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SI* (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSIONS TO SI UNITS

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters  |mm?
ft* square feet 0.093 square meters m?
yd? square yard 0.836 square meters m*
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers  |km?
VOLUME

fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L

ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®

NOTE: volumes greater than 1000 L shall be shown in m*
MASS

0z ounces 28.35 grams g

Ib pounds 0.454 kilograms kg

T short tons (2000 Ib) 0.907 megagrams Mg (or "t")

TEMPERATURE (exact degrees)
°F Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius °c
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m®
FORCE and PRESSURE or STRESS
kip 1000 pound force 4.45 kilonewtons kN
Ibf pound force 4.45 newtons N
Ibf/in® pound force per square 6.89 kilopascals kPa

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply
with Section 4 of ASTM E380.



SI* (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSIONS FROM SI UNITS

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in’
m* square meters 10.764 square feet ft*
z square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi®
VOLUME
mL milliliters 0.034 fluid ounces fl oz
liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft*
m?* cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") |megagrams (or "metric 1.103 short tons (2000 Ib) |T
TEMPERATURE (exact degrees)
°c Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m® 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
kN kilonewtons 0.225 1000 pound force kip
N newtons 0.225 pound force Ibf
kPa kilopascals 0.145 pound force per g2
square inch

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply
with Section 4 of ASTM E380.
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Executive Summary

End region detailing has significant effect on the serviceability, behavior, and capacity of
pretensioned concrete girders. In this project, experimental and analytical research programs
were conducted to evaluate and quantify the effects of different end region detailing schemes.
Two end region design models were developed using results from the experimental and
analytical programs. The first model can be used to design confinement reinforcement to
prevent lateral-splitting failure at ultimate strength. The second model focuses on serviceability
criteria and can be used to calculate bottom flange stresses due to prestressing and thereby assess
the likelihood of bottom flange cracking in the end region.

The experimental program was conducted using (14) Florida I-Beam (FIB) specimens.
Both FIB-54 and FIB-63 specimens were used. Cracking and strain data were collected during
prestress transfer and during the months following transfer. These data were used to evaluate
serviceability criteria. Following serviceability evaluations, specimens were load tested to
determine capacity and behavior due to applied loads. Specimens were loaded in three-point
bending at a shear-span-to-depth (a/d) ratio of approximately 2.0. Variables considered in the
experimental work included confinement reinforcement, steel bearing plates, horizontal
reinforcement, vertical reinforcement, strand quantity, strand shielding, and strand layout.

The analytical program was conducted using finite element analysis (FEA). FEA models
were validated using data from the experimental program. Variables considered in the analytical
program included bearing pad geometry, bearing pad stiffness, steel bearing plates, transfer
length, and prestress release sequence.

A test program was also conducted to evaluate the shear strength of 1950s era pretension
girders used in the Florida highway system. These girders are of interest because they have thin
4 in. webs and very little specified shear reinforcement. Six test girders were removed from an
existing bridge and were tested to failure in the laboratory. Results from the testing will be
useful in determining the shear strength of similar pretensioned girders.

Recommendations are provided with regard to detailing of confinement reinforcement,
embedded bearing plates, strand shielding, and crack control. Recommendations are also given

regarding evaluation of existing 1950’s era pretensioned girders.
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1 Introduction

In January 2009, the Florida Department of Transportation (FDOT) mandated that all
new prestressed concrete bridges in Florida be constructed using the new Florida I-Beam (FIB)
sections. The standard FIB end region reinforcement is based on historic FDOT details,
American Association of State Highway and Transportation Officials (AASHTO) Load and
Resistance Factor Design (LRFD) Bridge Design Specifications (LRFD 2010), and
constructability considerations. End region detailing has a significant effect on the strength and
behavior of pretensioned I-girders. Effective detailing enables the end region to serve two
critical functions. First, the end region transfers prestressing forces from the strands to the cross-
section. Second, the end region transfers shear force from the girder into the bearing. A
limitation in the current AASHTO LRFD is the use of empirical design provisions for portions of
the end region reinforcement with no consideration of the flange geometry, prestressing force, or
strand pattern.

This report presents the results of experimental and analytical investigations that were
conducted to evaluate the effects of end region detailing on strength and serviceability of bridge
girders. Also included in the report are proposed models that can be used to design effective end
region details.

Experimental work in this project included load tests of 32 pretensioned, precast girder
specimens. Specimens were loaded in three-point bending and ranged in size from 28 in. to
63 in. deep. Load tests were conducted as part of four different test programs: Small beam, SR-
72, FIB-54, and FIB-63. The SR-72 test program utilized girders salvaged from a bridge
demolition, whereas the other three test programs utilized girders constructed specifically for
experimental testing.

Analytical work in this project utilized the finite element (FE) analysis method. FE
models were linear-elastic and were intended to model the behavior of the end region prior to
cracking. FE models were validated using data from the experimental program and were then
used to examine parameters that were not investigated experimentally such as bearing pad width,
bottom flange geometry, and strand debonding patterns. The effects of applied loads and

prestressing forces were considered in the FE analyses.

BDK75 977-05 Page 1



Building on the experimental and FE results, two analytical models were developed to aid
in the design of effective end region details. The first is an ultimate strength model to design
confinement reinforcement. The second is for calculating lateral stresses in the bottom flange

due to prestressing.

1.1 Obijectives
Combined experimental and analytical work was conducted to achieve the following

objectives:

. Evaluate strategies for controlling or preventing web splitting cracks including vertical
post-tensioning; strand shielding beyond AASHTO LRFD allowances; and strategic use
of vertical reinforcement.

. Determine the function(s) of confinement reinforcement during prestress transfer and at
ultimate strength.

. Create a model for bottom flange splitting cracks at prestress transfer.

. Create a design model for confinement reinforcement at ultimate strength.

. Evaluate the effects of strand shielding beyond AASHTO LRFD allowances on the
ultimate strength and serviceability of FIB girders.

. Evaluate the need (or lack thereof) for confinement reinforcement within the transfer

length of partially shielded strands.

. Evaluate the contribution of horizontal vertical reinforcement in end region.
. Develop recommendations regarding end region detailing practices.
o Evaluate the shear strength and behavior of early pretensioned girders used in Florida

highway bridges.

1.2 Report Outline
The report is divided into a summary document and several appendixes. This portion of

the report is the summary document, which is comprised of nine chapters. Table 1 shows the
correspondence between the chapters in this summary document and the appendixes, which

present the research in greater detail than the summary document.
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Table 1-Report organization

Topic Summary Chapter Appendix
Introduction 1 --
Background 2 --

Literature Review -- A
Small Beam Test Program 3 B
SR-72 Test Program 4 C
FIB-54 Test Program 5 D
FIB-63 Test Program 6 E
Analytical Program 7 F
(Finite Element Analyses)
End Region Design Models 8 G
Recommendations 9 --
Support Data -- H

BDK75 977-05 Page 3



2 Background

The state of Florida has over 12,000 bridges in its public road system (FHWA 2010).
Prestressed concrete is the most utilized material in Florida bridges, with precast-pretensioned
concrete I-girders being the most common structural element. Figure 1 shows a typical highway
overpass in Florida. It consists of multiple simple spans with each simple span being comprised

of multiple individual I-girders.

Simple-Span Pretensioned Concrete I-Girders

Figure 1-Prestressed concrete bridge

Because Florida relies heavily on concrete I-girders there is motivation to improve the
efficiency and performance of these members. To that end the Florida Department of
Transportation (FDOT) introduced the Florida I-Beam (FIB) in 2009 for use in new bridge
construction and bridge widening projects. The FIB was designed to be “more efficient to
fabricate, safer to construct, and more cost effective” than the formerly used AASHTO and
Florida Bulb-T shapes (FDOT 2009). FIB sections range from 36-in. deep to 96-in. deep and
have the same top and bottom flange geometry regardless of depth (Figure 2). Because the
bottom flange is relatively wide, it can accommodate up to 72 prestressing strands, thus
improving the structural efficiency of the sections, particularly for those constructed with

concrete strengths greater than 8000 psi.
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FIB-36 FIB-72

Figure 2—Florida 1-Beam cross-sections

Although beneficial with regard to structural efficiency, the relatively wide bottom flange
and high prestress forces in FIB girders raise potential concerns for capacity and serviceability.
One failure mode accentuated by a wide and narrow flange is lateral-splitting, which occurs
when the bottom flange splits laterally above the bearing due to applied loads (Figure 3). This
behavior has been observed in experimental testing (Llanos et al. 2009) and in beams with
slender bottom flange geometry. If the end region is not appropriately detailed lateral-splitting
failure can control the shear capacity of I-girders and can lead to situations where the code
calculated shear capacities are unconservative. Investigation of lateral-splitting failure was a

primary focus of the experimental and analytical studies presented in this report.

A ¥, “‘ <y
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i v

1 |
| =t

§

Figure 3—-Lateral-splitting failure

Another focus of the research was controlling - and if possible preventing - end region

splitting cracks. Web splitting cracks are an ongoing issue in I-girders. These cracks occur due

BDK75 977-05 Page 5



to vertical tensile stresses that form as prestressing is spread from the bottom flange to the entire
cross-section. Splitting cracks in the bottom flange have historically been less common than
those in the web. Recently, however, flange splitting cracks have been observed in girders with
slender bottom flanges (Figure 4). Because FIB girders have relatively slender bottom flanges

there is motivation to investigate flange splitting cracks, as well as, splitting cracks in the web.

Figure 4-Flange splitting crack (Tadros et al. 2010)

This report also presents experimental results of testing on early (circa 1950s)
pretensioned girders utilized in Florida. Early girder designs in Florida called for thin 4 in. webs
and very little shear reinforcement. Accordingly these girders also have low code-calculated
shear capacity, which presents a problem with load rating. To more accurately determine shear
capacity, load tests were conducted using specimens salvaged from a demolished bridge. The
effect of integral curbs and barriers on shear capacity and behavior was also investigated during
load testing. Results of these tests may be useful in load rating the shear capacity of similar

girders still in service.
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3 Small Beam Tests

The AASHTO LRFD Bridge Design Specifications require that confinement
reinforcement be placed around prestressing strands in the bottom bulb of pretensioned concrete
beams. Although the AASHTO specifications contain prescriptive requirements for the quantity
and placement of confinement reinforcement, the effect of such reinforcement on the end region
behavior is not well understood. To evaluate the function and effect of confinement
reinforcement, twelve tests were conducted on 28-in. deep precast-pretensioned beams. Beams
were loaded in three-point bending at a shear span-to-depth ratio of 1.0. Variables in the test
program included strand size, strand quantity, prestressing force, and the presence or lack of
confinement reinforcement. See Appendix B for a comprehensive discussion of testing and

results.

3.1 Specimen Details and Test Setup
Six precast pretensioned concrete beams from a previous research project (O’Neill and

Hamilton 2009) were salvaged for use in testing the end region. That research project conducted
tests to measure service stresses at mid-span without loading the beams to their ultimate strength.
The ends remained undamaged and were fit for the shear tests reported in this chapter. Strand
diameter, strand quantity, prestress force, and confinement reinforcement were included in the
variables examined (Figure 5).

The beams were constructed so that each end had identical confinement reinforcement.
To create specimens with no confinement reinforcement, one end of each beam was saw-cut to
remove the portion containing the confinement steel (Figure 6). Each end of each beam was then
tested in three-point bending (Figure 7). Tests on specimens (ends) with confinement
reinforcement are referred to as “confined tests” and those on specimens without confinement
reinforcement as “unconfined tests”.

Load, strain, displacement and strand slip data were collected during testing.
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Figure 7-Test setup

3.2 Results and Discussion
To illustrate the general differences in behavior between confined and unconfined

specimens, Figure 8 shows the load-displacement and strand-slip results for confined (B5M-C)
and unconfined (B5M-U) specimens. The figure shows vertical displacement at the load point
and average slip of bonded strands. Since the two tests were conducted on the same beam, the
strand pattern, strand size, prestress force, and concrete were identical for both tests, with the
confinement reinforcement being the only difference. The qualitative behavior of these
specimens is representative of all six pairings of similar confined and unconfined tests.

Both specimens behaved in a linear-elastic manner until reaching a load of approximately
100 Kip (445 kN). Initial cracks consistently formed in the web and were inclined between the
load point and the support, whether or not the specimen contained confinement reinforcement.
Flexural cracks and additional inclined cracks formed as the load was further increased. When
the load reached 150kip (668 kN), the inclined cracks in both tests had propagated into the
bottom bulb, thereby reducing the available development length of the prestressing strands, and
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initiating strand slip. Strand slip was gradual at first, but increased when the load reached
approximately 175 kip (779 kN). Slip and displacement characteristics of the confined and
unconfined ends remained similar up to a load of 190 kip (846 kN), at which point the
unconfined specimen failed in a splitting mode. Splitting failures were characterized by
formation of splitting cracks at the end of the beam above the support, accompanied by sudden

strand slip and an almost instantaneous loss of capacity.

Displacement or Slip (mm)

0 1.5 3 45 6 7.5 9
250
1050
225 e 1
200 S - : 900
e
175 | 2 \
".ff el 750
= 150 Confined Beam =
= Slip-Comp. Failure 600 %
- 125 5
3 < S
-1
— 100 Unconfined Beam / i 450
75 Splitting Failure I — —
300
50
25 —---— Avg. Strand Slip || 150
Displacement

0 0
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04
Displacement or Slip (in)

Figure 8-Load vs. displacement and strand slip

For the confined end, load continued to increase until failure occurred at a load of 226 kip
(1006 kN). The continued load increase, however, was accompanied by further strand slip
indicating that the remaining development length provided sufficient anchorage to maintain
stability of the mechanism. As the strands slipped, the diagonal crack opened further, reducing
the concrete area available to resist the compression in the top of the section. Capacity was
reached when the concrete below the load point was crushed due to the excessive rotation that
was allowed, in part, by strand slip. Indeed most of the rotation occurred about the inclined
crack, which shortened the available strand development length. Strands in the confined end
slipped 0.23 in. (5.8 mm) at failure. Enhanced photographs of the failed test specimens are

shown in Figure 9.
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Splitting failure in

Figure 9—Failure of unconfined (left) and confined (right) specimens

In addition to the typical behavior described above, some common behavioral
characteristics were noted in all tests. Strand slip occurred in all specimens after cracks had
propagated into the bottom bulb. Furthermore, the load at which this slip occurred was at or near
the same load for each pair of confined and unconfined tests conducted on a single beam. Thus
confinement reinforcement did not prevent or delay strand slip, but did allow strands in the
confined beams to continue carrying tensile forces even as they slipped beyond the point at
which the unconfined tests failed in splitting. Slip at maximum load was, on average, over seven
times greater in the confined tests than in the unconfined tests. While significant strand slip
occurred in the confined beam tests upon reaching peak load, section curvature was not always

sufficient at this point to crush the compression zone, thus causing a definitive drop in load and
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signal the end of the test. In such cases, an arbitrary amount of additional displacement was
imposed to ensure that the ultimate load had indeed been reached.

Figure 10 shows the normalized shear capacity for each test. The experimental shear
capacity is defined as the shear force at the near support corresponding to the maximum load.
Values have been normalized by the average of the unconfined beam capacities: 138 kip (614
kN). The data clearly indicate that variation in strand diameter had little effect on the shear
capacity in unconfined tests. Average capacity of the unconfined tests with 0.5-in. (12.7 mm)
diameter strand (B5 in the figure) and 0.6-in. (15.2 mm) diameter strand (B6 in the figure) varied
by only 4%, indicating that strand size and area of prestressing steel did not significantly affect
the capacity of the unconfined beams.

Confined tests resulted in an average of 25% more shear capacity than that of the
unconfined tests and more than twice the displacement ductility. The improved shear capacity
was likely due to increased contribution from the mild reinforcement. As the confined beams
rotated beyond the point at which the unconfined beams split and failed, forces in the vertical
steel increased, leading to improvements in shear capacity. The increased rotation also caused
the resultant of the compressive force to move upwards, thereby increasing the moment arm and
shear contribution of the prestressing strands. The experimental shear capacities were an average
of 34% greater than the shear capacities calculated by the general procedure in section 5.8.3.4.2
of AASHTO LRFD (2007).
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Figure 10-Normalized shear capacity

3.3 Conclusions
Twelve precast-prestressed test specimens were loaded to failure in three-point bending.

The load point was placed approximately one member depth away from the support. Half of the
specimens had confinement reinforcement and the other half did not. Other variables in the test
program included the quantity and size of prestressing strands. Conclusions are listed below.

See Appendix B for additional discussion and justification of the conclusions.

e Confinement reinforcement had negligible effect on measured strain distribution in
concrete prior to cracking.

e Transverse tensile strains formed in the bottom flange above the bearing pad. The
maximum strain occurred at the centerline of the cross-section and the strain
diminished to a minimum at the edge of the flange. Transverse tensile strains are
believed to have led to splitting failures in the beams without confinement
reinforcement.

e Confinement reinforcement did not consistently delay or prevent slipping of

prestressing strands. Such reinforcement, however, did provide sufficient slip restraint
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to the strands to ensure that they were able to continue supporting tensile forces
beyond the point at which the unconfined test specimens failed.

e Confinement reinforcement prevented splitting failure, thereby improving the shear
capacity and displacement ductility of the confined tests relative to the unconfined
tests. Average shear capacity increase was 25% and the average increase in
displacement ductility was 157%.

e Experimental results and strut-and-tie modeling suggest that the strands were 30%
developed on average at peak load. Development of the strands in the experimental
tests was limited by the formation of cracks within the strand development length.
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4 SR-72 Tests

Ultimate load tests were conducted on precast pretensioned girders that were removed
from a Florida bridge after nearly 55 years of service. The shear capacity of these girders is of
interest because they had relatively thin webs and limited vertical reinforcement. Varying
portions of the deck and/or curb were retained with each girder to evaluate the effect of these
elements on shear capacity. Girders were loaded in three-point bending at shear-span-to-depth
(a/d) ratios ranging from 2.1 to 4.5. Results of this testing will be helpful in evaluating the
strength of similar girders that are still in service. A summary of the SR-72 test program is
presented in this chapter. See Appendix C for a more comprehensive discussion of testing and

results.

4.1 Specimen Details and Test Setup
Test girders were salvaged from a bridge on Highway SR-72, in Sarasota County,

Florida. Girders were precast and pretensioned, having the cross-section shown in Figure 11.
Varying widths of the composite concrete bridge deck were kept integral with each salvaged
girder. Portions of the integral curb were also retained with the two exterior girders used in the
test program. Specified reinforcement in the girders and deck is shown in Figure 12 and Figure
13. Destructive and non-destructive investigation indicated transverse reinforcement in the
girders was less than specified on the original drawings. Girder labels and cross-sections are
shown in Figure 14.

Girders were tested in three-point bending. Dimensions and setup are described in Figure
15 and Table 2. Load, displacement, strain, and strand slip data were collected during testing.
As indicated in the table, SR-72 specimens were load tested at one end rather than each end as
was done for other specimens in this research project.
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Load

Figure 15-Test setup

Table 2-Test setup dimensions

Girder A ald* L

X7 8’-2" 34 23’-9”
X4 8’-2” 3.4 24°-3”
12A 10’-11” 4.5 23’-9”
12B 8’-1” 3.3 24’-11”

14 5'-2” 2.1 23’-10”

16 8’-2” 3.4 24°-0”

*d =29 in.

4.2 Results and Discussion
As load was applied, behavior was linear- elastic until the formation of a crack, which

was typically a flexural crack located below the load point (Figure 16). As the load increased,
inclined cracks formed in the web. Additional inclined cracks formed at flatter angles and closer
to the supports as testing continued. During the latter stages of loading but before ultimate
strength was reached, the inclined cracks were wide enough to allow the passage of light. Peak
load was controlled by capacity of the compression zone in girders X7, X4 and I2A, and by
formation of inclined cracks in girders 12B, 14 and 16.

Figure 16 shows the crack pattern for specimen I2B. Similar crack patterns were
observed in the other girders. Figure 16 also shows the location of vertical reinforcement as
determined by non-destructive testing for this specimen. The location and quantity of vertical
reinforcement was different from the reinforcement specified in the construction drawings.

Inclined cracks in the specimens typically did not intersect vertical reinforcement.
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Figure 16—Crack pattern girder 12B (initial crack shown in red)

Because the inclined cracks were relatively wide as the specimen was near ultimate
strength, and because the inclined cracks did not typically intersect vertical reinforcement, a
plastic truss could not form. Rather, the girders behaved as tied-arches with shear forces being
transferred through compression in the concrete arch. Tied-arch behavior was typical for all
girders. Truss and tied-arch action are discussed and defined in the literature review contained in
Appendix A.

As previously noted, peak load of girders X7, X4 and 12A was controlled by capacity of
the compression zone. Peak load for girders 12B, 14 and 16 corresponded to formation of

inclined cracks in the web. Table 3 summarizes the behavior at peak load of each girder.

Table 3-SR-72 girder behaviors at peak load

Girder Behavior at Peak Load
X7 Punching failure of concrete arch below the load point.
X4 Flexure compression failure of concrete near the load point.
I2A Instability (buckling) of concrete compressive arch.
12B Formation of inclined crack in web.
14 Formation of inclined crack in web.
16 Formation of inclined crack in web.

Figure 17 compares the experimental capacities with the code-calculated nominal shear
capacities. Calculations were based on the specified properties of an interior girder and are
plotted in Figure 17 as a function of the shear span a. The abrupt change in capacity at a = 5.8 ft
corresponds to the specified end of vertical reinforcement. Girders performed well in the load
tests in spite of thin webs, minimal shear reinforcement, and 55 years of service. In each case,

the experimental shear capacity was greater than the code-calculated capacity.
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Figure 17-Experimental and code shear capacities

4.3 Conclusions
Six pretensioned concrete girders were salvaged from an existing bridge and tested after

nearly 55 years of service. Girders were tested in three-point bending at a/d ratios from 2.1 to
4.5. Varying portions of the existing deck and/or curb were retained with each test girder. The
experimental results were compared to theoretical predictions of strength capacity. Key
conclusions are listed below. Additional conclusions, as well as discussion and justification of

conclusions are presented in Appendix C.

e Test girders behaved as tied arches during the latter stages of loading. This is evident
from the relatively wide cracks that did not allow aggregate interlock and from the
absence of transverse reinforcement necessary to ensure plastic truss behavior.

e Tied-arch behavior controlled the experimental strength of girders X7, X4 and I12A.
Arches in these girders failed due to punching, flexural compression, and arch
instability, respectively.

e For girders 12B, 14, and 16 the maximum load occurred just prior to the formation of an
inclined crack in the web. These girders behaved as tied-arches during the latter stages
of loading, however, their maximum capacities were limited by the capacity of the web

to resist inclined cracking.
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e For tests at the same a/d ratio, the cast-in-place curb increased the average exterior
girder strength by 30% over that of the interior girders with no curb.

e Nominal shear capacities calculated by ACI 318 and AASHTO LRFD methods were
conservative relative to the experimental results. On average, the ratio of experimental-
to-calculated shear capacity was 2.0 for ACI 318 and 2.1 for AASHTO LRFD
calculations.

e The experimentally determined prestress force in specimen 12A was 47% less than the
specified prestress. The large difference between the specified and experimental values
may indicate quality control issues in addition to higher than expected losses.

e In spite of relatively thin webs, small quantities of vertical reinforcement, and poor
quality control during construction, the girders were able to support significant shear

force after nearly 55 years of service.
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5 FIB-54 Tests

Five 54-in. deep Florida I-Beam (FIB-54) girders were fabricated and load tested to
evaluate the effects of different end region details on girder capacity and behavior. Each end of
each girder was detailed differently, which resulted in ten unique test specimens. Variables in
the end region detailing included: presence or absence of embedded steel bearing plates, quantity
and configuration of confinement reinforcement, strand bond pattern, strand quantity, and
quantity of horizontal and vertical end region reinforcement.

Strain and crack data were collected during and after prestress transfer to evaluate the
effectiveness of each detailing scheme on controlling bottom flange cracking. Load tests were
then conducted on each specimen (end) to determine the effects of each detailing scheme had on
girder behavior and capacity. Specimens were loaded in three-point bending at a shear span-to-

depth ratio of 2.0. Failure modes included web-shear, bond-shear, and lateral-splitting.

5.1 Specimen Details and Test Setup
Five 50-ft. long FIB-54 girders were built according to the schedule of variables shown in

Table 4. Each end of each girder was detailed differently, resulting in ten unique specimens.
Girder and specimens were labeled using the convention shown in Figure 18. Girders were built
in two different phases. Phase 1 girders were built by Dura-Stress of Leesburg, FL. Phase 2
girders were built by Standard Concrete Products of Tampa, FL. Construction plans, materials
properties, and construction timelines are presented in detail in Appendix D. Figure 20 shows
specimens HC and VU. These specimens had the most (HC) and least (VU) amounts of end
region mild reinforcement.

Strain, crack, and material property data were collected during fabrication. Vibrating
wire and electrical resistance strain gages were used to collect strain data. Crack data were
collected using a tape measure and microscope. Material property data were collected for
concrete compressive strength, reinforcement yield strength and elongation, prestressing strand
strength, and prestressing strand bond capacity. The Standard Test for Strand Bond (NASP
2009) was used for determining strand bond capacity.
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Table 4-FIB-54 test girder and specimen variables

Test Girder | Specimen | Bearing Mild reinforcement Strand | Confinement | Phase
plate Vertical | Horizontal bond | reinforcement
pattern

H HC Yes FDOT Yes Design FDOT 1
HU Yes FDOT Yes Design No 1

V VC Yes Mod No Design FDOT 1
VU Yes Mod No Design No 1

w WN No FDOT No Web Mod 2
WB Yes FDOT No Web Mod 2

F FN No FDOT No Flange Mod 2
FB Yes FDOT No Flange Mod 2

D DC Yes FDOT No Design FDOT 2
DM Yes FDOT No Design Mod 2

FDOT: Detailed per FDOT design standards

Mod: Detailed with modifications to FDOT design standards

Web: Fully bonded strands placed below web (24 fully bonded strands)

Flange: Fully bonded strands placed in outer portion of flange (24 fully bonded strands)
Design: Strand pattern based on prototype design (45 fully bonded strands)

End designation

. Confinement reinforcement per FDOT
No confinement reinforcement
Bearing plate included

No bearing plate

. Modified confinement reinforcment

o

SZI®C

Specimen
label

Girder label

H: Horizontal reinforcement in end region

V: Modified vertical reinforcement in end region
W: Strands fully bonded below web

F: Strands fully bonded in outer flange

D: Strands bonded per design girder

Figure 18-FIB-54 labeling scheme
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Figure 19-FIB-54 end region reinforcement for HC (left) and VU (right)

After fabrication, girders were trucked to the FDOT M.H. Ansley Structures Research
Center in Tallahassee, FL. At the research center cast-in-place composite decks were built on
top of each girder. Once the decks were sufficiently cured load tests were conducted. Each end
(specimen) was loaded in 3-point bending as shown in Figure 20. After the first end was tested,
the load point and supports were moved and the opposite end was tested. Photos of the test setup
are shown in Figure 21. Load, displacement, strain, and strand-slip data were collected during

load testing.
49 ft 6 in. overall length

Zbin.. 1\ 9ft4.5in. 10 in. x 30 in. Bearing pad at load
Load 10in

My |e—

42 1t 10.5 in. (Typical)
38 1t 10.5 in. (HU service load test)
48 ft 4 in. (HU ultimate load test)

A
_

10 in. x 32 in. Bearing pad at each support

Figure 20-FIB-54 test setup
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Figure 21-Test specimen and load frame view of A) top and B) side of girder

5.2 Results and Discussion

5.2.1 Strain during Prestress Transfer
Prestressing transfer in Florida is typically accomplished by flame cutting the

prestressing strands, beginning with those on the outside of the strand pattern. Strands are cut
sequentially starting with the outside strands and working toward the center of the beam. Strain
gages labeled “XS3’ were placed at the end of specimens HC, HU, VC, and VU to monitor strain
in the bottom flange during the prestress transfer (Figure 22).
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Figure 22—Flange displaced shapes

Data from gages XS3 are summarized in Table 5. The maximum tensile strain reported
by XS3 occurred when only those strands in the outer portion of the flange were cut. The tensile
strain reported by gages XS3 decreased significantly after the inner strands had been cut. This
strain behavior is explained by the deformed shapes shown in Figure 22. Forces from the outer
strand deform the edges of the flange resulting in transverse tension. Forces from the inner
strands lead to a more uniform displacement across the bottom flange resulting in a reduction of

transverse tension.

Table 5-Tensile strain during prestress transfer girders H and V

Strain in specimens with Strain in specimens without
confinement reinforcement confinement reinforcement
(microstrain) (microstrain)
Gage and condition HC VC HU VU
X3 maximum 406 177 124 1258
tensile strain —outer
strands cut
X3 all strands cut 25 15 60 45
(all strands released)
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Assuming a concrete rupture strength of 7.5,/f", and elastic modulus of 57,000,/f. , the
expected rupture strain was approximately 135 microstrain. The maximum strain values
reported by gages XS3 were larger than 135 microstrain - in some cases much larger - suggesting
that cracks may have formed near the gage locations during the strand cutting process. Cracks
were not visually observed, however, and it is believed that these cracks closed as the inner
strands were cut.

Strain data presented above demonstrate that transverse tension forms in the bottom
flange of I-girders due to prestress forces from the outer strands. This transverse tension is

partially relieved as inner strands are cut.

5.2.2 Cracks due to Prestress
Crack data were also collected during and in the weeks following prestress transfer.

Three types of cracks were observed:

e Top flange flexural cracks

e Web splitting cracks

e Flange splitting cracks

Top flange cracks formed due to flexural stresses generated by the vertically eccentric

prestressing. Top flange cracks are outside the scope of the FIB-54 test program. Web splitting
(Figure 23) cracks also formed due to eccentric prestressing. As the prestress force was
distributed from the bottom flange to the rest of the cross-section, the attendant vertical tension
stresses caused cracks in the web. Flange splitting cracks were of primary interest in the FIB-54
test program. Flange splitting cracks were caused by horizontal eccentricity of prestressing,

Hoyer expansion of strands, and self-weight reaction of the girders.
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Figure 23-Web splitting (blue) and flange splitting (brown) cracks

Web and flange splitting cracks were first observed nine days after prestress transfer for
girders H and V, which were built during the first phase of construction. Girders W, F, and D
were built in the second construction phase. Cracks in Girders W, F, and D were first observed
during prestress transfer. For all girders, cracks typically grew in length and in quantity after
they were first observed. Figure 24 shows the web and flange cracks in girders W, F, and D
three months after prestress transfer. Length and area of the bottom flange cracks for these
girders are quantified in Figure 25.

Each of the specimens listed in Figure 25 had the same Class of concrete, were fabricated
at the same time, and were fabricated using the same procedures. Strand patterns, bearing plates,
and confinement reinforcement varied among specimens. The most severe cracking, in terms of
total length and area, occurred in specimens FB and FN. Severity of cracking in these specimens
is attributed to the strand pattern. All of the fully bonded prestressing strands in these specimens
were located in the outer portion of the flange. As discussed in the previous section, prestressing
located in the outer portions of the flange caused transverse tension in the bottom flange. This

transverse tension is culpable in the cracks observed in specimens FB and FN.
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Figure 25-Flange splitting cracks girders W, F, and D

Figure 24 and Figure 25 demonstrate that variation in end region detailing can have a
significant effect on the extent of cracking in the bottom flange and web. The effects of specific
detailing schemes are discussed in greater detail in Appendix D.

One typical observation among most specimens was the formation of a flange splitting
crack that intersected the outermost strand in the third row (Figure 26). This strand had the least
amount of clear cover of any strand. Cracks at this location are attributed to the relatively small

cover distance. Removing this strand from the pattern may reduce the potential for cracking.

5.2.3 Load Testing
Each specimen was load tested using the test setup shown in Figure 20. Maximum shear

forces supported by the specimens and associated failure modes are presented in Figure 27.
Forces include applied load and self-weight. End region detailing had significant effect on shear
capacity. Specimen HC supported the largest shear force of 793 Kkip, almost twice as much as
specimen FN which had a capacity of 402 kip. Experimental shear strength was increased by
confinement reinforcement, bearing plates, and increased quantity of bonded prestressing
strands. Strength was decreased when all fully bonded prestressing strands were placed in the

outer portions of the bottom flange.
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Figure 26-Typical flange splitting crack location
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Figure 27-FIB-54 Peak shear forces

Three distinct failure modes were observed: Lateral-splitting failure, bond-shear failure,
and web-crushing failure. Lateral-splitting failure occurred due to transverse tensile forces in the
bottom flange (Figure 28). Longitudinal cracking through the bottom flange was characteristic
of girders failing in lateral-splitting (Figure 3). Bond-shear failure (Figure 29) occurred when
cracks formed within the development length of the prestressing strands, thereby interrupting
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force transfer between the strands and concrete. Web-crushing failure occurred when diagonal
compressive stresses exceeded the strength of the concrete in the web (Figure 30).
Lateral-splitting and bond-shear failures are considered “premature” failure modes
because they occur prior to a girder reaching the desired web-crushing capacity. ACI 318 and
AASHTO LRFD provisions for shear design both consider web-crushing failure. In the test
program, lateral-splitting failures occurred in specimens lacking confinement reinforcement and
in specimens with all fully bonded prestressing strands placed in the outer portions of the bottom

flange. Bond-shear failure was observed in specimens with the smallest quantity of fully bonded

strands.
e,.e
AA ‘ AA
/
] \
/ |
«t >
A Isometric Section A-A Section A-A
End region Without confinement With confinement
& lateral-splitting crack reinforcement reinforcement

Figure 28—Lateral-splitting failure mechanics

A)

Figure 29-Bond-shear failure A) bottom view and B) side view
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Figure 30-Web-crushing failure

Strain data from the confinement reinforcement and bearing plates were collected during
load testing and were used to estimate the transverse forces acting in the bottom flange.
Confinement and bearing plate forces are shown in Figure 31 for specimens HC and VC. Forces
in the figure were calculated using strain data from ultimate load. Similar calculations were
made for all test specimens. Results of these calculations suggest that significant (up to 100 kip)
transverse forces were present in the bottom flange. These forces were carried by the

confinement reinforcement and where present, embedded steel bearing plates.

