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Executive Summary

Introduction
Establishing bridge foundations where there is a top layer of weak soils normally requires
application of deep foundations such as pile foundations. Driving prestressed precast concrete
piles (PPCP) is one of the practical options among various types of pile installation methods. For
various reasons, it often happens that splicing of pile segments has to be performed at the site to
achieve longer lengths. Reasons for pile splicing include, shipping and transportation constraints,
also when there is headroom limitation for pile driving, the length of pile segments may be
smaller than the length required to establish adequate resistance. In such cases, splicing can be
preplanned. Another reason that the pile segments would be less than the length required for
resistance is the case of unpredictable soil resistance, which leads to unforeseen splicing.
Dowelling is one of the common splicing techniques. Holes are cast or drilled into the top
of the lower pile segment to receive dowel rebars protruding out of the lower end of the upper
pile segment. Generally, traditional prestressed concrete piles use carbon steel strands and bars
which are prone to corrosion, especially when they are located in a marine environment. FDOT
has recently adopted Carbon Fiber-Reinforced Polymer (CFRP) and High-Strength Stainless
Steel (HSSS) strands for PPCP in marine environments, since these materials have shown great
improvements in the resistance against corrosion. For splicing these piles, standard details were
developed by FDOT using CFRP and stainless-steel bars for the connection, but true behavior of
the PPCP dowel splice is not completely understood yet. Additionally, the CFRP and stainless-
steel bars are expensive and sometimes difficult to procure. Therefore, Glass Fiber-Reinforced
Polymer (GFRP) reinforcing bars have been proposed as an alternate dowel bar material. To the
best of the authors’ knowledge, no design framework has been developed for epoxy-bonded

GFRP dowel connections in PPCP splices. The objective of this study was to investigate the
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flexural behavior and effectiveness of the GFRP dowel for PPCPs as an economical alternative
to CFRP and stainless steel dowels. The study also aimed at developing a design procedure and
tool to allow engineers to design pile splices of different materials with various sizes and

configurations.

Design Procedure

In this research study, first, a design procedure for epoxy-bonded GFRP dowel pile splices of an
18x18-inch FDOT standard PPCP was developed using available design guides for FRP-
reinforced concrete sections. A combination of applicable codes and standards was used,
including the AASHTO LRFD Bridge Design Guide Specifications for GFRP-Reinforced
Concrete and Guide Specifications for the Design of Concrete Bridge Beams Prestressed with
CFRP Systems. The design procedure was based on section analysis with the assumption of

linear strain distribution (strain compatibility) according to details shown in Figure E1.
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Figure E1: Strain and stress distribution for flexure at failure with concrete crushing

The design followed the general configuration shown in FDOT Standard Plans Index 455
Series to provide consistency with the counterpart steel reinforcing bar dowel design. Therefore,
#10 GFRP bars (Figure E2) with an arrangement of 8 bars in the cross-section was selected as

the preferable design, and to be used for test specimens in the validation process. For comparison
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purposes, test specimens using steel and CFRP strands and dowels were also used in the

experimental program.

Figure E2: The GFRP bars used for the construction of PPCP splicing

With the new procedure developed in this study, the design for the GFRP dowel splice
using 8 #10 bars, with concrete compressive strength of 6 ksi (Type V Special), and GFRP dowel
bars with modulus of elasticity of E = 6500 ksi and minimum guaranteed tensile load of S, =
98.2 kip (ASTM D7957 and FDOT Specifications), resulted in the nominal moment strength
calculated to be 206 kip-ft. and design moment strength of 153 kip-ft. Epoxy-bonded dowel pile
splices currently have no defined strength requirements in the FDOT Standard Plans, however,
FDOT Standard Specification, Section 455-B (Structures Foundations — Piling) requires that
mechanical pile splices develop a flexural strength of 245 kip-ft. for an 1818 inch pile size,
which is approximately the pile flexural strength without axial load. This predefined flexural
strength could be used as the comparison basis for epoxy-bonded dowel splices.

When the GFRP dowel splice bars are used in combination with PPCP containing CFRP
strands and spirals, it provides an overall corrosion-resistant system with reasonable capacity.
Additionally, in this study, GFRP bar dowels were considered for piles with stainless steel strand
and spirals. Assuming the stainless steel material provide equal or better performance than

conventional carbon-steel material, the testing program also used conventional steel in place of

viii



stainless steel strands/spirals. The material for the CFRP strands and spirals, as depicted in
Figure E3, exceeded the requirements of FDOT Standard Specification, Section 933
(Prestressing Strand and Bar). Because of the availability issues, in lieu of #6 CFRP bars
specified by the FDOT Standard Design Plans, 7-wire 19.3mm diameter strands were used in the
test program as the CFRP dowels with the modulus of elasticity of 21,756 ksi and guaranteed

breaking load of 106.9 ksi.

14!
Figure E3: The CFRP strands and spirals used for the construction

Detailing

For detailing of the PPCP test specimens using GFRP dowels, two lengths were calculated: first,
the development length of the strand used inside the pile segments, and second, the lap splice
length for GFRP dowel bars with the strands and/or the auxiliary rebars in the lower segment of
the piles. The strand development length defines the embedment length for the dowels in the
upper pile segment (male segment). The lap splice length defines the length of the dowel
projecting out of the upper pile segment (male segment) that is later embedded into holes in the
lower pile segment for the case in which auxiliary rebars are used in the female segment. For
cases where auxiliary bars are not used, e.g., the case of CFRP strands in the piles, the dowel

length will be the same as the embedment length inside the upper segment, i.e., the strand



development length. The design and detailing of splices using steel and CFRP dowels followed
the FDOT Standard Plans.

The AASHTO LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete,
2"d Edition, was used to calculate the development length and lap splice length for the GFRP
dowels in the pile splice section. Accordingly, the development length for the #10 GFRP dowels
was calculated to be 30.5 inches, and lap splice was 40 inches. In the case of unforeseen splices,
the holes in the lower pile segment (female segment) need to be drilled at the site. However,
there is a practical limitation on the length of holes that can be drilled. After communicating with
FDOT, it was determined that the practical drilling length is 32 in., resulting in the embedment
length of 30 in. This can obviously limit the flexural resistance provided by the splice; however,
there is an expectation for some beneficial effect of the confinement spirals and that the
unforeseen pile splice will be driven deeper into the foundation where the flexural demand is
lower.

The development length for the CFRP strands can be calculated using AASHTO-CFRP1
[50] and ACI 440.4R-04 [63]. For a CFCC strand of 0.6-in. diameter with an initial jacking force
of 34 Kips, the calculations resulted in two different development lengths for CFRP strands,
33.5" (ACI 440.4R), and 62.8" (AASHTO CFRP1). When jacking forces are increased to 42 kips
for 12x12-in. and 24x24-in. pile sizes, the AASHTO CFRP1 calculated development length can
increase to 73-inches (see Table E5). Other researchers have proposed development length in the
range of 29 to 49 inches. Since different development lengths in a wide range have been reported
for the CFCC strands, the dowel length of 54 inches, which is consistent with the current design
of FDOT (Index 455-102), was used for experimental tests in this study. For consistency and

ease of fabrication, the same number and arrangement of strands for steel and CFRP strands,



(i.e., 12-0.6 in. diameter), was considered for the pile segments. Hence, an 8.25-ft. strand
development length was calculated for steel strands using the AASHTO LRFD Bridge Design
Specification, 8" Edition, and was then used to define the dowel embedment length in the upper
segment, as well as for the auxiliary bar length in the lower segment for piles that used stainless
and conventional steel strands.

Experimental Program for Validation of Design Procedure

In order to validate the adopted design procedure and investigate the effectiveness of GFRP
reinforcing bars as bonded dowels for a pile splice design, ten full-scale PPCP specimens of
18x18-inch cross-section with a total length of 28-ft. were designed, fabricated, and tested at the
FDOT Structures Research Center (Figure E4). In these specimens, three different materials were
used for dowels: GFRP reinforcing bars, CFRP strand, and conventional carbon-steel reinforcing
bars. The dowels were used in combination with CFRP and steel prestressing strands for PPCPs.

The focus of this study was on the flexural performance at the splice.
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Figure E4: Fabrication, Splicing, and Testing the PPCPs specimens

Figure E5 shows four distinctive load-displacement behaviors for unforeseen specimens
(Specimens 1 and 2), preplanned specimens with GFRP dowels (Specimens 3-6), preplanned
specimens with CFRP dowels (Specimens 9 and 10), and preplanned specimens with steel
dowels (Specimens 7-8). The specimens with steel dowels (Specimens 7 and 8) showed the
highest flexural resistance with an average of 344 kip-ft. Specimens 5 and 6 with GFRP dowels
and CFRP strands demonstrated a better performance in strength among all FRP combinations
for preplanned PPCP specimens, with an average flexural resistance of 260 kip-ft. Specimens
with CFRP dowels (Specimens 9 and 10) showed better ductility, with an average deformation of

about 4.5 in. at midspan at their maximum strength. Furthermore, for the case of unforeseen
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PPCP specimens, it was expected that the test capacities would be lower than estimated because

of using shorter than required dowel lengths and lack of auxiliary bars.

——Spec. 1
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Steel Dowels (Spec. 7 & 8) ——Spec. 2
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50 (Spec. 3 thru 6) Spoc. 4
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Displacement (in)

Figure E5: Load-displacement curve for all specimens
The mode of failure refers to the observed mechanism developed at or near the maximum load,

resulting in a significant drop in flexural resistance from the peak.
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Table E1: Loading details for test specimens using GFRP and CFRP Dowels (Specimens 1,

2,3,4,5,6,9, and 10)

Failure Mode

Specimen
s

Test Specimens

Mode 1:

Flexural
failure at
splice section

3,4,7,8,
9and 10

Mode 2:

Flexural
cracking and
debonding
beyond
dowel
embedment

5and 6

Mode 3:

Splitting and
bond failure
of short
dowels

land 2

As shown in Table E1, three modes of failure were observed for the test specimens, as follows:

e Classical Flexural Failure: The failure mode for specimen numbers 3, 4, 7, 8, 9, and 10 followed the

classical flexural failure mechanism with crushing of concrete in the compression zone at the splice

section. This indicates that development lengths for dowels and auxiliary bars (when applicable) were

adequate to allow this mode to occur. Although splitting cracks developed and propagated, the

confinement seemed adequate to keep the dowels engaged until the failure.

e Flexural Cracking and Debonding in the Male Segment: For Specimens 5 and 6 (GFRP dowel,

CFRP strand), the failure mechanism was initiated by flexural cracking and concrete spalling in the
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male segment in a section near the end of the cast-in dowel bar. The load resistance dropped
significantly with this cracking, indicating potential debonding of strands in the cracked area, which
can also be attributed to the lack of adequate confinement. Closely-spaced spirals were implemented
only in the lower segments (female) for the first 4 ft from the splice section, originally intended for
reinforcing the preformed holes during pile driving. The observed concrete crushing near the cracked
section occurred at much lower loads beyond the peak load. Dowel slippage is not suspected in this
failure mode prior to strand slippage.

o Splitting and Bond Failure in the Female Segment: For the unforeseen splice test, Specimens 1 and
2, the failure occurred with splitting of the concrete cover, followed by the bond failure of dowels in
the female segment, with horizontal and vertical cracks opening at the section near the end of the
dowel. Dissection of specimens after testing indicated that the bond failure occurred at the drilled

dowel hole interface of epoxy and concrete.

Validation of Design Procedure Using Experimental Results

Table E2 summarizes the test results for all specimens and compares their flexural resistance
obtained from the test to their estimated nominal flexural resistance using the analytical
procedure. The concrete compressive strength (f'.) of 6.5 ksi (Type V) was used as the nominal
concrete compressive strength. Because of the availability issue, the precaster could not use Type
V Special concrete specified by FDOT standards (f'. of 6 ksi). As shown in Table E2, the
estimated nominal moment capacities are in very good agreement with the test results, with the
exception of the unforeseen specimens (Specimens 1 and 2). Overall, the nominal flexural
resistance estimation is conservative for all preplanned specimens when compared to the test
results. For Specimens 3 and 4, GFRP dowels and steel strands, the test results are on average
10% higher than the nominal moment capacity calculated with the design procedure. This level

of conservatism is adequate when considering the flexural failure mode of these specimens
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dominated by concrete crushing. For Specimens 5 and 6, GFRP dowels and CFRP strands, the
test results are on average 15% higher than the nominal moment capacity calculated with the
design procedure. Because the failure mode of these specimens is involved with potential bond
failure, a slightly higher conservatism is justified. For Specimens 7 and 8, steel dowels and steel
strands, the test results are on average 11% higher than the nominal moment capacity calculated
with the design procedure. This level of conservatism is adequate when considering that the
flexural failure mode of these specimens was dominated by concrete crushing. For Specimens 9
and 10, CFRP dowels and CFRP strands, the test results are on average 15% higher than the
nominal moment capacity calculated with the design procedure. A higher conservatism is also

justified here due to a large difference between the results of the two tests.

Table E2: Flexural resistance of experimental and analytical studies for all test specimens

) Nominal Design Average Percentage | Percentage
Specimen Flexural Moment Flexural Difference | Difference
Number Resistance | Capacity | Resistance (kip- | for Testto | for Test to
(Kip-ft) (Kip-ft) ft) from Test Nominal Design
1&2 (GFRP Dowel- | . 30%
Steel or CFRP Strands) 1483 1112 158.8 [t
3 & 4 (GFRP Dowel- 2227 167.1 246.8 10 % 32%
Steel Strands) ' ' '
5 & 6 (GFRP Dowel- 0 36%
CFRP Strands) 222.7 167.1 260.3 15%
7 & 8 (Steel Dowel- 0 26%
Steel Strands) 305.1 256.3 344.2 11%
9 & 10 (CFRP Dowel- 0 37%
CERP Strands) 198.0 148.5 233.9 15%
* Calculation details are explained in Section 3.1

XVi



The test results therefore validate the analytical process used for the design of preplanned
splices using GFRP and other types of dowels. The use of nominal concrete compressive
strength provides a more reasonable basis for comparison because of the laboratory setup and
high level of quality control associated with the experiment. To account for lower-than-expected
test results for unforeseen cases due to the shorter than required dowel length, based on the test

results, a reduction factor of 0.67 (¢'yn forseen) 1S Proposed to be applied to nominal strength

estimated for preplanned specimens for calculation of the nominal moment capacity for the

unforeseen splices.

Mathcad Review

Based on the strain compatibility models, a section analysis was programmed in a Mathcad
worksheet to develop a design procedure for the epoxy-bonded dowel pile splices. The design
procedure was developed for all splice reinforcing materials evaluated in this study. The
Mathcad worksheet is easy to use, such that FDOT engineers can modify it for the future design

alternatives. As shown in Figure E6, the following are the main features of the design procedure:

1. Estimating the nominal and design flexural capacities of epoxy-bonded dowel pile splices for the
input pile cross-section, bar size and number, and its configuration.

2. Estimating the development length of CFRP, GFRP, steel, and stainless-steel dowels of pile
splices for the type of strand used in the piles.

3. Estimating the lap splice length of CFRP, GFRP, steel, and stainless-steel dowels to determine
the dowel embedment length into the female segment when auxiliary bars are used.

4, Estimating the development length of CFRP, GFRP, steel, and HSSS strands to determine the
dowel embedment length inside the male segment, as well as in the female segment when

auxiliary bars are not used.
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Input Section Analysis Detailing

Development and Lap Splice

. . Calculate Rebar F
Define Rebars: alculate hebar Force Lengths for Dowels

Location, Number, and Size

Calculate Maximum Compression

and Tensile Force
Define Section Dimension:
Width, Height, and Cover I Calculate Nominal Flexural Development Length of

Strength of the Pile Splice Prestressing Strand:

Define Material Properties:

Calculate Design Flexural Strength

C t d Reb . .
oncrete and hebars of the Pile Splice

Define Environmental Factor Provide Vector-based Calculations
and Plot M-N Curves

Design Development

Figure E6: Flowchart of the design procedure developed in the Mathcad worksheet

Design of GFRP Pile Splice for All Sizes

Following the above procedure, a design was developed for FRP dowel splices of all standard
pile sizes to be considered for incorporation into the FDOT standard plans. To facilitate the
design of pile splices with varying parameters and sizes for all types of materials and
configurations, the design procedure that was implemented in Mathcad. This tool provides the
user with nominal and design flexural strengths, M-N interaction curves, and detailing
dimensions of the splice zone. Mathcad worksheets were developed for the design of GFRP
dowel pile splices for each pile size and strand materials. Five standard square pile sizes of 127,
147, 187, 24”, and 30” were considered in the design. For strands, CFRP and HSSS strands were
included. The configuration of dowels in general followed that for the existing pile splice details
reflected in the FDOT Standard Plan Index 455-100 series. Table E3 shows the details and

configuration of the pile splice for each size.
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Table E3: Dimensions and details of pile splice sections

Section . Effective | Clear GFRP Dowel
: Cross-section h b Kk ) .
Size Cover | Cover (quantity-bar size)

Clear Effective
Cover Cover
=
127 ,{ ¢ o 43/, | 3|12 12721y 4 - #10
o O
b |
Clear Effective
Cover Cover
—
14” ]{ ¢ o s/, | 37 | 147 147 | 31/, 4 - #10
o 0
b |
Clear Effective
Cover Cover
(—)1
900
2 k 1/ » 2 2 2 1/ »
18 I ece 51,7 | 37 | 18" | 187 |31/, 8 - #10
000
k b 1
Clear Effective
Cover Cover
12 - #10
24” h 51/2” 3” 24” 24” 41/3” or
16 - #10
Clear Effective
Cover Cover
- —
30” s s1/,» | 3> | 307 | 307 | 43/,” 16 - #10
_—’b |
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Table E4 shows the moment capacities calculated for different pile sizes as per the
configuration shown in Table E3. This table also includes moment capacities specified by FDOT

Specification Section 455 for mechanical splices for comparison purposes.

Table E4: Flexural moment strengths for GFRP dowel splices of different sizes

Required Nominal | Resistanc Design
Section Size Moment Moment | e Factors, Moment
Strength, Strength, 7 Strength,
Mgpor(Kip-ft) | My (Kip-ft) @M, (kip-ft)
0.75
127 56 42
0.75
14 83 63
0.74
18” 245 206 153
12 ~ #10 Dowel 0.55
W 600 523 287
24 i
16 ~ #10 Dowe 600 554 0.66 369 *
30” 950 970 0.55 534
*Note the beneficial effect of compression- controlled failure mode on the Design
Moment Strength even though the Nominal Moment Strength is not increased
significantly

Mathcad worksheets developed in this study included two combinations of GFRP dowels
with HSSS strands and GFRP dowels with CFRP strands. The detailing of the splice lengths was
also determined in accordance with the AASHTO LRFD Bridge Design Specifications, the
AASHTO LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete Bridges,
and the AASHTO Guide Specifications for the Design of Concrete Bridge Beams Prestressed
with CFRP Systems. The results are summarized in Table E5. In this table, L, Ly, Ly, and L},
are the lengths of auxiliary bars, projected segment of the dowels, holes, and embedded segment

of the dowels, respectively.
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Recommendations:

This research also provided for some recommendations for improvement to the current Epoxy-

bonded Dowel Pile Splices as summarized in the following:

Extending the development length of FRP strands for sufficient bond

Reducing spacing of stirrups for male segment for a better confinement

Provisions for appropriate hole drilling alignment in unforeseen segments

Nominal Moment Reduction Factor for estimating the capacity of unforeseen splice due to lack of
strand and dowel bar development length

Maintain using CFRP bar versus strand as dowel for a better constructability and strength (The
19.3 mm diameter CFRP strand, as tested in this report, is not recommended as an alternative
dowel bar option.)

Using improved material for GFRP with higher tensile modulus and strength

Consideration of alternative splicing using FRP sheet or jackets and Near-Surface Mounted FRP

bars, especially for the case of unforeseen splices.
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Table E5: Detailing of preplanned and unforeseen pile splice for different pile sizes

Section Size | Assembly Type | Strand Type Strand Arrangement Jacking Force, P;(kip) gnD) (Lir?) (L|r111) (?r?) llustration
4 ~ 0.5 @ Single-Strand 41 52 33 35 52
Preplanned CFRP 17406 ¢ 7-Strand 42 73 | 33 | 35 | 73
HSSS 8~ 0.6 @ Strand 26 94 | 33 | 35 | 94
127 4~ 05 @ Single-Strand a1 52 | 30 | 32 | 0 T H’IH I
Unforeseen CFRP  4=06 0 7-Strand 2 73 | 30 | 32 111K
HSSS 8~ 0.6 ¢ Strand 26 94 | 30 | 32 | 0 L'p I ||||| |
crrp 8 ~ 0.5 @ Single-Strand 305 46 | 36 | 38 | 46 Il | [l
Preplanned 8~ 0.6 ¢ 7-Strand 315 66 | 36 | 38 | 66
HSSS 8 ~0.6 @ Strand 35 86 | 36 | 38 | 86 |
147 8~ 05 @ Single-Strand 305 46 | 30 | 32 L '
Unforeseen CFRP 8~ 0.6 ¢ 7-Strand 315 66 | 30 | 32 b all L
HSSS 8~ 0.6 ¢ Strand 35 86 | 30 | 32 | 0 | “Dowels
12 ~ 0.5 @ Single-Strand 33 47 40 42 47 !
Preplanned CFRP 12~0.6 @ 7-Strand 34 66 | 40 | 42 | 66 |
HSSS 12~ 0.6 ¢ Strand 35 88 | 40 | 42 | 88
187 12~ 0.5 9 Single-Strand 33 47 | 30 | 32 A AE :
Unforeseen CFRP 12~ 0.6 ¢ 7-Strand 34 66 | 30 | 32 | 0 :
HSSS 12~ 0.6 ¢ Strand 35 88 | 30 | 32 Lyl | B :
crrp 20 ~ 0.5 @ Single-Strand 35 48 | 39 | 41 | 48 | Ly E
Preplanned 16~ 0.6 @ 7-Strand 42 73 | 39 | 41 | 73 2N
i HSSS 20~ 0.6 @ Strand 35 90 | 39 | 41 90 E é Holes
24 20~ 05 9 Single-Strand 35 48 [ 30 | 32 | 0 vV —E 2
Unforeseen CFRP 16 ~ 0.6 ¢ 7-Strand 42 73 | 30 | 32 | Auxiliary Bars
HSSS 20~ 0.6 @ Strand 35 9 | 30 32 0 .
20 ~ 0.5 ¢ Single-Strand 37 49 39 41 49 I
Preplanned CFRP 20~ 0.6 @ 7-Strand 38 71 | 39 | 41 | 71 '
HSSS 24 ~0.6 @ Strand 35 92 39 41 92 I
307 20~ 0.5 @ Single-Strand 37 29 [ 30 | 32 | 0 )
Unforeseen CFRP 20~ 0.6 9 7-Strand 38 71 | 30 | 32
HSSS 24 ~0.6 @ Strand 35 92 30 32 0

Note: See Chapter 7 for size and material properties of CFRP & steel strands, auxiliary bars, and GFRP dowels.
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CHAPTER 1: INTRODUCTION

1.1.Problem Statement

Establishing bridge foundations where there is a top layer of weak soils normally requires
application of deep foundations such as pile foundation. Driving precast-prestressed
concrete pile (PPCP) is one of the practical options among various types of piles and
installation methods. This option provides in many cases an economical and rapid
alternative. For various reasons, it often happens that splicing of pile segments has to be
performed at the site to achieve longer lengths. Shipping and transportation constraints
may limit the length of PPCP segments that can be delivered to the bridge site. Also,
when there is headroom limitation for pile driving, the length of pile segments may be
smaller than the length required to establish adequate resistance. In such cases, splicing
can be preplanned. Another reason that the pile segments would be less than the length
required for resistance is the case of unpredictable soil resistance, which leads to
unplanned splicing. Dowelling is one of the common splicing techniques in which holes
are cast or drilled into the top of the lower pile segment to receive dowel rebars
protruding out of the lower end of the upper pile segment [1]. Dowel rebars can be made
of carbon steel, Stainless Steel (SS), Carbon Fiber Reinforced Polymer (CFRP), or Glass

Fiber Reinforced Polymer (GFRP) bars.

Generally, traditional prestressed piles use carbon steel strands and bars which are prone
to corrosion, especially when they are located in a marine environment. In such

environment, alternating water levels and water splash and aerosols cause deposit,



migration, and diffusion of salts and chloride ions into the pile that can accelerate
corrosion [2-4]. In marine environments, many bridge foundations are exposed to
saltwater and harsh marine environments which can cause expensive maintenance issues
and shorten bridge life [5-6]. Conventional piles mostly deteriorate prematurely in such
corrosive environments [7]. Corrosion in concrete piles also occurs in soils and
groundwater where there are low pH levels, high level of chloride as well as sulfate. The
consequence is a decrease in load-carrying capacities, and likely increase in settlement
eventually resulting in the failure of superstructures [8]. Although deteriorated pile
structures can be replaced or retrofitted, their maintenance will be costly and not reliable
for their long-term serviceability. It has been estimated that repair and replacement of the
conventional pile systems cost the United States more than $1 billion [9]. Therefore, high
durability, low maintenance, and high safety are always top priorities for any bridge

owner [10].

