce quce quce Increase

(kips) (kips) | (kips)

1A 48 268.25 183.00 150.25 0.00 150.25 0.00%
1B 48 208.25 | 229.84 176.86 0.00 176.86 0.00%
2A 48 206 333.36 163.56 92.12 | 255.68 | 36.03%
2B 48 268 198.20 163.56 -0.86 162.70 | -0.53%
3A 48 210 255.40 163.56 33.46 197.02 | 16.98%
3B 48 269 255.00 163.56 4594 | 209.50 | 21.93%
4A 48 215.5 231.08 163.56 16.05 179.61 8.94%
4B 48 268.5 212.85 163.56 11.24 174.80 6.43%
5A 48 180.5 306.60 163.56 61.51 225.07 | 27.33%
5B 48 270 273.58 163.56 61.38 22494 | 27.29%
6A 42 210 310.07 163.56 84.50 | 248.06 | 34.06%
6B 42 268 180.00 163.56 -11.77 | 151.79 | -7.75%
7A 51.5 199.5 355.00 263.36 0.00 263.36 0.00%
7B 48 163 368.00 259.63 0.00 259.63 0.00%
8A 48.5 150.5 460.30 261.50 50.47 | 311.96 | 16.18%
8B 49 196 410.63 261.50 46.48 307.97 | 15.09%

74




4.0 COMPARISON OF MEASURED AND PREDICTED RESULTS

4.1 Introduction to predictive Methods for predicting Shear Capacity

For this research two different predictive methods were used to compare code practices
with the measured results which were provided in Chapter 3. The first methodology was the
current AASHTO LRFD Bridge Design Specifications (AASHTO, 2009). This is the preferred
method for most state DOTs and for the Federal Highway Administration when designing
bridges. Chapter 5 of this code, which describes the shear and torsion behavior of concrete

beams, was the main section utilized in this research to determine the calculated capacity.

The second predictive method was from the American Concrete Institute’s (ACI)
concrete building code ACI-318-08 (ACI, 2008). This design code is for structural concrete both
in buildings and otherwise. Chapter 11 of the ACI code was the main portion utilized for this
research. This chapter describes the shear strength design codes as they apply to prestressed

concrete girders.
4.1.1 Predictive Method AASHTO LRFD Bridge Design Specifications

The AASHTO LRFD Bridge Design Specifications (AASHTO, 2009) provides two
different methodologies for the determination of the design shear of a reinforced prestressed
concrete girder. This code summarizes the components of shear from three different factors
including the tensile strength of the concrete (V.), the shear resistance provided by the transverse
reinforcement (V;), and the vertical component of the prestressing force (V). The nominal or
total shear capacity of the girder is taken as the lesser of the two values calculated using
AASHTO Equations 5.8.3.3-1 and 5.8.3.3-2 which are provided in this research as Equations 4.1
and 4.2, respectively.

K=V4+V+V (4.1)
V, m Q.28 bod, +V, (4.2)

The shear contribution from the vertical or transverse reinforcing steel is calculated using
Equation 4.3.
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- ﬁpf}-dp':nwtg-inotﬂﬂnm (4.3)
5

Ve

where:

V,,= component in the direction of the applied shear of effective prestressing force(kips)
.= compression strength of concrete (ksi)

b, = effective web width taken as the minimum web width within the depth &, (in.)

d, = effective shear depth as determined as follows (AASHTO Article 5.8.2.9) (in.)

d, = effective shear depth taken as the distance, measured perpendicular to the neutral
axis, between the resultants of the tensile and compressive forces due to flexure; it need

not be taken to be less than the greater of 0.9d. or 0.724 (in.)
in which:

=—u (4.4)

&, =
Y Agfptdgg i

o, = Smelogdy tafdg (4.5)

¢ Az Fgn $ s Fy

s = spacing of the transverse reinforcement

A, = area of transverse steel within a distance s (in%)

1, = yield strength of transverse reinforcement (kst)

0 = angle of inclination of diagonal compressive stresses (°)

a = angle of inclination of transverse reinforcement within distance s (°)
M, =nominal moment at the section being considered (kip-in.)

A, = area if longitudinal steel (in%)

A, = area of prestressing steel (in?)

1,5 = force in the prestressing steel (kips)

d, = depth to the centroid of the prestressing steel (in.)
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d; = depth to the centroid of the longitudinal steel (in.)

According to the AASHTO specifications, there are two different methodologies of
calculating the concrete contribution to shear ( V;). The first method (general procedure) comes
from a modified compression field theory and assumes that the concrete shear stresses are
uniformly distributed over an area b, in width and d, in depth. For this method, it is also
assumed that the directions of the principal compressive stresses (8) remain constant over a
length d,, and that the shear strength of the section can be determined by considering the biaxial
stress conditions at just one location in the web. AASHTO Equation 5.8.3.3-3 provides the
relationship for calculating the magnitude of V. and is provided in this research as Equation 4.6.
The values of  and 6 are determined in one of two ways, namely the Empirical Method and the
Iterative Method. For this research, the Empirical Method was used and will be presented with

the following equations.
., om 008160 F bd, (4.6)
For sections containing at least the minimum amount of transverse reinforcement specified in

AASHTO Article 5.8.2.5 the value of B may be determined using Equation 4.7.

4

When sections do not contain at least the minimum quantity of shear reinforcement, the value of

B should be calculated using Equation 4.8.

_ &8 BL
g= 147E0a, 35 4a,g (4-.8)

In either case, the value of 0 is calculated using of Equation 4.9.

G = 29 + 35002, (4.9)

For Equations 4.7-4.9, the strain (&) is defined as the strain in the non-prestressed longitudinal
tension reinforcement. The code provides a simplified equation which may be used rather than
performing a more detailed and involved analysis. This simplified equation provided as

AASHTO Equation 5.8.3.4.2-4 provided in this research as Equation 4.10 to determine &.
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&, = YT (4.10)
where:
Sye = crack spacing parameter

= (4.11)

- =7, —
e -'f-.r;-n:-.r&a

A.= area of concrete on the flexural tension side of the member (in)
Aps = area of prestressing steel on the flexural tension side of the member (in%)

A, = area of nonprestressed steel on the flexural tension side of the member at the section under

consideration. (in?)
4, = maximum aggregate size (in.)

1, = a parameter taken as modulus of elasticity of prestressing tendons multiplied by the locked
in difference in strain between the prestressing tendons and the surrounding concrete
(ksi). For the usual levels of prestressing, a value of 0.7 £,, will be appropriate for both

pretensioned and post-tensioned members
N, = factored axial force, taken as positive if tensile and negative if compressive (kips)
M, = factored moment, not to be taken less than ( V,-V,)d, (kip-in.)

Sy = the lesser of either dv of the maximum distance between layers of longitudinal crack control

reinforcement, where the area of the reinforcement in each layer is not less than 0.003 5,5,
V., = factored shear force (kips)

The second method (simplified method) for calculating V. is very similar to the ACI
method presented in the next section. In this method, the values of V,.and V; are calculated
differently based on the way the shear cracks develop, namely, flexure-shear cracking or web-
shear cracking. If flexure-shear cracks control the design, the value V,;should be used as V..

However, if web-shear cracks control the design, V., should be used. V. is defined to be the
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lesser of V,;and V,,. Inthe AASHTO code the requirements are provided in Article 5.8.3.4.3

and provided herein as follows.

Vo = 0.0Z(T b, + ¥, + 050 2 0067 5.4, (4.12)

where:
V4= shear force at section due to unfactored dead load including both DC and DW (kips)

V;= factored shear force at section due to externally applied loads occurring simultaneously with

M pax (Kips)

M. = moment causing flexural cracking at section due to external loads (kip-in.)

M
Mope ™ F; Eff:‘-l-ﬂ'ﬁli‘_?f:ﬂ (4.13)

M. = maximum factored moment at section due to externally applied loads (kip-in.)

I:pe = compressive stress in concrete due to effective prestress forces only (after all losses) at

extreme fiber of section where tensile stress is caused by externally applied loads (ksi)

M, = total unfactored dead load moment acting on the monolithic or noncomposite section

(kip-in.)

S. = section modulus for the extreme fiber of the composite section where tensile stress is caused

by externally applied loads (in®)

Sue = section modulus for the extreme fiber of the monolithic or noncomposite section where

tensile stress is caused by externally applied loads (in®)

The value V., is to be calculated according to Equation 4.14. The component of shear

resistance provided by the transverse steel shall be computed via Equation 4.3 with cot 6 = 1.0

where V., < V,,,andcot 0 =10 % % t:’?-'f?) i 1.8 where V> V,,.
P

Vor = (006477, % 0.30%, JBd, + ¥, (4.14)

where:
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1, = compressive stress in concrete (after allowance for all prestress losses) at centroid of cross
section resisting externally applied loads or at junction of web and flange when the centroid
lies within the flange (ksi). In a composite member, 7, is the resultant compressive stress at
the centroid of the composite section, or at junction of web and flange, due to both prestress

and moments resisted by precast member acting alone.

For Girders 1 through 6 the calculated shear capacity according to the AASHTO general
procedure was calculated to be 47.79-kips. Using the simplified method, a shear value of 82.27-
kips was calculated. For Girders 7 and 8 the calculated capacities for shear were calculated as

37.66-kips and 100.28-kips from the general and simplified procedures respectively.

Of the two methods provided by the AASHTO specifications, the simplified method
provided a closer estimate of the ultimate shear capacity of the AASHTO Type II bridge girders
tested for this research. In general, both methods are very conservative and rely on bending
theory. The bending theory is believed to be less correct in the d-regions (a distance equal to the
depth of the girder from the face of the support) of concrete beams, especially thin webbed
beams. In the d-regions, the shear stresses are not distributed linearly over the depth of the beam
according to bending theory, and therefore St. Venant’s Principle does not apply. The AASHTO
LRFD code, as well as the ACI code, allow for sectional analysis of beams. This is acceptable
because the predicted values are conservative. As will be shown in the following section, the
ACI 318-08 code for shear calculations outside the d-region is also derived from bending theory

and accordingly the predicted shear is also conservative.
4.1.2 Predictive Method ACI 318-08

The ACI code presents two different methods for computing the ultimate shear capacity
of prestressed concrete members. The first is described as the approximate method which
estimates the contribution of shear strength from the concrete to be a function of the girder
shape, applied loads, and concrete strengths. This method can only be used in prestressed
members if the effective prestress force is equal to or greater than 40% of the tensile strength of
the flexural reinforcement. The nominal shear capacity of a prestressed girder according to ACI

Equation 11-9 is provided here as Equation 4.15.
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¥, = (0.64F, + %":ﬁ} b d (4.15)

This value must be greater than or equal to Equation 4.16,

w24 F b.d (4.16)
but must be less than Equation 4.17.

K, =Sy f b,d (4.18)

where:

A= unit weight of concrete modification factor (1 for normal weight concrete)

V,, = the maximum design shear at the section being considered (kips)

M, = the design moment at the same section occurring simultaneously with V,, (kip-in.)

d, = the distance from the extreme compression fiber to the centroid of the prestressing strands
(in.)

d= the distance from the extreme compression fiber to the centroid of the tension reinforcement
(in.)

.= the compressive stress of the concrete (psi)

by, = web width (in.)

The contribution of shear from the web shear reinforcing steel must be added to the shear
contribution of the concrete. ACI Equation 11-15 is recommended to be used to calculate the

shear contribution from the stirrups and is provided here as Equation 4.19.

v, m S (4.19)

where:
V; = the shear resistance provided by the transverse shear steel (kips)

A, = the area of transverse steel (in’)
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1, = the yield strength of the transverse (ksi)
5= spacing of transverse reinforcement (in.)

The shear capacities were calculated using this approximate method for Girders 1 through
6 as 101.74-kips. This value is approximately 62% of the average measured value of 163.56-
kips. For Girders 7 and 8 the approximate method resulted in a calculated shear capacity of
131.09-kips. For Girders 7 and 8 the approximate method underestimated the measured value,

yielding only about 50% of the average measured value of 261.50-kips.

The second method recommended by the ACI code is the detailed method in which V. is
taken as the smaller of the calculated values of V. of V. This method may be used for any
beam, and must be used when the effective prestress force is less than 40% of the tensile strength
of the flexural reinforcement. The term V,; is used to describe the concrete shear strength of a
member when the diagonal shear cracks form due to a combination of shear and moment. V. is
used to define the nominal concrete shear strength of a member when the diagonal cracks form
due to excessive principal tensile stress in the concrete. V; can be approximated with ACI

Equation 11.3.3.1 which is provided as Equation 4.20.