BDK75 977-05 Page 33



F CRx = FCRX1+ F CRX2+ F CRx3

<
F, PLx
End region Bottom flange section
isometric view end view

Y (in.)
..... | .
760 >
50
Lrrelt M H » 1
) EEEEY SRS ) e <l
ZFoum 25700 [ 20 EFen 03k 7 1190 |
— - e . ———
T 864202 C T 864202 C
Fer. (kip) Fer (kip)
Bottom flange forces Bottom flange forces Bottom flange section
specimen HC specimen VC partial plan view

Figure 31-Transverse forces in confinement reinforcement and bearing plates

5.3 Conclusions

Ten uniquely detailed FIB-54 specimens were fabricated and tested to evaluate the effects

of end region detailing on girder serviceability, behavior, and cracking. Variables in the test

program included:

Presence/absence of confinement reinforcement

Quantity and configuration of confinement reinforcement
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Presence/absence of horizontal reinforcement
Quantity of vertical reinforcement
Presence/absence of embedded steel bearing plates
Strand quantity

Strand placement

The following is a partial list of conclusions. Additional conclusions and justifications

are presented in Appendix D along with a more comprehensive presentation of test program

results.

Transverse tensile strains were measured in the bottom flange, confinement
reinforcement and embedded bearing plates during and after prestress transfer. Tensile
strains are attributed to a combination of prestressing forces, the Hoyer effect and girder
self-weight and are thought to have caused flange splitting cracks.

Transverse tensile strains are greatest in sections with fully bonded strands placed only in
the outer portions of the bottom flange. Bonded strands in the outer flange are eccentric
with the resultant internal force, thereby inducing bending in the bottom flange and
associated transverse tension at the girder end.

Differences in detailing have significant effect on end region cracks occurring due to
prestress forces. All test specimens used the FIB-54 cross-section, yet the summation of
end region crack lengths varied from a maximum of 291 in. to a minimum of 75 in.
Flange splitting cracks extended up to 30 in. from the test specimens ends. This length is
comparable to the AASHTO LRFD transfer length of 36 in. (60 strand diameters)
suggesting that this is a reasonable extent for the placement of confinement reinforcement
to control flange splitting cracks.

Splitting cracks in the bottom flange typically intersected the outermost strand in the third
row from the bottom. This strand location had the least amount of top cover of any
location in the test girders.

Differences in detailing, such as confinement reinforcement configuration, steel bearing
plates, and strand pattern have significant effect on the end region capacity, even for

members having the same cross-section. All test specimens used the FIB-54 cross-
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section, yet experimental capacities ranged from a maximum of 793 kip to a minimum of
402 kip.

e Test specimens with confinement reinforcement detailed according to current FDOT
specifications failed in web-shear mode and at an average load 13% higher than
comparable specimens without confinement. Specimens without confinement failed in
lateral-splitting.

e Current shear and longitudinal tie provisions resulted in nominal capacities that were
unconservative (up to 32% too large) relative to some experimental capacities. Nominal
capacities were unconservative in specimens without confinement reinforcement (HU),
specimens without steel bearing plates (WN, FN), and specimens with bonded strands
concentrated in the outer flange (FB, FN).
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6 FIB-63 Tests

Web cracking at the end of the girder during and after prestress transfer is an ongoing
problem for pretensioned concrete I-girders. The FIB-63 test program compared four different
detailing schemes for controlling and/or preventing web cracking. Schemes include: current
Florida Department of Transportation standard detail, 1-in. diameter vertical end zone
reinforcement, vertical post-tensioning of the end region prior to prestress transfer, and partial
debonding of 45% of prestressing strands. One scheme was implemented on each end of two 63
in. deep Florida I-Beams (FIB-63). Crack locations, lengths, and widths were monitored during
prestress transfer, as well as during the weeks and months following transfer. Crack data were
used to compare the relative effectiveness of each scheme in controlling web cracking. After
crack data were collected and analyzed, each specimen was load tested to determine the effect of
the detailing schemes on ultimate load. A more comprehensive presentation of the FIB-63 test
program is presented in Appendix E.

6.1 Specimen Details and Test Setup
Two 50 ft. long FIB-63 girders were fabricated and tested for this program. Each end of

each girder had unique end region detailing (Figure 32), which results in four different test
specimens. Specimen CT served as the control specimen and followed current Florida
Department of Transportation (FDOT) details (2010). Vertical end zone reinforcement in CT
consisted of (16) #5 bars placed within 16.5 in. of the member end.

Specimen SL had the same end region reinforcement as specimen CT. Strands in SL,
however, were 45% partially shielded. This percentage of shielded strands violated AASHTO
LRFD requirements.

The end of specimen PT was vertically post-tensioned prior to prestress transfer. The
post-tension force was designed to counteract vertical tensile stresses in the web. A post-tension
force of 78 kip was applied by tightening nuts on six threaded rods placed in the end region. The
area of end region vertical reinforcement was reduced by 33% relative to CT. The post-tension
concept used in specimen PT was proposed by the FDOT structures design office.

The fourth and final specimen, LB, had 1-in. diameter threaded rods as vertical end
reinforcement. Because it used larger reinforcement, LB had 30% more end reinforcement than

CT. Specimen LB was located on the same girder but opposite end as specimen PT.
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FIB-63 specimens were built at the same time as the phase 2 specimens from the FIB-54
test program. They were built by Standard Concrete Products of Tampa, FL. Photos of the test

specimens during construction are shown in Figure 33

CT SL
Control 45% Shielding
V"LV
AUTA
PT LB
Post-Tensioned 1in. ¢ Bars

Figure 32-FIB-63 test specimen labels

Strain, crack, and material property data were collected during fabrication. Vibrating
wire and electrical resistance strain gages were used to collect strain data. Crack data were
collected using a tape measure and microscope. Material property data were collected for
concrete compressive strength, reinforcement yield strength and elongation, prestressing strand
strength, and prestressing strand bond capacity. The Standard Test for Strand Bond (NASP
2009) was used for determining strand bond capacity.

After fabrication, girders were trucked to the FDOT M.H. Ansley Structures Research
Center in Tallahassee, FL for load testing. Each end (specimen) was loaded in 3-point bending
as shown in Figure 34. After the first end was tested, the load point and supports were move and
the opposite end was tested. Load, displacement, strain, and strand-slip data were collected

during load testing.
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Figure 33-FIB-63 test specimens during construction

49 ft 6 in. overall length

10 in. x 30 in. Bearing pad at load
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Figure 34-FIB-63 test setup
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Orientation of the bearing pad at the load point varied. Specimen LB was tested first and
had the pad oriented such that the 30 in. dimension was perpendicular to the span length. This
led to failure in top flange, and the pad orientation was rotated 90 degrees for the subsequent

tests.

6.2 Results and Conclusions

6.2.1 Cracks due to Prestress
Cracking in the end region was monitored during prestress transfer and in the weeks and

months following transfer. Figure 35 shows the formation and growth of cracks in the control
specimen. Similar figures are shown for the other specimens in Appendix H. Cracks were first
observed during prestress transfer and grew in length and quantity in the months following
prestress transfer. Load tests were conducted approximately four months after transfer. Photos
of the specimens are shown in Figure 36.

Crack data are quantified in Figure 37 and Figure 38. Data presented in these figures
were used to compare the relative effectiveness of the different detailing schemes in controlling
web cracks. Based on the metrics of total length and total area, the control detail (specimen CT)
was the least effective in controlling web splitting cracks. Specimen CT at had 28% more length
and 53% greater area than the average of all specimens.

Specimen SL was the most effective detail according each metric except total length. SL
had 59% less area, and 44% smaller average width than the control specimen. The reduction in
crack length, area, and width observed in specimen SL is attributed to the partial strand
debonding which reduced tensile stresses in the end region.

In terms of crack length, the post-tensioning detail of specimen PT was the most effective
for controlling web splitting cracks. Web splitting crack length in specimen PT was 50% less
than the control specimen. Figure 36 shows that the post-tensioning effectively mitigated all
web cracks at the end surface of the member. Web cracking did, however, occur away from the

end surface.
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Figure 35—-Crack growth in specimen CT (flexural cracks in top flange not shown)
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Figure 36—Photo of FIB-63 end region cracks (cracks enhanced in blue)

Web cracks away from the end of specimen PT extended diagonally into the web from
the post-tensioning anchor plate. Forces introduced at the plate are believed to have contributed
to the formation of the diagonal cracking in specimen PT. The diagonal web crack in PT had the
greatest web crack width and the largest average web crack width (~0.006 in.), which was 30%
greater than that of the control specimen.

Detailing of specimen PT had a negative effect on the bottom flange spitting cracks.
Referring to Figure 36, it can be observed that PT was the only specimen to have a vertical
splitting crack on the end surface. This crack is attributed to development of the post-tensioning
rods in the bottom flange.

Specimen LB performed better than the control specimen in every metric except
maximum crack width. Specimens LB and CT had the same maximum crack width of 0.008in.
For LB, the total web crack length was 10% smaller and the average web crack width was 35%
smaller than in the control specimen.
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Figure 38-Web splitting crack widths

6.2.2 Load Tests

Specimens were load tested using the setup shown in Figure 34. Specimen LB was first

to be tested. The primary variable in LB was the use of eight 1-in. diameter threaded rods as end

region vertical reinforcement. LB supported a maximum shear force of 612kip. Peak load was

controlled by a

punching failure through the flange (Figure 39), which was caused by the

orientation of the bearing pad at the load point. Pad orientation was rotated 90 degrees in

subsequent tests to prevent this failure mode. Effect of end region detailing in LB on shear

capacity could not be determined because of the punching failure in the top flange. In spite of

the undesirable

failure mode, LB still exhibited capacity that was approximately 20% greater

than the code-calculated nominal shear capacity.
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Figure 39-Punching failure specimen LB

The control specimen (CT) supported a maximum shear force of 791 kip. Peak load was
controlled by failure of the web (Figure 40). After testing it was observed that the top hooks of
the vertical reinforcement experienced breakout failure due to lack of sufficient cover (Figure
41). Top hooks from the vertical reinforcement were embedded in the relatively thin top flange
because a topping slab was not cast on the specimen. It is not known if the hook failure
precipitated or was a by-product of the web failure. The bearing pad at the load point also
punched through the top flange at peak load (Figure 41). Capacity of CT exceeded the code-
calculated nominal shear capacity by approximately 50%.

Specimen SL supported a maximum shear force of 609 kip, which is the smallest of any
FIB-63 specimen. The primary variable in specimen SL was partial strand shielding of almost
half of the prestressing strands. Failure of SL was categorized as a bond-shear failure. The
reduced number of fully bonded strands in SL was culpable for the bond-shear failure and lower
capacity. Specimens CT, LB, and PT had almost twice as many bonded strands and were less
affected by cracks interrupting the strand development length. As such bond-shear failure did
not occur in these other specimens.

Specimen PT supported a maximum shear force of 800 kip. The primary variable in PT
was the presence of vertical post-tensioning in the end region. The capacity of the testing
equipment was reached prior to failure occurring in specimen PT. As such, the controlling
failure behavior could not be determined. Based on comparison with the control specimen (CT)
it can be concluded that the end region post-tensioning did not adversely affect the shear capacity

of specimen PT.
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Figure 41-Hook breakout and load point punching failures

6.3 Conclusions
Four FIB-63 test specimens were fabricated and load tested to evaluate the effects of

different end region detailing schemes on the control of web splitting cracks. Details in the test
program included: 1) #5 vertical end region reinforcement per current FDOT standards (control
specimen), 2) vertical reinforcement per FDOT and 45% partial strand shielding, 3) vertical end
region post-tensioning, and 4) 1 in. diameter threaded rods as vertical reinforcement. Cracks and
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strains were monitored during prestress transfer and in the weeks following transfer. These data

were used to compare the relative effectiveness of each detailing scheme in controlling web

splitting cracks. Finally, specimens were load-tested in 3-point bending to determine what, if

any, effect the end region detailing had on shear capacity and behavior. Key observations and

conclusions are as follows:

Partial strand shielding was an effective means of controlling the length, and
width of web splitting cracks. Of the 52 strands in specimen SL 45% were
shielded within the end region. Shielding resulted in a 29% reduction in web
crack length and a 43% reduction in average web crack width relative to the
control specimen.

Vertical post-tensioning of specimen PT prevented web splitting cracks at the end
surface, but affected other web cracks away from the end and in the bottom
flange. The largest web cracks in the test program occurred in specimen PT.

All web cracks in the test program had widths equal to or less than 0.012in.
Cracks above this width require corrective action based on FDOT requirements
for moderate environments.

Increasing the end region vertical reinforcement decreased the length and width of
web splitting cracks. Specimen LB had 30% more vertical end region
reinforcement than the control specimen, and had 10% less web crack length and
35% lower average web crack width.

Experimental capacity of all specimens was greater than the ACI 318 and
AASHTO LRFD calculated nominal shear capacities.

Increased strand shielding in specimen SL resulted in a reduction in the
experimental capacity of specimen SL. Because of strand shielding this specimen
had insufficient fully bonded strands to prevent bond-shear failure after cracks
formed in the above flange in front of the bearing.

Vertical post-tensioning in the end region of specimen PT did not affect load
capacity. Specimen PT supported the largest load of any specimen. Failure of PT
could not be reached due to limitations of the testing equipment.

Specimen LB experienced a punching shear failure in the top flange due to
placement of the applied load. Consequently, the effect on load capacity of
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increased vertical reinforcement (relative to the control) in specimen LB could not
be evaluated. It is assumed that the additional vertical reinforcement would not

have had negative effect.
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7 Finite Element Analyses of End Region

FE (finite element) modeling was conducted to evaluate the behavior of the end region
during prestress transfer and under applied loads. The FEA (finite element analysis) program
Adina (2009) was used to conduct all modeling and analysis. All models were linear elastic and
were intended to model the girder behavior prior to cracking. Strain gage and displacement data
from the Small Beam and FIB-54 test programs were used to validate the FE models. The
validated models were then used in parametric studies to evaluate variables that were not
included in the experimental programs. A summary of the analyses are presented in this section.
A more comprehensive presentation of the FE modeling is contained in Appendix F.

7.1 Analyses at Prestress Transfer

7.1.1 Model Configuration and Validation
Girder behavior during prestress transfer was evaluated using the FE model configuration

shown in Figure 42. The end region was modeled with 27-node 3D solid elements. Beam
elements were used away from the end region to reduce computation demand. Transition for
solid element to beam elements was achieved using rigid shell elements and links. The FE
model was linear-elastic and was intended to model end region behavior prior to cracking.
Prestressing forces were applied as point loads to nodes occurring at strand locations.
Prestressing forces were applied over a transfer length of 17.5 in. from the member end. Only
the prestressing forces were considered in the model, strands were not explicitly modeled.
Loads, boundary conditions, and girder geometry were symmetric about the Z-Y axis as shown
in Figure 42. This allowed for use of a half-symmetry model to reduce computation demand.
One critical feature of the model was that prestressing forces were applied sequentially as
occurs in physical girders during prestress transfer. To match the transfer process used in the
experimental programs, prestressing forces were applied from the outside-in. In this manner the
stress and strain state of the end region could be evaluated at different stages of the prestress

transfer process. Self-weight was applied using the ‘mass proportional’ load feature of ADINA.
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Figure 42—-FE model details

The model configuration shown in Figure 42 was validated using experimental data from
the FIB-54 test program. Two stages of prestress transfer were considered in the validation.
Stage 1 corresponded to the condition when only the strands in the outer portions of the bottom
flange had been released. Stage 2 corresponded to all strands being released. Partial results from
the validation study are presented in Figure 43. In general the FE model did an excellent job of
capturing the strain behavior at both of the stages considered. A mesh convergence study was
also conducted to verify the adequacy of the mesh density. Based on the convergence study a
mesh density of 2 in. was deemed adequate for the modeling conducted.
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Figure 43—-Comparison of experimental and FE model transverse (x-x) strain

7.1.2 Parametric Studies
After validation and verification the model shown in Figure 42 was used to conduct

parametric studies of end region behavior during prestress transfer. Parameters included: stages
of prestress transfer, steel bearing plates, and transfer length. Studies were also conducted to
quantify the transverse stresses and forces at different locations in the bottom. Forces were
calculated by integrating stresses over the section of interest as shown in Figure 44. Additional

details of the integration procedure are presented in Appendix F.

z
Integration T

Element
y-Z area

center node
X-X stress

Figure 44—-Element x-x stress and y-z area
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Results of the strand release parametric study are presented in Figure 45 and Figure 46.
In this study prestress forces were sequentially added to the model from outside-in, mimicking
the prestress transfer process used in the experimental programs. The horizontal axis of Figure
46 is the percentage of the strands released at a given stage. The vertical axis is the normalized
transverse tensile force occurring in the bottom flange above the bearing. Transverse force was
obtained by integrating stresses such as those shown in Figure 45. Results indicate that the

transverse force is greatest when only the outer strands are cut.

1.00 ksi
) 0.75 ksi
Tension 0.50 ksi
0.25 ksi
0.00 ksi
Zlk
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X:
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Figure 45-Transverse (x-x) stress at stages of prestress transfer
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Figure 46-Transverse force variation as strands are released

Effects of transfer length were also studied by varying the length over which prestress
forces were applied to the FE model. For each transfer length considered, the transverse force in
the bottom flange was quantified using the procedures discussed previously in this section.
Figure 47 shows that transverse tensile force in the bottom flange has an inverse linear

relationship with transfer length. Shorter transfer lengths create the largest transverse forces.
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Figure 47-Transverse force variation with length of prestress transfer

7.2 Analyses during Loading

7.2.1 Model Configuration and Validation
End region behavior under applied loads was analyzed using the model shown in Figure

48. This model was similar to the one used to study behavior during prestress transfer (Figure
42), but had specific features to represent girders during load testing. Boundary conditions
during the test programs consisted of reinforced neoprene bearing pads. This condition was
modeled using a bed of spring elements spread over the bearing pad area. Girders in the test
programs were loaded using hydraulic actuators acting on the top flange. This condition was
modeled as a pressure load acting over an area similar to the load point in the test specimens.
The FE model was validated using data from the small beam test program. Partial results
from the validation study are shown in Figure 49, which compares experimental strain data
(black diamonds) with the strain calculated using the FE model. As shown in the figure, the FE
model was in good agreement with the experimental data. A mesh convergence study was also
conducted to verify the adequacy of the mesh density. Based on the convergence study, a mesh

density of 1 in. was deemed adequate for modeling specimens from the small beam test program.
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Figure 49-Small beam transverse (x-x) strain profile (V = 15 kip)

7.2.2 Parametric Studies

After validation and verification the model shown in Figure 48 was used to conduct

parametric studies of end region behavior during loading. Parameters included: bearing pad

width, bearing pad stiffness, and presences of steel bearing plates. Results of the study on

bearing pad width are shown in Figure 50. The figure shows how the transverse strain changes

as a function of the bearing width. When the bearing width is narrow (relative to the flange) the
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maximum strain occurs at the mid height of the bottom flange. When the bearing width was
wide the maximum strain occurred at the bottom of the bottom flange. Based on the parametric
study it was determined that transverse strain in the bottom flange can be minimized when the
bearing pad width is approximately 60% of the flange width. Narrow bearing widths, however,

may adversely impact the stability of the girder during construction.
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Increasing Bearing Width

L
Figure 50-Normalized transverse (x-x) strain vs. bearing pad width, small beam

7.3 Conclusions
Linear-elastic FE models were used to evaluate the effects of prestressing forces and

applied loads on the behavior of I-girder end regions. Models were validated using experimental
data and were verified through convergence studies. Analyses are discussed in greater detail in
Appendix F. The following is a partial list of conclusions regarding behavior during prestress

transfer:
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e Embedded steel bearing plates carry transverse tension during and after prestress transfer.
In the linear-elastic range, plates in FIB girders carry 10% of the tension force due to
prestressing. Load testing indicated that the bearing plate carries a significantly greater
proportion of the transverse tensile force at ultimate capacity. The portion carried by the
plates does not vary during different stages of strand cutting.

e Transverse stress and forces are inversely proportional to strand transfer length. Thus the
greatest transverse effects occur in girders with the shortest transfer lengths. A 50%
reduction in transfer length causes an increase of approximately 50% in transverse
tension.

e During prestress transfer, the maximum transverse tensile stress on an arbitrary vertical
line through the bottom flange occurs when only the strands outboard (closer to edge) of
the line have been cut. Cutting of strands along or inboard (closer to centerline) of a line
relieve tensile stresses on that line.

e Self-weight reaction produces transverse tension forces in the bottom flange above the
bearing. For Florida I-beams, the transverse tension force due to self-weight equals 28%

of the reaction.

Conclusions were also made with regard to end region behavior due to applied loads:

e For the range of stiffness values reported for neoprene bearing pads, variations in pad
shear stiffness have negligible effect (< 0.1%) on the transverse strain in the end region.
However, variations in pad axial stiffness can change the transverse strain by +/- 3%.

e Depending on the width of the bearing pad, two types of strain distributions (behaviors)
occur in the end region of I-girders. A behavior denoted as “‘bursting’ occurred when the
bearing pad width was narrow, and the transverse strain was distributed in a bottle-shaped
manner. However, ‘flexural’ behavior occurred when the pad width was large, and
transverse strain was dominated by flexural strains in the flange.

e The transition between ‘bursting’ and ‘flexural’ behavior occurred when the bearing pad
width was approximately equal to 60% of the bottom flange width. This pad width also

corresponded to the minimum transverse tensile strain.
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e Steel bearing plates reduced the magnitude of transverse strain in the concrete adjacent to
the plate, but the strain dissipates significantly with increasing distance from the plate.
This effect was most pronounced when the bottom flange was acting in the “flexural’
mode.

e For the applied loads in the analytical study the transverse force in the bottom flange was

approximately 25% of the reaction force.
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8 End Region Design Models

AASHTO LRFD contains prescriptive requirements for the quantity and placement of
confinement reinforcement located in the bottom flange of pretensioned concrete I-girders. A
rational model for designing confinement reinforcement was developed as an alternative to the
prescriptive requirements of AASHTO LRFD. The model considers a wide range of conditions
and variations, yet is intended to be practical enough for use by bridge design engineers. The
model is based on the ultimate strength limit state and specifically focuses on preventing lateral-
splitting failures.

In addition to ultimate strength, serviceability of I-girder end regions must also be
considered. Experimental and analytical research presented in previous sections has
demonstrated that transverse tensile stress in the bottom flange of pretensioned I-girders can lead
to flange splitting cracks during fabrication. A serviceability design model was developed for
quantifying bottom flange splitting stress. Stress from the model can be compared to concrete
tensile capacity to determine the likelihood of bottom flange splitting cracks.

Detailed derivations of the confinement reinforcement and serviceability models can be

found in Appendix G.

8.1 Confinement Reinforcement Design Model
Experimental and analytical work from the previous sections has shown that confinement

reinforcement carries transverse tension forces due to prestressing and applied loads. By
carrying these forces the confinement reinforcement functions to prevent lateral-splitting failure
and provides a normal force whereby strand tension forces can be transferred to the concrete
after strut-and-tie behavior has initiated. The confinement reinforcement design model was
created to address each of these functions. Forces generated due to these functions are referred
to as the transverse tie force (Frry), and the strand anchorage force (Fsay). An equation for

calculating Frr, was derived using strut-and-tie modeling:

Fppy = Ru( Ty ) [(bf ~bw) 54 (f—f) + 3] 8-1

Nstrands 3 tf
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Where:
R,= Factored reaction force

nt = Number of strands in the outer portion of the flange (Figure 51)
Nstrands =  Total number of strands
bs = Bottom flange width
bw= Web width
tr = Minimum thickness of bottom flange
W, = Width of bearing pad

Inner portion of flange
(aligned with edges of web)

Outer portion of flange

N, = total number of fully bonded strands in bottom flange

N, = number of fully bonded strands in outer portion of flange
(one side only)

Figure 51-Definition of number of strands in outer portion of flange n;

An equation for Fsa, was derived using a shear-friction model:

Aps = Cross-section area of all prestressing strands
foe= Effective prestress
nc. = Number of strands along critical section
u = Coefficient of friction between concrete and strand, taken as 0.4

The model requires that the confinement reinforcement be designed for a factored tension force

taken as the greater of Frry and Fsay:
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FCRU = maximum (FSA, FTTU.) 8-3
Where:

Fcre = Factored design force in confinement reinforcement

The quantity of confinement required at ultimate load is equal to the confinement reinforcement

design load divided by the specified yield stress of the reinforcement:

Where:
Acr = Required area of confinement reinforcement
fycr = Yield stress of confinement reinforcement

Results from the experimental program demonstrate that confinement reinforcement is
most effective when placed near the end of the girder. As such, confinement reinforcement
required by Equation 8-4 should be placed as close to the end of the girder as reasonable, but
should also be placed over a distance of at least the transfer length.

Where bearing plates are provided the model allows the cross-sectional area of the
bearing plate to account for up to 50% of the required confinement reinforcement.

The design model was compared to data from the small beam and FIB-54 experimental
programs as well as to experimental results published in the literature. Figure 52 compares
confinement reinforcement installed in each test girder with the required confinement
reinforcement calculated using the proposed model (Equation 8-4). The factored reaction force
used to calculate the transverse tie force (Frry) was taken as the nominal shear strength.
Provided confinement reinforcement, plotted on the vertical axis, was taken as the area of
confinement reinforcement placed within the transfer length. If present, the embedded steel
bearing plate area was allowed to contribute up to 50% of the confinement requirement.

Prestress losses were assumed to be 20 percent.
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Figure 52-Design model compared to nominal strength of experimental girders

Points below the solid line have less confinement than calculated by the model, and were
predicted by the model to fail due to splitting or lateral-bursting. The proposed model correctly
identified all but two of the specimens that failed in lateral-splitting, bearing, or similar modes.
Splitting and similar failures are denoted by the ‘X’ markers. The model incorrectly predicted
failure in eight cases, as denoted by the diamond shaped markers below the solid line. In most
cases where the failure mode was not accurately predicted, the provided confinement
reinforcement was within 1.5 in® of the calculated requirement, indicating a desirable degree of

conservatism in the model.

8.2 Serviceability Model
Experimental results from the FIB-54 and FIB-63 test programs demonstrate that splitting

cracks can form in the bottom flange of I-girders due to prestressing forces. A model was
developed for calculating tensile stresses that cause the flange splitting cracks. The following
phenomena lead to transverse tensile stresses and are thusly considered in the serviceability
model:

e Hoyer effect

e Eccentric prestress forces

o Self-weight reaction
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Concrete stresses due to eccentric prestress forces are referred to in the design model as
“peeling stress”. This term was selected because the eccentric prestress forces act to “peel” the
outsides of the bottom flange away from web (Figure 28). Concrete stresses due to the Hoyer
effect are referred to as “Hoyer stress.”

FE modeling (Appendix H) has shown that self-weight reaction stresses (due to Poisson’s
effect) at the end surface of FIB girders can be neglected at locations in the outer portion of the
bottom flange. As such, stress due to self-weight was assumed to be zero for comparison of the
serviceability model with experimental results from the FIB-54 and FIB-63 test programs. This
assumption may not be reasonable for all cross-sections.

Vertical splitting cracks can occur at multiple locations in the bottom flange (Figure 53).
Derivation of the serviceability model focused on splitting cracks through the outer portion of the
flange. Bottom flange splitting cracks below the web were not considered because they are
associated with extreme strand bond patterns that are not permitted in FDOT production girders.

An outside-in strand release pattern is commonly used in FDOT production girders. As
such, this is the pattern considered in the serviceability model. The model does not apply to
girders with other strand release patterns.

Two critical conditions (Figure 54) are considered in the design model:

e Maximum Peeling. The FIB-54 experimental program (Appendix D) and finite
element modeling (Appendix F) have shown that the maximum peeling stress
along a given section occurs when only the outboard (closer to the outside edge)
strands are cut. This condition is referred to as the “maximum peeling” condition.

e Combined. This condition occurs when strands along a given section are cut and
Hoyer stresses are superimposed with peeling stress. It is referred to as the
“combined” condition.

The model does not consider stress conditions when inboard (closer to the centerline)
strands have been cut. FE modeling (Appendix F) has shown that cutting of inboard strands

reduces peeling stresses at the end of a girder.
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Figure 53-Flange splitting in experimental girder
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Figure 54-Strand release conditions

The serviceability model can be used to calculate average stress at the end of a girder
along a vertical line through the flange. For FIB girders, the model can be used to calculate
average stress at the member end along lines A through E as shown in Figure 55. The worst
stress along any of these lines, and for either of the critical stress conditions (maximum peeling

or combined), is the governing stress that should be used for comparison with the concrete
tensile capacity.
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Figure 55—-Analysis sections for FIB bottom flange

Peeling stress calculations are based on the free body diagram shown in Figure 56. This
figure shows peeling stresses at the end of the member that result from an internal moment in the
bottom flange. The internal moment is created by eccentricity between the applied prestressing
force and the resultant axial force. Additional details and justification for this approach are given
in Appendix G. Equation 8-5 was derived from the free body diagram and can be used for

calculating peeling stresses at the end of a member.
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ftos =

fios = Peeling stress at location under consideration
= Prestressing force from strands outboard of cut plane
Xp = Distance from cut plane to centroid of prestressing force
= Internal moment arm in y-direction (see Appendix G for equations)
ls= Length of the assumed tensile stress distribution
ns¢ = Quantity of all strands along location under consideration
d, = Diameter of prestressing strands

Hoyer stress calculations are based on a model derived by Oh et al. (2006). The Oh
model considers constitutive and geometric properties of steel and concrete as well as the level
of prestressing. Building on the Oh model, Equation 8-6 was derived for calculating Hoyer
stresses. Stress calculated by this equation is the average stress on a vertical line through the
bottom flange at the end of a member. Stressing 0.6-in. diameter strands to 75% f,, causes a

0.21% decrease in strand radius.
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Ve =
Ec.=

ng dp To —1j
he — nstdb) (1 — vp) 10/Ep + (ve + D13 /E;

= 8-6
fh (

Average stress at location under consideration due to Hoyer Effect
Quantity of fully bonded strands along location under consideration
Diameter of prestressing strand

Thickness of flange at location under consideration

Quantity of all strands along location under consideration

Strand radius before pretensioning

Strand radius immediately after pretensioning

Strand Poisson ratio

Strand Elastic Modulus

Concrete Poisson ratio

Concrete Elastic Modulus

Stresses calculated using the serviceability model correlate well with flange crack data

from the FIB-54 and FIB-63 test girders (Figure 57). This can be seen from the linear curve in

Figure 57 that is fit to the stress and crack data. The line has an R? value of 0.85, indicating a

high degree of correlation between calculated stresses and experimental crack lengths.

Considering the random nature of cracking in concrete, this level of correlation suggests that the

model does an excellent job of capturing the physical phenomenon which cause bottom flange

splitting cracks.
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Figure 57-Calculated transverse splitting stress vs. experimental crack length
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8.3 Ultimate Strength Design of Confinement Reinforcement
The ultimate strength model derived previously can be used for AASHTO LRFD design

using 8-7:
bAcrfycr = Feru 8-7
Where:
Acr = Required area of confinement reinforcement
fycr = Yield stress of confinement reinforcement
¢ = Resistance factor

The required area of confinement reinforcement is such that the confinement
reinforcement must provide a design strength greater than the force generated by the strand
anchorage or the transverse tie. The resistance factor should be determined using the AASHTO
LRFD reliability analysis of the limit states. In lieu of this it is reasonable to treat this

reinforcement the same as tension steel in an anchorage zone (¢ = 1.0).

8.4 Conclusions
Models were derived for designing confinement reinforcement and for calculating

transverse tensile stresses in the bottom flange of I-girders. The confinement reinforcement
model can be used to design confinement reinforcement to resist lateral-splitting failure at
ultimate load. The tensile stress model can be used to determine the likelyhood of flange
splitting cracks at the serviceability limit state. Both models were found to compare favorably

with experimental data.
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9 Recommendations

Based on the literature review, experimental, and analytical work detailed in this report,

the following recommendations are made:

Load rating of lightly reinforced sections similar to SR-72 girders:

The experimentally determined shear capacities should be considered when evaluating
girders similar to the SR-72 test girders. Experimental capacities of interior girders were
approximately 70% larger on average than capacities calculated by ACI 318 and
AASHTO LRFD methods.

Concrete shear contribution, as calculated by ACI 318 or AASHTO LRFD methods, are
recommended for estimating the cracking load of girders similar to the SR-72 test girders.
Concrete contribution as calculated by ACI 318 and AASHTO methods were,
respectively, 17% and 32% lower than the experimental cracking loads.

Strength contribution from integral curbs and barriers can be conservatively neglected
when analyzing members similar to the SR-72 test girders. Should evaluations show that
contribution of curbs is critical, it is noted that exterior girders with integral curbs had
30% greater shear capacity than similar interior girders without curbs. Test girders with
curbs also exhibited increased stiffness over interior girders.

Evaluations of members similar to the SR-72 test girders should consider the possibility
of prestressing forces up to 50% lower than the specified prestress. The large difference
between the specified and experimental values may indicate quality control issues in
addition to higher than expected losses.

Confinement reinforcement and bearing plates in precast/pretensioned I-girders:

The end region design procedures developed as part of this research provide a rational
approach for designing confinement reinforcement for both service and strength
conditions. Full scale testing and the end region design provisions indicate that the
current FDOT confinement reinforcement is adequate for girders up to at least FIB-63.
The current detail places #3 confinement reinforcement at 3.5-in. spacing over a distance
approximately 0.3d from the member end and at 6-in. spacing over a distance
approximately 1.5d from the end. The current detail also includes an embedded steel
bearing plate at each member end.

In special cases where additional bottom flange crack control or lateral-splitting capacity
IS required, #4 bars should be used for confinement reinforcement in lieu of the currently
specified #3 bars. Such cases may include: girders with factored reaction forces larger
than the experimental capacities from the test program, girders in aggressive
environments wherein flange cracking is a critical durability concern, girders with
partially bonded strands clustered below the web, and/or girders without embedded steel
bearing plates.

BDK75 977-05 Page 68



Embedded steel bearing plates performed well in the research program and are
recommended for continued use. Bearing plates utilizing the current FDOT design
standards improved the test girders with respect to serviceability and strength criteria.
Use of longer studs on bearing plates is recommended for future research. It is believed
that longer studs will engage a greater portion of concrete, thereby providing additional
confinement to the bottom flange. Wider (in the direction of the span length) bearing
plates are also recommended for future research. Wider bearing plates may prevent
cracking near the member end, and thereby improve bond-shear capacity.