It is realized that GFRP, CFRP, and SS can be used as a corrosion resistant
reinforcement. For prestressing strand in PPCPs, two types of CFRP and SS have shown
great improvements in the resistance against corrosion. Despite occasional use of CFRP
and SS for dowel splicing, their true behavior for pile splicing is not fully understood yet.
In addition, no design procedure has been developed for GFRP dowel pile splice before.
Therefore, more research needs to be performed to improve the effectiveness and
reliability of the FRPs within structural components. As a part of the FDOT’s sponsored
research activities, this project investigates the behavior of FRP dowels (e.g., CFRP and

GFRP) for pile splicing, proposes a design procedure for epoxy-bonded GFRP dowel pile



splice, validates the procedure through testing, and develops a user-friendly software tool

in Mathcad for future design modifications.

1.2.Project Objectives

The main objective of this project is to quantify the effectiveness of pile splices using
corrosion-resistant materials for dowels (e.g., CFRP and GFRP) for PPCPs. This project
is also to develop a robust design procedure and to implement in a programmable
software tool enabling engineers to design dowel pile splices with a variety of materials,

sizes, and configurations.

Toward the objective of this research, a design procedure was developed for a typical
splice connection for an 18x18 in cross-section PPCP with GFRP dowel bars to
investigate the flexural resistance of pile splices. The design follows the respective
AASHTO and ACI standards as well as the provisions of FDOT design specifications for
both unforeseen and preplanned drivable splicing cases. In order to validate the design
procedure, 10 full-scale PPCP specimens of 18x18 in cross-section each with a total
length of 28 ft were designed, fabricated, assembled and tested at the FDOT Structures
Research Center. For these specimens, three different materials for dowels; GFRP bars,
CFRP strand, and traditional carbon-steel bars were used in combination with CFRP and
steel prestressing strands for PPCPs. The focus of this study was on the flexural
performance at the splice. After the experimental program, a user-friendly design tool
was programmed in Mathcad software to allow engineers to develop the design procedure
for other sizes of pile splices up to 30x30 in. The results of this project will help

3



removing the limitations on implementation of corrosion resistant piles where splicing is

required.

1.3.Significance of Research

As per the 2021 Infrastructure Report Card by the American Society of Civil Engineers,
the US infrastructure has received a grade of C-. Out of ~617,000 bridges in the USA,
42% of bridges are already more than 50 years old and 7.5% are structurally deficient
[11-13]. In marine environments like the state of Florida, most of these bridge structures
are prone to the negative effects of corrosion. The deterioration of reinforcing steel within
the concrete by corrosion is one of the primary maintenance challenges and causes of
failure for aging concrete structures. For example, in Florida alone, approximately 3600
coastal miles are constructed with aging sheet piles with an estimated $21B replacement
cost and approximately one-third of the states’ bridges are located in extremely

aggressive environments [14-15].

To address these critical issues, FDOT have recognized the potential benefits that FRP
provides for infrastructure as a corrosion-resistant reinforcement, and thus supported this
project to develop a practical design procedure for epoxy-bonded GFRP dowel pile splice
as an economical and corrosion-resistant option for splicing PPCPs. In addition, the
findings of this research could be incorporated within the state specifications and design
guidelines to support the use of CFRP strands and GFRP bars for these major bridge

components. This in turn will promote the use of corrosion resistant piles and splices and



therefore result in enhancing the resiliency and service life of transportation

infrastructures.



CHAPTER 2: LITERATURE REVIEW

2.1.Piles

A foundation transfers the gravity force of a building structure to earth. We have two
types of foundation, shallow and deep. Piles are deep foundations that are typically
installed into soft soils. Piles are divided into two main groups of driven and cast in-place
piles. Driven piles may be made of wood, steel, concrete, or various types of composite
materials. This chapter of the project presents a comprehensive literature review on
different types of precast piles and pile splices with an emphasize on epoxy-bonded

dowel pile splices for PPCPs.

2.1.1. Wooden Piles

Wooden piles in coastal waters are prone to damages caused by marine borer activity
(Figure 1). Teredo, Bankia, and Limnoria have been recognized as the three most
destructive borers who enter the wood as a larva or go through outside edges of the
timber piles and follow the grain, tunneling deeper making the wood as holed as Swiss
cheese [16]. There are some solutions for preventing their attacks such as using creosote
and arsenate for pressure treatment of wood, or the use of wood composites including
timber piling encased in fiberglass, and extruded mixtures of wood cutting and polymers.
However, these options do not stop borers from attacking the wood completely.

Therefore, fabricating more reliable piles is needed, especially in the splash zone



Figure 1: Tunneling in a timber pile caused by Teredo and Bankia (left), untreated
timber piles attacked by Limnoria (right) [16]

2.1.2. Steel Piles

Steel piles are among cost-effective deep foundations. Their applications have been
limited due to their vulnerability to corrosion (Figure 2). Two main destructive salts are
sodium and calcium chlorides causing corrosion of the steel piles, especially in industrial
and marine environments [16]. In regular soils, the rate of corrosion is around 0.03 mm
per year which increases to 1.2 mm per year in the splash zone [17]. Coatings containing
heavy metals can prolong the service life and enhance the lifecycle performance of the
steel piles, but these treatments may be harmful to the environment. Therefore, there is a

need for alternative materials for pile fabrication which are resistant to corrosion.



Figure 2: An example of corroded steel H pile supporting a harbor pier [16]

2.1.3. Composite Piles

Composite piles (plastic-and-steel type) were used for the first time as replacements for
timber fender piles at the Port of Los Angeles in the United States in the late 1980s [18].
In 1987, the use of the first composite pile prototype consisting of recycled plastic was
reported [19]. Table 1, shows a list of some pile projects, their manufacturer and
applications in which composite piles have been utilized [20]. Some of the popular
composite pile products available in the market today, include: steel pipe core piles,
reinforced plastic matrix piles, concrete-filled FRP pipe piles, plastic lumber piles, and
fiberglass pultruded piles [16 and 20]. Figure 3 shows the available commercialized types

of composite piles.



Table 1: Selective projects using composite piles [20]

Site Year Application Pile Manufacturer Pile Type Source
1987 | Fender piles Plastic Pilings, Inc. Steel pipe with thick plastic shell
Plastic Pilings. Inc.; Seaward . ~ -
Port of Les Angeles, CA 1901-5 | Fender piles International, Inc ; Hammer's Plastic piling with steel core Heinz (1993). Hoy (1995)
Plastic Recycling
Port of NI, Newark, NT 1001 | Fender piles Plastic Pilings. Inc. Steel pipe with thick plastic shell Hoy (1995)
;ﬁiﬁggg‘“ RooseveltRoads| 1501 | Tyl fenderpiles | Plastic Pilings, Inc. Steel pipe with thick plastic shell Hoy (1995)
Port of Grays Harbor, R 4 . s . Hoy (1995)
Aberdeen. WA 1092-3 | Fender piles Plastic Pilings. Inc. Steel pipe with thick plastic shell wwrw plasticpilings.com
. . . . B . . Hoy (1995)
Port of Seattle, WA 1993 | Fender piles Plastic Pilings. Inc. Steel pipe with thick plastic shell www plasticpilings com
Port of Oakland, CA 1003 | Fender piles Plastic Pilings, Inc. Steel pipe with thick plastic shell Hoy (1995)
www.plasticpilings.com
Pear] Harbor. HI 1004 | Fender piles Plastic Pilings, Inc. Steel pipe with thick plastic shell Hoy (1995)
www plasticpilings.com
- Seaward Intemational, Inc. Recycled plastic with fiberglass reinforcing N
Port ol NY/NJ 1994 | Fender piles Creative Pultrusions. Inc. Ultra high molecular weight polyethylene Hoy (1993)
Pier B_r:n-‘o, NAS North Island. 1005 | Fender piles Plastic Pilings, Inc. Recycled plastic reinforced with welded steel Tetra Tech EM. Inc. (1999)
San Diego. CA rebar cage
] . . . . . Phair (1997)
Delaware Bay, DE 1096 | Fender piles Hardcore Composites Fiberglass shell filled with concrete wurw hardcorecomposite com
Port of New Orleans. LA 1906 | Fender piles Seaward International. Inc Recycled plastic with fiberglass reinforcing ;Eif;lngugm eering Co, Inc
Pier 16—Naval Amplhibious . o Recycled plastic reinforced with welded steel
Base Cor . San Diego, CA| 1906 | Fender piles Plastic Pilings. Inc. rebar cage Tetra Tech EM. Inc (1999)
US Navy EMR Facility Pier . . -
Tneleside. TX 1097 | Pier piles Lancaster Composites FRP shell with concrete core Stapleman (1997)
Pier 23, Norfolk, VA 1007 | Fender piles Lancaster Composites FRP shell with concrete core Lanc.as[er (2000)
www lancastercomposite.com
Steel Pipe Concrete Infill
Recycled Plastic FRP Shell
(a) Steel core pile (c) Fiberglass-concrete pile (¢) Plastic lumber pile
Recycled Plastic Matrix HDPE Cover

Tic-tac Toe FRP

Rebar (FRP or Steel)

(b) Reinforced plastic pile (d) Fiberglass pultruded pile

Figure 3: Available commercial composite piles

Steel pipe core piles, reinforced plastic matrix piles, concrete-filled FRP pipe piles have

been recognized by [21] to be better suited for load-bearing applications among other



types of piles. FRP composites have been used not only as internal reinforcements in
concrete piles [22], but also as external reinforcement and protective sheathing. Three
FRP-type of piles comprised of internal FRP-reinforced piles (concrete piles with FRP
reinforcement), external FRP-enclosed piles (steel pipe piles enclosed by recycled plastic,
concrete piles enclosed by FRP shell, and timber piles enclosed by FRP shell), and FRP
structural piles (FRP pultruded shapes and fiberglass-reinforced recycled plastic piles)
have been studied by Hun et al. [23]. The elastic modulus of FRP varies from about 20%
to 80% of the modulus of mild steel and depends directly on the properties and the
volume fraction of fibers and matrix. New design methods for piles using FRP have been
examined by Han et al. [23] for vertical and lateral loads considering buckling and load-
displacement responses. Low section stiffness and high ratios of linear elastic to shear
modulus are some other important characteristics of FRP piles which cause more
significant nonlinear load-deformation behavior than conventional piles under vertical
and lateral loads [23]. A test pile program was conducted by Pando et al. [20] to evaluate
the axial and lateral load behavior of the composite piles compared with that of
prestressed concrete piles. Laboratory tests were performed on three different piles with a
length of about 18 m (59.0 ft) (Figure 4):
e A conventional, 610-mm (23.8 in) square, prestressed concrete pile,
e A 622-mm (24.3 in) diameter composite pile made of an FRP shell filled with
concrete reinforced with steel bars,
e A 592-mm (23.1 in) diameter composite pile made of a polyethylene plastic matrix

reinforced with steel bars.
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The following conclusions were made as a result of Pando’s report:

The prestressed concrete pile and the FRP pile have the same axial stiffness which
was about 2.5 times more than the axial stiffness of the plastic pile.

Over a working range of bending moments, the flexural stiffness increased in order
from the plastic pile to the FRP pile to the prestressed concrete pile.

The axial load capacities for the concrete pile, the FRP pile, and the plastic pile were
found to be 3,090, 2,260, and 2,130 kN (695, 508, and 479 kip), respectively.

The average unit shaft resistances for the prestressed concrete pile, the FRP pile, and
the plastic pile were 61.8, 46.9, and 48.9 kPa (8.96, 6.80, and 7.09 psi), respectively.
The corresponding unit toe resistances for the prestressed concrete pile, the FRP pile,
and the plastic pile were 1,854, 2,564, and 2,339 kPa (268.8, 371.8, and 339.2 psi),
respectively.

From the static lateral load test results, they found that the prestressed concrete pile
and the FRP pile have the same load-deflection response which was much smaller

than the plastic pile at the same lateral loads.
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Figure 4: Cross-section details of the three types of piles tested by Pando et al. [20]

2.1.4. Precast Prestressed Concrete Piles

One of the options for establishing pile foundation is the use of PPCP (Figure 5). PPCP is
a concrete prism element with prestressed strands providing initial compressive stress and
transverse tie or spiral providing for confinement and shear resistance. Conventional
PPCP uses concrete of various strengths and high-strength steel strands. It normally
offers an adaptable, economical pile foundation with reasonable corrosion resistance
provided by concrete cover that is less prone to cracking because of compressive stress
introduced by prestressing. However, in marine environments, in time, corrosion
damages the strands and reduces the load carrying capacity of the piles. Alternative

corrosion resistant material can be used for strands and ties to address this shortcoming.
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Figure 5: Prestressed-Precast Concrete Piles in marine environment

2.1.4.1.Conventional Steel Prestressed Strand

Conventional steel strands are normally made of seven wires (six wires spun around a
king wire) of high-strength, low relaxation steel with various nominal diameters, most
commonly 0.5 and 0.6 in diameter. As an example, Figure 6 shows pile details which are
commonly used by the Virginia Department of Transportation (VDOT) bridge projects
[20]. The prestressed concrete cross-section is a 508-mm (20 in) square pile with a length
of about 13.1 m (43 ft). As shown in Figure 6, this prestressed pile contains a total of
fourteen, 12.7-mm (0.5 in) diameter, 7-wire strands of 1861 MPa (270 ksi) ultimate
strength, pretensioned to produce a prestress level of 5.6 MPa (0.809 ksi) based on

VDOT standards.
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Figure 6: Details of prestressed concrete pile used in VDOT [20]

Florida Department of Transportation includes standard details for its precast prestressed
square piles with conventional steel in FDOT Standard Plans Index Series 455 (2018).

Figure 7 shows these details for an 18x18 in square piles.

PPCP provides in many cases an economical alternative to other pile foundation types.
However, traditional prestressed piles are susceptible to corrosion of the carbon-steel
strands especially in marine environments. In such environments, alternating water levels
and water splash promote deposit and migration of chlorides into the pile and provides a
condition for accelerating corrosion. Florida Department of Transportation (FDOT) has
implemented programs for utilization of alternative prestressing strand material that are

corrosion resistant.
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Figure 7: FDOT standard prestressed-precast concrete pile (FDOT Standard Plans
Index Series 455 [31])

2.1.4.2.Fiber-Reinforced Polymer (FRP) Prestressed Strand

In Florida, many bridge foundations are exposed to salt water and harsh marine
environments which can cause expensive maintenance issues and shorten bridge life.
Conventional piles mostly deteriorate prematurely in such corrosive environments.
Corrosion in concrete piles also occurs in soils and groundwater where there are low pH
levels, high level of chloride as well as sulfate. The consequence is a decrease in load-
carrying capacities, and likely increase in settlement eventually resulting in the failure of
superstructures [23]. Although deteriorated pile structures can be replaced or retrofitted,
their maintenance will be costly and not reliable for their long-term serviceability [24]. It
has been estimated that repair and replacement of the conventional pile systems cost the
United States more than $1 billion annually (according to the estimate at the time of
investigation) [25]. Therefore, high durability, low maintenance, and high safety are
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always top priorities for any bridge owner. Fiber reinforced polymer (FRP) is a thermally
nonconductive, lightweight, and high corrosion-resistant material [23]. Hence, they can
offer a superior alternative material to conventional materials (e.g., steel) for driven pile
construction. FRP is an anisotropic material with an excellent strength parallel to the
direction of the fibers. This property of the FRP has a considerable effect on shear
strength, dowel action, and bond performance. Although the weight of FRP is almost
one-quarter of steel, its tensile strength is almost three times greater than conventional
steel materials [23]. FRP is manufactured from two main parts of fibers and matrix resin.
The former part provides strength and stiffness and can be made of Glass, Basalt, Carbon,
or Aramid. The matrix of FRP protects and transfers stresses between fibers and can be
made by Polyester, Epoxy, Vinyl Ester, and Urethane. The most popular combinations of

FRP are (Busel 2016):

Glass/Vinylester (or epoxy)

Glass/Polyurethane

Basalt/Epoxy

Carbon/Vinylester (or epoxy)

There have been several investigations on the application and performance of PPCP using
alternative prestressing strand material. CFRP and its variant Carbon Fiber Composite
Cable (CFCC) is one of the materials that has shown great promise for replacing normal
prestressing strands. The use of Carbon Fiber Reinforced Polymers (CRFP) for strands,
longitudinal (when needed) and transverse reinforcement in the precast concrete piles
have shown great improvements in resistance against corrosion [24, 26, and 27]. ACI-

440-04 covers an extensive review of the background, material properties and design
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recommendation for the use of these materials and other FRPs. Driving and installation of
piles made with CFRP have been performed without any major damage to the pile despite
the hard condition and high stress level. Some challenges in production were noted and
modifications recommended including use of wood versus steel cap, care in installation
and handling, lower stress rate, avoiding the use of regular vibrator, and strong QC.

Grace [28] used CFRP for post-tensioning tendons and reinforcing bars for the first time
in the superstructure of the Bridge Street Bridge in Southfield, MI. Although this
application was not for piles, the study monitored the performance for long periods of
time and demonstrated in general suitability of CFRP for use as prestressing/post-

tensioning applications.

FRP can be manufactured using carbon (CFRP), glass (GFRP), or aramid (AFRP) fibers.
Carbon fiber composite cables (CFCC) is a type of CFRP that has been used for
prestressing and post-tensioning. In CFCC, wires containing carbon fibers of
polyacrylonitrile and epoxy resin are twisted and wrapped with synthetic yarns to cover
the fibers from ultraviolet radiation and mechanical abrasion [24]. CFCC has shown high
bond strength to concrete (about twice of that of steel), its relaxation is less than steel,
and can be coiled in its twisted wire form. However, CFCC is more expensive than steel,
has low impact resistance, and it is not as ductile as its steel counterpart [24]. According
to the recorded data from pull-out tests, the bond strength of CFCC to concrete is 967 psi

(6.67 MPa) which is more than twice that of steel.
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CFCC has a longitudinal coefficient of expansion of 0.34 x 10-6/°F which is 1/20 of that
for the steel. CFCC has a light weight with less relaxation of the strands compared to
steel which makes it easy to handle. Roddenberry et al. [24 and 29] tested PPCP using

CFCC of various lengths to investigate the flexural strength, transfer length, development

length, and drivability (Figure 8).

Figure 8: Flexural testing of PPCP with CFCC [29]

They concluded that the development length of the tested CFCC strands is less than 72.0
in and therefore less than the AASHTO LRFD specifications prediction of 123 in (3120
mm) for steel strands (using CFCC’s value for guaranteed ultimate tensile strength), and
flexural strength higher than anticipated. Figure 9 shows the side view and cross-section

of the 24 in square piles and made by CFCC spiral transverse reinforcement.
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Figure 9: Cross-section (top) and side view (bottom) of the piles made by CFCC [24]

Florida Department of Transportation includes standard details for its precast prestressed

square piles using CFRP strands and ties in FDOT Standard Plans Index Series 455

(2018). Figure 10 shows these details for an 18x18 in square piles.
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Figure 10: Details of prestressed concrete pile using CFRP strands and ties (FDOT

Standard Plans Index Series 455 [31])
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2.1.4.3.High Strength Stainless Steel (HSSS) Prestressed Strand

PPCP using SS strands and spirals have also been studied as another alternative to carbon
steel strand piles. Mullins et al. [26] tested three types of stainless steel material that are
available in strand form and compared their corrosion resistance and structural
performance to conventional carbon steel prestressing strand. They showed that the use
of SS strands had no adverse effect on transfer length, while it improves significantly the

corrosion resistance (Figure 11).

Figure 11: PPCP with stainless steel strand and spiral [26]

From metallurgy perspective, stainless steel material is recognized as an iron — carbon
alloy with a minimum of 11.5% per weight chromium content [30]. Stainless steel
material is superior to conventional carbon steel due to their higher corrosion resistance
property. Therefore, the stainless steel provides a better lifecycle performance for

prestressed strands for piles as it relates to corrosion. To produce high strength stainless
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steel (HSSS), manufacturers use cold working or similar process to increase the strength

of the stainless steel [26].

FDOT includes standard details for its precast prestressed square piles using HSSS

strands and SS ties in FDOT Standard Plans Index Series 455, 2018 [31]. Figure 12

shows these details for an 18x18 in square piles.
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Figure 12: Details of prestressed concrete pile using HSSS strands and SS ties [31]

The conventional prestressing steel has been compared with strands made of HSSS by
Nirnberger [32]. The comparison in Figure 13 illustrates that the HSSS strands have a
better fatigue performance than conventional carbon steel strands (considered in their

study) under various exposure conditions. Paul et al. [33] demonstrated through testing

that transfer and development length for HSSS-2205 prestressing strands are considerably
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smaller than that predicted by AASHTO LRFD, the flexural and shear strengths of piles
using SS were greater than that predicted by both ACI-318 and AASHTO LRFD, and the
stress loss was smaller than that predicted by AASHTO LRFD refined method. Prestress

losses and transfer lengths were not affected by pile driving and extraction.
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Figure 13: Results of comparing HSSS strands with conventional cold-drawn
prestressing steel strand [32]

2.2.Pile Splice

PPCPs often require splicing for one or more of the following reasons:
e Shipping and transportation length limits,
e Limited headroom that will force planned splicing,
e Unplanned splicing when the required capacity is not achieved with the piles

existing lengths.
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There are various means for establishing bearing-type splices as illustrated in Figure 14
including wedge, pinned, welded end plates, sleeve, connecting ring, mechanical and
finally dowel splices. While more variation of splice types and alternatives are available
[34], this project makes specific focus on the dowel-type splicing using epoxy in

accordance with FDOT Specification 926 Type AB.
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Figure 14: Various types of pile splicing

One of the earlier works conducted to investigate the existing methods for concrete pile
splices is by Bruce and Hebert [35-36]. They categorized pile splices as follows:
. Welded Splices

. Bolted Splices

23



. Mechanical Locking Splices
. Connector Ring Splices

. Wedge Splices

. Sleeve Splices

. Dowel Splices

Driving conditions, a required concrete strength for piles, head and tip design practices,
and requirements for an ideal splice were all investigated by Liu [37]. A combination of
sleeve and wedge was used for splicing octagonal piles in Seattle by Alley [38]. Table 2
shows a summary of twenty types of pile splices from all over the world in terms of size
range, field time for splicing, approximate cost of splice, availability, construction usage,

structural integrity, and structural performance [35-36].

It is of importance to note that the information in the Table 2 mostly has been gathered
from general correspondence with manufacturers or designers of the splice. Regarding
the strengths provided for each of the pile splices, the presented data is dependent on
suitable procedures in establishing the splice and close quality control. Data on the
strength of the pile splices has been obtained from the experimental tests conducted by
Bruce and Hebert, experiences and tests conducted by others, and the theoretical and

analytical investigations [35-36].
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Table 2: Summary data on different pile splices [35-36]

Strength
) Approximate Approximate [~
Name of Splice Type Origin Size Range, Field Time, Percent Percent Percent
in. (em) min. Compressive | Tensile Flexural
Cracking
Marier Mechanical Canada 10-13 (25-33) N 100" 1007 100"
Herkules Mechanical Sweden 10-20 (25-51) 20 100" 100" 100"
ABB Mechanical Sweden 10-12 {25-30) 20 100" 100" 100"
nCs WeTded Japan 12-47 (30-119)| 60 100" 100™ 100"
Tokyu Welded Japan 12-47 (30-119)] 60 100" 1007 100"
Raymond Cylinder Welded USA 36-54 (01-137)] 90 100" 100" 100™*
Bolognesi-Moretto Welded Argentina Varied 60 100" 55" 100"
Japanese Bolted Bolted Japan Varied 30 100" 90" 90™"
Brunsplice Connector ring | USA 12-14 {30-36) 20 100" 20" 50"
Anderson Sleeve USA Varied 20 100" o 100"
Fuentes Welded steeve | Puerto Rico | 10-12 (25-30) 30 100" 100" 100"
Hamilton Form STeeve USA Varied 90 100" 75" 100™*
Cement Dowel Dowel USA Varied 45 100** 40** 65"iIE
Macalloy Post-tensioned | England Varied 120 100" 100" 100"
Mouton Combination USA 10-14 (25-36) 20 100" 40" 100"
Raymond Wedge Welded wedge | USA Varied 40 100° 100" 100"
Tharburn — Scotland No information available on this splice
Pile Coupler Connector ring | USA 12-54 (30-137)] 20 100"" 100" 100"
Nilsson Mechanical Sweden Varied 20 100" 100" 100"
Wennstrom Wedge Sweden Varied 20 100" 1 00* iDD*
Pogonowski Mechani cal USA Varied 20 100" 100" 100"
* Tk *
and  based on data furnished by proponent Calculated **Observed

2.2.1. Epoxy-bonded Dowel Splice

Recently, there has been growing interest in splicing PPCPs using dowel-type splice as a
desired and economical splicing type in providing sufficient flexural resistance [39]. In
the dowel-type splice, holes are cast or drilled into the top of the lower pile to receive
dowel rebars protruding out of the lower end of the upper pile (Figure 15). Dowel rebars
can be made of carbon steel, SS, CFRP, or GFRP bars. The author found no inspection
report of damages at pile splice. However, the vulnerability of piles to corrosive
environment is expected to affect also the pile splices. Implementation of corrosion

resistant dowels for splicing piles, along with the use of corrosion-resistant strands in the
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pile, can increase the durability of pile splices and accordingly enhance the piles service

life.