Fi Mo
Vo — Gubinf ooy, 1 ¥y + S LA [y by (4.20)

where:
V;= the shear at the section in question due to service dead load (1bs)
V;i= the shear that occurs simultaneously with A, (1bs)

M= the cracking moment (Ib-in.)
[ A T PP -l 3 )
M= (L} {62472+ fe = ) (tb-in) @21)

7= the moment of inertia of the section that resists the externally applied load (in”)

Y;=the distance from the centroidal axis of the gross section (neglecting the reinforcing) to the

extreme tension fiber (in.)
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1. = the compressive stress in the concrete due to prestress after all losses at the extreme fiber of

the section where the applied loads cause tension (psi)

1= the stress due to unfactored dead load at the extreme fiber where the applied loads cause

tension (psi)

The equation for V., provides the shear capacity of the concrete beam in units of pounds
as derived from a rather simplified principal tension theory and is provided as Equation 4.22

which comes from ACI Equation 11-22.
Vo ™ (8.80F 4 036, )b dy 4V, & L8ASFT b d (4.22)

where:

1,. = the calculated compressive stress in the concrete at the centroid of the section resisting the

applied loads due to the effective prestress after all losses (psi)
V,, = the vertical component of the effective prestress force at the section of interest (Ib)

The value for £, is to be calculated at the centroid of the composite cross-section unless
the centroid falls within the flange, in which case ;. should be computed at the intersection of
the web and the flange. ACI 11.3.3.2 states that V., may be taken as the concrete shear capacity

that corresponds to a multiple of dead load plus live load. This results in a calculated principal

tensile stress equal to 4447 at the point where £, is calculated as described above.

For the detailed method, the total shear in a prestressed concrete member must be the sum
of the shear contributions from the concrete, the vertical component of the prestressing, and the
shear contribution from the web steel. If the effective prestress force is greater than or equal to
40% of the tensile strength of the flexural reinforcement Equation 4.23 (ACI Equation 11-14) is
to be used to calculate the required area of shear steel, A,.

Aﬁm-[%}{%}& E (423)

where:

A, »= the minimum area of shear steel (in®)
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Aps= the area of prestressing reinforcement in the tensile zone (in%)
1, = the ultimate stress of the prestressing reinforcement (psi)
1,,= the yield strength of the mild steel tension reinforcement (psi)

The detailed method provided a computed shear capacity of 90.98-kips for Girders 1
through 6, and 136.75-kips for Girders 7 and 8. These values are only 55.62% and 52.29% of

the average measured values for Girders 1 through 6 and Girders 7 and 8 respectively.

As was described previously for the AASHTO method, the ACI design equations were
developed using bending theory which has been found to be less accurate in the d-regions of a

prestressed concrete beam, and thus provides very conservative values for shear in this region.

4.1.3 Predictive Method Strut-and-Tie Model

Concrete girders can be divided up into B-regions and D-regions. The B-regions are
regions in which Bernoulli bending theory applies. In B-regions it is assumed that strains are
distributed linearly through the depth of the girder. D-regions are discontinuity or disturbed
regions as defined by St. Venant’s Principle. Since the design code equations were developed
based on bending theory another method needed to be examined which would better describe the
types of failures observed in this research. One such method is called the strut-and-tie model.
Both the AASHTO and the ACI design codes allow for a strut-and-tie model (STM) to be used
in the design of prestressed concrete girders when the critical section is located within a D-
region. The governing equations and recommendations on how to apply the STM are found in
the appendices of each of the two design codes. STMs are rarely used in design of new girders,
but this model does prove very useful in design as well as analysis of prestressed concrete
girders. Analysis of concrete girders for shear in the D-region is easily and accurately handled

by the strut-and-tie model.

The strut-and-tie model is an idealized model of a girder consisting of struts which are
compression members made of concrete parallel to the expected cracks, ties or stirrups which are
tension members made of steel analogous to the reinforcement, and nodes made of concrete

which are connecting members.
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Various types of struts may be used depending on the application. The most common
struts are rectangles (prisms), bottles, and fans. The different shapes assume a distribution of the
forces corresponding to the shape, and represent compressive stress fields. The compressive
stresses act parallel to the longitudinal axis of the strut, causing transverse tension in the strut

which can lead to failure.

The node sizes are determined by the bearing area of the load, the bearing area of the
support, and the prism of concrete surrounding the tie. Nodes are sections of concrete which
connect the strut to the ties. The nodes are idealized as pinned joints. The concrete in and
surrounding the node is referred to as the nodal zone. There are three or more forces planer

forces that all act through the node and satisfy equilibrium.

Ties act as the reinforcement, whether that is a single layer, or several different layers of
reinforcement. The axis of the tie must coincide with the axis of the reinforcement. In a STM
the tie consists of the reinforcement plus a prism of concrete concentric with the longitudinal
reinforcement making up the width of the tie (Wright and MacGregor, 2009). The node
dimensions are developed from the concrete surrounding the tie, which do not carry any load, but

aid in transferring the loads.

For this research a strut-and-tie model was developed using two struts and one tie
connected at three nodes. This configuration formed a simple triangular truss which was
analyzed to obtain ultimate shear values of 138.56-kips and 258.7-kips for Girders 1 through 6
and for Girders 7 and 8, respectively. Some sample calculations are included at the end of

Appendix A.

4.1.4 Comparison of Calculated to Measured Shear Capacities

The AASHTO and ACI procedures for calculating the shear capacities of prestressed
concrete girders are both based on bending theory, and St. Venant’s Principle. This implies that it
is assumed that the shear stresses are distributed linearly through the depth of the beam as long
as the load is applied at a distance larger than the depth of the beam or outside the D-region. The
eight beams that were tested for this research were tested in the D-region where the shear stresses
were believed to not be evenly distributed through the depth of the beam. Having the load

applied in the D-region causes the stresses in the girder to be concentrated in some regions, and
85



almost non-existent in other areas due to arching action of the beam. The design codes examined
in this research did not take into account the effects of unevenly distributed shear stresses
through the depth of the beam. The codes allow the sectional analysis to be done along the

length of the girder because the values computed using the design equations are conservative.

The strut-and-tie model used for this research was able to much more accurately predict
the ultimate shear capacity of the girders. The strut-and-tie model was very simple while still
yielding good results. When analysis is to be done, the STM is far better at predicting the actual

strength in the D-regions of reinforced concrete beams.

Table 4.1Calculated shear values

Girders 1-6 | Percentage | Girders 7-8 | Percentage

Method Shear (kips)|of Measured|Shear (kips)|of Measured
AASHTO General 47.79 29.22% 37.66 14.40%
AASHTO Simplified 82.27 50.30% 100.28 38.35%
ACI Simplified 101.74 62.20% 131.09 50.13%
ACI Detailed 90.98 55.62% 136.75 52.29%
Strut-and-Tie 138.56 84.72% 258.7 98.93%
Measured Value 163.56 261.5

The results calculated for this research are presented in Table 4.1 showing the predicted
values as calculated using the methods presented above. The calculated values are also

compared to the measured values as a percentage of the measured values.

4.1.5 ASHTO LRFD Predicted Prestress Losses

The AASHTO LRFD bridge design code provides two different methods for predicting
the prestress losses in a prestressed concrete girder (AASHTO, 2009). The first is classified as
the approximate method which can be used with gross section properties or transformed section
properties. The second method is classified as the detailed method with transformed section

properties. This section will provide both methods and present the values calculated from each

method.
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The approximate method, using transformed section properties, automatically takes into
account the elastic shortening loss of prestress due to introduction of prestress to the concrete
member, as well as any instantaneous gain due to the application of gravity loads. The long-term
prestress losses are assumed to be the negative prestress (Af,i 7 in ksi) as calculated from
Equation 4.24 multiplied by the area of the prestressing tendons (A in in®). These long-term
losses include losses that result from creep, shrinkage of the concrete, and relaxation of the

prestressing steel.

bfpsr = 1&.&%m‘ﬂ + 1208405, + 8fg (4.24)
¥, = 17 = 0.01H (4.25)
Yo =514 ) (4.26)
where:

1,;= prestressing immediately before transfer (ksi)

A, = gross area (in%)

H= average ambient humidity as a percent

f.;= specified initial concrete compressive strength (ksi)
A,s = the total area of the prestressing steel (in%)

A1,k = an estimate of relaxation loss taken as 2.4 for low relaxation strand, 10.0 for stress
relieved strand, and in accordance with manufactures recommendations for other types of

strand (ksi)

This loss in prestress is applied at the centroid of the prestressing steel area and the
transformed concrete section resulting in a prestress force at service. Using the effective
prestress force at service, stresses can be easily calculated using the transformed section

properties and compared against the design stress limits.

The detailed method is much more involved, but relatively easy to apply. This method
entails calculating creep and shrinkage material properties independently. Equation 4.27 should
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be used to calculate the elastic shortening loss and Equation 4.28 should be used to calculate the
prestress losses from the detailed method. The subscript “7@” is used to denote losses before the
deck is made composite, and the subscript “d?” is used to denote losses that occur after the deck
has been made composite until the final time. The bottom fiber stress and the stress at the
centroid of the steel can be calculated at different stages of construction. The elastic shortening
loss due to initial prestress force and the girder self weight is automatically accounted for, as
described above in the simplified method, if transformed section properties are used. Using all
of the correction coefficients and the different factors, the prestress loss was calculated as

179.75- kips shown in table 4.2.

&fogs = i—;—ﬂw (4.27)

where:
E,=modulus of elasticity of prestressing steel (ksi)
E.;= modulus of elasticity of concrete at transfer or time of load application (ksi)

I.qp = the concrete stress at the center of gravity of the prestressing strands due to prestressing
force immediately after transfer and the self-weight of the member at the section of

maximum moment (ksi)

bfpsr = (Sfpen + Ofpcn + 8fyms),, + (8fpon + 8fycp + Bfoms — bfyenl (4.28)

where:

&gz = prestress loss due to shrinkage of girder concrete between transfer and deck placement
(ksi)

&ﬂﬂ,—g m prestress loss due to creep of girder concrete between transfer and deck placement (ksi)

&f;5, ™ prestress loss due to relaxation of prestressing strands between time of transfer and deck

placement (ksi)
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&gz ™ prestress loss due to relaxation of prestressing strands in composite section between
time of deck placement and final time (ksi)

Lfaep ™ prestress loss due to shrinkage of girder concrete between time of deck placement and
final time (ksi)

&fcp = prestress loss due to creep of girder concrete between time of deck placement and final
time (ksi)

L&f,5: ™ prestress gain due to shrinkage of deck in composite section (ksi)

4.1.6 Comparison of Measured and Calculated Prestress Losses

The effective prestress force which remained in Girders 1 through 6 was calculated as
188.42-kips using the AASHTO LRFD simplified method. Using the simplified method the
effective prestress force was 114% of the average measured prestress force in the girders. When

the effective prestress force was calculated using the AASHTO LRFD detailed method a value of
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Table 4.2 Factors used with AASHTO Detailed Method for P,

Olg= 1.17 .
Keam 055 Change in Concrete‘Stress atthe
Level of Prestressing Strands:

Ks= 1.00

Khs= 1.21 Afcg= 0.0924415 ksi

K= 1.00 Afpc= 0.7855794 ksi

Ebid= 0.000321 Ap= -29.183121 kips

Kia= 1 Afp= -0.1191112 ksi

Khe= 1.12 Og .= 3.293183

Ppia= 1.1726337 Ebif= 0.0008718

Wpif= 2.1320612 Kia= 0.6218903

fou= 250 ksi Ebdf= 0.000551

f'a= 4 ksi Eddf= 0.0008718

foi= 175 ksi s= 1.9995044

Ep= 28500 ksi K= 0.748503

Ecat trns = 4027.56 ksi Wbdr= 1.9806209

Ecatsve = 4830.55 ksi Ydar= 1.9806209

Eca= 4027.56 ksi Kas= 0.9317569

n;= 7.08 Shringage Loss:

ng= 0.83 Afpsp= | 14.626124 ksi

Nservice= 5.90 Creep Loss Due to Initial Loads:

Aps= 1.38 in” Afpcpi= | 5.5542193 ksi

Po= 241.5 kips Creep Loss Due to Deck and SIDL:

Pi= 241.5 kips

Mg= 1193.0882 kip-in Afpcp2= | -14.907152 ksi

fegp= 0.8780209 ksi Relaxation Loss:

Afpes= 6.2130983 ksi Afpra= | -5.89 Ksi
Transformed section factors Prestress Gain Due to Shrinkage
between transferand deck of the deck:

Kig= | 0.9284207 Afcgr= -0.9133993 ksi

Shrinkage Loss: Afgsp= -11.982886 ksi

Afpsr= | 8.4930055 ksi Total Long-term Stress change

Creep Loss: between d.eck p.lacement and
final time:

Afpcr= | 6.7641834 ksi Afpar= | -12.599695 ksi

Relaxation Loss: The change in the concrete stress
atthe bottom fiber of the girder

Afpra= | 5.89 ksi due to long-term losses is:

Total Losses: AP= -17.387579 kips

Afpig= | 21.147189 ksi Afep= 0.0723921 ksi

179.75-kips was found. This was 109% of the average measured prestress force from the
cracking tests. Table 4.3 shows four different effective prestress forces. All of the effective
prestress forces were compared to the average measured prestress force in Girders 1 through 6.

