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Executive Summary

A significant portion of Florida’s prestressed concrete slab bridges are aging, exposed to
aggressive marine environments, and vulnerable to corrosion of carbon steel prestressing strands
and reinforcement. Florida slab beams (FSBs), often used for short-span and low-profile bridges,
are particularly susceptible due to their exposure to chlorides. To extend service life and reduce
long-term maintenance costs, the Florida Department of Transportation (FDOT) has moved
toward requiring corrosion-resistant materials such as stainless steel prestressing strands and
glass fiber-reinforced polymer (GFRP) transverse reinforcement for some bridges. However, the
fabrication, structural behavior, ductility, and design efficiency of FSBs with these materials has
not yet been fully validated through full-scale testing and analytical modeling.

This research evaluated the flexural behavior of FSBs with stainless steel strands and the shear
behavior of FSBs with GFRP bars that served as both transverse and interface shear
reinforcement. Four (4) full-scale FSBs (12 in. x 48 in. X 34 ft) with cast-in-place toppings were
fabricated and tested. Stainless steel prestressing strands were used in all beams, with varied
strand quantities. One specimen used GFRP for all transverse and interface reinforcement and
was compared to an otherwise similar specimen with carbon steel reinforcement. Strains in the
prestressing strands were also measured during the fabrication detensioning process. All beams
failed in a ductile manner governed by concrete crushing in compression, not brittle strand
rupture (except one low-strand-count specimen after crushing). Performance of the FSB with
GFRP reinforcement under the conditions tested was also acceptable. Transfer lengths measured
using fiber optic sensors were consistent with prior research and within acceptable ranges.

Analytical models for flexural response and ductility were developed and validated.
Conventional sectional analysis underestimated stiffness in post-cracking behavior. Due to the
wide, shallow geometry of FSBs, incorporating tension stiffening in the analytical model resulted
in better predictions of flexural stiffness and capacity.

A parametric study of nine (9) FSB sections and 254 prestressing strand configurations was
conducted. FSBs required more stainless steel strands than those designed with carbon steel
strands due to lower initial prestress. However, they demonstrated comparable flexural strength,
deformation, and moment—curvature behavior.

This research demonstrated that stainless steel prestressing strands and GFRP shear
reinforcement are structurally viable for FSBs, providing flexural strength, ductility, and
deformation comparable to carbon steel strands. This study provides FDOT and practicing
engineers full-scale experimental evidence and validated analytical tools that support the use of
these materials in FSBs.
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CHAPTER 1-INTRODUCTION

1.1 Project background

At the conception of this research project in 2022, according to the National Bridge Inventory,
there were 6473 prestressed concrete bridges in Florida, 1622 (25%) of which had prestressed
concrete slabs for their superstructure. About 34% of them were older than 50 years, another
24% were between 40 and 50 years old (see Figure 1-1), and 27% of them had a superstructure
condition that was rated fair or below. Of the 1622 prestressed concrete slab bridges, 1401 had
span lengths between 25 and 50 ft, and 1549 were over water. Prestressed concrete slab bridges
over water are prone to deterioration because of corrosion of the carbon steel strands due to their
exposure to chlorides, primarily from salt water, especially as they age. Those bridges require
many resources for inspection, maintenance, rehabilitation, and replacement. To prolong bridge
service life, corrosion-resistant or corrosion-free prestressing strands and reinforcing bars are
worth consideration but need further testing to refine the design efficiency for flexural and shear
strength limit states.
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Figure 1-1. Age of prestressed slab bridges in Florida (2022 National Bridge Inventory,
https://infobridge.fhwa.dot.gov/Data)

Currently, the Florida slab beam (FSB) is a popular choice for short bridges as well as low
profile bridges in aggressive marine environments. The primary advantages of the FSB over
other superstructure configurations include the elimination of deck forming, accelerated
construction, reduced depth compared to girder bridges, and their efficiency to resist stream and
wave loading due to the shallow profile, heavier weight, and high lateral stiffness. For Florida
bridge piles in coastal waters, stainless steel strands and carbon fiber reinforced polymer (CFRP)
strands are the required longitudinal prestressing reinforcement, and while this enhances the
substructure durability, there is still a need to enhance the durability of the superstructure
components. The 2022 FDOT Structures Manual — Volume 1, SDG 4.3.1.A, added the
following requirement: “For pretensioned concrete beams located within the splash zone, use



CFRP or stainless steel prestressing strands.” Although stainless steel strands are more
expensive than carbon steel strands, they may be more economical in the long run because they
are highly resistant to corrosion.

The mechanical properties and stress-strain relationship of stainless steel strands differ from
those of carbon steel strands. Namely, stainless steel strands have a lower elastic modulus,
ultimate stress, and ultimate strain. Lower elastic modulus slightly reduces the flexural stiffness
of the member, which means the member exhibits more deformation under load. Lower ultimate
stress influences the initial prestressing force, which should be maximized in designs controlled
by Service III, which is the predominant governing limit state for shallow prestressed members.
Lower ultimate strain limits the deformability and ductility of the member and the remaining
capacity to carry load beyond the effective prestressing force.

For the transverse reinforcement in FSBs, one of the corrosion-resistant options is stainless steel
rebar, which offers excellent durability, mechanical strength, ductility, and strain hardening
capacity. However, a lower cost alternative is glass fiber-reinforced polymer (GFRP) rebar.
Recently, there has been more widespread use of fiber-reinforced polymer (FRP) bars, as design
codes and specifications have been developed such as ACI 440.1R-16 for FRP bars and ACI
440.11-22 for GFRP bars for the building industry and the AASHTO LRFD Bridge Design
Guide Specifications for GFRP-reinforced concrete (AASHTO, 2018). In the FSB, transverse
shear reinforcement also serves as interface shear reinforcement between the precast FSB and
cast-in-place concrete topping.

Current design specifications conservatively limit the tensile strain in GFRP bars to 0.4% for
transverse shear, and they reduce the tensile strength of the GFRP bar at the bend (typically less
than 60% of the straight tensile strength after environmental reduction factors are applied).
Before GFRP bars can be efficiently implemented as transverse reinforcement in FSBs for non-
splash zone applications, additional testing needs to be conducted because GFRP bars have lower
transverse shear strength than stainless and carbon steel bars, as well as lower elastic tensile
modulus and ultimate strain.

Recently, NCHRP Project 12-121 established new guidelines and design specifications for
auxiliary reinforcement in prestressed concrete girders. The project’s scope included
confinement, web splitting, transverse shear, and interface shear reinforcements, which are of
interest to this research. While the project results are now available, the investigation did not
specifically address the behavior of prestressed slab beams, such as the FSB. Complementing
this work, NCHRP Project 12-120 developed AASHTO design and construction guidelines for
stainless steel prestressed concrete girders. This project expanded on FDOT's initial research
recommendations under BDV30-977-22 and the 2022 SDG 4.3.1 guidance. The final outcomes
of this effort were published in 2025 as NCHRP Research Report 1161.

1.2 Project objectives

FDOT Structures Design Guidelines (SDG) (FDOT, 2026b) require the use of corrosion-resistant
materials for bridges located in splash zones. High-strength stainless steel strands are identified
as an alternative corrosion-resistant prestressing material for use in aggressive environments, and



Article 4.3.1.4 of the FDOT SDG provides design provisions for their application. However,
these provisions were primarily developed based on testing of AASHTO Type II girders.

The primary objective of this research was to evaluate the use of high-strength stainless steel
strands as longitudinal prestressing reinforcement in FSBs and to investigate the structural
performance of GFRP reinforcing steel used as combined transverse and interface shear
reinforcement. To achieve this objective, four full-scale FSB specimens with varying numbers of
stainless steel strands were designed in accordance with FDOT SDG criteria and tested under
monotonic loading to failure. The experimental program was intended to evaluate the influence
of strand quantity on the flexural behavior of shallow prestressed members and to verify and
validate the FDOT SDG criteria currently being implemented in active FDOT projects. In
particular, the study evaluated whether FSBs prestressed with stainless steel strands can achieve
adequate flexural strength and ductile behavior prior to failure

1.3 Report organization

This report is organized into chapters as follows. The design of the FSB test specimens is
presented in Chapter 2; design calculations and design drawings are in Appendices 1 and 2,
respectively, and drawings and details of the testing and instrumentation plans are in Appendix 3.
Chapter 3 describes the fabrication of the FSBs, including the reinforcement placement,
formwork, concrete casting, and cast-in-place topping. Instrumentation of the FSBs prior to
fabrication and of the prestressing strands is also discussed. Appendix 4 provides data collected
during fabrication, and Appendix 5 is documentation of the delivery of the fabricated girders.
Chapter 4 provides information on mechanical properties and testing of the prestressing strands
and concrete. In Chapter 5, data collected during detensioning of the prestressing strands is
provided. Chapter 6 provides information about the flexural test setup, instrumentation, and
experimental results. In Chapter 7, an analytical model for the flexural response is provided,
along with validation by the test results. In Chapter 8, a modified analytical model is presented
that includes the effect of tension stiffening. Chapter 9 provides methods for evaluating
ductility, curvature, deflection, energy, and ductility; also, the flexural test results are analyzed
and flexural resistance is calculated. In Chapter 10, the test setup and results for the FSBs with
GFRP as shear reinforcement are presented.



CHAPTER 2 - DESIGN OF FSBs

2.1 Dimensions and strand patterns of FSB test
specimens

Standard Florida slab beams are available in three depths (see Table 2-1). For the experimental
program in this study, a 12-in.-deep, 48-in.-wide FSB with a 6-in.-thick cast-in-place (C-I-P)
topping was chosen. The span length was designed to be 34 ft. Calculations for the design of
the FSB test specimens are provided in Appendix 1, and design drawings are in Appendix 2.

Table 2-1. Available Florida slab beams and recommended maximum span lengths

65" C-1I-P 6 2” C-1I-P
6” C-1-P topping | 6” C-I-P topping | topping with '5” | topping with 1%”
with future with future sacrificial sacrificial
wearing surface | wearing surface thickness thickness
C-I-P type: (short bridge) (short bridge) (long bridge) (long bridge)
Beam type 4’-0” beam width | 5’-0” beam width | 4’-0” beam width | 5’-0” beam width
12” FSB 40’-11” 43’-11” 41°-2” 44°-5”
15” FSB 52°-11” 56’-3” 53°-3” 56°-9”
18” FSB 62°-3” 64’-4” 62’-8” 64’-10”

Typically, FSBs can accommodate a maximum of 30 strands distributed in two layers. Three
different strands patterns were used in this experimental study, as shown in Figure 2-1. The first
pattern (Type 1) had 30 strands — the maximum number of strands that the FSB can
accommodate. The second pattern (Type 2) was designed to have a total of 22 strands, which
theoretically causes the condition of the strand’s maximum net tensile strain being reached. The
third pattern (Type 3) had a total of 14 strands, which is the minimum number of strands that the
section can accommodate. Four (4) FSBs were fabricated and tested: specimens FSB-1 and
FSB-4 with Type 1 pattern; FSB-2 with Type 2 pattern; and FSB-3 with Type 3 pattern.
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Figure 2-1. Strand patterns in FSBs for experimental study



2.2 Test matrix for experimental program

The test matrix for the experimental program is given in Table 2-2. FSB-1 served as the control
specimen for FSB-4, where they both had the same number of stainless steel strands; however,
the transverse reinforcement was carbon steel for FSB-1 and GFRP for FSB-4. For FSB-1, FSB-
2, and FSB-3, the number of stainless steel strands was 30, 22, and 14, respectively.

Table 2-2. Test matrix for experimental program

No. of
stainless-

Girder steel Longitudinal stainless-steel strand Interface/shear
Designation strands pattern reinforcement

FSB-1 30 1 (maximum no,) Carbon steel

FSB-2 22 2 (maximum net tensile strain in strand) Carbon steel

FSB-3 14 3 (minimum no.) Carbon steel

FSB-4 30 1 (maximum no.) GFRP

2.3 Design methodology

The four beams were designed such that shear failure would not occur during the tests. The
design process began by identifying the material properties used for the beam design, which
includes concrete for the beam and topping, stainless steel for the strands, carbon steel and Glass
Fiber Polymer (GFRP) for transverse reinforcement. Once the material properties were
established, the geometry of the beam test setup was defined. This involved specifying the
dimensions and configuration of the test setup.

Next, the section properties for the member at different stages were determined. This included
calculating the gross section properties, transformed section properties, and composite section
properties. Afterward, the applied loads on the beam were defined, considering the expected
loading conditions. The prestressing force and the associated losses were then calculated for the
beam.

Subsequently, a stress check was conducted at the top and bottom of the member. This check
compared the calculated stresses with the limits specified in the Florida Department of
Transportation Structures Design Guidelines (FDOT, 2026b). The goal was to ensure that the
stresses would be within the allowable limits to maintain the structural integrity of the beam.

The flexural capacity of the beam with 30 strands was calculated. Additionally, a summary of
the capacities for the other strand patterns was determined, along with stress checks for the beam
at different stages of loading.

To assess the shear capacity of the beam, calculations were performed considering the shear
interface capacity. This evaluated the beam's ability to resist shear forces and ensured that it met
the required design criteria.



Finally, the design process included determining the transverse capacity of the GFRP
reinforcement. This involved assessing the shear resistance provided by the GFRP rebars and
considering their interaction with the surrounding concrete.

2.4 Testsetup

The test setup for the four specimens, each with a length of 34 ft, was designed for four-point
bending. Each FSB was supported at a distance of 1 ft from the specimen’s ends, resulting in a
32-ft span. The load was applied at two points located 3 ft away from the center of the FSB. To
distribute the load to the two loading points, a W16x100 steel beam was utilized. The load was
increased incrementally until the member failed.

The spreader beam was supported at the specified points using neoprene pads. The loading was
applied at the top center of the spreader beam as shown in Figure 2-2. This setup allowed for
controlled and uniform loading, enabling accurate observation and measurement of their flexural
behavior during the tests.
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CHAPTER 3 - FABRICATION OF GIRDERS AND FIELD
EVALUATION

3.1 Beam fabrication

Four (4) Florida slab beams (FSBs) were cast at CDS Manufacturing Inc. in Gretna, Florida.
Each beam had a length of 34 ft and dimensions of 12 in. x 48 in. A single 154-ft-long casting
bed was used to accommodate the four FSBs (Figure 3-1). Thirty (30) 0.6-in.-diameter low-
relaxation stainless steel strands were pretensioned. In FSB-1 and FSB-4, all 30 strands were
fully bonded; FSB-2 had 8 fully-debonded strands; and FSB-3 had 16 fully-debonded strands.
Figure 3-2 shows the strand patterns. The FSBs were cast on the same day, and they were
removed from the casting bed to construct the 4-in.-thick cast-in-place (C-I-P) concrete toppings.

34' H 34" 34" 34'

]
I U . " 4
= 2~ 2~ 2~ 6=

End 1 End2 End3 End4 End5 End6 End7 End 8

Figure 3-1. FSB positions in casting bed
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Figure 3-2. Strand patterns in FSBs



All the beams were constructed using FDOT Class VI concrete. The specified concrete strength
for the beams at 28 days was 8.5 ksi with a release strength of 6.8 ksi. The specified concrete
strength for C-I-P toppings at 28 days was 4.5 ksi.

Conventional carbon steel reinforcement was utilized for transverse and interface shear
reinforcement on all beams except for FSB-4, which utilized Glass Fiber Reinforced Polymer
(GFRP) bars. Table 3-1 provides the test matrix.

Table 3-1. Test matrix

Girder Number of Longitudinal Interface/shear
designation strands stainless steel reinforcement
strand pattern
FSB-1 30 Type (1) Carbon steel
FSB-2 22 Type (2) Carbon steel
FSB-3 14 Type (3) Carbon steel
FSB-4 30 Type (1) GFRP

3.2 Fabrication and instrumentation activities

Drawings and details of the testing and instrumentation schemes are in Appendix 3. The timeline
for the fabrication and instrumentation activities at CDS and the FDOT Structures Research
Center (SRC) is given in Table 3-2. Details of tasks are discussed in following sections.

Table 3-2. Fabrication and instrumentation activities

Task Location Start date End date

Install strain gauges on transverse rebars and fiber FDOT SRC 08/1/2023 08/2/2023

optic sensors on rebars.

Install FSBs formwork, place reinforcement, CDS casting 08/9/2023 08/11/2023

tension strands and cast concrete in FSBs. yard

Remove formwork and detension strands. CDS casting 08/14/2023 08/14/2023
yard

Fabricate formwork for concrete toppings, place CDS casting 08/15/2023 08/16/2023

reinforcement and cast concrete. yard

Remove formwork. CDS casting 08/21/2023 08/21/2023
yard

Ship FSB-1 & FSB-4 specimens to the FDOT FDOT SRC 09/13/2023 09/13/2023

SRC.

Ship FSB-2 & FSB-3 specimens to the FDOT FDOT SRC 10/24/2023 10/24/2023

SRC.




3.2.1 Lab instrumentation prior to fabrication

After the rebars from the manufacturers were delivered, the rebars were instrumented with foil
strain gauges and fiber optic strain gauges. The foil type strain gauges were installed on 4K and
4D rebars at the locations shown in Figures 3-3 and 3-4.

Foil type gauges

(b)

Figure 3-3. Strain gauges installed on 4D rebar pairs: (a) Instrumentation plan,
(b) Carbon steel, and (c) GFRP

Foil type gauges ™"

.

(b) Carbon steel, and (c) GFRP

10



Subsequently, the strain gauges were installed on the rebars using an appropriate adhesive.
Finally, two layers of different protection were added to safeguard the strain gauges against heat
and physical damage (Figure 3-5).

Figure 3-5. Gauge protection layers

The lab instrumentation activities included preparing four (4) grooved #3 GFRP rebars, each
with a length of 42 in.; the fiber optic sensors were placed inside the grooves to protect them
from damage. These rebars were placed at the ends of FSB-1 and FSB-4.

3.2.2 Prestressing strands and initial tensioning

The casting bed underwent a thorough inspection to detect any defects, after which it was
cleaned and sprayed with form release agent (Figure 3-6). Next, as shown in Figure 3-7, the
stainless steel strands were arranged along the bed according to the specified patterns shown in
Figure 3-2. To straighten and remove slack, the strands were initially tensioned to 10% of their
ultimate tensile strength (3.86 kips per strand) (Figure 3-8).

The tensioning sequence is shown in Figure 3-9. The tensioning process involved using a
hydraulic monostrand jack to tension the strands (Figure 3-10). Jacking was performed at End 1
(the live end). Each stainless steel strand was stressed to a force of 38.8 kips, which was 70% of
the ultimate tensile force specified in ASTM A1114 (ASTM, 2020b). The strain in the strands
was monitored with a load cell. Once the target force was reached, the strand was securely
positioned within the chuck by wedges (Figure 3-11). The elongation was measured at the live
end to verify the applied load.

11
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Figure 3-8. Seated strands in the chucks
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Figure 3-9. Tensioning sequence; looking upstation towards End 8
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Figﬁré 3-10. Tensioning the strands
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Figure 3-11. Strands are tensioned initially

3.2.3 Instrumentation of prestressing strands

After applying the initial tension (10% of the full tension force), instrumentation was added to
the strands at the midpoint of the free length (i.e., at mid distance between the abutment and the
end of the beam) (Figure 3-12), at both ends of the casting bed. At each end, electrical resistance
strain gauges (ERSGs) were adhered to three (3) strands in the bottom layer and nine (9) strands
in the top layer. These gauges were to provide strain measurements during the strand
detensioning process.

Foll type
Strain gauges

Figure 3-12. Location of ERSGs in the free length
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The ERSGs were installed using a thin coat of adhesive (M-Bond 200). Then, a coating agent
was applied to protect the gauges. The final step was labelling the wires and wrapping them with
rubber mastic tape (Figure 3-13).

Figure 3-13. ERSG installation

Eight (8) vibrating wire strain gauges (VWSGs) were used. A pair of gauges was installed to the
bottom layer of the strands at the mid length of each beam. Each VWSG was installed using two
(2) short GFRP rebars tied to the adjacent strands (Figure 3-14).

Figure 3-14. Installed VWSG
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3.2.4 Rebar cage assembly

First, each strand was tensioned to the full force of 38.8 kips. The locations for instrumented
bars were marked on the fully-tensioned strands (Figure 3-15). Then, the stirrup pairs, type D
and K bars, with instrumentation were carefully placed and tied to the strands for only FSB-1
and FSB-4 (Figure 3-16). Note that only FSB-1 and FSB-4 were instrumented with internal
strain gauges attached to Type D and Type K rebars.

Figure 3-15. Marking and placing the instrumented D-pairs at FSB-1

v —— : .
Figure 3-16. Instrumented GFRP K-pairs placed and tied in FSB-4
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Next, the rest of the K rebars were placed. Afterwards, the gauge wires were routed out of the
forms to prevent them from being damaged during the concrete pour (Figure 3-17).

Figure 3-17. Transverse reinforcement, placed and tied

To measure the prestressing force transfer length during strand detensioning, the four grooved
GFRP bars with fiber optic sensors were installed on both ends of FSB-1 and FSB-4. On each
end, the fiber optic gauges were installed along a 42-in. length starting from the end of the beam
and vertically mid distance between the two layers of strands. Figure 3-18 shows the installed
fiber optic gauges in End 8 at FSB-4.
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3.3 FSB formwork

Prior to the concrete casting, steel side forms were installed along the length of the four (4) FSBs
(Figure 3-19). The forms were cleaned and checked as a final step before concrete casting

(Figure 3-20).

8 - N 3 3 B
) 1 \ X Vg Uy ~ 2
1 ¥ \ N \ 3 N |

Figure 3-20. FSB forms with reinforcement in place are ready for concrete casting
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3.4 Beam casting

As mentioned, the FSB concrete was Class VI with a specified strength at release and 28 days of
6.8 ksi and 8.5 ksi, respectively. The mix used was flowing concrete. FDOT Standard
Specifications for Road and Bridge Construction (FDOT, 2025) Section 346 for Portland Cement
Concrete specifies 7.5-in. to 10.5-in. slump for flowing concrete, and for all classes of concrete a
range of 1% to 6% for air content. The ratio of water-to-cementitious material is limited to 0.37
for Class VI concrete (FDOT, 2025).

During casting, fresh concrete tests were performed, including slump and air content (Figure 3-
21). The slump tests were conducted in accordance with AASHTO T119M/T119 (AASHTO,
2023) or ASTM C143 (ASTM, 2020a) procedure for two trucks, and the air content tests were in
accordance with ASTM C231 (ASTM, 2022a) procedure. All test results met the standard
limits, as shown in Table 3-3.

. “’
: | g2l
Figure 3-21. Concrete mix tests

Table 3-3. Concrete test results (slump, air content and water-cement ratio)

Truck Slab Slump FDOT Air FDOT air W/C FDOT

number | beam (in.) slump content content W/C limit
limit (%) limit

Truck1 | FSB-4 10 7.5-10.5 1.8 1-6 % 0.24 <0.37
Truck2 | FSB-4 10 7.5-10.5 1.8 1-6 % 0.24 <0.37
Truck3 | FSB-3 10 7.5-10.5 1.1 1-6 % 0.23 <0.37
Truck4 | FSB-1 10.5 7.5-10.5 - 1-6 % 0.22 <0.37
Truck 5 | FSB-2 10.5 7.5-10.5 - 1-6 % 0.22 <0.37

The surface of the concrete was levelled during placement (Figure 3-22) and then roughened to

an amplitude of % in. Afterwards, the concrete surface was sprayed with curing agent (Figure 3-

23).
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Figure 3-23. Concrete surface finish

3.5 Detensioning

At release, the concrete compressive strength was an average of 8.43 ksi. Table 3-4 summarizes
the concrete compressive strength four (4) days after casting the beams.

Table 3-4. Concrete cylinder test results

No. Date Cylinder age | Target strength (psi) | Failure type | Break strength (psi)
1 | 8/14/2023 4 days 6,800 Shear 8,390
2 | 8/14/2023 4 days 6,800 Shear 8,462
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The side forms were removed. Prior to the strand release process, additional external gauges
were installed. The gauges included two cameras pointed at Imetrum targets and two
strandmeters, both of which were at End 1 and End 8. Two Imetrum targets installed at each end
with a camera focused on them were set up to monitor the end’s movement (Figure 3-24). The
Imetrum targets were spaced 38 in. horizontally apart and located vertically at the same level of
4.5 in. from the top of the FSB (Figure 3-25).

Figure 3-25. Two targets glued at End 8

The strandmeters were installed on the free length of the strands at Ends 1 and 8 (Figure 3-26).
Each strandmeter was mounted on top of the strand located at the middle of the top layer of
strands. The strandmeter was used to monitor the strain in the strand during detensioning, and

the measurements would be useful to validate the strain measurements collected from the
installed ERSGs.
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Figure 3-26. Strandmeter nd strai gaues installed at the free length

All gauges were connected to the data acquisition system, and checks were run to ensure that
gauges were functioning (Figure 3-27). All gauges were working except for one (1) VWSG
installed in FSB-4 and two (2) ERSGs installed on 4D pairs in FSB-1. The strand release
method used was flame cutting. Each strand was cut using gradual heating by a torch flame until

the strand was completely cut. Two personnel simultaneously cut one strand at a time at each
end (Figure 3-28).

Figure 3-27. Acquisition system connected to the gauges to monitor the data
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Figure 3-28. Strand cutting at End 1

During cutting of the 27th strand, the remaining uncut seven (7) strands ruptured. All ruptured
strands were located in the top layer. Figure 3-29 shows the proposed and actual strand release
sequences for both ends, as well as the ruptured strands.

End 1

2

1 3 4 2
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20 23 24 37 28 31 3) 34 33 30 29 36 25 22 )
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© 0 0. 0 0 0 0 0 0 0 0 0 0 00
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12 1 16 17 19 1 15 14 11 10 7

End 8
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21 27 25 26 24 20
20 23 24 27 28 31 32 34 33 30 29 26 25 22 21
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S 8 9 12131617 19 1815 14 11 10 7 &
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Figure 3-29. Proposed detensioning sequence (blue), actual site detensioning (red) and
ruptured strands (circled); looking upstation towards End 8

Rupturing of the uncut strands initiated at End 8; see Figure 3-1 for the location of End 8. Figure

3-30 shows the end of the casting bed after the strands ruptured. The sudden impact pushed the
FSBs in the direction of End 1 (see Figure 3-1 for the location of End 1), as shown in Figure 3-
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31. End 8 pushed towards the center of the bed a distance of 24.5 in. away from its original
location, while End 1 pulled out a distance 16 in.
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ptured trands atEnd 8
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Figure 3-30. Location of the ru

Finally, the free strands were cut in the remaining locations (at Ends 2-7) and then the FSBs were
removed from the casting bed to prepare them for topping fabrication.
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3.6 Cast-in-place topping

Wooden formwork was used to fabricate the toppings of the FSBs (Figure 3-32).

L P ¥
-

Prior to concrete casting, the gauges’ wires were routed out of the formwork. The concrete was
cast, and Table 3-5 summarizes the concrete mix test results.

Table 3-5. C-I-P concrete topping test results (slump, air content, and water-cement

ratio)
Truck number | Slump FDOT Air content FDOT air W/C FDOT
(in.) slump limit (%) content limit W/C limit
Truck 1 10 7.5-10.5 1.0 1-6 % 0.34 <0.44
Truck 2 - 7.5-10.5 - 1-6 % 0.34 <0.44
Truck 3 10.5 7.5-10.5 1.9 1-6 % 0.33 <0.44
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CHAPTER 4 - MECHANICAL PROPERTIES

4.1 Introduction

In traditional prestressed concrete, mitigation of corrosion has generally involved techniques of
either enhancing concrete properties or applying corrosion protection to strands (Podolny, 1992).
Another solution is using corrosion-resistant reinforcing materials. In 1912, a corrosion-resistant
iron alloy was introduced and called rustless steel. Later, this alloy was called stainless steel.
The term “stainless steel” refers to iron alloys that contain a minimum of 10.5% chromium
(Gardner, 2005). Stainless steel alloys were investigated as a reinforcement alternative in
prestressed concrete structures (Moser et al., 2013). Currently, the term stainless steel refers to
iron-based alloys containing at least 12% chromium. Stainless steel also contains elements such
as nickel, molybdenum and nitrogen (ASTM, 2020b). Similar to carbon steel, stainless steel has
various grades. These grades result from different chemical compositions and heat treatments.
Two main types of stainless steel are used in reinforced concrete: ferritic and austenitic (Gardner,
2005). Duplex is a mix of both types. Duplex Grade 2205 was found to be the best choice for
stainless steel strands (Moser, 2011). In 2017, the American Society for Testing and Materials
(ASTM) issued a specification requiring that duplex alloy 2205 stainless steel (UNS S32205) be
used for stainless steel strands in prestressed concrete (ASTM, 2017).

Design of prestressed concrete members requires knowledge of the elastic modulus, breaking
strength, yield strength, and ultimate strain of the prestressing strands. Therefore, tensile tests
are performed to determine these parameters and obtain the stress-strain curve for the strands.
ASTM A1061/1061M describes the standard method to perform tensile tests on strands (ASTM,
2020c). The results of tensile tests performed on stainless steel strands must meet the criteria
specified in ASTM A1114 (ASTM, 2020b). Besides mechanical properties, the strand diameter
must be within a permissible tolerance.

This chapter examines the mechanical properties of 0.6-in.-diameter, ASTM A1114 stainless
steel, low-relaxation, Grade 240 strands. Tensile tests were conducted on five (5) samples of
0.6-in.-diameter, high-strength stainless steel (HSSS) strands from one spool. The spool was
manufactured by Sumiden Wire Products Corporation. Stress-strain equations for the strands
were developed based on previous research by Al-Kaimakchi and Rambo-Roddenberry (2021a)
as well as other equations suggested by literature; the equations were evaluated against
experimental data obtained in this project.

4.2 Tensile tests

4.2.1 Specimen preparation

A single 0.6-in.-diameter HSSS strand spool was used in this research project. The spool was
supplied by Sumiden Wire, and it was received by the Florida Department of Transportation
(FDOT) Structures Research Center (SRC) in good condition without rust or visible defects.
While stored at FDOT SRC, the spool was protected from potential damage such as oil,
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excessive bending, and physical harm. The length of the strand in the spool was 6,519 ft. The
manufacturer provided a mill test certificate outlining the mechanical properties of the strand.
Five (5) HSSS strand specimens were extracted from this single spool, and all specimens were
taken from the beginning of the spool. During the sampling process, care was taken to ensure
the specimens were free from severe bending, abrasion, or nicking, as these defects could
negatively affect the tensile test results and cause premature failure. All specimens, each 50 in.
long, were sent to the FDOT State Materials Office (SMO) for subsequent tensile testing. To
address grip slippage and complications associated with gripping mediums, a coating of high
modulus epoxy and 80 grit silicon carbide was applied to the ends of the strands, as shown in
Figure 4-1. This provided friction for grip and prevented slippage during the tensile test.