In the lower section of the piles at splice location, the dowel bars usually need to cover a
sufficient anchorage length [41]. Based on drawings by Transport Roads and Maritime
Services of New South Wales [42], at the joint location, a splice sleeve may need to be
used that is made of hot-dip galvanized steel (Figure 15). And, the lower edge of the
splice sleeves needs to be sealed against pile. Alternatively, plywood pieces can be used

to build a dam around the lower pile segment to contain the epoxy.

Figure 15: An example of dowel-type splice for PPCPs [40]

According to drawings by Transport Roads and Maritime Services of New South Wales
[42], dowels can be made of steel reinforcing bars, grade D500 to AS/NZS 4671. Apart
from the conventional splicing dowels, SS, CFRP, and GFRP bars are other alternatives
for dowels. FDOT Standard Plans Index Series 455 [31] include details and designs for
conventional steel, CRFP and SS dowels (455-102), but does not cover GFRP dowel

application. Following describes some of the features of dowel splice details prescribed

in these drawings for 18x18 in square drivable prestressed precast concrete pile.
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For a conventional dowel splice in 18x18 in pile, eight No.10 (8-#10) dowel bars are
used. Three bars are used on each face spaced 3 % in center to center at an edge distance
of 5% in on center from the sides of the pile section. These dowels are cast in the upper
pile segment (pile extension) for a length of 10°-6”. For unforeseen splice detail, the
dowel extension projects out of the top segment (pile extension) only by 2’-6”, whereas
for preplanned splice detail, this extension length is 4’. For the case of preplanned
splices, a set of 8-#9 bars, 10°-6” long, is cast in the lower pile segment as auxiliary
reinforcement. Spiral ties of W3.4 are used along the pile segments in accordance with
the standard requirements of the PPCPs with smaller 1” pitch for 5 turns followed by 3”
pitch for 16 turns and 6” pitch afterwards from both ends. For CFRP and SS dowel types,
the FDOT Standard Plans Series 455 details for SS dowels are identical to the
conventional splices at the same size and lengths. However, for CFRP dowel splices, 9-
#6 CFRP bars are used as dowels, 3 on each side and one at the center, with the same
spacing and edge distance as the conventional dowels. Also, the length cast in the upper
pile segment is shorter for CFRP at 4’-6” for both unforeseen and preplanned splices.
Dowel bar extension length from the upper segment for CFRP dowels is the same as
conventional dowel for unforeseen splices (2°-6) and is slightly longer (6’) than
conventional dowel for preplanned splices at 4’-6”. According to these drawings,
auxiliary bars are not used in the lower pile segment for the case of CFRP dowel splices
in CRFP prestressed pile option. Spiral ties of 0.2” diameter CFRP strand are used for

piles with CFRP detail with the same spacing and pitches as conventional piles.
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Dowels made of carbon-steel reinforcing bars have low durability and high maintenance
cost because of high potential of degradation due to corrosion. Therefore, taking
advantage of corrosion resistant materials for dowels (SS, CFRP) in pile construction has
attracted attention of researchers and manufacturers as a practical alternative. Although
the cost of using these advanced materials for foundation is greater than conventional
carbon-steel, it is a relatively small percentage of the overall cost of the bridge. In this
study, the use of GFRP dowel bars as replacement for SS and CFRP dowels for epoxy-
bonded splice for prestressed precast concrete piles will be investigated. One of the major
goals in this study is to investigate the performance of the different types of dowel bars
for splicing PPCPs. The conventional carbon-steel reinforcing bars are corroded when
chloride ions penetrate through concrete (and contaminations present in the material) and
form electrochemical reactions resulting in corrosion inside the pile which induce high
tensile stresses in the surrounding concrete causing cracking and spalling, and therefore
higher exposure. Apart from chlorides, the variation of temperature, freezing and thawing
are other sources for degrading the concrete [16]. GFRP bars are expected to provide a

more economic option to other corrosion-resistant dowel materials.

Different types of resin and cement can be used as filler and bonding material to connect
the two segments of pile at the splice. In precast prestressed concrete pile splice, epoxy is
commonly used to fill the interface and sockets of the lower segment so that the dowel
bars of the upper segment can be fully enveloped with the epoxy. The curing time for the
epoxy can be accelerated with heating methods such as enclosing the joint with a steam

jacket [41]. Moreover, dowel splice using cement filler like Florok Plasticized Cement,
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manufactured by the Chargar Corporation of Hamden, Connecticut, has been studied by
Bruce and Hebert [35-36]. CONCRESIVE® 1420 (currently known as MasterEmaco
ADH® 1420) as a general-purpose gel epoxy adhesive has been used in prestressed
concrete piles spliced with steel pipes investigated by Canner [43]. The investigation
found, for the splice mating surface, CONCRESIVE® 1420 seemed to be the best
product because of its high strength and ability to seal the mating surface, initially.
However, in the field test, the plan for using CONCRESIVE® 1420 general purpose gel
epoxy adhesive changed because the product was inconveniently supplied in two-part
tubes with a mixing gun to apply it. The proper and more convenient way to apply the
epoxy is to be able to mix them in larger containers and pour large volumes quickly to
avoid setting of the epoxy before completion of the process. FDOT is frequently faced
with the same problem of short setting time of epoxy adhesive in epoxy-bonded dowel
splice projects [43]. It is also realized that some cement and resin materials that are very
effective in anchoring dowels may require an excessive setting time, and vice versa. This
motivates consideration of other filler material for establishing effective dowel anchorage

within an acceptable setting and hardening time frame.

Among epoxy products available in the market, SEALBOND PILE SPLICING EPOXY
(458-PE) is a two-component fast setting epoxy designed primarily for bonding concrete
piles [44]. The cured resin provides high compressive and flexural strength to the joint

when used with fine aggregates as filler. EPIWELD® 580 [45] is another epoxy product

that has been used as filler for pile splices mixed with sandblasting sand 16-40.
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With reference to the literature review carried out by Bruce and Hebert [35-36], it has
been concluded that a cement-dowel splice (using Florok Plasticized Cement
manufactured by Chargar Corporation of Hamden, Connecticut) is effective and
acceptable for splicing PPCPs. This plasticized cement is a fast-setting material allowing
pile driving to resume within 15 minutes. Figure 16 shows the details and fabrication of
the pile splices used by Bruce and Hebert [35-36] in accordance with Louisiana

Department of Highways specifications.
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Figure 16: Galvanized sleeve at splice location [35-36]

Bruce and Hebert selected cement-dowel splice for an actual test to evaluate the
performance of the pile splice under field conditions and the structural capacity of the
splice. For the experimental test, six prestressed concrete specimens grouped in two

series of “A” and “B,” were fabricated by them. Series A and B were comprised of three
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14 in piles, and of three 24 in piles, respectively. All of the pile splices were
manufactured in square shape. Table 3 shows the arrangement for section and length of

each pile splice.

Table 3: Size information for six tested pile splices [35-36]

File ! Size Length
| Square Pile | Bottom Section | Top Section |  Total
- dn. | cm. ft. ™. ft. m, . | m.
A—“l | 14 | 35.86 45 13.7 15 | 4.6 60t | 18.3
A-2 14 | 35.6 45 13.7 15 | 4.6 5O | 1B.3
A=3 | 14-__3.;3‘5 -_"40 12.2 38 | 11,86 78 | 23.8
B-1 “.24 bl_{.'l_ -_45 13,7 15 | 10.7 80 | 24.4
ﬁa-z 24 | 61.0 45 13.7 35 | 10.7 60 | 24.4
i B3 24 | 61.0 40 | 12,2 20 | 5..1_"_50 18.3 |

For the field tests, firstly, the bottom sections of piles were driven and seated firmly in
the soil. Then, the top sections were spliced to the bottom sections. Tensile capacity for
Pile A-1 and flexural capacity for the remaining five piles were tested, respectively. Un-
spliced pile specimens were used as control cases in the experimental evaluation, and the
loads-deflections data was recorded for both spliced and un-spliced sections in the tests to
failure. Bruce and Hebert [35-36] stated there was no visible damage to the pile splices
throughout all of the driving operations, and results of the tensile and flexure tests were
considered to be favorable. They mentioned that the pile splice number A-1 withstood a

tensile pull of 60 tons up to bond failure between two sections of the pile where the
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dowels of the top section pulled out of the bottom section. Apart from that, the splice
withstood tensile forces and ultimate moments comparable to 40 percent of the cracking
tensile load and 65 to 100 percent of the flexural cracking moments of the un-spliced pile,
respectively. As it is shown in Figure 17, load-deflection measurements also were carried
out by Bruce and Hebert [35-36] to conclude that the spliced sections for cement-dowel

pile splice are more flexible than the un-spliced sections.
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Figure 17: Details of cement-dowel splice [35-36]

Figure 18 shows the details of the tests on epoxy-bonded pile splice performed by
Navaratnarajah [41]. In this figure, the parameters of L, HT, HY, and MS are the length
of pile varied 9 m to 18 m, high tension, high yield, mild steel (all dimensions in mm),

respectively. The piles were prestressed with 16 x7 mm diameter high-tensile (strength)
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wires arranged in a 300 mm diameter circular pattern. The secondary reinforcement was
comprised of 6 mm diameter mild steel spirals at a pitch of 150 mm. In addition, for
reinforcing at the pile ends, 4x20 mm mild steel bars were used extending, in length, 900
mm into the pile with closer spacing of the secondary reinforcement spirals at a pitch of
25 mm over 300 mm from the end. At the joining sections, the upper section used four 25
mm high yield deformed bars 1.2 m long as dowels, and the other section used four holes
with 32 mm diameter corrugated sheaths to receive the dowels. The holes were deeper

than the length of dowels for better fit.
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Figure 18: Details of test piles [41]

For establishing the pile splice, the bottom segment of the pile was held in a vertical
position and the top segment including dowels projecting at the tip was positioned over
the holes in the bottom segment. The detail of this epoxy-bonded dowel splice is shown

in Figure 19. The sockets were filled with a proprietary brand two-part epoxy.
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Figure 19: Details of epoxy-bonded splice [41]

Figure 20 shows experimental set-up used by Navaratnarajah’s for the epoxy-bonded
dowel spliced prestressed precast pile. The pile was supported on a rocker and roller
support at the two ends, respectively, over a span of 5.4 m. A steel spreader beam was
used to apply the loads in increments of 1000 kg. For measuring the deflection of the pile,
a steel indicator was vertically fixed to the center of the span so that observations can be
made with a telescope focused on the indicator. Five dial gauges (DI, D2, D3, D4 and Ds)
were also set against the bottom of the pile at 900 mm intervals to record the deflected

shape of the pile at different loading steps.
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Figure 20: Experimental setup [41]

In the experimental test, the first crack was noticed outside the joint and the maximum
size of crack was recorded to be 4.0 mm (Figure 21). According to Navaratnarajah, the
epoxy-bonded dowel splice pile failed as a result of the pull-out of the dowel bar due to

local shear effects at the location of termination of the dowel rebars.
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Figure 21: Cracking pattern in the epoxy-jointed pile [41]

The flexural behavior of an epoxy-bonded dowel splice for PPCP with a 400 X400 mm
cross-section and concrete strength of 45 N/mm? at 28 days was compared with the
performance of an un-spliced pile and welded- joint pile. Figure 22 shows the load-

deflection of three tested specimens at the center of the span or at the location of the
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splice. The results show that the pile using the epoxy joint failed at a higher ultimate load
compared to the unjointed pile. This investigation also proved that the stiffness of the pile

with epoxy joint was comparable to un-spliced pile and higher than the welded type.
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Figure 22: Load-deflection characteristics at the span center of the epoxy-jointed
pile [41]
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CHAPTER 3: DEVELOPMENT OF DESIGN PROCEDURE
In this chapter, a design procedure for pile splice using GFRP dowels applicable to 18x18
in square piles is developed. A combination of applicable codes and standards as
identified below are used to develop this design. It is realized that GFRP dowels can be
used for piles that include corrosion-resistant reinforcement including CFRP and SS
strands. In prestressed precast concrete piles, tensile stresses within the pile are readily
resisted by the precompression from prestressing. The focus of this study will be on

designing for flexural resistance and checking for other load effects.

Design and construction of the piles will follow the FDOT Structures Manual VVolumes 1
(SDG) and 4 (FRPG) [46], FDOT Standard Specification for Road and Bridge
Construction [47], and FDOT Standard Plans Index Series 455 [48]. The FRPG
references both the 2018 AASHTO Design Guide Specifications for GFRP-Reinforced
Concrete Bridges (AASHTO-GFRP2) [49] and Concrete Bridge Beams Prestressed with
CFRP Systems (AASHTO-CFRP1) [50]. FDOT Standard Specification for Road and
Bridge Construction Section 932 specifies the minimum mechanical properties for both
GFRP and CFRP reinforcing, with equivalent limits to ASTM D7957-17 for GFRP

reinforcing, but with some enhanced testing criteria for sustained load performance [47].

There may be several causes for pile bending. As an instance. Lateral forces from ground

motions, impact of vessels and vehicles, and thermal expansion of bridge create bending

for piles and plie splices. FDOT Spec. Section 933 specifies the minimum mechanical
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properties for FRP prestressing strands, while Section 455 requires that proprietary
mechanical pile splices develop the following capacities:

e Axial Compressive Strength (nominal):(Pile Cross-sectional area)x(28-day concrete strength)
=1944 kips

e Axial Tensile Strength (nominal): (Pile cross-sectional area)x900 psi (6205.3 kPa) = 291.6
kips

e Flexural Design Strength (Table 4) = 245 kip-ft

Table 4: Flexural capacities limits ([47] Section 455.7)

Pile Size (inches) Bending Strength (kip-feet)
18 245
24 325
20 600
30 950

A reliable design procedure to calculate flexural capacity of piles at their splices is
essential for the designers and structural engineers designing the bridge foundation. In
this Chapter, a design procedure is developed for flexural strength of pile splices using
different dowel materials of GFRP, CFRP, and Steel. Axial compression is resisted by the
concrete/epoxy in the cross-section and is not a concern in the case of splices.
Furthermore, the required axial tension should not pose an issue since normally dowels
are capable of transferring tension, including forces developed during driving, from one

segment to the other.
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3.1.Design Moment Strength

Design and detailing of piles were assumed to follow the FDOT Standard Plans Index

No. 455-001 to 018 and 455-101 to 118. For the design of pile splice using GFRP

Dowels, following assumptions were also made:

It is assumed that epoxy does not reduce the bond strength of GFRP with concrete. In
other words, the bond behavior of GFRP bar with epoxy adhesive is assumed to be
the same as GFRP bar embedded directly in concrete,

A linear relationship exist for tensile stress-strain for GFRP dowels all the way to
rupture,

The maximum compressive strain in the concrete (strain at crushing) is assumed to be
0.3%

The most common type of GFRP uses E-glass fiber, but enhanced E-CR (Corrosion
Resistant) glass fiber is mandated by FDOT Section 932 and ASTM D7957-17 for
internal concrete reinforcing, and assumed for use in splice.

For the case of pure axial compression, for calculation of the resistance, the gross
cross-sectional area of the concrete is conservatively used and contribution of dowel
bars are ignored.

The material and mechanical properties comply with the mechanical properties of
FRP reinforcing bars in accordance with Specifications Section 932 for the design of
structural concrete [47]. Additionally, improved mechanical properties under
consideration by ASTM D30 Committee will be evaluated to highlight the potential

for improved performance.
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e First trial design was adopted based on dowel consisting of GFRP #10 bars. The
design is checked for other sizes if applicable. The main goal is to develop a design
that is optimized taking account the economy, higher bending strength, and
simplicity. The latter would be satisfied especially if a design similar to conventional
splices can be used.

e Splice is designed for pure flexure and checked for other combined load effects.

3.1.1. Cross-section Physical and Mechanical Parameters

According to the FDOT Standard Plans Index Series 455-001 and 455-018 [48], the clear
cover for tie is 3 in (76.2 mm) (Figure 23). Pile cross-section including the dowels will
be as shown in Figure 24 adopted from FDOT Standard Plans Index Series 455-018 and
455-118 [48]. Assuming #10 GFRP dowel bars following the pattern in the standard
drawings, the clear cover (Eg. 1) and Spacing (Center to center) are 4.865 in (123.5 mm)

and 3.5 in (88.9 mm), respectively.

Clear cover = FDOT Effective Cover — 1/2 x bar dia #10 1)
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Figure 24: The pile cross-section for steel bars (left) and CFRP bars (right) [48]

According to the FDOT Standard Specifications for Road and Bridge Construction
(January 2020), section properties of FRP reinforcing bars shall meet the requirements in
Table 5. Improved minimum mechanical properties are currently being considered by an
ASTM D30 Committee working group for 20%-30% improved Modulus of Elasticity and
Guaranteed Tensile Strength (GTS). For this Chapter, a higher modulus (Ef= 8,500 ksi)
and Minimum Guaranteed Tensile Load of 83 kips, 102.5 kips, 123 kips for #8, #9, and

#10 bars, respectively, are also used reflecting the proposed (2021) improved properties.
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Table 5: Sizes and tensile loads of FRP bars

Bar Size [Nominal | Nominal Minimum Guaranteed
Designation| Bar Cross | Measured Cross-Sectional Area Tensile Load
Diameter| Sectional (in’) (kips)
(in) Ar(:_:)a
(in°) Minimum Maximum GFRP CFRP Bars
Bars
2 0.250 0.049 0.046 0.085 6.1 10.3
3 0.375 0.11 0.104 0.161 13.2 20.9
4 0.500 0.20 0.185 0.263 21.6 333
5 0.625 0.31 0.288 0.388 29.1 49.1
6 0.750 0.44 0.415 0.539 40.9 70.7
7 0.875 0.60 0.565 0.713 54.1 -
8 1.000 0.79 0.738 0.913 66.8 -
9 1.128 1.00 0.934 1.137 82.0 -
10 1.270 1.27 1.154 1.385 98.2 -

As per FDOT Standard Plans Index 455-001 and 455-101, the type of concrete for pile
should be Class V (Special). According to the concrete classes and strength included in
the FDOT Structures Manual Volume 1 [46], the minimum 28-day compressive strength
(f'c) is considered 6 (ksi) for concrete Class V (Special) (Table 6). The yield strength of
steel (f,), minimum ultimate tensile strength of strands, and other properties for section
analysis are adopted from FDOT Standard Plans Index 455-000 series. GFRP bars are
manufactured from two main parts of fibers and matrix resin. The former part provides
strength and stiffness, and the matrix of FRP protects and transfers stresses between

fibers.
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Table 6: FDOT concrete classes and strengths

Class Il 3.4

Class Il (Bridge Deck) 4.5
Class 111 5.0

Class 111 (Seal) 3.0
Class IV 5.5

Class IV (Drilled Shaft) 4.0
Class V (Special) 6.0
Class V 6.5

Class VI 8.5

Many researchers have analyzed the mechanical and material properties of GFRP rebars
in the past years [51-55]. Different types of GFRP bars have been summarized by
Farhangdoust et al. [51] as shown in Figure 25.
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Figure 25: Different types of FRP [51]

E-glass fiber is considered the most common type used in GFRP for composite
reinforcement having favorable electrical insulating properties, low susceptibility to
moisture, and at the same time, high mechanical properties [56-57]. Recently, the
durability benefits of E-CR (Corrosion Resistant) glass fibers have been recognized and

mandated for internal concrete reinforcing bars under ASTM D7957-17. S-glass fibers
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provide for higher strength but are associated with higher costs. Figure 26 shows the

stress-strain difference between FRPs and steel.
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Figure 26: The stress—strain curves of FRPs and steel [51]

As it is shown in this figure, FRP material shows a linear elastic behavior all the way to
rupture. Moreover, the GFRP has a lower strain and higher ultimate strength compared to
steel. In the following sections, the resistance of the pile splice with GFRP dowels will be
first calculated using the current (2020) GFRP properties for different arrangement of
bars and sizes. Then, for each case, the pure flexural resistance that is the basis for the
design of splice in this Chapter will also be calculated using the proposed (2021) GFRP

properties.

44



3.1.2. Section Analysis of a Pile Splice Using 8-GFRP # 10 Bars as Dowels

As it was mentioned earlier, as first trial (consistent with steel dowel design), 8-GFRP bar
#10 is considered as dowels in the pile splice section. The cross-sectional area and
minimum guaranteed (nominal) tensile load are selected from Table 5 per FDOT

requirement to be 1.27 sg.in and 98.2 Kips. The guaranteed tensile strength, f7,, , therefore

is calculated to be 77.56 ksi. Design tensile strength of FRP, defined as the guaranteed
tensile strength multiplied by the environmental reduction factor, f,, = Cgff,. The Cg is
the environmental reduction factor selected here to be 0.7 because pile structure is
exposed to earth [58]. Therefore, fr, = 54.29 ksi. The Modulus of Elasticity, Ef , is
adopted from ACI 440.1R.15 (Table 7.2.1) to be 6,500 ksi [58]. Accordingly, the design
rupture strain (&g,,) is calculated to be 0.0083. A section analysis by hand calculation was
carried out to check the flexural resistance (Table 4) in accordance with ACI 440.1R-15
[58]. The analysis was performed to obtain:

A. Axial compression strength,

B. Axial tension strength,

C. Balanced failure point,

D. Pure flexural moment strength.

3.1.2.1.Balanced Failure
At the balanced failure point, concrete crushing and FRP rupture are assumed to occur
simultaneously (Figure 27). At the balanced failure mode, the concrete reaches its

ultimate in compression and the FRP bars in the farthest layer reaches the design rupture
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strain at the same time. The distance of the center of each of the three dowel layers to the

upper edge of the section is calculated as:

d; =5.5in (139.7 mm) (2
d, =9in (228.6 mm) 3
d; =12.51in (317.5 mm) (4)

The position of the neutral axis C is calculated using the equation below 3.3 in. (84 mm).
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Figure 27: Strain and stress distribution at the balanced failure mode

Accordingly, based on the strain and stress conditions for balanced failure mode
displayed in Figure 27, the compressive force of concrete and tension force of GFRP

dowels were calculated by:
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Fo=ax f'.*B*xCxb=0.85%6*0.75% 3.3 x 18 = 227.42 kips (6)

fr, = [er,] * E¢ = [(5'53‘33'3) * 0.003] £ 6500 = 12.96 ksi < ff, (7
F, = f, * Agy = 12.96+3.81 = 49.25kips  Tension (8)
fr, = [eg,] * E¢ = [(%) * 0.003] « 6500 = 33.62 ksi < fg, (9)
Fe, = ff, * Agy = 33.62 * 2.54 = 85.16 kips Tension (10)
Fr, = Fg, = fry * Agy = 54.11 % 3.81 = 206.22 kips  Tension (11)

As a result, the force and moment of the balanced point due to the strain compatibility

and force equilibrium are calculated as follows:

{ P, = 227.42 — (206.22 + 85.16 + 49.25) = —113.21 kips
M, = —172.405 + 1765.13 + 721.77 = 2314.49 k.in = 192.874 kip — ft

(12)

3.1.2.2.Axial Compression Strength

The pure compression point is the second design parameter that needs to be calculated for
analyzing the M-N interaction of FRP- based pile splice. According to the Figure 28, the
strain of GFRP dowels &; cannot exceed the maximum compressive strain in the concrete

(0.003). Therefore, the total compression force will be: Froror = (N * €¢ % Eg. % Ag) +

47



(a* f'.x[(@a*b) — N=* Ag]), but is conservatively taken as the resistance of the gross

section of concrete area: o * f'c * a* b = 1652.4 Kips.
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Figure 28: Strain and stress distribution at the pure compression mode (theoretical)

3.1.2.3.Axial Tension Strength
According to Figure 29, concrete does not contribute to tensile strength, therefore, axial
tensile strength will include the tensile strength of all eight dowels at design tensile

strength, fr,. Therefore, the total tensile force will be:

Froto] = (N * fru * AG) = (8 %*54.29 * 1.27) = —549.92 kips (13)

Axial tensile strength is greater than required nominal strength of 291 kips.
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Figure 29: Strain and stress distribution at the pure tension mode

3.1.2.4.Pure Flexural Moment Strength
The pure flexural moment strength (no axial force) is governed by concrete crushing. At
this mode of failure, the strain compatibility and force equilibrium are assumed for the

pile splice section shown in Figure 30.