These girders were subjected to severe corrosion during their service life. This corrosion was
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believed to contribute to the lower than expected effective prestress force. The maximum

difference was 23.42-kips, with the bridge plan specifications being the closest at a difference of
only 11-kips.

Table 4.3 Effective prestress force comparison

Difference from| Percent of

Method P. (kips) | Measured (kips) | Measured

AASHTO Simplified 188.42 23.42 114.19%
AASHTO Detailed 179.75 14.75 108.94%,
Bridge Plan Specifications 176 11 106.67%6
Cracking Test (average) 165 0] 100.002%

4.2 Introduction to Predictive Methods for Shear Contribution from CFRP

In this chapter, a comparison of two analytical methods that calculate the contribution of
the CFRP reinforcement for shear in AASHTO prestressed girders is presented. The general

design equation used to calculate the nominal shear capacity of a girder is:
Vn=Vc+ Vs + Vf (4.29)

where Ve is the shear contribution from the concrete, Vs is the shear contribution from the steel

stirrups, and VT is the shear contribution from the CFRP reinforcement.

There are two methods for calculating the carbon fiber contribution for shear, Vf that will
be evaluated in this research. The first method evaluated to calculate Vfis described in ACI
440.2R-8 entitled Guide for the “Design and Construction of Externally Bonded FRP Systems
for Strengthening Concrete Structures” (ACI, 2008b). The second method to evaluated Vfis a
method presented in a research paper by Hutchinson, Donald, and Rizkalla (1999). Each of these
methods are used to calculate the additional contribution of the CFRP reinforcement Vf to the
overall nominal shear capacity Vn of the eight tested bridge girders. The nominal shear capacity
from the two different methods will then be compared to the ultimate shear capacity found in the

experimental program in Chapter 3.
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4.2.1 ACI Analytical Method for Vf

The first analytical method that is evaluated for this research is the recommendations
found in the ACI 440.2R-08 manual entitled, “Guide for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Concrete Structures.” This research covers
how the ACI code compares to actual experimental results found in CFRP reinforcement for I-
shaped prestressed girders. The reader should note that the ACI code does not have specific
design equations for I-shaped sections but in this research an evaluation was performed how the
standard rectangular section equations in the code ACI code apply to other shapes. The ACI

equation for the contribution of CFRP systems for shear is expressed in Equation 4.30 as:

, A Gelmarhensnld;
L} - R i

> (4.30)
where &y =deslgn ruptwe stialn, Indn
w~0.85
P’.u—kl Kol 075
A58,

Reduction facter for U-wiaps
Bond reductlon Cosfflclent, In.-lk unlts

d:'lp_--huﬁwtr

2700
Area of CFR? shear relnforeemen:, In L= (mﬁ;}ﬁ-ﬂ
n=number of pliss Active bowd leng G, o -1l woits
t;= thicknzss of CFRF sheet. in. f <

i

1=

wemwldth of CFRP stilp, In.

Bond reduction Coefflcient, in.-lb units
frl?='1r.lEt' Tensile Stres:

vmangle of CFRP flber arlentatlon
EmTensllz Madulus

my=mnpace of CFRP stripsz, in.
gambl. ga.% 0.004 Max. effective strain
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11\_4:1||-|T..: d; =Effective depth of CFRP
] df’

reinforcement, in.

Bond reductlon Cosfl, In.-1E unlts

T o7
Figure 4.1 Dimensional variables for CFRP shear reinforcement design found in ACI 440.2R-08.

The equation presented above is presented in more detail in the ACI 440.2R-08.
Equation 4.30 was developed based on U-wraps, calculated using standard units, while the code

found in the ACI is used for both full wraps and U-wraps in both metric and standard units.

Table 4.4 Calculated results for ACI analytical methods for Vf

ACI Design Equation Results

Girder | Girder | Girder | Girder | Girder | Girder

Method 2 3 4 5 6 8
ACI Vf (kips) | 84.00 | 63.72| 63.72| 5793 | 63.72| 55.82
df (in) 28.80 | 28.80 | 28.80| 28.80| 2880| 27.80
wf (in) 20 10 10 10 10 10
Sf (in) 20.00 | 18.64 | 18.64| 14.50| 18.64 | 14.50
a (deg) 90.00 | 45.00 | 45.00 | 90.00 | 45.00| 90.00
f'c (psi) 7000 7000 7000 7000 7000 7000
Le (in) 1.35 1.35 1.35 1.35 1.35 1.35
k1 1.45 1.45 1.45 1.45 1.45 1.45
k2 0.95 0.95 0.95 0.95 0.95 0.95
Kv 0.24 0.24 0.24 0.24 0.24 0.24
efe 0.004 | 0.004 | 0.004| 0.004| 0.004| 0.004
n 1 1 1 1 1 1

93



Afv (in"2) 0.52 0.26 0.26 0.26 0.26 0.26
tf (in) 0.013| 0.013| 0.013| 0.013| 0.013| 0.013
ffe (ksi) 131.98 | 131.98 | 131.98 | 131.98 | 131.98 | 131.98

The results for the ACI method in Table 4.4 are the calculated results for the shear
contribution of CFRP reinforcement Vf, using the ACI equation explained in Section 4.1. The
ACI code is used for the design of girders with rectangular sections and the research presented is
how the equations can apply to I-shaped girders. In Table 4.4 are the results of the ACI code for
I-shaped girders.

4.2.2 Analytical Method in Hutchinson, Donald, and Rizkalla (1999) for Vf

In a research paper entitled “FRP for Shear Strengthening of AASHTO Bridge Girders”
by Hutchinson, Donald, and Rizkalla (1999), the authors present an alternative rational method
to the ACI procedure to calculate the additional contribution of a CFRP system for shear
reinforcement. This contribution due to the CFRP reinforcement is calculated using the

following expression:

= Ak e
V= ﬂ-—f—ﬂﬁﬁf (cot@reotog)sing, 4.31)
where
E.=Tensile Modulus t,= Thickness of sheet
n; = Number of layers d= Length from top of flange to the centroid

of longitudinal steel in bottom flange

d= Length from centroid of longitudinal s; = Length of spacing from edge of one
steel to top of beam (or top of deck if deck strip to the same edge of next strip
exists)

8= Assumed crack angle (30-degrees)
wg= Width of sheet
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o= Angle of orientation of CFRP fibers

from the longitudinal direction of beam

[(%)+05(d-5)1
fan dp

1

8,..= Average CFRP strain for I-shaped
sections

o =004 (diagonal strips 45-degrees)

€. = 0028 (Venical stripa)
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Figure 4.2 Dimensional variables for CFRP shear reinforcement design found in
Hutchinson, Donald, and Rizkalla (1999).

Table 4.5 lists the calculated results for the shear contribution of the CFRP
reinforcement for I-shaped girders using the method presented in Hutchinson, Donald,

and Rizkalla (1999) that is explained above.

Table 4.5 Results for method in Hutchinson, Donald, and Rizkalla (1999) for Vf

Analytical method in Hutchinson, Donald, and Rizkalla (1999)

Girder 2 | Girder 3 | Girder4 | Girder 5 | Girder 6 | Girder 8

VT (kips) 90.50 51.75 51.75 62.41 51.75 62.41
d (in) 39.00 39.00 39.00 39.00 39.00 39.00
df (in) 24.00 24.00 24.00 24.00 24.00 24.00
wf (in) 20.00 10.00 10.00 10.00 10.00 10.00
Sf (in) 20.00 18.64 18.64 14.50 18.64 18.64
tf (in) 0.013 0.013 0.013 0.013 0.013 0.013
n (ply) 1 1 1 1 1 1
Lfe (in) 37.73 37.73 37.73 37.73 37.73 37.73
efmax 0.003 0.003 0.003 0.003 0.003 0.003
efave 0.0025 | 0.0025 0.0025 0.0025 0.0025 0.0025
0 (deg) 30 30 30 30 30 30
a (deg) 90 45 45 90 45 90
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4.2.3 Comparison of Analytical Models for Vf and measured Vf

The calculated magnitudes of Vf for both methods were found to compare well
with the measured values of shear but the effectiveness of their predictions were
dependent on the CFRP reinforcement configuration. The analytical and measured values
of additional shear capacity are compared in Table 4.6. This section will evaluate each
CFRP reinforcement configuration and how it compared to both analytical predictive

models when compared to the shear capacity of the control.

Girder 1. There was no CFRP reinforcement applied to this girder. The average
measured shear capacity of this girder was used for comparison of Girder 2 through 6

results. The average shear capacity of Girder 7 was 163.37 kips.

Girder 2. The CFRP configuration for this girder was found to be effective in
providing additional shear capacity but was also found to be extremely sensitive to the
application process which led to even decreases in shear capacity. This sensitivity has
been attributed from the anchorage system which involved cutting one inch grooves into
the girder (see Chapter 3 for detail). For Test 2A the CFRP reinforcement provided an
additional shear force of 92.11 kips. The ACI model predicted the CFRP reinforcement
would yield 84 kips while the Hutchinson, Donald, and Rizkalla (1999) model predicted
a 90.5 kip increase. For this test both models were close and conservative but the
Hutchinson, Donald, and Rizkalla (1999) model predicted 98% of the actual shear
capacity increase while the ACI predicted 92.2% . It must be noted that for Test 2B there
was a decrease in shear capacity for one of the tests. This decrease is believed to be due

to the sensitivity of the configuration and the required cuts for the anchorage system.

Girder 3. The CFRP reinforcement configuration on this girder was found to
increase the shear capacity and was found to be more consistent in comparison to Girder
2. This consistency is believed to be due to the horizontal strip of CFRP placed over the
diagonal stirrups. The average increase of shear capacity from the two tests on Girder 3
was 39.7 kips. The ACI model predicted the CFRP reinforcement would yield 63.72 kips
while the Hutchinson, Donald, and Rizkalla (1999) model predicted a 51.75 kip increase.
For this test both models overestimated the increased shear capacity. The difference is
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believed to be due the shape of the girder causing early debonding. The actual increased
shear capacity was only 62.3% of the ACI analytical prediction and 76.7% of the
Hutchinson, Donald, and Rizkalla (1999) analytical prediction.

Girder 4. The CFRP reinforcement configuration for this girder was similar to
Girder 3 but with the absence of the horizontal anchorage strip. It was expected that this
capacity would be less than Girder 3. The decrease in the additional shear capacity for
this girder was evidence that the horizontal strip for anchorage was successful in
increasing the capacity of the diagonal and vertical strips. The average increase of shear
capacity from the two tests on Girder 4 was 13.64 kips. The ACI model predicted the
CFRP reinforcement would yield 63.72 kips while the Hutchinson, Donald, and Rizkalla
(1999) model predicted a 51.75 kip increase. The analytical methods predicted the same
increase in shear capacity as Girder 3 even though Girder 4 did not have the anchorage
system. For this test both models overestimated the increased shear capacity. The actual
increased shear capacity was only 21.4% of the ACI analytical prediction and 26.35% of
the Hutchinson, Donald, and Rizkalla (1999) analytical prediction.

Girder 5. The CFRP reinforcement configuration of Girder 5 provided a large
increase in shear capacity for both tests. Due to its consistency and ease in application
this girder was selected as the most effective reinforcement configuration and the same
configuration was applied again on Girder 8. The analytical calculations were also found
to be effective in predicting the increase in magnitude of shear capacity. The average
increase of shear capacity from the two shear tests on Girder 5 was 61.43 kips. The ACI
model predicted the CFRP reinforcement capacity at 57.93 kips while the Hutchinson,
Donald, and Rizkalla (1999) model predicted a 62.41 kip capacity increase. For this test,
both predictive methods underestimated the measured shear capacity of the CFRP
reinforcement. Both models were close and conservative but the Hutchinson, Donald, and
Rizkalla (1999) method predicted 94.3% of the actual shear capacity increase while the
ACI predicted 101.6%. The Hutchinson, Donald, and Rizkalla (1999) predictive method
was found to be only 5.7% over conservative for this girder, while the ACI method only

overestimated by 1.6%.
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Girder 6. The CFRP configuration for this girder was found to be effective in
providing additional shear capacity but similar to Girder 2 was also found to be extremely
sensitive to the application process which led to decrease in shear capacity for one test.
This is the same issue that was found in the CFRP reinforcement configuration on Girder
2. This sensitivity has been attributed from the anchorage system which involved cutting
one inch grooves into the girder at the interface of the web and bottom flange (see
Chapter 3 for detail). For Test 6A, the CFRP reinforcement provided an additional shear
force of 84.49 kips. The ACI model predicted the CFRP reinforcement would add an
additional 63.72 kips while the Hutchinson, Donald, and Rizkalla (1999) method
predicted a 51.75 kip increase. For this test both models were close but very conservative.
The Hutchinson, Donald, and Rizkalla (1999) model predicted an increase of 61.25% of
the actual shear capacity while the ACI methodology predicted an increase of 75.42%.