Strand and partial debonding patterns:

Fully bonded strands should be placed as close to the cross-section centerline and with as
much top cover as practical. This practice will reduce the likelihood of bottom flange
splitting cracks forming and propagating during and following prestress transfer. In
addition, the potential that lateral-splitting failure will control the shear strength will be
reduced.

Current AASHTO LRFD limits on termination of strand shielding at a given section are
recommended for controlling flange splitting cracks within the transfer length of partially
shielded strands. Confinement reinforcement is believed unnecessary at these locations if
shielding termination complies with the AASHTO LRFD limits.

Although further research is needed, this project has demonstrated that the percentage of
shielded strands can reasonably exceed the 25% limit currently specified by AASHTO
LRFD if sufficient reinforcement and strands are provided to meet minimum longitudinal
steel requirements at the girder end. As currently specified by AASHTO LRFD, any lack
of full development must be considered when evaluating the minimum longitudinal steel.
Partially shielded strands (when used) should be placed towards the outside of the bottom
flange. Clustering of shielded strands below the web is strongly discouraged.

Prestress force in the outermost strands in the bottom two rows should be reduced from
the currently specified level for the FIB sections. A prestress force of 10 kip is
recommended in order to support reinforcement during fabrication. This practice will
reduce the likelihood of bottom flange splitting cracks and lateral-splitting failure.

End region detailing to prevent/control lateral web splitting cracks:

The current FDOT detail for vertical end region reinforcement is recommended for
continued use. In spite of high stresses in the end region of the test specimens, the FDOT
detail kept crack widths within the FDOT acceptance criteria for moderate environments.
Strand shielding is recommended for use in controlling end region stresses and web
splitting cracks. Negative effects of shielding on end region capacity and cracking load
must be considered when utilizing strand shielding to control web cracks.

The post-tensioning detail used in the FIB-63 test program is not recommended for use in
its current form. Issues with this detail included cracks propagating from the post-
tensioning bearing plate and vertical cracking from the end of the bottom flange due to
development of the post-tensioning rods.

Increasing the area of vertical reinforcement in the end region beyond the current FDOT
level is recommended when circumstance warrant. The use of 1-in. diameter all-thread
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rods is recommended as a means of increasing the area of vertical reinforcement. If used,
heavy nuts should be placed top-and-bottom of the rods to aid in development. One
option is to anchor bars by threading into tapped holes in bearing plate or nuts welded to
top of plate surface.

. Horizontal reinforcement in the end region was omitted from FDOT standard details
beginning with the 2010 interim design standard. The decision to omit horizontal
reinforcement was validated by the experimental program. Experimental capacity of
girders with and without horizontal end region reinforcement differed by a marginal 2%.
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1 Introduction

This appendix contains a review of the literature and other background information
germane to the experimental and analytical research presented in subsequent appendices. Table
1 lists the sections and topics contained in this appendix and those appendices for which the
topics specifically apply. To assist the reader, additional background information is also briefly

discussed in the individual appendices.

Table 1-Literature review topics and relevant appendixes

Section Topic Relevant Appendices
A2 Glossary General to entire report
A3 Confinement Reinforcement Appendix B — Small Beam Test Program

Appendix D — FIB-54 Test Program
Appendix F — Finite Element Analyses
Appendix G — End Region Design Models

A4 Web Splitting Appendix E — FIB-63 Test Program
A5 Flange Effect on Shear Strength Appendix C — SR-72 Test Program
A6 Curb Contribution to Girder Behavior | Appendix C — SR-72 Test Program
A7 Truss and Arch Action Appendix C — SR-72 Test Program
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2 Glossary

This section discusses some of the terms, phrases, and concepts germane to the study of
pretensioned concrete I-girders.

Confinement reinforcement. Confinement reinforcement is mild steel reinforcement
placed around prestressing strands in the bottom flange of precast pretensioned concrete girders
(Figure 1).

f

|

Za R TR e 9 1 6 O

1.5d min

Confinement Reinforcement
#3 min @ 6 in. max spacing

Figure 1-Confinement reinforcement

End region. The end region is loosely defined as the portion of a girder located within
one and a half member depths from the girder end (Figure 2). The end region serves two critical
functions: 1) Force transfer between the prestressing strands and concrete, and 2) Delivery of
shear forces to the support. Mild reinforcement, including confinement reinforcement, is placed

in the end region to aid in these functions.
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Figure 2—-End region
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Prestress transfer. In precast pretensioned concrete construction, concrete is cast
around steel strands that have been preloaded in tension. After concrete is sufficiently cured,
tension force in the strands is released, thereby transferring force into the surrounding concrete.
This event is referred to as prestress transfer. Flame cutting of the strands is a common method
of releasing the prestress force. The effects of prestress transfer are important considerations in
the design of end region reinforcement.

Strut-and-tie behavior. After cracking, the behavior of concrete members can be
modeled by a truss analogy. In this analogy, concrete struts carry compressive forces, and steel
ties carry tensile forces (Figure 3). Behavior modeled by the truss analogy is referred to as strut-
and-tie behavior. Strut-and-tie modeling is one approach for designing of end region

reinforcement.

i
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Figure 3-Strut-and-tie behavior

Shear span. Shear span is the horizontal distance from the support to the point of load
application (Figure 4). Shear span-to-depth ratio (or a/d ratio) is often used to describe the
loading condition of concrete members. Shear behavior is, among other factors, a function of
the shear span-to-depth ratio. Strut-and-tie modeling is generally appropriate for members

loaded with relatively small shear span-to-depth ratios.
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Figure 4—Shear span

Transfer length. Transfer length is the length over which prestressing force is
transferred from prestressing strands into the surrounding concrete (Figure 5). Transfer length
occurs within the end region. By design the prestress force in a strand is always less than

ultimate capacity. Hence transfer length is not equivalent to the length required for full strand
development.

Transfer Length

Pretensioned Girder -
(side view)

Tension in Strand

pe

pe

Comp. in Concrete
(at neutral axis)

Note: F,, = Effective Prestress Force

Figure 5-Transfer length
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Development length. Development length is the length of concrete embedment required
to fully anchor prestressing strands. Strands with full development length can carry their
ultimate tensile capacity (Figure 6). Development length is greater than transfer length.

Development Length

Transfer Length
Pretensioned Girder AN
(side view)
Tension in Strand 0
<
Fre
» Fpu

Note: F,, = Effective Prestress Force
F,, = Ultimate Strand Force

Figure 6-Development length

Strand debonding (shielding). Stress in pretensioned concrete girders can be controlled
by selectively preventing force transfer between strands and concrete. To prevent force transfer,
strands are debonded (also called shielding), at the ends of the beam. Debonding is
accomplished by placing a sleeve over the strand to prevent bond with the concrete. Debonding

moves the transfer length of shielded strands away from the girder end (Figure 7).
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Figure 7-Strand debonding (shielding)

Strand Slip. Strand slip is movement of prestressing strands relative to the surrounding
concrete due to applied loads. Strand slip generally occurs after the formation of cracks within
the strand development length. These cracks reduce the available bond length for developing the
strands, thus leading to strand slip once load on the strands exceeds capacity along the reduced

embedment length. Strands can still partially develop even after the onset of slip.
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3 Confinement Reinforcement

This chapter summarizes the work of other researchers regarding confinement
reinforcement and other relevant topics. It is organized topically, beginning with a discussion of
end region failure modes. Code requirements regarding confinement reinforcement and end

region detailing are also summarized.

3.1 End Region Failure Modes
The end region of pretensioned girders can fail in modes other than basic “flexural

failure” or “shear failure.” Two such failure modes are bond-shear failure and lateral-splitting
failure. Both of these modes have been observed experimentally, and have relevance in the

study of confinement reinforcement.

3.1.1 Bond-Shear Failure
After cracks form in the end region, load is carried by a strut-and-tie mechanism (Figure

8). If cracks form near the girder end then strand anchorage is interrupted, and the strands may
slip (Figure 9). Bond-shear failure occurs when strands can no longer support load, or when the
compression zone crushes due to the rotation allowed in-part by strand slip. This type of failure
can be very sudden and has also been called “bond-tension failure” or “bond failure.” Bond-
shear failure has been observed during load tests of girders without confinement reinforcement
(Maruyama and Rizkalla 1988, Kaufman and Ramirez 1988, Englekirk and Beres 1994, Llanos
et al. 2009), as well as during tests of girders with confinement reinforcement (Deatherage et al.
1994, Barnes et al. 1999, Kuchma et al. 2008).
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Figure 8-End region strut-and-tie behavior
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M

Figure 9-Bond-shear failure.

3.1.2 Lateral-Splitting Failure
As with bond-shear failure, lateral-splitting failure occurs after cracks form in the end

region and the girder begins strut-and-tie behavior. In this failure mode, splitting cracks (Figure
10) form due to transverse stresses above the support (Llanos et. al. 2009, Csagoly 1991).
Splitting cracks can lead to strand slip relative to the surrounding concrete. In girders without
confinement reinforcement the formation of splitting cracks and the associated strand slip can
lead to sudden girder failure. Development of transverse forces and their relationship to
confinement reinforcement are primary considerations of the research presented in this
document.

Figure 10 shows a splitting crack forming at the centerline of the cross-section. Splitting
cracks in the outer portion of the bottom flange have also been observed experimentally (Llanos

et. al. 2009). Splitting cracks in the flange can also lead to sudden girder failure.
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Figure 10-Splitting crack

3.2 Code Requirements
Confinement reinforcement is required by AASHTO LRFD article 5.10.10.2 (AASHTO

2009). Figure 1 graphically presents the confinement reinforcement requirements. The
requirements are prescriptive, meaning that confinement reinforcement is not designed, but is
rather specified according to the strict “recipe.” The function of confinement reinforcement is not
discussed in the code or in the associated commentary.

Strand shielding is addressed by AASHTO LRFD article 5.11.4.3. This article limits
shielding to no more than 25% of strands in a girder. Limits are also placed on the percentage of
shielded strands in a given row (40%) and the quantity strands that can have shielding terminate
at the same section (greater of 40% or four strands). Shielding is required to be symmetric about
the cross-section centerline.

Article 5.8.3.5 addresses the amount of longitudinal steel required at any section,
including sections near the supports. Requirements at the support are based on a strut-and-tie
model similar to that shown in Figure 3. Sufficient steel must be provided to support the
horizontal tie force above the bearing. To prevent bond-shear failures the article states that,

“Any lack of full development shall be accounted for.”
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3.3 Confinement Reinforcement during Prestress Transfer
In addition to design for ultimate loads, pretensioned girders must also be designed and

detailed for serviceability criteria arising from fabrication, shipping, deck placement, and
service. Loads from prestress transfer in particular can have negative consequences on
performance and durability of girders. Llanos et al. (2009) observed splitting cracks at prestress
transfer (Figure 11) in the bottom flange of test girders. Splitting cracks formed due to a
problematic strand-shielding pattern wherein fully bonded strands were placed in the outer
portion of the flange and shielded strands were placed below the web. Splitting cracks were
allowed to propagate because confinement reinforcement was not present. Other researchers
(Russell and Burns 1996) recommended the use of confinement reinforcement to prevent
splitting at prestress transfer.

Figure 11-Splitting crack at prestress transfer

Russell and Burns (1996) investigated transfer length for 0.5 and 0.6 in. diameter

prestressing strands in girders with and without confinement reinforcement. The authors’ state:
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Overall, confining reinforcement had little or no effect in improving the transfer lengths.
In fact, the measured transfer lengths for strands confined by mild steel reinforcement were
marginally longer than strands where confinement was not provided.

Other authors have reported similar findings for 0.7 in. diameter strands (Patzlaff et al.
2010, Akhnoukh 2010). None of the authors investigating transfer length in confined girders
reported splitting cracks during prestress transfer. Each concluded that the negligible impact on
transfer length was due to the inactivity of confinement reinforcement in the absence of cracking.

Work regarding confinement reinforcement in the anchorage zone of post-tensioned
concrete members has been conducted by Breen et al. (1991) and Roberts (1990). These works,
while useful for post-tensioned members, do not apply directly to the design of pretensioned
members. In post-tensioned concrete, prestress force is transferred to the concrete in a relatively
small local zone. In pretensioned concrete, however, the prestress force is transferred to the
concrete over the relatively large strand transfer length. The local zone in post-tensioned
members is analogous to an axially loaded column, and confinement reinforcement for the local
zone can be designed using an approach similar to columns. As demonstrated in subsequent
chapters of this document, confinement in the bottom flange of pretensioned I-girders is used to
control cracks and to carry transverse tension forces. These functions are distinct from
confinement reinforcement in columns and post-tensioned local zones, which provide

confinement to axially loaded concrete.

3.4 Confinement Reinforcement during Loading
Confinement reinforcement has been shown to affect girder performance under applied

loads. This section summarizes previous research investigating the effects of confinement

reinforcement on girder strength and behavior during loading.

3.4.1 Shear Capacity
Csagoly (1991) tested 16 pretensioned girders, some with confinement reinforcement and

some without. Confinement reinforcement improved shear capacity by an average of 13%
relative to girders without confinement. Shahawy et al. (1993) also tested girders with and
without confinement reinforcement; results indicated that confinement reinforcement improved

shear capacity by 10% to 17%.
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3.4.2 Transverse Reinforcement
In some cases, equilibrium of strut-and-tie systems requires the formation of tension ties

in bottom flange in the transverse direction. If confinement reinforcement is not provided to act
as the transverse tie, concrete must carry the tension force. This condition is undesirable, and
has been found culpable in splitting cracks by Csagoly (1991) and Llanos et al. (2009).
According to Csagoly, splitting cracks result from “the spreading of the reaction force
above the bearing.” This concept is shown graphically in Figure 12. A transverse force T is
formed to maintain static equilibrium as the reaction force is spread from the web to the bearing

pad. Splitting cracks form when the transverse force exceeds the concrete tensile capacity.

Figure 12-Transverse tie above bearing (after Csagoly 1991)

Llanos et al. (2009) also observed splitting failures in load tests of full-scale girders, and
likewise attributed these failures to transverse forces above the support. Mechanics leading to
these transverse forces were different from the Csagoly model, and are described by Figure 13.
Figure 13a is a model of a girder with bonded strands below the web. Inclined compressive
forces travel through the web, arriving at a node above the support. A tie resists the horizontal
component of the inclined force. Because strands are fully bonded, they can act as the tie, and
equilibrium is maintained. In contrast to Figure 13a, Figure 13b models the condition from the
Llanos et al. test girders in which fully bonded strands were located at the edges of the flange.

Because only the strands in the outside portion of the flange were bonded near the support, they
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were the only strands able to act as ties (Figure 13b). This resulted in a disruption of the node at
the support point. Because of the offset between the strut in the web and the two ties (fully
bonded strands) in the bottom flange, secondary struts formed to transfer the load laterally to the
nodes at the ties. Additional secondary struts were essential between the support and the nodes
at the ties to complete the load path to the support. Both pairs of secondary struts induced
horizontal components that acted transverse to the beam.

© Node

Figure 13-End region strut and tie models A) with fully bonded strands below web and B)
debonded strands concentrated below web.

Test beams had no reinforcement (such as confinement reinforcement) to support the
transverse force, and edges of the bottom flange peeled or split away at failure (Figure 14). The
authors speculate that “[confinement] reinforcement might have held the bulb together after

cracking.”
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Figure 14-Flange cracking in girder with debonded strands concentrated below web A) side
view and B) end view.

3.4.3 Vertical Reinforcement
Another possible function of confinement reinforcement is that of vertical, or “shear”

reinforcement. Csagoly (1991) proposed this function and included it in a strut-and-tie model of
the end region. In the model, inclined cracks crossing confinement reinforcement mobilize the
confinement steel, thereby generating a vertical force that contributes to the end region shear

capacity (Figure 15).
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Figure 15-Confinement reinforcement as shear reinforcement
3.4.4 Ductility
Morcous et al. (2010) noted an improvement in ductility in girders with confinement
reinforcement. Work presented in Appendix B and Appendix D confirm Morcous’s finding and
provide information on the mechanisms by which confinement reinforcement leads to improved

ductility.

3.4.5 Development Length
By restraining cracks, confinement reinforcement may reduce strand development length.

To test this possibility, Patzlaff et al. (2010) load tested (6) pretensioned concrete T-beams with
varying configurations of confinement reinforcement. In all cases, the girders failed in flexure,
and at loads sufficient to fully develop the strands. Because the strands reached full development
in all tests, no conclusions were made regarding the effect of confinement reinforcement on
development length.

Akhnoukh (2010) investigated the effects of confinement reinforcement on development
length by conducting pullout tests of 0.7 in. diameter strands embedded in 4 ft, 5 ft, and 6 ft long
concrete prisms. Specimens also varied in the quantity and spacing of confinement

reinforcement. Pullout tests were terminated when the strand ruptured or when the strand

BDK75 977-05 Page 93



slipped relative to the concrete. The 4 ft specimens with (5) #3 confinement hoops always
flailed by strand rupture, whereas the majority of the 4 ft specimens with (3) #3 confinement
hoops failed by strand slip. The author concluded that confinement reinforcement decreased the

development length.

3.4.6 Shear Friction
Akhnoukh (2010) proposed a shear friction method for designing confinement

reinforcement. Currently this is the only design method in the literature. The Akhnoukh method
is based on an assumed crack running through a row of strands, which engages the confinement
reinforcement thereby inducing normal and friction forces on the crack plane (Figure 16).
Equilibrium is applied in the longitudinal direction to equate the friction force with the force in
the strands, resulting in Equation 1. Akhnoukh applied this model to design confinement
reinforcement for the strand pullout tests discussed previously. It was concluded that the shear-
friction concept can be used to quantify the effect of confinement reinforcement on strand

development.

l A AR

Figure 16—Shear-friction model (Based on Akhnoukh 2010).

A = 4, f Equation 1
oaf,
Where:
As = Area of transverse (confinement) reinforcement crossing crack (in?)
Aps = Total area of prestressing strand (in)
fiy = Yield strength of transverse (confinement) reinforcement (ksi)
fos = Stress in prestressing strands at ultimate capacity (ksi)
u = Coefficient of friction
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3.5 Hoyer Effect
The diameter of prestressing strands decreases due to the Poisson effect as strands are

pretensioned (Figure 17). Upon release, strand tension at the end of the member is relieved, and
the strand diameter increases. The surrounding concrete resists the increase in diameter, which
causes tensile stress in the concrete and develops mechanical bond between the strand and
concrete. Radial strand expansion and concrete tensile stress are greatest at the member end.
Radial strand expansion and the associate concrete tensile stresses are zero at the end of the
transfer length. This condition is referred to as the Hoyer Effect and is the primary contributor to
strand-concrete bond capacity. This effect is named for Ewald Hoyer, the German Engineer who
first discussed radial expansion of prestressing strands (Hoyer 1939).

Oh et al. (2006) derived a model for transfer length that accounts for the Hoyer effect.
The Oh model is rigorous, utilizing equilibrium, material constitutive properties, and strain
compatibility. The model can be used for calculating stresses at the strand-concrete interface and
for calculating tensile concrete tensile stresses. Building on the equilibrium-compatibility
portion of the model, Oh then considers the effects of concrete cracking adjacent to the strands
within the transfer length. The full model (including crack effects) was compared to

experimental tests of transfer length and found to have good correlation.
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Figure 17-Hoyer effect in A) Strand before stressing, B) strand after prestressing, C) concrete
cast around strand, and D) stresses and forces after transfer
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3.6 Summary
The following conclusions are made based on the aggregate findings of the relevant

literature. Results from two or more authors support each conclusion.

The presence of confinement reinforcement does not prevent strand slip
Confinement reinforcement is inactive until engaged by cracks in adjacent
concrete

Confinement reinforcement has negligible effect on transfer length in uncracked
concrete

Confinement reinforcement improves shear capacity and ductility of girders
Transverse tensile forces forming above the bearing can lead to splitting cracks in
concrete girders

Transverse tensile forces form due to applied loads and the Hoyer effect

Based on limited treatment or complete absence in the literature, the following topics are

deserving of additional attention:

Function of confinement reinforcement at prestress transfer and ultimate strength
Effect of confinement reinforcement on development length

Optimal quantity and placement of confinement reinforcement

Relationship between confinement reinforcement and splitting failure

Effect of prestress force on bottom flange transverse tensile stress

Effect of confinement reinforcement on strand-concrete bond capacity
Interaction of confinement reinforcement with other end region variables

Rational confinement reinforcement design methods
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4 Web Splitting

Web splitting cracks are the horizontal or diagonal cracks that form in the end region of
pretensioned concrete I-girders during or following the prestress transfer (Figure 18). Elsewhere
these cracks are referred to as “bursting”, “spalling”, or “splitting” cracks. Reinforcement for
controlling these cracks is referred to as “bursting” resistance in the 2007 AASHTO LRFD code

and “splitting” resistance in the 2010 code. For the purposes of this report these cracks will be
referred to as web splitting cracks.

Figure 18-Web splitting cracks (enhanced in blue)

Beginning the 1950s, many researchers have attempted to model stresses in the concrete
that lead to web splitting cracks. Other researchers have focused on controlling web splitting
cracks through strength evaluation of the vertical reinforcement in the end region. This review
of literature will discuss both of the above approaches as well as outlining current code

requirements and crack treatment protocols.
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4.1 Code Requirements
AASHTO provisions for web splitting reinforcement were first introduced in 1961 and

have undergone little revision since that time (Tadros 2010). Provisions were influenced by the
work from Marshall and Mattock (1962).

The 2010 AASHTO LRFD Bridge Design Specifications require sufficient vertical
reinforcement to resist a force equal to at least 4% of the total prestressing force while limiting
the allowable stress in the reinforcement to 20 ksi. The reinforcement must be within h/4 (where
h is the height of the beam) of the end of the beam and the end bar should be as close to the end

of the beam as practicable. The required end region vertical reinforcement can be taken as:

Fy; .
A; =0.04— Equation 2
fs
where:
A = total area of vertical reinforcement located within the distance h/4 from the end of
the beam (in?)
Fpi = prestress force at transfer

fs = stress in steel not exceeding 20 ksi

4.2 Modeling of Web Splitting Cracks
As noted by Dunkman (2009) models addressing web splitting cracks have typically been

based one of two approaches. The first approach focuses on calculating concrete stresses that
lead to web splitting. The other approach focuses on calculating the required strength of the end
region, particularly vertical reinforcement, to prohibit excessive crack sizes. Both modeling

approaches are discussed in this section.

4.2.1 Stress Modeling
Numerous methods have been used to calculate stresses that cause web splitting cracks.

Analytical methods employing elastic, inelastic, and plastic assumptions have all been used with
various degrees of success.

Currently finite element analysis (FEA) is the favored analysis approach due to method’s
ability to model stresses in members with complicated loadings and geometry. FEA has been
used by Breen et al. (1994), and Kannel et al. (1997). Other analysis approaches include infinite
series (lyengar 1962) and finite difference approaches (Gergely et al. 1963). Guyon (1955)

developed a method of analysis using a symmetric prism method, which is limited to the region
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directly adjacent to the prestressed force and subsequently only useful in estimating bursting
forces and not splitting forces. This approach has been influential in the development of
European codes (Dunkman, 2009).

Inelastic analysis was employed by Gergely et al. (1963) to produce the Gergely-Sozen
model. Their approach assumed an initially cracked cross section and was based on equilibrium
of the end region. The Gergely-Sozen model gives a conceptual framework for describing the

formation of tensile forces in the web (Figure 19).
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Figure 19-Free-body diagram based on Gergely-Sozen model (after Gergely et al. 1963)
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where:
P = prestress force
z = height of section analyzed
h = member depth
a = height of prestressing force
T = web splitting tensile force
M = resulting moment and shear forces

C = resulting compression fields
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4.2.2 Strength Modeling
Marshall and Mattock (1962) and Gergely et al. (1963) are frequently credited as

landmark studies that recognized the need to develop a pragmatic approach for designing
transverse reinforcing steel in the end region. The Gergely-Sozen model discussed above
provides one method for estimating the force to be resisted by the transverse steel. Marshall and
Mattock developed Equation 4 for calculating the required area of steel in the end region. This
equation was incorporated into AASHTO design standards with slight modifications. To be
more conservative the 1962 AASHTO code implicitly changed the ratio of h/l;to 2. More
recently, an experimental investigation by Tuan et al. (2004) has confirmed Marshall and
Mattock’s equation and suggested that 50% of the area of steel be concentrated to within h/8

from the end of the member and the balance between h/8 and h/2.

P h .
A, =0.021—— Equation 3
fs Lt
where:
A; = required transverse reinforcement at the member end
P; = prestress force at transfer
s = maximum allowable stress in reinforcement (20 ksi)
h = member depth

I; = strand transfer length

Strut-and-tie modeling (STM) has also been used to design reinforcement for controlling
web splitting cracks. STM has been influential in the development of European codes and has
been investigated by numerous researchers (Schlaich et al. 1987, Castrodale et al. 2002, Davis et
al. 2005, and Crispino 2007).

4.3 Treatment of Web Splitting Cracks
Treatment protocols for web splitting cracks are typically based on the beam exposure

conditions and width and location of cracks. Historical recommendations for the allowable crack
widths and treatment procedures are provided in Tadros et al. (2010). Table 2 and Table 3 list
treatment procedures from Tadros et al. (2010) and FDOT Specification 450 (2012). Although
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not listed in this document, recommendations for treating web splitting cracks have also been
made by PCI (1999) and CEB (1993).

Table 2—Crack treatment procedures as recommended by Tadros et al. (2010)

Crack Width Recommended Action

<0.012in. Left unrepaired

0.012 - 0.025 in. Repaired by filling the cracks with approved specialty cementitious materials,

and the end 4 ft of the girder side faces coated with an approved sealant

0.025 - 0.050 in. Filled with either epoxy injection or cementitious patching material

(depending on crack width) and the surface coated with a sealant

> 0.05in. Girder rejected

Table 3—Crack treatment procedures as recommended by FDOT Specification 450 (2012)

Crack Classification

Environment

Action

Cosmetic cracks

Slight - Moderate

Do not treat

(>0.012 in.)

(<0.006 in.) Extreme Apply penetrant sealer
Slight Do not treat
Minor crackg Moderate Beam E_Ievation > 12 ft - Do not treat
(0.006 - 0.012in.) Beam Elevation < 12 ft - Apply penetrant sealer
Extreme Inject epoxy
Major crack All Engineering evaluation required
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5 Flange Effect on Shear Strength

Contributions of compressive flanges to shear capacity of concrete beams are typically
not considered in design codes. This practice is conservative as multiple researchers have shown
that flanges, such as those on T-beams, do indeed contribute to shear capacity. This section
summarizes the available research regarding shear contribution of flanges.

Leonhardt and Walther (1961) tested a series of RC beams in which the shear
reinforcement, flange width and thickness were held constant while the web thickness varied
(Figure 20). Under both uniform and concentrated loads, the shear capacity of the beams
increased as the web thickness increased. The increase was less pronounced when the web
thickness was greater than about half of the flange width. The increase was also less pronounced

for beams tested with concentrated loads.
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Figure 20-Effect of web width (Leonhardt and Walther 1961)

Placas and Regan (1971) conducted shear tests on beams with constant web width and
varying flange sizes. Figure 21 presents the experimental relationship between shear capacity
and flange width. For constant web thickness, the presence of a flange increases the shear
capacity. The increase in shear capacity, however, is essentially independent of the flange width
for the range tested. The shear capacity also increased as flange thickness increased.
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Figure 21-Effect of flange thickness (Placas and Regan 1971)

Placas and Regan (1971) present Equation 4 for calculating the area of the flange that is
effective in resisting “shearing failure” of the compression zone. Shearing failure is
distinguished from shear-compression failure, which the authors indicate is not a critical mode in
T-beams. Because “shearing failure” is only a function of the compression zone, the web is not

considered to contribute shear strength for this failure mode.

Ar = t(by, + x) Equation 4

Where:

As = Area of the flange effective in resisting shearing failure of the compression zone
t = Thickness of compressive flange

bw = Web width

X = 6” (Based on curve fit with available data)

ASCE-ACI committee 426 (1973) presented a document summarizing research on shear
capacity of reinforced concrete beams. Research by Leonhardt and Walther (1961) and Placas
and Regan (1971) presented in the previous paragraphs was among the work summarized by
committee 426. The committee reported that flexural-compression stresses in the flange are
distributed over a greater width than are the shear stresses and that only the portion of the flange
“immediately adjacent” to the web can contribute to V; (shear contribution of the compression
zone). Accordingly, Equation 5 is presented to address shear contribution from portions of the
flange immediately adjacent to the web. This equation assumes that the shear carried by the
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concrete in the flange is only a function of the flange thickness. The committee suggests that
“For design purposes, however, it seems reasonable to ignore the strengthening effect of the

flange [beyond the portion immediately adjacent to the web].”

Ve = ve(byd + 2h}) Equation 5

Where:

V. = Concrete contribution to shear capacity

V¢ = Shear stress in the concrete

bw = Web width

d = Distance from extreme tension fiber to centroid of tensile reinforcement

h¢ = Depth of compression flange

Giaccio et al. (2002) conducted a series of tests on 15 RC T-beams to evaluate the flange
contribution to shear strength. The test beams where loaded in three-point bending. Variables
included the flange width and thickness. The authors report that portions of the flange beyond
those adjacent to the web will contribute to the shear capacity if a flange thickness is large
enough relative to the beam depth. The flange beyond the web intersection contributed to the
shear capacity if the flange thickness was at least 0.25d (where d is the distance from the extreme
compression fiber to the centroid of the tensile reinforcement). For flanges of sufficient
thickness, the width of the flange contributing to the shear capacity was 4b,, (where by, is the web
thickness). For beams with wide flanges (bs>4b,,), the contribution of the flange was governed
by its punching strength. The ratio of bs>4b,, corresponded to a change in failure mode from a
beam shear mechanism to a punching shear mechanism.

Kostovos et al. (1987) conducted a series of four tests on RC beams to evaluate the effect
of the flange on the shear capacity. Test beams were loaded uniformly, or with two symmetric
point loads. Tied-arch behavior was observed after cracking. Failure of the T-beam shown in
Figure 22, was attributed to instability of the concrete arch after the onset of tied-arch behavior.
Comparing their test results with data from the literature, the authors found that for a given a/d
ratio, the normalized shear carrying capacity of the tested tee beams were as much as 200%

BDK75 977-05 Page 105



larger than rectangular beams. No attempt was made, however, to quantity the effects of the
flange on the shear capacity.

SHEAR TEST NO'2
BlEA Fuif KN

Figure 22-T-beam failure after tied-arch behavior

Chong and Arthur (1987) tested twenty-one RC beams under uniform load. Flange
thickness and width were varied. The tee beams behaved as tied-arches, and failed due to
instability of the arch. The authors report that increased flange thickness increased the load at
the first shear crack, but did not affect the ultimate shear force supported by the beams.

Ibell et al (1999) conducted tests on individual rectangular and T-beams, as well as beam-
slab structures (Figure 23). Individual beams were loaded in three-point bending, and failed in
shear or flexure. The beam-slab structures where loaded by multiple point loads, and failed in
punching-shear, tearing-shear, or flexure. The tearing shear failure was characterized by cracks
in the slab running perpendicular to and between the beams. The tears occurred because the slab
could not support the load induced by differential movement between adjacent loaded and
unloaded beams. Using ACI and BD codes of practice, the authors calculated the predicted
capacity of both the beam-slab structures and the individual beams. Comparing the calculated
capacities with the experimental results, it is noted that: “...while these codes-of-practice predict
relatively accurate two-dimensional beam capacities, they substantially underpredict the
enhancement in shear strength that the redundancy of beam-and-slab bridge provides. This
underprediction, due to membrane enhancement from the surrounding concrete slab, is in the

region of 25 to 35 percent herein, depending on which code-of-practice is used as the basis for
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comparison.” Interior beams particularly benefited from membrane effects and load distribution
to adjacent girders. By monitoring the reactions in the beam-slab structures during testing, it was
observed that the distribution of load was greater than predicted by a grillage analysis, and that

the relative load distribution between beams did not change during the course of the test.
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Figure 23-Beam-slab test specimen (Ibell et al. 1999)

Ruddle et al (2003) investigated the effects of arching action on the strength of
rectangular and T-beams. The authors report both analytical and experimental work. An
analytical model for shear capacity of T-beams was presented, which considers the contribution
of the flange away from the web up to 3by, (where by, is the thickness of the web). The authors
report that “the ultimate flexural and shear strength of longitudinally restrained beams are
enhanced by the development of arching action.”

Zararis et al. (2006) developed a shear model for concrete T-beams and compared the
model with experimental data from the literature. The Zararis model considers shear to be
carried by the shaded portion of T-beams shown in Figure 24. Comparisons with the available
literature show that the proposed model results in more accurate, but less conservative calculated

capacities as compared to the ACI code.
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Figure 24-Shear contribution of flange (Zararis 2006)

Although there are differences in approach, the general trend in the literature is that
flanges increase the shear capacity of T-beams beyond that of similar rectangular beams. The
area of the flange contributing to shear strength is limited to those portions immediately adjacent
to the web. Numerous authors suggest that the portion of the flange effective in supporting shear
is a function of the geometric properties of the flange and/or web.

The failure modes observed in T-beams can vary from those observed in isolated
rectangular beams; punching-shear being one observed failure mode, and arching instability of
the compressive zone due to being another. Accordingly, flange contribution to shear capacity

can be limited by the flange punching strength and/or compression zone arching capacity.
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6 Curb Contribution to Girder Behavior

Concrete curbs, barriers, walls, and other appurtenances are often attached to concrete
bridge decks, and are especially common above exterior girders. Although their contribution to
the strength and stiffness of the girders are not considered in codes of practice, their effects are
still present and can be significant. These effects are greatest when the elements and bridge
behave compositely; however detailing of the elements can affect a system’s ability to sustain
composite action. In additional to affecting the strength and stiffness of individual girders, they
can also influence load distribution between girders. Two studies of are presented in this section
that demonstrate the effects of curbs, etc. on bridge capacity and behavior.