Fe=ox f'c#B*bxC=085%6*0.75*18 * C (14a)
Fr, = [er, ] * Be* Agy = [(%) . 0.003] x 6500 * 3.8 (15a)
Fe, = [er,] * B Agz = [(%) . 0.003] « 6500 * 2.53 (16a)
Fr, = [er,] * B * Ags = [(12'5‘C) R 0.003] + 6500 * 3.8 (17a)

As it was discussed earlier, the pure flexural moment strength is also calculated for the

proposed (2021) improved GFRP rebar properties:

Fo=ax*x f'.*B*b*xC=085%6%0.75x18*C (14b)
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Fr, = [e,] * Be+ Ay = [(355) + 0.003] « 8500+ 3.8 (15b)
Fr, = [er,] * Er* Agy = (%) * 0.003] 8500 « 2.53 (16b)
Fr, = [er,] * Br+ Agy = [(22) + 0.003] « 8500« 3.8 (17b)

After simplification, the following set of equations for forces in concrete and dowel

layers are calculated based on the depth to the neutral axis C:

Current (2020) GFRP properties Proposed (2021) GFRP properties
F. = 68.85 % C F. = 68.85 % C
Fr, = 74.1 (3) Fr, = 96.85 (=)
Fr, = 49.4 (%5) Fr, = 64.57 (=°)
Fr, = 74.1 (25 Fr, = 96.85 ((2=5)
(18a) (18b)

6{,‘1(

b
N.A
d f1 > Fp,
2
A l £f, — Fr,
3
— & £f, 2 [r3 L, Fp,

18 inch

Figure 30: Strain and stress distribution at the concrete crushing failure mode
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At the pure flexure point, F. = ). Fg. As a result, the value of C for current and proposed
ones, respectively, were found 3.84 in (97.5 mm) and 4.23 in (107.4 mm) as the depth to
the neutral axis. Because the neutral axis is above all the FRP bars, all the dowel levels
are in tension. Accordingly, the moment resistance of pile splice section and stress of
three level GFRP dowels will be as by calculation 19a. For the proposed improved GFRP

rebar properties, the moment resistance is also shown in calculation 19b:

Current (2020) GFRP properties (19a) Proposed (2021) GFRP properties (19b)
fr, = — 8.4 ksi fr, = — 7.6ksi
fr, = — 26.1 ksi fr, = — 28.7 ksi
fr, = — 43.9 ksi fr, = — 49.8 ksi

(M0 = S Fi*Y; = 24729k —in = 206.1k — ft (Mpy0 = N F*Y; = 27202k —in = 2267k — ft

According to the above, the nominal moment resistance, M,, , was calculated to be 206.1
kip-ft and 226.7 Kkip-ft for 8-GFRP #10 dowels based on the current and proposed GFRP
properties, respectively. This result shows this pile splice with 8-GFRP #10 dowels is
able to develop 84% and 92 % required moment resistance (Table 4), respectively, based
on the current and proposed GFRP properties. The stress in the farthest bars is less than
the design strength of the GFRP, therefore, the section fails with concrete crushing that is
a desirable mode. The pure flexural strength of 18x18 in pile splice using 9 #6 CFRP
dowels is also calculated to be 207.7 Kkip-ft that closely compares to splice using 8 #10
GFRP dowels. Comparison using the design moment resistance will be carried out later

in this Chapter.
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3.1.3. Section Analysis of a Pile Splice Using 8-GFRP #8 Bars as Dowels

Because the maximum stress in the GFRP dowel bar is less than the maximum strength
specified for GFRP, it is only prudent to try a smaller size of GFRP bar. Therefore, a set
of 8-GFRP #8 bars in three layers, with the same arrangement as the #10°s was also
examined for the pile splice. For the selected product, the cross-sectional area and
minimum guaranteed (nominal) tensile load are selected from Table 5 per FDOT
requirement to be 0.785 in? and 66.8 kips. For the GFRP dowels based on the current
(2020) properties, the guaranteed tensile strength, f,, , therefore is calculated to be 85.09
ksi. Design tensile strength of FRP, defined as the guaranteed tensile strength multiplied

by the environmental reduction factor, fr,, = Cgfp,.

The Cg is the environmental reduction factor selected here to be 0.7 because pile structure
is exposed to earth [49 and 58]. Therefore, fr,, = 59.56 ksi. The Modulus of Elasticity,
E¢, is adopted from FDOT Spec 932-/ASTM D7957-17 to be 6500 ksi. A section
analysis for the pure flexural bending strength was carried out in accordance with
AASHTO-GFRP2 [49] to check the moment resistance of pile splice using #8 GFRP
bars. The failure is assumed to occur with crushing of concrete. The strain compatibility

for the pile splice section is as shown in Figure 30.

Fo=ax f'.*B+*xb*xC=085%x6%0.75*18 *C (20a)
Fr, = [er,] * Er* Agy = [(355) » 0.003] 6500+ 2.35 (212)
Fr, = [er,] « Er* Agz = [(£5) + 0.003] + 6500 « 1.57 (223)
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Fr, = [er,] * Be+ Agy = [(22)  0.003] « 6500+ 2.35 (232)

Similar calculations for the proposed (2021) improved GFRP rebar properties show:

Fe=ax* fcxBrbxC=0.85%6%0.75x18+C (20D)
Fe, = [er, ] * Be* Agy = [(5'5C‘C) . 0.003] « 8500+ 2.35 (21b)
Fr, = [er,] * Er + Acz = (%) * 0.003] 8500 « 1.57 (22b)
Fe, = [er,] * B * Ags = [(12'5‘C) R 0.003] « 8500+ 2.35 (23b)

After simplification, section forces of the pile splice are calculated based on the depth to

the neutral axis C:

Current (2020) GFRP properties (24a) Proposed (2021) GFRP properties (24b)
F. = 68.85 % C F. = 68.85 * C
Fr, = 45.92 (25) Fr, = 60.05 (25)
Fr, = 30.61 (%) Fr, = 40.03 (=)
Fr, = 45.92 (*2=) Fr, = 60.05 (*2=)

To investigate the pure flexural point, F. = Y’ Fg should be considered as the force
equilibrium equation. As a result, the depth to the neutral axis C for current and proposed
properties, respectively, were found to be 3.20 in (81.3 mm) and 3.55 in (90.2 mm).
Accordingly, the moment of pile splice section and stress of three level GFRP dowels

will be:
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Current (2020) GFRP properties (25a) Proposed (2021) GFRP properties (25b)

fr, = — 13.92 ksi fr, = — 13.92 ksi
fr, = — 35.18 ksi fr, = — 39 ksi
fr, = — 56.45 ksi fr, = — 64.09 ksi

Muss = S F;#Y, = 20733k —in = 1727k —ft |Mpyg = NF; *Y; = 22913k —in = 1909k — ft

The nominal moment resistance for the pile section using 8-GFRP #8 bars in three layers,
M,,, was calculated to be 172.7 kip-ft and 190.9 kip-ft based on the current and proposed
GFRP properties, respectively. This result shows the pile splice with 8-GFRP #8 bars is
able to develop 70% and 78% of the required moment resistance (Table 4), based on the
current and proposed GFRP properties, respectively.

The stress in the farthest bars is less than the design strength of the GFRP (but closer than
that of 8-GFRP #10 bars), therefore, the section fails with concrete crushing. Comparison

using the design moment resistance will be carried out later in this chapter.

3.1.4. Section Analysis of a Pile Splice Using 9-GFRP #10 Bars as Dowels

As the next trial, 9-GFRP #10 bars is selected as a replacement for CFRP dowels in FDOT
Standard Plans Index Series 455-118 [48]. For the GFRP bars, the cross-sectional area and
minimum guaranteed (nominal) tensile load are selected from Table 5 per FDOT
requirement to be 1.27 in? and 98.2 kips. The design tensile strength of FRP,
ffu»1s 54.29 ksi. The modulus of elasticity, E¢ , is also adopted from FDOT Spec 932-3
and ASTM D7957-17 to be 6500 ksi. As the pure flexural moment resistance (no axial

force) is governed by concrete crushing, the failure is assumed to occur with crushing of
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concrete. At this mode of failure, the strain compatibility and force equilibrium are

assumed for the pile splice section shown in Figure 31.
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Figure 31: Strain and stress distribution at the concrete crushing failure mode

A section analysis for the pure flexural bending strength was carried out in accordance
with AASHTO-GFRP2 [49] to check the moment strength resistance of pile splice using

9-GFRP dowels #10:

Fo=ax f'.*B*xb*xC=085%x6%0.75*18 *C (26a)
Ff, = [€f1] * Ef* Agy = [(%) * 0.003] * 6500* 3.8 (27a)
Fr, = [er,] * Er* Agz = [(£5) » 0.003] » 6500 « 3.8 (28a)

12.5-C

Fe, = [er,] * Er* Ags = [( )E 0.003] « 6500+ 3.8 (29a)

Similar calculations for the proposed improved GFRP rebar properties show:
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Fo=ax f'.«B*xbxC=0.85%6%0.75%18 % C (26b)

Fe, = [er,] * B Agy = [(%) * 0.003] + 8500+ 3.8 (27b)
Fr, = [er,] * e+ Ag, = (%) * 0.003] 8500 « 3.8 (28b)
Fr, = [er,] * Er+ Ags = [(F—) + 0.003] 8500+ 3.8 (29b)

After simplification, the following set of equations for forces in concrete and dowel

layers are calculated based on the depth to the neutral axis C, for both material options:

Current (2020) GFRP properties (30a) Proposed (2021) GFRP properties (30b)
F. = 68.85 % C F. = 68.85 % C
Fr, = 74.1 (25) Fr, = 96.86 (=)
Fr, = 74.1 (%5) Fr, = 96.86 (")
Fr, = 74.1 (25 Fr, = 96.85 (12=)

At the pure flexure point, F. = ), Fg; . As a result, the value of C for the current and
proposed ones, respectively, were calculated to be 4.01 in (101.8 mm) and 4.40 in
(111.76 mm) as the depth to the neutral axis. Because the neutral axis is above all the
FRP bars, all the dowel levels are in tension. Accordingly, the moment of pile splice

section and stress of three level GFRP dowels will be:

Current (2020) GFRP properties (31a) Proposed (2021) GFRP properties (31b)
ffl =—-7.23 kSl ffl =—6.34 kSl
fr, = — 24.24 ksi fr, = — 26.61 ksi
ff3 = — 4125 kSl ff3 = —46.87 kSl

Mps10 = Z F+Y; = 2522.8k.in = 210.2kip — ft (M0 = Z F,+Y; = 2767 k.in = 230.6 kip — ft
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According to the above, the nominal moment resistance, M,,, for the pile section using 9-
GFRP #10 bars in three layers was calculated to be 210.2 kip-ft and 230.6 kip-ft based on
the current and proposed GFRP properties, respectively. This result shows the pile splice
with 9-GFRP #10 dowels is able to develop 86% and 94% of the required moment
resistance (Table 4), respectively, based on the current and proposed GFRP properties. A
comparison between splice with 8 #10 and 9 #10 bars indicates that addition of one bar
increases the nominal flexural resistance only by 2 percent. Comparison using the design

moment resistance will be carried out later in this Chapter.

3.1.5. Section Analysis of a Pile Splice Using 9-GFRP #8 Bars as Dowels
Because the maximum stress in the GFRP dowel bar is less than the maximum strength
specified for GFRP, it is only prudent to try a smaller size of GFRP bar. Therefore, a set of

9-GFRP #8 bars in three layers was also examined for the pile splice.

For this case study, the cross-sectional area and minimum guaranteed (nominal) tensile
load are selected from Table 5 per FDOT requirement to be 0.785 in? and 66.8 kips. The
design tensile strength of FRP, ff, is 59.56 ksi. The Modulus of Elasticity, E¢ , is also
adopted from AASHTO-GFRP2 [49] to be 6500 ksi. A section analysis for the pure flexural
bending strength was carried out in accordance with AASHTO-GFRP2 [49] to check the
moment strength resistance of pile splice using 9-GFRP dowels of #8. The failure is
assumed to occur with crushing of concrete. The strain compatibility for the pile splice

section is as shown in Figure 31.
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Fo=ax f'.«B*xbxC=0.85%6%0.75%18 % C

Fr, = [er,] * Er+ Acy = |(33°) + 0.003 « 6500+ 2.35

Fr, = [er,] * Er + Acz = (%) * 0.003] 6500 « 2.35

Fr, = [er,] * Er+ Ags = [(F5—) + 0.003] + 6500+ 2.35

Similar calculations for the proposed improved GFRP rebar properties show:

Fo=ax f'*B+xbxC=085*%x6%0.75*18 xC

Fr, = [er,] * Er+ Acy = |(335) » 0.003| « 8500+ 2.35

Fr, = [er,] * Er + Acz = (%) * 0.003] + 8500 « 2.35

12.5-C

Fr, = [er,] * Er+ Ags = [(F2=) + 0.003] + 8500+ 2.35

(32a)

(33a)

(34a)

(35a)

(32b)

(33b)

(34b)

(35h)

After simplification, section forces of the pile splice are calculated based on the depth to

the neutral axis C:

Current (2020) GFRP properties (36a) Proposed (2021) GFRP properties (36b)
F. = 68.85 % C ¢ F.=68.85x*C
Fr, = 45.92 (25) Fr, = 45.92 (25)
Fr, = 45.92(Z°) | Fr, =4592(=9)
Fr, = 45.92 (*2=) (Fr, = 45.92 (=)

58



To investigate the pure flexural point, F. = Y F; should be considered as the force
equilibrium equation. As a result, the depth to the neutral axis C for the current and
proposed ones, respectively, were calculated to be 3.36 in (85.34 mm) and 3.71 in (94.23
mm) which shows all the dowel levels are in tension mode as we expected. Accordingly,

the moment of pile splice section and stress of three level GFRP dowels will be:

Current (2020) GFRP properties (37a) Proposed (2021) GFRP properties (37b)

fr, = — 12.42 ksi ( fr, = —12.22 ksi

( fr, = — 32.74 ksi fr, = —36.23 ksi

fr, = —53.05 ksi fr, = —60.24 ksi
Mg = Z F*Y; = 212523 k.in = 177.1 kip — ft

e = z Fi *Y; = 2342.6 k.in = 195.2 kip — ft
The nominal moment resistance, M,,, for the pile section using 9-GFRP #8 bars in three
layers was calculated to be 177.1 kip-ft and 195.2 Kkip-ft based on the current and proposed
GFRP properties, respectively. This result shows the pile splice with 9-GFRP #8 dowels is
able to develop 72% and 80% of the required moment resistance (Table 4), respectively,
based on the current and proposed GFRP properties. A comparison between splice with 8-
#8 and 9-#8 bars indicates that addition of one bar increases the nominal flexural resistance
only by 2 percent. Comparison using the design moment resistance will be carried out later

in this Chapter.

3.1.6. Resistance Factor
According to ACI 440.1R-15 [58] and AASHO-GFRP2 [49], the design flexural strength

of an FRP-reinforced section depends on whether it is controlled by concrete crushing or
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FRP rupture. This can be determined by comparing the FRP reinforcement ratio, ps, to
the balanced reinforcement ratio pg,. Accordingly, there are three possible failures for
pile splice:

e Balanced failure condition (concrete crushing and FRP rupture occurs at the same time)
e Failure governed by concrete crushing (concrete crushing occurs before FRP rupture)

e Failure governed by FRP rupture (FRP rupture occurs before concrete crushing)

According to ACI 440.1R-15 [58], for a single-layer GFRP tension reinforcement,

balanced reinforcement ratio can be calculated using the equations below:

oo = (B 1) (Fomee—) (38)

Ef€cy+fry

A
pr = (39)

Where A¢ refers to the area of three bars in the single layer reinforcement farthest from
compression zone. It is structurally advantageous for a concrete section reinforced with
FRP that concrete crushes first, i.e., FRP reinforcement ratios is larger than the balanced
ratio. In AASHTO-GFRP2 [49], the balanced reinforcement is expressed in terms of
strain and defined as Compression-Controlled or Tensioned-Controlled with a Transition
zone due expected variations in material properties. If the reinforcement ratios are equal
to balanced reinforcement ratio, the failure is balanced. If pf > pg,, then the failure will
be initiated by crushing of concrete, and the nominal moment strength will be calculated

for the case of single-layer tension reinforcement by:
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M, = Afff(1 ~ 0.59 pfif) d? (40)

C

However, if p¢ < pg,, then the flexural failure will be governed by rupture of FRP bar,
and the nominal moment strength for the case of single-layer reinforcement will be

calculated by:

C
My = Ay, (d - 222) (41)
As it is shown in Figure 32, according to the Sec. 2.5.5.2 of the AASHTO-GFRP2 [49],
for the case of single-layer GFRP tension reinforcement, the resistance factor can be
calculated by (42). The compression-controlled resistance factor is slightly less
conservative than the ACI 440.1R-15 [58] strength reduction factor, based on more recent

comparative reliability analysis:

0.55 for ery = €¢4 (Tension — Controlled)

& = Resistance Factor 0.75 for & < 0.80gr4 (Compression — Controlled) (42)

155 L5 For 0.80r4 < & < & (Transition)
fd

Where the e¢4 = Cgép,, is design rupture strain and &, is guaranteed rupture strain from

AASHTO. It should be noted that different terminology has been used by ACI 440.1R-15

[58] and AASHTO-GFRP2 [49] to describe the design rupture strain and guaranteed
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rupture strain. To clarify, the ¢4 and &, used by AASHTO [49] correspond to &, and

&r,, Used by ACI 440.1R-15 [58], respectively.

(I) A
0.55 ;
Compression- C «— Tension-
B Controlled 1 Transition Controlled
(Concrete Crushing) i (GFRP Rupture)
O . 8 8 fu 8 fu Eﬁ

Figure 32: Strength Limit State resistance factor [49]

Table 7 shows the strength resistance factor, ¢, corresponding to #8 and #10 bars for two

different number of bars at pure flexural moment based on conditions set by Eq. 42.

Table 7: The resistance factor for current (2020) GFRP properties

Design Number of Bars & Efa gt/gfd ¢
8 0.00675 | 0.00835 | 0.80 | 0.75
With GFRP Dowel #10
9 0.00635 | 0.00835 | 0.76 | 0.75
8 0.00868 | 0.00916 | 0.95 | 0.60
With GFRP Dowel #8
9 0.00816 | 0.00916 | 0.89 | 0.66
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When using the current (2020) GFRP properties, the ratio of gf/gfd, for #10 bars is 0.80

for 8 number of bars and 0.76 for 9 number of bars. Therefore, for both cases, the

strength resistance factor, ¢ , for pure bending of a pile splice for Sections using #10 bars
can be taken as 0.75. Similarly, for #8 bars, the ratio of gf/gfd for 8 and 9 number of
bars, respectively, are 0.95 and 0.89. Therefore, the strength resistance factor, ¢ , for pure

bending for a pile splice using #8 bars is calculated as 0.60 and 0.66, respectively for 8

and 9 number of bars.

For the proposed (2021) GFRP properties, the strength resistance factor, ¢,
corresponding to #8 and #10 bars for 8 and 9 number of bars at pure flexural moment is

calculated and shown in Table 8.

Table 8: The resistance factor for proposed (2021) GFRP properties

Design Number of Bars & Erq gt/gfd o)
8 0.00586 | 0.008 0.73 | 0.75
With GFRP Dowel #10
9 0.00551 | 0.008 0.69 | 0.75
8 0.00754 | 0.00871 | 0.86 | 0.68
With GFRP Dowel #8
9 0.00709 | 0.00871 | 0.81 | 0.74
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3.1.6.1.Design Moment Strength for the Case of 8-GFRP Dowels
For a pile splice using three layers of 8-GFRP bars # 10, based on the calculated
resistance factor, the failure will be governed by concrete crushing, and the resistance

factor ¢ will be 0.75. Hence, the factored flexural moment will be:

M — oM _ { Current (2020): 0.75 x 206.1 = 154.57 K — ft
u#10 = P¥n#10 = | pronosed (2021): 0.75 * 226.7 = 170.02 K — ft

(43)
In the same manner, for a pile splice using three layers of 8-GFRP # 8 bars, the design

flexural moment will be:

Current (2020): 0.60 x 172.7 = 103.62 K — ft

Muss = PMnye = {Proposed (2021): 0.68 « 190.9 = 129.81 K — ft (44)

3.1.6.2.Design Moment Strength for the Case of 9-GFRP Dowels
For a pile splice using three layers of GFRP # 10 bars, based on the modified resistance
factor, the failure will be governed by concrete crushing, and the resistance factor ¢ will

be 0.75. Therefore, the factored flexural resistance will be:

Current (2020): 0.75 x 210.2 = 157.65 K — ft

Muso = @Mnso = {Proposed (2021): 0.75 % 230.6 = 172.95 K — ft (45)

In the same manner, for a pile splice using three layers of GFRP # 8 bars, the design flexural

moment will be:
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M. po = GM.pg = { Current (2020): 0.66 * 177.1 = 116.89 K — ft
u#8 = ¥n#8 = | proposed (2021): 0.74 * 195.2 = 144.45 K — ft

(46)
As it shown in Tables 9 and 10, comparing two cases of #8 and #10 bars, the use of both
8 and 9-GFRP #10 bars can provide a better design for pile splice because it provides for
significantly higher resistance and more importantly, the design with #10 bars is more
consistent with conventional design used by FDOT (Figure 24). It is realized that the
splice design moment strength provided by GFRP #10 bars is lower than that required by
Standard Specification for Road and Bridge Construction [47], however, it is believed
that the use of larger diameter bars as well as the use of larger number of dowels on each

side of the section are not practical and will create spacing and installation issues.

Table 9: Comparison between bending moment strength and required moment
strength for GFRP dowels of different sizes (current 2020 specifications)

_ _ FDOT Ratlo_ of Ratlc_J of
Nominal Design . Nominal Design
Required
Desian Moment Moment Moment Moment Moment
g Strength Strength . Strength to | Strength to
. . Resistance . .
(Kip-ft) (Kip-ft) (Kip-Ft) Required Required
P (Nominal) (Design)
With 8-GFRP
(0) 0)
Dowel #10 206.1 154.57 245 84% 63%
With 8-GFRP
Ith 8-G 172.7 103.62 245 70% 42%
Dowel #8
With 9-GFRP
0] (0)
Dowel #10 210.2 157.65 245 86% 64%
With 9-GFRP |77 4 116.89 245 72% 48%
Dowel #8
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Table 10: Comparison between bending moment strength and required moment
strength for GFRP dowels of different sizes (proposed 2021 specifications)

. ' FDOT Ratl(? of Rat|<_) of
Nominal Design ) Nominal Design
Required
Desian Moment Moment Moment Moment Moment
g Strength Strength : Strength to | Strength to
. . Resistance : :
(kip-ft) (Kip-ft) (Kip-Ft) Required Required
P (Nominal) (Design)
With 8-GFRP
0] [0)
Dowel #10 226.7 170.02 245 92% 69%
WIh8-GFRP | 1509 | 12081 245 78% 53%
Dowel #8
With 9-GFRP
(0) 0)
Dowel #10 230.6 172.95 245 94% 71%
With S-GFRP | 1955 | 144.45 245 80% 59%
Dowel #8

For the current (2020) GFRP properties- The results show that 8-GFRP #10 bars in three
layers can develop 84% and 63% of the required moment resistance (Table 4) when using
the nominal moment resistance and design moment resistance, respectively. Moreover,
these results show a pile splice with 9-GFRP #10 bars in three layers can develop 86%
and 64% of the required moment resistance (Table 4) when using the nominal moment

resistance and design moment resistance, respectively.

For the proposed (2021) GFRP properties- The results show that 8-GFRP #10 bars in
three layers can develop 92% and 69% of the required moment resistance (Table 4) when
using the nominal moment resistance and design moment resistance, respectively.

Moreover, these results show a pile splice with 9-GFRP #10 bars in three layers can
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develop 94% and 71% of the required moment resistance (Table 4) when using the
nominal moment resistance and design moment resistance, respectively.

It should also be noted that the capacities calculated using the available design codes
have proven to result in extremely conservative estimation. This is verified later in this
project with the section analysis using Response 2000 and the experimental program.

From this point on, the splice design configuration using 8-#10 bars will be used for

detailing and other considerations. This configuration provides the consistency of design

with steel counterpart as well as near maximum strength (only up to 2 percent lower than

9-#10).

3.2.Detailing for Pre-Planned Pile Splice

Similar to the design of existing pile splice details reflected in the FDOT Standard Plan
Index 455-102 [48], the detailing of the pile splice using GFRP dowel bars will require
calculation of two lengths; one is the development length of strand used inside the pile
segments, and the other is lap splice length for GFRP bar dowel. The strand development
length needs to be defined because in order to develop the full resistance of the pile
beyond the splice section in the upper segment, the GFRP dowel will need to extend and
overlap along that length with the strand. The lap splice length for the dowel needs to be
determined because for the splice to develop its full resistance, the dowel shall be
inserted in the lower pile segment with that length to splice with the auxiliary bar already
embedded in the lower pile segment. Lap splice length in turn is calculated based on the
development length of GFRP bar in concrete. Development length in general depends on

confinement, bar surface roughness and shape, embedment length, type of concrete, and
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concrete compressive strength. Development length for strand and lap splice length for
GFRP bar is calculated in the following sections.

3.2.1. Strand — Development Length

3.2.1.1.Steel Strand

Although GFRP dowels are not intended to be used with conventional steel reinforced
piles, for completeness as well as to use for Stainless-Steel reinforcing case, development
and lap splice lengths are calculated for conventional steel. ACI 318R-14 [59] and
AASHTO LRFD Bridge Design-8th Edition [60] were used to calculate the development
length and lap splice of steel strands in pile. The specified jacking force in FDOT
Standard Plans for steel strand of 0.6 in diameter is 35 Kkips, which gives an initial stress
in the strand of 161.3 ksi (35 kips / 0.217 in2). Fifteen (15) percent loss is assumed to

determine the effective stress in the prestressing strands [61].