Girder 7. There was no CFRP reinforcement applied to this girder. The average
measured shear capacity of this girder was used for comparison of Girder 8 results. The

average shear capacity of Girder 7 was 261.50 kips.

Girder 8. The CFRP reinforcement configuration for Girder 8 provided a large
increase in shear capacity for both tests. Due to the consistency and ease in application on
Girder 5 the same configuration was applied and tested on Girder 8. The analytical
models were also found to be effective in predicting the increase in shear capacity of
Girder 5. The average increase of shear capacity from the two tests on Girder 8 was 48.46
kips. The ACI methodology predicted the CFRP reinforcement would provide an
additional capacity of 55.82 kips while the Hutchinson, Donald, and Rizkalla (1999)
methodology predicted a 62.41 kip increase. For this test both models overestimated the
increased shear capacity. The actual increased shear capacity was only 86.82% of the
ACI analytical prediction and 77.65% of the Hutchinson, Donald, and Rizkalla (1999)

analytical prediction.

The success of the predictive methodologies was dependent on the CFRP
reinforcement configurations. The configurations of Girder 5 and 8 were found to be

most consistent in matching the predictive methodologies and most consistent in
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increasing the shear capacity. For Girders 5 and 8 the average increase in shear capacity

due to the same configurations, was 54.96 kips. The ACI predicted an average increase
for girders 5 and 8 of 56.88 kips while the Hutchinson, Donald, and Rizkalla (1999)
model predicted 62.41 kips. The ACI method overestimated by 3.5% while the

Hutchinson, Donald, and Rizkalla (1999) overestimated the average measured increases

by 13.55%.
Table 4.6 Results of actual Vf and analytical methods for Vf

Test Test Test Test Test Test Test Test
Method (kips) 1A 1B 2A 2B 3A 3B 4A 4B
Vn 150.28 | 176.86 | 255.68 | 162.70 | 197.02 | 209.50 | 179.61 | 174.80
Vf (actual) 0 0| 92.11 -0.87 | 33.45| 4593 | 16.04| 11.23
VT (ACI) 0 0| 84.00| 84.00| 63.72| 63.72| 63.72 | 63.72
VT (hut. et al.) 0 0| 90.50| 90.50 | 51.75| 51.75| 51.75| 51.75

Test Test Test Test Test Test Test Test
Method (kips) | 5SA 5B 6A 6B TA 7B 8A 8B
Vn 225.07 | 224.94 | 248.06 | 151.79 | 263.36 | 259.63 | 311.93 | 307.97
VT (actual) 61.52| 6137 | 84.49| -11.78 0 0| 50.44 | 46.48
V1(ACI) 5793 | 5793 | 63.72| 63.72 0 0| 5582 | 5582
Vf(hut. etal.) | 62.41| 62.41| 51.75| 51.75 0 0| 6241 | 6241
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5.0 SUMMARY AND CONCLUSIONS

5.1 Summary

As bridges age and deteriorate, their capacities tend to decrease and are difficult
to predict. This fact coupled with larger and larger loads being applied to the nation’s
bridges has lead to much research and implementation of retrofitting and strengthening of
in-service bridge girders. The tendency is to reinforce bridge girders primarily in flexure.
This increase in flexural capacity leads to a stiffer girder which can result in shear being
the failure mode of the girder. With added load and flexure strengthening, understanding
of the shear behavior becomes increasingly more important. To this end, research was
conducted on two different types of AASHTO Type II reinforced prestressed concrete
bridge girders that were over 40 years old to determine their existing shear capacities at
the end of the girders where water had damaged them extensively. The measured values
were compared against the predicted values using the AASHTO LRFD shear design code

as well as the ACI-318 shear design specifications.

Two separate groups of girders were tested from two different decommissioned
bridges. Girders 1 through 6 had an in-service span length of 22-ft 3-in, and Girders 7
and 8 had an in-service span length of 34.5-ft. The girders were simply supported and
loaded at a distance of 48 inches (d + 1-ft) from the supports with a single point load.
Each end of each girder was tested independently of the other. This caused the overall
span lengths to vary from end to end; as one end was tested through failure, it became
necessary to move the corresponding support, locating it under a section of the girder
which was still intact. The measured shear capacities for Girders 1 through 6 and 7 and 8

respectively were 163.56-kips and 261.50-kips.

Carbon Fiber Reinforced Polymers are being found to be effective in retrofitting
highway bridges for many different applications. The focus of this research was to
investigate how a CFRP fabric system can be applied for shear reinforcement to the
deteriorated ends of I-shaped prestressed concrete girders. There are inherent difficulties

in applying CFRP to typical precast sections. To provide insight on how CFRP behaves
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on I-shape cross-sections, five different configurations of the CFRP fabric were tested. Of
the five different configurations, two anchorage systems were implemented to increase
the shear capacity of the CFRP. Each girder was then tested to failure in shear to

quantify the increased shear capacity. During the load test, deflections, and strains were

measured to provide conclusive evidence of the influence of the CFRP on shear capacity.

Another aspect of the research was to investigate how two different theoretical
models that predicted the increase in shear capacity from the CFRP system. The first
method evaluated to calculate Vfis found in ACI 440.2R-8 entitled Guide for the
“Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete
Structures”. The second method to evaluated Vfis a method presented in a research paper
entitled “FRP for Shear Strengthening of AASHTO Bridge Girders” by Hutchinson,
Donald, and Rizkalla (1999). The calculated results for the two methods were then

compared to the actual increased shear capacity.

5.2 Conclusions on Existing Shear Capacity

In the d-region of a prestressed concrete beam the shear capacity is not accurately
predicted using standard equations from the current design codes. In order to accurately
predict the ultimate shear capacity of a prestressed concrete girder another approach
needs to be taken. One other approach examined in this research was a strut-and-tie
model, which much more accurately predicted the ultimate shear capacity. The strut-and-
tie model was found to be within about 15 percent of the measured values. Further

details are given below.

5.2.1 Comparison with AASHTO LRFD

Both the General and Simplified methods provided by the AASHTO LRFD
bridge design code provided conservative values of the ultimate shear capacity. The
AASHTO Design specifications were developed using bending theory with the
assumption that plane sections remain plane. The shear load, as tested in this research,
was right at the boundary and therefore St. Venant’s Principle was not likely valid. The

AASHTO specifications allow for sectional design because it is known that the values
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calculated for the shear capacity near the supports will be conservative. The average
measured shear for Girders 1 through 6 was 163.56-kips where the General Method
produced a calculated shear capacity of 47.79-kips, and the Simplified Method resulted in
a calculated shear capacity of 82.27-kips. For Girders 7 and 8 the General Method
resulted in a calculated shear capacity of 37.66-kips and the Simplified Method resulted
in a calculated shear capacity of 100.28-kips. When tested in the lab the average shear
capacity of Girders 7 and 8 was 261.50-kips.

5.2.3 Comparison with ACI318-08

The ACI-318 design code was developed based on bending theory assuming that
plane sections remain plane. As was described for the AASHTO specifications, these
assumptions have been shown to not be valid near the supports of a girder. The ACI-318
code also allows for sectional analysis near the supports of a beam with the understanding
the calculated shear capacities will be conservative near the supports, which was shown
from the results of this research. For Girders 1 through 6 the ACI Simplified Method and
Detailed Method produced values of the shear capacity as 101.74-kips and 90.98-kips,
respectively. The average measured value was 163.56-kips. For the longer girders,
Girders 7 and 8, the Simplified Method resulted in a calculated value of 131.09-kips, and
the Detailed Method gave a calculated value of 136.75-kips. The average measured shear
value for Girders 7 and 8 was 261.50-kips.

5.2.4 Comparison with the Strut-and-Tie Model

The strut-and-tie model which is not based on bending theory or St. Venant’s
Principle was developed for the girders tested in this research. The model consisted of
two main compression struts and a tension tie connected at the nodes. This model was
very simple in nature, yet yielded much more accurate results. For Girders 1 through 6
the STM produced an ultimate shear capacity of 138.56-kips which is 84.72% of the
average measured value. For Girders 7 and 8 the STM gave an ultimate shear capacity of
258.7-kips. The STM was 98.93% of the average measured value of 261.50-kips for
Girders 7 and 8.
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5.2.5 Cracking Test

Cracking tests were carried out on Girders 1 through 6 to determine the residual
prestressing force in the girders. This was done by initially cracking the simply
supported beams by means of a single point load applied at mid-span. Once the crack
was located and marked, strain gauges were placed across and to either side of the crack
on the bottom flange of the girder. The girder was then reloaded at mid-span while load
and strain were recorded. The strain was then plotted vs. load and the decompression
load was obtained from the response. The decompression load was used to calculate the

prestressing force. The average existing prestressing force for Girders 1 through 6 was

165.0-kips.

5.2.6 Comparison of Prestress Losses

AASHTO prestress loss equations were used to compare against the measured
values. The AASHTO LRFD specifications (AASHTO, 2009) were used as a guide for
these calculations. The two methods utilized herein were the Approximate Method using
transformed section properties and the Detailed Method with transformed section
properties. Using the Approximate Method, the effective prestress force at service was
calculated as 188.42-kips. The Detailed Method produced a calculated effective prestress
force of 179.74-kips. The bridge plans specified an effective prestress force after all
losses of 176.00-kips. The effective prestress force obtained from the cracking test was
165.0. All of the predictive methods under-predicted the effective prestress force. This

was likely due to the excessive corrosion of the steel in the girders.
5.3 Conclusions on CFRP Reinforcement

The experimental program consisting of the load testing of five different CFRP
reinforcement configurations was found to increase the shear capacity of the AASHTO I-
shaped prestressed girders. The magnitude of the increased shear capacity was found to
be highly dependent on the CFRP reinforcement configuration and anchorage system.
The theoretical models effectiveness in predicting the increased shear capacity was also
highly dependent on the CFRP reinforcement configuration and anchorage system. The

CFRP reinforcement was able to allow for larger deflections before failure. From the
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strain measurements it was concluded that the CFRP fabric was not overstressed and

failed due to debonding.

5.3.1 Effects of CFRP Configurations on Increased Capacity

The increased shear capacity was highly dependent on the configuration of the
CFRP reinforcement. CFRP has a more difficult time resisting shear forces of I-shaped
girders due to the large normal forces developed in the web to flange corners. In order to
help resist these normal forces, two different anchorage systems were applied to four
different CFRP sheet configurations. One girder was reinforced without an anchorage

system to provide comparative results with the girders with anchorage systems.

Girder 4 was reinforced with diagonal (45 degrees) CFRP fabric stirrups but
without an anchorage system. The result when loaded to failure was an increase of only
13.64 kips in shear capacity. Girder 3 had the same diagonal CFRP fabric stirrups as
Girder 4 but had a horizontal strip of CFRP fabric applied over the diagonal strips for
anchorage, resulting in an increased shear capacity of 39.69 kips which is 26.05 kips
larger than Girder 4 without the anchorage. This is conclusive evidence that the

horizontal anchorage system greatly increases the capacity of the CFRP reinforcement.

Girder 2 was reinforced with diagonal (45 degrees) CFRP fabric stirrups but with
the inserted CFRP laminate anchorage system at the web to flange corner. The result
when loaded to failure was an increase of 92.11 kips for the first test and a decrease of
0.87 kips of shear capacity for the second test. Girder 6 had the same anchorage system
but had vertical wraps of CFRP fabric for the whole shear span. The result for the first
test increased the shear capacity by 84.49 kips and decreased the shear capacity by 11.78
kips for the second test. Both of these configurations had the potential to have high
increases in shear capacity but were found to be very sensitive to the anchorage system
cutes and unreliable. The imbedded anchorage system which involved cutting a 1 inch slit
into the girder at the web to flange corner weakened the girder for two of the four tests

and is concluded to be the cause of a very sensitive system.
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Girders 5 and 8 had vertical CFRP fabric stirrups and a horizontal strip of CFRP
fabric over the vertical stirrups. This configuration was found to be the most reliable and
consistent in increasing the shear capacity. The four tests on Girders 5 and 8 produced an
average increased shear capacity of 55.70 kips. The CFRP reinforcement configuration

on Girders 5 and 8 were also the easiest to apply due to its simplicity in design.