Harries (2009) tested concrete box girders that were salvaged from the partially-collapsed
Lake View Drive Bridge in Pennsylvania. The collapse occurred in one of the exterior girders.
Tests were conducted on the other exterior girder as well as the interior girder adjacent to the
collapse (Figure 25). The exterior text girder supported a curb and a barrier wall. Test data
confirmed a degree of composite action between the curb and the exterior girder; however the
composite action deteriorated with increasing load. Because of the composite action, the curb
and barrier wall “...clearly increase[d] the capacity of the box girder section, although this
increase [was] tempered by an increase in the degree of asymmetry of the section; thus the
increased capacity is not as significant as the increase in moment of inertia would suggest.”
Commenting on the approach designers might take when considering curbs and barrier walls, the
author states that “It is not recommended that their contribution to girder capacity be relied upon
under ultimate load conditions. Under service load conditions, however, it is likely that they may

be considered to be composite with the girder.”
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Figure 25-Cross section of bridge (Harries 2009)

Oh et al (2002) conducted an on-site load test of an existing bridge. A cross-section of
the bridge is shown in Figure 26. Point loads were applied above the right-most girders near
mid-span. The medium curb strip acted compositely with the deck and girders until it separated
from the deck when the load reached about 50% of the eventual maximum load. Failure was
initiated by compression crushing of the curb near the load points. The test was terminated after
crushing occurred in the slab. The authors note that crushing of curbs could be used as a
warning indicator preceding failure. Regarding the strengthening of the bridge by the median
strip and curb, the authors state that a “...quantitative assessment of [their] contribution greatly

depends on the integrity of those elements with the main slab system.”
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Figure 26—Cross section of test bridge (Oh et al. 2002)
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7 Truss and Arch Action

Prior to cracking, RC beams transfer loads according to elastic beam theory. After
cracking, loads in RC beams are transferred in “arch action” or “truss action.” Both types of
behavior are shown in Figure 27, and are discussed further in the proceeding paragraphs.

Ritter (1899) proposed a truss analogy for modeling the transfer of forces in reinforced
concrete beams. In the truss analogy, the concrete at the top of the beam is considered as a
compression chord, the steel reinforcement in the bottom of the beam as a tension chord,
concrete in the web as diagonal compression struts, and vertical reinforcement as tension
members. This type of load transfer will be referred to as “truss action” within this report. In
truss action, equilibrium requires that the vertical force component in the compression struts be
equal and opposite of the vertical force in the transverse steel ties. Truss action will only occur
in beams with transverse reinforcement. Additionally, the formation of cracks at the location of
the vertical reinforcement is required to mobilize the reinforcement tie force.

In beams without transverse reinforcement, forces are transferred to the supports by
arching of the concrete. To balance the horizontal force component at the supports, a tension tie
is formed by the steel reinforcement in the bottom of the beam. This mechanism of load transfer

will be referred to as “arch action” within this report.

/—Physical Beam

O | L NN

T \\—Compression Struts \Tension Ties T

(Concrete, typ) (Steel, typ)
Physical Beam
ﬁ | i |
(b) +
Frrrmmrendnnnnnnrn gremrerens et .
\—CompressionArch \—Tension Tie T
!
(Concrete) (Steel)

Figure 27-Beam behavior (a) truss action and (b) arch action.
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Appendix B-Small Beam Tests
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1 Introduction

The AASHTO LRFD Bridge Design Specifications (2007) require that confinement
reinforcement be placed around prestressing strands in the bottom bulb of pretensioned concrete
beams. Although the AASHTO specifications contain prescriptive requirements for the quantity
and placement of confinement reinforcement, the effect of such reinforcement on the end region
behavior is not well understood.

To evaluate the function and effect of confinement reinforcement, load tests were
conducted using 28-in. deep precast-pretensioned beams. In total, twelve tests were conducted
with each specimen loaded in three-point bending at a shear span-to-depth ratio of 1.0. Load,
displacement, and strain data were collected during each test. Variables in the test program
included strand size, strand quantity, prestressing force, and the presence or lack of confinement
reinforcement.

Goals of the test program described in this chapter include:

e Evaluate the effect(s) of confinement reinforcement on specimen capacity and
behavior

e Evaluate the interaction(s) between confinement reinforcement and other test
variables

e Compile load, strain, and displacement data for use in validating finite element
models (See Appendix F)

e Evaluate transverse strain distribution in the bottom flange above the bearing.

Relevant literature is summarized in Appendix A.
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2 Beam History

Beams used in the test program were initially fabricated for use in project by O’Neill and
Hamilton (2009). The initial test program focused on flexural behavior only, and did not damage
the end region of the beams where shear tests were performed the current project. Six beams
were fabricated at a precast facility in Leesburg, FL, and then shipped to the FDOT Structures
Laboratory in Tallahassee, FL where a cast-in-place deck was added to each beam. After the
cast-in-place decks were sufficiently cured, flexural testing by O’Neill and Hamilton was
conducted, also at the FDOT Structures Laboratory.

The beams were originally constructed with confinement reinforcement at both ends.
After the initial flexural testing by O’Neill and Hamilton, the beams were modified prior to
conducting shear tests. This modification consisted of removing the portion containing
confinement reinforcement from one end of each beam (Figure 1). Following the modification,
shear tests were conducted on each end of each beam resulting in (12) total shear tests. For

purposes of this report, each end will be referred to as a separate test specimen.

Removed
approximately 3 ft- 6 in

Confinement reinforcement

WAAIDN -
\—Saw-cut

18 ft

Figure 1-Small beam modification
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3 Beam Design

The beam cross section dimensions are shown in Figure 2. Each beam was reinforced
with single-leg #4 stirrups at 3 in. o.c. throughout all but the center 3 ft of the beam (Figure 3).
Confinement reinforcement consisted of (10) #3 hoops in the end region as shown in Figure 3.
An 8 in. thick by 18 in. wide deck was added to the top of each beam. The deck was reinforced

with #5 bars longitudinally and transversely as shown in Figure 4.

10 in.

3in.
1in.—

9in.

2,in. |
49 in.

. %, in. chamfer

14 in,

af sides

Figure 2—Cross-section dimensions of all test beams

#4 vert reinf

#4 vert reinf

at3inoc at3inoc
—A
IERIOTRTRAT!
\—Removed —A  #3 confinement reinf‘
(5) spaces at4in
#3 confinement reinf
#4 vert reinf (4) spaces at 3in

Section A-A

#3 confinement reinf
6 in min lap splice

Figure 3—Vertical and confinement reinforcement
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Figure 4-Deck dimensions and reinforcement layout

Three variables were considered in the small beam test program: 1) Strand size, 2)

Strand quantity, and 3) Presences or lack of confinement reinforcement. Each variable is

denoted in the test nomenclature shown in Figure 5.

B5S-C

Beam L w confinement refinforcement
U: w/out confinement reinforcement
(4) strands

5:0.5in dia strand S
6: 0.6 in dia strand M: (5) strands
L: (6) strands

Figure 5-Small beam test nomenclature

Figure 6 shows the three strand patterns used in the specimen design. B5S, B5M, B5L
were prestressed with 0.5-in. diameter ASTM A416 seven-wire strand and B6S, B6M, B6L were
prestressed with 0.6-in. diameter strand. The 0.5-in. and 0.6-in. prestressing strands were

initially stressed to 50% and 74% of the ultimate strength (270-ksi), respectively.

Page 119
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Figure 6-Strand layouts for beams containing 0.5-in. and 0.6-in. strand
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4 Beam Construction and Material Properties

Beams B5S, B5M, and B5L were cast from a single batch of concrete. Similarly, beams
B6S, B6M, and B6L were also cast from a single mixing batch. The same mix design was used
for both batches. The mix contained 90% of granite aggregate equal to or less than 3/8 in. with
no aggregates exceeding 0.5 in. For each batch (9) 6 x 12 in. cylinders for compressive strength
and modulus of elasticity testing were taken. Additionally, the producer cast 4 x 8 in. cylinders
for determining release strength and 28-day compressive strength.

Table 1 shows the cylinder test results at release and at 28-days. Each value is the
average of three tests. The design called for a release strength of 3500 psi, which was reached
within one day of casting. The B6x beams, however, were not released until four days after
casting due to construction scheduling. Note the average 28-day compressive strength from the
6 x 12 in. cylinders is not provided for the B6x. The test machine was thought to have
malfunctioned during these cylinder tests, and that the producer tests conducted at 28-day age are

a better estimate of the compressive strength.

Table 1-Results for compressive strength and modulus of rupture tests (psi)

Beams 6 x 12 in. cylinders 4 x 8 in. cylinders
(Manufacturer)
Release* 28 day** Release* 28 day**
B5x 3900 8400 3980 9750
B6X 5370 N/A 4902 8840

*f'; = 3500 psi ** f'c = 6000 psi

An FDOT Class Il concrete deck was cast on each beam (f’. = 4500 psi) after they were

delivered to the FDOT Structural Research Center. Figure 7 shows the completed test beams.
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Figure 7—Finished beam specimens ready for testing
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5 Test Setup and Instrumentation

Load tests were conducted on each end of all six beams, resulting in twelve total tests.
For purposes of this report, each end will be referred to as an individual test specimen. Tests
were conducted using a three-point loading scheme (Figure 8, Figure 9). The end of the beam
not being tested was cantilevered beyond the far support. After the first specimen (end) was
tested, the supports and load point were moved and the second specimen was tested. One end of
each beam had confinement reinforcement and one end did not. The specimen with confinement
reinforcement was tested first in all cases except for B6M-U and B6M-C, for which the

unconfined specimen was tested first.

2oy, 11ft-8in

1 10in x 10in Bearing Pad —~_| 1
A 24 ~Y

5.5in ! 11ft-2in

7in x 18in Bearing Pad (typ)

Figure 8—Small beam test setup

Figure 9—Specimen prior to load test
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Beams were supported on 2-in. thick x 7 in. x 18 in. reinforced neoprene bearing pads
with the pad oriented such that the 18 in. dimension was perpendicular to the beam axis (Figure
10). Load was applied through a 2-in. thick x 10 in. x 10 in. reinforced bearing pad (Figure 11)

at a rate of 0.25 kip/sec. The load was measured by a load cell at the point of application.

Figure 10-Specimen on bearing pad

g:
q

Figure 11-Load point

Linear variable displacement transducers, LVDTSs, were used to measure vertical
displacement at the load point, at each support (Figure 12), and to measure strand slip at the end
of the beams (Figure 13). A wood frame was used to position the LVDTs at the end of the beam

(Figure 14). Electrical resistance foil strain gages recorded strain at discrete locations on the test

BDK75 977-05 Page 124



beams (Figure 15). Gages were typically 60-mm long, however 30 mm gages were used to

measure transverse strain at the end of the beam (S6-S10). Figure 16 shows specimen B6S-C

during testing. The load and support points are shown along with strain gage S2 and the LVDTs

monitoring strand slip.

L3, L4 2n 1.
; o
Ly ¥ L2 L3 Igimlm

\——LS to L10 at fully bonded strands

Figure 12-Small beam LVDT placement

Type 'S' Type 'M' Type 'L’

L5, L6, & L7
left to right at
top row

L6,L7,&L8 L5, L6, L7, L8, &L9 L8,L9 &L10
left to right at left to right left to right at
bottom row bottom row

Figure 13-LVDTs at strands
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Figure 14-LVDT frame at end of beam

= 511, S12
— |=—4in ,
I ‘ 20in
s11, ¥ ||s12 v |
S1
2in - ) =
14in
CcL B s3(L) S
S6t0 S10 S4 (T)

left to right at 2in oc

Figure 15-Strain gage placement

Figure 16—Specimen during testing
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6 Results and Discussion

Confinement reinforcement was the most significant variable that affected the shear
capacity and behavior. As such, test results are presented in pairs of similar confined and
unconfined specimens in the following sections. For each pairing, the confined specimen and
unconfined specimens were located on opposite ends of the same beam. Because the same beam
was used for both tests in each pairing, both specimens had the same prestressing force, strand
quantity, and strand pattern. For example, specimens B5L-C and B5L-U each had (6) 0.5-in.
diameter strands, and were located at opposite ends of the same beam.

For convenience in reporting test results, the supports are referred to as the “near
support” and the “far support.” The near support is the support closest to the load point, and the
far support is farthest from the load point.

A summary figure is presented for each pairing of specimens. Each summary figure
presents the load-displacement and load-slip results, first and final cracks locations, maximum
load, displacement ductility, and failure mode. The displacement shown in the figures is the
displacement at the load point, and has been adjusted to remove the effect of the bearing pad
displacement. Strand slip presented in the test summaries are the average slip of each fully
bonded strand as measured at the near support. Displacement ductility was calculated as the
displacement at maximum load divided by the displacement at the on-set of nonlinearity as
determined visually from the load-displacement diagram.

Three types of failures were observed in the beam tests: splitting, bond-flexure, and
bond-shear. Failure modes and characteristics are presented in Table 2. Photos of specimens
with different failure modes are shown in Figure 17 through Figure 20.
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Table 2—Failure modes

Failure Mode No. of Characteristics
Specimens

Splitting 6 Peak capacity is governed by the formation of a splitting crack
above the support. Strands cannot support tensile force after
formation of splitting crack.

Bond-Flexure 2 Strand slip after the formation of cracks. Peak capacity is
governed by crushing of the compression zone. Deformation
and rotation leading to crushing is augmented by the strand slip.

Bond-Shear 3 Strand slip after the formation of cracks. Peak capacity is
governed by strand-concrete bond capacity.
Flexural 1 Load-displacement plot reaches a plateau indicating yielding of
the reinforcement. Applied moment exceeds nominal moment
capacity.

Figure 17-Bottom view of B6M-U with splitting failure mode

Figure 18-Bottom view of B6L-C with bond-shear failure mode
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Figure 20—Flexural failure mode (B5S-C)

The specimens used in the testing were constructed and tested under a separate research
program (O’Neill and Hamilton 2009), which focused on flexural stresses at mid-span. The
beams were loaded in flexure up to and beyond cracking, but not to ultimate flexural capacity.
Also, the specimens were modified prior to the current test program by saw-cutting the portion
containing confinement reinforcement from one end of each beam (Figure 3). This modification
was made to create the unconfined test conditions.

Previous flexural loading of the beams did not result in any visible cracking or damage to
the end regions where the shear testing in the current program was focused. Micro-cracking,
however, may have formed during the initial load tests and had some influence on the initial
cracking loads in the shear tests. Micro-cracks, however, would have had different effects on

confined and unconfined specimens. This is because the confined specimen tests used the same
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bearing location as the tests by O’Neill and Hamilton, whereas the unconfined tests did not use
the same bearing location.

For each pairing of confined and unconfined specimens, cracking always initiated in the
confined specimen at a lower load. On average the load at initial cracking was 13% lower in the
confined specimens that in the accompanying unconfined specimens. The early cracking in the
confined specimens could have been initiated by micro-cracks in the end region that had formed
during previous testing. Alternatively, differences in transfer length due to beam modification
may also have been a factor influencing the cracking loads. Neither possibility can be evaluated
from the available data, however the lower cracking loads in the confined specimens do suggest
that the test procedures had some effect on the results. These effects, however, tend to support
the results of the test program. For example, the confined specimens cracked at lower loads but
still had greater strength and ductility than the unconfined specimens. Consequently, the beam
modification and previous testing were concluded to have negligible effect. The FIB-54 girder
test program, reported in Appendix D, did not have the same limitations as the small beams and

can be used to verify the results and assumptions used in the small beam program.

6.1 B5L-C and B5L-U
Figure 21 summarizes the results for tests B5L-C and B5L-U. Each of these specimens

had (6) 0.5 in. diameter strands, and varied only due to the presence or lack of confinement
reinforcement. Both specimens behaved linear elastically until the formation of cracks. The first
cracks were inclined web cracks occurring between the near support and the load point. Strain
data from S2 gages indicated that initial cracks formed at applied loads of 96 kip and 116 kip for
B5L-C and B5L-U, respectively. As the load increased, additional cracks formed in each
specimen, and the cracks propagated into the flanges and the deck. Stiffness of each specimen
was similar throughout loading.

Strands in each specimen began to slip after crack formation. Strands in specimen B5L-
C began to slip gradually at an applied load of 96 kip, and more rapidly at load of 170 kip.
Strands in B5L-U began to slip gradually at 116 kip and more rapidly at a load of 175 kip. In
both cases, rapid strand slip was preceded by the formation of cracks in the bottom bulb that
reduced the available development length. Abrupt strand slip in B5L-U occurred at 190 Kip in
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association with the formation of splitting cracks above the bearing. The strand slip at maximum
load was 0.23 in. and 0.03 in. for B5L-C and B5L-U, respectively.

Specimen B5L-U supported a maximum applied load of 190 kip. At this load, a splitting
crack formed above the near support and the specimen immediately lost load capacity. Failure of
B5L-U was designated as a splitting failure.

Splitting failure did not occur in B5SL-C, allowing this specimen to support additional
load and displacement beyond the point at which B5L-U failed. Absence of splitting in B5L-C is
attributed to the confinement reinforcement that controlled formation of splitting cracks. By
preventing splitting, the confinement reinforcement allowed larger loads to be developed in the
top strand and vertical reinforcement, which added to the specimen capacity. B5L-C supported a
maximum applied load of 226 kip. At this load, testing was terminated because the specimen
had almost no stiffness. Slip at peak load was 0.23 in. Continuation of the test would not have
resulted in significantly higher load, but would have resulted in additional displacement, rotation,
slip, and eventually crushing of the compression zone. Failure of B5L-C is designated as a bond-

shear failure.

6.2 B5M-C and B5M-U
Figure 22 summarizes the test results of BSM-C and B5SM-U. Each of these specimens

had (5) 0.5-in. diameter strands and varied only due to the presence or lack of confinement
reinforcement. Both specimens behaved linear elastically until the formation of cracks. The first
cracks were inclined cracks occurring in the web between the near support and the load point.
Strain data from S2 gages indicate that initial cracks formed at applied loads of 93 kip and 103
kip for B5M-C and B5M-U, respectively. As the load increased, additional cracks formed in
each specimen, and the cracks propagated into the flanges and the deck. Stiffness of each

specimen was similar throughout loading.
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Figure 21-Summary of results for B5L-C and B5L-U
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Strands in each specimen began to slip after the formation of cracks. Strands in specimen
B5M-C began to slip gradually at an applied load of 113 kip, and more rapidly at load of 162
kip. Rapid slip at 162 kip occurred simultaneously with spalling of concrete from the bottom
bulb. Spalling was limited to concrete outside of the confinement reinforcement. Strands in
B5M-U did not slip until a load of 155 kip, by which load cracks had formed in the bottom bulb.
Abrupt slip in B5SM-U occurred at a load of 180 kip in association with the formation of a
splitting crack above the bearing point. The strand slip at maximum load was 0.26 in. and 0.03
in. for B5M-C and B5M-U respectively.

Specimen B5M-U supported as maximum applied load of 180 kip. At this load a
splitting crack formed above the near support and the specimen almost instantly lost load
capacity. Failure of B5M-U is designated as a splitting failure. Figure__ shows the splitting
crack at the end and bottom of B5M-U.

Splitting failure did not occur in B5M-C, allowing this specimen to support additional
load and displacement beyond the point at which B5M-U failed. Absence of splitting in BSM-C
is attributed to the confinement reinforcement which controlled formation of splitting cracks. By
preventing splitting, the confinement reinforcement allowed larger loads to be developed in the
top strand and vertical reinforcement, which added to the specimen capacity. B5M-C supported
a maximum applied load of 205 kip. At this load, the compression zone on either side of the
load point crushed. The rotation that led to compression zone crushing was augmented by strand
slip. Failure of B5SM-C (Figure 24) is designated as a bond-flexure failure.
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Figure 22-Summary of results for B5M-C and B5M-U
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Figure 23-Bottom view of specimen with splitting failure mode (B5M-U)

e el ™ 0 -

Figure 24-Bond-flexure failure mode (B5M-C)

6.3 B5S-C and B5S-U
Figure 25 summarizes the results from B5S-C and B5S-U. Each of these specimens had

(4) 0.5-in. diameter strands, and varied only due to the presence or lack of confinement
reinforcement. Both specimens behaved linear elastically until the formation of cracks. The first
cracks were inclined web cracks occurring between the near support and the load point. Strain
data from S2 gages indicated that initial cracks formed at applied loads of 105 kip and 113 Kkip
for B5S-C and B5S-U, respectively. A flexural crack below the load point also formed in B5S-U

at approximately 113 kip. As the load increased, additional cracks formed in each specimen, and
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the cracks propagated into the flanges and the deck. Stiffness of each specimen was similar
throughout loading.

Strands in each specimen began to slip after the formation of cracks. Strands in specimen
B5S-C began to slip gradually at an applied load of 105 kip, and rapidly at load of 149 Kip.
Rapid slip at 149 kip corresponded to the formation of cracks within the development length.
Strand slip in B5S-U was rapid, and began abruptly at load of 150 kip. Abrupt slip in B5S-U
also accompanied the formation of a splitting crack above the near support at a load of 166 kip.
The strand slip at maximum load was 0.34 in. and 0.07 in. for B5S-C and B5S-U respectively.

Specimen B5S-U supported as maximum applied load of 166 kip. At this load a splitting
crack formed above the near support and the specimen almost instantly lost load capacity.
Failure of B5S-U is designated as a splitting failure.

Splitting failure did not occur in B5S-C, allowing this specimen to support additional
load and displacement beyond the point at which B5S-U failed. Absence of splitting in B5S-C is
attributed to the confinement reinforcement which controlled formation of splitting cracks. By
preventing splitting, the confinement reinforcement allowed larger loads to be developed in the
top strand and vertical reinforcement, which added to the specimen capacity. Specimen B5S-C
supported a maximum applied load of 199 kip. At this load, testing was terminated because the
specimen had almost no stiffness. Continuation of the test would not have resulted in
significantly higher load, but would have resulted in additional displacement, rotation, slip, and
eventually crushing of the compression zone. Because B5S-C exceeded its nominal moment

capacity, failure was categorized as a flexural failure. Figure 20 shows B5S-C after testing.
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Figure 25— Summary of results for B5S-C and B5S-U
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6.4 B6L-C and B6L-U
Figure 26 summarizes test results from B5S-C and B5S-U. Each of these specimens had

(6) 0.6 in. diameter strands, and varied only due to the presence or lack of confinement
reinforcement. Both specimens behaved linear elastically until the formation of cracks. Inclined
web cracks formed between the near support and the load point. Strain data from S2 gages
indicate that initial cracks formed at applied loads of 114 kip and 134 kip for B6L-C and B6L-U,
respectively. As the load increased, additional cracks formed in each specimen, and the cracks
propagated into the flanges and the deck. Stiffness of each specimen was similar throughout
loading. The post-cracking stiffness of these and the other B6 specimens was greater than the
post-cracking stiffness of the B5 specimens.

Strands in each specimen began to slip after the formation of cracks. Strands in specimen
B6L-C began to slip gradually at an applied load of approximately 140 kip, and more rapidly at
an applied load of 179Kip, after the formation of cracks within the development length. When
compared to all other specimens, the strand slip in B6L-C occurred in more discrete events. The
magnitude of the slip events increased with increasing load. Strands in B6L-U began to slip at
142 kip. Rapid strand slip in B6L-U accompanied the formation of a splitting crack above the
near support at a load of 172 kip. The strand slip at maximum load was 0.12 in. and 0.02 in. for
B6L-C and B6L-U respectively.

Specimen B6L-U supported as maximum applied load of 172 kip. At this load a splitting
crack formed above the near support and the specimen almost instantly lost load capacity.
Failure of B6L-U is designated as a splitting failure.

Splitting failure did not occur in B6L-C, allowing this specimen to support additional
load and displacement beyond the point at which B6L-U failed. Absence of splitting in B6L-C is
attributed to the confinement reinforcement which controlled formation of splitting cracks. By
preventing splitting, the confinement reinforcement allowed larger loads to be developed in the
top strand and vertical reinforcement, which added to the specimen capacity. B6L-C supported a
peak applied load of 239 kip. Upon reaching 239 kip, the load dropped suddenly to
approximately 220 kip. Testing continued after the peak load had been reached, with a series of
load increases followed by sudden drops. The sudden drops in load corresponded to strand slip

events. The test was terminated once it was apparent that the maximum load had been reached.
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Failure of B6L-C (Figure 18) is designated as a bond-shear failure. The 239 kip load support by
B6L-C is the largest load supported by any of the test specimens.
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Figure 26— Summary of results for B6L-C and B6L-U
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6.5 B6M-C and B6M-U
Figure 27 summarizes test results for B6M-C and B6M-U. Each of these specimens had

(5) 0.6 in. diameter strands, and varied only due to the presence or lack of confinement
reinforcement. Both specimens behaved linear elastically until the formation of cracks. The first
cracks were inclined cracks occurring in the web between the near support and the load point.
Strain data from S2 gages indicate that initial cracks formed at applied loads of 131 kip and 143
kip for B6M-C and B6M-U, respectively. As the load increased, additional cracks formed in
each specimen, and the cracks propagated into the flanges and the deck.

The pre-cracking stiffness was almost identical for both specimens. However, the post-
cracking stiffness of B6M-U could not be directly determined from the available data because
the LVDT above the near support malfunctioned in the post-cracking phase of the test. To
compensate for the lack of data, the bearing pad displacement at the near support was assumed to
be 2.25 times the displacement of the bearing pad at the far support. The 2.25 factor is based on
the ratio of the bearing pad displacements prior to the LVDT malfunction. The data presented in
Figure 27 includes this assumption.

Strands in specimen B6M-U began to slip gradually at an applied load of about 80 kip,
even before the formation of cracks. The 80 kip slip load was the lowest of any of the
specimens. Strands in B6M-U began slipping more rapidly at load of 170 kip, after the
formation of cracks in the bottom bulb. An abrupt slip event in B6M-U occurred at a load of 185
kip, and was association with the formation of splitting cracks at the end of the specimen.
Strands in specimen B6M-C did not slip until a load of 156 kip, by which load an inclined crack
had formed in the bottom bulb. The drops in load at 205 kip and 215 kip correspond to concrete
spalling off the bottom bulb above the support. Spalling was limited to portions of the concrete
outside of the confinement reinforcement. Strand slip at maximum load was 0.45 in. and 0.03 in.
for BSM-C and B5M-U respectively.

Specimen B6M-U supported as maximum applied load of 185 kip. At this load a
splitting crack formed above the near support and the specimen almost instantly lost load
capacity. Failure of B6M-U (Figure 17) is designated as a splitting failure.

Splitting failure did not occur in B6M-C, allowing this specimen to support additional
load and displacement beyond the point at which B6M-U failed. Absence of splitting in B6M-C
is attributed to the confinement reinforcement which controlled formation of splitting cracks. By
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preventing splitting, the confinement reinforcement allowed larger loads to be developed in the

top strand and vertical reinforcement, which added to the specimen capacity. Specimen B6M-C
supported a maximum applied load of 227 kip. At this load, the compression zone on either side
of the load point crushed. The rotation that led to compression zone crushing was augmented by

the strands slipping. Failure of B6M-C (Figure 19) is designated as a bond-flexure failure.
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Figure 27— Summary of results for B6M-C and B6M-U
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6.6 B6S-C and B6S-U
Figure 28 presents a summary of test results for specimens B6S-C and B6S-U. Each of

these specimens had (4) 0.6 in. diameter strands, and varied only due to the presence or lack of
confinement reinforcement. Both specimens exhibited linear elastic behavior until the formation
of cracks. The first cracks for both specimens were inclined cracks occurring in the web
between the near support and the load point. Strain data from S2 gages indicate that the initial
cracks formed at applied loads of 110 kip and 132 kip for B5S-C and B5S-U, respectively. As
the load increased, additional cracks formed in each specimen, and the cracks propagated into the
flanges and the deck. Stiffness of each specimen was similar throughout loading.

Strands in each specimen began to slip after the formation of cracks. Strands in specimen
B6S-C began to slip gradually at an applied load of 130 kip and more rapidly at load of 157 kip,
corresponding to the formation of a crack within the development length. Strand slip in B6S-U
was rapid and began at load of 152 kip. The abrupt slip event in B6S-U at 154 Kip accompanied
the formation of a splitting crack above the near support. The strand slip at maximum load was
0.34 in. and 0.03 in. for B6S-C and B6S-U respectively.

Specimen B6S-U had the smallest capacity of any test specimen, supporting a maximum
applied load of 154 kip. At this load a splitting crack formed above the near support and the
specimen almost instantly lost load capacity. Failure of B6S-U is designated as a splitting
failure.

Splitting failure did not occur in B6S-C, allowing this specimen to support additional
load and displacement beyond the point at which B6S-U failed. Absence of splitting in B6S-C is
attributed to the confinement reinforcement which controlled formation of splitting cracks. By
preventing splitting, the confinement reinforcement allowed larger loads to be developed in the
top strand and vertical reinforcement, which added to the specimen capacity. Specimen B6S-C
supported a maximum applied load of 209 kip. At this load, testing was terminated because the
specimen had almost no stiffness. Continuation of the test would not have resulted in
significantly higher load, but would have resulted in additional displacement, rotation, slip, and
eventually crushing of the compression zone. Failure of B5S-C (Figure 29) is designated as a

bond-shear failure.
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Figure 28— Summary of results for B6S-C and B6S-U

BDK75 977-05 Page 144



Figure 29— Bond-shear failure mode (B6S-C)

6.7 Transverse Strain
Strain gages were placed at the end of the specimens above the near support (Figure 15)

to measure the transverse strain in the bottom flange. Figure 30 shows the strains reported by
these gages at a load of 15 kip. This load was chosen because it was well within the linear-
elastic range of all tests. Strain gages from each specimen reported that transverse strain was
greatest below the web and decreased towards the edges of the flange. Figure 30 also shows the
results of a finite element analysis which will be discussed in Appendix F.
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Figure 30-Transverse strain above near support (load =15 Kip)

Figure 31 presents the superimposed shear versus transverse strain data from gages on the
end of B6L-C. The trends in the figure are representative of all tests with confinement
reinforcement. At the beginning of the test the strain was initially proportional to the applied
load, indicating linear-elastic behavior. The strain-load relationship became nonlinear after the
formation cracking in the web, and changed rapidly after the cracks propagated into the bottom
flange and the strands began slipping. Splitting cracks were not visually observed in the
confined specimens; however strain data suggest that a vertical splitting crack likely formed at
the end of the confined specimens. This can be observed in Figure 31, where gage S8 reported a
sudden increase in strain tensile strain at a load of approximately 190 kip. The magnitude of
tensile strain reported by S8 is indicative of crack formation. Because of the confinement

reinforcement, these cracks were controlled and splitting failure was prevented.
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Figure 31-Effect of load on transverse strain in confined specimen (B6L-C).

Figure 32 presents the transverse strain data from gages on the end of B5L-U. Trends in
this figure are representative of all unconfined tests. Strain was initially proportional to the
applied load, indicating linear-elastic behavior. The strain-load relationship became nonlinear
after the formation of cracks in the web. The strain changed rapidly after the cracks propagated
into the bottom bulb, then again when splitting cracks formed.

Strain gage S4 was mounted transversely on the bottom on the specimens, approximately
5 in. in from of the bearing pad at the near support. Figure 33 shows load-strain data from gage
S4 on B5M-C and BSM-U. The qualitative trends shown in the figure are representative of each
pairing of confined and unconfined specimens. The load-strain relationship was initially linear
for both the confined and unconfined specimens. The strain was compressive (negative) due to
Poisson shortening in the transverse direction as the bottom of the specimen elongated in the
longitudinal direction. Nonlinear behavior occurred with the formation of cracks at applied loads
of 93 kip and 103 kip for BSM-C and B5M-U, respectively. Strain in BSM-U suddenly became
increasingly tensile (positive) starting at a load of about 134 Kip; indicating the formation of a
crack near the gage location. The tensile strain continued to increase rapidly until splitting
failure occurred at a load of 180 kip. For B5M-C, the strain reported by gage S4 continued to

become increasingly more compressive (negative) as the load increased, even after the onset of
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nonlinearity. Because transverse tensile strains did not occur in the confined specimen, the
confinement reinforcement was thought to have prevented the propagation of splitting cracks
near gage S4. This conclusion is supported by a visual examination of the specimen, which did

not detect any splitting cracks at the end of BSM-C.

Load (kN)
2400 100 200 300 400 500 600 700 800
T
Cracks in
160 V4 Bottom
Flange
g | X 56]
3 g $6,57,58,59, & $10 Leprttt L
g left-to-right SO\ .- -
§ T * _ — :- —_— -]
10 B N ‘_..,,1‘
0 b= o= : ---- - .—\‘ [
.
-40 6]
-80
0 25 50 75 100 125 150 175 200
Load (kip)

Figure 32—Effect of load on transverse strain in unconfined specimen (B5L-U)
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Figure 33-Strain readings from gage S4 (B5M)

6.8 Spalling: BSM-C and B6M-C
Edges of the bottom flanges of specimens B5M-C and B6M-C spalled off during testing.

The spalling occurred above the near support, and was limited to the concrete outside of the
confinement reinforcement. The confinement reinforcement was visible after the spalling, as

shown in Figure 34.

Confinement reinforcement

Bottom bulb spalling

Bearing pad location

Figure 34-Flange spalling (B5M-C).
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For both B5M-C and B6M-C, the load at which spalling occurred was similar to the load
at which at which splitting cracks formed in the associated unconfined specimens B5M-U and
B6M-U. This observation suggests that the confinement reinforcement had engaged and was
supporting transverse forces that would have otherwise caused splitting in BSM-C and B6M-C.
This observation is also consistent with the behavior of reinforcement concrete columns, where
spalling is indicative that confinement reinforcement is engaged.

It is notable that spalling occurred in specimens B5M-C and B6M-C, both of which have
five strands. The five strand layout placed strands near the edges of the bottom flange (Figure
6). Llanos et al (2009), reported that strand patterns with fully bonded strands placed at the
edges of the flanges can lead to transverse splitting forces. These splitting forces in specimens
B5M-C and B6M-C may have contributed load in the confinement reinforcement thereby leading
to spalling. Another possible reason for the spalling in these specimens is that the concrete at the
edges of the flanges were under greater compressive load due to the prestress force being applied

by the outermost strands.