ACI 318R-14
Based on section of 25.4.8.1 of the ACI 318R-14 [59], the development for pretensioned

seven wire strands of pile in tension was calculated by:

= ()0 + (250 @

where
o fs. (the effective stress in prestressing reinforcement) = 85% f,; = 137.1 ksi (assuming

15% loss) [61]
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e f,; (Jacking stress or initial stress) = 161.3 ksi

e f,u (Minimum guaranteed ultimate strength) = 270 ksi [61]

o f,s(stress in strand at flexural failure of beam)= f,, (1—m) =270 (1—

B4t
0.28%0.0032%270 .
—) —255.4 ki
0.75%6
In which,
_Aps 086

=0.0032

[ ] = =
Pp bd,  18%(14.5)

e d, =18 — 0.3 (half of strand dia.) — 0.2(spiral dia.) — 3(clear cover) = 14.5
e A,s =4+0.217 (strand area) = 0.86
e v, = 0.28 (typical low relaxation strand)

e By =0.85—(0.05x(fl—4)) =0.75

Accordingly, development length is calculated to be 98.4 in for 0.6 in-diameter strands
used in 18x18 in piles. For piles with 16-0.5 in strand configuration, this development
length is calculated to be 80.25 in. Normally, the larger of these two development lengths

is used in the design.
AASHTO

Based on section 5.9.4.3.2 of AASHTO LRFD Bridge Design-8™" Edition [60], the

development length of pretensioning strand is calculated by:
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~2fe ) db (48)

Ig > k(fps

where

e ksl for piling with a depth smaller than 24 inches (in old version of AASHTO this
factor was 1.6),

e f,s (stress in strand at flexural failure of beam)

o f, (the effective stress in prestressing reinforcement) = f,. above

lg > 1(255.4-2137.1) 0.6 = 98.4in (49)

Development length for steel strand from the both ACI and AASHTO Specification are

identical.

3.2.1.2.HSSS Strand

Paul et al. [65] demonstrated through testing that transfer and development length for
HSSS-2205 prestressing strands are considerably smaller than that predicted by AASHTO
LRFD, the flexural and shear strengths of piles using SS were greater than predicted by
both ACI-318 and AASHTO LRFD, and the stress loss was smaller than that predicted by
AASHTO LRFD refined method. These properties were not affected after installation and
extraction. Also, Mullins et al. [66] demonstrated that transfer and development lengths of

HSSS strands are not longer than comparable conventional carbon steel strands.
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Accordingly, the development length of HSSS strand will be considered to be the same as

the conventional steel strand.

3.2.1.3.CFRP Strand
The development length for the CFRP strands can be calculated through both from

AASHTO-CFRP1 [50] and ACI 440.4R-04 [63].

ACI 440.4R-04: According to Section 6-2 of the ACI 440.4R-04 [63] with unit
conversion coefficients, the recommended equation for development length can be

calculated using Eq. (50):

Ld = Lt + Lfb (50)

(fpe)db
at(fé)o'm

_ (fpu=fpe)dp
- 0.67
ar(fe)

In which L; and Lg, were calculated by L, = and Lg,

Where:
f{= Concrete strength at time of loading

fou= Ultimate tensile strength of the CFCC
f,e= Effective prestressing stress

ag,= Factor for the flexural bond length of FRP tendon

a.= Factor for the transfer length of FRP tendon
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As a result, the development length of prestressing strand of pile in tension will be

calculated by:

L, = (fpe)db (fpu_fpe)db (51)

- 0. 0.6
a(f)™ " ap ()™

It has been observed that there are some idiosyncrasies with these development length
equations when the strand is not pretensioned to near the maximum permitted transfer
limits, which is sometime the case for FDOT square piles where 1000 psi residual
compression is the controlling design condition. Figure 33 shows the available
Commercial CFRP prestressing tendons under the brand names of Carbon Fiber
Composite Cable (CFCC) by Tokyo Rope (Japan) [67].

weed | Nominal mass

Dasignatior

| o | Quanolee TngLa
H‘”’” i 4530057 {REE v‘f!'l- PR R

[ U 500 50 15.2 38 30 167
1x7 7.5¢ 7.5 311 76 60 155
1x7 1050 105 57.8 141 11 155
* L 1x7 1259 125 760 184 145 155
1x7 1520 152 115.6 270 221 155
1x7 17.20| 172 151.1 350 289 155
1x19 2050 205 206.2 316 410 137
@ “19455_'“‘, 255 T 3047 467 606 137
1x19 285¢| 285 401.0 se4 | 777 137
137 3550, 355 | 5912 841 1,185 127

@ 1x37 4000 400 798.7 1,200 1,529 s

Figure 33: CFCC standard specification [67]

Figure 34 shows recently published updates to the CFCC minimum specifications.
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Shape of Standard specification of CFCC
CI‘O_SS Designation Diameter Effec_tive cross Guaranteed capacity] Nominal mass density | Tensile elastic modulus
section sectional area
inch mm® in’ kN kip g/m Ib/ft KkN/mm? ksi
O CFCCU 50 ¢ 0.20 15.9 0.025 404 9.1 30 0.020 167 24,221
CFCC 1x7 79 ¢ 0.31 31.1 0.048 79.3 17.8 60 0.040 155 22,481
CFCC 1x7 108 ¢ 0.43 57.8 0.090 147.2 33.1 12 0.075 155 22,481
@ CFCC 1x7 125 ¢ 0.49 75.6 0.117 192.5 433 146 0.098 155 22,481
CFCC 1x7 152 ¢ 0.60 1156 0.179 294.4 66.2 223 0.150 155 22,481
CFCC1x7 172 ¢ 0.68 151.1 0.234 385.0 86.6 292 0.196 155 22,481

Figure 34: CFCC standard specification [62]

The development length analysis was carried out for CFRP strand pattern shown in
FDOT Standard Plans 2020 (455-118) for 0.6 in diameter strand. As it is shown in Figure
23, the pile uses 12-0.6 in diameter CFRP strands. According to Section 933 of the FDOT
Standard Specification for Road and Bridge Construction [60], the nominal cross-
sectional area of the CFRP 0.6 in diameter strand is considered to be 0.179 sg.in. (Table

11).

The specified jacking force in FDOT Standard Plans for CFCC strand of 0.6 in diameter
is 34 kips, which gives an initial stress in the strand of 189.9 ksi (34 k/0.179 in?). Fifteen
(15) percent loss is assumed to determine the effective stress in the prestressing strands

[61].
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Table 11: Different sizes and loads of current CFRP prestressing strands and bars

[64]
Typical Sizes and Loads of CFRP Prestressing Strands and Bars
Nominal Nominal Nominal
Nominal
) Cross- Ultimate Ultimate
Type Diameter ) )
(in) sectional Load (Pu) Tensile Stress
in
Area (in?) (kips) (ksi)
Single Strand-5.0mm @ 0.20 0.025 9.1 364
7-Strand-7.9mm @ 0.31 0.048 17.8 370
7-Strand-10.8mm @ 0.43 0.090 331 367
Single Strand-9.5mm @ 0.38 0.110 35.0 318
7-Strand-12.5mm @ 0.49 0.117 43.3 370
Single Strand-12.7 mm @ 0.50 0.196 59.0 301
7-Strand-15.2mm @ 0.60 0.179 66.2 369
7-Strand-17.2mm @ 0.68 0.234 86.6 370

All required information for development length calculations are:

f{=6 ksi,
fou= 341 ksi [61],

£,,=189.9 ksi

fre=161.5 ksi (assuming loss of 15%) [61],

ag,= 14.8 (in-pound units) for CFCC [63],

a;= 25.3 (in-pound units) for CFCC [63].

As a result, the development length of the CFRP strand will be:
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__ 161500 %0.6 (341000-161500)*0.6
" 25.3x(6000)9-67 14.8x(6000)0-67

Lq =11.6 +22.0 = 33.6" (52)
AASHTO-CFRPL1: According to AASHTO-CFRP1, the equation below can be used for

calculation of development length in which the development length is equal to the

transfer length+ the flexural bond length.

L= (ooddy o (fpu=fpe)dy (53)

d — . 0.67
a(f)™” " aalfs)

o f5=4Kksi,

o f.=6Kksi,

e f,,= 341 ksi [61], (note that this is now 369 ksi in the 2021 FDOT Spec),
o f,;=f,1,:=189.9 ksi,

e f,e=161.5ksi (assuming loss of 15% from initial prestressing) [61],

o ay=148,

e a=11

As a result, the development length of the CFRP strand will be:

189.9 0.6 (341 —161.5) * 0.6

Ly = =409 + 21.9 = 62.8"
47 1.1« (4)067 T a8~ (6)0-67 *

According to AASHTO and ACI, alternatively, transfer length can be estimated as 50d,,

for prestressing CFRP cables. Therefore:
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(341-161.5)*0.6
1.48x(6)0:67

Ly = 50(0.6) + =30 +21.9 = 51.9" (54)

The calculations above results in three different development lengths for CFRP strands,
33.5" (ACI 440.4R), 62.8" (AASHTO CFRP1), and 51.9" (Alternative estimate). There
have been several investigations on determining the development length for CFCC
strands. Table 12 summarizes the results of some of these investigations [29]. According
to these results, the development length of CFCC can be in the range of 29 to 49 in A
consistent value for development length of CFCC cannot be established from the
available literature, and experimental evaluation is needed to derive such. For the time
being, for a preplanned splice using CFCC strand and GFRP dowel, the dowel length
inside the lower pile segment will be taken consistent with the current design of FDOT

(Index 455-102) that is 54 in without the use of auxiliary bars in the lower segment.

Table 12: Development length predictions

Reference Predicted Length (in)
Roddenberry et al. [19] <72
Mahmoud and Rizkalla [68] 29
Grace [69] 49
Calculated in this Chapter using ACI 440.4R-04 [63] 33.6
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3.2.2. Development and Lap Splice Lengths for Conventional Steel (and Stainless Steel)
As indicated in the overall objectives and research approach, in this project, various
combinations of material types for dowels and prestressing strands are to be evaluated.
This includes conventional steel, stainless steel, and CFRP strands, and steel, stainless
steel, CFRP and GFRP dowels. In this section, development and lap splice lengths for
conventional steel is examined. These will be also applicable to the case of stainless steel
strands and dowels. ACI 318R-14 and AASHTO LRFD Bridge Design-8th Edition were

used to calculate the development length and lap splice of steel dowels in pile splice.

3.2.2.1.ACI
Based on Section 25.4.2.3.9 of ACI 318R-14 [59], for deformed steel bars or wires, the

development length in tension shall be calculated by Eq. (55):

3 fy Wepeys
la = | +5—7eptier | db (55)
2 Jre ()

In which, y,, A, Y, P respectively are casting position, material, epoxy, and size factors

which were calculated by:

P = 1 (Less than 12 in of fresh concrete placed below horizontal bar) (56)
Y. = 1 (No Epoxy coating on bar) (57)
A = 1 (Normal weigth concrete) (58)
P = 1 (Bar size is larger than #7) (59)
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. +k
For the confinement term (de tr
b

), K, Cp, and dy, were calculated by:

ktr=40*S—R=4‘O*f=O.4‘5 (60)
¢y = 1.75 (Half of spacing) (61)
dp = 1.27 (Diameter size for bar #10) (62)

As a result, the development length for steel bar in tension, 14, will be 42.65 in (1.08 m).

The lap splice length of deformed bar in tension was calculated based on Section 25.5.2.1

of ACI 318-14 [59]. To develop yielding in the bars, Bsprovided _ 1, and the splice type

s,required
will be in the class B. Accordingly, using Eq. (63) the lap splice, lg, is calculated to be

55.44" (1.4 m).
Iy = 1.3 %1y = 1.3 * 42.65 = 55.44" (63)
3.2.2.2.AASHTO

Based on Section 5.10.8.2.1a-1 of AASHTO LRFD Bridge Design-8" Edition [60], for

deformed steel bars, the development length in tension shall be calculated by:

Iy = g (PLReCRreer (64)
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In which, {,, A, P, W respectively are casting position, material, epoxy, and size factors

which were calculated by:

lgp = 2.4def—Y_ = 747" (65)
fe

A = 1 (Reinforcement location) (66)

Ace = 1 (Coating factor) (67)

=2 = 127 = 0.58 (Reinforcent confinement factor) (68)

o, @R g5

Aer = j\\s'reqﬂ = 1 (Excess reinforcement factor) (69)
s,provided

A =1 (Concrete density modification factor) (70)

As a result, the development length for steel bar in tension, 14, will be 43.2" in (1.09 m):
Iy = 74.7 (%581) = 43.2 (71)

The lap splice for deformed bar in tension was also calculated based on Section
5.10.8.4.3A of the AASHTO. The minimum length of lap splice in tension lap shall be as
required for class A or B lap splice, but not less than 12 in. A Class B lap splice is

assumed in this case, therefore, the splice length is 1.31,.

The lap splice in tension is calculated to be 56.1 in (1.42 m) by Eq. (72):
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lap splice = 1.3 %13 = 1.3 ¥ 43.3 = 56.1" (72)

3.2.3. Development and Lap Splice Lengths for 8-GFRP #10 Bars

3.2.3.1.Calculation Assuming a Single layer of GFRP Dowel

The standard specification of AASHTO LRFD Bridge Design Guide Specifications for
GFRP-Reinforced Concrete — 2" Edition [49] was used to calculate the development
length and lap splice of and GFRP Dowel in pile splice. This calculation is performed for
GFRP with both current and proposed/improved properties. Based on Section 2.9.7.4.1-1
of the AASHTO, for deformed FRP bars, the development length in tension can be

calculated using Eq. 73.

f
31.6a-LL—340
!

Jre
> _—
lq = max 13-6+dcb d, 20 xd (73)
Where fg. = Minimum { fr and fr4} (74)

The GFRP stress at the time of concrete crushing (bending failure), f;, is calculated by

Eq. (75) assuming a single-layer reinforcement in tension.

_ |(Bfecu)® | 0.85Bif¢Efecy _( Current GFRP properties: = 57.40 ksi
f = \[ 2 P 0-5EEcu {Proposed GFRP properties: = 64.28 ksi (75)

Where:
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E — { 6500 ksi for current properties
f= 18500 ksi for improved properties

pr = b_(; = 0.0169 (GFRP reinforcement ratio assuming single layer with 3 bars )

Af = 3.81in%(Assuming the area of 3 GFRP reinforcement)

f¢
B, = max {0.65, 0.85 — 0.05 (1000 - 4)} =0.75

a = 1 ( Bar location modification factor)

C = 1.75 (Half of the center-to-center spacing of the bars being developed)

In addition, the maximum strength of GFRP bar, f¢, , is calculated by:

Current (2020) GFRP properties Proposed (2021) GFRP properties
feq = Cg * ff*u =54.29 (ksi) feq = Cg * ff*u 67.79 (ksi)
(76-a) (76-b)

In which, f;, depends on the size and the type of GFRP bar (E-CR glass of #10 was
picked for our calculations). The Cg is the environmental reduction factor selected here to
be 0.7 because pile structure is exposed to earth. Therefore, according to Eq. 77 below, f,
will be 54.29 ksi and 64.28 ksi for the current and the proposed GFRP properties,

respectively.

Current (2020) GFRP properties (77a) Proposed (2021) GFRP properties (77b)
(i {ff=54.40ksi P {ff=64.28ksi
fr = Mg = 54.29 ksi fr = MMe = 67.79 ksi
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As a result, the development length for GFRP bar at pile splice in tension, 14, for the
current and proposed GFRP properties will be, respectively, 30.55 in (0.77 m) and 41.48
in (1.05 m) by:

31.6 1 =* 2429 _ 340

Current (2020) GFRP : 14 = max{ V6 * 1.27, 20 * 1.27} = 30.55"

1.75

13.6 + 127

31.6*1*%—340

Proposed (2021) GFRP : 14 = max{ V6 * 1.27, 20 = 1.27} = 41.48"

1.75
13.6 + 127

Accordingly, based on the Section 2.9.7.6 of the AASHTO-GFRP2 [49], the lap splice of
GFRP deformed bar in tension is calculated to be 40 in (1.00 m) and 54 in (1.4 m),

respectively, for the current and proposed GFRP properties using Eq. 78.

Current (2020) GFRP properties (78a) Proposed (2021) GFRP properties (78b)

lap splice length = 1.3 * 13 = 40 in lap splice length = 1.3 13 = 54 in

Consider: Given that the adhesive dowels are not touching the strands (non-contact
splice), and the surrounding concrete is not interrupted, the use of a 1.3 factor may not be
necessary and only the additional offset length (approximately 2 in.) need be added to the
basic development length. Additionally, the high degree of confinement offered by the
spiral reinforcing at 1 in and 3 in spacing near the head and tip of the pile provide

enhanced bond development.
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3.2.3.2.Calculation for Three layers of GFRP Dowel

The development length calculated in the previous section assumed one layer of
reinforcement for calculating the stress level at bars. Since the splice is actually designed
using three layers of GFRP dowels (Figure 24), and as such, the actual configuration needs
to be considered in calculating the development length and lap splice for GFRP bars. To
calculate the development length of GFRP bars, it is necessary to calculate the stress in
GFRP at the point of bending failure of pile splice governed by concrete crushing.
According to earlier calculation, the actual stress in GFRP and maximum moment strength

at crushing of concrete are:

Current (2020) GFRP properties Proposed (2021) GFRP properties
( ff1 = —8.4 ksi ( ffl = —7.6 ksi
J fr, = —26.1 ksi J fr, = —28.7 ksi
ff3 = —43.9 ksi ff3 = —49.8 ksi
an#m = YF; *Y; = 206.1 kip — ft LMn#lo = YF; *Y; = 226.7kip — ft

Similar to the development length calculation for one-layer reinforcement in AASHTO,
development length for the case of three layers of reinforcement is calculated by
considering f; = fr; (Eg. 79). Accordingly, f;. is calculated to be 43.9 ksi and 49.8 ksi,

respectively, for the current and proposed GFRP properties using Eq. 77.

Current (2020) GFRP properties Proposed (2021) GFRP properties

_ . ff = ff3 =439 kSl _ . ff = ff3 = 49.8 kSl
fer = m‘“{ frq = 54.29 ksi fer = m‘n{ frg = 67.79 ksi
(79-a) (79-b)
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Therefore, the development length for GFRP bars in tension, 14, can be calculated to be
Max {19.19",25.4"} = 25.4in (0.64 m) and Max {20.19",25.4"} = 25.4 in (0.64 m) for
the current and proposed GFRP properties, respectively. Accordingly, the lap splice of
the deformed bar in tension for both current and proposed GFRP properties will be

calculated to be 33.02 in (0.84 m).

Nevertheless, to be conservative and to allow the GFRP bars to develop their maximum

strength, the lap splice length calculated based on developing full strength, i.e., 40 in for

current and 54 in for proposed properties, is recommended for the design of pile splice

using GFRP dowels. It should also be noted that often, it is expected that the concrete

will develop strengths considerably higher than specified, therefore, allowing GFRP
dowels to develop stresses larger than that calculated for pure bending assuming the
nominal concrete strength.

3.2.4. Ultimate Bond Stress for 8-GFRP Dowel #10

The bond stress, t, of the GFRP dowels (Figure 35) can be calculated according to

Section 10.1 of the ACI 440.1R.15 [58], by:

lemdpT = Af,barffu (80)

f“_.r'ﬁufi-:rl',,l'_r.r'i'f

Figure 35: Transfer of force through bond of the concrete and the GFRP dowels
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The embedded length of the GFRP bar, [, is equal to the proposed development length
for GFRP dowel in previous section. Embedded length and other properties were selected

for GFRP bar #10. As a result, the bond stress is:

_ Afpbarffu _ 1.27¥5411 _ 53.8
lgmdy 40%3.14x1.27 1316

= 430.8 psi (81)

The ultimate bond stress for the GFRP #10 can be examined by experimental test data.

It should be cautioned that the bond stress distribution along the bar is increasingly non-
linear, the longer the development length, and so the bond stress is only a reference value
rather than a design property.

3.2.5. Adhesive-Bonded Anchors and Dowels Systems

According to Section 1.6.2 of FDOT Structures Design Guidelines [46], the design

tensile strength for adhesive anchor bond is calculated by:

ON, = cI)cq',elpgnl},mNbond (82)

Where:

Npong = Tdphes = 1.080 % 3.14 + 1.27 x40 = 172.3 k

A,, = (16dy)? = 412.9 (Figure 36)

Ay = Agross = 182 = 324 (Figure 36)

hes =13 =40 in (Note: beyond 20d, this value is unconservative, per ACI 318-14 [59])

®.=0.85
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W,=0.70 + 0.30 (Cover / 8d) = 0.86
W= Ay / Apo = 324/412.9=0.78

W =25/(1+2/hy) =1

t= 1.08 ksi nominal bond strength for general use products on the APL (Type V and
Type HV), however FDOT specifications require the use of Epoxy Compound Type AB,

due to constructability reasons.

Design Commentary: It is advised by the FDOT Structures Design Office engineers that
both the anchor group factor (¥,,,) and eccentricity modification factor (¥,,) are only
applicable to concrete breakout failure modes and do not appreciably affect the adhesive

bond resistance.

8d

8d

Anchor ——

Adhesive &\\

[

|
8d | &d
1

PLAN PLAN
FOR CALCULATION of Apg FOR CALCULATION of Ap

Figure 36: Effective tensile areas for adhesive anchors [46]
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After substitution in the Eq. (82), N, = ® W Wg, W Npong = 98.2 kip > 68.7 kip . As a
result, the design tensile strength for adhesive anchor bond is greater than the design
tensile resistance of one GFRP bar, and therefore will allow the resistance to develop.
Again, it should be cautioned that the bond stress distribution along the adhesive dowel
bar becomes increasingly non-linear as the development length increases [63]. As such,
ACI 318-14 (Chapter 17) [59] advises that the linear bond stress model is not valid
beyond 20 bar diameters. It is unknown whether this limit is applicable for GFRP dowel

bars given that the tensile modulus of elasticity is approximately on quarter of steel.

3.2.6. Detailing for Unforeseen Pile Splice

The case of unforeseen splices imposes some limitations on the length of holes that can
be drilled into the lower segment of the piles. In communication with FDOT, it was
determined that a practical drilling length is limited to 30 in for the case of GFRP dowels;
however, this limitation does not affect the strength expected from the splice itself. As
calculated in the previous sections, the development length of GFRP #10 bar in concrete
is 25.4 in. Accordingly, the splice section in the unforeseen case will be able to develop
the maximum nominal pure moment resistance of 206.1 kip-ft (226.7 kip-ft for proposed
or improved properties). However, it is realized that the moment resistance in the lower
segment of the pile immediately below the splice section may be limited by the limited
lap splice of the GFRP bars with the prestressing strands. Nevertheless, this limitation
will be present regardless of what type of dowel is used in the splice, and this limitation
needs to be expressed clearly for the designer to consider. For the case of stainless steel

strands, this will definitely limit the moment resistance for the lower segment of the pile.
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On the other hand, according to the calculation performed in this Chapter, the
development length for CFRP (CFCC) strand can be as low as 33.6 in, that is slightly
bigger than the length of the hole to be drilled into the lower pile segment. Therefore, in
the best scenario, when CFCC strand is used, the role of any auxiliary bar will be
minimized. However, according to other sources, the development length of CFCC strand
can be as high as 49 in according to Mahmoud and Rizkalla [68], Grace [69], and
Roddenberry et al. [29]. A consistent value for development length of CFCC cannot be
established from the available literature, and experimental evaluation is needed to derive
such. To allow the maximum attainable resistance for unforeseen splices, the length of
holes to be drilled into the lower pile segment will be kept at its maximum practical
length of 30 in, and the enhanced confinement provided by the tight spiral spacing at the

head of the pile is anecdotally recognized.

3.3.M-N Interaction Diagrams for Piles and Pile Splices

In the following sections, analyses are performed to compare the moment-axial force
interaction results for piles using steel strands and splices using steel and GFRP material.
Hand calculation using AASHTO and ACI codes, and layer-by-layer analysis using

Response 2000 program are included.

3.3.1. Steel Strands and Dowels

For pile splice using conventional steel dowels, the results of hand calculations for
moment axial force interaction diagram based on nominal strengths before application of
resistance factor were compared to the results of Response 2000 in the same graph
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(Figure 37). It should be noted that the upper limit for axial compression is not applied to

the axial compressive strength. As it is shown in Figure 37, the moment and axial force

values obtained by hand calculation for three points of balanced, tension-controlled, and

pure flexural match with the results calculated by Response 2000. However, for pure

axial tensile and compressive strength, Response 2000 provides higher resistances.

-500

N (Kips)

Comparison between Resp2000 and Hand Calculation

1000

Pure Tension .
Tension

Tension-
Pure Tension Controlled

Tension-
Controlled

Pure Moment

-300 -200 -100 o] 100 200 300 400

Pure Moment
Balance Point

-500 Balance Point

-1000

-1500

2000 Pure Compression
Compression

-2500 ¥'Pure Compression

-3000
M (Kips-ft)

500

Response 2000

Hand Calculation

Figure 37: Comparison between results of hand calculation and Response 2000 for

pile splice

To make this comparison for design strengths, application of resistance factors is

required. Table 13 shows resistance factors calculated based on ACI 318 R-14 [59] and

AASHTO LRFD Bridge Design-8th Edition [60].
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Table 13: Resistance factors on AASHTO and ACI specifications
Resistance Factor AASHT (Article 5.5.4.2.1)[60] ACI (Sec. 21.2)[59]

Axial 0.75 0.65

Flexural 1.0 0.9

Table 14, summarizes the results for the pile and pile splice at pure axial compression,

pure axial tension, pure flexural moment, and balanced points.