Overall, the CFRP fabric reinforcement was found to be successful in increasing
the shear capacity of AASHTO prestressed I-shaped girders. The configuration on
Girders 5 and 8, which consisted of vertical stirrups and a horizontal strip placed over the
vertical stirrups for anchorage, was found to produce the largest consistent increase in
shear capacity consistently. This configuration was also the easiest to apply and can be
credited for its consistency. Therefore, this CFRP reinforcement configuration was found
to be the most effective in increasing the shear capacity of AASHTO prestressed I-shaped

girders.

5.3.2 Observations from CFRP Theoretical Models

The theoretical models for predicting the total shear capacity Vn, were found to be
very conservative and can mainly be contributed to the conservatism in calculating Vc
and Vs, which made it more challenging to compare the two Vf theoretical models. We
were able to find conclusive evidence when comparing the actual Vf against the two

predictive models for VT.

The ACI method overestimated Girders 3, 4, and 8 by 37.7%, 78.6%, and 13.18%
respectively and underestimated Girders 2, 5, and 6 by 7.9%, 7.96% and 24.42%
respectively. The Hutchinson, Donald, and Rizkalla (1999) method overestimated Girders
3,4, and 8 by 23.3%, 73.65%, and 22.35%, respectively, and underestimated Girders 2,
5, and 6 by 1.75%, 0.84% and 22.35%, respectively. Both methods for predicting the
shear contribution of the CFRP fabric were found to be conservative and over

conservative for the same reinforcement configurations.

The CFRP reinforcement configuration on Girders 5 and 8 were found to be most

consistent and reliable in increasing the shear capacity. When comparing the average
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actual shear capacity increase of 55.70 kips, the ACI estimated 56.88 kips which is only a
2.11% overestimation, while the Hutchinson, Donald, and Rizkalla (1999) method
estimated 62.41 which is a 12.05% overestimation. Therefore, the ACI method was found
to be the most accurate in predicting the increased shear capacity of AASHTO

prestressed I-shaped girders with this configuration and anchorage system.

5.3.3 Observations from Deflections

During each girder test of the shear load vs deflection, curves were monitored and
compared against the unreinforced shear load vs deflection curves. The comparisons
concluded that the CFRP reinforcement acted compositely with the girder and allowed
for increased deflections. This provided a failure that was less brittle when loaded and

failed in shear.

5.3.4 Observations from Strains

During the load testing, strains were measured at various locations on the CFRP
fabric that provided evidence that this external reinforcement was resisting the applied
shear load. It was also observed that the maximum strain observed yielded a stress of half
the maximum allowable stress in the CFRP C160 fabric. This provides evidence the
system failed due to delamination and concrete surface rupture. The CF130 fabric which
is half the thickness of the CF160 fabric, would have also been adequate in providing a
similar increased shear capacity for the I-shaped girders since its failure mechanism was

not fiber rupture.

5.4 Recommendations for Future Work on Predicting Shear Capacity

This research investigated the near support shear capacity of prestressed
reinforced concrete AASHTO Type II girders with the load applied at a distance of d+1-
ft. The girders failed in a typical shear manner, but the design codes did not closely

predict this kind of shear failure.

Future research needs to be done to determine equations for the shear capacity at

near support regions of prestressed concrete AASHTO Type girders. Such equations
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could prove especially useful in bridges where large forces result from live loads being

located near the support.

Other types of prestressed concrete girders should be tested in a similar manner to
generalize the results and types of shear failures. By testing various shapes with differing
levels of prestressing and shear reinforcement, it can be shown whether or not the design
codes are adequate for specific shapes or if the results are all very conservative regardless
of shape. Having a better understanding of the shear failures of different shapes of
girders would provide useful information as methods are developed to increase the

existing shear capacities of prestressed concrete girders.
5.5 Recommendations for Application of CFRP Shear Reinforcement

This research was funded by the UDOT with the goal of finding a solution for
increasing the shear capacity of deteriorated AASHTO prestressed I-shaped girders. The
experimental program consisted of testing various forms of application of a CFRP fabric
system provided by The Chemical Company (BASF). The following summary was found
to be the most effective application for increased shear capacity of I-shaped girders
retrofitted with a CFRP fabric system and what analytical model would best fit that

configuration.

The simplest configuration to apply was also found to be the most effective in
increasing the shear capacity. The recommended configuration was on Girders 5 and 8
which consisted of four vertical strips 10 inches wide spaced at 4.5 inches and a
horizontal strip 15 inches in height and 63 inches in length placed over the vertical strips
along the web (see Section 3.5.1 for detail). This configuration is very simply to apply
which leaves little room for error, making it more reliable. The configurations with
angled stirrups are harder to apply and since they cannot be continuous they must be
overlapped on the bottom of the girder. The anchorage requiring a cut in the girder
(Girders 2 and 6) made the system very sensitive and more difficult to apply, making the
system response uncertain. The recommended configuration was also found to be

consistent over its four individual tests.
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Another observation was that during testing, the highest observed stress in the
CFRP CF160 fabric was approximately 297 ksi, which is roughly half the max stress of
550 ksi. This shows that the CF130 fabric which is half the thickness of the CF160 fabric
could have been used and produced the same capacity. This would have also made the
theoretical models more conservative but producing the same actual increased capacity.
The recommendation that is proposed then is that for smaller girders where the depth or
bond lengths are smaller the CF130 fabric would be sufficient but for girders with larger
depths or bond lengths, the CF160 would be more effective.

The ACI method for calculating the predicted shear capacity of the CFRP, VT,
found in ACI 440.2R-8 entitled Guide for the “Design and Construction of Externally
Bonded FRP Systems for Strengthening Concrete Structures” was found to be the most
accurate for predicting the recommended CFRP reinforcement configuration. It
overestimated the actual increased shear capacity by only 2.11% and with reduction

factors it would fall below the design code requirements.
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Table A.1 Girder section properties

Beam

Area (In"2)

e (in)

Y (in)

I (inn4)

Distance to Crack (in)

Length of Beam (in)

433.5

8.405

19.41

79821

132.5

268.5

429

8.144

19.14

77629

121.5

268.5

441

8.837

19.84

83539

124

268.5

400

6.352

17.35

63725

120.5

268.5

429

8.144

19.14

77629

124

268.5

ok |lw

429

8.144

19.14

77629

121

268.5

Table A.2 Calculation of effective prestress force

Sell
Area | Area Welght | Distance Evtimated
Decompression | Girder | comp ¥girder | ¥ comp | Igirder [ 1Comp | Max M [ Moment | o Crack M (kip| Lengthof | Prestresing | Prestressing
peam |  wadikips) | (o2} | gnez) | eging | dind | i) | gra) | dieca) | ikiping | (kipin) | i) in) | Beam {in) | Force (kips) | Fore (kips) Prestress Lefuner
1 38.5 369.0 | 4335 | 6.405 | 1563 | 17405 | 50979 | 7oea0pa) 25843 | 3523 | 1325 |2903.0) 2665 175.2 176 T2.56% 7R Average
1 370 369.0 | 4335 | 8405 | 1582 | 19405 | S0979 | 79a00.84] 3anre| 3533 1325 | 28036| ieas 169.4 176 P66 2.11 | StandardDawation
2 35.5 369.0 | 429 | 8344 | 1583 | 193424 | soe7e | 77szes | 23ezs| sz | 1215 | 24498 | 285 161.2 176 91.60% 158,27 Average
2 34.0 369.0 | a2 | 8244 | 1563 | 1944 | 50979 | 76265 | 2a8a3| 3932 | 1315 | 23587 | 2685 155.3 176 BI5H 4.17 | standardDewation
3 30.5 369.0 | 421 Je.s372| 1583 |22.8372) 50977 | 8353919) 2oar3| 319 124 | 22043 | 2665 138.6 176 T8I 145.28| Average
3 34.0 369.0 | as1 |asavz]| 15832 |196372] so979 |aasasas]| ameri| 3139 134 | zans| 2eas 151.9 176 BEI0% 9.37 | StandardDewation
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The Chemical Carmpany

MBRACE® PRIMER

Unigus malsiure tolerant epaxy primer for the MBrace Composlte Strengihening System

PROPERTEES
The MErace Frimar Iz a clear, low vistosily, 100% =

solles spowy somoound bassd on oA u"lquz:l - Generic Type : 100% solds amine-cured lquid
owring ischnology. The techrology resuls In supsror oy

tolerance for surfsce mecishure, ooring 2t i=mperaiures

azowas  2°C and stabilty $o cure In e pressrce of Caour : FartA Amoer
moure. Eart B Clear
MErace Primer [z fwerant to a wide varety of Teid Muse Amuer

comclions. ‘“When applied fo concrede, the surisce s
upgrad=d %o give high tenslie Dond sreEngth b the WOG Content
syshem belng used. {BEE: Part B2

: 3. 20%, from besk 1.45%

Flach poirt [Pencky-Martsnc alocsd awo)
Srmer Pat & L Part S 0 G580

FIELDE OF APPLICATION

RECOMMENDED FOR
sAEing malic D 3w {ParlA o Parl B oy
Application on &l prepared conorele surisces for SOlmE
Instaling MErace Comooshe Strenghening Sysiem - 10040 50 (Fart A o Eart B) by
Wi gnR
FEATURES AND BENEFITS
Chear Mo siaining Welghis'olume : Fart A 1135l
Adheslan Irproves adhesion of subssouent Fartt B 1ass gl
propmoding coalings o sucsirales Mxed 1imgl
TYPICAL PERFORMANCE DATA Wixed viscosiy | Tempemaiure Wincosity
, o' 00 cps
Adnesion shengh on glass Toes, B'mm” . 2 g3 i
[ASTH D4549:95e1] =c 40 cps
Adhesion srength on carbon, Himm® . g gy i'C 1,200 zp=
(ASTH DA549:5581]
Tersle sinengin, MPa : 35 ‘Workig Time, bases | Tempemature | Foblie
(ASTH DE2E00) o Z.EL sampie —
- =T T0min
anslle siraln 2t yisld, % -]
(ASTH D000
Tensl= modubss, AMFa H=: APPLICATION
(ASTH DE3200) Sursce Preparation
FlEnural strargth, kMFa -1 Froper subsirsbe preparation |z crifical for op@mum
(ASTM D7 0] performiance.  The preparsd  surface should be
Fl=mural mocudus, MFa . 4572 stnuciurally sourd and e from contaminants such as
(ASTH DTS004) o oll, grease, curing membrane, pravicus coatings, cust,
y TURQUS, mass, i
Eﬂh‘;’.g;::f“m' wEa i De=peending om  the subsimi= condbon  and
s =rrsironmental pegquirements, uss an effechve meihcd
Compresshe modulus, MFa 2,32 recommenced by ICR GuideinE Moo 03732 for
(ASTM D258 seiscing and specfying concrete surface preparation
dor seabers, coalngs and polymer overdays.
DS T Cominaclicr Chawr cow offices In ASDAN
Sirggasois Halssnin
Tel ESEASI-ETEE Tel ER3-I344-7288 SEZ1-BEC-4IF  Tal oSS-3SIA-3000

Faz R3-SR Faa +30-2-2744-3702

rE2-HHAD  Fax 6525 M0

Figure A.25 Primer specifications page 1.



- BASF

Tha Chemical Caompany

MBRACE® PRIMER

Brimer

Mixing

2 wolum=z of MBrase Frimar Fart A o 1 voume of
MEBracs Primer Fari 5. Elend with a mechanical mixsr
for 2% kast 3 minctes or entl b [ RomogEnSNs,
Kheimy fim= may be adpesisd accordnp io the
EEmnperaiors curing appdkcation.

Plaping

Aoply th= MBraca Primer o the kiended subshale
uzing a brush or short rap roller.  Spay applcaton of
MBrace Primer |2 not recommendied.

ESTIMATING DATA

Congrese : 015025 kg

Coverype may vary depending on e densky, leviure
and porosity of concrets

PACKAGING

MBrace Primar [z supplled in 1 kp ard £ by packs with
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Cbzzre=  the folowing heath and physics
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‘Wear gloves, mask, sye probecion, Dantsr reams A
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‘Wash froroughly afisr harcling. Should skin conlact
ooour wash immedial=ly wilh soap and water, or an
staciies fand ceaner,  In case off acoidental eve
comiact wash with copicus quantly of water and sesk
mescical Fesip Immedalely. # Ing=si=d, do not induce
womEng. Consult coctor Immedaiy,  Wendlabon |5
required with special considerafon for enclosed or
confred arsas.

Alr miovsment must be desigres fo snsune funnoser ab
3l kocations In work and adjzcent arsas fo avold bulic

the Indisidual weights of 1he components as belows X Uz of heawy “apours.