Coated epoxy |

Figure 4-1. Samples coated with epoxy

The tensile tests were conducted using a Universal Testing Machine (UTM) conforming to
ASTM A1061 test requirements (ASTM, 2020c). The UTM has a load frame supporting load
cells and a movable cross head. The load cells collect readings during the tensile tests. The
movable cross head has grips to hold the sample ends. To facilitate proper gripping, the samples
were embedded a length of 8 in. (Figure 4-2a), which allows for a complete load transfer from
the grips to the strand. A pre-load of approximately 10% of the breaking strength was applied to
align the strand and secure the ends in the grips (Figure 4-2b). Following alignment, a 24-in.
extensometer was mounted to the strand, maintaining a 5-in. clear distance between the jaws and
the extensometer (Figure 4-2c). The extensometer accurately measured strain up to around 1%
extension, with a precision of 0.01%. After reaching this limit, the extensometer was removed to
prevent potential damage, considering the low ultimate strain of the strand material.
Subsequently, the machine was reloaded, and data collection transitioned from the extensometer
to the UTM, which calculates strain by measuring the displacement between the machine's
crossheads.
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Figure 4-2. Preparation of specimen: (a) Coated strand ends placed inside the grips,
(b) Strand is aligned after 10% of fracture force is applied, and
(c) Extensometer is mounted to the sample to take strain measurements

4.2.2 Results

Tensile tests were conducted on the five (5) 0.6-in.-diameter HSSS strand specimens. All
specimens failed by rupture near the grips, as shown Figure 4-3. Because the fracture was near
the grip, ASTM A1061/A1061M deems the test as invalid unless the results meet the minimum
criteria for yield strength, breaking strength, and total elongation (ASTM, 2020c).

4.2.2.1 Tensile strength

During the tensile tests, strand elongations were recorded. The force-elongation curves were
smooth and free from irregularities. To account for grip seating losses and normal elongation
errors, the preload method and elastic modulus extrapolation method were used. In the preload
method, the specimen was initially loaded with 10% of the required minimum breaking strength
and held in the test frame. An extensometer, shown in Figure 4-2c¢, was then attached and
adjusted to a 0.1% gauge length reading. Loading continued until the extensometer indicated a
total extension of 1.0% of the gauge length. The recorded load at 1.0% extension represented the
yield strength. To ensure accurate measurements, the extensometer remained attached until
reaching at least 1.05% of the elastic unit limit, after which it was typically removed to prevent
potential damage due to strand rupture. To calculate the elastic modulus, the cross-sectional area
of the specimen was calculated on the acquisition system based on diameter readings taken from
each specimen (Figure 4-4). Table 4-1 summarizes the measurements taken.
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Figure 4-4. Wires taken from each specimen to determine diameter measurements
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Table 4-1. Strand wire measurements

Outer Inner Strand Weight per
Specimen diameter diameter diameter Area (in%) thousand feet
(in.) (in.) (in.) (Ibs/1000 ft)
Strand 1 0.2150 0.206 0.6270 0.2360 803.0
Strand 2 0.2160 0.206 0.6280 0.2370 804.0
Strand 3 0.2160 0.206 0.6280 0.2370 804.0
Strand 4 0.2160 0.206 0.6280 0.2370 804.0
Strand 5 0.2160 0.206 0.6280 0.2370 804.0
Average 0.2185 0.206 0.6278 0.2368 803.8

The yield strength criteria in ASTM A1114 requires the strength to be 90% of the specified
breaking strength. In Table 4-2, the yield strength for each specimen is compared to ASTM

A1114. The stress-strain curves obtained for the five (5) specimens are plotted in Figure 4-5.

Table 4-2. Tensile test results compared to FDOT and ASTM standards

Item Area Yield Breaking Ultimate Elongation Elastic
(in?) strength strength stress (%) modulus
(kips) (kips) (ksi) (psi x 10%)
ot 02310 | >49.86 | >355.40 > 240 > 1.4 -
andard
ast 02310 | >49.86 | >355.40 > 240 > 1.4 -
andard
Manufacturer | 0.2379 54.21 60.12 263.65 1.7 24.4
Specimen 1 0.2364 53.30 62.32 264.58 2.0 23.9
Specimen 2 0.2367 52.46 62.63 262.76 2.3 23.4
Specimen 3 0.2367 53.36 62.20 264.24 1.9 23.7
Specimen 4 0.2367 53.45 62.55 263.95 2.1 23.9
Specimen 5 0.2367 53.12 62.48 263.85 2.1 23.7
‘S‘V"r.age of 02366 | 53.14 62.44 263.88 2.1 23.7
pecimens 1-5
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Figure 4-5. Stress-strain curve for all specimens

4.2.2.2 Breaking strength

The breaking strength corresponds to the force at failure. Values are provided in Table 4-2. All
strands failed by rupture near the grips, which is considered valid per ASTM 1061 (ASTM,
2020c). In carbon steel strands, the failure near the grip has a significant effect on the resulting
elongation, whereas its effect on breaking strength can be negligible (Lequesne et al., 2020).

4.2.2.3 Total elongation

The total elongation at maximum force was determined by measuring the movement between the
gripping jaws. When the yield strength was reached, loading was halted, and the extensometer
was removed. Then, the distance between the gripping jaws was measured. Loading was then
resumed until failure, and the distance between the jaws was measured again. The total percent
elongation was calculated by taking the percent change in the jaw-to-jaw distance and adding
this value to the extension measured by the extensometer (Table 4-2).

4.2.2.4 Modulus of elasticity

ASTM A1114 does not provide any requirements for the modulus of elasticity of stainless steel
strands. However, it requires a cross-sectional area, which is used to calculate the modulus of
elasticity. The strand area was calculated by measuring the diameters of the wires taken from
each strand specimen. The FDOT Structures Design Guidelines (SDG) specify a design value of
24,000 ksi for the elastic modulus. The five (5) specimens had an elastic modulus ranging
between 23,400 and 24,400 ksi, with an average of 23,700 ksi (Table 4-2).

4.3 Stress-strain curve model

The stainless steel stress-strain behavior is generally different from that of carbon steel. It has a
rounded stress-strain curve with no sharp yield point (Gardner, 2005) and is nonlinear. For such
a curve type, Ramberg and Osgood (1943) suggested a simple formula, involving three
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parameters, for aluminum and stainless steel alloys. Subsequently, Hill (1944) modified these
parameters using the offset yield strength method. A similar power formula utilizing three
parameters was proposed by Mattock (1979).

Recent research on Duplex Grade 2205 HSSS confirmed the applicability of the power formula
(Al-Kaimakchi and Rambo-Roddenberry, 2021a). The power formula models the stress-strain
curve as two lines connected by a curve. The first line represents the linear-elastic region while
the second line represents the linear strain-hardening plastic region. The curved part represents
the gradual nonlinear transition between these two lines. The power formula parameters can be
defined using the procedure outlined in Collins and Mitchell (1991):

o=¢E {A + (Eq. 4.1)

1-A
[1+(B£)C]1/C

where E is the modulus of elasticity, o is the stress, ¢ is the strain, and A, B, and C are
parameters used to fit the curve. Table 4-3 provides various formulas, from literature, to model
the stress-strain curve, and Figure 4-6 shows plots of these curves. A calibration for the three
parameters A, B, and C was performed to obtain a better fit that will be used in the analysis of
results in subsequent chapters. The resulting calibrated power formula curve is shown in Table
4-3 as the suggested formula. This formula provided a good match with the tension tests and was
used in the analytical model, for better comparisons with the experimental results; however, for
the parametric study, the FDOT SDG (FDOT, 2026b) formula was used.

Table 4-3. Stress-strain models

Reference | E (ksi) Equation
FDOT | 24,000 | , _ 1-0.06
SDG o =¢ X 24,000 {0-06 + [1+(101€)6_45]1/6.45} (Eq. 4.2)
(2026b)
Collins 23,700 — _ 0975
olth o = & x 23,700{0.025 + e e (Eq. 4.3)
Mitchell
(1991)
Eurocode | 23,700 ( lnz(gg)z
1- a T \InG252)
I?C%I:: 1}1 4 I 5 +0.002 <E> "ziz3 foro <, (Eq. 4.4)
b
2006) €= { Iy
| f, o—f E a—f, 1+25(7)
k0'002+E+T 1"'0-002]? + &y = for f,<o<f,
Yy u Yy
Suggested | 24,400 — 1-0.058
uggeste 0 = & x 24,400 {0.058 + TRTEERE T o) (Eq. 4.5)

In Table 4-3, the FDOT SDG formula, which is suggested by Al-Kaimakchi and Rambo-
Roddenberry (2021a), is based on the power formula with parameters calibrated to obtain a
design curve. The FDOT SDG formula results in a stress-strain curve lower that the
experimental curves from this study; this can be considered as a small measure of conservatism.
However, the Eurocode 3 model (CEN, 2006) curve underestimates the experimental data and
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does not fit well in the plastic region. Similarly, the Collins and Mitchell (1991) model is not a
good fit, as this model was intended for carbon steel strands.

300
250 N 1
[ n 1
[ | " ]
IR s D e
200 o byt
2 R
) b
» 150 o
E |
o - = = = Experimental
100 —=— FDOT SDG
—s— Mitchell and Collins
50 Eurocode 1993
—s— Suggested formula
0 L 1 1 1 1 J
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Strain (in./in.)

Figure 4-6. Different models plotted vs. experimental data

4.4 Concrete material properties

Understanding the concrete properties is necessary for assessing the flexural performance of the
test specimens. An important parameter to characterize is the concrete strength. The specified
28-day concrete compressive strengths for the FSBs and cast-in-place topping were 8.5 and 4.5
ksi, respectively. To measure the concrete strength, sample cylinders were taken from the
batches during casting and stored near the specimens to experience similar curing conditions
(Figure 4-7). These cylinders were tested for compressive strength on the same day as the
corresponding specimen’s flexural test. Table 4-4 summarizes the tested concrete properties.

Figure 4-7. Concrete cylinders stored near the specimens
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Table 4-4. Summary of tested concrete properties

. A € c,design ,c,measured Ec,desi n Ec,measured

Specimen ID (dagys) f(ksijg / (ksi) (ksi) (ksi)
FSB-1 63 8.5 10.810 5390 5987
FSB-2 78 8.5 11.734 5390 6227
FSB-3 91 8.5 11.644 5390 6204
FSB-4 61 8.5 11.912 5390 6272
FSB-1 topping 57 4.5 6.224 4171 4691
FSB-2 topping 72 4.5 6.358 4171 4733
FSB-3 topping 85 4.5 7.272 4171 5009
FSB-4 topping 55 4.5 7.112 4171 4962

4.5 Summary

The design of prestressed concrete members requires the use of the prestressing strand material
properties such as elastic modulus, breaking strength, yield strength, and elongation. Tensile
tests, following ASTM A1061/1061M standards (ASTM, 2020c), were conducted on five (5)
0.6-in.-diameter stainless steel strand specimens. The specimens, each 50 in. long, were
obtained from a single spool supplied by Sumiden Wire.

The results of the tensile tests were presented, including the stress-strain curves for five (5)
specimens. All specimens failed by rupture near the grips, meeting the ASTM 1061 criteria for
test validity. The breaking strength, yield strength, total elongation, and modulus of elasticity
were determined for each specimen and compared against ASTM and FDOT standards. The
breaking strength was recorded as the force at failure, with all strands failing by rupture near the
grips. The total elongation was measured at maximum force, and the modulus of elasticity
ranged between 23,400 and 24,400 ksi, with an average of 23,700 ksi.

This chapter also provided stress-strain curves determined using different models. The most
accurate model is the power formula with three parameters (A, B, and C). These parameters
were calibrated for a better fit curve, resulting in a calibrated power formula curve that will be
used in the verification of the experimental flexural tests.

At the end of the chapter, concrete compression test results were provided. All the concrete
strengths were higher than the design values for the members and the toppings.
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CHAPTER 5 - DATA COLLECTED DURING DETENSIONING

5.1 Introduction

Pretensioning a prestressed concrete member involves transferring the prestressing force to the
concrete member in the casting bed during the fabrication stage. This force is transferred
through the bond between the concrete and the surface of the strands. This transfer process is
achieved by releasing the strand's force after the concrete has reached adequate strength to resist
the stresses induced by this release. This strand release process is also known as detensioning.
There are different types of detensioning methods, the most common of which is the flame
cutting method. This requires gradual heating of a strand until it is completely cut.

For more efficient production, several pretensioned members are cast in a single casting bed.
Detensioning of the members is carried out by at least two trained technicians who
simultaneously apply a torch flame to each strand, at both ends of the casting bed. Generally, the
process lasts only a few seconds for each strand. Because the detensioning process causes abrupt
changes in strains in short periods of time, it can cause cracks in the member. The abrupt strain
changes due to strand cutting also affect the uncut strands by creating additional tension in them
due to shortening of the member. In carbon steel strands, these strains are low compared to their
ultimate strain. However, in the case of stainless steel strands, which have a different stress-
strain behavior and lower ultimate strain than carbon steel strands, there is relatively more
potential for sudden rupture to occur during the cutting process. Unexpected rupture of the last
stainless steel strand during the detensioning process occurred in a previous FDOT project
BDV30-977-22, Stainless Steel Strands and Lightweight Concrete for Pretensioned Concrete
Girders (FDOT, 2022). That rupture resulted in interest in monitoring strains during the
detensioning process in this project. During fabrication of the FSBs, strain gauges were installed
on some of the free strands located between the bulkheads and the first and last FSBs in the
casting bed. Additionally, the movement and rotation of the ends, adjacent to the bulkheads,
were monitored.

In this chapter, a literature review for the topic of detensioning is presented. Following that, the
experimental data are presented. At the end of the chapter, transfer length of the members is
analyzed and compared to experimental data obtained during the detensioning process.

5.2 Literature review

The mechanical characteristics of stainless steel strands are different than those of carbon steel
strands. Previous research has shown that all examined stainless steel strands, irrespective of
their variety, exhibited rounded stress-strain curves beyond the linear-elastic region. The extent
of this roundedness, along with ultimate stress, ultimate strain, and corrosion resistance, differed
across the types of strands (Al-Kaimakchi and Rambo-Roddenberry, 2021d).

Mirza and Tawfik (1978), investigated cracks that occurred during the detensioning process.
The study proposed that when strands are released, the member undergoes deformation that is
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restrained by unreleased strands. These restraining strands induce tensile stresses that cause
cracks near the end region of the member. Moreover, the study developed a mathematical model
to calculate the increase in tensile force in the remaining uncut strands during detensioning. The
model considers the axial force in the sequentially cut strands acting on the uncut strands by
modelling the strands as bilinear springs. This approach allows one to determine the increase in
force in each strand as detensioning progresses. The accuracy of the model was validated by
experimental measurements of strand strains and end deformations on full-scale experimental
members during detensioning. The model showed good correlation. However, the model did
not account for the nonlinearity of the stress-strain curve; it assumed an elastic-perfectly plastic
model, it did not account for friction between the bed and the members, and it did not account for
the effect of end rotation due to the eccentric prestressing force. Despite these simplifications,
the study provided valuable conclusions. The model explains that a shorter free strand is
subjected to more strain than a longer one under the same level of elastic shortening.
Consequently, the restraining force exerted by the shorter strand is higher. Thus, structures with
shorter free strands are subjected to greater restraining forces, increasing the risk of crack
development. The model also shows that simultaneous release of all strands will cause equal
restraining force in all free lengths. However, non-simultaneous release of free strands (when a
certain free span is cut prior to the other free spans) will cause higher stresses at the location of
the cut compared to the other free spans. In summary, the study demonstrated the effect of the
strand release sequence on the distribution of forces among the restraining strands.

A further study by Kannel et al. (1997) investigated end region crack causes and prevention
during detensioning. The study involved numerical and experimental investigation. Numerical
solution was obtained from 3D finite element models to account for the three-dimensional effect
of stresses in the end region of a beam. Different detensioning patterns were implemented by the
effect of debonding some of the strands. The study confirmed the conclusions of Mirza and
Tawfik (1978) that the reduction of free strands in the casting bed will reduce end region cracks,
and cutting longer free strands is recommended to avoid higher tensile stresses in uncut strands
during detensioning. Furthermore, the study recommended cutting some of the bottom straight
strands before cutting draped strands to produce compression stresses that help reduce cracks.
The study also recommended cutting strands in alternating columns from the interior of the
member going to outside.

A previous study conducted by Moon et al. (2010) on seven-wire carbon steel strands showed the
effect of different detensioning methods: namely, flame cutting and hydraulic jacking. The study
implemented embedded strain gauges placed at different locations along the member, to measure
strain changes at the strands. However, no data were reported about the strain change in the
strands outside the member. The study also employed the hardening plastic theory to convert
strain gauge measurements to forces using a method called elastic strain recovery. This method
gave good results since carbon steel strands behave mostly elastic and the inelastic strains are
negligible.

5.3 Experimental data

In previous chapters, instrumentation of the test specimens was discussed. In this section, data
collected during detensioning is further discussed. This data includes strain measurements in the

36



strands at their free length (Ends 1 and §; see Figure 5-1), movements, rotations, strains
measurements inside the concrete at the transfer length, and strains in the concrete measured
with vibrating wire strain gauges (VWSGs).

' 172-3 5"
‘ | 34 I 34 [ 34" [ 34" I
123" — 241t = = 2= — 21" = = ' '
End 1 End2 End3 End4 End5 End6 End7 End 8 -
| __FSB1 {1 __FfSB2 || FSB-3 _ || __FSB4
Casting Bed
—12 Foil type strain gauges 12 Foil type strain gaugesJ

and one Strandmeter and one Strandmeter

Figure 5-1. Casting bed layout of beam specimens

5.3.1 Strains at free length using foil type strain gauges

Strains in the strands at their free length were measured by two means: foil strain gauges and
strandmeters. The foil gauges were instrumented at the casting yard (Figure 5-1). Figure 5-2
shows the locations of the gauges at Ends 1 and 8. The data acquisition system measured the
strain every 0.1 seconds while cutting the strands, providing data to capture the strains in the

instrumented strands as each strand was cut.

Figures 5-3 and 5-4 show the strain measurement as each strand was cut until rupture occurred

during cutting of the 27" strand. The strain gauges were installed after initially prestressing the

strands; accordingly, the initial strain of 0.00688 (in./in.) was added to the strain measurements
In both curves, the strain reached approximately 0.011 (in./in.), which is less than the ultimate
strain of 0.021 (in./in.) obtained from tensile tests presented in Chapter 4. In Chapter 7, these
measured strains will be compared to an analytical mathematical model that was obtained from
literature and that was further improved in Chapter 8.
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5.3.2 Strains at free length using strandmeter strain gauges

The strandmeter measurements were used to verify the foil strain gauge measurements. Two (2)
strandmeters were installed, at End 1 and End 8, and mounted on top of the middle strand in the
top layer (Figure 5-5). As was done for the foil gauges, the initial strain measurement was added
to the strandmeter readings, because the strandmeters were also installed after initial stressing.
Figures 5-6 and 5-7 compare strandmeter measurements to foil gauge measurements;
strandmeters did not fully capture the behavior of the strands because they measured strains only
every 30 seconds.
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5.3.3 End movements and rotations

The prestress force is transferred to the concrete during the detensioning process. The eccentric
force applies compression stress and a moment that cause the member to shorten and rotate near
the member ends. This rotation and shortening affect the strain in the strands. To monitor them,
two targets and one camera were installed at the member ends where the strands were released
first. When releasing the 27%" strand, End 1 in FSB-1 had a horizontal displacement of about 0.5
in. and a rotation of 0.14 degrees. Figures 5-8 and 5-9, respectively, show the displacement and
rotation vs. the number of cut strands.

This end displacement causes elongation in the uncut strands. If this elongation is divided by the
length of free strand near End 1, which is about 147 in. (Figure 5-1), the result is the strain in the
strands. To obtain the total strain in the strands at the free length, the initial strain must be
added. Figure 5-10 shows strain values obtained from end movement measurements and
compares them to strain measurements obtained from the strain gauges installed on the strands
near End 1.
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At End 8, the deformations were higher. During release of the 27" strand, the horizontal
displacement reached 0.95 in., and the rotation was 0.2 degrees. Figures 5-11 and 5-12,
respectively, show the displacement and rotation vs. the number of cut strands. The strain
obtained from the displacement of End 8 is shown in Figure 5-13.

Comparing Figure 5-8 with Figure 5-11, the horizontal movement in End 8 was higher, possibly
due to the rate of cutting at that end being higher or friction along the form.
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5.4 Transfer length

During construction of a prestressed concrete member, the strands are tensioned. During
detensioning, the tensile force is transferred to the concrete through bond, which causes internal
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stresses in the concrete. Full transfer of the strand force into the concrete occurs in the member’s
end region over a distance referred to as the transfer length. Strain measurements in the concrete
have proven to be an efficient way to measure the transfer length (Russell and Burns, 1996).
Previous research on transfer length of HSSS strands was conducted by Paul et al. (2017a). They
measured the transfer length using external strain measurements using detachable mechanical
(DEMEQC) strain gauges installed in piles reinforced with HSSS strands. Al-Kaimakchi and
Rambo-Roddenberry (2021b) measured transfer length in pretensioned bridge concrete members.
They used external DEMEC and ERSGs to measure the strain at the concrete surface. In other
research, external and internal Fiber Optic Sensors (FOS) were installed to measure transfer
length of HSSS strands (Al-Kaimakchi and Rambo-Roddenberry, 2021¢). In this project, four
(4) internal FOS were installed in both ends of two (2) specimens, FSB-1 and FSB-4, at the live
end and dead end, respectively (Figures 5-14 and 5-15), to investigate transfer length in two (2)
specimens that have the same parameters except for the confinement transverse reinforcement.
FSB-1 contained carbon steel rebar for shear, shear interface, and anchorage zone reinforcement,
while FSB-4 contained Glass Fiber Reinforced Polymer (GFRP) rebar instead.
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Figure 5-14. Locations of fiber optic strain sensors
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Figure 5-15. Fiber optic sensors installed during construction of specimens
In Figure 5-16, the FOS strain measurements are plotted along the length of the specimens. The
typical strain distribution near the end increased linearly until it reached a peak. The data
analysis was performed after filtering out anomalies. Then, the 95 percent average maximum
strain was found. The intersection of the linear portion of the plot with the 95 percent average
maximum strain represents the end of the transfer length.

From the results, the live and dead ends (Ends 1 and 8, respectively) had longer transfer lengths
compared to the other ends (Ends 2 and 7). Also, End 8 had a slightly longer transfer length than
End 1. Table 5-1 summarizes the transfer lengths obtained from Figure 5-16 and compares them
to a previous FDOT project.

A previous FDOT project (BDV30-977-22) (FDOT, 2022) investigated the transfer length of
stainless steel strands in prestressed concrete members. In that study, five AASHTO Type II
girders were fabricated on a single casting bed. The concrete compressive strength was reported
as 6.32 ksi at one day and 10.02 ksi at six days. Assuming linear strength gain, the estimated
concrete strength at release after two days was approximately 7.06 ksi. The first and last girders
in the casting bed were prestressed with thirteen 0.6-in.-diameter stainless steel strands stressed
to approximately 62.2 percent of the strand’s ultimate strength, corresponding to a prestressing
stress of 159.8 ksi.
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Figure 5-16. FOS strain measurements along length near the edges of members, and the
transfer length located using 95 percent maximum strain method

Table 5-1. Comparison of transfer lengths measured in current and previous FDOT

projects
Current Current Current Previous Previous Previous FDOT
project project project FDOT project | FDOT project | project
Specimen ID End ID Transfer Specimen ID End ID Transfer length
(transverse length (in.) (transverse (in.)
reinforcement) reinforcement)
FSB-1 End 1 18.0 (FOS) C1 End 1 21.0 (ERSG)
(carbon steel) | (1% cut) (carbon steel) (1% cut) 20.5 (DEMEC)
& & & &
End 2 8.0 (FOS) End 2 16.8 (ERSG)
(2™ cut) (2™ cut) 18.2 (DEMEC)
FSB-4 End 7 11.0 (FOS) C3 End 6 16.0 (ERSG)
(GFRP) (2™ cut) (stainless steel) | (2™ cut) 15.7 (DEMEC)
& & & &
End 8 19.0 (FOS) End 5 19.7 (ERSG)
(1% cut) (1% cut) 20.2 (DEMEC)
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Compared to the previous study, the current project utilized a higher prestressing level and
significantly larger total prestressing force. The release stress in the current study was
approximately 168 ksi, corresponding to about 70 percent of the strand’s ultimate strength, while
the concrete release strength in the previous study was approximately 16 percent lower than that
of the current project.

Despite these differences, the experimentally measured transfer lengths obtained using fiber
optic sensors (FOS) in the current study were generally comparable to those reported in the
previous research.

5.5 Summary

The chapter reviewed literature on detensioning, noting that stainless steel strands exhibit a
different stress-strain behavior than carbon steel. Previous studies investigated the detensioning
of carbon steel strands to find the causes and preventions of end region cracks during
detensioning, proposing models and recommendations to minimize cracking. However, lower
ultimate strain of HSSS strands compared to carbon steel suggests that further study needed to be
done.

Experimental data obtained during fabrication of specimens for this project was presented.
Strains during detensioning were monitored using foil type strain gauges and strandmeters. The
data showed the strain change in strands as each strand was cut. End movements and rotations
during detensioning were analyzed, such that strains in the strands were obtained. It was
observed that the end movement at End 8 was higher than at End 1, possibly due to a higher rate
of cutting at End 8 or friction along the form. This is significant to precasters: assuming that the
beams would shrink equally at each end of the precasting bed would result in unconservative
calculations of strain in the strands during detensioning.

Finally, the transfer length, which is the length required to fully transfer the prestressing force
from the strands to the concrete, was analyzed. Using measurements from FOS, transfer lengths
were determined for the specimens. The measured transfer length was shorter than in the
previous FDOT project, even though the prestressing force was higher. The second cut of the
strands, however, resulted in a significantly lower transfer length compared to the previous
research.
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CHAPTER 6 - FLEXURAL TESTS

6.1 Introduction

This chapter discusses the flexural test setup for the four (4) FSB specimens. First, the test setup
is described, followed by details on the instrumentation used to collect data during the flexural
tests. Then, the failure modes and observed crack patterns are described. At the end of the
chapter, data collected during the flexural tests are presented, along with a conclusion and
summary.

6.2 Testsetup

The four (4) specimens were tested using a four-point bending test setup (Figure 6-1). Each
specimen was supported at the bottom near the ends and had a span length of 32 ft. A constant-
moment region was created by applying the load at two (2) points, each 3 ft from midspan. For
this purpose, a 7-ft-long W16x100 steel spreader beam was used. Neoprene pads with
dimensions of 12 in. x 6 in. x 2 in. were placed between the spreader beam and specimen to
transfer the load efficiently and prevent localized damage. The load was applied by an actuator
(Enerpac with an 800-kip capacity) at a rate of 0.25 kips/sec and was measured using a load cell.
The displacements were measured at the top surface of the specimen at various points along its
length, using laser displacement transducers (LDTs) spaced on both sides of the spreader beam
and along the midline.

W16x100
Spreader Beam

Neoprene bearing pads
(12x6x2)in.

Figure 6-1. Test setup
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6.3 Testinstrumentation

Each specimen was instrumented with gauges to measure the strain, deflection, and strand
slippage. Nine (9) foil type strain gauges were installed on the top surface of the concrete in the
constant-moment region between the spreader beam bearing pads. One gauge was located at the
top surface center of the specimen, and the remaining gauges were spaced at 2 ft in the
longitudinal direction and 1 ft in the lateral direction (Figure 6-2). During the flexural test,
additional strain gauges were installed on the bottom of the specimen at locations where the first

cracks appeared.

$105

P 7 99 99
I ) e ———

$106 5108
f ,"/— S$109

b6 0 b @

Top View
P i
I
Lt
<
Side View
2 2'
2 == {} 1"
- - .-
Top View

Section at midspan

Figure 6-2. Concrete strain gauge locations
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Deflections along the specimen were measured using 12 LDTs (Figure 6-3). As shown in Figure
6-4, two (2) of them were located at the supports. Between the supports and the spreader beam,
the gauges were spaced at 4 ft 4 in. In the zone between the spreader beam bearing pads, they

were spaced at 3 ft and in pairs.

S

Df04 ~ D706 ~ D108

i
:
= I
,.
!

D105 D107 D109

Top View
South p North
1" - — 4'4 — 4'4 -— 4'-4 — 3 — 3 -— 44 — 4'4 — 4'4 - -1

Side View
Figure 6-4. LDT sensor locations
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Slip gauges were installed on the protruding strand ends (Figure 6-5). Six (6) slip gauges were
installed on six (6) strands in the bottom layer and on each end of the specimen.

Figure 6-5. Slip gauges installed on a specimen end

6.4 Prestress losses

In this section, we evaluate the prestress losses in HSSS strands using three different methods:
AASHTO (2024) formulas in Section 3.4.1; VWSG measurements (Section 3.4.2); and the
decompression method using measurements from strain gauges installed at the locations of the
first cracks that occurred during testing (Section 3.4.3).

6.4.1 AASHTO LRFD

AASHTO LRFD Bridge Design Specifications (AASHTO, 2024) specifies two types of losses:
instantaneous losses (for pretensioned members, this is elastic shortening); and long-term losses,
including relaxation, creep, and shrinkage. In the following section, losses are calculated per the
AASHTO LRFD refined method.

6.4.1.1 Elastic shortening

The elastic shortening of the member can be calculated in accordance with AASHTO (2024)
Section 5.9.3.2.3a. Itis an iterative method. First, elastic instantaneous losses must be assumed,
and then the calculated losses must match the assumption. If no match is found, then another
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trial is needed. The following is a sample calculation for FSB-1 and FSB-4, followed by Table
6-1 which summarizes the elastic shortening losses calculated for all four (4) specimens:

_ Pi | Pie?  Mgge _ 1233.0-13.07 , (1233-13.07)+1.6%  875.67+1.6 _ .
fegp = 2 T T - amze T 5772 5772 2.858 kesi (Eq. 6.1)
E 24,400 .
Mfpps == fegp = agy * 2858 = 13.07 ksi (Eq. 6.2)

Table 6-1. AASHTO elastic shortening losses

Specimen | Prestress loss (ksi) | Prestress loss (%)
FSB-1 13.07 7.8%
FSB-2 9.42 5.6%
FSB-3 5.77 3.4%
FSB-4 13.07 7.8%

6.4.1.2 Shrinkage before deck placement

The shrinkage losses before deck placement can be calculated using AASHTO (2024) Section
5.9.34.2a:

AfpSR = &piaEpKia (Eq. 6.3)

The variable K;, 1s calculated using the gross section properties for the FSB without any topping
(deck). The concrete age at the time of deck placement for all specimens was 2 days. A sample
calculation for the shrinkage loss for FSB-1 is provided below, followed by Table 6-2 which
summarizes the shrinkage loss before deck placement for all four (4) specimens.