6.9 Individual Strand Slip
Strand slip data have been presented as the average slip of the bonded strands. Average

slip is a convenient way of evaluating overall slip behavior, but load-slip data from individual
strands is also instructive. Figure 35 presents the load-slip data for each strand in specimen B5S-
C, and demonstrates general trends observed in the slip data from confined tests. Strand slip in
B5S-C began gradually after the formation of cracks at load of approximately 120 kip, then
increased rapidly as cracks propagated into the bottom bulb at approximately 145 kip. Each

strand slipped at approximately the same load and through the same distance.
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Figure 35—Prestressing strand slip in specimen B5S-C

Figure 36 shows the load-slip behavior for B5L-U, and demonstrates general trends
observed in the slip data of the unconfined tests. Strand slip in the B5L-U occurred abruptly,
and individual strands did not slip at the same load or through the same distance. The first
strands to slip were those located at the centerline of the cross-section below the web. This can
be seen in the figure, where strands 5 and 7 (located at the cross-section centerline) slipped first.
Strands 6 and 8 were located away from the centerline and slipped later. An “unzipping”
mechanism appears to have occurred in the unconfined specimens, where load was transferred to
the outer strands after the inner strands began to slip. The outer strands also began to slip after
the strand/concrete bond capacity was exceeded. All strands slipped when a splitting crack
formed at the peak load of 166 Kip.
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Figure 36—Prestressing strand slip in specimen B5S-U

Differences in load-slip behavior between the confined and unconfined specimens are
attributed to the confinement reinforcement. Formation of cracks within the strand development
length always preceded rapid strand slip. Cracks in the confined specimens engaged the
confinement reinforcement, which then arrested the further propagation of cracking. Because
crack propagation was hindered in the confined specimens, crack and slip events were initially
less drastic than in the unconfined specimens. In addition to slowing crack propagation,
confinement reinforcement is also believed to have created a confining force on the strands and
concrete. By arresting the formation of cracks, and/or by providing a confining force,
confinement reinforcement lead to more uniform conditions for the strands in confined
specimens. This uniform condition is considered culpable for the observation that all strands in

the confined specimen tended to slip together.

6.10 Shear Capacity
Figure 37 shows the normalized shear capacity for each test. Note that the shear capacity

is taken as the shear force corresponding to the maximum load and occurring at the support
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nearest the load point. Values have been normalized by the average of the unconfined specimen
capacities, which was equal to 138 kip (614 kN). The data clearly indicate that variation in
strand diameter had little effect on the shear capacity in unconfined tests. The average capacity
of the unconfined tests with 0.5-in. (12.7 mm) diameter strand (B5 in the figure) and 0.6-in. (15.2
mm) diameter strand (B6 in the figure) varied by only 4%, indicating that strand size and area of
prestressing steel did not significantly affect the capacity of the unconfined specimens.

Confined tests resulted in an average of 25% more shear capacity than that of the
unconfined tests. Confinement reinforcement prevented splitting failure in the bottom flange,
allowing the increased contribution from the vertical reinforcement. As the confined specimens
rotated beyond the point at which the unconfined specimens split and failed, the forces in the
vertical steel increased, leading to improvements in shear capacity. This presumption is
supported by the load-displacement data from the confined specimens. The loss of stiffness as
the confined specimens approached maximum capacity indicates that the vertical reinforcement
and top strand were at or approaching yielding. The increased rotation also caused the resultant

of the compressive force to move upwards in the section, thereby increasing the moment arm and

shear contribution of the prestressing strands.
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Figure 37-Normalized shear capacity
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Figure 38 shows the shear capacity plotted against the area of prestressing steel for

confined and unconfined tests. In the unconfined tests there is no clear relationship between

shear capacity and area of prestressing steel, indicating that the capacity of the unconfined

specimens was not a function the amount of prestressing steel. The confined tests, however,

show a proportional relationship between the area of prestressing steel and the shear capacity.

This difference is explained by the change in the nature of the failure mode with the addition of

confinement reinforcement. In the tests with no confinement reinforcement, specimens reached

capacity when end splitting occurred, which effectively eliminated strand bond at the end of the

specimen. When confinement reinforcement was present, splitting failure was avoided and the

prestressing strands were at least partially mobilized to contribute to shear capacity. This

explains the direct proportionality between prestressing steel area and shear capacity in the

confined tests.
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Figure 38—Effect of area of prestressing on shear capacity

6.11 Displacement Ductility

Shear Capacity (kip)

Area of Prestressing Steel (mm?)

Figure 39 shows the displacement ductility for each specimen, normalized by the average

ductility of all specimens. Displacement ductility was calculated by dividing the displacement

occurring at maximum load by the displacement occurring at the onset of nonlinearity.
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Displacement at maximum load was used in the calculations because the ultimate displacement
was arbitrarily determined by the termination of the testing.

The average displacement ductility of the confined tests was 157% greater than that of
unconfined tests. The greater ductility of the confined specimens is attributed to the confinement
reinforcement, which prevented splitting failure and thereby allowed the confinement specimens

to support larger displacements.
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Figure 39-Normalized displacement ductility
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7 Strut-and-Tie Model

Using an approach similar to the longitudinal reinforcement provisions in 5.8.3.5 of the
2007 AASHTO LRFD Bridge Design Specifications, strut-and-tie models (STM) were
developed to describe the behavior and capacity of the unconfined and confined specimens.
Models are presented in Figure 40 and Figure 41 for the unconfined and confined specimens,
respectively. The only difference between the models is that the confined model considerers the
confinement reinforcement to contribute in a manner similar to the vertical reinforcement
(Csagoly, 1991). The STM models are based on a series of assumptions:

e A crack is assumed to form between the near support and the load point which
crosses the bottom strands (T4), top strand (T>), vertical reinforcement (Vs), and
confinement reinforcement if present (Vs ).

e The location of the compressive force, point ‘C’, was assumed to occur at the top
of the beam. The STM shear capacity is derived from moment equilibrium about
the point ‘C’; point. Forces Ty, Ty, Vs, and Vs (confined specimens only), create
moments about point ‘C’, and thus contribute to the shear capacity.

e Because the available development length of the bottom strands is shortened by
the assumed crack, the bottom strands were assumed to be only 30% developed.

e The top strand and vertical reinforcement are fully developed.

e The assumed crack crosses (9) vertical bars. A smeared steel concept was used to
place the combined effect of all vertical reinforcement at a/2.

e For the confined specimens, the crack was assumed to have engaged a single
confinement hoop. Because the hoops are not long enough for full development,
75% development was assumed. The confinement reinforcement is assumed to act
at the node directly above the bearing. Consideration of the confinement

reinforcement as vertical reinforced was proposed by Csagoly (1991).
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Figure 41-Confined specimen strut and tie model

STM predictions and experimental results are compared in Table 3. On average the STM
predictions were within 3% of the experimental results. The STM always under-predicted the

capacities of the specimens with 0.5 in. strands (B5), and over-predicted the capacities of
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specimens with 0.6 in. strands (B6). Because the same strand development was used regardless
of strand size, one possible reason for the difference is that the development was greater than the
assumed 30% for B5 specimens and less than 30% for the B6 specimens. This rational is
consistent with AASHTO LRFD section 5.11.4., which calculates development length as a
function of strand diameter.

Another possible reason for the difference between the 0.5 in. and 0.6 in. strand
specimens is that the top strand and mild reinforcement were less developed in the B6 specimens
than in the B5 specimens. This is supported by the observation that the B6 specimens had
smaller deflections at maximum load, suggesting that the steel in the B6 specimens may have

been less developed than steel in the B5 specimens.

Table 3-Comparison of measured and computed shear capacity using STM

Vexp | Vstm Vsrm
Tt | (kip) | (kip) | Vpxp
B5L-C 167 181 1.09
B5L-U 149 152 1.02
B5M-C 155 164 1.06
B5M-U 137 144 1.05
B5S-C 142 159 1.12
B5S-U 124 133 1.07
B6L-C 208 191 0.92
BoL-U 190 138 0.73
B6M-C 191 182 0.96
BoM-U 173 149 0.86
B6S-C 173 167 0.97
B6S-U 155 124 0.80

Average 0.97
B5x Avg. 1.07
B6x Avg. 0.87
Bxx-C Avg. 1.02
Bxx-U Avg. 0.92

STM results are compared to the confined and unconfined tests results separately.
Looking first at the unconfined tests, Table 4 lists the experimental results along with the STM
calculated shear contribution of the top strand and vertical reinforcement. Even when calculated
based on potentially unconservative assumptions (i.e. full development), the combined

contribution of the top strand and vertical reinforcement do not account for the experimental
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capacity. Thus the bottom strands were clearly contributing to the experimental shear capacity at
peak load. The shear contribution of the bottom strands can be estimated by subtracting the
shear contributions of the top strand and vertical reinforcement from experimental shear
capacity. Estimated contributions of the bottom strands are listed in the final column of the table
and demonstrate that the strands in the unconfined specimens contributed to the shear capacity
up until the point of splitting failure.

Table 4-Estimated portion of shear carried by prestressing strand tie (unconfined specimens)

Test Experimental shear STM shear Estimated shear
capacity contribution of vert supported by bottom
(kip) reinf & top stand strand contribution (Kip)
(kip)

VExp VVR+TS VExp — VvR+Ts

B5L-U 152 75 77

B5M-U 144 75 69

B5S-U 133 75 58

B6L-U 138 84 54

B6M-U 149 84 65

B6S-U 124 84 40

Looking now at the confined tests, the experimental results provide a means of evaluating
the 30% bottom strand development assumed by the STM. An expression for force in the
bottom strands (T;) can be derived by rearranging the shear capacity equation in Figure 41.

Using the derived expression, the bottom strand force can be estimated by substituting the
experimental shear capacity (Vexp) for the nominal shear capacity (V). An estimate for strand
development can then be calculated by dividing the estimated bottom strand force by the ultimate
strand capacity. These calculations are carried out in Table 5. The average estimated bottom
strand development was calculated to be 32%, similar to the assumed 30%. Results of the
calculations also support the previously discussed possibility that the 0.5 in. diameter strands

were more developed than the 0.6 in. diameter strands.
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Table 5-STM details of confined specimens.

Test EXxp. Shear Estimated force Ult. Estimated
shear | contribution of | supported by bottom bottom development
capacity vert. bars, strands (kip) strand (%)
(kip) confinement, & capacity
top stand (kip) (Kip)
VEexp VVR+TS+CR Test= Tuit (Test/ Tui)*100
(Vexe -VvrsTs+cr)(a/d)
B5L-C 181 93 88 248 35
B5M-C 164 93 71 207 34
B5S-C 159 93 66 165 40
B6L-C 191 102 89 352 25
B6M-C 182 102 80 293 27
B6S-C 167 102 65 234 28
Avg. 32
Avg. B5 36
Avg. B6 27

The relationship between experimental shear capacity and area of prestressing steel

provides yet another means of estimating the bottom strand development in the confined

specimens. Figure 42 presents the experimental data and a trend line approximating the

relationship between shear capacity and area of prestressing. The trend line is expressed

mathematically in Equation 1. The area of prestressing strand (Ays) is a variable in the linear

term of Equation 1. Accordingly, the linear term is assumed to be the contribution to the shear

capacity from the prestressing strands (Equation 2). For the tested a/d ratio of 1.0, the shear

contribution of the bottom strands is equal to the force in the strands. Thus, the trend line

implies that at maximum capacity, the bottom strands supported 80 ksi. This stress corresponds

to 30% strand development, and is in good agreement with the assumed value.
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Experimental shear capacity (kip)

Figure 42—Experimental shear capacity vs. area of prestressing steel
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The constant term in Equation 1 can also be related to the STM. Equation 3 assumes that

the 100 Kip constant term is equal to the combined shear contributions of the vertical

reinforcement, top strand, and confinement reinforcement. Using the STM, the average

combined contribution of these components was calculated to be 93 kip and 102 kip for the B5x

and B6x specimens, respectively. The similarity between the experimental trend line and the

STM suggests that the assumptions used in the STM are reasonable approximations of the

physical system.

Wr+rs+cr = 100kip

Equation 3
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8 Code Comparison

This section compares the experimental results with the nominal capacities calculated
using current design codes. All calculations used the material properties shown in Table 6. The
geometric properties, reinforcement, and prestressing were based on the specified values
presented in section 3.

Table 6—Material properties used in calculations

Material Property Value
Concrete deck compressive strength 6500 psi
(Used in flexural calculations)
Concrete girder compression strength 8500 psi
(Used for shear calculations)
Reinforcement yield strength 60 Kksi
Prestressing strand ultimate strength 270 ksi

Experimental and code calculated shear capacities are presented in Table 7.
Experimental results in the table include shear force due to the self-weight, as well as shear from
the applied load. Nominal shear capacities were calculated using three methods:

1. Modified compression field theory (MCFT) from AASHTO LRFD Bridge Design
Specification (2007).

2. Detailed method (ACI) from American Concrete Institute ACI 318 (2008).

3. Strut-and-tie modeling as presented in the previous section.

None of the specimens failed in the modes assumed by the MCFT and ACI calculations.
Comparisons with these methods are nevertheless useful in evaluating the degree of
conservatism in the code provisions. On average, MCFT was more conservative than ACI,
predicting shear capacities that were only 75% of the experimental results. The ACI method

predicted shear capacity to be 85% of the experimental results, on average.
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Table 7-Comparison of calculated shear capacity with maximum experimental shear

MCFT ACI STM

Test X(EiXF)) Vn VExp Vn Vexp Vi VExp

P (ip) | v, | kip)| v, |Kip)| v,
B5L-C 181 | 115 | 157 | 135 | 1.34 | 181 | 1.09
B5L-U 152 | 115 | 1.32 | 135 | 1.13 | 152 | 1.02
B5M-C 164 | 106 | 155 | 136 | 1.21 | 164 | 1.06
B5M-U 144 | 106 | 1.36 | 136 | 1.06 | 144 | 1.05
B5S-C 159 89 | 1.79 | 137 | 1.16 | 159 | 1.12
B5S-U 133 89 | 149 | 137 | 0.97 | 133 | 1.07
B6L-C 191 | 151 | 126 | 131 | 146 | 191 | 0.92
B6L-U 138 | 151 | 091 | 131 | 1.05 | 138 | 0.73
B6M-C 182 | 143 | 1.27 | 133 | 1.37 | 182 | 0.96
B6M-U 149 | 143 | 1.04 | 133 | 1.12 | 149 | 0.86
B6S-C 167 | 115 | 145 | 135 | 1.24 | 167 | 0.97
B6S-U 124 | 115 | 1.08 | 135 | 0.92 | 124 | 0.80
Average 1.34 1.17 0.97
Bxx-C Avg. 1.48 1.30 1.02
Bxx-U Avg. 1.20 1.04 0.92

The experimental bending moments were also compared with the capacities predicted by

theory. Table 8 shows the maximum experimental moments as well as the nominal moment

capacity predicted by strain compatibility. In all but one case, the specimens failed prior to

reaching the nominal moment capacity. For test B5S-C, the experimental moment was 14%

greater than the nominal moment capacity. This was specimens to have failed in flexure.
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Table 8—Comparison of calculated moment capacity with maximum experimental moment

MExp Mn MEXP

Test | (kip-fo) | (kip-ft) | ",
B5L-C 431 488 0.88
B5L-U 362 488 0.74
B5M-C 390 427 0.91
B5M-U 343 427 0.80
B5S-C 379 333 1.14
B5S-U 317 333 0.95
B6L-C 455 673 0.68
B6L-U 329 673 0.49
B6M-C 433 594 0.73
B6M-U 355 594 0.60
B6S-C 398 472 0.84
B6S-U 295 472 0.63
Average 0.78
Bxx-C Avg. 0.86
Bxx-U Avg. 0.70
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9 Summary and Conclusions

Twelve precast-prestressed test specimens were loaded to failure in three-point bending.

The load point was placed approximately one member depth away from the support. Half of the

specimens had confinement reinforcement and the other half did not. Other variables in the test

program included the quantity and size of prestressing strands. The following conclusions are

made:

Confinement reinforcement had negligible effect on measured strain distribution
prior to cracking.

Transverse tensile strains formed in the bottom flange above the bearing pad. The
maximum strain occurred at the centerline of the cross-section and the strain
diminished to a minimum at the edge of the flange. Transverse tensile strains are
believed to have led to splitting failures in the beams without confinement
reinforcement.

Confinement reinforcement did not consistently delay or prevent slipping of
prestressing strands. Such reinforcement, however, did provide sufficient slip
restraint to the strands to ensure that they were able to continue supporting tensile
forces beyond the point at which the unconfined test specimens failed.
Confinement reinforcement prevented splitting failure, thereby improving the
shear capacity and displacement ductility of the confined tests relative to the
unconfined tests. Average shear capacity increase was 25% and the average
increase in displacement ductility was 157%.

Experimental results and strut-and-tie modeling suggest that the strands were 30%
developed on average at peak load. Development of the strands in the
experimental tests was limited by the formation of cracks within the strand

development length.
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Appendix C-SR-72 Tests
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1 Introduction

The Florida highway system includes some of the earliest (circa 1950s) pretensioned
concrete bridges in the United States. Shear capacity of Florida’s early pretensioned girders is of
interest because the early designs had thin webs and only limited vertical reinforcement. This
report presents the results of load testing conducted on early girders that were removed from an
existing bridge (Figure 1) after nearly 55 years of service. In total, six girders were removed and
tested. Girders were loaded in three-point bending at a/d ratios ranging from 2.1 to 4.5. Results
of load testing will assist engineers in determining the strength of similar existing girders.

In addition to evaluating shear capacity of early pretensioned girders, this project also had
the goal of evaluating the contribution to the shear capacity from the cast-in-place concrete
bridge decks. To this end, varying portions of the deck and curb were retained with each
salvaged test girder. Width of the retained deck portions ranged from 2 ft to 7 ft. Two of the
girders were exterior girders and were removed with the curb portion of the bridge deck intact.

The exterior girders allowed the strength and stiffness contributions of the curb to be evaluated.

Figure 1-Existing bridge prior to girder removal

Each girder was given a unique label based width of the retained deck and position as an
internal or external girder (Figure 2). Internal girders were labeled with an ‘I’ and exterior
girders with an “X’. The numeric portion of each label indicates the nominal width of the slab in
feel. For example, girder ‘16” was an interior girder with a nominal 6-ft wide deck. Girder ‘X4’
was an exterior girder with approximately 4 ft of curb and deck remaining. Note that the
dimensions for the slab width shown in Figure 2 are nominal dimensions and that the actual

dimensions varied slightly along the length of the test girders.
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In general the girders performed well in load tests even after 50 plus years of service. In
spite of having thin webs and minimal shear reinforcement each of the girders had experimental
capacity greater than the code calculated nominal shear capacity. Results indicate that the
girders supported load through a tied-arch mechanism wherein the concrete carried compressive
loads as an arch, and the prestressing strand acted as ties. The effects of the slab width on shear
capacity where not evident from the limited data. The results do demonstrate, however, that the
curb increased the strength and stiffness of the exterior girders relative to the interior girders.

A brief discussion of truss and tied-arch mechanisms in concrete beams is presented in
the literature review contained in Appendix A. Readers unfamiliar with these concepts may
benefit from reviewing this material prior reading the results section of this appendix.
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Figure 2—Test girder identifications and slab configurations
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2 Girder and Deck Design

Test girders were salvaged from a bridge on Florida Highway SR-72, in Sarasota County,

Florida. Girders were precast and pretensioned, having the cross section shown in Figure 3.

4 1in.
c
vy
(15) 3/8" dia. stress —
relieved strand ] .
£ N £
N \ ™
= e . i
ﬂ. .
— ® |
@ /‘ : -\ _
(o - « & & & - - 9
S
.E'T =l ~~1.75in. typ
o 1ft2in.

Figure 3—-Typical girder cross section

Construction drawings dated February 1954 are shown in Appendix H. These drawings
specified that each girder be prestressed with (15) 3/8-in. diameter stress-relieved strands
pretensioned to 14 kip each. The strand pattern is shown in Figure 3. No records from
pretensioning operations are available, however the effective prestress force of girder 12A was
experimentally evaluated using the method presented Pessiki et al. (1996).

The specified 28-day compressive strength was 5500 psi for the girders and 3600 psi for
the deck. Core samples from the girders were taken and tested in 2006. Results of the core tests
are presented in Appendix H and indicate that the average concrete compressive strength was
3240psi.

Construction drawings specified two #4 longitudinal bars in the top flange and (12) #4
vertical bars spaced at 6 in. o.c. at each end of the girders (Figure 4). The vertical bars did not
have hooks specified. End blocks extended 2.5 ft from each end. Non-destructive testing was

used to locate the vertical bars in the web. Results of non-destructive testing are presented in

section 4.1.
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Figure 4—Transverse reinforcement

The girder plans called for shear keys (Figure 4) on top of the girders to create composite
action with the cast-in-place deck. Hoops were specified to tie the girders and deck. The hoops
were #4 bars and were partially embedded into the top flange, with the remaining portion
extending above the girder and embedded into the deck. Plans specified (24) hoops total for
each girder, with 9 in. spacing at the ends, and 18 in. spacing near mid-span.

Figure 5 shows the curb and deck reinforcement specified on the original plans. Original
plans are included in Appendix H. Plans called for a 7-in. thick cast-in-place deck reinforced
with longitudinal and transverse #4 bars top and bottom. Longitudinal bars were specified at an
average of 12 in. oc in the bottom of the deck, and 18 in. oc in the top. Specified transverse
reinforcement was #4 bars at 10 in. oc in the top and bottom of the deck. Additional transverse
#4 bars were spaced at 10 in. oc and were bent such that they support negative moments over the
girders and positive moment between girders. Curb reinforcement was (3) #4 bars placed
longitudinally near the top of the curb, and bent #4 bars spaced at 12 in. oc transversely to tie the
curb to the deck.

End diaphragms were cast between the girders and each end of the bridge and had a
specified thickness of 8 in. with 1-in. diameter threaded bar extending through the end
diaphragms and girder end blocks to tie the bridge together transversely. Varying portions of the
end diaphragms were retained with individual test girders. Relevant details about the end

diagrams are given in the next section.
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3 Test Setup, Procedures, and Instrumentation

Girders were tested in three-point bending. Dimensions and setup are described in Figure
6 and Table 1. The support nearest the load point is referred to as the near support. The opposite
support is referred to as the far support.

The load was transferred from a hydraulic actuator to the girders through a 10-in. x 10-in.
x 2-in. thick reinforced neoprene bearing pad at a loading rate of approximately 0.25 kip/second.
A load cell was used to measure the applied load. A thin grout pad (1 in. maximum thickness)
was placed below the load point on X7, 12B, X4 and 14 to compensate for slight cross-slopes of

the deck on those girders.

Load
I a' |

| }

L

Figure 6-Test setup

Table 1-Test setup dimensions

Girder A ald* L

X7 8’-2" 34 23’-9”
X4 8’-2" 34 24°-3”
12A 10’-11” 45 23’-9”
12B 8’-1” 3.3 24’-11”

14 5’-2” 2.1 23’-10”

16 8’-2” 3.4 24°-0”

*d=29in.

Linear Variable Displacement Transducers, LVDTSs, were used to measure vertical

displacements at the load point and above each support. LVDTs were also used to measure

strand slip. A steel frame was bolted to the end of each beam to support the strand slip LVDTs

(Figure 7). In total, ten strands were monitored for slip (Figure 8). LVDTSs were also used to

measure lateral movement at the load point of girders X7 and X4.

BDK75 977-05

Page 176



Figure 7-LVDTs at end of girder

LTI B )

- = ® = ® = =

Figure 8-Strands instrumented with LVDTs

Typically, girders were supported at each end on an 8-in. X 14-in. x 2-in. thick (14-in.
dimension perpendicular to the length of the girder) reinforced elastomeric bearing pad.
Additional bearing points were added at the far support of girders X7, X4 and 16 to provide
stability during testing. The additional bearing pads were placed below the end diaphragm or
curb as shown in Figure 9, Figure 10, and Figure 11.
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Figure 10—X4 far support
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Figure 11-16 far support

Bonded foil strain gages were used to measure concrete surface strain and to detect
cracks during testing. Strain gages had a 60-mm gage length. Appendix H contains information
on the labels and locations of all strain gages and LVVDTs used during load tests.
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4 Results and Discussion

Results of the load tests are presented in terms of superimposed shear. Superimposed
shear is defined as the shear force at the near support due to the load applied by the hydraulic
actuator. The superimposed shear does not include shear force due to girder self-weight.

Displacement results presented in this section are vertical displacement at the load point.
Vertical deflection at the load point was taken as the average displacement recorded by the
LVDTs on either side of the load point, less the displacement of the girders due to bearing pad
compressive reactions. In some cases, the two LVDTSs at the load point reported different
displacements, indicating that the girder was rotating in addition moving vertically. Rotation of
the girders is discussed with the results from in the individual load tests.

Strand slip was monitored using LVDTs mounted on the back of the girders above the
near support. Data from the LVDTs indicated that strand slip only occurred during testing of X4.
Because strands did not slip in the other tests, slip data is only presented for test X4.

4.1 Non-destructive testing to locate transverse reinforcement
Transverse reinforcement in the webs was located using a cover meter. Girder

construction drawings specified that (12) #4 single-leg transverse bars be placed vertically at 6
in. 0.c. at each end (Figure 4). Of the (12) bars, (6) of the bars were to be placed in the end block
and the other (6) placed in the web. The location of the transverse reinforcement in the end
blocks could not be determined because the clear cover over the reinforcement was too large for
the cover meter to penetrate.

To avoid interference from the prestressing strands, only the top of the web was scanned
with the cover meter. Thus, the spacing and quantity of the vertical reinforcement were
determined, but the orientation (inclination) of the bars could not be determined. Figures
showing the transverse steel locations as determined by the cover meter are presented with the
results of the individual girder tests. Note that the presumed vertical orientation of the
reinforcement shown in the figures was not confirmed.

Transverse reinforcement in the test girders was generally not consistent with the
construction drawings. For example, only two of the twelve ends had the specified number of
transverse bars in the web. Four of the twelve ends had only two vertical bars in the web.

Inconsistency between the specified and observed vertical reinforce is particularly troubling
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because the specified reinforcement was already minimal compared to modern girders. It is
recommended that similar girders in Florida be analyzed under the assumption that vertical
reinforcement is absent. Alternatively, it is recommended that a cover meter or other means be

used to locate vertical reinforcement for the analysis.

4.2 Test X7
Girder X7 was load tested at an a/d ratio of 3.4. Shear-displacement behavior of X7 is

shown in Figure 12. As load was applied the girder displaced vertically and latterly, and rotated
about its longitudinal axis. Lateral displacement is presented in Figure 13. The maximum
rotation was approximately 0.14 degrees, as determined from LVDTs L2 and L3 which were
placed on either side of the load point. The rotation and lateral movement are attribute in-part to
the asymmetric cross-section and load location which was not through the section’s shear-center.
Uneven bearing pad deformation may also have contributed to the rotation. As previously
discussed, and as presented in Figure 9, multiple bearing points were placed at the far end of X7

to prevent instabilities due to asymmetry of the cross-section and load.

Displacement (mm)
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Figure 12—X7 shear vs. vertical displacement
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Figure 13-X7 lateral displacement at load point

The girder behaved linear-elastically until the formation of cracks. Visible cracking was
first observed in the web at a superimposed shear load of approximately 51kip (Figure 14).
Although cracks were not visible prior to 51kip, data from rosette R7 indicates that the crack first
formed at a shear of 41kip (Figure 15). At 58Kip of shear, the initial crack in the web was
observed to have joined with a flexural crack in the bottom flange. This load corresponds to the
change in slope on the shear-displacement plot; the change in stiffness being attributed to
cracking.

Referring to Figure 12, the abrupt changes in the shear-displacement curve between
65kip and 70kip correspond to the formation of additional cracks. Cracks formed farther from
the load point and at shallower angles as the load increased. Comparing the final crack pattern
with the location the transverse reinforcement (Figure 14), it is noted that with only one
exception, the cracks did not cross transverse reinforcement. Thus, after cracking the load could
not have transferred through truss action, but rather was carried through arch action. Girder X7
supported a maximum superimposed shear of 84kip. At this load a punching shear failure
occurred in the slab and curb. Figure 16 is a photo of the curb side of X7 showing the location of
the punching failure. The red strap in the picture is from the crane which was lifting the girder as

the photo was taken.
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Figure 16—-X7 punching failure bottom view

Strain gages were placed around the cross-section at three sections along the length of the
girder. Data from theses gages were combined via linear interpolation to approximate the strain
contour of the section during loading. Figure 17 shows the strain contour at the section below
the load point at a shear of 45 kip. The maximum compressive strain occurred at the top corner

of the curb. Because the section experienced biaxial bending, the strain contours were inclined.

B 400 we& (TEN)

L.
. I— -300 1z& (COMP)

Figure 17—X7 Strain contour at shear of 45 kip at section below load point

4.3 TestX4
Girder X4 was loaded at an a/d ratio of 3.4. During load testing X4 displaced vertically

(Figure 18) and laterally (Figure 19), and rotated about its longitudinal axis. The maximum
rotation was approximately 0.11 degrees as determined from the differential displacement
reported by LVDTSs placed on either side of the load point. Rotation and lateral movement are
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attributed to the asymmetric cross-section and load location which was not through the shear-

center of the section. Uneven bearing pad deformation may also have contributed to the rotation.

As previously discussed, and as presented in Figure 10, multiple bearing pads supported X4 at

the far end to prevent instabilities due to asymmetry of the cross-section and load.
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Figure 18-X4 shear vs. displacement
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Referring to Figure 18, girder X4 behaved linear-elastically until a superimposed shear of
about 45kip. The transition from linear-elastic behavior corresponded to the formation of
flexural cracks at the bottom of the girder below the load point (Figure 20). Data from gage S25
(Figure 21) indicate that cracking initiated at a shear of 44kip. Initial cracks were first visually
observed at a shear of 56Kkip.

The abrupt changes in the shear-displacement plot at 62kip and 66Kkip correspond to the
formation of incline cracks in the web. Cracks continued to form farther from the load point and
at shallower angles as the load increased. At the final stages of the load test incline cracks had a
maximum width of 1 in. As shown in Figure 20 vertical reinforcement was not engaged by the
inclined cracks. The relatively large crack widths and absence of engaged vertical reinforcement

suggest that the girder supported load by arch-action.
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Figure 20-X4 cracks (initial cracks in red)
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Figure 21-X4 shear vs. strain S25

Strain gages were placed around the cross section to evaluate the flexural strain field
during load testing. Figure 22 shows the strain field at the section below the load point at a
superimposed shear load of 46k. Contours indicate biaxial bending with the neutral axis inclined
at approximately 20 degrees from horizontal. The largest compressive strains occurred in the
upper corner of the curb and slab. Formation of the initial flexural cracks on the curb side is
consistent with the measured strain field which recorded the largest tensile strains at the location

of cracking.
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Figure 22—X4 strain field at load location at a superimposed shear of 46 Kip

Lateral displacement of girder X4 is presented in Figure 19. As with vertical stiffness,
the lateral stiffness of the girder was reduced by the formation of cracks. The relatively flat
portion of the shear-displacement curves at the latter stages of the test suggests that
reinforcement may have yielded.

Crushing of the compression zone in the slab near gage S15 began at a shear of 71kip.
Examining data from S15, the compressive strain reached 2200 microstrain prior to crushing
(Figure 23). Crushing is attributed to the superposition of bearing strain from the load point and
the flexural strain. The corner of the slab near S15 continued to crush and spall as the shear
increased beyond 71kip. The corner of the curb near gage S17 began to crush at a shear of 76
Kip. According to gage S17, the strain at the corner of the curb reached 2550 microstrain
immediately prior to crushing (Figure 23). Girder X4 supported additional load after the initial
crushing at the corners of the slab and curb, reaching a maximum superimposed shear of 84kip.
As previously noted, the girder behaved as a tied-arch in the final stages of loading. The failure
mode of Girder X4 was flexural compression failure of the concrete. The moment at failure was
95% of the calculated nominal moment capacity. Details of nominal capacity calculations are
presented in a later section.

Girder X4 was the only test in which the strands exhibited significant slip (Figure 24).
The strand monitored by LVDT L7 was located the curb side in the bottom row. This strand was

in the region of highest tension in the bottom flange (Figure 22). Slipping of the strands in X4
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contributed to the rotation about the load point and crushing of the compression zone. Because
X4 failed in flexural the strands in this girder likely supported higher loads than in other girders,
making slip more likely. Slip was also augmented by the asymmetric bending as demonstrated
by the slip L7.
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Figure 23—X4 shear vs. compressive strain
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Figure 24—X4 strand slip vs. shear
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4.4 12A-Determination of Effective Prestress
The effective prestress force of Girder 12A was determined using to the procedure

presented by Pessiki et al. (1996). Based on this procedure, girder I12A was loaded until flexural
cracks formed. Two flexural cracks were visually observed at a superimposed shear reached 36k
(Figure 28). The load was held constant at this force so that the cracks could be marked. After
cracks were marked the girder was unloaded and strain gages (oriented longitudinally) were
placed as close as possible to, and on each side of both cracks (Figure 25).

Girder I12A was loaded to failure after the initial cracks were marked and strain gages
were installed. Figure 26 shows applied load vs. strain data from each strain gage placed
adjacent to the flexural cracks. Theoretically, as load is increased, the cracks should open when
the tension the tension due to bending equals the precompression from the effective prestress
force. This behavior is indicated by a bilinear shape in the load-strain plots shown in Figure 26.
At a load of 40kip (22kip shear) the load-strain relationship became nonlinear due to reopening
of the flexural cracks. Knowing this load at which the cracks reopened (i.e. precompression
force was overcome), the effective prestress force in the girder was calculated using flexural
theory. Specified initial prestress force, effective prestress force and total losses are shown in
Table 2. Note that calculation of the experimental prestress force utilized flexural stiffness
properties derived from the experimental load-displacement data.

An effective prestress force of 112kips was calculated from the experimental data.
Assuming an initial prestress force of 210Kkip as per the construction drawings, the experimental
data indicate a 47% loss in prestress force. This value of prestress loss is unusually high
suggesting that the initial prestress force may have been less than specified. This would not be
unreasonable considering other inconsistencies between the girders and plans, such as placement
of vertical reinforcement. It is not known if the experimentally evaluated prestress force from

I12A was representative of all test girders.
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Table 2—12A specified and effective prestress force

Specified Initial Prestress
Force

Experimental Effective Prestress
Force

Total Losses

210 Kips

112 Kkips

47%
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4.5 TestI2A
After evaluating 12A for effective prestress, the specimen was loaded to ultimate load.