1 ko et e i For gsmled Healm, Safely and  Ervianmenta
Part & 0E2E kg 3135k R=commerdations, please refsr oard  Rollow a2l
FaiE 13t kg 2875 &g nsructons on the product Maisrial Safety Cala Sheat
149108

This bechekcal imbeimaSen asd asphcal on adyice gwan in lhs BASF Coastuctaon Sheimbials poblcrlion ass

ETATEMENT OF  [smad on the et st of cur Sec? scanl o ard pracion kndeemdgn A B islomaion baiss s ol a

il Forloiin, fee dssdl=plEn as b s ds ¥ @ ool s Suita b ity b @ il e ke of asp Eslon died
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Figure A.27 Putty specifications.

130



O - BASF

The Chemical Campany

MBRACE"” SATURANT

imgregnation resin for the MSrace Composie Sirengthening Sysiem

i

MERACE IJATURANT Iz a 100% zold, ow visoostSy
epoxy matzrial that B ussd fo Impregnate MSrace
Fibre Relrforcement Shesfs. Cured with e flore
sheet

MERACE SATURANT resr produces a Figh
peEfommance composiis system for use In extemal
structural resalr or upgrade apolications.

FELDS OF APPLICATION

Impregniafion of MBrace Fibre Renforcement sheets to
produce a high performance MSrsce composhs
SyshemL

FEATURES AND BEENEFITS

Coloured Errsure: full cossmage of flore sheesis

Farformance  Improves strength of MBracs
promoiing compiosile syshem

TYPICAL PERFORMANCE DATA
Flesural strangth, MFa =)
(ASTH D720
Flesural modulus, MFa 2123
(ASTH D7 a001)
Compresshe strangth, MFa =g
(ASTH DEIESE)
ComprEsshieE moduius, MFa 006
(ASTH DE¥ESE)
Tensl= sirengin, MPa I8
(ASTH DEE00)
Tersie siraln ab yeid % 1.54
(ASTH DE3200)
Tensle modu s, MFa 2,400
(ASTH DE3200)

Gereric Trpe : 100% solids amine-cured lguis
EpaNy.

Colour Fart & Elus
PatE Clzar
Febr=d Shus

VOC Conlert ¢ ADDTE L.0%

(555 Fart B2}

LASY Comingchicn Charrcas offices in SSEEp

SirgjasnaE Maassia (ol ol [

Ted 5G] Tol +GRI-2078-3388  Tal @ Fl-BEO-4125

Faz d8-E8-3 B8 Fag G0-2-7RA7-0780  Pax 062 31-BE2-4247

Tralars
Tal S5-TAME45T Tal
Frx o605 EOEY

Flash poind |Pencky-Martens olocad oup

Saturant Part A ¢ 11070

Sahurant PartE - =100°C

Mixing ralic Parl A Part B

By wilume e ]

By welght EX S I7.E
Welghtolume Fart A Appnoor. S50 il
Fart 8 Approor. 20 gil
Sile Approor S0 il

Mawieum nom sag hickness @ E25 U

Mixed Wiscosiy Temperabure Wiscosky
oo Approx 4,000 cos
=" Appron 3,000 cpes
el Approo 2000 oo

‘Working Tims, Temperabine Pat-Life

nased on 3.AL 3 p—

— j Lo = 200 min
= 45 min
zc 15 min

APPLICATION

Surlasa Praparaticn

Froper subsirabe preparation |3 ofical for op@mum
perlormancs. The pregarsd sufaos should D=
stnucturally sound and == from contaminants such as
oll, grexse, Curing membrane, previous codings, oust,
furgus, mass, =ic

Depending om  the sobsimi= condbon  and
smviponmental reguirements, uss an effechee method
recommended by PCS1 Guidelne Mo, 03732 fer
sefecing and specifying concrete surface preparabon
for sealers, ooabngs and polymer overdays

Wainem Prllzpiras
SRGARTIEII0 Tal o =E3-J-858-07
Fux o 3-E0-T42-200  Fax - =02-J-3-0051

Figure A.28 Saturant specifications page 1.
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The Cheamical Campany

MBRACE® SATURANT

Mixing

Mo 825% of MBERACE ZATURANT Pxt A wilh
I7.5% o MBRACE ZTATUSANT Fart BE. Blerd afh 3
mechanical miver for 2% least 3 micutes undl K s
homogeneous. Bhing Sme may be adlesisc scconding
b the empeatue during application.

Miots © Mix suMdent malersl 1o e used 35 once the
vistoslly mom=ases, pelabon fates place and the
product will loss it adhesion perfomance. Do not use
high sp==d mixing as this enimaps air.

Kzsp maierial cool and shaded fom diesct sunight In
WA weaiher, Work tme can be sxiendad by kesning
mal=rial cool befors and afler mhdng. Do not freess o
crilll the meaterial

Plaoing

Agoly vz mix MBRACE BATURANT fo fne MZrace
Flore Reinforoement Shests el it 5 properdy wel-out
to msure KI5 fully saturabed. The appearance of he
MEBRACE SATURANT, wihen aoollec by roler snould
be Tansiucant Dius, The coboor variabon could be dus
by apoication techriques, A5y oseriaps and hickness
fluciuafons

ESTIMATING DATA

0307 KpnT per layer of fiors sheet dependng
o type of fbre.

PACKAGING

10kg 5=t 525 kpof Pat s
ITSkpofPatE

MIERACE BATURAMNT can be k=plfor 24 months from
date of manufacure If siored mooriginal UnopenEsd
oackaging, In & dry enciosed place a1 Emperabores ak
20°C mihout exposing o direct sunlight

MERACE BATURANT contairs reactse rezins anc
diuents. Cbzarce the folowing heakh and physics
precautionary measures before using this product
‘Wear gioves, mask, sye probeciion, Darer creams an
appropriale work clothing whie handing e product
‘Wash thoroughly afisr hancling. Snould skin conlact
ooour wash immedaiely wih soap and weaber, or an
stacive hand cl=amer.  In case of acciderfal =ye
contzct wash with copicus quanily of water and sesk
medizal heip iImmedalssy.  ® Ingssied, o not mduce
womEng Consul coctor Immediately.  Venliation 1=
required with special considerafon for enclosed or
confred arsas.

Alr mevsment must bz designed fo ensure fonncver ab
all kecxfons In work and adjscent arzaes bo avold bulld-
uD of heaey vapours.

For delnlied Healh, Safely and Enviconments
recommancations, Dleass consul or folow Al
nsTuctons on e product Maieral Safely Cabs Sreat

2.0-28108

The teehi= el ko nm®en a=d aspEmlon adecm geon o lhis BASF Congtiuction Chemieale pobl calion ass

ETATEMENT OF
REIPOMEIBILITY

Sarsiel on e resent shate of cor S scenl e and pracion inoeemiga s Be islommelon s beood @
sgireral foloin, e dssdi = plhcn cas D e s b E ool s et bl ity bor I|.|'II|I.'H.II i G u|.l|.||.'u||.n dred
=0 waitasly a8 % b actumcy, mbabiy o o mhe

e o Ned By b This el & nicsonsd e B chacki=g e aciabi Ly of pioducts bor Bel i nbndad Lo

et irmpled & ghean oher San

HOTE

TRl: SMvioe wma il 200 Suem 10l CoimToIle S UpaieTecly esensi By Sin garshors —ae oy BRSE

Conmamacika Chamicals siher cialy of in wiling may Sa folcesd, =siled o rapcid by e ceil,
argginen oF conliesn since Wy, and nal BASF Construction Chemicals, ase raagsradta b cairping ool
sivcadaie aopsop abe 1o 8 soecic apchcalos

Figure A.29 Saturant specifications page 2.
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The Chemical Company

FRODLCT DATS

030100 s ownarsos o
Gl el

Decripdon
MErzes® OF 160 s & dry bbric
cansiucted of very high sirength,
armepans qrds wrbon fbes., These
tabiice are applied ol the surace
af mising stctural membars in
bulddinge, bridgas, and oher
gnichras using he Mices faniy
ol perlomiangs polymers. The e

installed, the WBrace* Syslen deliveis
mtamaly bandad reivlorcament wih
ausnding lng-tem physical and
meachanizal prapertiaz

MErzes® OF 160 is twice he
thickress of MBrace® CF 130, Tiwo
layers of WBrace™ OF 130 can be
raplacad with ane bxper ol MErce™ CF
160

Hak
B2 R per el
Fazlaging
Lesbatde in ol 0 (500 mm) wide
RAL L ull LB¥CH
24ff 2n 1B0R

&g El0mm E0m)

MBRACE® CF 160

Livii directiomaal high strength carban fiber fabric for e MBrace™

Gomposibe Stre ngthening System

Fasture:
» High stmngth & weight ratia

v Bxelent resistancs 1o areep and flipue
» Bremely durble

s Eazy instelation

*  Low aeshetc impad

Beredis

Can add sigrificant siranpth D & stnchers withon

adding significant dead bad

Withetands susmined and rychc load condions

Edrame yresistant o1 wide rangeof
emwimamenkl condiians

Can be installed quickly, =emn in a2z o limited

acemsg,

Easy v conceal, wl nal sigrifizantly change

mdzing marber dimansions, wl form araund

comple: surfaces

Stmii Litn

2 years when siored in unapensd containars
Sorage

Stoee in 2 cool, dry area (50w 50 F[10 00 32° O
awy from diredt sunlight, fane, ar oher harards

Where fo Uae

AFFLICATI N

* Inarease ke bearing capacity of carcrete
basma, skehs, wall and calumns

* Rasiore siruciul capacity o damasgad o
detericated Concrele Siichires

» Increaze the shiengh af concrete pipes, sios,
tankz, chimneys and unnds

» Substhir reimharcing sisd miskkenlyanited in

Calar
Elack

Figure A.30

the: of concreia and mesonry
Snichres

» Improws the seismic ductifty of concrele columns

133

# Irmprove e sssmic response o carciete beam-
calumn canneciiane, shaar wells and ir-il wals

# |mprove tee blast resistarcs of concrete and
TRAsAny Shuchnes

» Stenghening of sorme seel and timber
suchras

LOZHTION

# Netical

# Horizamtal

= Exlerics

= |nterir

BEETRATE

& Concrets

# Masany

= Timbr

= Steel

CF 160 fabric specification page 1.



Tedmical Data

Campasian

WBece® CF 1600 is compossd ol a deres newwork of
hiph strengh carbon fhers held in 2 uridirsctianal

signmant with 2 lign thamcplasic pless fber cross
AT YT

Fiymical Froparim
= e - — -
1
Fitser Marer al Hoh Srangh Carbon = [ =
1
Filser Tl 8 trengh TED bl 4050 = : ™
1
I 1
Arwal Wei g T . -
pgm sl | S .
Flw it Wl o B N [~ -
e sl Thivcen s, T, 0013 gy I -
[0L32 g | |
[ [E ] £ =
Fmnctiana Frapatias g
FROREATY WLEE
- WOEE:
FTE Ao 1. T rcriead i thichrm i e b ol s o
¥ Bearn (vl irvn s wcth, From wepasionca, dha scimd
M‘H.Ildl."**m-:ll’lﬂl
I Tansila Frapertas™ _-ui\guiulimi»mi-:‘lhuul.!-
mme
i e 2 T il proparien gean anw than b e b
T Teawl s G T EEd ks davigr. Thom mhmnam by tming e
o il o~ s M 12235 ard g o
[330 WPy megthin ! ook par st kb i momin
Torelle Miskius, £ 35000 ks hickan.
[237 1 Toa b dracion demciny the cimctin sloag 1 gt ol
fa b
17 e Towmsd s S e T.A4 Hpsinipl L T B ot i i ko e i
por Unin e, 1.1 [1:25 kmrpl| b i :
Toreil e ek i AT Hpsinply
e UninWiade, £ & [75 KATpl]
1t g s v, £ 1574
911 Tenslla Prapatas ™
PROPEATY WALEE
U i v Towedd | @ 3 e =]
Torells Misdillis o
i v s o S e iy ]

Figure A.31 CF 160 Fabric Specifications Page 2.
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Tha Chemical Company

PRODUCT AT,

03 0100 s nowrnaew of
Gt e

Decripfon

MEracs® Topaaat AT is & profecive
zazing for uss with the MBrace™
Composite Siran gthening Systam. This
“conaneie-gray " pooat conosak the
MErace™ system and e
system from uhrriclet radiation ard
mild abrasion. & one comporen, high
mlids MErace® Topasal
ATV o be installed quicky sal=ly,

‘Hald
Ciavibr g A i i e

One Czak 2040 100 gl
{1.04 10 243 min)

Fackagng
Epailabla in & pallon (1.9 L) units.
Calar

Concrets gray

MBRACE® TOPCOAT ATX

Probactive acrylic topooat for the MBrace™ Composibe

ety Hheeni rig Sy shern

Feaiures

* LowWOCs

» High buld frish

» Suitahls o low t=mpershure spplication

* Shpsion rasdhant

# [Calor and techore nimics conciete subsates

Beretls

Emdronmentaly frindty

Adsquate coverage with one coat

Can be applisd af terpesziures down o 367 F 2° ),
mdends application window incooler climales
Concesls the MBace® sysiam on canciele
nhantes