1 1
24,400 30%0.2367

EpAps( . Agehg i x 1447376+ 222 ) (140.7%0.3)
1+E_ciAg 1+ Iy [140.74p (ta,ti)] 5334.1 473.76 9%5772 S

Kig = =0.89 (Eq.6.4)

Epia = ksknskpk,q0.48 x 1073 = 1.0(1.99)(0.5)(0.18)(0.48) (10~%) = 0.00009  (Eq. 6.5)
Afpsr = €viaEpKiq = 0.00009(24,400)(0.89) = 1.948 ksi (Eq. 6.6)

Table 6-2. AASHTO shrinkage losses before deck placement

Specimen | Prestress loss (ksi) | Prestress loss (%)
FSB-1 1.9 1.2%
FSB-2 2.0 1.2%
FSB-3 2.1 1.2%
FSB-4 1.9 1.2%
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6.4.1.3 Creep before deck placement

The creep losses before deck placement can be calculated using AASHTO (2024) Section
5.9.3.4.2b. A sample calculation for FSB-1 is shown below, followed by Table 6-3 which
summarizes the creep losses for all four (4) specimens:

24,400

Mopcr = 5—” fegp b (ta, t)Kia = (Saags ) (2.9)(0.3)(0.89) = 3.508 ksi (Eq. 6.7)

Table 6-3. AASHTO creep losses before deck placement

Specimen | Prestress loss (ksi) | Prestress loss (%)
FSB-1 3.5 2.1%
FSB-2 2.6 1.6%
FSB-3 1.7 1.0%
FSB-4 3.5 2.1%
6.4.1.4 Relaxation of prestressing strands

The relaxation of prestressing strands from transfer to deck placement was determined in
accordance with AASHTO LRFD Section 5.9.3.4.2¢c. The K| factor was taken to be 30 because
the strands are low-relaxation type. The yield strength, f,,, was calculated based on
experimental tensile test results (Chapter 4). A sample calculation for FSB-1 is shown below,
followed by Table 6-4 which summarizes relaxation losses for all four (4) specimens:

Afprr = @<@ - 0.55) = (M8 192) (15152 55) = 0.6 ki (Eq. 6.8)

K1 \fpy 30 225.1

Table 6-4. AASHTO relaxation losses before deck placement

Specimen | Prestress loss (ksi) | Prestress loss (%)
FSB-1 0.66 0.40
FSB-2 0.75 0.44
FSB-3 0.86 0.51
FSB-4 0.63 0.38

6.4.1.5 Shrinkage after deck placement to test day

The shrinkage losses for all specimens were calculated in accordance with AASHTO LRFD
Section 5.9.3.4.3a. A sample calculation for FSB-1 is summarized as follows:

(b7, ;) = 1.9%skpckpkegt;y “M8 = 1.9(1.0)(1.99)(0.5)(0.68) (4™ %118) = 1.16  (Eq. 6.9)
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1

E. A A e?
1+ _p%(]_ + %) [1+ 0.71/Jb(tf, ti)]
c ‘¢ 4
(Eq. 6.10)

1
= = 0.898

24,400 (30(0.2367) 694.9(3.6)2
1+ 5987 < 694.9 )(1 + 17—557) [1+0.7(1.16)]

epar = ksknskek:q0.48 x 1073 = (1.0)(1.99)(0.5)(0.68)(0.48)(107%) = 0.00035 (Eq. 6.11)
Afpsr = €piaEpKig = 0.00035 * 24,400 = 0.898 = 7.559 ksi (Eq. 6.12)
Because the test day is different for each specimen, the age of concrete is different. Table 6-5

provides the test date, age of concrete on test day, and calculated shrinkage losses for all four (4)
specimens.

Table 6-5. AASHTO shrinkage losses after deck placement

Specimen | Date of test | Age of concrete (days) | Shrinkage losses
FSB-1 10/12/2023 63 7.6 ksi (4.5%)
FSB-2 10/27/2023 78 8.3 ksi (4.9%)
FSB-3 11/09/2023 91 8.9 ksi (5.3%)
FSB-4 10/10/2023 61 7.5 ksi (4.5%)

6.4.1.6 Creep after deck placement to test day

The creep loss calculation is in accordance with AASHTO LRFD Section 5.9.3.4.3b. Sample
calculations for FSB-1 are provided as follows:

Yy (ta, t;) = 1.9kskp kpkegty 1 = (1.9)(1.0)(1.99)(0.5)(0.07) (4~ °118) = 0.11 (Eq. 6.13)
(b7, ta) = 1.9ksknckpkegt; ©118 = 1.9 % 1.0 % 1.99 % 0.5 % 0.72 + 270118 = 1.34 (Eq. 6.14)

1

de ==

E, A

A e?
1+ E_CA%S<1 + %) [1+40.79,(tf, t;)]
(Eq. 6.15)

1
_ = 0.898
2
24,400 30 * 0.2367 (1 4 694.93.6) ) [1+0.7(1.16)]

1+ 6573 * 4949 17887

55



Aps*
Afcqa = (AfpSR + AfpSR + Aprl) * =L

NOstrands 0.41%3472

* 12 %

Ag 8

2% _ 05

5772

Afpep = g—iﬂgp [¥5 (2 t1) — ¥p(ta, t)]Kaf + i_iAfcdlpb(tf' ta)Kar = 9.9 ksi

(Eq. 6.16)

(Eq. 6.17)

Because the test day is different for each specimen, the age of concrete is different. Table 6-6
provides the test date, age of concrete on test day, and calculated creep losses for all four (4)

specimens.
Table 6-6. AASHTO creep losses after deck placement to test day
Specimen | Date of test | Age of concrete (days) | Shrinkage losses
FSB-1 10/12/2023 63 9.9 ksi (5.9%)
FSB-2 10/27/2023 78 7.1 ksi (4.2%)
FSB-3 11/09/2023 91 3.4 ksi (2.0%)
FSB-4 10/10/2023 61 9.9 ksi (5.9%)
6.4.2 VWSG

VWSGs were installed on two (2) strands in the bottom strand layer of each FSB. These gauges
measure concrete strain at their locations. After release, the change in VWSG readings provides
the elastic shortening loss. However, these readings do not include strand relaxation. Figure 6-6
provides elastic shortening losses taken from the VWSGs.

Prestress loss (%)

12.0% 5

10.0% A

8.0% -

6.0% A

4.0% A

2.0% A

0.0% 4

& 180
- 15.0
- 12,0
- 9.0
- 6.0

Prestress loss (ksi)

0.0

FSB-1

FSB-2 FSB-3 FSB-4

Figure 6-6. Site readings for elastic shortening losses

Prior to flexural tests, VWSG measurements provided final losses excluding relaxation in the
strands. Subtracting these losses from the jacking force and adding relaxation provides the
effective jacking stress. Table 6-7 provides details of these losses and effective stress for each

specimen.
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Table 6-7 Prestress losses of stainless steel strands using VWSGs

Specimen | VWSG | Age | Jacking | VWSG | Relaxation | Total | Effective | Effective/
ID ID (days) stress (ksi) loss (ksi) losses stress Jacking
(ksi) (ksi) (ksi) stress

FSB-1 VWI101 63 168.0 23.39 24 25.79 142.21 84.65%
FSB-1 VW102 63 168.0 22.85 24 25.25 142.75 84.97%
FSB-2 VW201 78 168.0 19.19 2.4 21.59 146.41 87.15%
FSB-2 VW202 78 168.0 19.35 2.4 21.75 146.25 87.05%
FSB-3 VW301 91 168.0 12.66 24 15.06 152.94 91.04%
FSB-3 VW302 91 168.0 13.38 24 15.78 152.22 90.61%
FSB-4 | VW40l 61 168.0 24.52 2.4 26.92 141.08 83.98%

6.4.3 Decompression method

To verify the VWSG measurements, the decompression method was used to calculate effective
stress. The decompression method was used by Pessiki et al. (1996) to evaluate losses using
strain measurements of foil strain gauges placed near the cracks. For that reason, all specimens
were loaded gradually until 0.75% of the predicted cracking load was reached. After that, the
loading was halted at 10-kip increments so that cracks could be visually inspected. When cracks
were identified, 10 kips of load was further applied to allow more cracks to appear. The
specimen was then fully unloaded, and strain gauges were placed on the bottom surface near the
cracks (Figure 6-7). These strain gauges were to measure the decompression strain and allow
prediction of prestress losses. Figure 6-8 summarizes the strain data obtained vs. the applied
load. A bilinear response can be identified; the intersection of these lines corresponds to the
decompression load.

Figure 6-7. Strain gauges installed near cracks

Table 6-8 provides prestress losses and effective prestress based on the decompression method.
For FSB-4, some strain gauges did not give good data, possibly because of damage, installation,
or wiring issues, and as a result it was excluded from the table. Other gauges with bad strain
measurements were also excluded. The decompression method resulted in average losses similar
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to the VWSG measurements (Figure 6-9). Table 6-9 compares experimental losses to AASHTO

LRFD calculated losses.
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Figure 6-8. Strain gauge measurements near cracks

Table 6-8. Summary for calculation of losses using decompression method

Specimen | Jacking | Strain | Decompression | Total losses Effective Effective /
stress | gauge load (ksi) prestress Jacking
(ksi) 1)) (kips) (ksi) stresses
FSB-1 168.0 S110 74.0 24.8 143.2 85.2%
FSB-1 168.0 S111 79.0 29.8 138.2 82.3%
FSB-2 168.0 S210 55.0 19.8 148.2 88.2%
FSB-2 168.0 S212 60.0 19.4 148.6 88.4%
FSB-2 168.0 S213 55.0 24.8 143.2 85.3%
FSB-3 168.0 S310 31.0 23.2 144.8 86.2%
FSB-3 168.0 S312 32.0 18.9 149.1 88.7%
FSB-3 168.0 S313 32.0 13.6 154.4 91.9%
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Figure 6-9. Effective stress as a percentage of jacking stress from the decompression
method compared to VWSG measurements

Table 6-9. Comparison of experimental losses and AASHTO LRFD calculated losses

Specimen AASHTO Decompression Experimental
losses (ksi) losses (ksi) losses (ksi)
FSB-1 37.34 273 25.50
FSB-2 30.87 21.3 18.32
FSB-3 23.46 18.6 15.42
FSB-4 37.21 - 26.92

6.5 Experimental results

All four (4) specimens were tested in flexure until failure. Each specimen was loaded in two (2)
stages. The first stage was loading until initiation of the first crack. Then, the specimen was
unloaded, the locations of the cracks were marked, and two (2) foil type strain gauges were
installed near the cracks. Following that, for the second stage, loading was continued until
failure. The data collected during the flexural tests included applied load, deflection, surface
concrete strain, slippage, and strain in the concrete at the level of the strands.

6.5.1 Load-deflection relationship

The LDT gauges measured the deflections for each load increment. The average of the readings
from the central pair of LDTs was plotted against the loads; the load-deflection curves for all
specimens are shown in Figure 6-10.

All specimens behaved linearly in the pre-cracking region, followed by nonlinear behavior
beyond the crack until failure. The failure mode was crushing of concrete at the top fiber for all
specimens. A summary of the main test results is given in Table 6-10. Discussion and
comparison of the results are summarized in the following sections.
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The reserved capacity is the amount of strength beyond the first crack. The ultimate load divided
by the cracking load, as well as the reserve capacity, is plotted against the number of strands in
Figure 6-11.

225.0 ]
200.0 +
175.0 +
150.0 +
;g 125.0
gwcm
-
750 +
500 +
250 +
0.0 + 3 + + + + + -
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Deflection at mid-span (in.)
Figure 6-10. Load-deflection relationships
Table 6-10. Flexural test load-deflection results
Cracking Crack Ultimate | Ultimate Failure
Specimen load deflection load deflection mode
(kips) (in) | (kips) | (in)
FSB-1 100.0 1.103 213.6 5.444 Concrete crushing
FSB-2 80.3 0.932 186.1 5.817 Concrete crushing
FSB-3 60.3 0.580 157.5 6.900 Concrete crushing
FSB-4 100.3 1.045 217.7 5.097 Concrete crushing
2.75 v - 120
2.50 + - 115
. g
%225 - L 110 &2
E —e— Ultimate/crack \- i
E 200 J Reserved capacity | 1os .;é
S5 g
~
1.75 + - 100
1.50 | | : | 95
10 15 20 25 30 35
No. of strands

Figure 6-11. Ultimate/cracking load and reserve capacity vs. the number of strands
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6.5.2 Strain at top of concrete topping

Foil type strain gauges were installed on the top surface of the concrete at mid span. These
gauges provided concrete strain measurements to help adjust the analytical models to predict the
flexural behavior of the member. Strain vs. load data for the specimens is provided in Figures 6-
12 through 6-15. All FSBs had strain measurements on the top surfaces that exceeded 3000
microstrain, on the gauges located 2 ft south of the midsection of the member, except for FSB-4
on which strain measurements exceeded 3000 microstrain at 2 ft north of midsection. Figure 6-
16 illustrates the failure of the specimens due to crushing of concrete.
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Figure 6-12. Top surface concrete strain in FSB-1
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6.5.3 Deflection

Deflection is a parameter of the serviceability of a bridge. Deflection beyond the crack limits is
a measure of a member’s ductility. As described previously, 12 LDT gauges (Figure 6-4) were
used to measure deflection during the entire test. At cracking and ultimate loads, the deflection
measurements along the length are provided in Figures 6-17 to 6-20 for all specimens.

Compared to the other specimens, FSB-3 had the least number of strands and failed with the
largest deflection, 6.9 in. However, it had the smallest deflection at cracking load. FSB-1 and
FSB-4, which had the largest number of strands, failed at the lowest deflection (5.444 in. and
5.097 in., respectively). FSB-2 failed at an average deflection of 5.817 in.

Location along the beam (ft)

= Jltimate load

= Cracking load

Deflection (in.)

| s
’-----i--I------ﬂ

Figure 6-17. Deflection of FSB-1

6.5.4 Slippage

During the flexural tests, slip gauge measurements were recorded. The data showed that there
was negligible slippage in all gauges during all tests, as shown in Figure 6-21.

6.5.5 Failure mode

The members were tested in two (2) loading cycles. The first cycle was until observation of the
first cracks, and then the specimens were fully unloaded. The second cycle commenced after
strain gauges were installed next to the cracks; loading continued until failure. All specimens
failed by crushing of concrete at the top surface; Figure 6-16 and Table 6-9 summarized the
loads and deflections at cracking and ultimate.
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After the flexural tests, the crushed regions on the tops of the specimens were investigated. For

FSB-1, FSB-2, and FSB-4, the concrete crushing at the top propagated down to the topping

reinforcement (Figure 6-22). However, for FSB-3, there was one large crack that propagated to

the strands (Figures 6-22 and 6-23), and all HSSS strands except the debonded strands had
ruptured. The rupture apparently occurred immediately after the top concrete crushed.

FSB-3 (14 Strands)
Figure 6-22. Investigation of FSBs after the flexural tests

Crushing of
b concrete at top

FSB-4 (30 Strands)

FSB-2 (22 Strands)

Crack due to
rupture of strands

Figure 6-23. Failure sequence of FSB-3
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6.6 Summary

This chapter presented details of the flexural test setup and results for four (4) FSB specimen
tests. The flexural tests were conducted using a four-point bending setup, ensuring a constant-
moment region where theoretical strand stress could be determined. Instrumentation provided
included strain gauges, LDT sensors, and slip gauges to measure various parameters such as
strain, deflection, and strand slippage.

The prestress losses in high-strength stainless steel strands were analyzed using AASHTO LRFD
Bridge Design Specifications and VWSG measurements. Instantaneous and long-term losses,
including elastic shortening, shrinkage, creep, and relaxation, were calculated and compared.
The decompression method using strain gauge measurements near cracks was utilized to further
validate the VWSG measurements. Both methods measured similar losses.

During the flexural tests, all specimens were loaded to failure. The failure modes primarily
involved crushing of concrete at the top fiber. FSB-3, which had the smallest number of strands,
uniquely failed with a rupture of strands following concrete crushing at the top. Load-deflection
relationships revealed that specimens with more strands exhibited lower ultimate deflections,
whereas FSB-3 showed the largest deflection at ultimate load despite its lowest deflection at
cracking load.

Strain measurements at the top surface indicated that all specimens reached significant strain
levels, leading to concrete crushing near the specimen's midsection. Detailed data on deflection,
strain, and slippage were documented, highlighting the specimens' behavior under load.

This chapter concluded with a summary of the key findings from the flexural tests, including the
load-deflection characteristics, failure modes, and the effectiveness of the prestress loss
measurements. Figures and tables provided throughout the chapter illustrate the test setups,
instrumentation, and results, offering a comprehensive overview of the experimental procedures
and results.
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CHAPTER 7 - ANALYTICAL MODELS

7.1 Introduction

This chapter documents the analytical models that were used to validate the experimental data. It
starts with a flexural response model, followed by a detensioning model.

7.2 Flexural response model

To predict flexural response, the analytical model must incorporate geometry, material, and
equilibrium conditions. These conditions are discussed, and the model is further explained in the
following sections.

7.2.1 Compatibility conditions

The fundamental assumption for strain compatibility is that plane sections remain plane; this is
based on the classical Euler-Bernoulli beam theory. Accordingly, the strain distribution along
the section’s depth is linear and can be predicted using only two parameters: for example, strain
at a certain location and the neutral axis depth. An additional assumption for compatibility is
perfect bond between the concrete and reinforcing strands, such that the strands are assumed to
strain the same amount as the immediately surrounding concrete in response to load.

7.2.2 Equilibrium condition

The equilibrium conditions require that the sum of internal forces within a section must balance
the externally applied forces. In mathematical terms, this means that the integration of the
internal stress distributions must result in stress resultants (axial force, shear force, and bending
moment) that are equal and opposite to the external loads. This principle ensures that the section
is in a state of equilibrium, allowing prediction of axial, shear, and normal stresses under various
loading conditions.

7.2.3 Material

The prediction of material behavior is based on its stress-strain relationship. This study
considers two primary materials: concrete and stainless steel strands. Each material's behavior is
characterized by specific models that account for their unique stress-strain relationships and
other mechanical properties.

7.2.3.1 Concrete

Concrete behaves differently under compression than tension. The concrete model for both is
based on the work of Collins and Mitchell (1991). The Collins and Mitchell model characterizes
the nonlinear stress-strain behavior of concrete under compression. Key parameters in this
model include the initial modulus of elasticity, peak stress, and the strain at peak stress. The
model can be expressed with the following equation:
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The variable f, is the compressive strength of the concrete, €/ is strain at the compressive
strength of the concrete, €. is the strain at a point on the curve, and n is a curve-fitting factor
related to the concrete strength that is calculated using the following expression:

= S
n=08+ 3500 (Eq. 7.2)

and where k is the decay factor that is obtained as follows:

1 if €cf <€
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(Eq. 7.3)

The strain at peak compressive strength, €., and the stiffness of concrete, Ec, are found with the
following equations:

E. = 40,000,/f! (psi) + 1,000,000 (Eq. 7.4)
€ = g—ﬁ (Eq.7.5)
7.2.3.2 Stainless steel strands

A model for the stress-strain relationship for stainless steel strands was previously discussed in
Chapter 4. The equation and calibrated parameters are as follows:

(Eq. 7.6)

o = & X 24,400 {0.058 4170058 }

[1+(97.5€)572]1/5.72

7.2.4 Analytical model

The analytical model predicted the flexural response by employing the compatibility and
equilibrium conditions with the material model to find strain and stress distributions on the
section. Then, the load-deflection relationship was found using the classical moment-area
method. It was then compared to the experimental data. This process involved the following
steps:

1. The cross section is discretized to strips with depth of 0.2 in. and a width equal to that of
the section.

2. A value of strain is set. For each strain being analyzed, a neutral axis depth is assumed.

3. Strain distribution is found based on the strain compatibility conditions.

4. The strains are converted to stresses using material models.
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The stresses are converted to forces and checked for equilibrium.

6. Ifno equilibrium is found, the model will return to step 2, and another iteration is
conducted for a revised neutral axis assumption until equilibrium is found.

7. When equilibrium is found, the moment for each strip is calculated, and the sum of the

moments is calculated. This becomes the moment corresponding to the strain set in step

2.

The curvature is found by dividing the neutral axis depth by the strain.

9. Moment vs. curvature is plotted. The moment-area method is used to create load-

deflection curves. The curves are compared to experimental data.

o

7.2.5 Validation of flexural response

The data validation was performed by comparing the experimental data with the model
predictions. Figures 7-1 to 7-4 show validation for the flexural response of each specimen.

The model predicts the cracking load and deflection with accuracy of 97% and 90%, respectively
(Figure 7-5). However, the model underestimates the members’ stiffness beyond the crack limit,
and as a result the ultimate load is underestimated (Figure 7-6). Deflection is mostly
overestimated as illustrated in Table 7-1, which compares results obtained from the prediction
model with the experimental data. Table 7-2 shows the accuracy of the model. Further
improvements on the model will be incorporated in Chapter 8.
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Figure 7-1. Load-deflection curve, experimental vs. prediction for FSB-1
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Table 7-1. Comparison of measured vs. predicted flexural response results

Specimen | Measured | Predicted | Measured | Predicted | Measured | Predicted | Measured | Predicted
cracking cracking crack crack ultimate ultimate ultimate ultimate
load load deflection | deflection load load deflection | deflection
(kips) (kips) (in.) (in.) (kips) (kips) (in.) (in.)
FSB-1 100.0 97.3 1.103 0.989 213.6 186.0 5.444 4.902
FSB-2 80.3 77.7 0.932 0.774 186.1 163.8 5.817 5.831
FSB-3 60.3 57.6 0.580 0.561 157.5 131.4 6.900 7.839
FSB-4 100.3 98.7 1.045 0.953 217.7 197.8 5.097 5.294
Table 7-2. Accuracy of prediction model
Specimen ID Cracking Crack Ultimate Ultimate
P load deflection load deflection
FSB-1 97.3% 89.6% 87.1% 90.0%
FSB-2 96.7% 83.1% 88.0% 100.2%
FSB-3* 95.5% 96.8% 83.4% 113.6%
FSB-4 98.4% 91.2% 90.8% 103.9%
Average 97.0% 90.2% 87.3% 101.9%

* These values were obtained using the intended number of strands for
FSB-3 (14 strands). Refer to section 8.3 for further discussion.
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7.3 Mathematical detensioning model

The mathematical detensioning model will be based on Mirza and Tawfik (1978). The model
assumes linear-elastic behavior for the strands during the detensioning process. However, the
strands behave linearly until the elastic limit, and then they start behaving nonlinearly. In this
chapter, the model is similar to Mirza and Tawfik’s linear-elastic model, and it also assumes
symmetry on the mid-length of the casting bed. In Chapter 8, the model is extended to include
nonlinearity of the stainless steel strands and without the assumption of symmetry.

Mirza and Tawfik (1978) models the members and the free strands along the casting bed as
linear springs (Figure 7-7). The linear springs have an axial stiffness equal to the stiffness of the
members and strands. When a strand is cut at an end, a force will be applied at that end
equivalent to the force in the strand. The system will have a horizontal displacement due to this
force. These displacements are converted to strains, then stress, and forces that add to existing
strains, stresses, and forces in the uncut strands. Consequently, the next strand cut will cause a
higher force in the uncut strands. The stiffness matrix that was used in the analysis is illustrated
in Figure 7-8.
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Figure 7-7. Analytical model for detensioning near End 1

75



[k, + k> -k, 0 0 0 0 7
—kz k2 + k3 _k2 0 0 0
K|=| O —k, kstks ke 0 0
0 0 —kz k4 + kS —kz 0
0 0 0 —k, kstke —k2
[0 0 0 0 —k, ke |
_fl_ u1
;2 Us
u _
[F] = f: [u] = ui = [K]7*[F]
Us
: :
e

Figure 7-8. Mathematical model used for analysis

The analytical model was validated with experimental data as shown in Figures 7-9 and 7-10.
The model correlates well with End 1 and End 8 results at the beginning of the curves. However,
as more strands are cut, the model starts to underestimate the strains because it only accounts for
elastic strains. Improving the model to account for plastic strains is reported in Chapter 8.
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Figure 7-9. Model results compared to experimental data at End 1
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CHAPTER 8 - FLEXURAL RESPONSE

8.1 Introduction

Structural members are designed to resist the applied loads determined by structural analysis.
The analysis must incorporate the member's geometry, material properties, and sectional
characteristics. Sectional analysis involves determining the forces, strains, and stresses at critical
cross-sections and using these values to characterize the member's performance. A fundamental
assumption in this process is that plane sections remain plane during deformation, which is a
reasonable assumption if the member is not considered a deep beam or the section is not in an
area of discontinuity. This helps simplify the calculations while predicting the behavior fairly
accurately. Sectional analysis primarily involves two steps for reinforced concrete and
prestressed concrete members. The first step assumes the structural member behaves linearly
and elastically and is uncracked. The second step addresses the member's behavior once
cracked, characterized by non-linear plastic behavior.

For a beam, the linearly-elastic section means the strains vary linearly along the depth. At this
stage, a further assumption of a perfect bond between concrete and reinforcement is made. This
assumption results in equal strains in the concrete and reinforcement at a given depth. In simply-
supported beams subjected to positive bending moment, the fibers above the neutral axis initially
experience linear-elastic stresses. However, after the strain in the outermost top fiber exceeds
the concrete's elastic limit, the stress distribution becomes non-linear until the top fiber reaches
the ultimate strain of concrete, which is approximately 0.003, at which point the beam fails due
to concrete crushing.

Cracking begins when the outermost bottom fiber reaches the concrete’s tensile strength, causing
cracks to initiate and propagate along the section. At the location of the cracks, the concrete is
unable to transfer stress across cracks, and the reinforcement completely transfers the forces.
However, the concrete can still transfer tensile stress in the regions between the cracks. This
phenomenon of transferring tensile stresses in the uncracked concrete between the cracks is
called tension stiffening. This phenomenon is usually ignored, but tension stiffening might
considerably affect the flexural stiffness and deflection of shallow beams with wide webs.

The sectional analysis was the basis for the flexural evaluation in Chapter 7. Sectional analysis
is done by incrementing strain, starting with zero moment and repeating until the cracking
moment is reached, and then repeating until the ultimate moment is reached. The moment-
curvature relationship, obtained from the sectional analysis, is vital for flexural response
evaluation and determination of the load-deflection relationship. The moment-area analysis
method may be used to generate the load-deflection relationship.

This chapter will start with a literature review about tension stiffening. Then, the model in

Chapter 7 will be modified to account for this phenomenon, and it will be validated against the
experimental data again.
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8.2 Tension stiffening

The main parameter that affects tension stiffening is the bond between the reinforcement and the
concrete that is due to chemical bonds, friction, and mechanical interlock (Polak and Blackwell,
1998). A parameter to estimate tension stiffening is the modulus of rupture of the concrete, f,,
which is typically a function of the concrete compressive strength, f,.’, and can be estimated
using the AASHTO LRFD equation (AASHTO, 2024):

f. = 0.24./f; (Eq. 8.1)

However, the equation overestimates the cracking strength for high-strength concrete; a better
relationship is suggested by Bentz (2000):

f. = 0.45 (f/ )04 (Eq. 8.2)

Early tension stiffening studies were on the behavior of steel reinforcement embedded in
concrete and tested against the bare bar (Collins and Mitchell, 1991). During the investigation of
reinforced concrete panels, Vecchio and Collins (1986) found that concrete between cracks can
resist tensile stresses and suggested the following formula:

fr
fct = 1+\/200—5ct (Eq 83)
where
f.+ = tensile stress in the cracked concrete zone, and
&+ = tensile strain in the cracked concrete zone.

A similar model was suggested by Collins and Mitchell (1991) as follows:

_ fr
fct - 1+m (Eq 8-4)

This relationship is adjusted with factors that account for variations in reinforcement bonding.
In a similar manner, Bentz (2000) suggested a tension stiffening model that accounts for the
effect of different parameters, such as the area of effectively bonded concrete to the bars and the
diameter of the bars. The suggested expression is:

_ fr

fer = 1+ /3.6 mec (Eq. 8.5)
_ Act

m=so - apr (Eq. 8.6)

where A, is area of concrete under tension effectively bonded to the strands, and d,, is the
diameter of the strands.

However, a study by Gar et al. (2012) based on a closed-form solution for moment-curvature
relationship demonstrated that the tension stiffening effect has negligible influence in fully
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prestressed concrete members. Furthermore, the authors found that increasing the effective
prestressing force reduces the impact of tension stiffening on the section's moment capacity. The
outcome of the study was also verified with another study conducted by Lee (2022), which used
a different approach called reverse engineering. Despite these findings, the study focused
primarily on members with significant depth, leaving a gap in understanding how tension
stiffening affects shallow beams where the width exceeds the depth. This suggests a need for
further investigation into the behavior of shallow members, which may exhibit different
performance.

8.3 Modified analytical model

The previous model, presented in Chapter 7, for the FSBs did not accurately predict the load-
deformation behavior, particularly in the post-cracking region, where it underestimated the
member’s stiffness as shown in Figure 8-1. The authors suggest that this difference is due to
tension stiffening. Although previous research investigations suggest a negligible effect on fully

prestressed members, for the FSB sections, the amount of tension force provided by the
uncracked concrete between cracks is larger due to the width of the FSBs being greater
compared to the beam flange width of typical prestressed concrete members.
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Figure 8-1. Experimental vs. prediction without considering tension stiffening

The prediction model was modified to account for tension stiffening. Several models were

tested, and the Bentz (2000) model gave the best accuracy and therefore was chosen. The model
changes with the number of strands and the cross section. The effective area of cracked concrete
under tension was calculated following Collins and Mitchell (1991). The model more accurately
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predicted the cracking load, cracking deflection, ultimate load, ultimate deflection and load-
deflection behavior, as shown in Table 8-1, Table 8-2, and Figure 8-2.

Table 8-1. Comparison of the modified model vs. experimental data

Predicted | Measured | Predicted Predicted | Measured | Predicted
Measured | cracking crack crack Measured ultimate ultimate ultimate
cracking load deflection | deflection ultimate load deflection | deflection
Specimen | load (kips) (kips) (in.) (in.) load (kips) (kips) (in.) (in.)
FSB-1 100.0 99.9 1.103 1.036 213.6 193.2 5.444 4.687
FSB-2 80.3 82.7 0.932 0.844 186.1 174.0 5.817 5.389
FSB-3 60.3 62.1 0.580 0.622 157.5 138.9 6.900 7.111
FSB-4 100.3 100.9 1.045 1.001 217.7 206.3 5.097 5.080
Table 8-2. Improved accuracy of the model
Specimen ID Cracking Crack Ultimate Ultimate
P load deflection load deflection
FSB-1 99.9% 94.0% 90.4% 86.1%
FSB-2 103.0% 90.6% 93.5% 92.6%
FSB-3 103.0% * 107.3% * 88.2% * 103.1% *
FSB-4 100.7% 95.8% 94.8% 99.7%
Average 101.6% 96.9% 91.7% 95.4%
* These values were obtained using the intended number of strands for
FSB-3 (14 strands). Refer to section 8.3 for further discussion.
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In the case of FSB-3, the prediction model underestimates the member's behavior. The source of
the additional strength may be due to unintentional bonding of some unbonded strands. FSB-3
had 14 fully bonded and 16 fully debonded strands, the highest number of debonded strands
among the four specimens. When the number of bonded strands was modified from 14 to 16 in
the model, and the behavior matched the experimental results well, as shown in Figure 8-3.
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Figure 8-3. FSB-3 prediction model better matches experimental data with 16 bonded
strands assumed instead of 14

8.4 Conclusion

Previous research with various approaches to predict load-deformation response has found that
tension stiffening has negligible effects on flexural response. That is true in cases where beams
have a small web thickness compared to the depth. However, in the case of an FSB, where width
is significant compared to depth, the amount of tension stress due to tension stiffening seems to
have a noticeable effect on the behavior. Different tension stiffening models were analyzed, and
the most suitable one produces a more accurate flexural model to predict the load-deformation
response of the FSBs. In the following chapter, this improved model is used in parametric
studies to evaluate the flexural behavior of FSBs.
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CHAPTER 9 - FLEXURAL BEHAVIOR OF FLORIDA SLAB
BEAMS

9.1 Introduction

This chapter investigates the flexural behavior of FSBs prestressed with stainless steel strands.
The experimental program was used to validate an analytical model that can generate load-
deflection and moment-curvature relationships, which are tools to assess a member’s ductility.
Several approaches from previous studies were used to evaluate ductility. The ductility
evaluation is based on material type. For example, in the case of carbon steel reinforcement that
has a distinct yield point, ductility was evaluated as the ratio of ultimate to yield deflection,
rotation, or curvature. For FRP reinforcement, which behaves linear-elastically without any
distinct yield point, ductility has been evaluated with deformability indices. The deformability
indices were defined mostly in energy terms or as the ratio of the ultimate moment to the
cracking moment (Zou, 2003). Similarly, Mast (1992) suggests only evaluation of ductility as
ultimate curvature to curvature at service moment.