Table 14: Moment and force values for both pile and pile splice based on the

different ¢
without ¢ ACl ¢ AASHTO ¢
Moment (Kip-ft), Moment (Kip-ft), Moment (Kip-ft),
Points Force (kips) Force (kips) Force (kips)
Pile Pile Pile Pile Pile Pile
Splice Splice Splice
Pure Axial -- - 0.65 0.65 0.75 0.75
Compression | 0,1616 | 0,2488 | 0,1050 | 0,1617 | 0,1212 | 0, 1866
Balanced -- -- 0.65 0.65 0.75 0.75
Failure 360, 463 | 382,931 | 234,301 | 248, 605 | 270, 347 | 286, 698
Pure Flexural - -- 0.76 0.74 0.86 0.84
Moment 306, 0 293,0 233,0 217,0 263,0 246, 0
Pure Axial -- -- 0.9 0.9 1 1
Tension 0, 660 0,831 0,594 0, 748 0, 660 0, 831

According to Table 14, the AASHTO resistance factors for pure tension, balanced

condition, and pure compression were calculated to be 1.0, 0.75, and 0.75, respectively.
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The resistance factors at pure flexural point for pile and pile splice, respectively, were
calculated to be 0.86 and 0.84 using a linear interpolation between two resistance factors
of balanced and tension-controlled points. Similarly, the ACI resistance factors for pure
tension, balanced condition, and pure compression were calculated to be 0.9, 0.65, and

0.65, respectively.

The resistance factors at pure flexural point for pile and pile splice, respectively, were
calculated to be 0.76 and 0.74 by using a linear interpolation between two resistance
factors of balanced and tension-controlled points. To check the calculated resistances for
pile and splice against FDOT required resistances (Table 4), section analyses were
carried out for a pile and pile splice using conventional steel strands utilizing Response
2000 (Figures 38 and 39). It should be noted that the upper limit for axial compression is

not applied to the axial compressive strength.

Figure 38 shows a comparison between the nominal and design moment-axial load
interaction diagrams obtained using Response 2000 for pile splice with steel dowels in
accordance with resistance factors from ACI 318 R-14 [59] and AASHTO LRFD Bridge
Design-8™ Edition [60]. Interaction diagrams are shown in Figure 39 for an 18x18 in pile

for nominal and design strengths.
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At pure flexural moment, the results show that the pile splices provide resistance slightly
smaller than the pile itself. Moreover, these results also show that a pile splice with 8-
steel #10 steel dowels can develop 100% and 91% of the required design moment
resistance (Table 4 — 245 kip-ft) when using the AASHTO and ACI resistance factors,

respectively.

Figure 40 provides a comparison between M-N diagrams for pile and pile splice
separately for nominal and design strengths using the AASHTO and ACI resistance
factors. It should be noted that the upper limit for axial compression is not applied to the

axial compressive strength.

3.3.2. GFRP Dowels

Design moment-axial load interaction diagrams were calculated for pile splices using
GFRP dowels of various size and configuration as discussed earlier. Hand calculations
incorporated into Excel and MATLAB was employed to calculate and plot the M-N
diagrams for these cases in Figure 41. Both current (2020) and proposed (2021)

properties for GFRP dowels were considered.
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Figure 41: M-N interaction diagrams for all cases of the pile splice reinforced with
GFRP

The use of improved GFRP dowel bar shows noticeable improvement in the resistances.
Because of the dimension of holes required for encasing the dowels, the dowels are
positioned 5 ¥ in from the edge of the cross-section. According to the spacing
requirement for the design, two arrangements of 9 and 8 dowels were possible for the pile
splice with the specific size of the dowel. As it is shown in Figure 41, using an additional
dowel bar (e.g., 9 vs. 8) in the splice has negligible effect in increasing the resistance.
The use of larger diameter dowel bars with the same configuration results in a significant

improvement in the resistance.
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3.3.2.1.M-N Interaction Diagrams for Pile Splice using 8-# 10 GFRP and Steel Dowels
In this section, design moment-axial force interaction diagrams (based on AASHTO
resistance factors) are compared for two cases of pile splice using 8-#10 steel and GFRP
dowels (based on current GFRP properties). As it is shown in Figure 42, the pile splice
using the GFRP dowels with 155 (kip-ft) design moment resistance (at pure bending) can
cover 63% of the design moment resistance of the steel pile splice using steel dowel with
246 (kip-ft). It should be noted that the upper limit for axial compression is not applied to

the axial compressive strength.
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Figure 42: M-N interaction diagrams for pile splice reinforced with eight #10 steel
and GFRP bars

3.3.2.2.M-N Interaction Diagrams for Pile using 8-# 10 GFRP and Pile with Steel Strand
Design moment-axial force interaction diagrams (based on AASHTO resistance factors)
are compared for a pile using steel strands and GFRP dowels (based on current GFRP

properties). As it is shown in Figure 43, the pile splice with 155 (kip-ft) design moment
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resistance (at pure bending) can cover 59% of pile design moment resistance with 263
(kip-ft). It should be noted that the upper limit for axial compression is not applied to the

axial compressive strength.
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Figure 43: M-N interaction diagrams for pile splice reinforced with eight #10 GFRP
bars and pile with steel strands

3.4.Proposed Design for Epoxy-bonded Dowel Splice Using GFRP Bars
Based on the calculations for moment resistance and development and lap splice lengths
presented above, Figures 44 and 45 shows the pile splice design with GFRP dowels with

current properties.
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CHAPTER 4: TEST SPECIMENS, FABRICATION, AND TEST SETUP
The fabrication and laboratory test of epoxy-bonded dowel splices were developed for 10
precast prestressed concrete pile specimens for both unforeseen and preplanned pile
splices. Each test specimen was composed of two segments (14-ft. + 14-ft.), with a total
length of 28 ft. The testing is limited to piles of 18x18 in cross-section and focuses on the

flexural resistance of pile splices.

4.1.Test Matrix

The original test matrix included the use of CFRP, SS, and GFRP dowel splices, as well
as carbon steel dowels connecting pile segments of compatible material. As part of the
investigation in Chapter 3, it became clear that the behavior of piles and splices using
stainless steel (SS) material is expected to be similar to those using carbon steel material
for strands and dowels. Accordingly, in coordination with the FDOT Project Manager
(PM) and technical committee, the test matrix was modified by eliminating specimens
using stainless steel material and adding to the number of specimens using GFRP dowels

in combination with piles using CFRP and carbon steel strands.

Additional changes were applied because of constructability and precast plant operation
limitations. Because of availability issues, the precast plant requested to use Concrete
Class V with nominal compressive strength of 6,500 psi instead of project specified Class
V (Special) with compressive strength of 6,000 psi. The change was approved by FDOT
PM. For ease of operation, the precast plant also asked to change the number and size of
the steel strands in the pile segments from 16-0.5” to 12-0.6”. This was to have the same
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number and arrangement of strands for steel and CFRP strands so that they could be
fabricated in the same casting bed. This request was evaluated by the research team and
was approved. Accordingly, FIU team changed from 6’9 to 8°3” the strand development
length and the dowel embedment length in the upper segment and for the auxiliary bar

length in the lower segment.

Also, as a consequence, the specified jacking force of the individual strands for the piles
using CFRP strands was increased from the specified 34 Kkips to 35 kips to be consistent
with the current design of FDOT Standard Plans for the steel strand of 0.6” diameter. It is
believed these changes will not affect negatively the purpose of this study, since the main
purpose of the study is to investigate the behavior at the splice region and performance of
the dowels. In addition, in consultation with Tokyo Rope USA (TRUSA)and
communication with the FDOT Project Manager (PM) and technical committee, the (9)
#6 CFRP dowel was changed to (9) 7-strand 19.3 mm diameter CFRP for the test
specimens 9 and 10. These dowels have been reportedly used for splices in other
investigations and have performed satisfactorily. The shop drawings prepared by S&S
Precast containing all changes applied are shown in Appendix A. The updated test matrix

shown in Table 15 was used for fabrication and flexural testing.
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Table 15:

Matrix of the test specimens

Dowel Specimen Strand Splice for Segment 1 | Segment2 | Spliced
Type P Type Drivable Length-ft | Length-ft | Length- ft
Unforeseen
Steel SP
1 Index- | o0 455 [See 14 14 28
Shop Drawings
455-018 )
in App. A]
GFRP Unforeseen
CFRP SP
2 Index | or 495 [See 14 14 28
455-118 Shop Drawings
in App. A]
Preplanned SP-
Steel SP
3 Index- 435ra[v?/(iar?gssr}?1p 14 14 28
455-018
App. Al
Preplanned SP-
Steel SP
o e |BERSR w | w |
455-018 g
App. Al
GFRP
Preplanned SP-
CFRP SP 455 [See Sho
5 Index Drawings inp 14 14 28
455-118
App. Al
Preplanned SP-
CFRP SP
6 Index 45[’)5;;\,%?%8;}?]" 14 14 28
455-118
App. Al
Preplanned SP-
Steel SP
7 Index- | A29-002 [See 14 14 28
Shop Drawings
455-018 )
in App. A]
Steel
Steel SP Preplanned SP-
8 Index- | A29-002 [See 14 14 28
455-018 Shop Drawings
in App. A]
CFRP 5P | ¥R oot
9 Index . 14 14 28
Shop Drawings
455-118 )
in App. A]
CFRP
Preplanned SP-
CFRP SP 455-102 [See
10 Index Shop Drawings 14 14 28
455-118 P g

in App. A]
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4.2.Specimen Fabrication

Fabrication of the test specimens followed all relevant specifications within FDOT
Standard Specifications [47], especially in the notes and specifications within FDOT
Standard Plans Index 455 with the exceptions noted above. The fabrication of the test

specimens followed the shop drawings presented in Appendix A.

4.2.1. Forms and Preparations

Figure 46 shows the precast bed used for fabrication of the specimens. Wooden headers
were used, along with a casting bed to construct the test specimens. Twelve holes were
drilled in the headers to accommodate the CFRP and steel strands. According to the
dowel arrangements, eight or nine holes were also drilled in the headers to accommodate
the steel, CFRP, and GFRP dowels. In addition, spacing between wooden headers were
used to allow for the embedment length required for the dowels of the “male” pile

specimens (Figure 46, right photo).

Figure 46: Wooden headers arrangement in casting bed
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As shown in Figure 47, the strands were delivered in spools. The strands were pulled
from the spool along the casting bed, while being fed through the headers. #10 steel
dowels with steel strands were used for two pile splices in accordance with the FDOT

Standard Plans Index 455-002 and 455-018.

Figure 47: Stand installation

Material properties of FRP dowel bars were expected to comply at minimum with the
FDOT Specifications as shown in Table 16 below. Because of availability, the actual

material used for FRP dowels varied from those in this table.
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Table 16: Sizes and mechanical properties of FRP bars

Bar Size |Nominal | Nominal Minimum Guaranteed
Designation| Bar Cross | Measured Cross-Sectional Area Tensile Load
Diameter| Sectional (in%) (kips)
(in) Aria
(in°) Minimum Maximum %ZISSP CFRP Bars
2 0.250 0.049 0.046 0.085 6.1 10.3
3 0.375 0.11 0.104 0.161 13.2 20.9
4 0.500 0.20 0.185 0.263 21.6 333
5 0.625 0.31 0.288 0.388 29.1 49.1
6 0.750 0.44 0415 0.539 40.9 70.7
7 0.875 0.60 0.565 0.713 54.1 -
8 1.000 0.79 0.738 0.913 66.8 -
9 1.128 1.00 0.934 1.137 82.0 -
10 1.270 1.27 1.154 1.385 98.2 -

The exact material for the GFRP dowels were selected by the precast contractor (S&S
Precast, Inc.) based on availability from V-Rod Material supplied by Pultrall of Canada
and communicated with the FDOT Project Manager to meet the requirements of ASTM
D7957-17 and FDOT Standard Specification for Road and Bridge Construction [47]

Section 932.

According to proposed Drawings in Chapter 3 of this project, GFRP #10 and #8 bars
were used as dowel and auxiliary bars, respectively (Figure 48) in accordance with the

original design presented in Chapter 3.
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The modulus of elasticity and tensile strength of the GFRP bars reported by the supplier

is included in the Table 17.

Table 17: The mechanical properties of the GFRP bars

Bar Size Designation

Minimum Tensile

Guaranteed Tensile

Module Strength
8 7252 ksi 130.5 ksi
10 7252 ksi 116 ksi

The exact material for the CFRP strands and spirals were selected in consultation with
TRUSA and communication with the FDOT project manager to meet the requirements of
FDOT Standard Specification Section 933 (Figure 49). As stated earlier, the 7-strand
19.3mm dia. strand material was used instead of #6 CFRP bar for dowels. The modulus
of elasticity and guaranteed breaking load of the 7-strand 19.3mm dia. strand are 21,756

ksi and 106.9Kips, respectively.
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Figure 49: The CFRP strands and spirals used for the construction

According to FDOT Standard Plans Index 455, the holes for the “female” pile specimens
were cast using 2-in. galvanized corrugated ducts for the preplanned Specimens 3-8, and 1
Y% inch galvanized corrugated ducts for Specimens 9 and 10 (Figure 50) meeting the
requirements of ASTM AG653, Coating Designation G90, 26 gauge. The holes for
“Unforeseen Splice” specimens (Specimens 1 and 2) were to be drilled with 1 % inch drill
size. However, the contractor used 1 ¥ inch PVC pipes to first cast the holes, and then

drilled 1 % inch holes in the pipes to simulate field conditions.

Figure 50: The pipes used for the construction
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As shown in Figure 51 (left), in accordance with Index 455-102, Note 4. “1” spiral tie
pitch was considered to be continued to 4 ft below the head of the pile where the dowel
holes are utilized. One full turn spiral was used to splice the spiral ties. Each wrap of the
spiral strand was tied to a minimum of two corner strands. All CFRP and steel spirals
were tied in their final position to strands with steel ties (Figure 51, upper right photo).
According to the proposed drawings in Chapter 3 of this project, all auxiliary bars were

installed with a distance of 1in from the chamfer (Figure 51, lower right photo).

Figure 51: The spirals, strands and bars configuration
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4.2.2. Stressing

For this fabrication, all specimens were constructed, along the same casting bed.
Accordingly, to splice the CFRP strands to steel strands, the TRUSA couplers were used
following strict installation procedure prescribed by TRUSA (Figure 52). TRUSA

engineer was present to train the precaster and inspect the procedure.

Figure 52: Coupling arrangement and installation by TRUSA

Figure 53 shows one of these special couplers in which the CFRP strand end installed
with wedges and buffer materials was coupled to the steel strand end by twisting together

the threaded ends of the sleeve and the coupler.
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Figure 53: The steel strands (left) coupled with the CFRP stands (right)

As it was noted before, because of casting pile segments with steel and CFRP strands in
the same bed, it was decided to apply the same tension force to each strand that is 35

kips. The calculated elongation corresponding to this tension force for CFRP and steel

strands are shown in Table 18.

Table 18: Calculated elongations for steel and CFRP strands

Calculated Elongation
Strand
-5% Target +5%
CFRP elongation (in) 19.79 20.83 21.87
Steel elongation (in) 15.79 16.63 17.46
Total Elongation (in) 35.58 37.46 39.33
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Table 19 shows the parameters used for calculation of total elongation for the CFRP

strand based on TRUSA recommendations. The total elongation includes also an estimate

of the wedge displacement in the CFRP anchoring device.

Table 19: Calculations for CFRP strand elongation

Symbol Value Unit Description
ALcp 19.021 in Elongation of a CFRP
Dyyer 0.906 in Insert displgcemen_t of the Wedgg into the
sleeve while loading pre-stressing load
Lcp 177.000 ft Length of CFRP
P 35.000 Kips Prestressing load
Acr 0.179 Sg.in Nominal effective area of CFRP
Ecr 2.18E+07 psi Elastic modulus of CFRP
ALy_cp 20.83 in Total elongation of CFRP

The strand tensioning schedule/order is shown in Figure 54.

4.2.3. Concrete Casting

Figure 54: The stressing schedule

To cast all 10 piles, three truckloads of concrete were used. The top surface of the

concrete was leveled to a smooth finish (Figure 55). Furthermore, cylindrical samples
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were collected during the construction for future testing to determine the compressive
strength of the concrete used for fabrication of the test specimens. Concrete pour for all
specimens was carried out between 12:30 and 2 pm on Friday, November 6, 2020.

Temperature at the time of casting was in the range of 82°F to 88°F.

Figure 55: Casting concrete

4.2.4. Curing
The pile specimens were cured in the open field under ambient condition. The cylindrical
samples to be used for compressive strength tests were moist cured per AASHTO R18

and ASTM C-31 specifications.

4.2.5. Cutting Strands — Strand Release

The strands were detensioned prior to removal of the forms and after the concrete
cylinder tests indicated reaching the strength required for strand release per approved
specifications. Detensioning was performed on Tuesday, November 10, 2020. The strand

detensioning was performed per FDOT 450-11.3 by using a low-oxygen flame in
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accordance with a pattern/order provided in Figure 56. The side forms were removed

after strand detensioning on the same day.

1 5 9 3
® ® & &
11 9 [
79 @ 12
e 6 e o
a4 10 6 2

Figure 56: The detensioning schedule

Pile specimens were taken out from the casting bed on Tuesday (November 10, 2020) to
be spliced after their concrete reached a minimum compressive strength of 80 percent of

the nominal 28-day compressive strength.

4.3.Splicing
A total of 20- 14-ft-long prestressed precast pile segments with a 18x18 in cross-section
were built at the S&S Precast, Inc. yard to be spliced based on the test matrix shown in

Table 15. Figure 57 shows some of the prestressed precast pile segments.

4.3.1. Preparation
For the test specimens, holes are either cast or drilled into one end of the female pile

segments to receive dowel rebars protruding out of the male pile segment. Specifically,
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for the “Unforeseen Splice” specimens (Specimens 1 and 2), the holes were cast with 1 V4

in PVC pipes, and then 1 % in holes were drilled to simulate field conditions (Figure 58).

Before installation, concrete members receiving dowels were checked to be structurally
sound and free of cracks in the vicinity of the holes. The interior surfaces of the holes
were cleaned to be free of loose particles, oil, and other contaminants (Figure 58). For
installation, all debris, oils, and any other deleterious material from dowels were first
removed to avoid contamination of the adhesive bonding material. As shown in Figure
59, the pile segments were assembled in a vertical alignment to mimic the site condition.
The precast contractor (S&S Precast, Inc.), established a setup to first keep the 10 female
pile specimens in a vertical position. The male pile segments were then installed with the
use of crane one by one. A proper lifting device and suitable locations were determined to

keep the segments balanced at the splice location.
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Figure 57: Pile specimens using steel (top), GFRP (middle), and CFRP (bottom)
dowels
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Figure 58: Drilling (top) and cleaning (bottom) the holes for unforeseen splice
specimens
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Figure 59: Splice setup
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To adequately fill the holes and cover the dowels with epoxy, a wooden framework was

installed at the pile splice location before splicing (Figure 60).

Figure 60: Wooden framework used for splicing the pile specimens

4.3.2. Epoxy

In accordance with FDOT Standard Specification Sections 926 [47], epoxy was used to
fill the interface and sockets of the lower segment (female pile) so that the dowel bars of
the upper segment (male pile) could be fully enveloped with the epoxy. Type AB Epoxy-
Pilgrim EM 5-2 compound was used to fill the holes and form the joint between pile
sections. The final mixture of this epoxy contained the A (epoxy) + B (curing agent) and

C (aggregate).

As shown in Figure 61, the kiln-dried 20-30 grade silica was used as the aggregate with

the epoxy to increase its strength and reduce the potential shrinkage. In addition, some

epoxy samples were collected for bond testing with concrete.
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Figure 61: Epoxy mixture and sampling
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The exact proportion of mixing sand with the epoxy and mixing process were determined
in consultation with the FDOT project manager, the precast contractor (S&S Precast,
Inc.) and the supplier (Pilgrim). Table 20 shows the details of the epoxy mixture used for
the pile splicing. Two recommended ratios were used to make the final mixture by 1.5 to
1 volumes of silica to 1 volume of mixed epoxy. Because of the lower-than-expected
temperature at the time of mixing (ranging from 61 to 77 F), the originally prescribed
1.5:1 (sand: epoxy) ratio resulted in low flowability. Therefore, it was decided to switch
to 1.1 proportion. For splicing the pile specimens, different epoxy volumes were used for

splicing based on the type of dowels.

Table 20: The ratio and volume of used epoxy for the pile splicing

_ ) Volume for one
] _ Mixture Ratio Number of
Pile Specimen Number Round
Rounds
Epoxy | Sand Epoxy Sand
1 1 1 2 gallons | 2 gallons ~3
2 1 1 2 gallons | 2 gallons ~3
3 1 1 2 gallons | 2 gallons ~3
4 1 1 2 gallons | 2 gallons ~3
5 1 1 2 gallons | 2 gallons ~3
6 1 15 | 2gallons | 3gallons ~3
7 1 1.5 | 2gallons | 3 gallons ~2
8 1 1 2 gallons | 2 gallons ~2
9 1 1 2 gallons | 2 gallons ~4
10 1 1 2 gallons | 2 gallons ~4
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4.3.3. Splicing

Piles were spliced with particular attention to the requirements and limitations due to

ambient temperature and curing. As shown in Figure 62, adequate quantities of the epoxy

were used to fill the drilled hole and the joint between segments at the splice to ensure no

air voids. Table 21 shows the details and conditions of the pile splicing for all specimens.

Table 21: Detailed conditions at splicing time

Specimen Splicing Weather Moving Weather Days Dunnage
Number Date Conditions date Conditions Curing type
o i 75°, wind 7.5
1 Tue, Dec. | 75° wind 4.9 mph Sat, Dec mph ESE 4 wood, 4
15, 2020 W, overcast 19,02020 P ’ points
sunny
) D';’éoqh 77°,wind 9.3 mph | Sat, Dec 75m ] ‘r’]‘"é‘gg S ; wood, 4
2020 SSW, cloudy 19,02020 sunny points
3 Tue, Dec. | 61°, wind 11.8 mph | Wed, Dec. 1?)15 n\]N'QdS 8 wood, 4
8, 2020 NW, sunny 16, 2020 > MPA S, points
sunny
4 Thu, Dec. | 72°, wind 4.9 mph Sat, Dec 7Er’n, Y:”ggEYS 9 wood, 4
10, 2020 N, sunny 19,02020 Ph oL, points
sunny
Wed, 64°, wind 4.9 mph Fri, Dec 68°, wind wood, 4
> Dec. 9, N, sunn 18,2020 | 105 mph NE, 9 oints
2020 ’ y ' clear P
Wed, 70°, wind 11.8 mph | Wed, Dec. 81°, wind wood, 4
6 Dec. 2, NE, sunn 16,2020 | 10-5mphsS, 14 oints
2020 ! y ! sunny p
7 Tue, Dec. | 66° wind 8.0 mph | Wed, Dec. 1?)15 r:]N'EdS 15 wood, 4
1, 2020 N, cloudy 16, 2020 2 MPA S, points
sunny
8 Sat, Dec. | 79° wind 6.2 mph Fri, Dec 1062 ranr:nSE 6 wood, 4
12, 2020 SW, cloudy 18, 2020 ' clegr ' points
9 Fri, Dec. | 73°, wind 9.30 mph Sat, Dec 7?71, \tI]WIggEYS 8 wood, 4
11, 2020 ENE, sunny 19,02020 P ’ points
sunny
10 Fri, Dec. 77°, wind 9.3 mph Wed, Dec 1815 r;INIerS 12 wood, 4
4, 2020 SE, sunny 16, 2020 .sunrﬁ)y ' points
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Figure 62: Filling the holes by epoxy and assembling pile specimens
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4.3.4. Storage and Shipping

The piles, once spliced, were left standing for a minimum of four days for the epoxy to be
fully cured, and then all spliced piles were lowered and placed on multiple supports, with
two near the ends and two straddling the splice section in close proximity (Figure 63).
The contractor used bridles, slings and other required handling equipment for supporting

the splices during storage and shipment.

Figure 63: The spliced specimens

Nine cylindrical specimens for each batch of concrete were collected to determine the
compressive strength at the time of flexural testing. The cylinders were tested at 28 days,
and at the time of splice flexural testing. Cube samples of epoxy compound were also
prepared and shipped to the laboratory for testing. Moreover, five 6 ft bar samples for
each size and type of bars (steel and GFRP), as well as strand samples for each size and

type (steel and CFRP), were collected.
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4.4.Testing

As shown in Figure 64, the assembled test specimens were installed in the test setup with
extreme caution to avoid damage to the splice section. This testing program focused on
the global behavior and flexural capacity of the epoxy-bonded dowel splices. The test

specimens were instrumented to capture the flexural behavior of the splice.

==

=
N5

Figure 64: Test specimen installation

4.4.1. Instrumentation

Figures 65 and 66 show the schematic of the test setup and instrumentation from different

views. The test setup and instrumentation with precise scale were also designed in
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AutoCAD (Appendix B). The spliced specimens with a length of 28 ft were supported at
the ends with the help of neoprene bearing pads, with the center of pads located 6in from
the end of the specimen to produce a 27-ft overall bending span. A two-point loading
scheme was used at an equal distance of 3°3” from the splice section. The distance
between the loads was determined to be 6 6” according to the spreader beam

configuration available at the FDOT SRC laboratory.

. 28’

Actuator \
. CNA Reaction Frame
Neoprene Pad #2 R25 Spreader Beam
147 x8”x1-7/8”
! Test Specimen Laser Gauge
Neoprene Pad #1
.’! 187 x77x1-11/16”
e s a8 = 2457 ‘ | 43 #6 |
ie% 3 B E 5 1:

||
713 #9 i
#14 === i

A Y#}
#16 #12 3 5 ‘

#15 wmmlem #11

Crack Displacement Gauge

Load Block | L 6’6"
| g’
I‘ 27!