Sl Lite

Ore year praperty stored in unapenad containers
swrag

Store in 2 cool, dry place [B40 20FF [10040 327 O
amy from direct sunight, fane, archer harands

‘Where 1o Uss
AFFLICATION
# Coating fhe MBrace® system in mest

senvica condbians

* Gisd
Howio fpply
Surdaca Fragaratian

1. WBmce" Dpooat ATH should be applied 2= 1he
Hirel camporen al the MBrace™ sptem

2. hshoud be appliad o the cubemas! brper of
MErace™ Saiwani or Sahwam! LTC onky atber the
saturan] has cured but ror more than 42 hours b
the application al the syirant
1, The surface of the saburant should be dean
and dy.
Amiicatan
Tikwas o ety i
A TT F 2B 0 840 8 hous
MErace* Tapcoat ATX can ba applied by brush or
roller For small aress or by spray application for large
ansas.
# Foller: Lz fully lsded 309 nap rolbr and
=pphy coxiing in 2 unitome manner Do rot
e rall.
# Enush: Use siHl fber o rydon shoet briste brush,
»  Sprrr Cansull with manudachurer on spray
Fppication aquipment
Jaa Up
Lse mearm o waber o chaan brushes, rolbres, and
oiter fodls.
Monfmemnoa
Periodcall yirespact the applied merterial and repar
lazalired areas as nesded Consukt o B&SF
representative For additional imlarmeation. Visil us
on tha weh for the mast mument pod uct informeion
and resss: wasbul din popstams basi com

Figure A.32 Topcoat specifications page 1.
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Technical Data Fhiysical Friparie
PL&ETE PROPERTIES
CamposSan
Teadured scryic bk costing FALFERT! FEQARERENT
Pore: orm Aol 843 2% pyvams|
WO ket 1. kvgml (229 g4
EPA Mathad 2
Fluh Puire 190 F @G
{Fercly-Marans Cosd Cup|
s 0 o g Tkl o 27 Poirms, ST E 26, TTC-
FE=) besa oo 31 fvoal
]
‘Wi Dvive i Tedt o Mo s Pamedzation,
[TI.L-555E|
Baad o 5E mph i,
30RS CORABE
For Bes1 Perlormance Heallh and Safety Arst Nd
»  Only apphy MEracs® Topcaxt ATY when the WBRACE® TOPCOAT AT In carse af mpa contact, Fush thamughly with water
ambien tempaiahue is beween 28 nd 120°F gaution farat lemst 15 minles. SEEK WMEDIATE MEDICAL
Eand BF Q. sk ATTENTION. |n case of skin comtact, wash affected

The MBrace® Topocat AT should

be applie<d within 42 hours al inslaling the
ourier e layer of saturant o assurs praper
adhesion of fopooat 1o saurnt.

Should nat be sed for inst bvllanes in whish he
sysian i epraed 10 hiphly apgressiee chemicl
amarnments, espacialy chenical i Hanor

Corsbustible fuid and vapor. Wy causs sdhin, o
ard raspiriory iriatin. Ingestion myy cause
imitation. Feports associate repaxied or pralong ed
acrupaionsl cyerepoeurs i soheas with
permenent brain, nervous syrism, Fear and ldrep
damage. Contiire crystaline sica HTP and ARG

shaul not be used for iretalzions in which
smoke mnd Aame spread must be minimzed
# Mok c2iiain the mast carent weisions of
procuct dts sheel and MEDLS ars being ued;
call Customer 2ervice (1-B00-423 0617 &
verily e most curmant sensione.
* Props pplication iz the responsibiliy of
ther uzar Fidd viits by persomnel
ane ir he pupase of making technizal
recammerdaions only and nal for supensing
or posiding qually comil on the jabeite.

T pirabls arystaling shca as 2 human
carcinogen. The apasure ocrystline slica during
the rormal uss of this product wl be e or none.

aress with s0ap and werler. H imitstion persists, SEEK
WEDICAL ATTEMTION. Rerscye and wash
contaminated chrhing. Finhatziion causas physical
decomior], remeve o resh ar. H decomioet
persiste or ary braxthing difficully aocurs, or il
swallosesd, ZEEK IMMEDIATE MEDICAL STTERTION.
Frapasifian 85

This product contsine matenial Estsd by the St of
Caklomia & known b cause cancer, birth defects o

INTEHTIOMAL MISLEE BY CELEERATELY INHALING  =ther repraducties ham.
THE CORTENTS PASY BE HEFATFLL OR FATAL. OO Content
Framufions 220 g'Lor 1.5 hedgal lass werler and avampt

KEEP &M FROM HEAT FLAME AND S0URCES OF
KENITION. “apors ane heavier ton ai. Keep

conksiner clossd. Uke only with sds gl veril ation.

Evoid contact with epes, skin and dahing. Wash

thormughly sfter handing. Svcid breathing vapors.

DO HOT te imimmally: s i parviaue: phress, eye
protection ard il e TLY iz eceeded or imed ina

poorty vamilabed area, uss HICGHMSHA appraesd

Tespiraia ry protection in amordance with applizable
Fesderal, sstxie and Incal regubstins.

sakents.

Product Material Sadely Data Sheets NEDS) ane
aaiable and chould be careuhad and o hand
wheneser handing thess praducts. These products
are for professiaral and industial use onky and are
anky instabad by rained and quakifed appicaioes.
Tained applicatoes must low instalixion
Tutntians,

BASF Coretrues on Gheenieals, LG -
Build inyg Syanem

B0 Naley Fark D

Ehabapes, M, S5379

WA Enilkd g Sysions. EAGF ram
Cuntomey @ ervios 000350517

Tochwical S vies 3000435730 ——

== Fer prefmaleml s ol x Mot for mie & o ue by the gerenal pbl .

= = o
TR PR TRE L R E T L TR Lo T

Figure A.33 Topcoat specifications page 2.
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BASF Installation Procedure
EASF Buikling Systems 885 Vallgy Park Drive, Shakopes, MN 55373

i Cuglomar Sarvice: (200) 4430517 Technical Sardes: [B00} 2436739
The Chemical Company website: www.bulldingsystems. basf.com

il e B, s Ty . il ol iy ' k', i i, T ] M i iy e W ety O WARE Bl Sk LI S ey | Rl kel

BN My SBCHINAT T Y F IS MBI ST, 7 WROH £ F1 I N 0RO B0, 40 107 1 ST PUTICHS K AT AR SR LS, S (N AF COPIMY. I COnpany. A bluA N Coamned e e

Cemaied 7y Comary bor o wom DT HIE Dk SO S b g £ e Lo e ary kst et i Wy s e i, L bty Do oo Dp SOTORT) . e el o1 e, ey
kb, o W bl o ko, B bt [ AT 8 v’ Doy ity ] b i LS e i,

MBrace®
Fabric Systems

The following installation procedure is should be fully understood prior to beginning
any work. To ensure proper inslallation and performance of the system, the following

actions muslt be completed by the installer.

1) Carefully read and understand installation procedure. Contact our
Technical Service Department at (800) 243-6739 for product assistance.

2} Inspect all shipments and materials for missing or damaged components.
Contact Customer Service at (800) 443-9517 with your BBS order number
and invoice for prompt assistance.

3) Inspect substrate or adjacent construction for acceptance before
beginning work., Report unacceptable construction to the project manager
for scheduled repair work.

4) Review BASF Building Systems working drawings for project specific
detailed information if available,

Issued: 8/14/06

Figure A.34 Application instructions page 1.

137



Installation Procedure

g

=)
=}

J Euru::'eh: Struciure
L)

L —

EAEF Builking &yt
A5 Valry Park Drten, Shucpes, W 53370
Cumionsr Serace (B00) 443-821T

1 Repair o deferiorated concrete per ICRI guidelines prior to Insiallation of the MBrace® system.

T —r
Concrate Structure 4 a
a4
3 £

[

LHilkzing & grinder with & masonary disc, contractor must round any cormers that the MBrace® fabric will

3
%i
H
i
3]
i
@
wrap around 1o a minimum radus of 50001 3mm), E g% ! ‘
2
F.] PR i_t i!
.Concrete Struciure a i E £ _i
] £ 2 = Ei gt
\ T4 k=] ;i !E
. .g r{;;';. é iili 1
Vs | pre g‘ EE :
v ﬁ él‘l i E
Prepare surface to a minimum profile of ICRI CSP 3, Rermove all dust, dirt, lailenance and bond inhibiting i ..i1
compounds. i%!
!
: i
( Concrete Structure II'II i i;
| o ! E
2 - 4.4 " N S g _ji
< 4 .
MBrace® Fabri

Carefully layout the area of the structure that is o be reinforced with the MBrace® System according to
4 BASF working drawings for the praject or project plans. Measure the MBrace® Fabric and cull into

appropirately sized sirips using heavy duty scissors or uliity knife.

Mate: When measuring for fabric length, consider the number and length of lap splicas.

The Chemical Company

Figure A.35 Application instructions page 2.
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Cracks greater than 010"

whie
.1 Concrete Structure |
i a 4 q.c, /
i 4 A
! FE a l'\
\‘"“‘-—Epm:y injection (By
L Others)

5 Aler the concrete surface has been prepared, confracior shall inspect existing cracks and epoxy Inject all
cracks greaber than .010" wide before installalion of MBrace®.

~ Insped all surface conditions whene MBrace® will be inslalled. Review environmental condilions and
recond inspection resulls on a daily fisld report.
6 Notes: Do nol proceed with application of MBrace® if any of the following conditions apphy:
1. Temperatures are above 120°F or balow 40°F
* 2. Prepared surface is saturated with waler
3. Potential waler keakage

After the surface has been prepared, the 2 part MBraca® Primer can be mixed.

7 Mixing Noles:
1. The mix ratio i 3 units of Part A to 1 unil of Pard B (By Volume)
2. Use a low speed drill with &an appropriate mixing paddle to mix the combinded components for 3-min

Working time for the mixed Primer is approsdmately 20-min at 77°F (25°C).

f Gm&gudum 1"'l
F3 4 A

P
- )
\‘-h\..__—-._,-o-'———-—'-"‘“u—'-ﬁﬂ_,—ﬂ-._-—""—-
N /8" Nap Rolier -_ - \“‘-—srmrt Bristle Brush

8 Using a brush or paint roller, apply primer to properly prepared subsirate. Typical coverage rates are
approximately 150 s.f, - 200 s.f./gallon.

After the Primer has been applisd to the structure, the 2 part MBrace® Putty can be mixed.
. Mixing Notes:
1. Pramin Parl A using a low spesd drill with an appropriale mixing paddie for 3 minules
9 2. The mix ratic is: 3 units of Part A o0 1 wnit of Part B (By Volume)
3. Use a low speed drill with an appropriate mbdng paddie to mix the combinded components for 3-min
4, Optional - Add slca powder (Cab-0-5il, 5-11 powdar ar similar) until desired consistancy is achisved.
Silica powder adds body to the putty for warmer temperatures.

Warking time for the mixed Pulty is approximalely 40-min at 77°F (25°C),

Figure A.36 Application instructions page 3.
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10

Apply MBrace® Putty to the primad subsirate ulilizing a trowal. Usa a tght trowal technigue, only filling
low areas and wvoids im the substrate. MBrace® putty can be appied immediately following application of
the MBraced Primer or up 1o 24-hrs afier application of the MBrace® Primer.

11

After the Putty has been applied to the structure, the 2 part MBrace® Saturant can be mixed.

Mixing Notes:
1. Pramix Parl & using a low speed drill with an appropriate mixing paddle for 3 minules

2. The mix ratic is: 3 units of Part A o 1 wnit of Part B (By Volume)
3. Use a low speed drill with an appropriale mixing paddie o mix the combinded companents for 3-man

Working time for the mixed Saturant is approcamately 45-min at T7°F (25°C).

12

"Ir Concrate Strecture N
>4 dqﬂ 4 N IH
4 “ 5
“ k-
‘\“h:w' MNap Roar

{By Others)

Afler MBrace® Saturant is mixed, apply Saturant lo substrate with a 38" Nap roller to areas where
MEBrace® Fabric will be applied, Coverage rated for MBrace® Saturant is approximately 35 to 55 Sq. Ftof
fabric depending on lype of fabric being used, Salurant should be applied 1o a Wet film thickness of 18-20
miils.,

Note: Saturant can be applsd immediately afler application of the MBrace® Pully or up to 24-hra after
application of the Pulty,

Concrele Struciure

b
4 L

\MBI'HGE Fabric
f ' Lap Splice
—-.——rni
\‘—MErace Fabric

Onee first coat of MBrace Salurant is applied io substrate, apply dry Fabric o saturaled substrate. Fabric
must be applied while saturant is sl wet At splice localions, lap MBrace Fabric in the direction of Fiber
strands. Press dry fabric onto subatrate by squeeges and or hand in direction of Fibers only.