The ductility evaluation presented in this chapter was conducted by a parametric study that
included nine (9) sections using 254 different strand configurations. This chapter also compares
the performance of FSBs designed with stainless steel strands vs. those designed with carbon
steel strands to establish the design recommendations. The focus was on the main design
requirements that control the designs for both cases. Nine (9) different standard FSB design
sections were used for nine (9) different design cases that were repeated for both stainless steel
strands and carbon steel strands. To fully capture the behavior for each design case, the number
of strands considered ranged from the maximum number to the minimum required for the
controlling design requirements.

9.2 Literature review

Ductility is a critical design requirement in both reinforced and prestressed concrete. According
to AASHTO LRFD, it is described as the ability of the member to exhibit noticeable inelastic
deformation and cracking prior to failure (AASHTO, 2024). Ductile members are desired
because they provide warning of imminent failure before collapsing. Therefore, they provide
time to either rehabilitate the member or take it out of service. AASHTO LRFD addresses
ductile behavior of members by a requirement for a minimum net tensile strain. If this minimum
is not met, the capacity must be reduced by use of a lower resistance factor. These requirements
were established based on previous research on reinforced and prestressed concrete members
(Thompson and Park, 1980; Park and Falconer, 1983; Naaman et al., 1986; and Cohn and Riva,
1991). The research started with studying the parameters affecting ductility (Thompson and
Park, 1980), studying the effect of each parameter (Naaman et al., 1986), establishing unified
requirements for ductility (Skogman et al., 1988; Cohn and Riva, 1991), and establishing the
basis for current AASHTO and ACI requirements for ductility (Mast, 1992).
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Thompson and Park (1980) studied key parameters that influence the ductility of prestressed
concrete members. They investigated the percentage and distribution of longitudinal
reinforcement, transverse reinforcement, and concrete cover. They measured the ductility based
on moment-curvature relationships driven from idealized stress-strain relationships for concrete
and steel reinforcement. The outcome of this study was that the ratio of the depth of the concrete
compression block to the total depth of the section should be limited to a value equal to or less
than 0.2. However, the paper only studied rectangular sections and aimed to provide
requirements for seismic design.

Following that, Naaman et al. (1986) evaluated ductility in prestressed concrete members and
suggested modifications to the previous ductility investigations (Thompson and Park, 1980).
The moment-curvature relationships were used as a basis to measure ductility. The study used
the definition of curvature ductility as the ratio of ultimate curvature to yield curvature. The
ultimate curvature was defined as the curvature at the maximum moment, while the yield
curvature was defined as the intersection of the first linear part of the moment curvature with the
final part of the moment curvature that was approximated as linear. With this approach, the
effects of different variables were examined, including the effective prestress force, the ratio of
partial prestressing, confinement, high-strength concrete, and the neutral-axis depth. Besides
that, the experimental program included different section shapes, including rectangular, I-section,
T-section, and box section. The ductility for all these parameters was analyzed using an
independent variable called the reinforcing index, as follows:

Apfp+Asfs—Asfs
= ppbd—fcr (Eq. 9.1)
where
A, = total area of prestressing (in%),
fp = stress level in prestressing strands (ksi),

A, = total area of mild tension reinforcement (in?),

fs = stress level in mild tension reinforcement (ksi),

A, = total area of mild compression reinforcement (in?),

fs = stress level in mild-compression reinforcement (ksi),

b = width of the flange or width of the rectangular section (in.),

d = total depth from top compression fiber to centroid of tensile force (in.), and
f/ = the compressive strength of concrete member (ksi).

Naaman et al. (1986) concluded that the reinforcing index provided strong correlation to the ratio
c/d where c is the depth from the top fiber to the neutral axis, and d is the depth from the
compression fiber to the centroid of the tensile force. Furthermore, the study suggests three
equations to predict section ductility and plastic rotation that can be used for different design
cases. However, this study did not suggest any limiting value for ductility.

Skogman et al. (1988) investigated changing the ductility requirements that were in effect at that
time, which were based on limiting the amount of flexural reinforcement to a maximum value.
The researchers suggested that the limiting curvature value must be defined to provide a ductile
member design. To suggest such a limit, which is preferably a unitless value, a relationship to
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find the rotation in the plastic hinge formed at the critical section is used. The expression found
three important parameters that affect ductility: the depth of the neutral axis, the total depth of
the section, and the ultimate strain of the concrete at the top. A limiting rotation value is found
when assuming a 0.003 ultimate concrete strain and decompression steel strain level of 0.00585.
This limiting value can be established to a maximum limiting value to provide ductile members
which was:

> 0.36 (Eq. 9.2)

Sla

where
h = the total depth of the member (in.).

The study provided simple and rational criteria for ductility requirements in both reinforced and
prestressed concrete (Naaman et al., 1986).

Cohn and Riva (1991) conducted a comprehensive study on ductility and the factors affecting it.
This study is similar to the study by Naaman et al. (1986); it used realistic models for materials
to define the moment-curvature relationship. This study also evaluated ductility using curvature
ductility, which is the ratio of the ultimate curvature to the yield curvature. The difference was
the yield curvature was identified using a strain increment of 0.2 in prestressing strands from its
effective strain. The research concluded that prestressing improves curvature ductility, and the
reinforced concrete ductility factors can be used as a conservative estimate of the ductility of
prestressed members.

Mast (1992) provided a modification to the ACI code provision to provide a limiting value that
helps control ductility. The definition of the tension-controlled section was introduced for
ductile members and the compression-controlled section for less ductile members. The limits for
tension-controlled and compression-controlled were based on net tensile strain. However, these

limits were evaluated based on the mechanical properties of carbon steel strands and rebar. For
example, the yield strain for Grade 60 rebar is (&), = ny = 296—300 = 0.0021). The author
suggested a slightly higher limit to account for a wide range of different reinforcement types,
including strands. While the tension limit suggests a limit of 0.005, which is beyond the yield
strain for Grade 60 rebar, and in the case of the prestressed member, this value would add up to
the prestress strain and reach beyond the yield limit of 0.01. Furthermore, it was stated that the
strain change at service until ultimate is a better reflection of the amount of deflection and

cracking, i.e., a better indication of failure.

The introduction of new reinforcement materials in prestressed concrete required new ductility
measurements. Grace and Sayed (1998) evaluated the ductility of members prestressed with
CFRP strands. Because CFRP strands have a predominantly linear-elastic behavior, the ratio of
ultimate deflection to yield cannot be used to evaluate ductility. The investigation suggests that
the ratio of absorbed energy to total energy be used as an alternative measurement to ductility.
This measurement is also applicable to other materials. It also provided a design philosophy of
members prestressed with CFRP strands based on inelastic deformation in concrete before
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failure. This means letting the concrete form cracks that absorb the energy. Based on this study,
non-conventional reinforcing materials might need special consideration regarding ductility.

Another more recent study by Mast et al. (2008) investigated the design methodology for high-
strength steel and suggested special strain limits. The tension-controlled limit was 0.009, and
0.004 for compression-controlled. It also shows that the ductility index is not the only measure
for desirable behavior; members with high deformability that do not have a low ductility index
can still produce desirable behavior before failure. For that, it suggests a ratio of nominal
strength behavior to service load behavior, which is called the deformability ratio.

Furthermore, Abdelrahman et al. (1995) suggested evaluating the ductility for FRP with the ratio
of equivalent uncracked deflection or curvature to the ultimate deflection or curvature. More
recent research by Mufti et al. (1996) proposed that deformability be calculated as the product of
the ratio of ultimate moment to moment at 0.001 strain and the ratio of ultimate curvature to the
curvature corresponding to 0.001 strain ratio. Zou (2003) suggests another expression to
evaluate the deformability of FRP beams. The expression is the product of the ratio of deflection
at the ultimate-to-cracking by moment at the ultimate-to-cracking ratio.

Different approaches evaluated member ductility or deformability based on the material type.
The stainless steel strands have different mechanical properties compared to carbon steel strands
(Al-Kaimakchi and Rambo-Roddenberry, 2021a) and therefore need special considerations for
ductility and deformability.

9.3 Ductility evaluation

9.3.1 Curvature ductility

Using the moment-curvature relationship based on the flexural model established in the previous
chapter, curvature ductility for each type of section is calculated based on the curvature ductility
index as follows:

g =2 (Eq. 9.3)

Ug = curvature ductility,
¢, = ultimate curvature, and
¢, = yield curvature.

The ultimate curvature is calculated as the curvature corresponding to the maximum moment
similar to what was implemented in previous studies (Naaman et al., 1986; Cohn and Riva,
1991). Various methods were presented in the literature to find yield curvature; some of those
methods define yield curvature as the curvature corresponding to yield strain (e.g., Cohn and
Riva, 1991), while other methods defined it as curvature corresponding to 75% of the nominal
moment capacity (e.g., Park and Falconer, 1983). For this study, the yield curvature is defined,
from the moment-curvature relationship, as the intersection of the linear-elastic part of the curve
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with the line fit for the final plastic part of the curve — a method used by Naaman et al. (1986) as
shown in Figure 9-1.
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Figure 9-1. Yield curvature determination

9.3.2 Deflection ductility

The deflection ductility index is defined as the ratio of ultimate deflection to yield deflection
(Naaman et al., 1986). These parameters are found from the load-deflection relationship. The
ultimate deflection is the deflection at the ultimate load. The yield deflection is found similarly
to the case of yield curvature, which is the intersection of the first linear part of the load-
deflection curve and the assumed linear final part of the curve, as shown in Figure 9-2.

87



180
160 | =
140 et

2z S o

E120 o

=2 P

=) -

@ 100 e !

2 |- 1

= i !

2 g0 f : .

'E- : ~@— Load-deflection curve

o [

< 60 : = = = Plastic part linear fit
.

40 : = = =« Elastic linear part
[}
I
20 | : - = = Yield deflection
:
D 1 1 1 L L 1 1 L L
0.0 05 1.0 L5 2.0 25 3.0 35 40 45
Midspan deflection (in.)
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9.3.3 Energy ductility

Ductility can be determined in terms of energy (Naaman and Jeong, 1995), using the following
relationship:

— 1 (Etor
w=: (Eel +1) (Eq. 9.4)
where

E;o¢ = total energy represented by the total area under load-deflection curve (ksi), and
E,; = the elastic energy (ksi).

The total energy and elastic energy are further illustrated in Figure 9-3.
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9.3.4 Deformability index

Deformability indices are mainly used for FRP material where no unique yield point can be
observed. Three deformability indices are used in this study.

9.3.4.1 Mufti et al. model

The model suggested evaluating the deformability using the following expression (Mulfti et al.,
1996):

M'U. u
mupei = ——— .~ (Eq. 9.5)

Mo.001 ®o.001

where

M,, = ultimate moment (kip-ft),

M, 001 = moment at strain level 0.001 (kip-ft),
¢,, = ultimate curvature, and

©o.001 = curvature at strain level 0.001.

9.3.4.2 Zou model

The model by Zou (2003) suggested evaluating the deformability using the following expression:

My Ay
Hzou = Mo, A, (Eq. 9.6)

where

M, = the cracking moment (kip-ft),
A,, = deflection at ultimate (in.), and
A., = cracking deflection (in.).
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9.3.4.3 Mast model

The model by Mast et al. (2008) suggests calculating the deformability as the ratio of ultimate
curvature to service curvature:

Umast = % (Eq.9.7)

where ¢ is the curvature at service moment.

9.3.4.4 Reserved capacity index

For this report, the authors suggest that ductility be calculated as:

Heapacity = % (Eq. 9.8)

where @, is the curvature at cracking moment.

9.4 Parameters affecting ductility

The parametric study conducted herein included various FSB sections with depths of 12 in., 15
in., and 18 in. Three widths for each section were evaluated: 48 in., 60 in., and the average value
of 54 in. The span lengths vary depending on the section capacity. The specified compressive
strength of concrete for the beams was 8.5 ksi unless stated otherwise. The topping strength was
4.5 ksi except when studying the effect of its change as a parameter. The pattern of the strands
in the section aimed to maximize the depth of the strands’ centroid to correspond to the
maximum moment capacity and better ductility behavior.

9.4.1 Member concrete strength

Generally, during member construction, the contractor guarantees that concrete compressive
strength requirements will be met by making mix designs that aim for higher strength.
Accordingly, the specimens in this project had higher values of concrete strength than specified.
An investigation for the effect of the higher strength was performed. The investigation was done
for the FSB12x48 section with two parameters: the FSB concrete compressive strength and the
number of strands. FSB concrete compressive strengths of 8.5 ksi, 10 ksi, and 11.5 ksi did not
show any noticeable effect on ductility indices as shown in Figure 9-4.

However, if the C-I-P topping concrete strength is higher, the ductility of the member increases
noticeably, as shown in Figure 9-5. There is no concern if the specified concrete strength is
exceeded; the member would behave more ductile than the design. The increased ductility is the
result of the compression force being closer to the top of the section, which increases curvature
or, in other words, ductility.
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9.4.2 Effect of span length

The span length can affect the deflection and cracking. Increasing the span will increase the
deflection. However, indices that are derived in terms of curvature are not affected by changes
in span length, as shown in Figure 9-6. If the indices are derived in terms of a load-deflection
relationship, they will be affected by changes in span length (Figure 9-7).

(a) Effect of span length on curvature ductility (b) Effect of span length on net tensile strain
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9.4.3 Effect of the member width

For a given number of strands, increasing the member's width while maintaining other
parameters increases the section's capability to sustain more deflection and cracking before
failure, as shown in Figures 9-8, 9-9, and 9-10.

9.4.4 Effect of topping thickness

Increasing the topping thickness increases the member's self-weight and capacity. The capacity
increases as a result of increased moment arm between the compressive and tensile resultant
forces. When all design parameters of the section are constant, and the only variable is the
topping thickness, the ductility slightly increases with the increase of topping, as shown in Figure
9-11.
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(a) FSB width effect on curvature ductility

(b) FSB width effect on deflection ductility
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9.4.5 Effect of jacking force

The four specimens were constructed using a jacking force of about 70% of the ultimate stress of
the strands. Increasing the jacking force causes a decrease in the ductility of the member, as
shown in Figure 9-12.
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Figure 9-12. Effect of jacking force on ductility

9.5 Ductility vs. deformability

The concept of ductility in literature is mostly defined as the ratio of ultimate deformation to
yield deformation — whether this deformation is curvature, rotation, or deflection. When it is not
possible to identify the yielding of the reinforcement — for example in FRP reinforcement — this
definition is no longer a good measurement of a section’s ductility. Therefore, researchers
suggest the concept of deformability, where several models are based on the ratio of ultimate to
service parameters.

To compare different FSB sections that have different sizes, number of strands, and concrete
strength, use of a prestressing index parameter is suggested by the authors as follows:

. . _ n Ap fps
Prestressing index = Tw 7 top) (Eq.9.9)

where
n = number of strands,

A, = area of strands (in?),
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fps = prestress level in outermost strands (ksi),

t = the thickness of the topping (in.),

w = the width of the topping (in.), and

f/ (top) = the compressive strength of the topping (ksi).

Using this unitless parameter, ductility and deformability indices can be evaluated to find a
suitable approach to evaluate flexural behavior. The parameter correlates with the ratio of the
depth of the neutral axis to the depth of the prestress force, ¢/d, and the tensile strain. The depth
d is defined as the depth from the extreme compression fiber to the outermost of tensile
reinforcement, and c is defined as the distance from the extreme compression fiber to the neutral
axis. Figure 9-13 shows how the c/d ratio correlates with the prestressing index of the different
FSB sections with different design parameters. Figure 9-14 shows the variation of net tensile
strain vs. prestressing index.
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Figure 9-13. Variation of prestressing index vs. c/d ratio

The curvature ductility and deflection ductility showed variability with distinct behavior for each
FSB section type as shown in Figures 9-15 and 9-16, while the energy index shows similar
behavior but less scattered (Figure 9-17).

In the case of deformability indices, Mufti’s deformability did not show good variability in
ductility, as most values were between 5.5 and 6 as shown in Figure 9-18. This deformability is
only sensitive to topping strength variability represented by the three sets of points having
deformability larger than 6 as shown in Figure 9-18. Mast deformability showed very scattered
values due to service curvature in the denominator. When the service moment is very low, the
corresponding curvature is either negative or very small and results in the negative or very high
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values of deformability shown in Figure 9-19. Zou deformability showed a good, scattered
variability with changing section parameters, and it also showed distinct behavior for each FSB

section type (Figure 9-20).
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Figure 9-19. Variation of Mast deformability vs. prestressing index
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Figure 9-20. Zou deformability vs. prestressing index

The suggested reserved capacity index is plotted vs. the prestressing index for the different FSB
sections and design parameters in Figure 9-21. The relationship shows distinct variability
compared to other types of ductility, where all FSB sections have similar ductility for a given
prestressing index.

30
25 F A
AFSB-12
e - © FSB-15
T2 | o,
A s o FSB-18
z k 8
=} 80 4a
g & &
=15 r N oo &
et A .
8 s To%ds
8 LA ooty o
®10 a 48 o odt A
=4 A o &
Fo
5 L
0 1 1 1 1 1 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 05 0.55

Prestressing index

Figure 9-21. Reserved capacity index vs. prestressing index
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9.6 Design of Florida slab beams

Flexural members prestressed with stainless steel strands fail in one of three modes: (1) concrete
crushing at the top fiber, (2) strand rupture, or (3) balanced failure when both concrete crushing
and strand rupture occur simultaneously (Figure 9-22). For FSBs, the second failure mode is
desirable for efficiency, while the members show cracking and deflection before failure. The
balanced failure is the most favorable because it allows a member to reach its highest curvature.
In the balanced failure mode, the concrete reaches the highest strain of approximately 0.003, and
the strands reach the highest strain where they rupture. However, this failure mode is least
possible due to the variability of concrete and strand properties and other factors.

b l— 0.003 ﬂ

Figure 9-22 Strain level for reinforced concrete failure modes: (1) Concrete crushing at
top, (2) strand rupture, and (3) balanced failure

For shallow depth members such as FSBs, serviceability limits predominantly govern the design,
resulting in a large number of strands compared to other controlling limit states. Increasing the
number of strands decreases the strain in the strands, making the strand rupture failure mode less
possible and concrete crushing the most probable failure mode. When designing FSBs with
carbon steel strands, members are mainly governed by the Service III tension limit or by camber.
However, the members can still exhibit ductile behavior and reach a net tensile strain of 0.005.
In members with stainless steel strands, due to the lower jacking force that is used compared to
carbon steel strands, the members’ designs are governed by camber. The question is whether
these members can still exhibit ductile behavior similar to those with carbon steel strands. To
answer this question, the design of a 32-ft-long bridge was used for the analysis. According to
FDOT Standard Plans Instruction index 20450 for the FSB section (FDOT, 2026a), a 12 in. x 48
in. FSB would be recommended for a 32-ft span, for both stainless steel and carbon steel strands,
as shown in Figure 9-23.
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Table of Recommended Maximum Span Lengths (CL Bearing to CL Bearing)
ASTM A416, Grade 270, Low Relaxation, Carbon Steel Strands

6" C-I-P Topping 6%:" C-I-P Topping
w/ Future Wearing Surface w/ 2" Sacrificial Thickness
Beam Type (Short Bridge) (Long Bridge)
Beam Width Beam Width
40" 50" 40" 50"
12" FSB 40-11" 43-11" 412" 44'-5"
15" FSB 52°-11" 56'-3" 53.3" 56'-9"
18" FSB 62'-3" 64'-4" 62'-8" 64-10"

Table of Recommended Maximum Span Lengths (CL Bearing to CL Bearing)
ASTM A1114, Grade 240, Low Relaxation, Stainless Steel Strands

Short and Long Bridge

Note: Maximum lengths are applicable to both 6" C-I-P Topping with Future
Wearing Surface and & %" C-I-P Topping with %" Sacrificlal Thickness

Beam Type
Beam Width
4’0" 5-0"
12" FSB 36-11" 39'-9"
15" FSB 485" 518"
18"FSB | 57117 | 57.11"

Figure 9-23. Recommended maximum span length per FDOT Standard Instruction
index 20450

The design process was started by varying the number of strands and checking if they meet the
service and strength requirements for both stainless steel and carbon steel strands. The process
was repeated for different span lengths and different sections to determine the most critical
requirements that might govern the design. After the design was completed, the previously
verified flexural model was used to compare the moment-curvature relationships of FSBs
prestressed with stainless steel to those with carbon steel strands.

Considering a 32-ft-long bridge in a harsh marine environment, the bridge was first designed
with stainless steel strands and then with carbon steel strands. The required concrete strength
based on FDOT (2026b) is 8.5 ksi for the FSBs and 5.5 ksi for the topping, since the member is
in extreme environment exposure. Figure 9-23 for recommended maximum spans shows that a
12in. x 48in. FSB is a suitable section for such a bridge span. The design process began with a
high number of strands, for example, 30 strands, and the number of strands was decreased until
the minimum number that is satisfactory for all the design requirements was found. Then, the
number of strands was decreased further to determine the minimum number that meets critical
design requirements. The three most critical requirements are: camber, Service III and flexural
resistance; each is discussed in the following sections.

9.6.1 Camber

Camber refers to the upward deflection of a prestressed concrete member. This deflection occurs
due to the eccentric prestressing force. It is a function of the cross-section shape, prestressing
force, strand eccentricity, and member length. Because the FSB depth is shallower than other
prestressed concrete members, the eccentricity of the prestressing force is relatively low. This
means that camber often controls the design of FSBs. If stainless steel strands that typically have
lower jacking force and ultimate stress are used in an FSB, the prestressing force would be lower
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in each layer of strands compared to the same FSB prestressed with carbon steel strands.
Therefore, camber needs extra attention in FSBs with stainless steel strands. One way to
increase camber is to use a higher jacking force for the strands. For example, stainless steel
strands are currently allowed by FDOT to be initially stressed up to 65% of their ultimate stress;
an increase to 70% would increase the camber and reduce the number of required strands.
Another way to increase camber is by removing the dormant strands usually placed at the
member's top. Dormant strands are typically provided to aid in the placement reinforcement
during fabrication, and they also help reduce the stresses at the release and final stages. For an

FSB section with a specific span length, increasing the number of strands increases the camber,
as shown in Figure 9-24.

FSB-12x48-Span 32ft — FSB fc’ 8.5 ksi — Topping fc’ 5.5 ksi

1.0000
A
0.8000 f 1 -
T
0.6000 | A
£ 0.4000 |
5 a—Carbon steel 75% fpu
g 0.2000 =+=Stainless steel 70% fpu
~&-Stainless steel 65% fpu
0.0000
-02000 | X
0.4000
10 15 20 25 30 35
No. of strands
Figure 9-24. Camber vs. number of strands for FSB-12x48 with a span of 32 ft and
concrete strength for FSB and topping of 8.5 ksi and 5.5 ksi, respectively
9.6.2 Service |l

Service III requirement includes a stress check that helps limit cracks in the member, thereby
increasing durability and protecting the internal reinforcement from corrosion. Service III
requires stress levels at the bottom fiber of the member to be within the tensile stress limit, which
depends on the environmental exposure and the specified concrete strength. The tensile limits

are 0.19\/f_c’ and 0.0948\/E for slightly aggressive environmental exposure and aggressive
environmental exposure, respectively (see Figure 9-25). The stress level depends on the section
size, span length, prestressing force, and strand eccentricity, among other parameters. This
requirement controls the design of FSBs with carbon steel strands due to their shallow depth
compared to deeper members such as girders. Using stainless steel strands provides less
prestressing force in each strand layer, causing lower prestressing moments and, consequently,
higher tensile stress at the bottom fiber (Figure 9-25). However, stainless steel strands are
corrosion resistant and need less protection against corrosion, meaning that the tensile stress
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limits could potentially be increased. With either carbon steel or stainless steel strands, the
tensile stress at the bottom fiber decreases (or the compressive stress increases) with an increased
number of strands, as shown in Figure 9-25.

FSB-12x48-Span 32ft — FSB fc’ 8.5 ksi — Topping fc’ 5.5 ksi

1.000
0.500
Z 0.000
s
=
= -0.500 |
=
£
E -1.000 = = «Limit - Aggressive exposure ;
= =Limit - Slight exposure S
—&— Carbon steel 75% fpu T~
-1.500 - —=—Stainless steel 70% fpu -\--H\"‘--‘.,
—e—Stainless steel 65% fpu T
-2.000
10 15 20 25 30 35

No. of strands

Figure 9-25. Bottom fiber stress variation with number of strands

9.6.3 Flexural resistance

The prestressed concrete member design needs to have a satisfactory factored flexural resistance,
¢M,,, that exceeds the factored moment (demand), M,,, per AASHTO LRFD strength limit state
requirements (AASHTO, 2024). In these requirements, load combinations utilize load factors
applied to load effects. To reduce the probability of brittle failure in non-compression-controlled
flexural members, AASHTO LRFD specification has a minimum reinforcement provision that
requires the factored flexural resistance, dM,,, to exceed the lesser of two values: the factored
moment, M,,, multiplied by 1.33, and the cracking moment, M_,.. The first value depends on the
loads and span length, while the cracking moment varies with the number of strands. The
cracking moment can be obtained from the following expression:

Mg = (1.6 f; + 1.1f2pe)Se — Mgne (% - 1) (Eq. 9.10)
where

fr = modulus of rupture for concrete (ksi),

fepe = compressive stress in concrete due to effective prestress (ksi),

S. = section modulus of composite section at the extreme fiber where the applied force causes
tensile stresses (in?),

M, = moment due to total unfactored dead load acting on non-composite section (kip-in.), and

Sne = section modulus for non-composite section at the extreme fiber where the applied force
causes tensile stresses (in?).
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In some FSB designs, the required minimum reinforcement sometimes controls the required
flexural resistance. Table 9-1 lists the cracking moment and factored moment for each design in
the parametric study, as well as for cases with a higher and a lower number of strands than the

design. The table also lists the required flexural resistance, M,

eq»

which is governed by either

the factored moment, M,,, or the minimum reinforcement provision (the lesser of M, or
1.33M,,); the column specifies which of the three values controls. These values were obtained
using the FDOT LRFD Prestressed Beam Program Mathcad sheet, based on FDOT’s current
design Standard Plans and Specifications. From Table 9-1, it is evident that the required moment
does not control the design, even for the cases with the lower number of strands. Therefore, it
can be concluded that the resistance factor value is insignificant in FSB design.

Table 9-1. Required flexural resistance and factored flexural resistance
Section | Prestressing | No.of | Span M., M, M eq oM, Mieq / $Mn,
type type strands | (ft) (k-ft) (k-ft) (k-ft) (k-ft)
(Governing
moment)

12x48 SS 18 32 666.4 496.1 659.8 737.4 89.5%
(1.33M.)