Load was applied at an a/d ratio of 4.5. Shear-displacement data from the ultimate load test is
presented in Figure 27. Contrary to X4 and X7, girder 12A did not rotate about its long axis
during loading. Flexural cracks reopened at a load 40 Kip, corresponding to 22 kip superimposed
shear. According to the shear-displacement plot, significant deviation from linear-elastic
behavior did not occur until the shear reached 36k. Softening of the girder corresponded to the
propagation of flexural cracks. The abrupt changes in the shear-displaced data at shear forces
near 40 Kip were due to the formation of inclined cracks in the web. As the load increased,
additional cracks formed farther from the load point and at shallower angles. Cracking in the
web between the load point and the near support was particularly severe, as noted by the shaded
area in Figure 28 and shown in Figure 29.

Cracks along the web-flange interface in the shear span prevented the transverse
reinforcement from developing and carrying forces. On the far support side of the load, the
cracks did not engage the transverse reinforcement. Incline cracks on both ends of the beam
were too wide to allow force transfer by aggregate interlock. Without aggregate interlock and
effective transverse reinforcement, the girder behaved as a tied-arch during the final stages of
loading.

Failure was precipitated by the formation of tensile cracks in the top of the arch between
the near support and load point. After the cracks formed, the arch became unstable, buckled
upward (Figure 29) and lost load carrying capacity. Failure occurred at a superimposed shear of
51 kip. This behavior was captured by gage S1 (Figure 31) located on top of the girder. After
inclined cracks formed in the web, the compressive strains on top of the slab at gage S1
decreased suddenly. As testing continued strain reported by S1 became tensile. This tensile
action at the top of 12A resulted in cracking and instability of the compression load path. This
type of failure has also been reported by Kostovos (1987).

Girder 12A was one of two tests (14 being the other) in which cracks formed in the end
block. LVDT data indicate that the end block cracks did not affect strand slip.

Extensive cracking and spalling in the web exposed the transverse reinforcement (Figure

29). Orientation and spacing of the transverse bars were not consistent with the girder plans.
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Rather than being oriented vertically, bars were inclined towards the load point. Also, the bars

were spaced much closer than the specified 6™ o.c. spacing.
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Figure 27—12A shear vs. displacement
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Figure 30—I12A transverse reinforcement-arch failure
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4.6 Testl2B
Girder 12B was loaded at an a/d ratio of 3.3. Figure 32 shows the superimposed shear vs.

load point displacement. 12B rotated 0.22 degrees about its long axis as the shear increased from
Okip to 5kip. The girder maintained this rotated orientation for the remainder of the test. Girder
12B behaved linear-elastically until the shear reached about 43kip, at which point flexural cracks
formed below the load point (Figure 33). After formation of the initial cracks, load was held
constant and the cracks were marked. After loading was resumed, inclined cracks formed in the
web and additional flexural cracks formed in the bottom flange. Loading was stopped again to
mark the cracks at 50kip of shear. The abrupt change in the shear-deflection plot at 50kip was
due to relaxation of the load while cracks were being marked. Loading was again resumed, and
additional shallower cracks formed farther from the load point towards the far support. One of
these cracks formed at the peak load of 67kip. The load supported by the girder dropped after
the formation of the crack at 67kip, and the load was held to mark cracks for the final time.

After loading resumed, the inclined cracks near the far support continued to open and propagate,
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however the girder was unable to support the previous peak load. The test was terminated when
the load dropped to 64kip.

Comparing the locations of cracks and transverse reinforcement (Figure 33), it can be
seen that cracks between the load and near support intersected transverse bars whereas cracks
towards the far support did not. As the cracks towards the far support were large, it is unlikely
that shear was carried by aggregate interlock at that end of the beam. Thus it is believed that the
near side of the girder supported load by some combination of arch and truss action, and the far
side supported load by arch action.

The limiting factor on ultimate strength of 12B was capacity of the web near the far
support to withstand the formation and propagation of inclined cracks. Additional displacement
beyond peak displacement would have resulted in failure of the truss and/or arch mechanisms;
however it is unlikely that additional displacement would have accompanied load in excess of
the previous peak. It is concluded that the girder strength was controlled by the web capacity,
and it is presumed that the displacement capacity would have been controlled by failure of the

arching action.
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Figure 32—12B superimposed shear vs. displacement
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Figure 33-12B crack pattern (initial cracks in red)

4.7 Testl4d
Girder 14 was loaded at an a/d ratio of 2.1. Figure 34 shows the superimposed shear vs.

load point displacement. 14 began rotating about its long axis as soon as load was applied. The
angle of rotation increased with increasing load, reaching a maximum of 0.57 degrees just before
failure.

The first crack formed at a shear of 38 kip as reported by rosette R2 on the web (Figure
35). The initial crack was an incline crack in the web (Figure 36), and appears to have had little
effect on the girder stiffness as measured by the shear-displacement relationship. Stiffness of the
girder changed at a shear of 75 kip. This is the same load at which the inclined crack near gage
R2 was first visually observed.

As the load was increased additional cracks formed in the web on the far support side.
The cracks formed farther from the load point and at shallower angles at higher loads. The
abrupt changes in the shear-displacement plot near 112 kip and 118 kip correspond with
formation of inclined cracks towards the far support. During the final stages of loading cracks in
the web were wide approximately 0.5in wide. As shear could not transfer across the cracks, and
as the cracks did not engage transverse reinforcement, it is believed that the end of the girder
towards the far support behaved as a tied arch during the final stages of loading. The peak
superimposed shear supported by girder 14 was 118Kk.
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Figure 36-14 cracks (initial crack in red)

Cracks towards the near support engaged transverse reinforcement (Figure 36). The
transverse reinforcement slowed the propagation and opening of these cracks as compared to
cracks at the far end of the girder. The shear load transferred to the near support is believed to
have been carried by truss action. The shear transfer towards the far support was likely carried
by arch action.

The limiting factor on girder strength was capacity of the web on the far support side to
withstand the formation and propagation of inclined cracks. Additional movement beyond peak
displacement would have resulted in failure of the truss and/or arch mechanisms, however it is
unlikely the addition displacement would have resulted in that the loads in greater than the
observed peak. It is concluded that the girder strength was controlled by the web capacity and
that the displacement capacity was controlled by the arching and/or truss action.

Although cracks formed in the end block, no strand slip was reported by the LVDTSs.

4.8 Testl6
Girder 16 was loaded at an a/d ratio of 3.5. Figure 37 shows the superimposed-shear

versus load-point displacement. The girder behaved linear elastically until the first crack formed
at a shear of 43kip. Load at cracking was determined by data from gage S29 (Figure 38). The
initial crack was a flexural crack below the load point (Figure 39). Inclined cracks formed in the
web toward the near support at a shear of 48kip. Shallower cracks formed farther from the load
point as the load was increased. The load test was terminated after a sudden drop in load caused
by the formation of an incline crack at the far end of the girder. The maximum superimposed
shear was 68Kkip. Girder 16 did not rotate as load was applied.

Comparing the cracks with the locations of transverse steel (Figure 36), cracks
intersected transverse reinforced on the near side of the beam, but not on the far end. Shear was

carried by truss action to the near support, and arch action to the far support.
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The limiting factor on girder strength was capacity of the web on the far support side to
withstand the formation and propagation of inclined cracks. Additional displacement beyond the
tested peak would likely have resulted in failure of the truss and/or arch mechanisms, however it
is unlikely the additional displacement would have resulted in that the loads in excess of the
observed peak. Girder strength was controlled by the web capacity and it is presumed that
displacement capacity would have been controlled by failure of the arch and/or truss
mechanisms.
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Figure 37-16 shear vs. displacement.
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Figure 39-16 cracks (initial crack in red).
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5 Comparison with computed strength

Experimental ultimate capacity was compared with the nominal shear and moment
strength calculated using the detailed procedure from ACI 318 (ACI 2008) and the general
(MCFT based) procedure from AASHTO LRFD (AASHTO 2007). Nominal shear capacities
were calculated for an interior girder using the specified reinforcement, prestressing, geometric
properties, and material properties. This approach was used because physical properties were
not tested for each girder and because this is the likely approach of an engineer performing a
load rating on the bridge.

Based on the girders for which concrete compressive strength and effect prestress were
tested, it is assumed that the specified properties are unconservative relative to the physical
properties. Thus the approach used for shear calculations resulted in nominal capacities larger
than the capacities calculated using the available tested properties. This effect of the approach is
inconsequential considering that the experimental capacities were significantly higher than the
nominal capacities as shown in Figure 40 and Table 3.

Figure 40 shows the code calculated nominal capacities plotted against the shear span
length (a). The discontinuity at a = 5.7 occurs due to the specified termination of transverse
reinforcement at that location. Point data on the figure represent the experiment shear capacity
of the test girders. The experimental capacity of the girders was taken as the maximum
superimposed shear plus the dead load shear. In each case, the experimental capacities of the
girders were greater than the theoretical capacities predicted by ACI and AASHTO codes. Also
note that the exterior girders exhibited 30% greater shear capacity than the interior girders tested
at the same shear span.

Data from Figure 40 are tabulated in Table 3. The average experimental shear capacities
were 1.96 and 2.10 times larger than the capacity of the standard girder predicted by ACI and
AASHTO, respectively. The average experimental-to-nominal capacity ratio for the exterior
girders was 2.56 (ACI) and 2.71 (AASHTO), compared to 1.66 (ACI) and 1.79 (AASHTO) for
the interior girders. This increased capacity of the exterior girders is attributed to the shear
capacity of the curb. As the test girders tended to behave as tied-arches prior to failure, the
presence of the curb contributed to the strength of the arch and thus to the shear capacity of the
girder.
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The increase in nominal shear strength of the test specimens due to the curb can be
conservatively approximated by multiplying the shear nominal capacity of an interior girder by
the ratio of the exterior girder depth to interior girder depth. This is demonstrated by the

calculations shown in Table 5.
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Figure 40-Experimental and theoretical shear capacities.

Table 3—-Comparison of experimental and theoretical shear capacities.

Ve-max Vn Vn Ve-max/Vn Ve-max/Vn

(kip) | ACI (kip) | AASHTO (kip) ACI AASHTO
X7 96 37 35 2.59 2.74
X4 94 37 35 2.54 2.69
16 75 37 35 2.03 2.14
14 123 94 87 1.31 1.41
I2A 54 38 34 1.42 1.59
12B 71 38 35 1.87 2.03
Avg. 1.96 2.10
X only Avg. 2.56 2.71
I only Avg. 1.66 1.79

Table 4—-Exterior girder shear strength considering contribution of barrier

Vemax | Depth ratio (d*) d* x V, d* x V, Ve-max/ Ve-max/
(kip) | exterior/interior | ACI (kip) AASHTO (d* x V) (d* x Vp)
(kip) ACI AASHTO
X7 96 14 52 49 1.85 1.96
X4 94 1.4 52 49 1.81 1.92
Avg. 1.83 1.94
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The least conservative results came from girder 14, which was tested at a shear span of
2.1. This placed the critical section at the load point within the limits of the specified transverse
reinforcement. As such, 14 was the only girder for which the nominal capacity included the
contribution of shear reinforcement. Figure 36 shows that each of the inclined cracks in the
shear span of girder 14 engaged transverse reinforcement, thus consideration of the reinforcement
contribution is reasonable.

Experimental loads at the initiation of cracking provide another means of comparison
with the theoretically calculated capacities. This comparison is useful for evaluating service
behavior and cracking for similar in service girders. Figure 41 shows the theoretical concrete
contribution as calculated by the ACI and AASHTO provisions. The theoretical concrete
contribution represents the nominal strength of the standard section without shear reinforcement.
The point data on this figure mark the total (dead plus superimposed) shear load of the first
inclined cracking in the web. Load at first web cracking was determined from the strain gage
data. Cracking load indicated by the strain gages was lower than the load at which cracking was
visually observed. Data from Figure 41 are tabulated in Table 5. The average ratio of the
experimental shear at cracking to the concrete contribution was 1.17 and 1.32 for the ACI and

AASHTO procedures, respectively.
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Figure 41-Shear at initial cracking and theoretical concrete contribution.
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Table 5-Comparison of experimental and theoretical cracking shears.

Vcr—exp Ve Ve Vcr—exp V¢ Vcr—exp V¢

(kip) ACI (kip) | AASHTO (Kip) ACI AASHTO
X7 44 40 35 1.10 1.26
X4 47 40 35 1.18 1.34
12A 43 38 34 1.13 1.26
12B 50 40 35 1.25 1.43
14 41 37 35 1.11 1.17
16 51 40 35 1.28 1.46
Avg. 1.17 1.32

Experimental moments and nominal moment capacities are summarized in Table 6. The
theoretical moment capacities were calculated using the individual section properties from each
test girder rather than from the properties of the standard section. A moment-curvature
MathCAD worksheet developed by Consolazio et al. (2004) was used to calculate the theoretical
moment capacity of the section. Calculations were rigorous, employing strain compatibility,
equilibrium, nonlinear concrete stress-strain model (tension and compression), nonlinear steel
stress-strain model for strands and mild steel, and biaxial bending.

Girder X4 was the only specimen to fail in flexure, with the experimental moment
capacity being within 5% of the predicted capacity. During testing, crushing occurred in the
extreme compression fibers of girder X4 at 2550 microstrain, confirming that girder was at or
nearing flexural capacity. As none of the other girders failed in flexure, the experimental

moments are less than the calculated moment capacities.

Table 6-Comparison of experimental moments and nominal moment capacities.

Mexp Mh Mexp / My
(Kip-ft) (Kip-ft)
X7 752 934 0.80
X4 745 782 0.95
12A 572 693 0.83
12B 560 675 0.83
14 626 721 0.87
16 585 743 0.79
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6 Summary and Conclusions

Six pretensioned concrete girders were salvaged from an existing bridge and tested after
nearly 55 years of service. Girders were tested in three point bending at a/d ratios from 2.1 to
4.5. A varying portion of the existing deck and/or curb was retained with each test girder. The
experimental results were compared to theoretical predictions of strength capacity. Based on the

experimental and analytical results, the following conclusions are made:

e Test girders behaved as tied arches at the latter stages of loading. This is evident
from the relatively wide cracks which did not allow aggregate interlock and from
the absence of transverse reinforcement necessary to allow truss action.

e Tied-arch behavior controlled the experimental strength of girders X7, X4 and
I2A. Arches in these girders failed due to punching, flexural compression, and
arch instability, respectively.

e For girders 12B, 14, and 16 the maximum load occurred just prior to the formation
of an inclined crack in the web. These girders behaved as tied-arches during the
latter stages of loading, however, their maximum capacities were limited by the
capacity of the web to resist inclined cracking.

e The serviceability limit for girders tested at a/d ratios of 3.4 and less was
formation of inclined cracks in the web. The thin 4 in. webs were culpable in the
relatively small loads required to initiate web cracks.

e For tests at the same a/d ratio, the cast-in-place curb increased the average
exterior girder strength by 30% over that of the interior girders with no curb.

e Nominal shear capacities calculated by ACI and AASHTO methods were
conservative relative to the experimental results. On average ratio of calculated-
to-experimental shear capacity was 2.0 for ACI calculations and 2.1 for AASHTO
calculations.

e The concrete shear contribution, as calculated by ACI or AASHTO methods are
recommended for estimating the cracking load of similar in-service girders.
Concrete contribution as calculated by ACI and AASHTO methods were,

respectively, 17% and 32% lower than the experimental cracking loads.
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e End blocks effectively supported end region loads, preventing cracking in the end
region in all but two tests, and strand slip in all but one test.

e Location and quantity of the transverse reinforcement in the test girders and the
construction drawings. It is recommended that presence of vertical reinforcement
be confirmed using non-destruction methods when analyzing the shear capacity of
similar in-service girders. If the presence of transverse reinforcement is not
verified, then it is recommended that shear contribution for the vertical steel be
neglected.

e The experimentally determined prestress force in specimen 12A was 47% less
than the specified initial prestress. The large difference between the specified and
experimental values may indicate quality control issues in addition to higher than
expected losses.

e In spite of relatively thin webs, small quantities of vertical reinforcement, and
poor quality control during construction, the girders were able to support

significant shear force after nearly 55 years of service.
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Appendix D-FIB-54 Tests
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D.1 Summary

Confinement reinforcement is placed near the end of pretensioned concrete I-girders to
enclose prestressing strands in the bottom flange. Experimental and analytical test programs
were conducted to investigate the function of confinement reinforcement and to provide the basis
for a confinement reinforcement design model. Five 54-in. deep Florida I-Beam (FIB-54)
girders were fabricated and load tested in the experimental program. Each end of each girder
had a different combination of variables, which resulted in ten unique test specimens. Variables
included: presence or absence of embedded steel bearing plates, quantity and configuration of
confinement reinforcement, strand bond pattern, strand quantity, and quantity of horizontal and
vertical end region reinforcement. Data were collected during and after prestress transfer to
evaluate the effects of test variables on bottom flange cracking. Load tests were then conducted
on each specimen (end) to determine the effects of test variables on girder behavior and capacity.
Specimens were loaded in three-point bending at a shear span-to-depth ratio of 2.0. Failure
modes in the test program included web-shear, bond-shear, and lateral-splitting. Primary
outcomes of the research include an improved understanding of the function of confinement
reinforcement during prestress transfer and at ultimate load, and an improved understanding the

interaction between confinement reinforcement and the other end region variables.

D.1.1Introduction
Of the almost 12,000 bridges in Florida’s public road system, approximately half utilize

prestressed concrete as the structural system (FHWA, 2010). Simple-span pretensioned
concrete I-girders are the most common type of prestressed concrete structures, and are
ubiquitous in Florida’s highway system (Figure 1). In 2009, the Florida Department of
Transportation (FDOT) introduced the Florida I-Beam (FIB) (Figure 2) for use in highway
bridges. The FIB girders “were developed to be more efficient to fabricate, safer to construct,

and more cost effect when compared to the [previously] used prestressed beams” (FDOT 2009a).
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Simple-Span Pretensioned Concrete I-Girders
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Figure 2—Cross-section 54-in. deep Florida I-Beam
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To further improve the efficiency of FIB girders, it is desirable to investigate the
feasibility of reducing reinforcement placed in the end region (Figure 3). End region
reinforcement is specified by FDOT standard details (Figure 4), which are based on historic
FDOT details, code requirements, and constructability considerations (Nolan 2009; Fallaha
2009). There is particular incentive to investigate confinement reinforcement, which is placed in
the bottom flange around prestressing strands (Figure 3). The current use of confinement
reinforcement is limited by the following:

¢ Confinement reinforcement approximately doubles the amount of time required to
place reinforcement in I-girders (Magus 2010).

e Code provisions governing confinement reinforcement are based on limited
experimental data. The interaction of confinement reinforcement and other end
region design variables has not been studied.

e Code provisions governing confinement reinforcement are prescriptive and do not

provide a rational model for design.

Confinement Reinforcement

Figure 3—End region reinforcement.
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Figure 4-FIB-54 end region reinforcing detail (FDOT 2009b)

Previous research (see Appendix A) has focused on the effects of confinement
reinforcement but does little to address its function. For purposes of this document, the
“function” of confinement reinforcement is defined as how, why, where, and when confinement
reinforcement acts in the end region structure.

Research presented in this document made use of analytical and experimental methods to
investigate the function of confinement reinforcement. Interaction between confinement
reinforcement and other end region variables was also considered. One goal of the research was
to provide a rational model for the design of confinement reinforcement. Experimental results
coupled with a rational model may justify a reduction in the quantity of reinforcement in the end
region, thereby improving the efficiency of pretensioned I-girders.

In addition to having sufficient strength pretensioned I-girders must also satisfy
serviceability requirements. Bottom flange splitting cracks are a particular serviceability concern
in girders with relatively slender bottom flanges such as the FIB. Accordingly, development of a
serviceability design model for the bottom flange of FIB girders was part of the research
program. Such a model can improve the efficiency of FIB girders by giving engineers a tool for

designing bottom flanges that are less prone to splitting cracks.
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D.2 Girder Design and Construction

Five 54 in. deep Florida I-Beam (FIB-54) girders were fabricated and tested to evaluate
the effects of end region detailing on girder behavior and capacity. Variables in the test program
included: quantity of horizontal and vertical mild reinforcement in the end region, quantity or
lack of confinement reinforcement, strand debonding pattern, and presence or lack of embedded
steel bearing plates. This chapter presents details of the girders, construction procedures, and
material properties. The labeling convention used to identify the different girders and specimens

is also presented.

D.2.1Test Girder Classification
Each end of each girder had a unique combination of variables. Because of the unique

detailing, each end will be referred to as a separate “specimen” in this document. Figure 5
presents the nomenclature used to label specimens and girders. The first letter in the label
identifies the girder and the second letter is used to designate the end. Both letters combine to
form a specimen label. Letters used in the labels describe the key variables associated with each
girder and specimen. A complete description of variables is contained in Table 1. Schematic

representations of each specimen and the associated variables are shown in Figure 6.

End designation

C: Confinement reinforcement per FDOT
U: No confinement reinforcement

B: Bearing plate included

N: No bearing plate

M: Modified confinement reinforcment

Specimen
label

Girder label

H: Horizontal reinforcement in end region

V: Modified vertical reinforcement in end region
W: Strands fully bonded below web

F: Strands fully bonded in outer flange

D: Strands bonded per design girder

Figure 5-Labeling scheme
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Table 1-Test girder and specimen variables

Test Girder | Specimen | Bearing Mild reinforcement Strand | Confinement | Phase
plate Vertical | Horizontal bond | reinforcement
pattern

H HC Yes FDOT Yes Design FDOT 1
HU Yes FDOT Yes Design No 1

\Y VC Yes Mod No Design FDOT 1
VU Yes Mod No Design No 1

w WN No FDOT No Web Mod 2
wB Yes FDOT No Web Mod 2

F FN No FDOT No Flange Mod 2
FB Yes FDOT No Flange Mod 2

D DC Yes FDOT No Design FDOT 2
DM Yes FDOT No Design Mod 2

FDOT: Detailed per FDOT design standards
Mod: Detailed with modifications to FDOT design standards
Web: Fully bonded strands placed below web

Flange: Fully bonded strands placed in outer portion of flange

Design: Strand pattern based on prototype design
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Figure 6-Specimen labels and graphical descriptions

Girders were constructed in two phases. The final column in Table 1 notes the
construction phase for each test girder. Phase 1 girders were constructed at Dura-Stress Inc. in
Leesburg, FL in August of 2010. Phase 2 girders were constructed at Standard Concrete
Products in Tampa, FL in February of 2012.

Meetings were held with the FDOT, the project sponsor, prior to each construction phase

to solicit input on test variables. Variables in phase I include the presence or lack of confinement
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reinforcement and quantity of mild steel reinforcement in the end region. Variables tested in
phase 11 include confinement reinforcement configuration, the presence or lack of steel bearing

plates, and the strand bond pattern.

D.2.2Test Girder Design
Test girder prototype design was based on girders used in an existing bridge in Clay

County, FL, which had the FIB-54 cross-section (Figure 7) and spanned approximately 120 ft.
The strand pattern and reinforcement for the prototype girder were designed based on these
conditions. Due to laboratory space restrictions, the test girder length was reduced to 49.5 ft.
The shorter length, however, still allowed for evaluation of the end region detailing, which was

the primary focus of the research program.

L 48 in. |
|
il Sym.«—e—>sym.
3.5in.__|\ i /2 Y
3.5in. N !
A |
1.5in. |
7in. : p 17in.
31in. I
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i 3.51n.
15in. R# i
A 4
V' N |
7.5in. / |
A 4 !
A |
7in. |
A\ 4 :
¢ N 3, et
. each side
P 38in R

Figure 7—Cross-section of FIB-54

The prototype design called for (52) 0.6-in. diameter prestressing strands in the bottom
flange and (4) 3/8-in. diameter strands in the top flange (Figure 8) using the strand bond pattern
designated as “design pattern” in Figure 9. While strand bond patterns were varied among the
specimens as indicated in Figure 9, the strand diameter, positions, and total prestress force were

constant. The design pattern had six partially shielded strands and seven fully shielded strands.
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Fully shielded strands in the test girders correspond to locations in the prototype with shielding
lengths of 20 ft or 35 ft. Because test girders were shorter than the prototype, these shielding
lengths resulted in fully shielded strands in the test girders.
¢
45in. 1.5in— !

_u\ «18in. !

»
>

N-strands (4) 3/8 in. dia. (52) 0.6 in. dia.

270 ksi Lo-Lax strands 270 ksi Lo-Lax strands
tensioned to 10 kip each tensioned to
44.3 kip (Girders H & V)

or 44.6 kip (Girders W, F, & D)

(3)sp@2in' ® e 00000
3I.n' ® e 00000

L (16)sp@ 2in.

< > <
i Y

Figure 8-Strand layout and prestressing details

Some strands in Figure 9 are denoted at “Shielded entire length”. This designation is not
strictly accurate for girders W, F, and D. All strands in these girders were bonded to the concrete
for at least 18 in. at the girder center span. This was done for safety reasons so that the strands
would be restrained from dangerous whipping movements during release of prestress forces.
Bonding at the center 18 in. did not affect the end regions where load tests were conducted.

The “web pattern” and “flange pattern” (Figure 9) were designed to test the effect of
strand placement on end region behavior and capacity. These patterns were created by partially
shielding strands in select locations. Both patterns violate current AASHTO LRFD requirements
for quantity and placement of shielding, but were useful for research purposes. The two

outermost strands in each pattern were fully bonded so that confinement reinforcement could be
secured to these strands during fabrication.
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Figure 9-Strand bond and shielding patterns

Mild reinforcement details (Figure 10 through Figure 13) were based on the prototype
girder and on FDOT Florida-I 54-Beam Interim Standard Details (FDOT, 2008, 2010). Bar
labels are similar to those used in FDOT standards. The numeric portion of each label indicates
the size of bar (i.e. 5A is a #5 bar). Reinforcement bending and bearing plates details are shown
in Figure 14. The different types of bars will be described in the following paragraphs.

5A. Bars placed longitudinally in the top flange and were continuous for the entire length
of the girder. Splices of 5A bars were at least 36 in. long.

BP. Galvanized steel bearing plates with headed studs embedded in the concrete at the
girder bearing. Plates in girders H and V had eight studs, whereas plates in girders W, F, and D
had six studs. Changes in stud quantity and width were made to follow the FDOT bearing plate
detail which changed after girders H and V were constructed. Changes to the FDOT bearing
plate detail were unrelated to the current research program.

3C, 4C, 3D, 4E and 4F. Bars placed in the bottom flange as confinement reinforcement
around the prestressing strands. Both FDOT and modified confinement schemes were used in
the test program and are shown in Figure 15. The FDOT confinement scheme used #3 bars and

the modified scheme used #4 bars. Fewer bars were used in modified scheme and all bars were
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placed directly above the bearing. The D and E bars in the modified scheme did not splice at the
cross-section centerline as did the C bars in the FDOT scheme.

7G and 8G. Bars placed longitudinally in the top flange. These bars were included to
control cracking in the top flange after prestress transfer, and are not specified in FDOT
standards. The G bars did not extend into the end regions where load testing took place. Girders
H and V had #7 G bars. Girders W, F, and D had #8 G bars.

5K and 5Ks. Bars were placed vertically in the web with hooks top and bottom. These
bars protruded through the top flange to help develop composite action with the cast-in-place
deck. They also acted as shear reinforcement. The bottom hook on 5K bars was 16 in. long to
assist in constructability. The bottom hook on 5Ks bars was only 6 in. long. To eliminate any
incidental confinement effects from the bottom hooks, 5Ks bars were used in lieu of 5K bars
within the end region.

4L and 4L-H. Bars were placed horizontally in the end region of girder H. The 2008
FIB details specify that 4L bars extend beyond the girder end and hook into a cast-in-place end
diaphragm. Test girders did not have end diaphragms. In the absence of a diaphragm to anchor
the 4L bars, 4L-H bars with headed anchors were used in the web and bottom flange were
development was critical. The 4L bars did not have headed anchors and were placed in the top
flange. For reasons unrelated to the experimental program the 2010 FDOT standard detail
eliminated the use of end diaphragms and horizontal bars in the end region. Girders W, F, and D
were designed using the 2010 detail and did not have 4L or 4L-H bars.

4M. Bars placed transversely in the top flange.

N-Strands. Strands placed in the top flange. These strands are sometimes called
“dormant” strands. Their primary purpose is to support mild reinforcement during fabrication.
They also provide a nominal amount of crack control to the top flange at prestress transfer.

5Y. Vertical bars bundled with 5Ks and 5Z bars at girder ends. These bars are used to
control web splitting cracks that form due to prestressing.

5Z. Bars placed vertically within the end region to control web splitting cracks.

BDK75 977-05 Page 224



49 ft. - 6 in. total length

2% in.\ (5) @ 3%in. ¢
5Ks /(16) @ 3%in. in. —(3) @ 7 in.
5K (38) @ 6 in. / 5% in. / [4 in.
@ 76x221 (19) @ 12in. (8) @ 6in. W
longitudinal in top flange L o (5) @ 3% in-
@—» centered about CL 3% in. 5Z
4L-H X \
3in.
5) @6 in.
(5 @6in~| CBP 7 AN CBS

; (6) 5Y bundled

8(’)(21.;7”- I ‘ | w/ 5Ks & 57
g Sl

(5 @6 in. c \ ;
b \ 5)@6in B @1ft-6in Al reinf. symmetric about CL C} BP 2ear&ng plate
3C in pairs - . € except for 3C and 3D bars eachen
1 in.cove (5) @ 3% n. Strand sﬁ/elding each end
per ‘design pattern’
5Ks 5Ks
52—\ _'f/—m 5z 52—\ S
*5Y (6) total
each end ™~
(4) 5A & (4) N strand (9) 4L-H (4) 5A & (4) N strand
cont. in top flange cont. in top flange 4L-H
(2) 4L | (2) 4L
3C in pair BP sKs BP

@ Vert. reinf. @ ends

Figure 10-Reinforcement for girder H

BDK75 977-05

Page 225



49 ft. - 6 in. total length

% m.\ /(5) @3%in. ¢

5Ks (9 @6in. /74% in. —(3) @ 7in.

5K (37) @ 6 in. 5% in. /4 in.

(4) 76 x22 (19) @ 12in. (8) @ 6 in. W
longitudinal in top flange L Y (3) @ 3% in:
@» centered about CLX 3%in. 57
\3 in.
® L &
\
\(5) 5Y bundled
I
5 @6in (o~ \ ;
ED) ( . : BP bearing plate
o (5)@6in. B @1f-6in. ¢ All reinf. symmetric about CL each end 9p
3C in pairs except for 3C and 3D bars
1in.cover— (5 @ 3% in. Strand shielding each end
per ‘design pattern’
5Ks 5Ks
52_\ f /74M 5Z 52_\ f /74M
* 5Y (6) total
each end ™~
(4) 5A & (4) N strand T (4) 5A & (4) N strand
cont. in top flange TP cont. in top flange
3D | (2) 4L
3C in pair: B8P 5Ke B8P

@ Vert. reinf. @ ends

Figure 11-Reinforcement for girder V
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5Ks (16) @ 3%in. /74% in. —(3) @ 7in.
5K (38) @ 6in. 5% in. [4 in.
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@—» centered about CLX 3%in. 57
\3 in.
® L &
\
\(5) 5Y bundled
Il 1 Nt
c \ ;
All reinf. symmetric about CL O—> 572 t;i%"gglp late
except for BP y
1 in.cover— 4D, 4E, & 4F (5) @ 3% in. Girder W: ‘web pattern’ strand shielding
o Girder F: ‘flange pattern’ strand shielding
5Ks 5Ks
iz [ I 5z i /- I
¢ *5Y (6) total
each end ™~
(4) 5A & (4) N strand ? (4) 5A & (4) N strand
cont. in top flange i cont. in top flange
4D ‘
4E & 4F 4E & 4F
I 5Ks BP

@WN&FN

@ Vert. reinf. @ ends

Figure 12—Reinforcement for girders W and F
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49 ft. - 6 in. total length

2% in.\ /(5) @ 3%in. ¢
sKs (16) @ 3% in. —iin ‘ —@@7in
5K (38) @ 6 in. 5% in. /4 in.
(4863301 (19 @ 12in. (8) @ 6in. "
longitudinal in top flange L 3 (5) @ 3% i
@—» centered about CLX %2 in. 5Z
\3 in.
® L &
™
\(5) 5Y bundled
M Ml s ez
! . |—BP bearing plate
o (5@6in , , © each end
I \ (5 @ 6in. (3)@11ft-6in. ¢ All reinf. symmetric about CL
3C in pairs 7 except for 3C, 3D, 4C, 4D, & 4F J
1 in-cover (5 @3%in. Strand shielding each end 4D, 4E, & 4F \—1 in.cover
per ‘design pattern’ (5 @ 3% in.
5Ks 5Ks
52—\ /- S 5z 52—\ / b
‘ *5Y (6) total |
each end ™~
(4) 5A & (4) N strand " E om0 (4) 5A & (4) N strand
cont. in top flange *rery cont. in top flange
3D |
3C in pair: BP SKs 4E & 4F BP

@DC

@ Vert. reinf. @ ends

Figure 13-Reinforcement for girder D
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Figure 14-Reinforcement and bearing plate details
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Current FDOT

‘C’ scheme
Confinement Reinf t g
onfinement Keinforcemen
Q&%Z IIJIIJIIJIIJIIJH!HIJIIH ——
~ inpairs | 3c&sppairs | 3Dpairs |
3C&3Dpairs—/ (@6 —  (J@718in

(5) @ 3% in.

Modified
‘M’ scheme
$
Confinement Reinforcement
N NG I
' & ¢ T [
4C,4E,& 4Fj

(5) @ 3.5 in.

Figure 15-Confinement reinforcement schemes

Cast-in-place concrete slabs were built on top of the test girders to mimic a bridge deck.
The slab was 8-in. thick, 48-in. wide and was reinforced longitudinally and transversely (Figure
16).

Specified material properties matched FDOT standards. Specifications are listed in Table
2. Tested material properties will be discussed in a later section.

Cover = 1in. top & sides, 2in. bot
#5 top & bot
48 in. =/@ 12in. oc
v

!

8in.

(4) #5 cont @ top
(2) #5 cont @ bot

Figure 16—Cast-in-place deck reinforcement
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Table 2-Specified material properties

Material Specification

FDOT class VI
8500 psi 28-day compressive strength
6000 psi compressive strength at prestress transfer

Girder Concrete

Deck Concrete FDOT class Il
4500 psi 28-day compressive strength
Prestressing Strand ASTM A416

270 ksi ultimate strength
Low relaxation

ASTM A615
60 ksi yield strength

Mild Reinforcement

D.2.3Girder Construction
Girders H and V were fabricated at Dura-Stress, Inc. in Leesburg, FL during the first

phase of construction. Girders W, F, and D were fabricated in the second phase at Standard
Concrete Products in Tampa, FL. The fabrication process was similar for both phases.
Differences are specifically noted in the text in this section. Table 3 presents a summary of the

construction events and dates for both phases.