Grout Pad

W e

Figure 65: Instrumentation of the front view of test specimen

Eight crack displacement transducers (#9 through #16 in Fig. 65), four on each face of
specimen. with equal distance (5 in) were used to measure the potential crack
development at the joint. Furthermore, six laser displacement sensors (#3 through #8 in

Fig. 65) were installed on frames above the specimen and pointing to the top of the
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specimen. Two of these sensors were installed on both sides of the splice section, and
four (two on each side) with a distance of 4 ft from the splice section. Two laser
displacement (#1 and #2 in Figure 66), one at each end of the specimen were also
installed pointing to the top of the specimen immediately over the bearing pads to
measure any displacement at the support locations. This arrangement of the laser

transducers was used to obtain the deflected shape of the pile during its loading.

9”
12’-7.5" | g <
Py ;
r-2% I____a 7#8 #3 #4 45 #1 |#2,
¥ e vo
18” #1486 BE10
#158 BH#11
__#6e #12

Figure 66: Instrumentation of the side view of test specimen at middle (left) and
ends (right) locations

4.4.2. Flexural Capacity of the Test Specimens
Figure 67 shows the moment diagram for a simply-supported beam with two-point loads,

in which the maximum moment is expressed by Eq. (83).
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Mpax = Lva (83)

—

Figure 67: Moment diagram for two-point loading

The cracking moment was calculated to be 47.06 Kip-ft for an 18x18 in pile section. To
calculate the cracking load, the self-weight moment of the system must be subtracted
from the cracking moment. The moment corresponding to self-weight of the pile is

shown below.

Wisw= 2.25%145 1b/ft3® =326.25 Ib/ft (84)

Ib 2
MW:E§£%£ZL:ZQ7HQﬁ (85)

The weight of the spreader beam that is below the load cell needs to be also considered.

The moment added from the weight of the spreader beam is shown below.

(109 %)(8 ££)(10.25 ft)

Ms= - = 4.47 Kip-ft (86)

127



Adding this moment to the moment from the self-weight of the specimen results in a total
dead-weight moment of 34.17. This moment must be added to the moment from loading

measured by the load cell to obtain the total moment capacity from testing.

The cracking load, Pcr, corresponds to cracking moment, M, of the splice section. Using
Eq. 87, the total applied load corresponding to the cracking moment is estimated to be

3.38 Kips.

P, = 2(Mcr;MSW) _ 2X(47;:f2_534.17) — 2.51kips (87)

At the point of the cracking moment, the maximum tensile stress is considered to be f;

(Eg. 88).
- = 7.5,/ = 1220990 _ 581 ki (88)
1000

To estimate the Ultimate Load, the maximum moment resistance calculated in Chapter 3
of this project was used. Maximum moment resistances (before application of the
resistance factor) for various types of dowel material for 18x18 in piles splices are listed
in Table 22. To calculate the estimated ultimate load, the self-weight of the system must
be added to the moment from the applied load and set equal to the estimated moment

resistance (Eq. 89).

128



_ 2(Mn—Msw)
a

P

During the laboratory bending tests of the splice pile specimens, the average compressive
strength of eighteen (18) cylindrical samples was obtained to be 7,336 psi. From section

analysis of the test specimens, the nominal moment strength of the splice sections was

calculated for both nominal concrete strength (6.5 ksi) and actual average concrete

strength at the time of testing (7.3 ksi) using formulation developed in Chapter 3 and are
included in Column 3 of Table 22. The ultimate loads corresponding to these moment

capacities taking into account the self-weight were calculated and are shown in Column 4

of Table 22.

Table 22: Ultimate loads of the test specimens from section analysis

Dowel Material

Concrete Strength

Estimated Moment

Estimated Ultimate

Resistance Load

6.5 ksi 222.74 kip-ft 36.79 Kkips
GFRP

7.3 ksi 233.26 kip-ft 38.84 kips

6.5 ksi 198.02 kip-ft 31.97 kips
CFRP

7.3 ksi 207.2 kip-ft 33.76 kips

6.5 ksi 305.1 kip-ft 52.86 kips
Steel

7.3 ksi 323.4 kip-ft 56.43 kips

To have a better expectation from pile splice behavior in this laboratory test, the

estimated deflections at failure were calculated for both steel- and FRP-based pile

specimens (Table 23).
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Table 23: Estimated deflection at failure of the test specimen

Dowel )
. Total Deflection
Material
Steel Yield deflection=3.01 “ Plastic Load=0.158 « Total= ~ 4¢
FRP Pre-crack Deflection=0.64* | Post-crack Deflection=4.92” | Total=~ 6*

4.4.3. Loading Procedure

Three load levels were used as references during the flexural testing. The “Initial

Loading” is a low-level loading that is used to set the test setup before taking initial

readings of the instrumentation. The “Cracking Load” is a load level at which the first

flexural cracking is expected to occur and the load-deflection curve deviates from the

linear elastic (Figure 68). The “Ultimate Load” refers to the maximum load in flexural

testing that corresponds to the Maximum Moment Resistance of the section.

Pulﬁmate

Pu:'rac'king

P(kips)

+ 8(in)

Figure 68: Schematic applied load against deflection in flexural testing
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A 1-kip load was initially applied and removed to set the supports. Initial readings were

taken at this interval. Then, the applied load was increased at stages with different load

rates and intervals to investigate the cracking and failure load and deflection at pile

splice, as shown in Tables 24 and 25. The specimens were inspected at each load

interval, cracks were mapped and photos were taken.

Table 24: Loading details for test specimens using GFRP and CFRP dowels
(Specimens 1, 2, 3,4, 5, 6,9, and 10)

Steps Start Load End Load Load Rate
Initial Loading 0 kips 1 Kip 150 Ibs/s
Initial Loading 1 kip 0 kips 150 Ibs/s

1 0 kips 5 kips 150 Ibs/s
2 5 kips 10 kips 100 Ibs/s
3 _ 20 Kips (Gauge 100 Ibs/s
10 kips
Removal)
4 20 kips Failure Load 100 Ibs/s

Table 25: Loading details for test specimens using steel dowel (Specimens 7 and 8)

Steps Start Load End Load Load Rate
Initial Loading 0 kips 1 kip 150 Ibs/s
Initial Loading 1 Kkip 0 kips 150 Ibs/s

1 0 kips 5 kips 150 Ibs/s

2 5 kips 10 kips 100 Ibs/s

3 10 Kips 20 Kips 100 lbs/s

4 20 kips 30 Kips (Gauge 100 Ibs/s
Removal)

5 30 kips Failure Load 100 Ibs/s

131




CHAPTER 5: TEST RESULTS AND DISCUSSION
This chapter presents the results that were obtained from the experimental test performed
at the FDOT structures lab based on the proposed experimental program. The main
purpose of this experimental program was to determine the flexural strength of different
pile splices. Another purpose was to determine the development length of the proposed
FRP dowels. Figure 69 shows the test setup with a spliced pile specimen. The equipment
type and instrumentation arrangement were set based on discussions with the FDOT
Project Manager (PM), equipment availability at the FDOT structures lab, and prior

similar test setups.

Figure 69: The test setup
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As shown in Figure 70, for each specimen, an inspection sheet was filled out in detail,

and the specimens were photographed.

Date: 8™ Feb.
Specimen #: 6

1- Crack

2- Debonding

3- Spalling

4- Honeycombing

Figure 70: An example of the inspection sheet

5.1.Laboratory Tests

The experimental program was scheduled to test about one pile per day during a two-
week time period. Before the experimental test, all pile specimens were inspected for
cracks, debonding, and spalling caused by shipping. Data from instrumentations were
collected at an acceptable frequency, e.g., 10 per second, and stored in a data acquisition
system. According to the loading procedure, the test was paused at each loading interval

to inspect the specimen for cracks, openings and other events. The cracks and openings
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were traced and marked with an identifying designation. Photographs were taken at the
end of each pause.
The entire test process was videotaped. After the completion of each test, the data was

processed to obtain plots for:

e Load-displacement: In this plot, deflection is the average of readings from
Gauges #4 and #7 (at mid span), minus the average of readings from Gauges #1

and #2 (at two ends) (Figure 65). The load is the reading from the load cell.

e Load-deflection profile: The average of readings from Gauges #3 and #6, #4 and
#7, and #5 and #8, minus the average of readings from Gauges #1 and #2,

provides the deflection profile of the specimen.

e Crack-opening profile: In this plot, the crack opening over the section depth of
the pile splice is the average of readings from Gauges #9 and #13, #10 and #14,

#11 and #15, and #12 and #16 (Figure 65).

e Load-crack opening: This plot shows the crack-opening behavior of the pile
splice corresponding to the average of readings from Gauges #9 and #13 (Level

1), #10 and #14 (Level 2), #11 and #15 (Level 3), and #12 and #16 (Level 4).
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5.1.1. Specimenl

In Specimen 1, a crack was observed in the splice section prior to the test setup. In this
test, the first new flexural crack was observed at the splice section at Step 1, load < 5
kips. Moreover, the first splitting crack (nearly horizontal crack) was detected at Step 2
(load <10 kips) at the level of the lowest set of strands. As the load increased, more
splitting cracks developed on both sides of the splice section at the level of the lowest
strand and midsection. These cracks extended farther until the specimen reached its
maximum load at 28.09 kips with concrete crushing at the top of the section in the female
segment, 2 ft from the splice section. This is near the end of the dowel (2’ 6°°). Prior to
the concrete crushing, horizontal and vertical cracks showed large openings consistent
with splitting due to bond failure. Figure 71 shows the failure mode and crack pattern for
this test specimen. The maximum moment capacity was calculated for this specimen to
be 178.13 kip-ft., taking into account the moment from the self-weight of the specimen

and the spreader beam.
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Figure 71: Crack propagation and failure mode of Specimen 1

Dissection after testing showed that there is no major misalignment with the holes drilled

in the female segment and their corresponding dowels in the male segment (Figure 72).

Figure 72: A photo of the Specimen 1 after test

For Specimen 1, the load-displacement curve, load-deflection profile, crack-opening
profile, and load-crack opening curve were plotted, as shown in Figures 73-76,

respectively.
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Figure 73: Load-displacement curve for Specimen 1
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Figure 74: Load-deflection profile for Specimen 1
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Figure 75: Crack-opening profile for Specimen 1
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Figure 76: Load-crack opening curves for Specimen 1
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5.1.2. Specimen 2

In Specimen 2, a crack was observed in the splice section prior to the test setup. In this
test, the first new flexural crack was observed in the splice section at Step 1, load <5
kips. Moreover, the first splitting crack was detected at Step 2 (load <10 Kips) at the
second level of strands from the top, the second level of strands from the bottom, and at
the midsection level. As the load increased, additional splitting cracks developed on both
sides of the splice section. These cracks extended farther until the specimen reached its
maximum load at 20.53 kips with a large opening consistent with splitting due to bond
failure at the bottom of the section in the female segment. Figure 77 shows the failure

mode and crack pattern for this test specimen.

Figure 77: Crack propagation and failure mode of Specimen 2
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The maximum moment capacity was calculated for this specimen to be 139.38 kip-ft,
taking into account the moment from the self-weight of the specimen and the spreader

beam.

Dissection after testing revealed some issues with the holes drilled in the female segment
to receive the dowels. Apparently, secondary drilling was performed to align with the
dowels. Figure 78 shows the oversized slanted hole. It is also clear from this figure that
the splitting cracks in concrete have bridged the oversized hole, likely resulting in lower

over strength for the specimen.

Figure 78: The oversized slanted holes
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For Specimen 2, the load-displacement curve, load-deflection profile, crack-opening
profile, and load-crack opening curve were plotted, as shown in Figures 79-82,

respectively.
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Figure 79: Load-displacement curve for Specimen 2
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Figure 80: Load-deflection profile for Specimen 2
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Figure 81: Crack-opening profile for Specimen 2
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Figure 82: Load-crack opening curves for Specimen 2
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5.1.3. Specimen 3

In Specimen 3, a crack was observed in the splice section prior to the test setup. In this
test, the first new flexural crack was observed in the splice section at Step 1, load <5
kips. Moreover, the first splitting crack was detected at Step 2 (load <10 kips) at the first
and second levels of strands from the bottom of the section. As the load increased,
additional splitting cracks developed on both sides of the splice section. These cracks
extended farther until the specimen failed at 41.72 kips with concrete crushing at the top
of the pile at the splice section. Figure 83 shows the failure mode and crack pattern for
this test specimen. The maximum moment capacity was calculated for this specimen to
be 247.98 Kip-ft, taking into account the moment from the self-weight of the specimen

and the spreader beam.

]

Figure 83: Crack propagation and failure mode of Specimen 3
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For Specimen 3, the load-displacement curve, load-deflection profile, crack-opening
profile, and load-crack opening curve were plotted, as shown in Figures 84-87,

respectively.
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Figure 84: Load-displacement curve for Specimen 3
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Figure 85: Load-deflection profile for Specimen 3
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Figure 86: Crack-opening profile for Specimen 3

Level 1

Load (Kips)

2

o

-0.0032 -0.0027 -0.0022 -0.0017 -0.0012

Crack Opening (in)

Level 3

e
e N

Load (kips)

'] 0.005 001 0015 0.02 0.025

Crack Opening (in)

-0.0007

0.03

-0.0002

0.035

0.0003

0.04

Level 2

Load (kips)

o 0.002 0.004 0.006 0.008

Crack Opening (in)

Level 4

N
=]

Load (kips)

o

0.03 0.04 0.05
Crack Opening (in)

0.045 o 0.01 0.02

0.01

0.06

0.012

0.07

Figure 87: Load-crack opening curves for Specimen 3
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5.1.4. Specimen 4

In this specimen, a crack was observed in the splice section prior to the test setup. In this
test, the first new flexural crack was observed in the splice section at Step 1, load <5
kips. Moreover, the first splitting crack was detected at Step 2 (load <10 kips) at the
second level of strands from the bottom of the section. As the load increased, additional
splitting cracks developed on both sides of the splice section. These cracks extended
farther until the specimen failed at 41.26 kips with concrete crushing at the top of the pile
at the splice section. Figure 88 shows the failure mode and crack pattern for this test
specimen. The maximum moment capacity was calculated for this specimen to be 245.62
Kip-ft, taking into account the moment from the self-weight of the specimen and the

spreader beam.
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Figure 88: Crack propagation and failure mode of Specimen 4
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For Specimen 4, the load-displacement curve, load-deflection profile, crack-opening
profile, and load-crack opening curve were plotted as shown in Figures 89-92,

respectively.

#® Crack Gauges Removal

45 [ Load Pausing
40

35

Load (kips)
= = N N
w o wn o w

o

0 0.5 1 1.5 2 2.5 3 3.5 4
Displacement (in)

Figure 89: Load-displacement curve for Specimen 4
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Figure 90: Load-deflection profile for Specimen 4
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Figure 91: Crack-opening profile for Specimen 4
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Figure 92: Load-crack opening curves for Specimen 4
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5.1.5. Specimen 5

In Specimen 5, a crack was observed in the splice section prior to the test setup. In this
test, the first splitting crack was detected at Step 1 (load <5 kips) in the midsection.
Moreover, the first flexural crack was observed in the splice section at Step 2 (load <10
kips). As the load increased, additional splitting cracks developed on both sides of the
splice section. These cracks extended farther until the specimen failed at 44.66 kips with
a large opening in the male segment, 4’ 6°” from the splice section, which is in the
proximity of the end of the dowel’s length. The test was continued until the concrete
crushed at the top of the section in the male segment at 29.95 Kips. Figure 93 shows the
failure mode and crack pattern for this test specimen. The maximum moment capacity
was calculated for this specimen to be 263.05 Kip-ft, taking into account the moment

from the self-weight of the specimen and the spreader beam.

A Linsm
- © pE5- MR

Figure 93: Crack propagation and failure mode of Specimen 5
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For Specimen 5, the load-displacement curve, load-deflection profile, crack-opening
profile, and load-crack opening curve were plotted, as shown in Figures 94-97,

respectively.

# Crack Gauges Removal

50 00 Load Pausing

Load (kips)

0 0.5 1 15 2 25 3 3.5

Sy

4.5

Displacement (in)

Figure 94: Load-displacement curve for Specimen 5
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Figure 95: Load-deflection profile for Specimen 5
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5.1.6. Specimen 6

In this specimen, a crack was observed in the splice section prior to the test setup. In this

test, the first splitting crack was detected at Step 2 (load <10 kips) adjacent to the top row

of dowels and the second level of strands from the top of the section. As the load

increased, additional splitting cracks developed on both sides of the splice section. These

cracks continued to extend until the specimen failed at 43.59 kips with a large opening in

the male segment at 4’ 6°° from the splice section, which is near the end of the dowel.

The test was continued until the concrete crushed at the top of the section in the male

segment at 30.91 kips. Figure 98 shows the failure mode and crack pattern for this test

specimen. The maximum moment capacity was calculated for this specimen to be 257.57

kip-ft, taking into account the moment from the self-weight of the specimen and the

spreader beam.

For Specimen 6, the load-displacement curve, load-deflection profile, crack-opening

profile, and load-crack opening curve were plotted as shown in Figures 99-102,

respectively.
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Figure 98:Crack propagation and failure mode of Specimen 6
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Figure 99: Load-displacement curve for Specimen 6
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Figure 100: Load-deflection profile for Specimen 6
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Figure 101: Crack-opening profile for Specimen 6
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Figure 102: Load-crack opening curves for Specimen 6

5.1.7. Specimen 7

In this specimen, a crack was observed in the splice section prior to the test setup. In this

test, the first new flexural crack was observed in the splice section at Step 2 (load <10

kips). Moreover, the first splitting crack was detected at Step 3 (load <20 kips) at the first

and second levels of the strands from the bottom of the section. As the load increased,

additional splitting cracks developed on both sides of the splice section. These cracks

extended farther until the specimen failed at 61.17 kips with the concrete crushing at the
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top of the pile near the splice section. Figure 103 shows the failure mode and crack
pattern for this test specimen. The maximum moment capacity was calculated for this
specimen to be 347.67 kip-ft, taking into account the moment from the self-weight of the

specimen and the spreader beam.

For Specimen 7, the load-displacement curve, load-deflection profile, crack-opening
profile, and load-crack opening curve were plotted, as shown in Figures 104-107,

respectively.

i

Figure 103: Crack propagation and failure mode of Specimen 7
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Figure 104: Load-displacement curve for Specimen 7
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Figure 105: Load-deflection profile for Specimen 7
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5.1.8. Specimen 8

In Specimen 8, a crack was observed in the splice section prior to the test setup. In this
test, the first new flexural crack was observed at splice section at Step 1, load < 5 kips.
Furthermore, the first splitting crack was detected at Step 2 (load <10 kips) at the
midsection level. As the load increased, additional splitting cracks developed on both
sides of the splice section at the level of the lowest strands and midsection. These cracks
extended farther until the specimen failed at 59.82 kips with the concrete crushing at the
top of the pile near the splice section. Figure 108 shows the failure mode and crack
pattern for this test specimen. The maximum moment capacity was calculated for this
specimen to be 340.75 kip-ft, taking into account the moment from the self-weight of the

specimen and the spreader beam.

Figure 108: Crack propagation and failure mode of Specimen 8
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For Specimen 8, the load-displacement curve, load-deflection profile, crack-opening
profile, and load-crack opening curve were plotted, as shown in Figures 109-112,

respectively.
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Figure 109: Load-displacement curve for Specimen 8
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Figure 110: Load-deflection profile for Specimen 8
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5.1.9. Specimen 9

In Specimen 9, a crack was observed in the splice section prior to the test setup. The first
splitting crack was detected at Step 2 (load <10 kips) at the first and second levels of
strands from the top of the section. As the load increased, additional splitting cracks
developed on both sides of the splice section. These cracks extended farther until the
specimen failed at 36.95 Kips with the concrete crushing at the top of the pile at the splice
section. Figure 113 shows the failure mode and crack pattern for this test specimen. The
maximum moment capacity was calculated for this specimen to be 223.54 Kip-ft, taking

into account the moment from the self-weight of the specimen and the spreader beam.

%

Figure 113: Crack propagation and failure mode of Specimen 9

162



For Specimen 9, the load-displacement curve, load-deflection profile, crack-opening

profile, and load-crack opening curve were plotted, as shown in Figures 114-117,

respectively.
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Figure 114: Load-displacement curve for Specimen 9
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Figure 115: Load-deflection profile for Specimen 9
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5.1.10. Specimen 10

In Specimen 10, a crack was observed in the splice section prior to the test setup. In this
test, the first new flexural crack was observed in the splice section at Step 2 (load <10
kips). In addition, the first splitting crack was detected at Step 2 (load <10 kips) at the
second level of strands from the top and midsection. As the load increased, additional
splitting cracks developed on both sides of the splice section. These cracks extended
farther until the specimen failed at 40.98 kips with the concrete crushing at the top of the
pile at the splice section. Prior to the concrete crushing, horizontal and vertical cracks
showed large openings consistent with splitting due to bond failure in the male segment.
Figure 118 shows the failure mode and crack pattern this test specimen. The maximum
moment capacity was calculated for this specimen to be 244.19 Kip-ft, taking into account

the moment from the self-weight of the specimen and the spreader beam.

For Specimen 10, the load-displacement curve, load-deflection profile, crack-opening

profile, and load-crack opening curve were plotted. as shown in Figures 119-122,

respectively.
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Figure 118: Crack propagation and failure mode of Specimen 10
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Figure 119: Load-displacement curve for Specimen 10
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Figure 120: Load-deflection profile for Specimen 10
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Figure 121: Crack-opening profile for Specimen 10
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Figure 122: Load-crack opening curves for Specimen 10

5.2.Summary of Test Results

Figure 123 illustrates four distinctive behaviors for unforeseen specimens (Specimens 1
and 2), preplanned specimens with GFRP dowels (Specimens 3-6), preplanned specimens
with CFRP dowels (Specimens 9 and 10), and preplanned specimens with steel dowels
(Specimens 7-8). The specimens with steel dowels (Specimens 7 and 8) showed the
highest flexural resistance with an average of 344 kip-ft. The calculations showed that for
pile splices that use steel reinforcement, the steel dowels in the farthest layer from
compression zone reaches yielding before concrete crushing. However, the strain at the
steel layer does not extend significantly beyond yielding at the concrete crushing.
Specimens 5 and 6 with GFRP dowels and CFRP strands demonstrate a better
performance in strength among all FRP combinations for preplanned PPCP specimens,

with an average flexural resistance of 260 kip-ft. Specimens with CFRP dowels
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(Specimens 9 and 10) show larger deflections, with an average deformation of about 4.5
in at mid-span at their maximum strength. Since FRP dowels in any of these cases do not
reach yielding (according to section analysis), the deformation is likely caused by the
bond slip of the dowels. Furthermore, for the case of unforeseen PPCP specimens, as it
was expected, the test capacities were lower than estimated because of the shorter than

required dowel lengths and lack of auxiliary bars.

——Spec. 1
70
Steel Dowels (Spec.7 & 8) —Spec. 2
*0 Spec. 3
50 (Spec. 3 thru 6) spec. 4
- GFRP Dowels
g — —Spec. 5
£ w -
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20 . ) —Spec. 8
Unforeseen
10 (Spec. 1 & 2) ——Spec. 9
——Spec. 10
0

Displacement (in)

Figure 123: Load-displacement curve for all specimens

Table 26 summarizes the test results for all specimens and compares the moment capacity
obtained from the test to the estimated nominal moment capacity using the analytical
procedure developed in Chapter 3. With the exception of unforeseen specimens
(Specimens 1 and 2), the estimated nominal moment capacities are in very good
agreement with the test results. More importantly, the nominal moment capacity

estimation is conservative for all preplanned specimens. For the case of unforeseen
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specimens, it was expected that the test capacities would be lower than estimated because

of the shorter than required dowel lengths and missing auxiliary bars.

Table 26: Moment capacity for all test specimens

Estimated Nominal Moment
Capacity Percentage
. Moment Difference
Specimen i
Number Capacity
Concrete Strength from Test ™ concrete Strength
1 202,74 kip-ft | 233.26 kip-ft 1k7|§)}°t3 2003 | -23.63
2 202,74 kip-ft | 233.26 kip-ft 15:?)3]:? 3742 | -4024
3 202,74 kip-ft | 233.26 kip-ft 2&;'_%8 11.334 | 6.3127
4 22274 kip-ft | 233.26 kip-ft 2;2'_%3’ 10275 | 5.302
5 202,74 kip-ft | 233.26 ip-ft Zlgf{-?f 18.098 | 12.772
6 22274 kip-ft | 233.26 kip-ft 2;;'_%7 15637 | 10.421
7 305.1 kip-ft | 323.4 kip-ft 3;2:);?: 13952 | 7.5035
8 305.1 kip-ft | 323.4 kip-ft 3138'_;5 11.684 | 5.3641
9 198.02 kip-ft |  207.2 kip-ft 2&2?? 12887 | 7.8855
10| jog02kip-ft | 2072 kip-ft ﬁ‘;;}f 23317 | 17.854

5.3.0bservation on Unforeseen Specimens

To accommodate drilling of 1-3/4 — in holes for unforeseen specimens, the precast plant
embedded 1-1/2- in PVC pipes to enlarge later with drilling. The precast plant technicians

stated that the trajectory was difficult to observe once the head of the bit passed the face
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of the concrete pile. The 3-ft-long drill bit used to drill the holes was warping due to
heating and pressure. To correct the warping, they were changing the bit as often as
possible to give it time to cool off. Since the holes were drilled horizontally, the pressure
applied was different from person to person. Also, the difference in height of the
personnel who drilled the holes was substantial, presumably applying pressure upward or
downward based on their height. Since the opening of the hole at the splice face had the
required size and shape, plant technicians were not able to verify the final shape of the
hole inside the body of the pile. Consequently, misalignment was introduced for the holes
drilled in unforeseen segments. Dissection of unforeseen specimens tested showed no
major misalignment for Specimen 1 (see Fig. 27), but indicated noticeable misalignment
for Specimen 2 (see Fig. 33). Accordingly, the authors believe that the lower capacity
obtained in Specimen 2 is a consequence of misalignment affecting the development and

progression of splitting cracks and debonding.