12x48 SS 14* 32 546.1 496.1 546.1 621.7 87.8%
(M)

12x48 SS 12 32 476.6 496.1 496.1 550.4 90.1%
(Mu)

12x48 CS 14 32 615.9 496.1 615.9 804.0 76.6%
(M)

12x48 CS 13* 32 576.2 496.1 576.2 754.4 76.4%
(M)

12x48 CS 12 32 536.2 496.1 536.2 703.6 76.2%
(Mer)

12x54 SS 22 36 767.5 646.1 767.5 878.3 87.4%
(M)

12x54 SS 19* 36 682.9 646.1 682.9 804.1 84.9%
(Me)

12x54 SS 16 36 581.3 646.1 646.1 709.6 91.1%
(M)

12x54 CS 22 36 875.4 646.1 859.3 1180.1 72.8%
(1.33M,)

12x54 CS 17* 36 700.5 646.1 700.5 966.9 72.4%
(Mer)

12x54 CS 16 36 661.3 646.1 661.3 918.8 72.0%
(M)

12x60 SS 22 36 794.4 705.7 794.4 920.4 86.3%
(Mer)

12x60 SS 20* 36 727.4 705.7 727.4 861.6 84.4%

(M)
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Table 9-1 (cont’d). Required flexural resistance and factored flexural resistance

Section | Prestressing | No.of | Span M., M, M eq oM, Mieq / OM,,

type type strands | (ft) (k-ft) (k-ft) (k-ft) (k-ft)
(Governing
moment)

12x60 SS 17 36 625.3 705.7 705.7 764.3 92.3%
(Mu)

12x60 CSs 22 36 904.7 705.7 904.7 1219.0 74.2%
(Mer)

12x60 CSs 18* 36 749.9 705.7 749.9 1033.5 72.6%
(Mer)

12x60 CS 17 36 710.6 705.7 710.6 984.5 72.2%
(Mer)

15x48 SS 22 44 921.3 881.4 921.3 1048.4 87.9%
(Mer)

15x48 SS 19* 44 835.6 881.4 881.4 967.7 91.1%
(Mu)

15x48 SS 17 44 777.3 881.4 881.4 905.9 97.3%
(My)

15x48 CSs 22 44 1051.4 | 881.4 1051.4 1402.7 75.0%
(Mcr)

15x48 CS 17* 44 885.9 881.4 885.9 1174.0 75.5%
(Mer)

15x48 CSs 16 44 836.4 881.4 881.4 1115.2 79.0%
(My)

15x54 SS 26 46 1073.8 | 1045.2 | 1073.8 1225.3 87.6%
(Mer)

15x54 SS 22* 46 960.6 1045.2 | 1045.2 1122.8 93.1%
(My)

15x54 SS 21 46 931.8 1045.2 | 1045.2 1093.7 95.6%
(Mu)

15x54 CSs 22 46 1098.4 | 1045.2 | 1098.4 1476.7 74.4%
(Mer)

15x54 CSs 20* 46 1001.4 | 1045.2 | 1045.2 1364.7 76.6%
(My)

15x54 CS 19 46 967.9 1045.2 | 1045.2 1315.9 79.4%
(Mu)

15x60 SS 30 48 1192.6 | 1223.2 | 1223.2 1386.2 88.2%
(My)

15x60 SS 27* 48 1108.6 | 1223.2 | 1223.2 1315.7 93.0%
(Mu)

15x60 SS 25 48 1051.8 | 1223.2 | 1223.2 1262.6 96.9%
(My)

15x60 CSs 26 48 1239.1 | 1223.2 | 12391 1709.9 72.5%
(Mer)

15x60 CS 24* 48 1173.5 | 1223.2 | 1223.2 1619.5 75.5%
(Mu)
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Table 9-1 (cont’d). Required flexural resistance and factored flexural resistance

Section | Prestressing | No.of | Span M., M, Meq oM, Mieq / M,

type type strands | (ft) (k-ft) (k-ft) (k-ft) (k-ft)
(Governing
moment)

15x60 CSs 22 48 1092.0 | 1223.2 | 1223.2 1515.8 80.7%
(Mu)

18x48 SS 22 50 1157.3 | 1142.5 | 1157.3 1297.9 89.2%
(M)

18x48 SS 20* 50 1080.4 | 1142.5 | 1142.5 1223.4 93.4%
(Mu)

18x48 SS 19 50 1041.6 | 1142.5 | 1142.5 1183.6 96.5%
(M)

18x48 CSs 22 50 1317.2 | 1142.5 | 1317.2 1703.3 77.3%
(M)

18x48 CSs 18* 50 1139.5 | 1142.5 | 1142.5 1468.8 77.8%
(Mu)

18x48 CSs 17 50 1094.4 | 1142.5 | 1142.5 1407.3 81.2%
(M)

18x54 SS 26 50 1346.4 | 1344.3 | 1346.4 1519.6 88.6%
(Mer)

18x54 SS 24* 50 1270.5 | 1344.3 | 1344.3 1449.4 92.7%
(M)

18x54 SS 22 50 1193.8 | 1344.3 | 1344.3 1372.9 97.9%
(M)

18x54 CS 22 50 1360.4 | 1344.3 | 1360.4 17771 76.6%
(Mer)

18x54 CSs 21* 50 1316.1 | 1344.3 | 1344.3 1717.4 78.3%
(M)

18x54 CSs 20 50 1257.4 | 1344.3 | 1344.3 1647.6 81.6%
(Mu)

18x60 SS 28 52 1462.5 | 1470.8 | 1470.8 1657.9 88.7%
(M)

18x60 SS 26* 52 1386.7 | 1470.8 | 1470.8 1585.2 92.8%
(M)

18x60 SS 24 52 1310.2 | 1470.8 | 1470.8 1507.1 97.6%
(Mu)

18x60 CSs 23 52 1447.1 | 1470.8 | 1470.8 1887.2 77.9%
(M)

18x60 CSs 22* 52 1388.6 | 1470.8 | 1470.8 1817.1 80.9%
(Mu)

18x60 CSs 18 52 1152.2 | 1470.8 | 1470.8 1527.5 96.3%
(M)

*Design section
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Therefore, increasing the number of strands increases cracking moment and, therefore, increases
the required flexural resistance. The factored flexural resistance is much higher than the required
moment for FSBs prestressed with carbon steel strands compared to FSBs prestressed with
stainless steel strands jacked to 70% fpu and 65% fpu. This is due to the resistance factor of 0.75
used for FSBs with stainless steel strands vs. 1.0 or less for FSBs with carbon steel strands as
shown in Figures 9-26, 9-27, and 9-28. However, if the nominal flexural resistance is compared,
the FSBs have relatively the same resistance for the three strand cases, as shown in Figure 9-29.

FSB-12x438-Span 321t — FSB fc’ 8.5 ksi — Topping fe’ 5.5 ksi
1100.0

1000.0

900.0

§00.0 |

700.0 |

Moment (k-ft)

600.0 |

500.0 ” —a— (CS-Factored flexural resistance == =Required moment-CS

400.0 L L .
10 15 20 25 30
No. of strands
Figure 9-26. Required flexural resistance and factored flexural resistance vs. number of
carbon steel strands
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FSB-12x48-Span 32ft — FSB fe¢’ 8.5 ksi — Topping fc’ 5.5 ksi
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Figure 9-27. Required flexural resistance and factored flexural resistance vs. number of
stainless steel strands (at 70% fpu)
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FSB-12x48-Span 32ft — FSB fc’ 8.5 ksi — Topping fc’ 5.5 ksi
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Figure 9-28. Required flexural resistance and factored flexural resistance vs. number of
stainless steel strands (at 65% fyu)
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Figure 9-29. Nominal flexural resistance variation with number of strands for carbon
steel strands vs. stainless steel strands

9.6.4 Flexural behavior of FSBs

According to FDOT (2026b), the environmental exposure for a bridge superstructure is defined
based on the site location — whether it is located near waterbodies and whether it is exposed to
high chlorides. Environmental exposure will affect the choice of concrete strength, concrete
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cover and reinforcement type. This also affects the stress limit for Service III. According to
AASHTO (2024), the stress limit for prestressed members located in moderate corrosion

conditions is 0.194,/ f/, while this limit in severe corrosive environments is reduced to
0.09484,/f/. This limit mostly controls the required number of strands for FSBs prestressed
with carbon steel strands when located in severe corrosive environments as shown in Table 9-2.

In the case of FSBs prestressed with stainless steel strands, camber mostly controls the required
number of strands.

Table 9-2. Carbon steel strands (at 75% fpu) vs. stainless steel strands (at 70% fpu) design
comparison for severe corrosive conditions

No. of No. of
No. of | strands strands
strands | required | required
required for for
Section Strand for Service flexural Design
type type Span camber 1l resistance | controlled by
12x48 SS 32 14 12 11 Camber
12x48 CS 32 13 12 <11 Camber
12x54 SS 36 19 16 15 Camber
12x54 CS 36 17 16 11 Camber
12x60 SS 36 20 17 16 Camber
12x60 CS 36 18 17 12 Camber
15x48 SS 44 19 17 17 Camber
15x48 CS 44 16 17 13 Service |l
15x54 SS 46 22 21 20 Camber
15x54 CS 46 20 19 15 Service lll
15x60 SS 48 27 25 24 Camber
15x60 CS 48 22 24 18 Service IlI
18x48 SS 50 20 19 19 Camber
18x48 CS 50 17 18 14 Service lll
18x54 SS 52 24 22 22 Camber
18x54 CS 52 20 21 16 Service |lI
18x60 SS 52 26 24 24 Camber
18x60 CS 52 22 23 18 Service Il

The previously verified analytical model was used to evaluate flexural behavior by plotting the
moment-curvature relationship for each design. The required number of strands in the case of
FSBs prestressed with stainless steel strands with a jacking stress of 70% f,, is higher than if the
FSBs are prestressed with carbon steel strands, as shown in Table 9-2.

The flexural behaviors of the designs were compared by evaluating the net tensile strain,
moment-curvature relationship, reserved capacity index, and load-deflection relationship. From
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Figure 9-30, the evaluated 12x48 FSB section had similar net tensile strain for a given number of
strands for all three strand scenarios.

FSB-12x48-Span 32ft — FSB fc’ 8.5 ksi — Topping fc’ 5.5 ksi

0.010
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Figure 9-30. Net tensile strain (N.T.S) comparison between CS designs and SS designs

Figure 9-31 shows the moment-curvature relationships for the 12x48 FSB designs with the
controlling number of strands for each strand scenario (13 carbon steel strands at 75% fpu, 14
stainless steel strands at 70% fyu, and 15 stainless steel strands at 65% fpu; the moment-curvature
curves are similar in shape and magnitude. As shown in Figure 9-32, all FSB sections evaluated
show similar moment-curvature relationships for the strand scenarios.

FSB-12x48-Span 321t — FSB fc’ 8.5 ksi — Topping fc’ 5.5 ksi
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Figure 9-31. Moment-curvature relationship comparison between CS designs and SS
designs
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Figure 9-32. Moment-curvature relationship for all 9 design cases (CS at 75% fpu and SS

at 70% fpu)

Table 9-3 provides, for the controlling design cases presented in Table 9-2, values taken from the
flexural model for the moment capacity, cracking moment, curvatures at ultimate and cracking,
reserved capacity index, and net tensile strain. These values were obtained using an Excel-based
flexural model that was validated against the experimental data.

The designs with stainless steel strands achieve slightly higher moment capacities and lower
curvatures at ultimate. Whereas, the cracking moment and curvature are somewhat lower when
each section is designed with stainless steel strands.

Based on the reserved capacity index values in Table 9-3, the ductility of members designed with
stainless steel strands is on average 91.5% of those designed with carbon steel strands. Also, the
net tensile strain of members with stainless steel strands is on average within 87.5% of that for
members with carbon steel strands.

Furthermore, the analytical model was used to generate the load-deflection curves (Figure 9-33)
for the designed 12x48 FSB loaded similarly to experimental tests in four-point bending.
Comparing the load-deflection relationships, the FSBs prestressed with stainless steel strands
reach higher deflection compared to the FSB prestressed with carbon steel strands. In addition,
the higher required number of strands for the stainless steel strand designs results in higher load
capacity.
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Table 9-3. Ductility comparison

Ultimate | Cracking | Ultimate | Cracking | Reserved Net
Section | Strand | Span | moment | moment | curvature | curvature | capacity | tensile
type type (ft) (k-ft) (k-ft) (in./in.) (in./in.) index strain
12x48 SS 32 897.3 476.8 0.000625 | 0.000032 19.3 0.00637
12x48 Cs 32 841.6 498.3 0.000665 | 0.000033 20.0 0.00698
12x54 SS 36 1138.6 608 0.000556 | 0.000035 16.0 0.00533
12x54 Cs 36 1054.3 621.8 0.000601 0.000035 17.0 0.00601
12x60 SS 36 1222.7 662.4 0.000579 | 0.000035 16.6 0.00568
12x60 CS 36 1128.5 669.9 0.000628 | 0.000035 18.2 0.00642
15x48 SS 44 1392.5 733 0.000485 | 0.000029 16.7 0.00573
15x48 Cs 44 1303.4 760 0.000525 | 0.000030 17.8 0.00644
15x54 SS 46 1605.8 875.2 0.000479 | 0.000031 15.3 0.00562
15x54 CS 46 1397.8 822.5 0.000556 | 0.000029 19.4 0.00701
15x60 SS 48 1866.0 995.8 0.000452 | 0.000031 14.7 0.00513
15x60 CS 48 1759.0 1030.4 0.000487 | 0.000031 15.7 0.00577
18x48 SS 50 1777.3 925.2 0.000451 0.000024 18.5 0.00647
18x48 CS 50 1654.5 959.2 0.000489 | 0.000025 19.7 0.00726
18x54 SS 52 2081.1 1091.9 0.000434 | 0.000025 17.4 0.00612
18x54 CS 52 1909.2 1115.5 0.000482 | 0.000025 19.2 0.00713
18x60 SS 52 22751 1196.7 0.000445 | 0.000025 18.0 0.00634
18x60 CS 52 2090.7 1230.1 0.000493 | 0.000025 19.8 0.00735
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Figure 9-33. Load-deflection relationship for 12x48-32ft FSB design
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9.6.5 Dormant strands

Dormant prestressing strands are sometimes placed in the top region of a prestressed concrete
beam to reduce stresses at prestress release. They are also used to stabilize the lateral
reinforcement during construction. Typically, four dormant strands are provided in an FSB, as
per FDOT standard plans (FDOT, 2026a), and are stressed to 10 kips. For an FSB prestressed
with stainless steel strands, if these dormant strands are removed, the section will still satisty the
design requirements. The effects of removing the dormant strands are an increase in camber and
a reduction in the required number of strands (when Service III controls the design), which
results in a more economical design. This will also slightly increase the maximum span length
for all FSB section sizes.

9.6.6 c/d ratio

Previous literature aimed to ensure ductility by limiting the net tensile strain (N.T.S.) and c¢/d
ratio. Figure 9-34 shows the variation of c¢/d ratio with the number of strands for FSBs with
stainless steel strands and with carbon steel strands. For smaller numbers of strands, the c/d
values are almost equal for both stainless steel strands and carbon steel strands. However,
because the designs with stainless steel require a higher number of strands, the ¢/d ratio for
carbon steel designs is lower. Further extension for more sections of this comparison is shown in
Figure 9-35.

c/d (exc) vs no. of strands
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Figure 9-34. Comparison of c¢/d values for FSB-12x48 with span of 32 ft for CS and SS
designs
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Figure 9-35. c/d values for designs with different FSB sections and prestressing
materials (carbon steel at 75% fpu and stainless steel at 70% fpu)

9.7 Summary and conclusions

The analytical model for this project was created to include tension stiffening, which accounts
for the tensile stresses in the concrete between cracks. Previous research on deep members with
narrow webs, where the depth-to-web width ratio is significantly greater than one, concluded that
tension stiffening has negligible effect on the flexural behavior of prestressed concrete members.
However, no studies have investigated the contribution of tension stiffening in shallow members
such as slab beams, where the depth-to-width is significantly less than one. For wide flexural
members, flexural cracks might be largely spaced in the transverse direction of the member,
leaving uncracked concrete between those flexural cracks. The uncracked concrete most likely
contributes to the flexural behavior of the concrete. Therefore, the analytical model was
modified to account for tension stiffening in the concrete; the model developed by Bentz (2000)
was employed, and the equation proposed by Collins and Mitchell (1991) was used to calculate
the effective area of the cracked concrete under tension.

The modified analytical model better predicts the experimental flexural behavior of the tested
FSBs. Then, the modified analytical model was used to conduct parametric studies to investigate
the flexural behavior of FSBs prestressed with carbon steel or stainless steel strands.

One method to evaluate the flexural behavior of a flexural member is by measuring its ductility,
which can be determined from the moment-curvature relationship and/or load-deflection
relationship. Several ductility equations from the literature were examined. It was concluded
that the ratio of ultimate curvature to cracking curvature might be a suitable measure for the
ductility of prestressed concrete FSBs. This ductility measure is referred to as Reserved
Capacity Index in this report.
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A wide range of Florida slab beam bridges with different span lengths and different FSB sections
were designed. Those designs were performed to determine the minimum required number of
carbon steel or stainless steel strands to satisty the AASHTO LRFD (AASHTO, 2024) and
FDOT SDG (FDOT, 2026b) requirements. Regardless of the strand material, it was found that
no design was controlled by the strength limit state. Most designs were controlled by camber
(FDOT requires positive camber under service loads), while some designs were controlled by the
Service III Limit State for bridges prestressed with carbon steel strands. Therefore, for the same
bridge design, a larger number of stainless steel strands are required compared to the required
number of carbon steel strands because the initial prestressing stress — which is a significant
parameter for designs controlled by camber and Service III Limit State — is lower for stainless
steel. Because of the controlling limit state, an FSB bridge prestressed with stainless steel
strands produces a moment-curvature curve that is relatively similar to an FSB bridge prestressed
with carbon steel strands. This indicates that both beams might result in a comparable ductility
index. The failure mode is concrete crushing regardless of the strand material. This means that
the limited ultimate strain in the stainless steel strands does not influence the design of FSBs for
the sections studied. The load-deflection relationship was generated using a load setup similar to
the one used in the experiments, four-point bending. Comparing the relationship between the
same bridge design with different types of prestressing strands showed similar behavior. The
FSB design with stainless steel prestressing strands showed higher values of deflection that are
mainly due to the larger number of strands, yielding higher moment resistance.

Currently, FDOT SDG limits the initial prestressing stress of stainless steel strands to 65% of its
ultimate stress (fpu = 240 ksi), compared to 75% of the ultimate stress (fpu = 270 ksi) for carbon
steel strands. An initial prestressing stress limit of 70% of 240 ksi, which is the limit used in the
experimental specimens in this project, was investigated for bridge designs. An initial
prestressing limit of 70% of fpu significantly reduces the required number of strands.

The effect of dormant strands on the required number of strands was investigated. Dormant
strands are placed near the top of the section to aid in the placement of transverse reinforcement
and to reduce tensile stresses at release. Analytical studies revealed that removing the dormant
strands might slightly reduce the required number of stainless steel strands or increase the
maximum span length of an FSB section.

The following conclusions are made:

1. Incorporating tension stiffening in the FSB flexural model results in better predictions of
the capacity and tensile strain in strands. FSBs have higher width-to-depth ratios
compared to prestressed concrete girders, which results in more significant contribution
in stiffness from cracked concrete in the tensile strain region, causing higher stiffness
beyond the cracking moment. Combining models by Bentz (2000) and Collins and
Mitchell (1991) are recommended for tension stiffening modeling. However, in this
research, including tension stiffening slightly overpredicted the cracking load in some
cases. Therefore, for design purposes, it may not be prudent to use the tension stiffening.

2. Increasing the allowable stress immediately prior to transfer (“initial prestressing”) for
stainless steel strands from 65% to 70% of ultimate tensile strength (f,u = 240 ksi) results
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in a lower number of strands with relatively the same ductility for FSBs. However, there
1s concern about premature rupture of strands during the detensioning process, and using
a higher initial prestressing stress would contribute to that issue. The last strands that are
detensioned are the most likely to be affected. Also, the shorter the free length of the
strands (the distance between the anchors and the end of the concrete member), the more
likely the strands would rupture prematurely, theoretically.

Dormant strands are typically provided in a prestressed concrete member to reduce
tensile stresses during detensioning and help secure reinforcement. Not using dormant
strands, however, will increase camber and decrease the required number of strands
without exceeding the serviceability limit states during strand release. However,
constructability of placing mild transverse reinforcement would need to be considered.
FSB designs with prestressed stainless steel strands exhibit similar ductile behavior to
FSB designs with carbon steel strands. FSB designs with stainless steel strands typically
require a larger number of strands, causing higher flexural capacity and deformation as
compared to a design with carbon steel strands. However, the differences are not
significant.
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CHAPTER 10 -FSBs WITH GFRP: TESTS AND DATA

10.1 Introduction

The durability and performance of prestressed concrete structures are vitally important,
especially in aggressive corrosive environments. Typical carbon steel reinforcement, even
though widely used for its familiar mechanical properties, is vulnerable to corrosion, leading to
deterioration, increased maintenance costs, and reduced service life. Population and traffic
demand increase the need for more resilient reinforcement solutions. In response, non-metallic
alternatives such as GFRP bars have emerged as an option due to their non-corrosive nature and
cost effectiveness.

Shallow precast prestressed concrete members with C-I1-P toppings are widely used for short-
span bridges. The performance of these structures depends on the lateral reinforcement resisting
shear forces. The lateral reinforcement reduces cracking in the anchorage zone, ensures
composite action at the interface between the precast member and cast-in-place topping, and
resists shear forces.

Existing design specifications, including AASHTO LRFD Bridge Design Specifications
(AASHTO, 2024) and ACI 318 (ACI Committee 318, 2025), include design models that are
based on research performed on carbon steel reinforcement. Those models may not be directly
applicable to a prestressed concrete member with GFRP as lateral reinforcement due to its
unique mechanical properties such as the absence of yielding, lower elastic modulus, and weaker
tensile strength at bent locations.

This chapter investigates using GFRP bars as lateral reinforcement in a shallow prestressed
concrete member, the FSB, by testing two full-scale specimens with instrumented lateral
reinforcement under a four-point bending test setup. First, available literature is reviewed, and
limitations are identified. Then, experimental data is presented and compared to the existing
codes. Finally, conclusions are made about the use of GFRP reinforcement as lateral
reinforcement in FSBs.

10.2 Literature review

10.2.1 Vertical shear

The shear design approach in the AASHTO LRFD Bridge Design Specifications (AASHTO,
2024) is a mechanistic model based on the Sectional Design Model, originally derived from the
Modified Compression Field Theory (MCFT) (Hawkins and Kuchma, 2008). A method
proposed by Vecchio and Collins (1986) was adopted in the 1994 AASHTO LRFD Bridge
Design Specifications (Hawkins and Kuchma, 2008). The Sectional Design Model in AASHTO
LRFD is comprehensive, versatile, and applicable to both reinforced and prestressed concrete,
but it posed challenges to engineers due to the iterative process (Holt et al., 2022). A
simplification of MCFT by Bentz et al. (2006) led to a non-iterative approach, which was
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adopted into AASHTO LRFD. All these models were developed for designing carbon steel
rebar as transverse reinforcement; however, the applicability of these models to different types of
materials is still being investigated.

Corrosion is a common problem in reinforced concrete with carbon steel rebars (Ahmed et al.,
2010a). Corrosion-resistant or corrosion-free material as reinforcement in concrete structures in
severe environments is becoming widely accepted as a replacement for steel and to avoid
deterioration caused by corrosion. FRP as reinforcement in concrete has shown to be a
promising solution (Plecnik and Ahmad, 1989), and extensive research has been conducted on its
use. FRPs are classified based on the type of fiber used, such as carbon (CFRP), aramid (AFRP),
basalt (BFRP), and glass (GFRP). Among these, GFRP rebars have gained greater attention due
to their non-corrosive nature and cost-effectiveness, making them a practical alternative to
carbon steel in many structural applications (Al-Kaimakchi and Rambo-Roddenberry, 2022).

GFRP rebars have been investigated as transverse reinforcement in reinforced concrete.
Compared to steel, GFRP rebars generally have relatively lower elastic modulus, higher tensile
strength but without a distinct yield point, and approximately 40% reduced strength in bent
portions (Nanni et al., 2014). Research has shown that, similar to steel stirrups, GFRP stirrups
enhance shear capacity after the formation of the first crack, and that stirrup spacing affects the
shear resistance (Ahmed et al., 2010b). Design codes calculate shear resistance using the same
basic expression:

Vo=V +V; (Eq. 10.1)

where
V. = the concrete contribution (kips), and
V; = the transverse reinforcement contribution (kips)

However, each code evaluates theses terms differently including only the part of the section in

compression. For example, ACI CODE-440.1R-15 (ACI, 2015) and ACI CODE-440.11 (ACI
Committee 440, 2022) for non-prestressed applications estimate the concrete contribution as:

V. = 5./f.'b,, (kd) (Eq. 10.2)
where

f.'= the concrete compressive strength (ksi),

b,, = the web width (in.),

d = the effective depth (in.), and

k = a factor related to the depth of the neutral axis.

In AASHTO LRFD, the concrete contribution is calculated as follows:

V. = 0.0316B8A/ f.'b,d, (Eq. 10.3)

where
B = a factor for cracked concrete ability to transfer tension and shear,
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A = the concrete density modification factor (taken as 1.0 for normal concrete),

b,, = the effective web width, and

d,, = the effective shear depth, calculated as the distance perpendicular to the neutral axis
between the tensile and compressive forces.

The shear contribution of GFRP stirrup reinforcement, assuming a nominal 45° critical shear
crack angle, is given as:

Apvf fod
Ve = L (Eq. 10.4)

S
where
Ag, = the area of FRP transverse reinforcement (in*) within spacing s (in.),

s = stirrup spacing (in.), and
frv = the FRP tensile strength used in shear design (ksi).

In AASHTO (2018), concrete shear strength contribution for GFRP-reinforced members is
calculated using an expression similar to that used for steel, which is dependent on the
contribution of steel flexural reinforcement. However, a specific equation that reflects the
behavior of stainless steel strands is not currently available. Recently, NCHRP project 12-120
investigated this issue and proposed guidance for consideration to the AASHTO technical
committee for concrete design. Therefore, the shear contribution in this study is based on the
AASHTO LRFD expression for carbon steel. AASHTO LRFD expressions for GFRP are
similar to those used for steel, except using the mechanical properties of GFRP reinforcement.

10.2.2 Anchorage zone

An essential aspect of prestressed concrete design is controlling crack formation in the anchorage
zone. The anchorage zone refers to the region where the prestressing force is transferred from
the prestressing strands to the concrete. This transfer is gradual by bonding between the strands
and concrete until the force is fully transferred to the member at a distance called the transfer
length. This force causes tensile stress in the normal direction to the prestressing force, which
causes cracks. Cracks may occur during the strands' release at the end zone of the members, and
standards require closely spaced transverse reinforcement in this zone. The reinforcement does
not completely prevent cracking but plays a key role in limiting it (Crispino et al., 2009). These
cracks are more likely to form in deeper members having an I or T section than rectangular
shallow members, because of the small width of the cross-section that resists tensile forces in the
anchorage zone (Marshall and Mattock, 1962).

The anchorage zone has been investigated since the 1960s, and no significant change has
occurred in the anchorage zone provisions. Marshall and Mattock (1962) proposed simple
expressions for the required area to resist splitting at the anchorage zone. They also suggested
uniformly spacing end zone reinforcement within a distance of a fifth of the girder depth.
Currently, AASHTO LRFD (AASHTO, 2024) limits the allowable stress in end zone transverse
reinforcement to 20 ksi and requires reinforcement to resist 4 percent of the total prestress force
at transfer. The reinforcement needs to be at an equal spacing within a distance of h/4, where h
is either the depth or the width, depending on the section type. However, in AASHTO LRFD for
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GFRP reinforcement, there are no requirements established for the use of GFRP as transverse
reinforcement in the anchorage zone. To fill this knowledge gap, NCHRP project 12-121 is
currently working on recommendations.

10.2.3 Interface shear

Concrete beams consisting of girders with a cast-in-place topping are described as composite
beams. Typically, such types of beams have girders that are fabricated at a precast facility and
then moved to their final location in the structure, where the concrete topping is applied. This
type of construction reduces the time for project delivery, and it has the advantage of producing
lighter and shallower beams for transportation to the construction site. However, having
concrete cast at two different times forms a cold joint at the interface between them. An
effective mechanism is required at the interface to transfer stresses and ensure these two
components work together monolithically. Such a mechanism is called interface shear (Figure
10-1).

Figure 10-1. Interface shear in composite members

This mechanism relies on three primary parameters: cohesion from concrete bond and aggregate
interlock; friction between the surfaces; and dowel action from the reinforcement crossing the
interface. At low load levels, cohesion dominates, while shear resistance transitions to a
combination of friction and dowel action at higher loads. Friction mechanisms are often
explained by the interface-shear model, which highlights the role of reinforcement-induced
tensile stresses in increasing regular forces at the interface and enhancing friction. These
principles are the basis for interface shear provisions in principal design codes, including ACI
Committee 318 (2025), AASHTO (2024), and CSA Group (2025).

Longitudinal interface shear stresses can be determined using equilibrium conditions at critical
sections under the ultimate load. This approach is used in ACI CODE-318-22, ACI CODE-
440.11-22, and CSA S6:25 and S806:26. The horizontal shear is defined as the difference in the
compressive (C) and tensile (T) forces between two sections, as shown in Figure 10-2, and the
following expression is used to find shear stress at the interface:

(Eq. 10.5)

_C
Uh—E
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where

v, = horizontal shear stress at the interface (ksi),

l = the length is the distance between two sections (in.), and
b = width of the section at the interface (in.).

T Ty

Cz15t-in-place topping
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I Precast girder

_Longitudinal reinforcement

Figure 10-2. Evaluation of the longitudinal shear interface by the equilibrium condition

Another way to evaluate interface shear force at the critical section at the ultimate state is using
the factored vertical shear force in the following expression:

vy = o (Eq. 10.6)

where d is the depth of the section (in.).

The concept of interface shear was first discussed by Birkeland and Birkeland (1966). They
suggested a model that considered only friction in the interface. The model indicated that when
the concrete-to-concrete rough interfaces slide against each other, a separation crack occurs due
to the roughness. The separation will cause tensile stress in the reinforcement across the
interface. The reinforcement embedded in the concrete will cause normal compressive forces at
the interface and consequently increase friction. Their study suggested the following model:

Vo, = A f, tand (Eq. 10.7)

where

A, = the area of reinforcement across the interface (in?),

fy = the yield strength of reinforcement (ksi), and

¢ = the angle of internal friction (for a roughened artificial interface, the value is tand = 1.4).
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Based on push-off tests, the model proved a good lower bound for experimental results
(Birkeland and Birkeland, 1966). It also suggested limiting the shear stress at the gross area to
800 psi for an interface reinforcement ratio higher than 0.015. Mast (1968) suggested the same
model and proposed an approach to calculate the interface horizontal shear. The approach
calculates horizontal shear at the interface by equilibrium of the normal forces at the ultimate
limit state in the critical section (Figure 10-3).
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Figure 10-3. Horizontal shear at ultimate capacity

Hofbeck et al. (1969) performed a more extensive study on the interface shear. This study
further limited the interface stress to 600 psi at a 0.015 reinforcement ratio or higher. It also
successfully related push-off tests to the interface shear. These tests were first used by Anderson
and the Portland Cement Association (PCA) (Mast, 1968). The tests use L-shaped specimens to
simulate direct shear stresses, including horizontal or vertical setups. However, alternative
methods such as slant shear tests, splitting tests, pull-off tests, corbel tests, and beam tests have
also been used, each with a distinct advantage (Soltani and Ross, 2017). For example, Loov and
Patnaik (1994) used beams under a 3-point test setup to evaluate shear strength at the interface.
That is relevant for cast-in-place concrete bridge decks and girders. Besides that, push-off tests
on the pre-cracked interface are more relevant to the cold joints at the interface between girders
and bridge decks. Several researchers performed push-off tests on specimens with a cold joint
(Harries et al., 2012; Shaw and Sneed, 2014; and Kahn and Mitchell, 2002).

Until now, steel reinforcement has proved reliable in interface shear. However, cast-in-place
slabs are continuously exposed to corrosive, harsh environments. As a result, reinforcement may
become deficient due to corrosion, requiring inspection, maintenance, and replacement.
Therefore, interest in corrosion-resistant materials is rising. GFRP is a well-known nonmetallic
material used in structures. It is desirable due to its economy compared to other alternatives
(Deshmukh et al., 2023). Many codes have issued design guidelines for GFRP, such as shear
reinforcement CSA S806:26 and S6:25, ACI Code 440.11-22, and AASHTO (2018).

Despite extensive research on interface shear in steel-reinforced concrete, limited studies exist on
the role of GFRP reinforcement in interface shear transfer, particularly in prestressed concrete.
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Alkatan (2016) highlighted the need for a minimum reinforcement ratio to activate GFRP’s
contribution to interface shear. Al-Kaimakchi and Rambo-Roddenberry (2022) demonstrated
that replacing stainless steel with GFRP reduces shear capacity and may alter the failure mode,
emphasizing the anisotropic and non-ductile nature of GFRP. While AASHTO LRFD applies
the same shear-friction equations for GFRP and steel, experimental studies have shown
discrepancies depending on design parameter assumptions. For instance, push-off test results for
GFRP-reinforced specimens revealed that AASHTO overestimates GFRP interface shear
strength compared to experimental data (Vega et al., 2024). Moreover, ACI 440.11 lacks
provisions for GFRP in interface shear design, and Canadian codes have also begun to address
these challenges in S806:26 and S6:25.

Recently, the contribution of GFRP was investigated using 27 push-off specimen tests (Vega et
al., 2024). The study included cold-joint interfaces with different reinforcement ratios. It
showed that GFRP enhances the interface shear strength. Furthermore, the GFRP reinforcement
improves strength through clamping force and dowel action. It was also found that interface
capacity might be affected by the crack opening. Therefore, it suggests the inclusion of the
elastic modulus of reinforcement in calculating the capacity. This study found that the AASHTO
LRFD interface capacity is unconservative when using the full tensile strength of GFRP straight
bars in push-off tests, which contradicts the results of Al-Kaimakchi and Rambo-Roddenberry
(2022) full-scale beam studies.