Table 3—Construction and testing chronology

Event

Phase 1 Date

Phase 2 Date

Strands tensioned

August 30, 2010

February 13, 2012

Concrete poured

September 1, 2010

February 17, 2012

Concrete exceeds release strength

September 3, 2010

February 20, 2012

Forms removed

September 7, 2010

February 20, 2012

Prestress released

September 8, 2010

February 21, 2012

Moved to storage

September 8, 2010

February 22, 2012

Trucked to FDOT laboratory February 23, 2011 April 30, 2012
Deck cast April 6, 2011 May 7, 2012
Load testing May 9, 2011 to May 23, 2012 to
May 17, 2011 June 1, 2012

Fabrication began with the placement prestressing strands and form bulkheads. Plywood

bulkheads were used during phase one. Holes were cut in the plywood for strands to pass

through. Steel bulkheads were used in phase two. The steel bulkheads were installed in

segments after the strands were tensioned.
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A hydraulic jack was used to tension the strands. Jacking force was determined from
pressure in the hydraulic line and was verified by measuring strand elongation. Girders were
oriented on stressing beds as shown in Figure 17. Dormant strands in the top flange were

tensioned first followed by strands in the bottom flange. The same tensioning pattern (Figure 18)

was used for both phases.

3ft-6in. between

Denote strand cut location HU MC
(Individual strands cut HC \ / MU
simultaneously at each _\ /_

cut location)

- X X X I

LJacking end Phase 1 Anchored endj

5ft between 80ft between 3ft between 3ft between
top flange strands
harped in this space

FIB63 FIB63 DC FN WN
) A DM F wB
_\ \ \ 57 / In

X

X

LJacking end Phase 2 Anchored endj

Figure 17-Girder orientation during fabrication

A
X
X
X
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Wire Break

Same tension pattern ‘
(phase 1)

used for both phases

Wire Break Wire Break
(phase 1) (phase 1)

Figure 18-Tension pattern and wire break locations

Wire breaks occurred in three different strands during phase one (Figure 18). The wire
breaks did not occur inside the test girders so the strand cross-section within the girders was not
compromised. The jacking force of the strands with broken wires could not be checked by the
elongation method, however the jacking force as determined by pressure in the hydraulic line
was still within the specified range. No wires broke during the second construction phase.

After tensioning, mild steel reinforcement was placed. Select bars were instrumented
with strain gages prior to placement in the girders. Figure 19 through Figure 23 show the

reinforcement in each specimen.

Figure 19-Girder H reinforcement A) Specimen HC and B) Specimen HU
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Figure 22-Girder F reinforcement A) Specimen FN and B) Specimen FB
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Figure 23-Girder D reinforcement A) Specimen DC and B) Specimen DM

Concrete was mixed at on-site batch plants. For phase one girders, concrete was placed
in two lifts and was consolidated with internal and external vibrators after each lift (Figure 24).
The internal vibrator was only used on the north side of the web to keep the vibrator away from
internal strain gages which were primarily placed on the south side. A self-consolidating
concrete mix was used for phase two (Figure 25) and vibration was not necessary. Test cylinders
were taken by the fabricators and by the research team from each batch of concrete. The top
surface of each girder was raked to intentionally roughen the surface (Figure 26). Girders were

covered with heavy tarps during curing (Figure 27).

Figure 24—Concrete placement and internal consolidation phase 1
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Figure 26—Girder finished surface
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Figure 27-Girders covered with tarps

Forms were removed six days after casting during phase one and three days after casting
during phase two. Prestress was transferred to the girders the day after form removal. The time
between form removal and prestress transfer was used to install bonded foil strain gages and to
connect the data acquisition system.

Two 4x8 field cured cylinders were tested on the day of prestress transfer. The average
compressive strength was 6880 psi for phase one and 7320 psi for phase two. Both values are
above the specified release strength of 6500 psi.

Flame cutting was used in both phases to release the prestressing strands. Individual
strands were cut simultaneously at points shown in Figure 17. Dormant strands in the top flange
were cut first, followed by the bottom strands, which were cut from the outside-in and from
bottom-to-top (Figure 28). This release pattern was selected because it is relatively easy to
execute and because it is typical of precast girders in Florida. Strand cutting was stopped
intermittently at multiple stages to obtain strain readings from the vibrating wire strain gages and

to check the girders for cracking.
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Phase 1 E Phase 2

. Solid fill denotes shielding for the entire girder length.
Fully shielded strands were cut last.

Figure 28-Strand release patterns

For safety reasons, the fully shielded strands in phase one were cut last and were released
by a single cut between girders H and V. In some cases the fully shielded strands completely
slipped out of the girders upon release. This was not an issue in phase two because each strand
was at least partially bonded to each girder.

The girders in both phases shifted slightly (less than 1 in.) along the length of the
stressing bed multiple times during prestress transfer. Movement events always corresponded to
strand cuts. A more pronounced shift occurred during phase one as the final bonded strand was
cut. Just after the final bonded strand was cut, girders H and V each slid approximately 2 ft.
along the stressing bed. After sliding, the gap between girders was approximately 7 ft-6in.

To investigate changes in strain due to lifting (Figure 29), girders H and V were lifted by
crane immediately after prestress transfer was completed. Girders were supported by the crane
momentarily and then placed on dunnage on the stressing beds (Figure 30). Strain data were
collected during lifting and as girders were placed on dunnage. After the data were collected, the
girders were taken to a storage yard to await shipping. Girders were examined for cracking

periodically while in they were held in storage at the prestress fabrication facilities.

BDK75 977-05 Page 238



Figure 30—Girder resting on dunnage above stressing bed

Girders were trucked to the Marcus H. Ansley FDOT structures laboratory in

Tallahassee, FL for deck construction and load testing. Strain gages were used to monitor strain
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in girder H (phase one) during transport. Figure 31 shows girder H being transported. The black

box on top of the girder in the picture housed the data acquisition system.

Figure 31-Girder H on truck prior to transit

After unloading of the test girders in Tallahassee, forms were constructed and
reinforcement was placed for the concrete deck. Wood forms were affixed to the top flange of
the girders using pipe clamps (Figure 32). Concrete was prepared by a local ready mix plant.

Cast-in-place decks were poured inside the lab. Concrete was transported from the mix
truck to the girders via a bucket and crane (Figure 33). Concrete was consolidated using hand-
held and form-mounted vibrators. After consolidation and screeding, the decks were troweled to

a smooth finish. Cylinders of the concrete were taken for material testing.

Figure 32—-Deck construction A) reinforcement and B) formwork
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Figure 33—-Concrete placement A) unloading and B) placement with bucket

D.2.4Material Properties
Concrete, mild steel, and prestressing strand were detailed to match FDOT specifications.

FDOT class VI concrete (f’c = 8500 psi) was specified for the girders, and FDOT class Il
concrete (f’c = 4500 psi) for the deck. Concrete compressive strength was tested using both 4x8
and 6x12 cylinders. Table 4 presents the tested concrete strengths.

Prestressing strands were Grade 270 low-relaxation, conforming to ASTM A416. Tested
strand properties are shown in Table 5.

Bond capacity of phase one prestressing strands was tested in accordance with the
proposed standard recommended by the North American Strand Producers (NASP 2009). This
test method consists of pull-out tests of strand samples embedded in mortar. The method places
tight requirements on flow and strength of the mortar. Flow must be between 100 and 124, and
the strength at the time of the pull-out tests must be between 4500psi and 5000psi. The pull-out
tests must be conducted between 22 and 26 hours after mixing and placing the grout. In spite of
efforts to create a grout that would meet specifications, the grout used in the NASP tests failed to
achieve the required strength. Table 6 lists the grout strengths. Low grout strength was the only
deviation from the test method. Flow of the grout was 107.5. Table 7 lists results of the NASP
tests. Because the grout strength was less than the value specified by the method, results from
NASP tests are conservative when compared to tests that strictly meet the grout strength

requirements.
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Table 4-Tested concrete compressive strengths

Material Cast Test Average Sample size | Testing Cure
date date strength (psi) agent* | Method
Phasel 8-31-10 | 9-3-10 6400 (2) 4x8 1 Wet
Girder Concrete cylinders
9-8-10 6940 (2) 4x8 1 Field
cylinders
9-8-10 6880 (3) 6x12 2 Field
cylinders
9-29-10 9185 (3) 4x8 1 Wet
cylinders
9-29-10 8235 (3) 6x12 2 Field
cylinders
9-28-10 8790 (3) 4x8 3 Wet
cylinders
5-10-11 10,950 (4) 6x12 4 Wet
cylinders
5-17-11 11,610 (3) 4x7 cores 4 Core
girder FH
5-18-11 10,510 (3) 4x7 cores 4 Core
girder MH
Phase 1 4-6-11 | 5-4-11 6615 (3) 6x12 4 Field
Deck Concrete cylinders
5-18-11 6950 (3) 6x12 4 Field
cylinders
Phase 2 2-17-12 | 2-20-12 7050 (2) 4x8 1 Wet
Girder Concrete cylinders
2-21-12 7330 (2) 4x8 1 Field
cylinders
3-02-12 8790 (2) 4x8 1 Wet
cylinders
3-16-12 8250 (3) 6x12 2 Wet
cylinders
3-16-12 9210 (3) 4x8 1 Wet
cylinders
5-30-12 10,520 (3) 6x12 4 Field
cylinders
Phase 2 5-7-12 | 5-30-12 6400 (9) 6x12 4 Field
Deck Concrete cylinders

* 1. Tested by girder fabricator
2. Tested by FDOT State Materials Office
3. Tested by FDOT District Office
4. Tested by FDOT Structures Research Center
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Table 8 presents the tested material properties for mild steel reinforcement. All

reinforcement was ASTM A615 grade 60, with the exception of the 4L-H headed bars placed in
girder H. The supplier of the headed bars provided reinforcing bars that met ASTM A706.

During phase one the #3 bars came from two separate suppliers; Table 8 presents values from

both suppliers.

Table 5-Prestressing steel properties

Material Stress at 1% Ultimate stress Elongation at Testing
elongation ultimate stress agent*
Phase 1 259 ksi 285 ksi 5.47% 1
Prestressing Strand 271 ksi 284 ksi 4.59% 2
Phase 2 Prestressing 261 ksi 287 ksi 5.38% 1
Strand - .
259 ksi 285 ksi NA 2
* 1. Strand supplier
2. FDOT State Materials Office (average of 4 samples)
Table 6-Grout strength for NASP tests
Time of test Grout Strength*
(Time zero at mixing of grout) (average of (3) cubes)
22 hr 4210 psi
23 hr 4380 psi
24 hr 4030 psi
25 hr 4280 psi
26 hr 4340 psi

* Test method requires a strength between 4500 and 5000 psi

Table 7-NASP Test Results.

Test Number

Load at 0.1 in. strand slip

22.08 Kip

22.80 Kip

24.09 Kip

22.93 Kip

OB WINF-

22.98 Kip

6

22.57 kip

Average

22.91 Kip
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Table 8-Steel reinforcement properties

Material Yield Stress Ultimate Stress Elongation at Testing agent*
Ultimate Stress
Phase 1 68.8 ksi 90.8 ksi 19% 1
#4
Headed rebar g4 g7 89.6 Ksi 18% 2
Phase 1 72.9 ksi 114.8 ksi 11% 1
#3
confinement 78.6 ksi 121.3 ksi 9% 1
rebar
69.5 ksi 106.2 ksi 9% 2
Phase 1 66.1 ksi 100.7 ksi 17% 1
#5 vertical - .
0
rebar 68.6 ksi 105.7 ksi 9 % 2
Phase 2 73.6 ksi 113.3 ksi 12% 1
#3
confinement 85.2 ksi 115.4 ksi 12% 2
rebar
Phase 2 70.0 ksi 109.1 ksi 11% 1
#4
confinement 76.4 ksi 106.8 ksi 11% 2
rebar
Phase 2 64.5 ksi 103.2 ksi 11% 1
#5 vertical - -
0
rebar 63.2 ksi 103.5 ksi 13% 2

* 1. Rebar supplier
2. FDOT State Materials Office (average of 2 samples minimum)
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D.3 Test Setup and Procedures

D.3.1Data Collection during Fabrication
Strain and crack data were collected during various stages of fabrication including:

prestress transfer, lifting, storage, trucking, and deck construction. This section describes the
procedures used to collect data during each stage of construction.

Data from strain gages were monitored and logged using a computerized data acquisition
system powered by portable generators. Data from vibrating wire strain gages were monitored
using an electronic readout box and logged manually. Crack data were collected through visual
observation and using a microscope. Instrumentation details are presented in Chapter D.5.

Prestress transfer. Data were collected from each girder during prestress transfer. Prior
to transfer girders were examined for cracks and null readings were taken from all gages. For
girders H and V, the acquisition system and generator were secured to the top of the girders. For
girders F, W, and D the acquisition system was placed in a van adjacent to the stressing bed.
Strand cutting was paused at various times during prestress transfer to allow for visual
evaluations and to take readings from the vibrating wire gages. Visual evaluations and vibrating
wire readings were also conducted after prestress transfer was complete. Crack widths were
measured by microscope at few locations on each specimen. Crack locations were marked with
a crayon or marker and documented by photograph.

Lifting. Data were collected during lifting of girders H and V only. Immediately
following the conclusion of prestress transfer, girder H and V were lifted by crane, held in place
for approximately four minutes, and then placed onto dunnage. Strain data were collected
throughout this process. The data acquisition systems and generators were strapped to the top of
the girders to secure them during lifting. Vibrating wire gage readings were taken and visual
crack evaluations were conducted during each step.

Storage. All girders received periodic visual evaluations while they were in storage at
the precast facilities. Cracks were marked then documented by photograph. Crack widths were
measured by microscope at few locations on each specimen. Dates of visual evaluations are
listed in Table 3. Vibrating wire gage data were also collected while the girders were in storage.

Trucking. Internal and external strain gages were used to monitor concrete strains in

girder H during trucking from the precast facility to the laboratory. The data acquisition system
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and generator were strapped to the top of the girder to secure them during transport. Vibrating
wire readings were taken before and after trucking. A visual evaluation was given to all girders
upon arrival at the laboratory.

Deck construction. All girders were visually evaluated for cracks before and after
construction of the cast-in-place decks. Vibrating wire gage readings were also taken before and
after deck construction.

Material properties. Samples of reinforcement, strand, and concrete were taken during
each construction phase and were tested to determine the associated material properties.
Documentation regarding material properties was also obtained from the supplier of each

material.

D.3.2Load Test Setup and Procedures
Load tests were conducted at the FDOT M. H. Ansley Structures Research Center in

Tallahassee, FL. Test dates are listed in Table 9. Load tests were conducted on both ends of
each girder. After the first end was tested, the supports and load point were moved and the
opposite end was tested.

Table 9-Load test chronology

Specimen Service load test Ultimate strength test
HC May 11, 2011 May 11, 2011
HU May 9, 2011 May 10, 2011
VC May 13, 2011 May 13, 2011
VU May 17, 2011 May 17,2011
WN May 23, 2012 May 23, 2012
WB May 25, 2012 May 25, 2012
FN May 29, 2012 May 29, 2012
FB May 30, 2012 May 30, 2012
DC May 31, 2012 May 31, 2012
DM June 1, 2012 June 1, 2012

For purposes of this document each end will be referred to as a separate specimen. Each
specimen was loaded at least twice. The first loading simulated the service load. The simulated
service load was approximately 300kip and was determined from the prototype girder that was
used as a basis for the test girder designs. Once the service load was reached, the load was held
constant and cracks were identified and marked. After the cracks were marked the load was

removed. The second loading determined the specimen’s ultimate strength. A load-displacement
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plot was monitored real-time during the ultimate load test. Load was applied until it was
apparent from the load-displacement plot that a peak load had been reached. Cracking was
documented after the ultimate load test was complete.

Load and support geometry are shown in Figure 34. Each support consisted of a 10 in. x
32 in. reinforced bearing pad. Pads were “Type E” pads constructed according to FDOT design
interim design standards (FDOT 2009d). The bearing pad at the near support was centered below
the embedded steel bearing plate (Figure 35). Load was applied to the specimen using side-by-
side hydraulic actuators. The load rate was controlled by adjusting a pump that pressurized the
hydraulic system. The combined load rate varied from 0.1 kip/sec to 0.6 Kip/sec, with the typical
rate being approximately 0.4 kip/sec. Load was spread from the actuators to the girders through
steel plates and a 10 in. x 30 in. reinforced neoprene bearing pad. A reaction frame was used to
transmit load from the actuators to the strong floor (Figure 36).

Load, displacement, strand slip, and strain data were continuously collected during the
service and ultimate load tests. Strain from the vibrating wires strain gages was collect at
discrete points during load testing. Concrete samples were tested in conjunction with the load

tests to determine compressive strength at the time of load testing.

49 ft 6 in. overall length

Z5in., )\ 91t4.5in. 10 in. x 30 in. Bearing pad at load
Load 10in

— [

42t 10.5in. (Typical)
38 ft 10.5 in. (HU service load test)
48 ft 4 in. (HU ultimate load test)

]
A

10in. x 32 in. Bearing pad at each support

Figure 34-Test setup
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Figure 36—Test specimen and load frame A) top of girder and B) end of girder.

D.3.3Coordinate System
A consistent coordinate system is used throughout this document. The system is used to

define instrumentation locations and to identify the direction of strains, stress, and forces. The
origin for the coordinate system is placed at the centerline of the cross-section, at the bottom of
the girder, and at the girder end (Figure 37). The z-direction is vertical, the x-direction is
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horizontal across the width of the girder, and the y-direction is horizontal along the span length.

The support nearest the origin is denoted as the near support, and the opposite end is denoted as

the far support.

z
Load

e

S
X %
‘/

Near

Support

=

Far
Support

Figure 37—-Coordinate system relative to load and supports
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D.4 Instrumentation

Strain, displacement, force, and crack data were collected during fabrication and load

testing. This chapter describes the instrumentation used to collect data and the labeling scheme
that was used to identify the various instruments.

D.4.1Types and Descriptions

Data were collected using load cells, LVDTSs, linear potentiometers, variable resistance
strain gages and vibrating wire strain gages. Table 10 lists the different types of instrumentation
and the associated labels. With the exception of the vibrating wire strain gages, all data were
logged electronically. Vibrating wire gage data were logged manually from an electronic
readout box.

Table 10—-Instrumentation types and labels

Label Type Placement
MS Foil strain gage Reinforcement and bearing plates
XS Foil strain gage Concrete surface
ES Embedded strain gage Concrete interior
\ Vibrating wire strain gage Concrete interior
S Foil strain gage Concrete surface
R Foil strain rosette Concrete surface
L Linear variable displacement transducer Load point, supports, and strands
(LVDT)
P Linear potentiometer Strands
- Load Cell Load point

MS strain gages were attached to select mild reinforcement and to bearing plates prior to
placement in the test girders (Figure 38). MS gages had a gage length of 5mm and were used to
monitor strain during prestress transfer and load testing.

XS strain gages (Figure 39) were attached to the surface of test girders immediately after
formwork was removed. These gages were used to measure concrete strains during prestress
transfer, lifting, and trucking. XS gages had a 60mm gage length.
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Figure 39-XS gage installation

ES gages were embedded in the test girders and were used to monitor concrete strain
during all phases of fabrication and load testing. ES gages had a gage length of 60mm. Figure
40 shows ES gage installations prior to concrete placement.

V series gages were vibrating wire strain gages which were embedded in the test girders.
Theses gages had a gage length of 152mm and were used to measure concrete strain during all

phases of fabrication and load testing. Figure 40 shows a V series gage installation prior to
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concrete placement. Because vibrating wire gages do not experience electronic drift over time,
they were particularly useful in monitoring long term prestress losses.

Wire leads were collected into harnesses after all internal instrumentation (MS, ES, and
V series gages) had been placed in the girders. Harnesses in girders F and V were routed to the
ends of the girders and exited through holes in the wood bulkheads (Figure 42). Harnesses in
girders F, W, and D were routed to the top of the girders. Wire harnesses were covered with a
rubber sleeve and duct tape to protect the wires during concrete casting. A label was placed at

the end of each wire lead for identification purposes.

Figure 40-ES gage A) vertical and B) horizontal orientation
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Figure 42-Wire harness and plywood bulkhead

Prior to load testing S and R series strain gages were installed at discrete locations on
girder surfaces (Figure 43). These gages had 60mm gages lengths. R series gages were strain
rosettes built-up from three individual strain gages.
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L series instruments were LVVDTs used to monitor vertical displacement during load tests.
Labels and locations of the LVDTs measuring vertical displacement are shown in Figure 44.
LVDTs were mounted to fixed support structures as shown in Figure 45.

A

Figure 43-S gage A) on top of bottom flange and B) close-up

L3&L4
L1 above at load point L2 above
near support far SLEﬁ)pon‘
15 o

Figure 44-LVDT placement and labels
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Figure 45-LVDT and support frame

LVDTs were also used to monitor strand slip for girders H and V. Monitored strands are

shown in Figure 46. LVDTs for monitoring strand slip were mounted to a wooden bracket

affixed to the girder end (Figure 47). This setup was unreliable because cracking in the concrete

caused the LVDT frame to shift during load testing.

ococ@o o

00 Q0000 QQQ0Q

.OQOQQDO’OQDOOD o @
@oco@cocoo@oooo@oo@

¢ Fully bonded strand monitored by LVDT
< Partially shielded strand monitored by LVDT

Figure 46-Girder H and V strands monitored by LVDT
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Figure 47-Wood frame and LVDTSs

Rather than LVDTSs, P series variable resistant potentiometers were used to measure
strand slip for girders F, W, and D. Instrumented strands are shown in Figure 48. P series
instruments were mounted directly to the strands using custom-machined aluminum brackets and
set-screws (Figure 49). This setup did not have the problems associated with the wooden frame
used for girders H and V.

Load cells (Figure 50) were used to measure the force applied during the load tests. A
hydraulic system was used to apply the loads, and a pressure transducer was used to measure
pressure in the hydraulic line during testing. Both force and pressure data were logged

electronically, along with displacement and strain data from the other instruments.

Girder W Girder F Girder D
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® Fully bonded strand monitored by potentiometer
@ Partially shielded strand monitored by potentiometer

Figure 48-Girder W, F, and D strands monitored by potentiometer
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Figure 49—-Aluminum brackets and linear potentiometers on strands

Y — = Ly

Figure 50-Load cells below hydraulic actuators

D.4.2Strain Gage Coordinates
Figures in this document that present strain data typically also contain information

regarding the location of gage(s) from which the data were collected. Information in the figures
gives a general idea of the gage orientation and position but doesn’t always give specific
coordinates. Table 11 through Table 20 give specific coordinates of gages referenced in this

document. Coordinates are based on the system defined in Figure 37.
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Table 11-Specimen HC strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)
XS3 0 0 12 X Figure 52,
Figure 53, and Table 22
XS5 -19 18 6 Y Figure 66 and Figure 67
XS6 -19 30 6 Y Figure 66 and Figure 67
XS7 -19 36 6 Y Figure 66 and Figure 67
XS8 -19 42 6 Y Figure 66 and Figure 67
XS9 -19 48 6 Y Figure 66 and Figure 67
XS10 -19 54 6 Y Figure 66 and Figure 67
XS11 19 18 6 Y Figure 66 and Figure 67
XS12 19 54 6 Y Figure 66 and Figure 67
ES2 -3 27 8 X Figure 52, and Table 22
ES3 -3 47 8 X Figure 52, and Table 22
MS1 -0.5 2 0.5 X Figure 110
MS2 0 13 0.5 X Figure 110
MS10 0 2 10 X Figure 110
MS14 0 2 2 X Figure 110
MS15 -1 2 16 X-Z Figure 110
MS20 0 8 10 X Figure 110
MS24 -13 8 2 X Figure 110
MS25 -1 9 16 X-Z Figure 110
MS30 0 22 10 X Figure 110
MS34 0 22 2 X Figure 110
MS35 -1 22 16 X-Z Figure 110
MS40 0 66 10 X Figure 110
MS44 0 66 2 X Figure 110
MS45 -1 67 16 X-Z Figure 110
MS51 0 2 0 X Figure 110
MS52 0 13 0 X Figure 110
V1 -1 292 7.5 X Table 30
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Table 12—-Specimen HU strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)

XS3 0 0 12 X Figure 53,and Table 22
XS5 -19 18 6 Y Figure 66 and Figure 67
XS6 -19 30 6 Y Figure 66 and Figure 67
XS7 -19 36 6 Y Figure 66 and Figure 67
XS8 -19 42 6 Y Figure 66 and Figure 67
XS9 -19 48 6 Y Figure 66 and Figure 67
XS10 -19 54 6 Y Figure 66 and Figure 67
XS11 19 18 6 Y Figure 66 and Figure 67
XS12 19 54 6 Y Figure 66 and Figure 67
ES2 3 27 8 X Figure 52, and Table 22
ES3 3 48 8 X Figure 52, and Table 22
MS1 0 2 0.5 X Figure 110

MS2 0 13 0.5 X Figure 110
MS51 0 2 0 X Figure 110
MS52 0 13 0 X Figure 110
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Table 13-Specimen VC strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)

XS3 0 0 12 X Figure 53, and Table 22
XS5 -19 18 6 Y Figure 66 and Figure 67
XS6 -19 30 6 Y Figure 66 and Figure 67
XS7 -19 36 6 Y Figure 66 and Figure 67
XS8 -19 42 6 Y Figure 66 and Figure 67
XS9 -19 48 6 Y Figure 66 and Figure 67
XS10 -19 54 6 Y Figure 66 and Figure 67
XS11 19 18 6 Y Figure 66 and Figure 67
XS12 19 54 6 Y Figure 66 and Figure 67
ES2 -3 29 8 X Figure 52, and Table 22
ES3 -3 48 8 X Figure 52, and Table 22
MS1 -0.5 2 0.5 X Figure 110

MS2 0 13 0.5 X Figure 110
MS10 0 2 10 X Figure 110
MS14 0 2 2 X Figure 110
MS15 -1 3 16 X-Z Figure 110
MS20 0 8 10 X Figure 110
MS24 -13 8 2 X Figure 110
MS25 -1 8 16 X-Z Figure 110
MS30 0 22 10 X Figure 110
MS34 0 22 2 X Figure 110
MS35 -1 22 16 X-Z Figure 110
MS40 0 64 10 X Figure 110
MS44 0 64 2 X Figure 110
MS45 -1 64 16 X-Z Figure 110
MS51 0 2 0 X Figure 110
MS52 0 13 0 X Figure 110

V1 -1 297 7.5 X Table 30
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Table 14-Specimen VU strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)

XS3 0 0 12 X Figure 53, and Table 22
XS5 -19 18 6 Y Figure 66 and Figure 67
XS6 -19 30 6 Y Figure 66 and Figure 67
XS7 -19 36 6 Y Figure 66 and Figure 67
XS8 -19 42 6 Y Figure 66 and Figure 67
XS9 -19 48 6 Y Figure 66 and Figure 67
XS10 -19 54 6 Y Figure 66 and Figure 67
XS11 19 30 6 Y Figure 66 and Figure 67
XS12 19 54 6 Y Figure 66 and Figure 67
ES2 3 27 8 X Figure 52, and Table 22
ES3 3 48 8 X Figure 52, and Table 22
MS1 0 2 0.5 X Figure 110

MS2 0 13 0.5 X Figure 110
MS51 0 2 0 X Figure 110
MS52 0 13 0 X Figure 110

Table 15-Specimen WN strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)
MS10 -1 2.5 17.5 XZ Figure 61 and Figure 106
MS11 0 2.5 10 X Figure 61 and Figure 106
MS12 0 2 2 X Figure 61 and Figure 106
MS20 -1 9 18 XZ Figure 61 and Figure 106
MS21 0 9 10 X Figure 61 and Figure 106
MS22 0 10 2 X Figure 61 and Figure 106
MS30 -1 16.5 17.5 XZ Figure 61 and Figure 106
MS31 0 16.5 10 X Figure 61 and Figure 106
MS33 0 16 2 X Figure 61 and Figure 106Figure 106

V1 0 276 10 X Table 30
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Table 16—-Specimen WB strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)
MS3 0 0.5 0.5 X Figure 59 and Figure 106
MS4 0 7.5 0.5 X Figure 59 and Figure 106
MS5 0 13.5 0.5 X Figure 59 and Figure 106
MS10 1.5 2.5 18 XZ Figure 60 and Figure 106
MS11 0 2 10.5 X Figure 60 and Figure 106
MS12 0 2 2 X Figure 60 and Figure 106
MS20 1.5 9 18 XZ Figure 60 and Figure 106
MS21 0 9 10.5 X Figure 60 and Figure 106
MS22 0 8 2 X Figure 60 and Figure 106
MS30 1.5 16 18 XZ Figure 60 and Figure 106
MS31 0 15.5 10.5 X Figure 60 and Figure 106
MS33 0 15 2 X Figure 60 and Figure 106

Table 17-Specimen FN strain gage coordinates

Instrument | X (in.) | Y (in.) | Z(in.) | Orientation Reference(s)

XS1 19 14.5 6.25 Y Figure 68

XS2 19 23 5.25 Y Figure 68

XS3 19 30 6.25 Y Figure 68

XS4 19 121 6.5 Y Figure 68

XS5 19 128 6 Y Figure 68

XS6 19 135.5 6.5 Y Figure 68

XS7 19 142.5 6.5 Y Figure 68

MS10 -1 2 18 XZ Figure 63 and Figure 106

MS11 0 2 10.5 X Figure 63 and Figure 106

MS12 0 3 2 X Figure 63 and Figure 106

MS20 -1 9 18.5 XZ Figure 63 and Figure 106

MS21 0 9 10.5 X Figure 63 and Figure 106

MS22 0 7 2 X Figure 63 and Figure 106

MS30 -1 16 18.5 XZ Figure 63 and Figure 106

MS31 0 15.5 10.5 X Figure 63 and Figure 106

MS33 0 14.5 2 X Figure 63 and Figure 106
V1 0 276 10.25 X Table 29
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Table 18-Specimen FB strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)
XS1 19 14 5.5 Y Figure 68
XS2 19 22 6 Y Figure 68
XS3 19 29.5 5.25 Y Figure 68
XS4 19 119 6 Y Figure 68
XS5 19 127 6.25 Y Figure 68
XS6 19 135 6 Y Figure 68
XS7 19 142 6.25 Y Figure 68
MS3 0 0.5 0.5 X Figure 58
MS4 0 7 0.5 X Figure 58
MS5 0 13.5 0.5 X Figure 58
MS10 0.5 2 17 XZ Figure 62 and Figure 106
MS11 0 2 10 X Figure 62 and Figure 106
MS12 0 1.5 2 X Figure 62 and Figure 106
MS20 1 9 18 XZ Figure 62 and Figure 106
MS21 0 8.5 10 X Figure 62 and Figure 106
MS22 0 7.5 2 X Figure 62 and Figure 106
MS30 0.5 16.5 17.5 XZ Figure 62 and Figure 106
MS31 0 16 10 X Figure 62 and Figure 106
MS33 0 14 2 X Figure 62 and Figure 106
Table 19-Specimen DC strain gage coordinates
Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)
MS3 0 3 0.5 X Figure 106
MS4 0 9 0.5 X Figure 106
MS5 0 15 0.5 X Figure 106
MS10 1 2 18 XZ Figure 106
MS11 0 1.5 10.5 X Figure 106
MS12 0 2 3 X Figure 106
MS20 1 9 18 XZ Figure 106
MS21 0 9 10 X Figure 106
MS22 0 8.5 3 X Figure 106
MS30 2 16 18 XZ Figure 106
MS31 0 16.5 10.5 X Figure 106
MS33 0 16 3 X Figure 106
V1 0 276 10 X Table 30
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Table 20-Specimen DM strain gage coordinates

Instrument | X (in.) | Y (in.) | Z (in.) | Orientation Reference(s)
MS3 0 2.5 0.5 X Figure 106
MS4 0 8 0.5 X Figure 106
MS5 0 15 0.5 X Figure 106
MS10 3 2.5 18 XZ Figure 106
MS11 0 2.5 10 X Figure 106
MS12 0 3 2.5 X Figure 106
MS20 3 9.5 18 XZ Figure 106
MS21 0 9 10.5 X Figure 106
MS22 0 8 2.5 X Figure 106
MS30 3 16 18.5 XZ Figure 106
MS31 0 16 10 X Figure 106
MS33 0 15 2.5 X Figure 106
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D.5 Results and Discussion: Fabrication

Strain and crack data were collected during multiple stages of fabrication including
prestress transfer, lifting, storage, trucking, and deck placement. Data were collected to analyze
the effects of fabrication events on end region behavior. The effects of end region detailing,
particularly confinement reinforcement, were also of interest. Strain data are presented and

discussed first followed by crack data.

D.5.1Strain Data

D.5.1.1 Concrete Strain
Concrete strain data were primarily collected from girders H and V. These girders had

the same strand shielding pattern, instrumentation scheme, material properties, and timing of
construction events. To facilitate review of the strain-time history, the strand flame-cutting
sequence is divided into the stages shown in Table 21. Stages A through D listed in Table 21 are
graphically depicted in Figure 51.

General trends in the strain-time history for specimen HC (Figure 52) are representative
of the other specimens in girders H and V. Any differences between the specimens were in the

strain magnitudes, which are discussed later.

Table 21-Girders H and V fabrication chronology

Stage Event
strands 1-4 cut

strands 5-12 cut

strands 13-32 cut

strands 33-49 cut
All bonded strands cut, girder resting on bed

Girder held aloft by lifting loops
Girder resting on dunnage

QMmoo |m|>
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Figure 51-Girders H and V strand cutting stages

Solid fill denotes shielding for the entire girder length.