T
&
.
R Sy

Figure A.37 Application instructions page 4.
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Lol !
4 El f
4
d 4 A &
" L=
\MBrﬂc& Fabric
‘H\“‘*—Laminajjng
Rodlar

1 4 Using & Laminating {Rib) Roller tood, roll fiber/epoxy composite in direction of the fiker. Start rolling from
the: middbe and work air bubbles toward oulside edge. ol until visible signs of saturant bleeding through
the fabric are seen.

\
/
)

A \—MBmce Fabric
. -‘\—3.*8" Hap Rolar

(By Others)

Mix MBrace® salurant as per Step 11 and apply a second coat of Salurant to the composile fbers in
1 5 sama manner a5 Step 12. This is done after all air bubbles have bean removed from the fabric. Second
layer of Saturant should be applied to a Wet film thickness of 18-20 mils,

‘I 6 If additional layers of fabric ane required, repeat Steps 11 theu 15,

Topeoat Preparation and information:
Bafore any Top coal malerial is appSed, the saturant must be cured to a tack-free stale. If the Saturant
has cured for more than 24-hrs, the surface should be roughened with 100-grit sandpaper to ensure

1 ? proger adhesson of lop coal meteral o completed MBrace system,

Urethane Topcoats: Mix 4 Parts & to 1 Part B (By Valume) for § minutes. Pot Life of mized components
Is Appreximately 3 howrs al 77°F (25°C).

ATX - UV Protection: Acrylic one part top coat material. The coverage rate of ATX Top coat is
approximately 80 1o 100 Sq, Ft/ Gallon (One Coat), Instalation temperatures should be between 35°F
[2"C)and 120°F (507C). ATX Top coal should be applied within one week of outermaost layer of saturant.

FRL - Fire Retardent Tep coat: Two coals should be applied to achieve adequate flammability
protection. Installation temperatwes should be between 50°F (10°C) and 120°F (50°C). FRL Top coat
shall be applied within one week of cutarmost layer of saturant.

Figure A.38 Application instructions page 5.
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"'l Concrate Streciure N \'|
= /
>4 A a ., el |
4 “ )
" <
D \MBrﬂc& Fabric
T ~——a Map Raller

{By Odhers)

Uitilizing & 3/8° nap roller, apply Top coat in @ uniform manner without ever rolling fo fully cured MBrace

1 8 !I'ajb]':iitt:'.lul Coverage Rates:

FRL Top Coat: 180 Sq. FiL /Gallon {One Coal - Two Coats Recommended)
ATX Top Coal: B0 to 100 Sq. FL. /Gallon {One Coal)

Recommended Equipment for MBrace
Fabrics Installation

Air compressor, abrasive blast equipment and proper Blasting sand
Grinders and discs for cutting and grinding when needed

Margin trowels

. Floating irowels

Lows RPM Dirill

. Jiffy mizing paddle

Calibraled measuring containers (with 180z, incremenis)

Heavy duty scissors or ufility knife (with several extra blades)

9. Metal straight edge (3 feet or longer)

10, Paint Trays

11. 38" Nap paint roller covers

12. Paint roller frames

13. Rubber Squesgeas (57 1o 127)

14. Laminating (rib} rolers {available from BASF Building Systems)
15. Solvent for clean-up (MEK, Xylene, Toluene or Acelone)

16. Clean 5 Gallon buckels

17. Coarse (100 grif) sandpaper

18. Measuring Tape

18, Clean rags

0. Protective plastic or tarp to protect area from epoxy spillage
21, Duct tape

22, Large work surface for measuring and culting fiber (large table or plywood on sawhorses)
Z3. Latex or chemical resistant rubber goves

24, Digposable coveralls

25, 6" pully knives

mHmm b L

MNaote: Ome man for measuring and mixing the components immediately as needed. The deal
crewy size would be 3 or mose men io handle and install the Fiber System.

Figure A.39 Application instructions page 6.
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APPENDIX B
Load vs. Strain and Load vs. Deflection Charts
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Test 1A Load vs Time
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Figure B.1 Test 1A Load vs Time.
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Figure B.2 Test 1A Strain Gauge 1.
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Test 1A Strain Gauge 2
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Figure B.3 Test 1A Strain Gauge 2.
Test 1A Strain Gauge 3
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Figure B.4 Test 1A Strain Gauge 3.
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Figure B.5 Test 1A Strain Gauge 4.
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Figure B.6 Test 1A Strain Gauge 5.
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Test 1A Strain Gauge 6
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Figure B.7 Test 1A Strain Gauge 6.
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Figure B.8 Test 1A Strain Gauge 7.




Load (kips)
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Figure B.9 Test 1A Strain Gauge 8.
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Figure B.10 Test 1A Strain Gauge 9.
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Figure B.11 Test 1A Strain Gauge 10.
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Figure B.12 Test 1A Strain Gauge 11.
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Test 1A Strain Gauge 12
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Figure B.13 Test 1A Strain Gauge 12.
Test 1A Strain Gauge 13
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Figure B.14 Test 1A Strain Gauge 13.
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Test 1B Load vs Time
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Figure B.15 Test 1B Load vs Time.
Test 1B Load vs Deflection
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Figure B.16 Test 1B Load vs Deflection.
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Test 1B Strain Gauge 1
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Figure B.17 Test 1B Strain Gauge 1.
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i AT
T
/h 2100
f EAVAY)
/;‘J\ 150
a_' g
<
2 100
g
—
50
[ T T ur
-150 -100 -30 0

Micro Strains

Figure B.18 Test 1B Strain Gauge 2.
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Test 1B Strain Gauge 3
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Figure B.19 Test 1B Strain Gauge 3.
Test 1B Strain Gauge 4
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Figure B.20 Test 1B Strain Gauge 4.
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Test 1B Strain Gauge 7
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Figure B.21 Test 1B Strain Gauge 7.
Test 1B Strain Gauge 8
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Figure B.22 Test 1B Strain Gauge 8
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Test 1B Strain Gauge 9
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Figure B.23 Test 1B Strain Gauge 9.
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Figure B.24 Test 1B Strain Gauge 10.
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Test 1B Strain Gauge 11
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Figure B.25 Test 1B Strain Gauge 11
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Figure B.26 Test 1B Strain Gauge 12.
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Figure B.27 Test 2A Load vs Time.
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Figure B.28 Test 2A Load vs Deflection.
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Figure B.29 Test 2A Strain Gauge 1.
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Figure B.30 Test 2A Strain Gauge 2.
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Test 2A Strain Guage 3
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Figure B.31 Test 2A Strain Gauge 3.
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Figure B.32 Test 2A Strain Gauge 4.
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Test 2A Strain Guage 5
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Figure B.33 Test 2A Strain Gauge 5.
Test 2B Load vs Time
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Figure B.34 Test 2B Load vs Time.
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Test 2B Load vs Deflection

Micro Strain
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Figure B.35 Test 2B Load vs Deflection.
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Figure B.36 Test 2B Strain Gauge 1.
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Test 2B Strain Guage 2
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Figure B.37 Test 2B Strain Gauge 2.
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Figure B.38 Test 2B Strain Gauge 3.
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Test 2B Strain Guage 4
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Figure B.39 Test 2B Strain Gauge 4.
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Figure B.40 Test 2B Strain Gauge 5.

167




Load (kips)

Test 3A Load vs Time

w  /

/

. 0.4
Deflection 3111)

() T T T T T 1
265 275 285, 295 305 315 325
Time (sec)
Figure B.41 Test 3A Load vs Time.
Test 3A Load vs Deflection
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Figure B.42 Test 3A Load vs Deflection.
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Test 3A Strain Guage 1
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Figure B.43 Test 3A Strain Gauge 1.
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Figure B.44 Test 3A Strain Gauge 2.

169




Load (kips)
O

Test 3A Strain Guage 3

/'

50 ’
0 T T T 1
0 500 1000 1500 2000
Micro Strains
Figure B.45 Test 3A Strain Gauge 3.
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Figure B.46 Test 3A Strain Gauge 4.
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Figure B.47 Test 3A Strain Gauge 5.
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Figure B.48 Test 3A Strain Gauge 6.
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Test 3A Strain Guage 7
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Figure B.49 Test 3A Strain Gauge 7.
Test4A Load vs Time
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Figure B.50 Test 4A Load vs Time.
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Test 4A Load vs Deflection

Micro Strains

250
@ 150
<
T 100 / et
=
50
0 / . . . .
0 0.2 0.4 0.6 0.8
Deflection (in)
Figure B.51 Test 4A Load vs Deflection.
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Figure B.52 Test 4A Strain Gauge 1.
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Figure B.53 Test 4A Strain Gauge 2.
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Figure B.54 Test 4A Strain Gauge 3.
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Figure B.55 Test 4A Strain Gauge 4.
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Figure B.56 Test 4A Strain Gauge 5.
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Figure B.57 Test 4A Strain Gauge 6.
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Figure B.58 Test 4A Strain Gauge 7.
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Test4B Load vs Time
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Figure B.59 Test 4B Load vs Time.
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Figure B.60 Test 4B Load vs Deflection.

177




Load (kips)

200

150

100

50

0

Test 4B Strain Gauge 1

0

100 200 300 400
Micro Strains

Figure B.61 Test 4B Strain Gauge 1.
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Figure B.62 Test 4B Strain Gauge 2.
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Figure B.63 Test 4B Strain Gauge 3.
Test 4B Strain Gauge 4
250
200
2 150
<
'g 100
3
50
() T T T T 1
0 50 100 150 200 250

Micro Strains

Figure B.64 Test 4B Strain Gauge 4.
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Test 4B Strain Gauge 5
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Figure B.65 Test 4B Strain Gauge 5.
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Figure B.66 Test 4B Strain Gauge 6.
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Figure B.67 Test 4B Strain Gauge 7.
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Figure B.68 Test SA Load vs Time.
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Test SA Load vs Deflection

350
300 i\t
250 / \
T ™
= 1 // N
3100
50/
0 . . . . .
0 0.2 O'ﬁ)eﬂectigig(in) 0.8 1.2
Figure B.69 Test SA Load vs Deflection.
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Figure B.70 Test SA Strain Gauge 1.
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Test SA Strain Guage 2
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Figure B.71 Test SA Strain Gauge 2.
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Figure B.72 Test SA Strain Gauge 3.
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Test SA Strain Guage 4
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Figure B.73 Test SA Strain Gauge 4.
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Figure B.74 Test SA Strain Gauge 5.
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Test SA Strain Guage 6
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Figure B.75 Test SA Strain Gauge 6.
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Figure B.76 Test SA Strain Gauge 7.
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Test SA Strain Guage 8
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Figure B.77 Test SA Strain Gauge 8.
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Figure B.78 Test SA Strain Gauge 9.
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Figure B.79 Test 5B Load vs Time.
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Figure B.80 Test 5B Load vs Deflection.
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Figure B.81 Test 5B Strain Gauge 1.
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Figure B.82 Test 5B Strain Gauge 2.
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Figure B.83 Test 5B Strain Gauge 3.
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Figure B.84 Test 5B Strain Gauge 4.
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Figure B.85 Test 5B Strain Gauge 5.
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Figure B.86 Test 5B Strain Gauge 6.
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Figure B.87 Test 5B Strain Gauge 7.
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Figure B.88 Test 5B Strain Gauge 8.
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Figure B.§9 Test 5B Strain Gauge 9.
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Figure B.90 Test 6A Load vs Time.
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Figure B.91 Test 6A Strain Gauge 1.
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Figure B.92 Test 6A Strain Gauge 2.
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Figure B.93 Test 6A Strain Gauge 3.
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Figure B.94 Test 6A Strain Gauge 4.
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Figure B.95 Test 6A Strain Gauge 5.
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Figure B.96 Test 6A Strain Gauge 6.
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Figure B.97 Test 6A Strain Gauge 7.
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Figure B.98 Test 6B Load vs Time.
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Test 6B Load vs Deflection
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Figure B.99 Test 6B Load vs Deflection.
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Figure B.100 Test 6B Strain Gauge 1.
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Figure B.101 Test 6B Strain Gauge 2.
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Figure B.102 Test 6B Strain Gauge 3.
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Figure B.103 Test 6B Strain Gauge 4.
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Figure B.104 Test 6B Strain Gauge 5.
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Figure B.105 Test 6B Strain Gauge 6.
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Figure B.106 Test 6B Strain Gauge 7.
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Test 7A Load vs Time
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Figure B.107 Test 7A Load vs Time.
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Figure B.108 Test 7A Load vs Deflection.
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Figure B.109 Test 7B Load vs Time.
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Figure B.110 Test 7B Load vs Deflection.
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Test 8A Load vs Time
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Figure B.112 Test 8A Load vs Deflection.
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