A similar study investigates GFRP stirrups' role as shear friction reinforcement in concrete joints
under various interface conditions, including roughened and non-roughened cold joints and
monolithic interfaces (Aljada et al., 2024). A total of 18 large-scale push-off specimens were
tested under monotonic loading to failure. The study examines the effects of reinforcement type
(GFRP or steel), reinforcement ratio (ranging from 0.24% to 0.47%), and interface conditions on
the load-carrying capacity, slip, and reinforcement strain. It was observed that GFRP stirrups
performed similarly to steel stirrups until failure, with monolithic specimens demonstrating
superior load-carrying capacity compared to cold joints. The results suggest that roughening the
interface marginally affects GFRP specimens, attributed to the lower modulus of elasticity of
GFRP, which diminishes surface roughness effects. Additionally, the CSA S6:25 design code
predictions for shear friction strength of the GFRP-RC elements were found to be conservative,
while the ACI 318-25 equation using the tensile design strength of GFRP overestimated the
strength in specific scenarios. This research highlights the need for revised design provisions to
account for the unique mechanical properties of GFRP in shear friction reinforcement.

The growing interest in replacing steel with corrosion-resistant materials like GFRP underscores
the need for further research. Although GFRP is cost-effective and durable, its unique
mechanical properties—linear-elastic behavior and lower shear strength—demand a reevaluation
of current design methodologies. Existing studies focus predominantly on conventional
reinforced concrete, leaving a significant gap in understanding GFRP's role in prestressed
concrete interface shear transfer. Investigating GFRP’s performance in prestressed applications
is essential to developing design guidelines that can be integrated into modern codes and
standards.
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10.3 Experimental setup and material properties

10.3.1 Specimens overview

Two (2) FSB specimens were constructed to investigate the GFRP contribution to shear
resistance. Both specimens had a standard FDOT FSB cross-section measuring 12 in. by 48 in.
and a length of 34 ft. The specimens’ designs were identical in every aspect, except for the
transverse reinforcement: one specimen had GFRP rebars, while the other (control specimen)
had conventional carbon steel rebars. Both specimens were prestressed with 30 high-strength
stainless steel (HSSS) strands as flexural reinforcement. The two specimens were named FSB-1

and FSB-4.

The FSB section includes four types of transverse reinforcement: 4K, SE, 4D, and 3C, as shown
in Figure 10-4, and 6Y. Among these, types 4K and 4D were instrumented with strain gauges, as
shown in Figure 10-5. Type 4D reinforcement was instrumented in the anchorage zone to
monitor strain induced during strand release at the casting yard, while type 4K reinforcement
was instrumented at different locations along the length to monitor shear and interface stresses
during the flexural test. Instrumentation details were presented in Chapter 3.
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Figure 10- 5 Straln géuges installed on type 4D and 4K reinforcement
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10.3.2

10.3.2.1 GFRP rebars

Material properties

Four rebar sizes were used in specimen FSB-4: No. 3, No. 4, No. 5 and No. 6. Table 10-1

presents the manufacturer-reported mechanical properties of the GFRP rebars and their

comparison with ASTM D7957/D7957M-22 (ASTM, 2022c).

Table 10-1. GFRP manufacturer test properties

Property Source No. 3 No. 4 No. 5 No. 6
rebar rebar rebar rebar
Fiber mass content (%) Reported 84 76 74 78
Fiber mass content (%) Required 70 70 70 70
Glass transition temperature (°F) Reported 221 232 236 231
Glass transition temperature (°F) Required 212 212 212 212
Degree of cure (%) Reported 100 100 100 99
Degree of cure (%) Required 95 95 95 95
Cross-sectional area (in%) Reported 0.135 0.247 0.384 0.535
. . 5 . 0.104 — 0.185 - 0.288 — 0.415 -
Cross-sectional area (in”) Required 0.161 0.263 0388 0.539
Ultimate tensile force (kips) Measured 21.9 33.4 50.8 77.0
Ultimate tensile force (kips) Required 13.2 21.6 29.1 40.9
Tensile modulus of elasticity (ksi) Measured 9,190 7,667 7,887 7,681
Tensile modulus of elasticity (ksi) Required 6,500 6,500 6,500 6,500
Ult. tensile force bent portion (ksi) Measured - 21.6 34.5 46.3
Ult. tensile force bent portion (ksi) Required - 13.0 17.5 24.5
Moisture absorption 24h (%) Measured 0.07 0.09 0.09 0.07
Moisture absorption 24h (%) Required <0.25 <0.25 <0.25 <0.25

10.3.2.2

Carbon steel rebars

Similar GFRP rebar sizes were used in FSB-1. Table 10-2 lists mill test results for carbon steel

rebars, all conforming to ASTM A615/A615M-22, Grade 60 (ASTM, 2022b).

Table 10-2. Carbon steel rebars mill test results

Provert Source No. 3 No. 4 No. 5 No. 6
perty rebar rebar rebar rebar
Yield strength (ksi) | Measured 71 62.5 64.6 69.8
Yield strength (ksi) Required 60.0 60.0 60.0 60.0
Tensile strength (ksi) | Measured 109.7 100.8 106 110.4
Tensile strength (ksi) | Required 80.0 80.0 80.0 80.0
Ratio of actual tensile
strength to actual yield Measured 1.54 1.62 1.65 1.58
Ratio of actual tensile .
strength to actual yield Required 1.10 1.10 1.10 1.10
Elongation in 8 in. (%) | Measured 13.3 13.5 11.5 16
Elongation in 8 in. (%) | Required 9 9 9 9
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10.3.3

To monitor strain during the strand detensioning, strain gauges were installed on four sets of type
4D reinforcement pairs at both ends of each specimen, as shown in Figure 10-6, Figure 10-7, and
Figure 10-8. Only four gauges were actively monitored due to cable limitations: CSD-106,

CSD-107 (in FSB-1 with steel stirrups), and GFD-126, GFD-127 (in FSB-4 with GFRP stirrups).

Anchorage zone instrumentation

In Figure 10-9, the strain measurements are plotted against time for the gauges in FSB-1. These
strains were converted to stress by multiplying them by the elastic modulus for steel (29,000 ksi),
and results are shown in Figure 10-10. The strain and stress measurements for the GFRP
reinforcement in FSB-4 are shown in Figure 10-11 and Figure 10-12. The stress was calculated
using the GFRP elastic modulus from Table 10-1.

Figure 10-6. Instrumented type-4D reinforcement pairs at each specimen

Pair number (1)

Pair number (5)

CSD104<-~_ J _~-->CSD101 CSDI120<-~._ , J _~--=>CSD117
CSD102 €= ""'"'“"" = T CSD]]B <_.T_._.[_......_._-'/ - —_
P >CSD103 B >CSD119
Pair number (2) Pair number (6)
CSD108< -+~ ) ~---->CSD105 CSD124< -~ , ] _~=-->CSD121
CSD106 <[ = \ CSD122 <[ -
NS ~CSD107 B IS >CSD123
Pair number (3) Pair number (7)
CSD112<~, J _~—-->CSD109 CSDI128<-~. (7, , J ~==-->CSD125
CSD110 <Xz : — CSDI126 <—[ : S
R >CSD111 S >CSD127
Pair number (4) Pair number (8)
CSDI116<---~ ] ~-->CSD113 CSD132<--~_(, , J ~-=->CSD129
CSD114 <{ . CSD130 <—[ . b
L >CSDI115 et >CSD131

Figure 10-7. Strain gauge names at specimen FSB-1 (with carbon steel stirrups)
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Figure 10-12. Stress measurements in FSB-4 near dead end against the number of cut
strands

10.3.4 Interface and shear reinforcement instrumentation

The combined shear and shear interface resistance in the FSB is provided by the type 4K
reinforcement, extending through the full depth of the FSB and connecting the C-I-P topping to
the precast member. Each pair consisted of four U-shaped rebars forming two closed stirrups.
As shown in Figure 10-13, 40 pairs were uniformly spaced along the beam length, starting at 6.5
in. from the ends, with 8.5-in. spacing to the second pair, and 10-in. spacing for the remaining
pairs up to the mid-span. Strain gauges were used to monitor the level of strain in the rebars.
Three (3) sets of pairs were instrumented with four (4) strain gauges. Figure 10-13 shows the
type 4K reinforcement with the location of the instrumented set along the length of the member.
The location of the strain gauges on each set is further illustrated in Figure 10-14 for FSB-1 and

Figure 10-15 for FSB-4.

The provided reinforcement ratio in FSB-1 (with carbon steel) was 0.0042 in?/ft and in FSB-4
(with GFRP reinforcement) was 0.0051 in?/ft. The same longitudinal distribution was provided.
However, the reinforcement ratio is higher because the GFRP rebars have larger cross-sectional
areas (see Table 10-1). The interface between the C-1-P topping and FSB was roughened to an
amplitude of % in., as shown in Figure 10-16, to improve the bond strength.
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Figure 10-13. Instrumented type-4K rebar location
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Figure 10-14. Strain gauge locations in FSB-1
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Figure 10-16. Roughened interface surface after concrete casting

10.4

Experimental results

A four-point bending test setup was used for all specimens, as illustrated in Chapter 6. The load
was incrementally applied at two locations spaced 3 ft away from mid-span. Upon the
appearance of the first cracks at the bottom of the specimens, the test was temporarily halted and
unloaded. Cracks were marked, and then the specimens were reloaded. As the loading
increased, additional cracks formed and extended until they reached the interface joint (Figure
10-17). The cracks eventually merged with the joint and propagated deeper into the C-I-P
topping until failure occurred. Both specimens had flexural failure by concrete crushing in the

top flange (Figure 10-18).

132



(a) FSB-1 (Carbon steel stirrups) (b) FSB-4 (GFRP stirrups)
Figure 10-18. Failure mode of the two specimens

Both specimens exhibited similar flexural behavior with minor differences in the load-deflection
relationship as shown in Figure 10-19. This difference in behavior is mainly due to the different
concrete strengths of the C-I-P topping and FSB for the specimens. Although all specimens were
designed to have the same concrete strength, FSB-1 had a compressive strength of 6.22 ksi for
the C-I-P topping and 10.81 ksi for the FSB, while FSB-4 had compressive strengths of 7.11 ksi
and 11.91 ksi, respectively.
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Figure 10-19. Load-deflection curve

The ultimate load was 213.6 kips and 217.7 kips for FSB-1 and FSB-4, respectively. To
determine the horizontal shear force at the interface near the instrumented 4K stirrups, the shear
force and moment distribution at ultimate load along the length of the specimens were calculated
(Figure 10-20, Figure 10-21, Figure 10-22, and Figure 10-23). In Chapter 9, a flexural behavior
prediction model was introduced and verified. The analytical model used strain compatibility
and sectional analysis to find the stress distribution at the critical section, which is located at
mid-span. This model was adapted to calculate stress distribution and corresponding normal
forces at the section containing the instrumented 4K pairs (as shown in Figure 10-13).

The horizontal shear force was calculated from equilibrium of the section as illustrated in Figure
10-24. The neutral axis depth can be determined from the previously verified analytical model
as 7.313 in. for FSB-1 and 6.831 in. for FSB-4. If the neutral axis lies below the interface,
compressive forces develop in the C-I-P topping and the upper portion of the FSB, while tension
is resisted by the prestressing strands. The resultant horizontal shear force Vi balances these
internal forces at the interface. Additionally, the vertical shear force also generates horizontal
shear force at the interface. According to AASHTO (2024), this horizontal shear can be
calculated as the vertical shear divided by the effective depth (Figure 10-25). The total interface
horizontal shear force for each section is summarized in Table 10-3.
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Figure 10-21. Shear distribution diagram FSB-4
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Figure 10-22. FSB-1 bending moment distribution at ultimate
Distance (ft)
00 20 40 60 80 100 120 140 160 180 200 220 240 260 28.0 30.0 320 340
1800.0 . . . . r . . . . . . . . . . . .
16000 o == Selfweight moment
= = =DPoint loads moment
s s A0 2 S S ———— Total Moment
2 12000
=
< 1000.0
k
£ 8000
g
2 6000 i
]
[
M 4000 +
2000
00 - ’,_--——._—:--" i -----..__“_-_-
B @)+ 18— P P —26 32 —(38)
2000 - | f

Figure 10-23. FSB-4 bending moment distribution at ultimate
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Figure 10-24. Interface horizontal shear due to bending moment

Figure 10-25. Interface horizontal shear due to vertical shear
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Table 10-3. Horizontal shear value at instrumented pairs

Stirrup Distance | Vp-shear Total Vy

Specimen material Location (in.) (kips) dy (in.) (kips/in.)
FSB-1 Carbon steel | Pair 3 & 38 25 120.8 12.96 9.32
FSB-1 Carbon steel | Pair 9 & 32 85 116.3 12.96 8.97
FSB-1 Carbon steel | Pair 15 & 26 145 111.6 12.96 8.61
FSB-4 GFRP Pair 3 & 38 25 122.8 12.96 9.48
FSB-4 GFRP Pair 9 & 32 85 118.3 12.96 9.13
FSB-4 GFRP Pair 15 & 26 145 113.7 12.96 8.77

Strain measurements near the ends of the specimens (pairs 3 & 38) showed linear-elastic
behavior as shown in Figure 10-26. The strain measurements were low, indicating that the
reinforcement is not engaged, and these measurements are for concrete bond to the rebars near

(b) FSB-4 (GFRP)
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Figure 10-26. Strain measurements for pairs 3 & 38 in both specimens

Strain gauges at 85 in. from the ends (pairs 9 & 32) showed higher strain measurements with
similar behavior, except for FSB-4 (Figure 10-27). Some of the strain gauges showed a
significant change in slope of readings that might refer to cracking at the interface and
reinforcement starting to engage.

Near mid-span (pairs 15 & 26), the behavior changed notably. Initial strains were followed by a
jump in the strain value then a reversal in slope for both specimens, as shown in Figure 10-28.
This change might be due to localized failure in the interface.

To clarify the behavior of the interface reinforcement measurements in pairs 15 & 26, the gauges'
measurements before the reinforcement becomes effective are ignored. Figure 10-29 shows the
strains in the instrumented pairs beyond the slope change. These strains might to be due to the
separation in the interface prior to the flexural failure.
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(a) FSB-1 (carbon steel)

(b) FSB-4 (GFRP)
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Figure 10-27. Strain measurements for pairs 9 & 32 in both specimens
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Figure 10-28. Strain measurements for pairs 15 & 26 in both specimens
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Figure 10-29. Tensile strain measurements in pairs 15 & 26
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10.5 Design of transverse reinforcement

The transverse reinforcement design follows AASHTO LRFD (AASHTO, 2024) using the
sectional model to determine shear resistance at the critical sections along the member’s span.
This critical section is located at a distance equal to the effective depth from the support ends.
However, the shear calculation in this section includes only sections where strain gauges on 4K
pairs were provided (refer to Figure 10-13). AASHTO LRFD outlines two methods for
calculating shear resistance: a general procedure based on Modified Compression Field Theory
and the simplified method. Each is described in the sections that follow.

10.5.1 Nominal shear resistance — General procedure

Nominal shear resistance per AASHTO (2024) is determined by finding concrete resistance
using this expression:

V. = 0.0316pA/f. b, d, (Eq. 10.8)

where

V. = the nominal shear resistance of the concrete (kips),

B = a factor for cracked concrete ability to transfer tension and shear,

A = the concrete density modification factor (taken as 1.0 for normal-weight concrete),

b,, = the effective web width (taken as 47 in. for the FSB standard 12 in. x 48 in. section used in
the experimental program), and

d,, = the effective shear depth, calculated as the distance perpendicular to the neutral axis
between the tensile and compressive forces (in.).

The following expression can be used for fully prestressed flexural members:

My
d, = Yy
pslps

(Eq. 10.9)

where

M,, = the nominal flexural resistance,

Aps = the area of the prestressing steel strands (equal to 7.11 in? for both FSB-1 and FSB-4), and
fps = the average stress in the prestressing steel strands at nominal flexural resistance.

As an example, the effective depth is calculated for FSB-1 at 4K pairs located at a distance of 25
in. (pairs 3 and 38) as shown in Figure 10-13. From the analytical model based on strain
compatibility, the nominal flexural strength is 1365.2 kip-ft, with an average stress in the
prestressing strands of 195.34 ksi (the average of the two layers, 187.85 ksi and 202.84 ksi).
This results in an effective depth:

_ My _ 1365.2x12
Apsfps  7.11x195.34

dy

=118 in. (Eq. 10.10)
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The effective depth should not be less than the greater of 0.9d, and 0.72h:

__ ApsfpsdptAsfsds _ 3.555%187.85+13+3.555+202.84+15+0

de ApsfpstAsfy ~ 3.555%187.85+3.555%202.84+0 = 14.04in. (Eq. 10.11)
max(0.9d,,0.72h) = max(0.9(14.04),0.72(18))
= max(12.63 in., 12.96 in.) = 12.96 in. (Eq. 10.12)

Therefore, d,, is equal to 12.96 in.

The factor 3 can be calculated as per AASHTO LRFD as:

B = 4.8
(1+750¢5)

(Eq. 10.13)

where & is the net tensile strain at the centroid of the tensile reinforcement, calculated using the
expression:

M+0.5Nu+ Vu—Vp|—Apsfpo
 snititi) (Ba. 10,14

S EsAs+EpAps

where M,, is the factored moment at the section, taken as the applied moment at 25 in. from the
support that is equal to 135.1 kip-ft (refer to Table 10-3), N,, is the factored axial force, taken as
0 kips, and V,, is the factored shear force, taken as 120.8 kips (refer to Table 10-3).

The parameter f,, is found as the product of the strands’ elastic modulus and the locked-in strain
difference between the strands and surrounding concrete; this stress can be taken as the effective
stress in the strands prior to the flexural test; however, since the section is located within the
transfer length (typically it is 50d, but for design purposes it is taken as 60d, that is 36 in.), the
stress is conservatively:

0 = % . = 9 kSt q. 1VU.
o = o2+ 14248 = 98.9 ksi Eq. 10.15

[135.1+12] o
(B2l 04 1120.8-0| 7.11*98.9)

£ = = —0.0026 (in./in.) < 0 (Eq. 10.16)

0+24,000%7.11

Therefore ¢, = 0. Substitution into the expression for S:

48
(1+750%0)

B 4.8 (Eq. 10.17)

Now, the nominal shear resistance in the concrete is determined as:

V. = 0.0316BA/f. byd, = 0.0316 % 4.8 x 1« V10.81 * 47 » 12.96 = 303.8 kips  (Eq. 10.18)
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The shear resistance, provided by the transverse reinforcement for FSB-1 which had carbon steel
as the lateral reinforcement, is:

__ Apfydycoth
s

/4 (Eq. 10.19)
where

V, = shear resistance by transverse reinforcement (kips),

A, = the area of transverse reinforcement (in?) within distance s,

fy = yield stress for transverse reinforcement (ksi), and

0 = angle of inclination of diagonal compressive stresses.

The area of transverse reinforcement with distance s = 24 in. is the area of two (2) legs of type
4D reinforcement and eight (8) legs of four (4) pairs of 4K reinforcement, which constitute an
area of 0.2 * 10 = 2 in? for carbon steel.

The angle of inclination 0 is calculated using the following expression:
0 = 29 + 3500¢ (Eq. 10.20)
Therefore, 0 for FSB-1 is:

0 =29+ 3500&; = 29 + 3500 * 0 = 29 degrees (Eq. 10.21)

v, = 2*60*122.Z6C0t29 = 116.9 kips (Eq. 10.22)

The nominal shear resistance for FSB-1 is the lesser of:
Vo=V, +V+V,=3038+116.9 + 0 = 420.7 kips, and (Eq. 10.23)

V, = 0.25f/b,d,, +V}, = 0.25(10.81)(47)(12.96) + 0
= 1,644.1 kips > 420.7 kips (Eq. 10.24)

Therefore, the nominal shear strength for FSB-1 at a distance of 25 in. from the support is equal
to 420.7 kips.

The calculations were repeated for FSB-4 and pairs 3 and 38, which were also located 25 in.
from the ends. However, since the transverse reinforcement was GFRP, the shear resistance
calculation is according to AASHTO (2018).

The effective depth is similar to FSB-1, equal to 12.96 in. The £ factor is equal to 4.8. The
concrete resistance V. is equal to 318.9 k. To calculate the transverse reinforcement resistance
V%, the angle 6 is first found to be 29 degrees. The yield strength is replaced by the design tensile
strength for GFRP transverse reinforcement. As per AASHTO (2018), this value can be found
using the following expressions:
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frv = 0.004E; < f, (Eq. 10.25)
fro = (0052 +03) fra < fra (Eq. 10.26)

fra = Cefru (Eq. 10.27)

NCHRP project 12-121 recommends a value of 0.006E for fr,, while CSA S806:26 uses
0.005E;.
f

where

E; = the elastic tensile modulus for GFRP transverse reinforcement, reported by the
manufacturer as 7,667 ksi for No. 4 GFRP rebars,

frp = the design tensile strength of the bent portion of GFRP stirrups,

13, = the internal radius of GFRP rebars, equal to three times the rebar diameter, while it was 3 in.
as per design drawings,

dp, = GFRP rebar diameter, equal to 0.5 in. for No. 4 rebar,

Cy = the environmental factor taken as 1.0, as it is not applicable for testing, and

fru = the reported GFRP strength from the manufacturer, equal to 135.2 ksi found by dividing
the ultimate force by the cross-sectional area of rebar reported by the manufacturer (refer to
Table 10-1).

Substituting these values in the design tensile strength equations results in:

fra = 1.0 % 135.2 = 135.2 ksi (Eq. 10.28)
fr» = (005> +0.3)135.2 = 81.1 ksi < fy4 (or 81.1 ksi) (Eq. 10.29)
fro = 0.004 % 7,667 = 30.7 ksi < f, (Eq. 10.30)

NCHRP project 12-121 recommends this expression as:
frv = 0.006EF = 0.006 * 7,667 = 46.0 ksi < fz, (Eq. 10.31)

Substitution in the reinforcement shear resistance expression results in:

_ Afpfrrdycot®  2.47%30.7%12.96 xcot 29
- N - 24

Ve

= 73.9 kips (Eq. 10.32)

Per NCHRP project 12-121 recommendation, the value is:

_ Afpfrrdycot®  2.47x46.0¢12.96 xcot 29
- s - 24

v = 110.9 kips (Eq. 10.33)
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The nominal shear resistance is therefore the lesser of:

V, =V, + Vs +V, = 3189+ 73.9 + 0 = 392.7 kips, and (Eq. 10.34)
V, = 0.25f,b,d,, + V, = 0.25(11.912)(47)(12.96) + 0
= 1,814 kips > 392.7 kips (Eq. 10.35)

The nominal shear strength for FSB-4 at a distance of 25 in. from the support is equal to 392.7
kips.

Per NCHRP project 12-121, the nominal shear resistance is the lesser of:

Vo =V + Vs +V,=3189+ 1109 + 0 = 429.8 kips, and (Eq. 10.36)
V, = 0.25f/b,d,, +V,, = 0.25(11.912)(47)(12.96) + 0
= 1,814 kips > 429.8 kips (Eq. 10.37)

Per NCHRP project 12-121, the nominal shear strength for FSB-4 at a distance of 25 in. from the
support is equal to 429.8 kips.

Table 10-4 compares the nominal shear resistance calculated using the general method to the

applied shear at different locations along FSB-1 and FSB-4.

Table 10-4. Nominal shear resistance using the general method compared to applied

shear at different locations along FSB-1 and FSB-4

Specimen | Distance | Location | Applied | Applied Predicted Ratio of applied
from of 4K shear | moment nominal shear shear to nominal
support rebar (kips) (kip-ft) resistance shear resistance
(in.) pairs {NCHRP 12-121} | {NCHRP 12-121}
(kips)
FSB-1 25 3 and 38 120.8 135.1 420.7 0.29
FSB-1 85 9 and 32 116.3 723.2 420.7 0.28
FSB-1 145 15 and 26 111.6 1306.0 420.7 0.27
FSB-4 25 3 and 38 122.8 137.2 392.7 {429.8} 0.31 {0.29}
FSB-4 85 9 and 32 118.3 7354 392.7 {429.8} 0.30 {0.28}
FSB-4 145 15 and 26 113.7 1328.7 392.7 {429.8} 0.29 {0.26}

Note: Values in brackets {} are calculated per NCHRP project 12-121 recommendation.

10.5.2

The simplified method is similar to the general method except that the value of f = 2 and 6 =
45 degrees. Substituting these values, the shear resistance of concrete for FSB-1 is:

Nominal shear resistance — Simplified method

V. = 0.03168M\/f, byd, = 0.0316 * 2 * /10.81 * 47 * 12.96 = 126.6 kips (Eq. 10.38)
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and for FSB-4 is:

V. = 0.03168M/f. byd, = 0.0316 * 2 % VI1.912 47 * 12.96 = 132.9 kips

(Eq. 10.39)

Substituting the 0 value in the reinforcement shear resistance expression results in:

__ Apfydycot® _ 2x60%12.96 cot 45
N 24

Vs = 64.8 kips
__ Afpfrodycot®  2.47%30.7%12.96 xcot 45
o s o 24

Ve

= 40.9 kips
The nominal resistance for FSB-1 is:

Vo=V + Vs +V,=126.6 +64.8+ 0 = 191.4 kips
and for FSB-4 is:

Vo=V +Ve+V,=1329+409+ 0 = 173.8 kips

Or per NCHRP project 12-121, V,, = 194.2 kips.

(Eq. 10.40)

(Eq. 10.41)

(Eq. 10.42)

(Eq. 10.43)

(Eq. 10.44)

Table 10-5 compares the nominal shear resistance calculated using the simplified method to the
applied shear at different locations along FSB-1 and FSB-4.

Table 10-5. Nominal shear resistance using the simplified method compared to the
applied shear at different locations along FSB-1 and FSB-4

Specimen | Distance | Location | Applied | Applied Predicted Ratio of applied
from of 4K shear | moment nominal shear shear to nominal
support rebar (kips) | (kip-ft) resistance shear resistance
(in.) pairs {NCHRP 12-121} | {NCHRP 12-121}
(kips)
FSB-1 25 3 and 38 120.8 135.1 191.4 0.63
FSB-1 85 9 and 32 116.3 723.2 191.4 0.61
FSB-1 145 15 and 26 111.6 1306.0 191.4 0.58
FSB-4 25 3 and 38 122.8 137.2 173.8 {194.2} 0.71 {0.63}
FSB-4 85 9 and 32 118.3 735.4 173.8 {194.2} 0.68 {0.61}
FSB-4 145 15 and 26 113.7 1328.7 173.8 {194.2} 0.65 {0.59}

Note: Values in brackets {} are calculated per NCHRP project 12-121 recommendation.

10.6

Required transverse reinforcement

AASHTO (2024) requires transverse reinforcement in regions where the following expression is

satisfied:

V> 05 (V, + 1)

(Eq. 10.45)
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where
I}, = factored shear force, and
¢ = resistance factor equal to 0.9 for a prestressed concrete section.

The value of V,, will be replaced by the maximum shear measured during experimental tests. The
maximum shear for FSB-1 was 121.7 kips, while FSB-4 was 123.7 kips. The maximum shear is
compared using the above expression, for FSB-1:

V, =121.7 > 0.5 (0.9)(126.6 + 0) = 56.97 kips (Eq. 10.46)
and for FSB-4:

V, =123.7 > 0.5 (0.9)(132.9 + 0) = 59.8 kips (Eq. 10.47)
The expression is satisfied; therefore, the section has regions that require transverse

reinforcement. In case the region does not require any transverse reinforcement, minimum
reinforcement can be provided. The minimum reinforcement area must satisfy the following:

A, > 0.0316 A f;% (Eq. 10.48)
y

For FSB-1:

A, > 0.0316 (1)v/10.81 = 476*024 = 1.95in? < 2 in? (provided reinforcement) (Eq. 10.49)

For GFRP reinforcement, the AASHTO (2018) requirements are to satisfy the following
expression:

bys _ 0.05 * 4724
frv 30.7

A, = 0.05 = 1.84 in? < 2 in? (provided reinforcement) (Eq. 10.50)

Per NCHRP project 12-121, the value is:

by S 47%24
Y~ = (.05 *

A, = 0.05
frv 46.0

= 1.23 in? < 2 in? (provided reinforcement) (Eq. 10.51)

10.7 Pretensioned anchorage zone

This section presents the calculations used to determine the splitting resistance of the anchorage
zone in accordance with AASHTO LRFD Bridge Design Specifications (AASHTO, 2024) and
FDOT Structures Design Guidelines (FDOT, 2026b). The experimental program utilized the
design provisions developed for carbon steel reinforcement because no established design
guidelines were available for GFRP reinforcement in pretensioned anchorage zones.

AASHTO requires the anchorage reinforcement located within a distance of d/4 from the end of
the member to be designed using a reinforcement stress not exceeding 20 ksi. The parameter d is
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defined as the overall dimension of the precast member in the direction in which splitting
resistance is being evaluated. For the FSB, the member width is greater than its depth, and
splitting cracks are expected to develop in the horizontal direction, on the top or bottom surfaces
of the member. Therefore, d is taken as the width of the member.

For the FSB specimens used in this study, the member width is 48 in.; therefore, the anchorage
reinforcement considered in the splitting resistance calculation is located within a distance of 12
in. The reinforcement located within this region consists of four pairs of Type D reinforcement,
with each pair providing two legs, and three No. 5 U-shaped bars placed at the end zone
according to the FDOT standard plans. Each U-shaped bar contributes one leg to the splitting
resistance. The total reinforcement area contributing to splitting resistance is:

As = 3(0.31) + 8(0.20) = 2.53 in.? (Eq. 10.52)
The splitting resistance provided by this reinforcement is:
P.=f,*A; =20 % 2.53 = 50.6 kips (Eq. 10.53)

According to AASHTO, the anchorage reinforcement is required to resist 4% of the initial
bonded prestressing force. Each strand was stressed to 38.8 kips, and a total of 30 bonded
strands were provided. Therefore, the required splitting resistance is:

Pspiitting = 0.04(38.8)(30) = 46.6 kips (Eq. 10.54)

Because the available splitting resistance exceeds the required resistance, the provided anchorage
reinforcement satisfies the AASHTO splitting resistance requirement.

10.8 Horizontal shear

Mattock (1974) suggested that a minimum reinforcement ratio should provide at least 0.2 ksi
clamping stress for carbon steel rebar. This ensures that the stirrups provide extra shear strength
beyond the cracking load at the interface region. With 60 ksi bar stress, this ratio is around
0.30%, much higher than the current AASHTO minimum.