Cut during stage D

Cut during stage B

Fully shielded strands were cut last.
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Figure 52-Transverse strain HC
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Strands in the top flange were the first to be cut; this stage is denoted A in Figure 52.
Data indicate that the transverse strain change was negligible when the top strands were cut.
Cutting the bottom strands (stages B, C, and D) had significant impact on transverse tensile
strain. The largest measured transverse tensile strain in specimen HC was 406 microstrain
reported by gage XS3. This gage was located on the end of the girder, at the cross-section
centerline, 3in. above the strands. The maximum strain occurred at the beginning of stage D
after all strands in the outer flange had been cut and before any of the strands below the web had
been cut. For this chapter, strands in the outer portion of the flange are referred to as “outer
strands” and strands below the web are referred to as “inner strands”.

Transverse strain at gage XS3 decreased as inner strands were cut during stage D. The
strain-time history from gage XS3 can be understood by considering the strand release pattern
(Figure 51) and the resulting deformed shapes (Figure 53). As the outer strands were cut during
stage B, the outside edges of the bottom flange deformed as shown in Figure 53. This deformed
shape corresponded with the formation of tensile strains at the location of XS3. After the inner
strands were cut, deformation of the bottom flange was more uniform and the tensile strain at
XS3 was partially relieved. Once all of the strands were cut (stage E), the reported tensile strains

at XS3 settled to approximately 25 microstrain.

Section A-A
IXS3 g No Strands Cut

XS3 i Section A-A
\ g XS3 g Outer Strands Cut
Al ( Al -
Section A-A

Side Elevation oE€clion A-A
Slpecimevn ,L/C i IXS3 g All Strands Cut

Figure 53-Flange displaced shapes for specimen HC
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Concrete strain was monitored for all specimens in girders H and V using gages placed at
the same location as XS3 on specimen HC. Results from these gages are summarized in Table
22. While the overall behavior of the other specimens in girder H and V were similar to that
shown in Figure 52, the magnitudes of the reported strains differed.

Several observations can be made from the strain data in Table 22. First, although cracks
were not visually observed during prestress transfer, the strain magnitudes suggest that cracks
had likely formed in each specimen, with the possible exception of specimen VC. Expected
rupture strain for the concrete used in the specimens is approximately 132 microstrain. This
value of expected rupture strain was derived from empirical equations for concrete elastic and
rupture moduli from ACI 318 (2011). Second, the average maximum tensile strain in the
unconfined specimens (HU and VU) was 3.4 times greater than the average maximum tensile
strain in the confined specimens (HC and VVC). Cracks forming in the unconfined ends would
not have been impeded by confinement reinforcement, resulting in greater maximum transverse
strains than in the confined ends. Finally, the average concrete tensile strain during stage E (all
strands cut) was 2.6 times greater in the specimens without confinement reinforcement. The
presence of confinement reinforcement significantly reduced the concrete tensile strain at the end
of specimens HC and VC relative to specimens HU and VU.

Internal concrete strain gages (ES2 and ES3 in Figure 52) reported increases in tensile
strain as prestress force was transferred. In contrast to gage XS3, the tensile strain reported by
these gages increased as the inner strands were cut during stage D. Based on this observation
and the location of the internal gages, it is concluded that the bending behavior captured by gage
XS3 only occurred at or near the end of specimen HC. ES gages in HU, VC, and VU confirmed
similar behavior in those specimens. In each specimen strain magnitudes reported by ES gages
(Table 22) suggest that concrete near the internal gages remained linear-elastic (i.e. no cracking)
during prestress transfer.

Confinement reinforcement did not affect the magnitude of concrete strain at the ES
gages. Similar strain magnitudes were reported by specimens with and without confinement
reinforcement (Table 22). Gages ES2 and ES3 were placed approximately 2ft and 4ft from the
specimen ends, respectively. It is concluded that confinement reinforcement only affected

concrete strain at the end of the test specimens.
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Stage F on Figure 52 denotes lifting of girder H. Figure 54 shows the supports
conditions, loading, shear, and moment diagrams for the girders before, during, and after lifting.
The change in support conditions had negligible effect on strain in the end region. None of the
gages in the end region of girders H or V reported more than a 25 microstrain change during
lifting and placement on dunnage.

Table 22—Tensile strain girders H and V

Strain in specimens with Strain is specimens without
confinement reinforcement confinement reinforcement
(microstrain) (microstrain)
Gage HC VC HU VU
X3 maximum 406 177 724 1258
tensile strain
X3 Stage E 25 15 60 45
(all strands released)
ES2 Stage E 109 113 100 135
ES3 Stage E 125 88 111 105
After During Resting on
release R lifting N dunnage
v 12 2 v v I ¢ 2 [ | ¥ 12 2 v

Vv
| |

1

Figure 54-Shear and moment during release, lifting, storage (prestressing not shown)

D.5.1.2 Confinement Reinforcement and Bearing Plate Strain
Girders W and F were fabricated during phase 2 and had the same material properties,

instrumentation scheme, and timing of construction events. Instrumentation was designed to
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capture confinement reinforcement and bearing plate behavior. To facilitate discussion of data,
strand cutting events were broken into the stages listed in Table 23. Strand cutting events listed
in Table 23 are keyed to the strand cutting pattern shown in Figure 55.

The strand bond patterns in girders W and F (Figure 56) had significant influence on the
observed strain behavior. Girder W had fully bonded strands placed primarily below the web
and partially shielded strands placed in the outer portion of the flange. Girder F had fully bonded
strands in the outer portion of the flange and partially shielded strands below the web.

Three strain gages were placed on the bearing plates in specimens FB and WB. Gages
were oriented to monitor the transverse (x-x) strain during prestress transfer. Gage locations and
strain data are shown in Figure 57. Gage MS3 in specimen FB malfunctioned during prestress

transfer and data from this gage is not shown in figure.

Table 23-Girders W and F fabrication stages

Stage Event
strands 1-4 cut
strands 5-30 cut
Pause
strands 30-56 cut
all strands cut

Z|IZ|Ir| x|«
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e

Cut during stage M

Figure 55-Girders W and F strand cutting stages
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Figure 56-Girders W and F strand bond patterns
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Figure 57-Bearing plate strain

Strain at MS4 in specimen FB grew in tension as the outer strands were cut during stage
K. Outer strands were fully bonded in specimen FB and caused the flange and plate to bend as

shown in Figure 58. Strain in the plate was fairly constant after stage K. This is because no
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strands were cut during stage L and because the strands released during stage M were shielded in
specimen FB. The difference in strain between gages MS4 and MS5 indicates in-plane bending
of the plate due to the eccentric prestress force.

Data from gages on the plate in specimen WB also indicate in-plane bending during and
after strand cutting. The direction of plate bending in specimen WB changed when the strands
below the web were cut during stage M. This behavior is attributed to the strand bond pattern in
specimen WB, which placed a few fully bonded strands in the outer portion of the flange and
many fully bonded strands below the web. This pattern is thought to have caused the
deformations and internal forces shown schematically in Figure 59. Release of the outermost
strands at the beginning of stage K led to tension in the bearing plate at MS3 and compression in
the bearing plate at MS5. The strain sense in the bearing plate reversed after the inner strands
were released during stage M. After all strands were released (stage N) the bearing plate was in
compression at MS3 and tension at MS5. The net strain in the plate after all strands were cut was
approximately 32 microstrain tension, as calculated from the average of gages MS3, MS4, and
MS5. The average strain from these gages is also equal to the strain reported at MS4, indicating
that the strain reported by MS4 is also a reasonable measure of net strain.

Transverse forces in the bearing plates were calculated by multiplying the net bearing
plate strains by the plate cross-sectional area and elastic modulus. Assuming that the net bearing
plate strain is equal to the strain at MS4 (center of plate) the net plate strain at stage N was 32
microstrain tension for specimen WB and 79 microstrain tension for specimen FB.

Accordingly, net tensile stresses in the plates were 0.9ksi, and 2.3ksi, and the net tensile forces in
the plates were 5.2kip and 13.6kip for specimens WB and FB, respectively.

Select confinement reinforcement assemblies were instrumented with strain gages to
monitor confinement reinforcement strain during prestress transfer. A confinement assembly is
defined as the reinforcing bars placed together at the same y-ordinate (Figure 60). One strain

gage was placed on each of the three reinforcement layers in each assembly.
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Figure 58-Flange displaced shapes specimens FN and FB
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Figure 60 shows confinement reinforcement strain from specimen WB. Reinforcement
nearest to the end of the girder (y=2in.) was initially in tension due to release of the outermost
strands during stage K. The strain later became compressive as the inner strands were released
during stage M. This strain behavior is similar to the bearing plate strain in WB and is also
attributed to flange bending behavior described in Figure 59. Confinement reinforcement placed
9in. from the end had very little strain until the innermost strands were released at the end of
stage M. General strain behavior from the confinement assembly at 9 in. is representative of the
strain behavior reported by gages on the confinement assembly placed 15 in. from the end (not

shown).
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Specimen WN had the same strand bond pattern as WB. The only significant difference
in strain data between WN (Figure 61) and WB was that the confinement reinforcement located
2in. from the end of specimen WN did not move all the way into compression during stage M.
This difference may have been due to the absence of a bearing plate in specimen WN. Without
a bearing plate there was less confinement in specimen WN and tensile strains were not relieved

during stage M.

Confinement reinforcement
assembly at y=2 in.

Confinement reinforcement
assembly at y=9 in.

Confinement strain aty =2 in. Confinement strain at y =9 in.
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Figure 60-WB Confinement reinforcement strain at 2 in. and 9 in. from end of girder
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Figure 61-WN Confinement reinforcement strain at 2 in. and 9 in. from end of girder

Specimen FB had fully bonded strands in the outer flange, all of which were cut during
stage K. As such, confinement strain in FB (Figure 62) increased during stage K. No fully
bonded strands were cut after stage K and the strain did not change in the subsequent stages.
Confinement reinforcement was in tension throughout and after the strand cutting process.

Specimen FN had the same strand bond pattern as FB with fully bonded strands located
in the outer portion of the flange. Strain behavior in specimen FN (Figure 63) was similar to FB
up until the inner strands were released during stage M. During stage M the strain increased
rapidly in the bottom (MS12) and middle (MS11) layers of confinement reinforcement. The

strain magnitude during stage M suggests that cracking occurred in the nearby concrete. This
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result is puzzling because inner strands in specimen FB were shielded for 10ft from the specimen
end. It appears that the shielded strands may have induced stresses in the concrete as they
expanded after being cut. The thin plastic used to shield the strands may have been insufficient
to absorb the strand expansion and prevent normal stresses at the strand-concrete interface.
These stresses could have caused the strain changes at gages MS12 and MS11 that occurred
during stage M.

Strain data at the end of stage N (all strands cut) is listed in Table 24 for each specimen.
Several observations can be made by averaging the stage N strain data (Figure 64). First, strain
was greatest in the bottom layer of reinforcement for each test specimen. On average strain in
the bottom layer was 1.4 times greater than the middle layer strain and almost 3 times greater
than the top layer strain. Second, the largest confinement reinforcement strain occurred in

specimens FN and FB in the confinement assemblies 2 in. from the member ends.
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Confinement reinforcement
assembly at y=9 in.
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Figure 62—-FB confinement reinforcement strain at 2 in. and 9 in. from end of girder
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Figure 63—FN Confinement reinforcement strain at 2 in. and 9 in. for end of girder

250

Otop layer

= middle layer

| bottom layer

50

Average strain (microstrain)

WN

WB

FN

FB

Average strain (microstrain)

350

NN N W
o g1 O
o O o

150
100

& 3
S o o

gy=2in.
BEy=9in.
my=15in.
WN WB FN FB

Figure 64—-Confinement reinforcement average strain at prestress release
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Table 24-Confinement reinforcement strain after prestress transfer

Specimen Confinement Confinement strain (microstrain)
reinforcement — — ——
layer y = 2in. y =9in. y = 15in.
WN Top 7 19 not recorded
Middle 47 28 not recorded
Bottom 160 87 not recorded
wB Top 37 34 53
Middle -49 117 155
Bottom -106 124 150
FN Top 70 18 not recorded
Middle 358 38 not recorded
Bottom 560 155 not recorded
FB Top 81 o1 5
Middle 134 30 20
Bottom 184 50 12

Confinement reinforcement strain at 2 in. from the end of FN and FB was almost 4 times
greater on average than confinement strain at 9 in. This is due to the bending behavior of the FN
and FB described in Figure 58. Third, confinement strain in specimen FN was typically larger
than in FB. The average confinement strain was over 2 times larger in specimen FN than FB.
The difference in strain magnitude is attributed to the bearing plate in FB which carried
transverse forces thereby reducing the strain in the confinement reinforcement. Finally, the
maximum confinement strains in FN and FB were larger than the maximum confinement strains
in WN and WB. On average the maximum strain in the FX specimens was 2.6 times greater than
the WX specimens

Strain data were used to estimate the total force in each confinement reinforcement
assembly after all strands had been cut (stage N). Forces were calculated by multiplying strains
from Table 24 by the reinforcement area and steel elastic modulus. Two of five assemblies in
specimens WB and FB were not monitored with strain gages. Strains in these assemblies were
determined using linear interpolation. In specimens WN and FN three of five confinement
assemblies were not monitored. Strains in the unmonitored assemblies were interpolated using
the available strain data, or were extrapolated using the available data as well as the relationships
between assemblies in specimens WB and FB. Results for each specimen are shown in Figure
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65 along with the estimated forces in the bearing plates. Only the x-direction force component in
the inclined top layer of reinforcement was included in the results shown in the figure.
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Figure 65—-Forces in reinforcement and plates after prestress transfer
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Total transverse force in the confinement reinforcement and bearing plate (where present)

was 63% larger on average in specimens FB and FN than in specimens WB and WN. The

additional force is attributed to the strand bond pattern in specimens FB and FN, which placed

fully bonded strands in the outer portion of the flange. These fully bonded strands led to

additional tension at ends of FN and FB. Most outer strands in specimens WB and WN were

partially shielded and did not affect tension at the specimen ends. Transverse forces are

compared to the jacking forces in Table 25. Combined transverse forces were equal to 0.6% to

1.7% of the jacking force in the fully bonded strands. Once again, due to the strand bond pattern,

the relationship of transverse force to jacking force was larger for FN and FB than for WN and

WB.

Data were not collected to estimate confinement reinforcement and bearing plate forces

in specimens DC and DM. Strands in these specimens were placed in the ‘design’ strand bond

pattern. Fully bonded strands were evenly distributed throughout the bottom flange in this
pattern, placing it somewhere between the Wx and Fx specimens in terms of transverse tensile
behavior. The transverse force in specimens with the design pattern would likely be smaller than
Fx specimens because inner strands in the design pattern relieved tension due to the outer strand.
Also, specimens with the design pattern likely had greater transverse force than the Wx
specimens because the design pattern included outside strands.

Table 25—-Confinement and plate forces

Specimen | Confinement Bearing Combined Jacking force Transverse
reinforcement plate force in in fully force /
transverse transverse | reinforcement bonded jacking force
force force and plate strands
WN 6.2 Kip -- 6.2 kip 1070 Kkip 0.6%
WB 4.3 kip 5.6 kip 9.9 kip 1070 kip 0.9%
FN 11.1 kip -- 11.1 Kip 1070 Kip 1.0%
FB 4.9 kip 13.7 kip 18.6 kip 1070 kip 1.7%

D.5.1.3 Transfer Length

Longitudinal strains in the bottom flange of I-girders increase through the transfer length

as prestress force is transferred from strands to concrete. At locations beyond the transfer length
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longitudinal strain is approximately constant. Transfer length in the test girders was
experimentally determined by identifying the location at which longitudinal strain in the bottom
flange transitioned to constant strain. This was accomplished using strain gages placed at
intervals along the bottom flange (Figure 66).

When sufficient data are available, the 95% Average Maximum Strain (AMS) Method is
a well-established method for determining transfer length from experimental strain data (Russell
and Burns 1993). The available strain data in the current study were insufficient to apply the
AMS method, but were still sufficient to estimate the transfer length by other means.

Figure 67 presents strain gage data from the bottom flange of girders H and V
immediately after prestress transfer. Blue markers on the figure indicate the strain values
reported by individual gages. Values reported by the gages were effectively constant (with some
experimental scatter) for the monitored positions along the specimen lengths. This indicates that
the gages were placed too far from the end of the girder to capture strain in the transfer length. A
bilinear curve representing the apparent strain profile is also shown in Figure 67. The apparent
profile shows that the strain must be zero at the end of the girder and must increase to the
experimental values recorded at 18in. Beyond 18in. the experimental strains and apparent strain
were approximately constant. Thus the transition to constant strain occurred prior to 18in. and it
is concluded that the transfer length is not greater than 18in. for girders H and V.

Figure 68 shows experimental strain data from girder F. As before, the blue markers on
the figure are data points from individual gages. A piecewise linear curve representing the
apparent strain profile is also shown in the figure. Girder F had fully bonded strands in the outer
portion of the flange. Strands below the web were shielded for 10ft from the end. Gages were
placed near the end of the girder and 10ft from the end in order to evaluate the transfer length of

both fully bonded and partially shielded strands.
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Figure 66-Strain gages for measuring transfer length
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Figure 67-Transfer length in girders H and V
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Figure 68—Transfer length in girder F

Gages placed near the ends of girder H reported increasing strain indicative of the
transfer length. Beyond 30in. the strain was approximately constant until 120in. at which point
the partially shielded strands began to transfer prestress force. Thus the change to constant strain
occurred approximately 30in. from the girder end indicating that transfer length for the fully
bonded strands was also approximately 30in.

Gages placed between 120in. and 144in. from the end reported increasing strain along the
girder length. This indicates that they were within the transfer length of the partially shielded
strands. Data were not available beyond 144in. and the transition to constant strain was not
observed. As such transfer length of the partially shielded strands cannot be obtained directly
from the available data. Transfer length can be estimated by assuming linear-elastic behavior of
the concrete and strands. The 24 fully bonded strands affected a microstrain of 575 at the end of
their transfer length. The 20 partially shielded strands should have added a proportional amount
of strain, resulting in 1054 microstrain at the end of their transfer length. Slope of the apparent
strain profile is based on the available data points. Extending the strain profile along this slope
shows that the apparent strain intersects 1054 microstrain at a distance 220in. from the member
end. Prestress transfer of the partially shielded strands is thus estimated to have occurred
between 120in. and 220in. from the member end. The estimated strand transfer length is 100in.

This is significantly longer than the transfer length of the fully bonded strands. Additional data
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are necessary, though unavailable, for making a more accurate determination of transfer length in
the partially shielded strands.

Transfer length was not measured in the other phase two girders (W and D) due to
constraints with the data acquisition system. The transfer lengths in girders W and D were likely
similar to girder F because the same strand and concrete materials were used for all phase two
girders.

Measured transfer length for girders H and V was different from girder F. This
difference is attributed to the different strand and concrete materials used in phase one (girder H
and V) and phase two (girder F). Measured transfer lengths for fully bonded strands in both
phases were less than the AASHTO LRFD calculated transfer length of 36in. Differences
between experimental and code values may partially be due to the fact that strain data collected
immediately after prestress transfer were used to determine the experimental transfer lengths.
Barnes et al. (1999) observed that the transfer length grows by 10% to 20% in the weeks
following prestress transfer.

Gages used to measure transfer length were placed at the outside edge of the bottom
flange. Longitudinal strain at this location occurred due to axial shortening of the girder and due
to shear lag from prestressing forces in the outer stands. Because of the shear lag component, the
apparent transfer lengths measured by the gages were likely somewhat longer than the effective
transfer length. This effect would be greatest near the end of the girder. Barnes et al. (1999)
used finite element modeling to quantify the effect of shear lag on transfer length measurements
in AASHTO Type I girders. For fully bonded stands and an apparent transfer length of 18in.
Barnes et al. calculated that the effective transfer length would be 16.5 in. For the test girders,
the shear lag component of the strain will be affected by the relatively slender and wide bottom
flange of the FIB. Thus the correction due to shear lag in the test girders would likely be slightly

larger that calculated by Barnes et al.

D.5.2Crack Data
Girders were inspected periodically during the time between form removal and load

testing. When observed crack lengths and widths were measured and documented. Cracks

widths were determined using a microscope that was precise to +/- 0.001in. Crack lengths were
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determined by visual inspection with the naked eye. Three types of cracks were observed in the
test girders:

e Top flange flexural cracks

e Web splitting cracks

e Flange splitting cracks

Top flange cracking was due to flexural stresses generated by the vertically eccentric

prestressing and is outside the scope of this end region research. Web splitting (Figure 69)
cracks were also due to eccentricity of prestressing. Vertical tension stress formed in the web at
the end of the specimens as the prestress force was distributed to the cross-section. Flange
splitting cracks are of primary interest in the current investigation of confinement reinforcement
and were caused by horizontal eccentricity of prestressing, Hoyer expansion of strands, and self-
weight reaction of the test girders. Transverse tensile stress formed in the bottom flange as
prestressing forces were distributed through the cross-section from eccentric strands in the outer
portion of the flange. Additional tensile stresses formed due to the Hoyer effect, in which strand
expansion after cutting was restrained by the concrete. Self-weight caused tensile stresses above
the support due to Poisson and flange bending effects. Cracks in the top flange, web, and bottom

flange occurred when the tensile stresses described above exceeded the concrete strength.

Figure 69-Web splitting and flange splitting cracks
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Presentation of crack data is divided according to the two phases of construction. This
was done because the materials properties, construction procedures, and curing conditions varied
between the construction phases. Within each phase, crack data were further divided between
flange splitting cracks and web splitting cracks.

Cracking was quantified and compared in terms of total crack length, total crack area, and
maximum crack width. Total crack length was calculated by summing the length of individual
cracks for a specimen. Total crack area was calculated by summing the length of each crack
multiplied by its representative width. Representative widths were determined from microscope
measurements taken at selected points along cracks. Maximum crack width was determined
from the microscope readings.

As part of an NCHRP research project, Tadros et al. (2010) recommended criteria for
acceptance, repair, and rejection of girders with web splitting cracks. Criteria are based on
laboratory data and from field data from Nebraska and Virginia. More stringent criteria may be
warranted in aggressive environments such as along Florida coasts. Nevertheless, the
recommendations shown in Table 27 and were used as a benchmark for evaluating crack widths
in the test specimens.

In general, cracking behavior differed between the two phases of construction. Cracks
were first observed in phase one girders (H and V) in the days following prestress transfer,
whereas cracks were first observed in phase two girders (W, F, and D) during prestress transfer.
Another difference was that cracks in the phase one girders typically did not grow after they
were first observed. Cracks in the phase two girders continued to grow in length during the
weeks after they were first observed. It is not clear why this occurred. Cracks appearing after
some time may be due to tensile creep. If so, then differing environments, plant practices, and

mixture properties would have an effect on this behavior.

D.5.2.1 Girders Hand V
Girders H and V were fabricated together during the first phase of construction. Girders

were inspected for cracking ten times between form removal and load testing (Table 26). Figure
70 shows web and flange splitting cracks observed during inspections. Flexural cracking in the
top flange cracking is not shown in the figure.

Cracks were first observed in girders H and V nine days after prestress transfer. The day
that cracks formed is unknown because girders H and V were not inspected during the days
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immediately following prestress transfer. Web splitting cracks were observed in each specimen.
Flange splitting cracks were only observed in specimens without confinement reinforcement
(HU and VU). At the end of these specimens the flange cracks intersected with the outermost
strand in the third row (Figure 71). Strands at this location had 2.5 in. of clear cover to the top

surface of the flange, which was the least amount of top cover for any strand in the test girders.

Table 26—Girders H and V construction events and inspection dates

Event Date Days after Notes
prestress
transfer
Form Removal September 7, 2010 -- No cracks observed
Prestress Transfer September 8, 2010 0 No cracks observed
Lifting and setting on September 8, 2010 0 No cracks observed
dunnage
Girders in storage September 17, 2010 9 Splitting cracks observed (all
specimens)
Girders in storage September 23, 2010 15 Additional web splitting crack
observed (HC)
Girders in storage October 10, 2010 49 No additional cracks
Girders in storage January 7, 2011 121 No additional cracks
Trucking February 23, 2011 167 No additional cracks
Casting deck April 6, 2011 204 No additional cracks
Begin load tests May 5, 2011 237 No additional cracks
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Figure 70-Girder H and V cracks prior to load tests
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Figure 71-Flange splitting crack intersecting outer strand

Cracks in specimens H and V changed little after they were first observed. An additional
web splitting crack was observed in specimen HC during an inspection fifteen days after
prestress transfer. No other significant changes in crack quantity, width or length were observed
during subsequent inspections of girders H and V.

Web splitting cracks in specimens with the greater amount of end region reinforcement
(HC and HU) were an average of 72% longer than the cracks in specimens with less
reinforcement (VC and VU)(Figure 72). One possible reason that web cracks were longer in
HC and HU was that horizontal bars at the ends of these specimens created a path where
horizontal cracks could form and propagate. Web cracks in HC and HU always occurred at the
location of horizontal bars.

Although the additional reinforcement increased the total web crack length, it was also
more effective in controlling web crack widths. The maximum web splitting crack width was
0.008in. in specimens HC and HU, whereas maximum crack widths were 0.012in. and 0.02 in. in
VC and VU, respectively (Figure 73). The additional vertical bars in specimens HC and HU
appear to have increased the post-cracking stiffness thereby reducing maximum crack width
relative to VC and VU,

For girders H and V the maximum crack widths were typically less than 0.012 in., which

according to the criteria in Table 27 do not require repair. Only specimen VU had a crack with a
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width greater than 0.012 in. One of the web splitting cracks in this specimen had a maximum
width of 0.02 in. According to the criteria in Table 27 this crack would require repair by filling
with cementitious material and application of a sealant to the girder end.

Total crack area (Figure 72) was derived from both length and width data, and provides a
guantitative comparison of end cracking. Web cracks in specimens HC and HU were longer but
narrower than web cracks in VC and VU. Because of this, there is less variation in total web
crack area than was observed in total web crack length and maximum web crack width.
Variation in total web crack area varied by 24% between HX and VX specimens.

Flange splitting cracks only occurred in specimens HU and VU, which did not have
confinement reinforcement. The total length and area of flange cracks were similar between HU
and VU (Figure 74). The maximum width of flange splitting cracks was 0.004 in (Figure 73).
Presumably, confinement reinforcement in HC and VC controlled the formation and propagation

of flange cracks in those specimens.
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Figure 72-Web splitting cracks in specimens H and V
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Table 27-Recommended action for web splitting cracks (Tadros et al. 2010)
Crack Width (in.) Required Action
Less than 0.012 None

0.012 to 0.025 Fill cracks with cementitious material and apply surface sealant to end 4 ft

of girder
0.025 to 0.05 Fill cracks with epoxy and apply surface sealant to end 4 ft of girder
Greater than 0.05 Reject girder unless shown by detailed analysis that structural capacity

and long-term durability are sufficient
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Figure 74—Flange splitting crack data in girders H and V

D.5.2.2 Girders W, F,and D
Girders W, F, and D were fabricated together during the second phase of construction.

Construction events, inspection dates, and notes from girders W, F, and D are listed Table 28.
Flange and web splitting cracks were first observed in these girders after the outer strands had
been cut during prestress transfer. Cracks grew in quantity and length in the days and weeks
following prestress transfer. Figure 75 shows the web and flange splitting cracks observed prior
to load testing. Flexural cracks in the top flange are not shown.

Steel bulkheads were used during construction of girders W, F, and D. A portion of the
bulkhead covering the end of the bottom flange (Figure 76) remained with each test girder for
approximately two weeks after prestress transfer. Bottom flange ends covered by the bulkheads
were inspected for the first time 30 days after transfer. Cracks were observed at the girder ends
during this inspection. Because the ends were previously covered, it is not known when
splitting cracks at the end of the bottom flanges first formed.

The location of cracks shown in Figure 75 can be understood by considering the strand
bond patterns in the test specimens. For example, specimens WN and WB had flange splitting
cracks located 10ft from their ends. These cracks formed within the transfer length of partially
shielded strands. Strands in WN and WB were 45% partially shielded, with all shielding located
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in the outer portion of the flange. It is believed that the flange cracks in WN and WB occurred
due to Hoyer stresses and lateral-splitting stresses associated with the partially shielded strands.

Table 28-Girders W, F, and D construction events and inspection dates

Event Date Days after Notes
prestress
transfer
Form Removal February 20, 2012 -- No cracks observed
Prestress Transfer February 21, 2012 0 First cracks observed after
outer strands released.
In storage immediately February 22, 2012 1 Additional splitting cracks
after lifting and extension of previous
cracks observed.
In storage February 23, 2012 2 Additional splitting cracks

and extension of previous
cracks observed.

In storage February 24, 2012 3 Additional splitting cracks
and extension of previous
cracks observed.

In storage March 6, 2012 14 Additional splitting cracks
and extension of previous
cracks observed.

In storage March 22, 2012 30 Additional splitting cracks
and extension of previous
cracks observed.

Bottom flange at ends
examined for first time.
Previously the bulkhead
plates were covering the

flange end.

In storage April 9, 2012 48 Additional splitting cracks
and extension of previous
cracks observed.

Trucking April 30, 2012 69 Additional splitting cracks
and extension of previous
cracks observed.

Casting deck May 7, 2012 76 No additional cracking
observed.
Begin load testing May 23, 2012 92 Bottom of girder inspected

for first time. Flange
splitting cracks observed
prior to load tests.
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Figure 75-Girders W, F, and D web and flange splitting cracks
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Figure 76—End of bottom flange covered by portion of steel bulkhead

Strands in specimens FN and FB were also 45% shielded, with all shielding located
below the web and all shielding terminating 10ft from the specimen ends. This pattern placed
fully bonded strands in the outer portion of the flange and led to tensile stresses in the bottom
flange as illustrated by Figure 58. Flange splitting cracks formed when tension stresses at the
end of the flange exceeded the concrete tensile strength. Flange cracks at the ends of FN and FB
intersected strands (Figure 77) suggesting that the Hoyer effect also contributed to the tensile
stresses and crack formation. Flange splitting cracks in FN and FB were greater in total length
and in total area than all other specimens (Figure 78). The maximum width of flange splitting
cracks was also greater for FN and FB (Figure 79) than other specimens.

Specimens DC and DM had the largest number of fully bonded strands (39) in the phase
2 test girders. As such the web stresses and web splitting cracks were greatest in DC and DM.
All other specimens had only 24 fully bonded strands. The total length of web splitting cracks in
specimens DC and DM were 132 in. and 179 in., respectively (Figure 80). The maximum width
of web splitting cracks was 0.008 in. specimens DC and DM (Figure 79).

Specimens DC and DM had flange splitting cracks (Figure 81) in addition to web cracks.
At the end of these specimens the flange splitting cracks intersected strands, suggesting that the
Hoyer effect contributed to crack formation. In specimen DC the cracks intersected the
outermost strands in the second and third rows.

The maximum crack width in girders W, F, and D was 0.008 in. This width does not

warrant repair using the criteria from Table 27.

BDK75 977-05 Page 298



Figure 77-Girder F flange splitting cracks in A) specimen FN and B) specimen FB

Length of flange-splitting cracks

250

219.5

200

150 -

100

Total length (in.)

a
o
1

SR

107.0

Q
\"9

@Q

Total area (in?)

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Area of flange-splitting cracks

0.586

SR SR F
@Q

(]
'39

Figure 78-Flange splitting cracks in girders W, F, and D
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Figure 79—Maximum crack widths in girders W, F, and D
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Figure 80-Web splitting cracks in girders W, F, and D
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Figure 81-Girder D flange splitting cracks in A) specimen DC and B) specimen DM

D.5.3Prestress Loss
Vibrating wire gages were placed near mid-span of each girder to monitor prestress

losses. Null values were taken just prior to prestress transfer. Additional data were taken from
these gages at discrete intervals throughout fabrication, storage, and deck construction. Elastic
and long term loss losses were calculated using the strain data. Experimentally calculated loss
values are listed in Table 29 and Table 30 along with code estimated losses from the AASHTO
and PCI methods using the specified material properties. Experimental and code estimated
losses vary between girders with different magnitudes of prestress force.

Table 29—-Prestress losses girders F and W.

Experimental Code
Prestress Losses F W | AASHTO | PCI
Elastic Losses (%) 14.0% | 16.9% | 13.4% | 10.4%
Long Term Losses (%) 10.1% | 13.2% | 14.1% | 24.3%
Total Losses (%) 24.1% | 30.1% | 27.5% | 34.6%
Measurement Period (days) | 76 76 - -
Initial Prestress (Kip) 2002

Table 30—Prestress losses girder H, V, and D.

Experimental Code
Prestress Losses H \Y D AASHTO | PCI
Elastic Losses (%) 14.6% | 13.9% | 12.4% | 13.5% | 10.5%
Long Term Losses (%) 11.9% | 11.0% | 9.2% 14.3% | 24.4%
Total Losses (%) 26.5% | 24.9% | 21.6% | 27.8% | 34.9%
Measurement Period (Days) | 242 242 76 - -
Initial Prestress (kip) 2046

The estimated prestress losses from the AASHTO and PCI methods were generally

higher than the experimentally determined losses. One possible reason for the difference is that
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the experimental losses occurred over a few months, whereas long the AASHTO and PCI
methods assume longer time periods. The PCI method predicted higher losses than the
AASHTO method.

D.5.4Variable Comparison and Discussion
This section compares crack behavior across specimens and variables. Trends identified

in the test specimens will be useful in detailing end regions to prevent and control cracking
during and after prestress transfer.

Flange splitting cracks (Figure 74) formed in phase one specimens without confinement
reinforcement (HU and VVU) but not in specimens with confinement (HC and VC). This result
suggests that confinement reinforcement controls flange splitting cracks that form due to
prestressing. It is presumed that confinement reinforcement in HC and VVC prevented flange
splitting cracks from opening and propagating.

The quantity of bonded strands affected the total length and area of web splitting cracks.
This is evident from Figure 80 which compares specimens DC and DM (39 strands each) with
specimens WN, WB, FN, and FB (24 strands each). On average the total crack length and total
crack area were 78% and 168% larger, respectively, in specimens with 39 fully bonded strands
than in the specimens with only 24 strands. The maximum web crack width was twice as large
in specimens with 39 fully bonded strands as in those with 24. These results indicate that
reducing the quantity of fully bonded strands through partial shielding can successfully control
the length, area, and maximum width of web splitting cracks.

The location of shielded strands within the bottom flange (inner flange or outer flange)
was not a factor in length, area, or maximum width of web splitting cracks. Web splitting cracks
in specimens with shielded stands placed in the outer portion of the flange (WN and WB) had
similar total length, total area (Figure 80), and maximum width (Figure 79) as comparable
specimens w