GFRP rebar differs from carbon steel rebar because of their mechanical properties and lower (>
22 ksi) transverse shear capacity, which means the usual amount of reinforcement needed for
steel bars does not apply. According to a study by Alkatan (2016), a minimum interface
reinforcement ratio of 0.405% is necessary to activate GFRP rebars beyond the point where they
start cracking. Since GFRP does not have a yield point, the authors suggested using the
reinforcement stiffness (Ep), calculated by multiplying the elastic modulus () and the
reinforcement ratio (p), to establish requirements. A stiffness of at least 29.44 ksi was
recommended based on a modulus of 7,252 ksi. If the modulus is lower, the reinforcement ratio
must be higher. Alkatan (2016) also determined a minimum clamping stress of 0.148 ksi to
utilize GFRP shear stirrups and improve shear strength after cracking, with a maximum strain of
about 5,000 micro-strains at the point of failure. The provided reinforcement ratio is 0.51%, as
previously stated, while the elastic modulus for rebar, 7,667 ksi, refers to Table 10-1. Therefore,
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the GFRP reinforcement provided is higher than the minimum reinforcement that Alkatan
recommended.

The current NCHRP 12-121 project proposes an expression to determine the horizontal shear
resistance provided by GFRP transverse reinforcement. The expression is similar to AASHTO
(2024), except it limits the strain in GFRP to 0.002. This limit is provided based on push-off
tests performed in the project’s experimental program.

AASHTO (2018), section 5.7.4, was used to calculate the shear capacity for carbon steel and
GFRP reinforcements. The nominal interface strength (Vni) was calculated using equation
5.7.4.3-3. The cohesion factor c is 0.24 ksi for roughened concrete to concrete with a 1/4”
amplitude interface. The friction factor u of 1.0 was used. The area of interface A, per unit ft
was calculated using interface width b,,; of 34 in. and length of 12 in. Across each ft, typically,
the reinforcement area provided for carbon steel is 1.6 in?/ft. In contrast, GFRP was 1.976 in?/ft.
The permanent force P. was calculated from the self-weight of the C-I-P topping as 0.314 kip/ft.
The reinforcement yield stress f,, of 60 ksi was used for the carbon steel rebar. However, GFRP
reinforcement does not yield, so the design tensile strength was used instead (AASHTO, 2018).
The design tensile strength per section 2.4.2 in the AASHTO (2018) for GFRP-reinforced
concrete is calculated as the product of the environmental reduction factor of Cy equal to 0.7 for
long term and the reported tensile strength from the manufacturer, as provided in Table 10-1.
The design tensile strength used for interface calculations was 94.66 ksi. The interface capacity
is also calculated per ACI Committee 318 (2025) by multiplying the yield strength of carbon
steel (60 ksi) by the area of provided interface reinforcement, by a coefficient of friction factor
taken as 1.0 for the roughened concrete interface. Because ACI-440.11-2 is based on ACI 318
(ACI Committee 318, 2025) design approach, it does not include a cohesion factor or any
expression for the shear interface strength of GFRP due to insufficient research data.

10.8.1 AASHTO LRFD provision

AASHTO LRFD Bridge Design Specification (AASHTO, 2024) uses a shear-friction model.
The model involves three parameters: interface roughness; normal clamping force in the
reinforcement; and dowel action from reinforcement across the interface. The interface shear
capacity is calculated from equation 5.7.4.3-3 in AASHTO LRFD Article 5.7.4:

Vni = CAgy + M(Afvfy + FP) (Eq. 10.55)

where

V,i = the nominal interface shear capacity (kips),

¢ = a cohesion factor,

A, = the area of concrete that contributes to interface shear (in?),
u = the factor account for friction,

Ap, = the interface shear reinforcement area (in?),

fy = reinforcement yield stress (ksi), and

P. = the permanent normal force to the interface plane (kips).
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For GFRP reinforcement, AASHTO (2018) for GFRP-reinforced concrete was used to calculate
the capacity for specimens with GFRP reinforcement. This specification used expressions
similar to those of carbon steel; however, the tensile design strength of GFRP instead of yield
strength was used. Recently, NCHRP project 12-121 proposed the following equation to
calculate the interface shear strength:

Vii = cAgy + 0.002uAp, Ef (Eq. 10.56)
10.8.2 Canadian CSA provision

The Canadian code also uses a shear-friction model similar to AASHTO. The model assumes a
crack occurs in the plane of the interface. Along the rough interface, the crack separation force
will cause cracks to widen, causing tensile stresses in the reinforcement across the plane, as
shown in Figure 10-30. These stresses are resisted by compressive stress in the concrete across
the crack.

Formation of separation crack Free body diagram with interface forces
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Figure 10-30. Interface friction model used by CSA S6:25

The capacity of interface shear can be calculated per 8.9.5 in the Canadian code CSA S6:25:
ni = ¢c(c+po) (Eq. 10.57)

Avf
Lt o (Eq. 10.58)

cv

where
¢ = resistance factor for concrete taken as 0.75,
¢ = the cohesion factor taken as 72.5 psi for roughened concrete,
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u = friction coefficient taken as 1.0, and
o = the compressive stress across the interface.

The Canadian code uses a similar expression for GFRP; however, the only difference is the yield
strength f,,. GFRP is calculated as 0.004 strain multiplied by the elastic modulus.

10.8.3 ACI 318-25 code provision

The ACI 318 code (ACI Committee 318, 2025) uses the shear friction method to predict the
shear interface capacity. The nominal interface capacity in ACI 318 can be calculated using
equation 22.9.4.2:

Vii = tAnrf, (Eq. 10.59)

where p is the coefficient of friction that is taken as 1.0 for the roughened interface.

10.9 Results comparison against code

10.9.1 Vertical shear

The applied vertical shear for FSB-1 and FSB-4 reached about 28% and 30% of the nominal
shear capacity, respectively. The measured strains in the transverse reinforcement were lower
than 1 ksi for pairs located at 25 in. from the member end, 1.6 ksi at 85 in. from the member end,
and 1.4 ksi at 145 in. from the member end. The reason is that the concrete alone resists the
applied shear. However, as shown in Figure 10-31, Figure 10-32, and Figure 10-33, the stress in
the GFRP is significantly lower than that in the carbon steel likely due to lower stiffness. Even
though the measured strains are comparable, refer to Figure 10-26, Figure 10-27, and Figure 10-
28. This is due to the lower elastic modulus for GFRP, 7667 ksi, compared to carbon steel's
elastic modulus, about 29,000 ksi. This lower stress means a lower contribution in shear force,
with about 26% in the elastic limit range.

(a) FSB-1 (carbon steel) (b) FSB-4 (GFRP)
0.6 0.6
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0.5 ——(CSK104 0.5 —GFK404
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2 03 2 03
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0.2 02 /
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Figure 10-31. Shear stress in 4K reinforcement located 25 in. from the end for (1)
Carbon steel and (2) GFRP
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(a) FSB-1 (carbon steel) (b) FSB-4 (GFRP)
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Figure 10-32. Shear stress in 4K reinforcement located 85 in. from the end for (1)
Carbon steel and (2) GFRP
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Figure 10-33. Shear stress in 4K reinforcement located 145 in. from the end for
(1) Carbon steel and (2) GFRP
10.9.2 Interface shear

Table 10-6 reports the shear strength capacity for the specimens based on AASHTO, ACI 318-
25, and CSA S6:25 and the test value measured.

Table 10-6. Calculated shear interface capacities and test value

Stirr Test AASHTO | AASHTO ACI ACI CSA CSA
m; te;;gl value Nominal Strength Nominal | Strength | Nominal | Strength
(kips/ft) (kips/ft) (kips/ft) (kips/ft) (kips/ft) (kips/ft) (kips/ft)
c:; l:l’“ 111.84 239.9 203.9 132.4 99.3 160.2 120.2
405.0 303.7
GFRP 113.76 (144.3) (108.2) - - 95.7 71.8

Note: Values in parentheses () are calculated as per NCHRP project 12-121 recommendation.
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According to AASHTO, the carbon steel reinforcement at the interface will fail when the rebar
reaches its yield stress. The yield stress for ASTM A615 Grade 60 rebar is 60 ksi. The
measured stress at ultimate load capacity was less than 20% of its yield capacity, as shown in
Figure 10-34. However, for GFRP, according to AASHTO (2018), the reinforcement will fail
when the rebar reaches its design tensile strength. The design tensile strength is obtained by
multiplying the reported tensile strength (135.22 ksi) from the manufacturer by the
environmental factor of 0.7 for concrete exposed to weather. However, for testing comparison,
this value is assumed equal to 1.0. The measured stress during the tests was less than 4% of the
design strength (Figure 10-34).

(a) FSB-1 (carbon steel) (b) FSB-4 (GFRP)
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Figure 10-34. Comparison of measured stress level with capacity of rebars plotted
against the applied shear load

10.9.3 Anchorage zone

This section compares the measured strains in the anchorage-zone reinforcement to the
requirements of AASHTO (2024). In addition, the recommendations of NCHRP project 12-121
for GFRP reinforcement in pretensioned anchorage zones are evaluated and compared with the
experimental results for GFRP reinforcement.

The measured strains in the anchorage-zone reinforcement of FSB-1 (carbon steel reinforcement)
and FSB-4 (GFRP reinforcement) are shown in Figure 10-35. The measured strains were
relatively similar for both specimens and remained below 150 microstrain (in./in.) throughout
prestress transfer.

AASHTO limits the stress in transverse reinforcement located within a distance of d/4 from the
member end to 20 ksi. However, NCHRP project 12-121 recommends using the same stress
limit of 20 ksi while increasing the required splitting resistance from 4% to 12% of the initial
bonded prestressing force. Furthermore, the reinforcement considered in resisting splitting
forces is extended from a distance of d/4 to 3d/4 from the member end. For the FSB section used
in this study, the member width is 48 in.; therefore, the reinforcement considered according to
the NCHRP recommendation is located within a distance of 36 in. Within this distance, the
reinforcement contributing to splitting resistance consists of five pairs of Type D reinforcement
(10 legs) and three No. 5 U-shaped bars located at the end zone.
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Figure 10-35. Strain measurement comparison for GFRP and carbon steel
reinforcements in the anchorage zone

The total reinforcement area is:

Ay =10(0.20) +3(0.31) = 2.93 in.2

(Eq. 10.60)

Using the NCHRP recommended stress limit of 20 ksi, the available splitting resistance is:

B. = fr x Ay = 20 x 2.93 = 58.6 kips

(Eq. 10.61)

The NCHRP 12-121 recommendation requires the anchorage reinforcement to resist 12% of the
initial bonded prestressing force. Each strand was stressed to 38.8 kips, and a total of 30 bonded
strands were provided. Therefore, the required splitting resistance is:

(Eq. 10.62)

Therefore, the provided reinforcement does not satisfy the splitting-resistance requirement
proposed by NCHRP project 12-121. To satisfy this requirement for the FSB section
investigated in this study, a total of 16 pairs of Type D reinforcement, instead of 4 for carbon
steel, would be required within the first 36 in. from the member end, corresponding to an average
spacing of approximately 2.25 in.

Despite not meeting the recommended NCHRP 12-121 resistance requirement, the measured
stresses in both specimens remained significantly below the allowable stress limit of 20 ksi. The
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maximum measured stress in the carbon steel reinforcement of FSB-1 was less than 5 ksi, while
the maximum measured stress in the GFRP reinforcement of FSB-4 was less than 1.2 ksi. These
values correspond to approximately 25% and 6% of the allowable stress limit, respectively.
Furthermore, both FSB-1 and FSB-4 exhibited no visible cracking or damage in the anchorage
zone during prestress transfer, despite sudden rupture of the strands at the free strands near End 8
and End 1, as shown in Figure 10-36 and Figure 10-37. These observations suggest that the
NCHRP recommendations may be conservative for the FSB section investigated in this study.

: Figﬁre 170»-37 . End 8 in FSB-4 immediately after strands release
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10.10 Summary and conclusions

The FSB transverse reinforcement is required to resist three types of shear forces: vertical shear;
horizontal shear; and splitting force at the anchorage zone. AASHTO LRFD provides two
methods to calculate vertical shear resistance for carbon steel transverse reinforcement and uses
similar expressions for GFRP rebars. For horizontal shear, AASHTO LRFD has a similar
expression for interface shear resistance for carbon steel and GFRP. The AASHTO anchorage
zone requirements are limited to a tensile stress level in reinforcement applicable for carbon steel
reinforcement, which might not be appropriate for GFRP rebars.

The experimental program used two specimens, one of which served as a control specimen, FSB-
1, that had carbon steel rebar as transverse reinforcement, and the other specimen, FSB-4, which
had GFRP rebars as transverse reinforcement. The specimens failed in flexure by crushing of
concrete at the top. Because both specimens failed in flexure, this should not be interpreted as
GFRP and carbon steel reinforcement having equivalent shear or interface shear capacity.

The applied vertical shear was less than 28% of the concrete shear resistance for FSB-1 and 30%
for FSB-4. The measured strains in the GFRP and carbon steel reinforcement showed
insignificant values, except in the instrumented K-pairs located close to the constant moment
region, suggesting that these strain measurements are due to horizontal shear at the interface
between the FSB and C-I-P topping approaching flexural resistance limits.

The anchorage-zone reinforcement strains were monitored during strand release in the casting
yard. The provided end-zone reinforcement for both specimens satisfied the AASHTO LRFD
Bridge Design Specifications (AASHTO, 2024) for carbon steel reinforcement, as no specific
GFRP provisions were available at the time of the experimental program. The measured strains
in both specimens were comparable and remained below the 20 ksi stress limit; however, the
GFRP reinforcement developed lower stresses due to its lower elastic modulus compared to
steel. When evaluated using the more recent NCHRP project 12-121 recommendations, the
designed GFRP reinforcement is not fully satisfactory in terms of the required splitting
resistance. Despite this, the measured stresses in the GFRP reinforcement remained low, and no
cracks or damage were observed in FSB-4, even after the impact associated with sudden strand
rupture during detensioning. These observations suggest that the NCHRP project 12-121
recommendations may be conservative for the FSB section considered in this study.

Limited standards currently address the use of GFRP as shear-interface reinforcement; however,
additional guidance is expected upon publication of the final NCHRP Project 12-121 report.
Currently, AASHTO LRFD Bridge Design Specifications are recommended to deal with GFRP
similarly to carbon steel. Based on that, the GFRP interface capacity was higher than the carbon
steel interface capacity at 68.6%; the reinforcement ratio of carbon steel was lower than that of
GFRP at 17.6%. Per the current AASHTO Bridge Design Specifications for GFRP-reinforced
concrete (AASHTO, 2018), interface strength is unconservative compared to the equation
proposed by NCHRP Project 12-121. The Canadian standard CSA S6:25 GFRP interface
capacity prediction was lower than the interface horizontal shear measured during the tests.
Besides that, the measured strain in the GFRP rebars is still lower than 4% of the design tensile
strain. This means that the CSA S6:25 expression is conservative for the studied case.
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The GFRP strain levels under the relatively same horizontal shear force are similar to the carbon
steel rebars (Figure 10-29). This suggests that GFRP reinforcement works similarly to carbon
steel rebar under service loads.
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Materials:

Concrete:
Assumptions:

1-
2-

K; for calculation of modulus of elasticity is equal (K; = 1.0).
Unit weight of normal weight of concrete for the beam and deck (LRFD Table 3.5.1-1):
We peam = 0.14 + 0.001f/ = 0.14 + 0.001 * 8.5 = 0.1485 kcf
Wesiap = 0.145 kcf since f; = 4.5 ksi < 5.0 ksi
Unit weight of reinforced concrete for applied loads calculation:
Ybeam = Wepeam T 0.005 = 0.1535 kcf
Ysiab = Wesiap T+ 0.005 = 0.150 kcf
Table 1.4.2.1 specify concrete cover a 3” cover will be used.
For prestressed concrete Class VI is chosen (SDG table 1.4.3.1) f/ = 8.5 ksi.
For concrete bridge deck Class Il is chosen (SDG table 1.4.3.1) f/ = 4.5 ksi .
The design value of f,; = 0.8f, = 6.8 ksi.
Modulus of elasticity:
At final:
E¢peam = 120,000 K;wZO£/%%% = 120,000 * 1 * 0.1485% + 8.5%33 = 5362.2 ksi
At transfer:
Egipeam = 120,000 Kyw20£/%% = 120,000 * 1 * 0.14852 * 6.8%33 = 4981.5 ksi
For deck:
Eggiap = 120,000 K;w20f; %% = 120,000 * 1 0.1452 * 4.5°33 = 4144.5 ksi

Carbon steel reinforcement rebar:
ASTM A615, Grade 60 deformed carbon-steel bar

Stainless steel strands:
Stainless steel strands are the choice for bridges located in splash zone, and harsh environments, (SDG

43.1.A.2).

1- Stainless steel type ASTM A1114 grade 240 low relaxation with straight configuration is used.

2-  Modulus of elasticity of (Eps = 24,000 ksi).
3- Rupture strand failure is ¢, = 0.014 for extreme strand layer.
4-  Area of strand = 0.231 in?

Glass Fiber Reinforced Polymer (GFRP) Reinforcing Bars:

the rebars shall meet ASTM D7957.
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Section properties:

Table A1-1. Section properties for Florida slab beam specimen

Gross:

Transformed section at release (30 strands:

Transformed section after losses (30 strands):

Composite transformed section (30 strands):

Value Unit
Beam width 4 ft
Area 473.76 in?
Perimeter 114.33 in
Ixx 5,772 in*
yt 6.43 in
yb 5.57 in
Strands eccentricitye | 1.57 in
Value Unit
Area 500 in2
Modular ratio npi 4.82
Ixx 5,829 in*
yt 6.41 in
yb 5.59 in
Strands eccentricitye | 1.59 in
Value Unit
Area 497.9 in2
Modular ratio np 4.48
Ixx 5,829 in*
yt 6.51 in
vb 5.49 in
Strands eccentricity e | 1.49 in
Value Unit
Area 797 in?
Modular rationl | 4.48
Modular ration2 | 0.78
Ixx 20902 in*
yt 9.59 in
yb 8.41 in
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Applied loads and moments:

Self-weight dead load:

Beam self-weight:

74_051 k
144 777 ft

Wp = Ypeam * Ag = 0.1535 *

Superimposed (deck) dead load:
Topping self-weight:
Atopping = 6 * 48 + 8% 6 * 2 = 384 in?
k

WD = Vslab * Atopp[ng = 0150 * m = 04 ﬁ
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Prestressing force and losses:

Jacking:

The SDG is specifying maximum steel stress immediately prior to transfer f,,,, = 0.65f,,, for this project

fope = 0.7y, as modifications to monitor the behavior of HSSS strands during fabrication and load testing.

fpj = 0.7 x 240 = 168 ksi
Initial prestressing (prestressing at transfer):
Estimating elastic shortening (LRFD 5.9.3.2.3a):
Using trial and error to find elastic shortening (last loop is illustrated below):
Afpps = —11.33 ksi
fpi = fpj + Afpes = 168 — 11.33 = 156.67 ksi
P; = fpjAps = 156.67 % 6.93 = 1085.7 kips < 1240 kips O0.K.

foon = — P;  Ppe? n Mg+e _ _ 10857  1085.7+159 n 73412 _ 2352 ksi
cgp Atrans  ltrans  Iltrans 500 5829 5829

E 24000 .
AprS = E_p_fcgp = m x 2.352 = —11.33 ksi

cl

fpi = fpj + Afpps = 168 — 11.33 = 156.67 ksi  the assumption is valid.
Losses:
Approximate estimate time dependent losses (LRDF 5.9.3.3):
Assuming the relative humdity H = 75%

yn =17 —-0.01H = 1.7 — 0.01 * 75 = 0.95

B B
Vst T 1Y T 1+68
Afyp = 2.4 ksi
f»jA
Afprr = 10.0=2==yyyse + 12.07n¥se + Mg
g
168 * 6.92 ,
=10 = 2737 0.95%0.64 + 12 % 0.95 % 0.64 + 2.4 = —24.6 ksi

Final prestressing:
foe = foj + Afpps+= 168 — 11.33 — 24.6 = 143.4 ksi

Transfer length:
Ly =60+d, =60%*0.62=372in=31ft
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Figure A1-1. Prestressing force distribution

Stress check:

At release:
For gross section:

P; = fpi x Aps = 156.67 x 6.93 = 1085.7 k
Moments’ calculations
Moment due to self-weight at mid span:
L =34 ft thebeam length is taken as length of span.
wp.L?  0.51 = 342
MD = =
8 8

Moment due to prestressing at mid span:

=7301k—ft=876.14k —in

Mp; = P; x e, = 1085.7 * 1.57 = 1704.6 k — in
Stress check at Mid-span:

e At transfer:

P, | Mpi—M 10857 | 1704.6-876.14 . .
Top: f; = -+ + "2 =— + = —1.37 ksi (compression)
Ay St 474 897.7
P; Mp—M; 1085.7 876.14—1704.6 . .
Bottom: f, = —— + E=— + = —3.09 ksi (compression)
Ay Sh 474 1036.3
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Figure A1-2. Stress distribution at release

For transformed section:

The elastic shortening can be assumed = 0 when using transformed section properties (LRDF 5.9.3.2.3a):

P = fpi * Aps = 168 6,93 = 1164.24 k
Moments’ calculations
Moment due to prestressing at mid span:
Mp; = P; * €trans = 1164.24 x 1.47 = 17114 k — in
Stress check at Mid-span:

e At transfer:

P; Mpi—Mp 1164.24 1711.4—-876.14
Top: fy = ——+— = -
4, St 500.2 892
P; Mp—My; 1164.24 876.14—1711.4
Bottom: f, = ——+ L= =
Ay Sh 500.2 1066

After losses:
For transformed section:

P, = fpe ¥ Aps = 143.4 % 6.93 = 993.76 k
Moments’ calculations
Moment due to prestressing at mid span:

Mp, = P, * €trqns = 993.76 * 1.47 = 1460.8 k — in
Stress check at Mid-span:

e At transfer:

= —1.39 ksi (compression)

= —3.11 ksi (compression)
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P, Mpo—M 993.76 1460.8—876.14 . .
Top: f; = — S+ 22 = — + = —1.33 ksi (compression)
4, St 500.2 892

Pe | Mp-M 993.76 , 876.14—1460.8 . .
Bottom: fj, = — =+ 2= + = —2.54 ksi (compression)
g

Sp 500.2 1066

450 ,
4.00
3.50
3.00 ~~-<
2.50 /

2.00
1.50 /
100 | /
0.50 |,

0.00 >
-0.500.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

Stress (ksi)

<

-1.00 \
Location (ft)

Tension limit Service Il

Top stress = = = Bottom stress Compression limit Service la

Figure A1-3. Stress distribution after losses

Changing support condition:

Moments’ calculations

Moment due to self-weight at mid span after the support and the distance is (1ft) from the edge for both
side:

l =32 ft clear span between supports

At mid-section:

my = (2 JEY 20505 (10 320Y  sok— o= 77265k — in
2 2 2 2

After applying topping:

Moment due to topping self-weight at mid span:

l=32ft
Wp topping 2 lz 0.4 P 322 )
MD,topping =T C —Z =7 1 _T = Slk—ft: 612k —in
Stress check at Mid-span:
e At transfer:

Cf _ _Pe Mpe=Mp _ 99376  14608-612-77265 _ _ . .
Top: f; = A, + S ooz + 593 1.90 ksi (compression)
Bottom: f, = — & 4 -2 Mpe 99376 | S12HTT205°14008 _ ) 16 ksi (compression)

Ag Sp 500.2 1066
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450 ,

4.00

3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Stress (ksi)

-
-
/ e

-0.500-

DO 5.00 10.00 15.00 20.00 25.00 30.00

-1.00 \

At service

<

Location (ft)

Tension limit Service llI

Top stress = = = Bottom stress Compression limit Service la

Figure A1-4. Stress distribution at service I1I

Moments’ calculations

Moment due to self-weight at mid span:

M,, = 18333 k — ft = 2,199.96 k — in
MS”I = 2,19996 * (0.8 = 1,760 k—in

Stress check at Mid-span:

e At transfer:

Top: f; = —1.90 — M:Zi =-1.90 - % = —2.71 ksi (compression)
t
Bottom: f;, = —2.06 + @ = —2.06 + % = —1.35 ksi (compression)
b
2.77 ksi
1.37 ksi 1.32 ksi 1.89 ksi 1.81ksi \/
7 - ; 220ksi |
313ksi |/ 257ksi |/ 2.08 ksi 1.37 ksi
At release After losses After applying Service load
topping

Figure A1-5. Stress distribution at mid span
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Section capacity:

Flexural capacity:
FSB-1 and FSB-4 (30 strands):
Strain due to effective prestress fpe:

_ fpe _ 1434

Pe " Eps 24,000

= 0.005975

81:5‘

Strain at decompression:

2 I _ 5829

= =12.18
Ac  473.76

r

For first bottom layer (distance=3" from member bottom):

e — g P, |, Pee _ 99376 993.76%0.492
2 7 ©decomp T up. U JE. T 497.9+5362.2 @ 5829453622

—0.00038

Stress increment due to overload beyond the decompression:

(d - C) 0,003+ 2 =809 _ 400182
= _ ) = % — —
&= feu (T : 8.09 :
Epl = 81 + 82 + 83 = 000742
Fost = Epsep [0.06 + ——22 | =
[1+(101ep)6'45]6'45
0.94 ,
24000 * 0.00742 |0.06 + —| = 174.4 kips
[1+ (101 * 0.00742)645]645

For 2" bottom layer (distance=5" from member bottom):

P, | Pee _ 99376 993.76%2.49% _

&, =¢ == = —0.00057
2 decomp = g U IE. T 497.9+5362.2 = 5829%5362.2

Stress increment due to overload beyond the decompression:

—C) 0,003 « 22899 _ 0 50256
= . * = .
8.09

&3 = 5cu(

& =& + & + & =0.00796

1-0.06
fos = Epsép [0.06 + —222% I =
[1+(1018,)°*°]**°
0.94
24000 * 0.00796 10.06 + | = 185.2 kips
[1+ (101 % 0.00796)645]6.45

T = Ay fps = 15 % 0.231  (174.4 + 185.2) = 1,245.9 kips
M,, = 1096.32 kip — ft
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Table A1-2. Calculated design stresses in Florida slab beams

FSB-1 FSB-2 FSB-3 FSB-4
Number of strands 30 22 14 30
Stress check
Top (ksi) 1.39 0.94 0.75 1.39
At release .
Bottom (ksi) 3.11 2.40 1.43 3.11
Top (ksi) 1.32 0.95 0.78 1.32
After losses B ksi
ottom (ksi) 2.57 1.94 111 2.57
Top (ksi) 2.20 1.82 1.65 2.20
At service .
Bottom (ksi) 1.37 0.74 -0.1 1.37
Capacity of the section (kips-ft) 1496 3 990.0 788.2 1096.3
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o= ——|

- ==

Figure A1-6. Shear and bending moment diagrams for concentrated force in test setup

13 ft

84.3 kip

V, = 84.3 kip
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Figure A1-7. Shear and bending moment diagrams for self-weight of the member

Wheam = 0.51 kip/ft
Wpeck = 0.41 kip/ft

W = Wpeam + Wpeer = 0.41 + 0.51 = 0.92 ’;Lf

M, =W m N 2095 (12 32N L o105 kip— gt
a=2\¢ T )T 4 )" : ip=f
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150.00

Shear due to self-
weight

Shear due to
concentrated load

100.00

T
o
o
S

0.00

Shear force (kips)

-50.00

-100.00

-150.00 Location (ft)

Figure A1-8. Shear diagram for self-weight, concentrated load and combination

V, = 98.1 kip
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Shear capacity (LRFD 5.7.3.3):
The effective depth as per (LRFD 5.7.2.8):

M, _ 1097.95
Apsfps 12521

d, =

= 0.877 ft =10.52 in

do=d,=18—4=14in

09d, =09+14 =1261in

min (d,) = Greater of { 0.72h = 0.72 * 18 = 12.96 in

Then:
d,=12.6in

The effective web width (LRFD 5.7.2.8):
b, =48 in

Minimum transverse reinforcement assuming spacing is 10in (LRFD 5.7.2.5):

48%10
60

A, =0.03164 ﬁ.bf_ =0.0316 * (1) * V85 x
y

Providing #4 carbon steel rebars stirrups with 4 legs:
A, =4%0.2=08in*>> A, i, = 0.737 in?
The shear stress on concrete (LRFD 5.7.2.8):
@ = 0.9 (LRFD Article 5.5.4.2)
% - oV,

Y= Tob.d,

_| 98.1 — 0
Vu = 109+48+126

Since v, < 0.125f, = 1.0625 maximum spacing (LRFD 5.7.2.6):

0.8d, = 10.08
24in

The nominal Shear resistance (LRFD equation. 5.7.3.3-1):

= 0.18 ksi

Smax = lesser of{ = 10.08 in

h=V+k+l
V. = 0.03161 B/f! b, d,,
B = 2.0 (LRDF 5.7.3.4.1)
V. =0.0316 % 1% 2«85 * 48 x 12.6 = 111.44 kip
6 = 45° (LRDF 5.7.3.4.1)

_ Apfydycotf  0.8+60%12.6%cot (45)

|74
S s 10

60.48 kip

V, =0 straight strands layout

V, = 111.44 + 60.48 = 171.92 kip

= 0.737 in?
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The maximum permitted nominal Shear resistance (LRFD equation. 5.7.3.3-2):

V,=0.25f’b, d,, + V, = 1285.2 kip
Then the nominal shear capacity for the section is:
V,=171.92 kip

The demand per capacity:

V981
v, 17192

DC 0.57

Interface shear capacity (LRFD 5.7.4):
Minimum area of interface shear reinforcement (LRDF-5.7.4.2):
A, =48 %12 =576in?/ft

0.054,, _ 0.05%576
fy 60

Aps 2 = 0.48 in%/ft

Horizontal shear force developed at the interface (LRFD — C5.7.4.5):

_ VAL 98x12

— Pn2
Vi =a= = = 9333 in?/ft

Vy _ 9333

Vh,req = ? = W =103.7 klp/ft

The shear interface stress is:

Vp _ 1037

= = 0.171 ksi < 0.210
byd,  48%12.6

Vui =

minimum reinforcement can be waived for this section based on (LRFD — 5.7.4.2)

The nominal shear interface capacity:

. 14
Vm’ - Klfc,deckAcv

K; = 0.3 (Roughned with amplitude = 0.25" and CIP concrete top LRFD 5.7.4.4)

Vyi = 0345576 =777.6 kip
K, = 1.8 ksi for normal weight concrete.
Vo = KA, = 1.8+ 576 = 1036.8 kip

Vo = 777.6 kip > 103.7 kip/ft
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GFRP shear capacity (LRFD 5.7.4):
Regions require transverse reinforcement (LRDF GFRP 2.7.2.2):

1, > 0.50V,
V. = 111.44 kips
V, = 98.1 kips

V,>05%0.9x*111.44 = 50.15 kips
Environmental reduction factor (LRFD GFRP Table 2.4.2.1-1):
Cr = 0.7 for concrete exposed to weather
The tensile load in GFRP rebar (FDOT spec Table 932-6):
P =21.6 for #4 GFRP rebars

The tensile strength of the rebar:

Tensile load 21.6 .
frugrrp = ot = 22 = 108 ksi

Nominal area 0.2

The design tensile strength (LRFD GFRP 2.4.2):
facrrp = Ce- fpugrrp = 0.7 * 108 = 75.6 ksi
Design strength of the bent portion (LRFD GFRP 2.7.3.5):
1, =05+D =05%45=225in  for#4 rebar (FDOT Development Standard D21310)

2.25 . .
f, = (0.052—2 +0.3) frq = (0.0522 + 03) 75.6 = 39.69 ksi < frq = 75.6 ksi

Ef = 6500 ksi for GFRP (FDOT spec Table 932 — 9)
frv = 0.004E; = 0.004(6500) = 26 ksi < f, = 39.69ksi — f,, = 26 ksi
Minimum transverse reinforcement (LRFD GFRP 2.7.2):

Appmin = 0.0522 = 0,05 « 2222 = 0,923 in?

fo 26

The maximum permitted transverse reinforcement (LRFD GFRP 2.7.2.5):
V.+Vr<0.25\/f!b,d,= 0.25 * V8.5 * 48  12.6 = 440.8 kip
Maximum spacing (LRFD GFRP 2.7.2.6):
Smax = Mmin(0.5d = 0.5 * 12.6 = 6.3in,24) = 6.3 in

Shear resistance provided by the transverse GFRP reinforcement (LRFD GFRP 2.7.3.5)

_ Apyfydycotd 0.8 %26 * 12.6 * cot28
a s a 10

Ve = 49.29 kips
Nominal shear resistance provided by the transverse GFRP reinforcement (LRFD 2.7.3.3):

V, =V, + V; = 111.44 + 49.29 = 160.73 kips > V, = 98.1 kips

Demand per capacity: DC = o B 061

V,  160.73
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APPENDIX 2 — DESIGN DRAWINGS
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FLORIDA SLAB BEAM - TABLE OF VARIABLES Table Date 01-01-16
LOCATION CONCRETE PROPERTIES|STND.| PLAN VIEW REINFORCEMENT TYPE*
BEAM - ANGLE o
sPAN [BEAM|  Type  |cpass|STRENGTHS (psi)| PTRN.|  CASE MATERIAL
NO. NQ. 28 Day |Release | TYPE |END 1|END 2| END 1|END 2|
1 F5B 12x48 VI 8500 6800 1 1 1 90 90 Carbon Steel (5ee Note 7)
2 FSB 12848 VI aso0 6800 2 1 1 a0 90 Carbon Steel (See Note 7)
3 F5B 12x48 VI 8500 6800 3 1 1 g0 a0 Carbon Steel (5ee Note 7)
4 FSB 12x48 VI 8500 6800 i 1 1 90 a0 GFRP (See Note 8)
A A N
( E AN RN RN RN RN NN ) — LI AR NN I I ] - L T S R A )
(AL R R R RN R NN RN RN] - (A LR AR RN NN RNDNN] + [ E R R RN BN R LN N Y]
10" 2-q" o i " 2-4" s B 10" 2'-q" 10" N
q-0" 4-0" 4-0"
TYPE(I) 30 STRANDS TYPE(2) 22 STRANDS TYPE(3) 14 STRANDS

STRAND DESCRIPTION: Use 0.62" Diameler, Low Relaxation Stainless Steel Strands stressed at 38.8 kips each. Area per strand equals 0.231 sq. in.

S5TR

AND PATTERNS

1 3|4 2
™ o o o
2077 2477 32T33 6257 21
.oo.... l.l....
.ooo.o. sececee

17?913 11105 6

.
|

DETENSIONING SEQUENCE

/2;=90°

* For Bars 3C,

40, 5E, 4K, &Y

and 5Z; see bill of Reinforcing Bars on Sheet 3.

STRAND DEBONDING LEGEND

e - Fully bonded strands

Note: Beams 2, and 3 may be cast with one set of 30
strands. This will require sheathing 8 strands for Beam 2,
and sheathing 16 strands for Beam 3. Shielded strands
may be bonded for 1 ft. length, located approximately 5 ft.
from each end of beam.

FABRICATION NOTES
1. The abbreviated FSB designation for depth and width is F5B8 “depth’x
“width", e.g. FSB 12 x 48.
2. All bar dimensions are out-to=out.
3. Contractor options for strands N:
A ASTM A416 Carbon Steel Strands, Grade 250 or 270, 3/8" & or
farger strands, stressed fo 10,000/bs each.
B. ASTM Al1114 Stainless Steel Strands, 0.6" &, stressed to
10,000[bs each.
4. Unless otherwise noled, the minimum concrete cover for reinforcing
shall be 2"
5. Bars 4D1 & 6Y1 correspond to END 1, and 4D2 & 6Y2 correspond to
END 2.
6. Rake the top surface of the Slab Beams transversely to provide a
roughened surface with %" amplitude.
7. Carbon Steel reinforcing bars shall be Grade 60 per Specification
Section 931
8. Glass fiber reinforced polymer (GFRP) reinforcing bars shall be in
accordance with Specification Section 932,
9. Provide material certifications to FOOT Structures Research Center.
10. FDOT personnel shall be allowed to instrument the beams and
menitor them during tensioning and detensioning. Coordinate with the
FDOT Structures Research Center prior to fabrication and as stated
in the Strand Notes below.
Contact information is provided below.

STRAND NOTES

1. Use Stainless Steel Strands. FDOT will supply an adequate length of
Stainless Steel Strand to extend length of casting bed and additional
length as needed for stressing.

2. Return unused Stainless Steel Strand to FDOT Structures Research

o= o | Center.
| 3. FDOT shall be allowed to cut Stainless Steel Strand samples from
spool as needed for testing purposes.
L”ﬁb—J 4. Internal instrumentation will be mounted to prestressing strands
and rebar prior te concrete casting. Instrumentation of the
END 1 END 2 prestressing strands shall be installed after tensioning of the
bottam layer and prier to tensiening of the top layers.
PLAN VIEW - CASE 1] SCHEMATIC SIDE ELEVATION OF BEAM Instrumentation on rebar will be installed prior to placement of
the bar in the girder.
Structures Research Center Contact Information:
Cantact Persan: Yukai Yang
Email Address: yukai.yang@dot.state fl.us
Phane: 850-821-7100
. SHERT TITLE:
= S e S— "IKE STATE OF FLORIDA FLORIDA SLAB BEAM TYPICAL N
CHECKED A DEPARTMENT OF TRANSPORTATION DETAILS AND NOTES
% RIOAD MO, COUNTY FINANCIAL PROUECT 10 FROJECT MANE, J—
GD BED 30-977-09:FSB's with Stainless steel i
Sy strands and GFRP shear reinforcement 1
STSEEF] FII02023 | 7018 AN Crlisers\st 9867 [ \Deskiop\Glenda\F 58_Sheet [ dgn

Figure A2-1. Sheet 1: Florida slab beam typical details and notes
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l— ¢ Span

40w

Bar S5E Spacing 6" +/- 6" Spacing
1
Bar 3C Spacing 3l I'-0" Max. Spacing
Bar 403 Pairs
— Field Cut Bar 401 or 402 Pairs r Bars 5E (Typ.) / {Typ. except as noted} Strands N (Typ.) X
[ Bar sE™ f | / |
i ? —_———— T ———
o \
T It
| P | ] Nl ﬂ ' ;
SRl o o ! .
- N [ Bar_ 4'( \
A N I I I [ il N I ol I |
N s LR U] | | | | | | |
_ ::T[E[__:\ 1] \l | il
'é;:‘ F Bars 52 (5hift as \ / X
required to clear 4 M| I It
prest trands) ~——~—Hl K&
1 pres rfss strands _'"_\_\ _'l.‘_ || ) ) ) ) ) ) ] i ) ]
& Beam / g = 90’“K h R; |
e e =
e LY
>, — [ |
PP N A A L | il
s| Coma TIT— Jl J J J U J _ _ u
Iy Cover

¢ Strands W (Typ.)

=

JI

il
ImE
]

5 _ \\ Il'L \\ ll.
¥ i
\ Bars 6Y \- Bars 3C (T yp.) \ Bar 4K Pairs (Typ.)
* Measured to Working Points. Bar 4D Pairs |P¥%] 3 Spaces 2'-0"+ Spacing 10" ,
== At Beam ends, use number of field cut and Spacing @ 3" (Shift Bar 4D Pairs longitudinally as required to clear Bars 5E) Max.
rotated Bars 5E as reguired to clear Bar 40 s i
Pairs and Bar 4K Pairs. Bar 4K _Pairs 62" 85" 18 Spaces @ 10" = 15-0" g"
“# Shift Bar 4K Pairs longitudinally as Spacing ! Shift as required®+
required to clear Bar 4D Pairs and Bars 3C
and 5E.
PARTIAL PLAN VIEW @ = 90°
{END 1 SHOWN, END 2 SIMILAR)
= = [T ST T =5 WG
DATE EY DESCAIPTION R':qulﬂr;:q Y DESCAPTION JKF STATE OF FLORIDA FLORIDA SLAB BEAM TYPICAL T
< - CHECHED 17 DEFPARTMENT OF TRANSPORTATION DETAILS
HE‘IEJ: il ROAD 80, COLNTY FINANCIAL PAOUECT |0 |_P“n_r._._ e - -
- N N 1EETND,
GD BED 30-977-09:F58's with Stainless steel
e strands and GFRP shear reinforcement 2
blé'-k':\l 4 2F10/2023 7:08:02 AN L.'\'.':cra'\.\v!i?ﬁr,'\li{'.\kloc\b.'lndd'\.'LIJ .'s.‘:cl:.'":;r'

Figure A2-2. Sheet 2: Florida slab beam typical details
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r Bars 5E, See Details

i Beam
4-0" |
-0 | -0 |
@ Strand N & . ¢ Strand N &
. .¢ nuf‘c;rrr:\o‘qf — 1 1I'-0" ‘e Strands N — 1'-0" 1 & ¢ outermast
strand position® 6" _ Bar 4K Pairs ~ | strand position®
2" Chamfer ,/:.:( r\:':‘ 2" Chamfer
I \\ I ) | | |
= I | I !
o > | | |
§ Strands N ) ) I . 1 ] \ B
\S 11 iy
¥ Fillet —== =
+ | \ LAY i E f
[ — %
§ f \
§ -g 13 , / Bars 3C- I 2
5 - Bar 401, 4D -
“Yle EQ."'_:‘{._ or 403 Pairs - See Flange Detall - Cover
A2 (Sides)

Cutting location :

T

TYPICAL SECTION

STRANDS CUT DETAIL

Beam Casting Length = 34'-0"

NOTES:

Work this Sheet with Florida 5/ab Beams = Table of Variables,

i Chamfer +

FSB Flange /

-

\
" Chamfer < Working Point

FLANGE DETAIL

(TYPICAL BOTH SIDES OF F5B)

Bar 4D
Pairs {Typ.) -\

Bars 5Z \ = Bars 6Y _— Bar 4K Pairs (Typ.)

|

—LLL

—

|

——J

I3

—

el

—

i

il

3

|

Il
d—

(-
_al
-ﬂ@

BILL OF REINFORCING BARS
FOR ONE BEAM ONLY

NOTE NUMBER LENGTH
For referenced notes, see Fabrication Notes on Sheet 1. MARK| sIZE NUMBERS REQUIRED
T
* For § of outermost strand positions, see corresponding Strand ¢ 3 35 3.?é
Pattern on Sheet 1 2l 4 ] 10 (End 1) a8
**  For inside bend diameter (dimension D) see sheet 'Bar Bending D2 4 5 10 (End 2) 4-8
Details (Steel) for carbon steel reinforced specimens and sheet D3 4 30 4-8"
‘Bar Bending Details (FRP) for GFRP specimen. (Refer ta Florida E 5 67 47
Slab Beams - Table of Variables for corresponding specimens.) K 4 78 164 oo
See ; .
N Note 3 E 4 Varies
[ & 5 2 (End 1) 57
. o Y2 [ 5 2 (End 2) 6-715"
L 35 Z 5 & 16"
BENDING DIAGRAMS
s A - Bars 5E
’_L ([ 3) iy C =37k Bars 3C
N 1'-9%" ) 1'-9%" Field Cut
' Location of Bars 3C
Field Cut ~
BARS 3C
BARS 5E DETAIL D= 2-0" Bars 4D1, 4D2,

& 403

—D @
Typ. ES

STIRRUFP BARS 4D1, 4D2 & 4D3

, 20" ) g
| !
s ' N—D @ **

Se Typ.}
kS

f STIRRUP

~ BARS 4K

N

[ ) 2.0

B

([ D @** (Typ.)

STIRRUP BARS 52

6l

D a* (Typ.)

= T : | L __l%.‘
o o 3 UI-I ) o o Clo g ol u—' e o d ol
Q’(' - - - | i J BARS 6Y1 & 6Y2
1k Chamfe.r/ | Bars 3C (Typ.) I . E = 3-7" Bars 5F
(Typ)/ END 1 ELEVATION £ 2
I' 9%” I 9%“ Field Cut
Bars 5E
Location of
Field Cut ~\ D a™Typ) | &
STIRRUP BARS 5E
— —
REVISIONS CEATN EY: STATE OF FLORIDA SHERT T REF, WG, N,
Lall us AT EE = LIS e DEPARTMENT OF TRANSPORTATION 12" FLORIDA SLAB BEAM DETAILS
BESIEH{EJ: e ROAD 8O, COUNTY FIRANCIAL PROUECT |0 PROJEST MAME SHEET WO,
GD BED 30-977-09:F58's with Stainless steel B
e strands and GFRP shear reinfarcement 3
STo8GF) Fr1or2023 G:45:06 -ﬂ-l’\‘ \’..'\'.'st‘rl'\.\v!E'-?ﬂr,'\li{'.\l’lot\ﬁ.'cﬂﬂd\.'bl! Sheet3dgn

Figure A2-3. Sheet 3: 12” Florida slab beam details
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BILL OF REINFORCING STEEL

3" 68 ~ Bars 5A2 @ 6" Sp. 3"
ars on £ FOR ONE BEAM
N L
2, A MARK| SIZE NOTE ) U ) BER LENGTH
?\\‘ NUMBERS REGQUIRED
Al 5 6 33-8"
Al 5 68 4-11"
A3 5 2 33-8"
n BENDING DIAGRAMS
~
T .
3 [ 0
— @0
D B = = BARS 5A2
iy ~
, 37-8" ,
—
BARS 5A1 & 5A3
S
™~
C-I-P TOPPING NOTES:
3 1. C-I-P Topping Thickness = 6 inches
™~ 2 ¢l (Typ.) ‘A_J
= 2. Concrete: Class Il (Bridge Deck) with a minimum
n F4'-0" 28-Day Compressive Strength of 4500 psi.
g 3. Reinforcing Steel: Grade 60 Carbon 5teel per
o PLAN Specifications Section 931.
yahl urake F bon o
{BARS 5A3 NOT SHOWN FOR CLARITY) 4. Thorwg.‘..y saturate the top surface of _r{m Ffs.ﬁ‘s
with water in accordance with the Specification
400 for 12 hours immediately prior to placing
the C-I-F topping. Remove standing water prior
te placing the C-I-P topping. Cure the C-I-P
topping in accordance with the Specification
24 36k 2% N 400 requirements for bridge decks,
Tiwi
Lo 2 18" Chamfer (Typ.) —
7l 11l by 11k 7 c )
i ine — - C=I-F Topping
2 Cover Bars 5A] AT Bars 5A2 Coping Line
\ Shift as Needed
fo Clear Bars 5F
a o] —_ o o _ \1 / -]
if n 1l
( | | |
N 11 11 1] 1
2 cl I I Il I FSB (Typ.)
H I I I Il
I I Il Il
1 1 Il Il
! /. f ~ Bars 543 .
Bars 5A3 ez == —a—= Wo_rkrng
Paint (Typ.)
COPING DETAIL
SECTION A-A
REV|SIOMNS m SHERT T REF, WG, M
DATE BY DESCRIPTION DATE BY DESCRPTION JKF STATE OF FLORIDA T
B PATE Sl TRCKED DEPARTMENT OF TRANS PORTATION C-I-P TOPPING DETAILS
BEHE‘;CE‘: o ROAD RO, COUNTY FIMANCIAL PROJECT ID PROIEST MAE; - -
, , EET 0,
GO BED 30-977-09:F5B8's with Stainless steel
i strands and GFRP shear reinforcement 4
ST285F) /1002023 :46:45 AM L.'\L':cu.'\.\v!i?ﬁr,'\iia'.\l’lo:'\b.'c1€¢\.'LIJ Sheetd, dgn

Figure A2-4. Sheet 4: C-1-P topping details
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HOOK DETAILS

c € C C D E C < D E _Detailing Dim,  Hook | Detailing Dim.
ARC = & I I F Aor G
— 2]
. - S . ‘ ‘ i B | |
T — |(.- ———acpesae = —
i P . a o J | 7T T
I E " J el I
_ No. of Laps = N « e _"‘T E o o o & & __.:/'l o [
———'——-— T
TYPE 1 TYPE 2 TYPE 3 — | B 180° ap°
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Figure A2-5. Index 415-001: Bar bending details (steel)
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Figure A2-6. Index 415-010: Bar bending details (FRP)
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APPENDIX 3 - DRAWINGS AND DETAILS OF TESTING
AND INSTRUMENTATION PLANS
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Casting bed
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Figure A3-1. Sheet 1: Casting bed
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Deflection gauges and Slip distribution
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MNotes:-

1- All dimensions are to center of deflection gauges.

2- All deflection gauges are symmetrical about girder's center line.
3- 12.5 mm slip gauges shall be used for all strand slip locations.

4- First digit of gauge number refer to FSB number, for FSB-2,FSB-3 and FSB-4

the first digit will be, 2,3 and 4 correspondingly.
5- Deflection gauges have same configuration for all girders.
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Siip 402, Sip 408/ | " Slip 405, Slip 411
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Steel Stronds and GFRP reinforcement
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Deflection gauges
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Figure A3-2. Sheet 2: Deflection gauges
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Concrete strain gauges distribution
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Notes:-

1- All dimensions are to center of strain gauges.
2- Al strain gauges are symmetrical about girder's center line.
3- All strain gauges are 60mm foil gauges.

4- 5110-5113 Strain gauges shall be placed on bottom of FSB after observation of the first crack.

9- First digit in gauge number refer to FSB number, for FSB-2,FSB-3 and FSB-4
the first digit will be, 2,3 and 4 correspondingly.
6- Deflection gauges have same configuration for all girders.
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Section at mid-span
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Concrete strain gauges
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Figure A3-3. Sheet 3: Concrete strain gauges
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Internal strain gauges distribution - on 4D reinforcement pairs
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Figure A3-4. Sheet 4: Internal strain gauges 4D
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Internal strain gauges distribution - on 4K reinforcement pairs
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Figure A3-5. Sheet 5: Internal strain gauges 4K
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Transfer length measurement instrumentation

End1&End7

End2 & End 8

42" i

r 4" g 2 r 2"
’ % \—F01D1 Fomz—/ % *
FO401 FO402
FSB -1
& FSB 4
' 42 | ' 42 !
] 1
Q=1 ¥ =—H
| (N
e e e I
24" | | | | 24"

| | | |

| | | |

— -—=, = - —

: : \—Fber optic Fiber uptil.—/ : :

24" | | | | 24"

I L EE——— L
I I
H-4--—-——-----"-"——-—-4  ———————— ———— — = +—H

L1
End1&End7 End2&End 8

TOP VIEW

J,—Fibltar optic inside grooved #3 GFRP rebar

s s 00000900 .

41'_[ " EEE Y E R ®
i

24" 24"

Section at end of span

== Vibrating wire strain gauges
== Fiber optic inside groved GFRP #3 bar

Vibrating Wire strain gauges for flexural test

P P
]
3"j_ ' WW101-102
VW201-202
WVW301-302
VIWAD1402
All FlSBS'
19" - _ _ _ __ _ " __—__—__—_—_———°
-— I VW102
. V201 VW202
10 g VW30 | VW302 %
-— VW4D1 = 402
@ ________ _ - __
TOP VIEW

® 00O 00 O0CO0CO0O0OCO0OO0O0OCO0 e

e & O @8 Aads &

S @ a0e & O @ @

19" 5"

5" 19"

oy FAMU-FSU
7 College of Engineering

Forida Slab Beam with Stainless

Steel Strand: and GFRP reinforcemeant

TE  SheetMo. &
Transfer length test and VWSG

SCALE AT AX: DATE: DRANK: CHECKED:
08 ,/02/23 OA
PROJECT WO: ORANNG HO: REVISOH:

Figure A3-6. Sheet 6: Transfer length test and VWSG
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Detensioning monitor instrumentation
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- 34" — = 34 - = 34 — = 34 -
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Notes:-
1- 24 ERSG will be mounted on 12 strands to monitor detensioning strain

Typical strand instrumentation
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Figure A3-7. Sheet 7: Detensioning instrumentation
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Detensioning monitor instrumentation
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Figure A3-8. Sheet 8: Detensioning instrumentation
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Digital Image Correlation
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Figure A3-9. Sheet 9: Digital image correlation
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Test Setup

/—1" Grout pad

- 32"10"x2-1/4" Neoprene Bearing pad

Potter test frame

G, FAMU-FSU
W College of Engincering

FDOT)

34’ Test Specimen
Front View
Table 2
FSB _ Cracking _ _ _ Ultimate _ .

Load (kips) Deflection (in) Load (kips) Deflection (in)
FSB-1 92.0 0.904 153.1 3.804
FSB-2 71.8 0.705 134.2 4.565
FSB-3 55.4 0.863 102.4 6.165
FSB-4 92.0 0.904 153.1 3.804

Frajest:

Florida Slab Beam with Stainless

Steel Strands and GFRP reinforcement

TME:

Sheet No.10
Test setup

SCALE AT A3

CSTE. DRAWN: CHECKEL:
08/03/23 (o7}

FROJECT MO

DRANNG NO: FEASICN:

Figure A3-10.

Sheet 10: Test setup
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Load rate for test setup

1st Loading* 2nd Loading**
Load (kips) Load (kips)
FSB-1&4 FSB-2 FSB-3 FSB-184 FSB-2 FSB-3
0 0 0 0 0 0
70 50 30 160 140 120
80 60 40
90 70 50
100 80 60
110 90 70

Testing plan notes:-
1- Hydraulic jacking load rate is (0.25 kips/sec).
1st loading is applied from zero to the values specified in the table then it is

*

applied gradually until cracks are visible then the specimen will be unloaded

to allow strain gauges installation.
2nd loading is applied until failure (strand rupture or concrete top crushing).

drde

FAMU-FSU

College of Engineering

FDOT

Florida Slab Beam with Stainless

Steel Strands and GFRP reinforcement

TME

Sheet Mo.11
Load rate for test

SCALE AT

Al

L4TE. CREN:
08/03/23 DA

FROECT MO

DRANING MO

REMSIIN

Figure A3-11. Sheet 11: Load rate for test
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APPENDIX 4 - DATA COLLECTED DURING FABRICATION

The strand strains were measured using two methods. First, foil type strain gages were glued to the
top of 12 strands. Second, strandmeter gauges were mounted to the middle strand in the top layer at
the two free lengths at the ends of the casting bed. Figures A4-1 and A4-2 show foil type strain
gauge readings at both ends. Figures A4-3 and A4-4 show strandmeter gauge readings. Both
measurements have a similar trend. However, the foil type gauges provided high resolution
measurements; they measured strain every 0.1 seconds compared to 30 seconds for the strandmeter.
Furthermore, the curve obtained from the strain gauge measurements includes abrupt jumps,
indicating sudden increases in strain each time a strand was cut.

During the detensioning process, the ends’ movements and rotations at Ends 1 and 8 were
monitored via a camera and two Imetrum targets located at each end. Figures A4-5 and A4-6 show
End 1, located at FSB-1, horizontal movement and rotation with respect to the horizontal axis.
Figures A4-7 and A4-8 show the values for End 8, located at FSB-4. Overall, the end movement
curves show sudden changes in movement due to impact and elastic shortening of the member. In
the case of end rotation, sudden changes due to impact are less noticeable. The end rotation is due to
eccentric forces that occur when the strands are cut.

Vibrating wire readings were collected at mid span during detensioning. Figures A4-9 to A4-12
show the VWSG raw readings with respect to time. The values of the measurements were constant
until the strands were released, then they started to decrease.

The fiber optic sensors measured strain every 0.1 seconds at approximately 169 locations along the

length of each end. Readings from the fiber optic sensors, after all the strands were released, that
were located in FSB-1 and FSB-4 are shown in Figures A4-13 to A4-16.
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Figure A4-1. Strain gauges reading during detensioning in the strands at free length near End 1
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Figure A4-2. Strain gauges reading during detensioning in the strands at free length near End 8
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Figure A4-3. Strandmeter measurements at free length near End 1
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Figure A4-4. Strandmeter measurements at free length near End 8
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Figure A4-5. Camera and Imetrum target measurements for End 1 FSB 1 horizontal
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Figure A4-6. Camera and Imetrum target measurements for End 1 FSB 1 rotation with

respect to horizontal axis
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Figure A4-7. Camera and Imetrum target measurements for End 8 FSB 4 horizontal
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Figure A4-8. Camera and Imetrum target measurements for End 8 FSB 4 rotation with
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Figure A4-9. VWSG measurements during detensioning at FSB-1
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Figure A4-10. VWSG measurements during detensioning at FSB-2
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Figure A4-11. VWSG measurements during detensioning at FSB-3
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Figure A4-12. VWSG measurements during detensioning at FSB-4
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Figure A4-13. FOS-1 measurements during detensioning at End 1 FSB-1
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Figure A4-14. FOS-2 measurements during detensioning at End 2 FSB-1
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Figure A4-15. FOS-3 measurements during detensioning at End 7 FSB-4
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Figure A4-16. FOS-4 measurements during detensioning at End 8 FSB-4
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APPENDIX 5 — DELIVERY OF FABRICATED GIRDERS

Four (4) FSBs with 4-in.-thick CIP toppings were fabricated at CDS Manufacturing Inc. The FSBs
were delivered to FDOT Structures Research Center (SRC). FSB-1 and FSB-4 were delivered on
September 13, 2023, and FSB-2 and FSB-3 were delivered on October 24, 2023. Figures A5-1
through A5-3 show the FSBs being delivered. Figures A5-4 through A5-7 show the delivery tickets
for each FSB.

The fabrication activities timeline is as follows:

o FSBs Fabrication: 8/09/2023 — 8/21/2023
o FSB-1 & FSB-4 Delivery:  9/13/2023
o FSB-2 & FSB-3 Delivery:  10/24/2023
o FSB Testing:  FSB-4 10/10/2023
FSB-1 10/12/2023
FSB-2 10/27/2023
FSB-3 11/09/2023
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Figure A5-1. FSB 1&4 arriving at FDOT Structures Research Center

Figure AS-2. Lifting FSB 4 from the truck
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Figure A5-3. Two FSBs at FDOT Structures Research Center
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BOL/DOT-

CDS MANUFACTURING, INC.

106 Charles Hayes Sr. Drive * Gretna, FL 32332
(850) 627-3902 phone * (850) 627-3904 fax

SOLD TO: SHIP TO:
PHONE: PHONE:
FAX: FAX:
DATE DELIVERY | PICKUP SHIP VIA F.O.B. TERMS ORDER NO.
QTY DESCRIPTION PRICE AMOUNT
{‘ A,., y
£ Ll A iLL_..
Compliance statement with Buy America Provision
The dollar amount of Non-domestic steel or iron incorporated in the precast prestressed products
listed above is $0.00. Therefore, we hereby certified that the product(s) described above was (were)
manufactured in accordance with the Buy America provisions of 23 CFR 635.410, as amended.
All products described herein are in compliance with all Florida
Department of Transportation standard specifications.
Q.C. Manager DATE:
Customer Signature: X i‘v = DATE:
DATE:

CDS Representative:
WHITE - FILE COPY

A

CANARY - STATEMENT COPY PINK - CUSTOMER’S COPY

Figure A5-4. FSB-1 delivery ticket

GOLDENROD - QUALITY CONTROL COPY
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BOL/DOT-
CDS MANUFACTURING, INC.

106 Charles Hayes Sr. Drive * Gretna, FL 32332
(850) 627-3902 phone * (850) 627-3904 fax

SOLD TO: SHIP TO:
PHONE: PHONE:
FAX: FAX:
DATE DELIVERY | PICKUP SHIP VIA F.O.B. TERMS ORDER NO.
QTY DESCRIPTION PRICE AMOUNT

Compliance statement

listed above is $0.00. T

The dollar amount of Non-domestic steel or iron incorporated in the precast prestressed products

manufactured in accordance with the Buy America provisions of 23 CFR 635.410, as amended.

with Buy America Provision

herefore, we hereby certified that the product(s) described above was (were)

Q.C. Manager

Al products described herein are in compliance with all Florida
Department of Transportation standard specifications.

DATE:

Customer Signature:
CDS Representative

WHITE - FILE COPY CANARY - STATEMENT COPY PINK - CUSTOMER’S COPY GOLDENROD - QUALITY CONTROL COPY

> 7l DATE:

DATE:

Figure AS-5. FSB-4 delivery ticket
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BOL/DOT-
CDS MANUFACTURING, INC.

106 Charles Hayes Sr. Drive * Gretna, FL 32332
(850) 627-3902 phone ¢ (850) 627-3904 fax

ADEA4
L y 4

SOLD TO: SHIP TO:
R (N '
1 |
PHONE: PHONE:
FAX: FAX:
DATE DELIVERY | PICKUP SHIP VIA F.O.B. TERMS ORDER NO.
Y (/]
QTY DESCRIPTION PRICE AMOUNT
1
((Llz pea m
)/
/ t = 5555

Compliance statement with Buy America Provision
The dollar amount of Non-domestic steel or iron incorporated in the precast prestressed products

listed above is $0.00. Therefore, we hereby certified that the product(s) described above was (were)
manufactured in accordance with the Buy America provisions of 23 CFR 635.410, as amended.

All products described herein are in compliance with all Florida
Department of Transportation standard specifications.

0.C. Manager DATE:
Customer Signature: F DATE:
CDS Representative: DATE:

'WHITE - FILE COPY CANARY - STATEMENT COPY PINK - CUSTOMER'’S COPY GOLDENROD - QUALITY CONTROL COPY

Figure A5-6. FSB-2 delivery ticket
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BOL/DOT-
CDS MANUFACTURING, INC.

106 Charles Hayes Sr. Drive * Gretna, FL 32332
(850) 627-3902 phone * (850) 627-3904 fax

SOLD TO: SHIP TO:
PHONE: PHONE:
FAX: FAX:
DATE DELIVERY | PICKUP SHIP VIA F.O.B. TERMS ORDER NO.
QTY DESCRIPTION PRICE AMOUNT

Compliance statement with Buy America Provision

The dollar amount of Non-domestic steel or iron incorporated in the precast prestressed products
listed above is $0.00. Therefore, we hereby certified that the product(s) described above was (were)
manufactured in accordance with the Buy America provisions of 23 CFR 635.410, as amended.

All products described herein are in compliance with all Florida
Department of Transportation standard specifications.

0.C. Manager DATE:
Customer Signature: DATE:
CDS Representative: DATE:

WHITE - FILE COPY

CANARY - STATEMENT COPY PINK - CUSTOMER’S COPY GOLDENROD - QUALITY CONTROL COPY

Figure AS-7. FSB-3 delivery ticket
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