5.4.Failure Mode Observations

Mode of failure is referred to the mechanism developed at or near maximum load and
resulting in significant drop in capacity from its maximum. As shown in Table 27, three
modes of failure were observed for the test specimens, as follows:
1- Classical flexural failure with crushing of concrete in the compression zone at
splice section,
2- Flexural cracking/debonding in the male segment near the end of dowel,

3- Splitting and bond failure for the dowels in the female segment.
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Table 27: Loading details for test specimens using GFRP and CFRP dowels
(Specimens 1, 2, 3,4, 5, 6,9 and 10)

Failure Mode | Specimens Test Specimens
Mode 1:
Flexural 3,4,7,8,9
failure at and 10

splice section

Mode 2:
Flexural
cracking and
debonding
beyond dowel

embedment

5and 6

Mode 3:
Splitting and
bond failure

of short

dowels

land 2

5.4.1. Classical Flexural Failure

For Specimens 3, 4, 7, 8, 9 and 10, the failure mode followed the classical flexural failure

mechanism with crushing of concrete. This is an indication that development lengths for

dowels and auxiliary bars (if any) were adequate to allow this mode to occur. Figure 88
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shows an example of this type of failure mode. Although, splitting cracks were developed
and propagated, the confinement seems to have been adequate to keep the dowels engaged

until the failure.

5.4.2. Flexural Cracking and Debonding in the Male Segment

For Specimens 5 and 6, the failure mechanism was initiated by flexural cracking and
concrete spalling in the male segment at the section near the end of the dowel bar. This
failure mode could be an indication of inadequate bond length for CFRP strands. The
load resistance dropped significantly with this cracking indicating potential debonding of
strands at the cracked section which can also be attributed to lack of adequate
confinement at this location (closely-spaced spirals were implemented only in the female
segments for the first 4 ft from the splice section). Figure 93 shows an example of this
type of failure mode. Concrete crushing shown in the figure above the cracked section
occurred after continuing the test beyond maximum at much lower loads. Apparently,
Specimens 9 and 10 with identical dowel length but CFRP dowels instead of GFRP did
not fail similarly, likely for the fact that the splice section with CFRP failed earlier with

classical flexural mode.

5.4.3. Splitting and Bond Failure in the Female Segment

For unforeseen test specimens, Specimens 1 and 2, the failure occurred with splitting of
concrete cover, bond failure of dowels in female segment, and horizontal and vertical
crack opening at the section near the end of dowel. Figure 77 shows an example of this

type of failure mode.
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Splitting crack from bond action were observed for all tested specimens. Figure 124,
shows cross-section of a dissected specimen after the test. Splitting cracks are visible
mostly at the level of strands. In some cases, as the example in this figure, enlargement of
the splitting cracks likely because of inadequate confinement, resulted in debonding of

the strands or dowels.

Figure 124: Dissection of Specimen 5

5.5.Validation of Design Procedure Using Experimental Results

In order to validate the adopted design procedure and investigate the effectiveness of
GFRP reinforcing bars as bonded dowels for a pile splice design, ten full-scale PPCP
specimens of 18x18 in cross-sections with a total length of 28 feet were designed,
fabricated, and tested at the Florida Department of Transportation (FDOT) Structures
Research Center. In these specimens, three different materials for dowels, which are

GFRP reinforcing bars, CFRP strand, and traditional carbon-steel reinforcing bars, were
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used in combination with CFRP and steel prestressing strands for PPCPs for both

unforeseen and preplanned drivable splicing cases.

Table 28 summarizes the test results for all specimens and compares their flexural
resistance obtained from the test to their estimated nominal flexural resistance using the
analytical procedure. The concrete strengths (f'.) of 6.5 ksi were considered as the
nominal concrete strength. As shown in Table 28, the nominal flexural resistance
estimation is conservative for all preplanned specimens. Furthermore, the estimated
nominal moment capacities are in very good agreement with the test results, with the

exception of the unforeseen specimens (Specimens 1 and 2).

For Specimens 3 and 4, GFRP dowels and steel strands, the test results are on average
10% higher than the nominal moment capacity calculated with the design procedure. This
level of conservatism is adequate when considering the flexural failure mode of these

specimens dominated by concrete crushing.

For Specimens 5 and 6, GFRP dowels and CFRP strands, the test results are on average
15% higher than the nominal moment capacity calculated with the design procedure.
Because the failure mode of these specimens is involved with potential bond failure, a

slightly higher conservatism is justified.

For Specimens 7 and 8, steel dowels and steel strands, the test results are on average 11%

higher than the nominal moment capacity calculated with the design procedure. This
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level of conservatism is adequate when considering the flexural failure mode of these

specimens dominated by concrete crush.

Table 28: Flexural resistance of experimental and analytical studies for all test

specimens
] . Average
Nominal Design Percentage | Percentage
: Flexural _ _
Specimen | Flexural Moment _ Difference | Difference
_ . Resistance
Number | Resistance Capacity ) for Testto | for Testto
(Kip-) (Kip-ft) from Nominal Desi
ip- in- omina esign
Y (kip-ft) Test g
1&2 *148.3 111.2 158.8 7% 30%
3&4 222.7 167.1 246.8 10 % 32%
5&6 222.7 167.1 260.3 15% 36%
7&8 305.1 256.3 344.2 11% 26%
9&10 198.0 148.5 233.9 15% 37%
* Calculation details are explained in Section 5.5.1

For Specimens 9 and 10, CFRP dowels and CFRP strands, the test results are on average

15% higher than the nominal moment capacity calculated with the design procedure. A

higher conservatism is also justified here due to a large difference between the results of

the two tests. This validates the analytical process used for the design of preplanned

splices using GFRP and other types of dowels. The use of nominal concrete compressive
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strength provides a more reasonable basis for comparison because of the laboratory setup

and high level of quality control associated with the experiment.

5.5.1. Nominal Moment Reduction Factor for Unforeseen Cases

To account for lower-than-expected test results for unforeseen cases due to the lower than
required dowel length, a reduction factor of 0.67, ¢’y forseen, IS Proposed to be used to
calculate the nominal moment capacity for the unforeseen. Eq. (90) shows the application

of the reduction factor.

@' unforseen(reduction factor for unforeseen cases) = 0.67 (90)
(Nominal Moment for unforeseen= @', rorseen X NOominal Moment from design

procedure)

For calculating the design moment capacity for unforeseen cases, the nominal moment
capacity will be multiplied by a strength reduction factor of 0.75, @, as it is for the pre-
planned cases. This reduction factor provides the level of conservatism similar to that for
the preplanned cases. The results shown for Specimens 1 and 2 reflect the use of
reduction factor for unforeseen and strength reduction factor.

Alternatively, the unforeseen splice capacity could also be checked by considering the
lack of development of the strands at the end of the dowels (30-in. from splice section), in
lieu of applying proposed empirical 0.67 reduction factor to the dowel splice section

analysis.
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5.5.2. Comparing Design Moment Capacity with FDOT Requirement

The design moment capacities based on the analytical results using the nominal concrete
compressive strength used in test program were calculated with the corresponding
strength reduction factors and are shown in Table 29. The concrete strength (f'.) of 6.5
ksi was considered the nominal concrete strength. The design moment capacities are also
compared to the FDOT mechanical pile splice flexural strength requirement (245 Kip-ft)

in this table.

Table 29: Flexural resistance of experimental study for all test specimens and FDOT
requirement

FDOT ) ]
] Nominal Design ) )
) Required ) Ratio of Design
Specimen Flexural | Resistance | Moment )
Flexural _ ) to Required
Number Resistance | Factor, @ | Capacity
Strength _ ) Strength
) (Kip-ft) (Kip-ft)
(kip-ft)
1 245 222.7 0.75 [49] 167.1 68%
2 245 222.7 0.75 [49] 167.1 68%
3 245 222.7 0.75 [49] 167.1 68%
4 245 222.7 0.75 [49] 167.1 68%
5 245 222.7 0.75 [49] 167.1 68%
6 245 222.7 0.75 [49] 167.1 68%
7 245 305.1 0.84 [60] 256.3 105%
8 245 305.1 0.84 [60] 256.3 105%
9 245 198.0 0.75 [50] 148.5 61%
10 245 198.0 0.75 [50] 148.5 61%

The design flexural resistance calculated using the proposed procedure for splices using

GFRP dowels develops approximately 68% of the flexural strength requirement of FDOT
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for preplanned mechanical pile splices. The design flexural resistance of the steel dowel
splices is equal to 105% of the requirement, while the CFRP dowel splice can only

develop 61% of the required flexural resistance.
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CHAPTER 6: DESIGN SOFTWARE DEVELOPMENT
A design procedure was developed in Chapter 3 for all splice reinforcing materials
including GFRP, CFRP, HSSS, and Steel. The design procedure was then validated in the
experimental program presented in Chapter 4. To allow structural engineers (e.g., FDOT
engineers) to design and modify the procedure for any future design alternatives, a

practical and user-friendly worksheet was programed by using Mathcad tools.

The Mathcad worksheet is easy to use for the design procedures and provides a vector-

based section analysis as well as detailing. As shown in Figure 125, the following are the

main features of the design procedure:

. Estimating the nominal and design flexural capacities of epoxy-bonded dowel pile
splices

o Estimating the development length of CFRP, GFRP, Steel, and SS dowels of pile
splices

. Estimating the lap splice length of CFRP, GFRP, Steel, and SS dowels of pile
splices

o Estimating the development length of CFRP, Steel, and HSSS strands of piles
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Input

Section Analysis

Define Rebars:

Location, Number, and Size

Calculate Rebar Force

Define Section Dimension:

Width, Height, and Cover

Calculate Maximum Compression
and Tensile Force

Define Material Properties:

Concrete and Rebars

Calculate Nominal Flexural
Strength of the Pile Splice

Calculate Design Flexural Strength
of the Pile Splice

Define Environmental Factor

Provide Vector-based Calculations
and Plot M-N Curves

Detailing

/

Development and Lap Splice
Lengths for Dowels

Development Length of
Prestressing Strand:

Design Development |

Figure 125: Flowchart of the design procedure developed in the Mathcad worksheet

This design and analysis tool is the first customized software for epoxy-bonded dowel

splices in general and FRP dowel splices in specific. As such, the most recent provisions

from codes and guidelines for the design and detailing of FRP-reinforced concrete (ACI-

440, AASHTO) were implemented in the design procedure within the software. The

procedure developed here was proven to apply to epoxy-bonded dowels and was

validated by test results.

As an example, the design procedure programmed for pile splice using an FRP bar and

FRP strand are presented below. Design procedure for the other arrangements of FRP

Dowel — Steel Strand, Steel Dowel — Steel Strand, and Steel Dowel — FRP Strand are

attached as the Appendix C.
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Precast Prestressed Concrete Pile Splice Design

Designed by Saman Farhangdoust

This program can be used for Epoxy Dowel Pile Splice Evaluation - FRP Dowel and FRP Strand

Grant No.. BDV29-977-52
Principal Investigators: Mehrabi, Armin
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Sponsered by Florida Department of Transportation (FDOT)
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Environmental Factor: InPUt

_—
environmental reduction factor for FRP-bars
FRP-Bar Properties:
[Ef = 6500@ Modulus of Elasticity
Sg, = 98.2-kip Minimum Guaranteed (Mominal) Tensile Load
—
Sty .
fe, = g = 77.52-ksi Guaranteed Tensile Strength
Efy = EE =0.012 Ulimate Strain
f
frq:= Cg-f5, = 54.264-ks1 Design Tensie Strength
e E—d —8348x 10 ° Uttimate Design Strain
f
Concrete properties: | nput
——————————
f. = 6ks Compressive Strength
[fe;=4 Compressive Strength at Release
0.003 Maximum Compressive Strain
ECU. =L
——

f
. : C
o= 1f|:f'c < 10ksi.0.85, max 0.75,0.85 — 0.02-[—_ - lﬂjﬂ = 0.85 ACT - 318
1

f - . .
c Rafio of Maximum Fexural Strain at
|31 = mz:{ﬂ.ﬁS,CI.BS - O.ﬂﬁ-[g - 4J:| =075 the extreme tension face to the
strain at the centroid of the rebar
layer nearest to the tension face
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FRP Layers Force:

a.=

C =
AR

Ef =

a

185

for jel1.60 = ft Range Variable fo accomodate
1 an increasing increment
a < E-J 1| 0.025
N 2 0.05
3| 0.075
4 0.1
5 0.125
6 0.15
7| 0175
8 0.2
9| 0225
10 0.25
11| 0.275
12 0.3
13| 0.325
14 .35
15| 0.375
16
, The distance of the concrete block in compression
Tensie Strain in each row
for ie 1. rows(a) =
for je1 ..rou-‘s['ubﬂ 1 2 3
o 1 0.038 0.065 0.091
C . .[xdj - ¢ 2 0.018 0.031 0.044
1] cu c. 3 0.011 0.02 0.028
_ 4 7.312°10-3 0.014 0.02
) 5 5.25°10-3 0.011 0.016
6 3.875°10°3 8.25°10-3 0.013
7 2.893-103| 6.643°10°3 0.01
8 2.156°10-3 5.43810-3 8.719-10-3
9 1.583"10-3 4.5°10-3 7.417-10-3
10 1.125°10-3 3.75°10-3 6.375°10-3
11 7.5°104 3.136°10-3 5.523°10-3
12 4,375 104 2.625°10-3 4.813-10-3




Fr

Tensie Stress in each row

186

for 1= 1 rows(a) =
for j € 1. rows(ny) 1 2 3
1 5.426°104| 5.426°104 5.426°104
SRR L A 2| s5.426104] 5.426:10%] 5.426:10%
mm('Efi_J'Ef-ffd} otherwise 3 5.426:1[!2 5.426:1[:: 5.426:1[::
\ 4 4.753°10 5.426°10 5.426°10
f 5| 3.412°104] 5.426°10%| 5.426°10%
[ 2.519-10% 5.363-10% 5.426'10%
T 1.85-104| 4.318-104 5.426°104
8 1.402-104| 3.534°104| 54267104
9 1.029-104| 2.925°104| 4.821-104
10| 7.312:103 2.437-104| 4144104
11| 4.875°103| 2.039-104 3.59-104
12| 2.844-103| 1.706°10%| 3.128-10%
13 1.125°103 1.425°104 2.737°104
14 0 1.184°104| 2.403-10%
15 0 9.75°103 2.112° 104
16 0| 7.922-103
Rebar Force in each row
= | for ie 1. rows(a) = Ibf
for je1 ..rows['ubl] L 2 -
: 1 2.062°105| 1.375'103| 2.062°105
Fi< Ablj'ffu 2| 2.062:105| 1.375°105| 2.062°105
F 3 2.062°10%| 1.375°105 | 2.062°103
4| 1.806°10%| 1.375°105| 2.062-103
5 1.297-105| 1.375°105| 2.062-105
6| 9.572°10%| 1.359°10°| 2.062°107
7| 7.146-10%| 1.094:10°| 2.062-103
8 5.326°104| 8.954-104| 2.062-1035
9 3.911-104| 7.411-104| 1.832-105
10| 2779104 6.17510¢%| 1.575°103
11 1.853°104| 5.165°104| 1.364-105

ps



Concrete Force:

:Fc = cr.-f'c-a-b = Ibf

1
1 2.754°104
2 5.508-104
3 8.262-104
4 1.102°103
5 1.377°10°
6 1.652°10°
7 1.928°103
8| 2.203°103
9 2.479°105
10| 2.754°103
11| 3.029°103
12| 3.305°103
13 3.58-10°
14| 3.856°103
15| 4.131°103
16

Max allowable compression load:

i, .
Pomaxe = o fb-h=1.652 > 10" -kip

@ = 0.85
Ppi= &P

nmaxC

OPg == 0.75-Pz = 1053 x 107 kip
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Nominal Flexural Strength of GFRP Pile Splice

Nominal Axial Strength

P,=|for ie 1. rows(a) = Ibf
1":‘“'5{1113:] 1 -5 2124'1t]5
Fa, i | Fe, - Z fr |t 2| -4.948105
1=1 / 3| -4673:105
Pﬂ 4 -4,142°109
5 -3.357°109
6 -2.726°10°
7 -1.943"10°
8 -1.287-10°
9 -4.856° 104
10 2.838 104
11 9.634 104
12 1.576°103
13 2.136"102
14 2.643°10°
15 3.081°10°
16

Nominal Moment Strength
i

1 e

6.535°109
1.285°108
1.894-100
2.721-106
3.764°106
4626100
5.374°106
6.043°100
6.436°106
6.755°108
7.076°106

7.394-106
7 7na-1nb

M_=|for ie 1. rows(a) =
ay )

h r' kY
Jq — + 1: . d _ —
2 ) Z |: fi.J |k 12 Ji:|

i=1

1
,.j
\ L

(=0 e T N I I T I P RPNy S

=

=
[y

=
fed

s
A
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Axial Load

1

-522.38

-454.84

-467.3

-414.173

-335.685

-272.561

-194.2594

-128.708

[ T I T I T I O [ I A A e

-48.564

=
=

28.38

11

96.342

12

157.566

13

213.608

14

264.256

15

308.117

16

1.6x107T

13810
116<10%
940x10%F
72010
500 10%
280x<10%

60x10%E

M

1

1 20.311
2 39.933
3 £8.867
4 84.575
5 116.991
6 143.766
7 167.022
8 187.82
9 200,038
10 209.95
11 219.937
12| 229.809
13| 239.433
14| 248.329
15| 255.784
16

MN Diagram without Reduction Factor

fi-kip

— 600x10%

0
— 160x1Q310° 00 10" 200 10"
—380x10%

kip-fi

Flexural Moment



Resistance Factor for Flexural Strength (GFRF)

fﬁ = |me rows{nb]
—
Af < Apl

P <= _Af
£
b-dg

ff(—ﬂ if pf=ﬂ'

-Ef-Ecu - G'S'Ef'gcu otherwise

=
ff — +
4 F'f
fﬁ R nml{ff,ffdj
£ = & ~8348x 107°
E¢
g = | for 1 1. rows(a)
| =t
( drmms.: ub] Ci)i
E, +—£_ - —
t, cu .
i
£t
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1
1 0.091
2 (0.044
3 0.028
4 0.02
5 0.016
6 0.013
7 0.01
8 8.719-1073
9 7.417-1073
10 6.375-1073
11 5.523-10°3
12 4.813-10°3
13 4.212-10-3
14 3.696-10-3

[LRFD GFRP 2.6.3]

= 5426 x 104p5i



¢g = | for 1= 1. rows(a) -

be « |075 if &, £080-¢
£ ki [ 0.55

0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.662
0.75
0.75
0.75

£¢.

155~ — | if 0.80-egy <, <egy
Efd 1

0.55 otherwise
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Design Flaxural Strencth of GFEP Pile Splice
P, = for 1= 1. rows(a) = Ibf
( rows{ iy, | 3 !

: -2.873-10°
P - F. - F P
v 5 Zl Lt 2.722:105
\ j=

-2.57-10°
-2.278-10°
-1.846-10°
-1.499-10°
-1.069-10°
-7.079-104
-3.213-104

2.129-104

7.2267104

1.182-105

1.602-105
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M

u-=

for 1=1..

M, -:—::pf

M,

192

1

1 3.594-105
2 7.066-10°
3 1.042-106
4 1.497-106
5 2.07-106
[ 2.544-106
Fi 2.956-106
8| 3.324-100
9 4.258-106
10| 5.066-106
11| 5.307-108
12| 5.545-106
13| 5.778-106
14| 5.992-106
15| 6.172-108
16

Ib-f>




Axial Load

30010

193

Tap M, = ft-kip
1 1
1| -287.309 1] 11171
2| -272.162 2| 21963
3| -257.015 3| 32377
4| -227.795 4| 46516
5| -184.627 5|  64.345
6| -149.909 6| 79.071
7|  -106.862 7| 91362
8 -70.79 8| 103301
9 -32.13 9| 132345
10 21.285 10| 157.462
11 72.256 11| 164.953
12|  118.175 12| 172357
13| 160.206 13| 179.575
14|  198.192 14| 186.247
15|  231.087 15| 191.838
16 16
M-N Diagram with Reduction Factor
1.2¢10°
1.04<10° —
0 -\-\_-\-_""'-\-\.
880<10
720x10" \\
; 560<10"
u 0
2 400<10
e 240<10" -
(#] /
80x10 —
0 o a——‘n_'_'_'__f_ I
— 80<10y410" 00410 200<10
— 2410
— 400x10>
M'L'I.
kip-ft



Development and Lap Splice Lengths for FRP Dowels

HalfCitC = 0.5-[:13 - dz] =1.751n

ksi ection 2.9.7.4.1-1 of the AASHTO
316 ——— - 340
-
ks1 : )
L4Dowe = Max — .(20-dy,)| = 30.528-m
13.6 +
dy
Lap == max{13-Lypo e 12in) = 39.687-m Section 2.9.7.6 of the AASHTO-GFRP2
The Length of Projected Dowels

Lp=Lap= 39.687-1n

. . The length of the Holes for Dowels
LH = LD + 2m = 41.687-1n
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Dowels

L

- Holes for Dowels

- Auxiliary Bars
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Section 933 of the FDOT Standard Specification for Road and Bridge Construction | Nn p ut

Effective Cross Nominal

Group # Strand Types Diameter SectionalArea  Ultimate Load
1 [ ("Single Strand-5.0mm @") | 02 0.025 9.1
2 ("7-Strand-7.9mm @&") 0.31 0.048 17.8
3 ("7-Strand-10.8mm &") 0.43 0.090 33.1
4 ("Single Strand-9.5mm @") 0.38 0.110 35.0

2
5 ("7-Strand-12.5mm @") dia = | 0.49 |in ‘bﬁ)s ==10.117 |in’||P, == | 43.3 |kip
6 ("Single Strand-12.7 mm @") 0.50 0.196 59.0
7 ("7-Strand-15.2mm &") 0.60 0.179 66.2
8 ("7-Strand-17.2mm @") 0.68 0.234 86.6
9 ("7-Strand-19.3mm @") | 0.76 0.289 106.9
ICES =1 Environmental Reduction Factor for CFRP Strand

n.. =1 Set number of Strand or Total number of strands

——

[ )

Aps.total = Tps Aps = o Total strand area for
each

0.025
0.048

0.09

0.11
0.117
0.196
0.179
0.234
0.289

L T I T N T N A L ) N S D L D
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u

CEE._
Aps
Pu
fpu = CEE'A; = N st Ultmate Tensile Trength of the CFCC
1 364
2 370.833
3 367.778
4 318.182
5 370,085
) 301.02
7 369.832
8 370,085
9 369.896 I n p ut
———
=alig Jacking force
e ——
£ = ﬂ _ ksi
Aps.mtal 1
1 1360
2| 7083
3 3778
4| 309.1
5 290.6
[§] 173.5
7 1899
8 1453
9 117.6
Input
—_——————
Loss := 0.15 Loss Percentage




f oss = Losa‘-%i = : ksi Initial strand losses
204
106.25
56.667
46.364
43.59
26.02
28.492
21.795

17.647

[¥im I I ) R o I (R [ N T Y Y

Effective Prestressiressing Stre:

fpe = fpi - {fLofss_J = kst

1

1.156-103
602.083
321.111
262.727
247.009
147.449
161.453
123.504
100

L= I e T L I (e N O Y S O R Y LN B ]

Input
]
be=1y  mkp AASHTO - CFRP-1

og=148 inlb AASHTO - CFRP-1
——

fobt = i Stress Prior to Transfer
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LiStrand = | for 1= 1. rows(dia)

ksi

fpbti |
di:{i

Development Length
for FRP strand

5.455
5.356

LdStrand. < _ -
1 f' _\ﬁﬂ.ﬁ.'
c1

i)

LdStrand

L'D = Lystrand = i

65.457
64.272
62.417
46.466
63.402
46.766
66.359
69.588
73.833

O o[~ || B[R =

La = LiStrand = ‘n

1
65.457
64.272
62.417
46.466
63.402
46.766
66.359
69.588
73.833

O o~ ||| B w|m )=

5.201
3.872
5.284
3.897

5.53
5.799
6.153

I o A e o T (O W (P Y LS O Y

Length of the Embedded
part of the Dowel

Length of the Auxiliary Bar
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The Actual Developement Length considered in Design may Vary
from the Length Calculated here. Please See the Relevant Report
and Final Design Drawings.

AT TN
IRIEINI

oo | N AL

T Dowels

|

- Holes for Dowels

« | T Auxiliary Bars

Auxiliary Bar Sze = One Size Smaller than the Size of Dowel

Auxiliary Bar Number = Number of Dowel Bars on Penmeter
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CHAPTER 7: DESIGN OF GFRP PILE SPLICE FOR ALL SIZES

Mathcad worksheets were developed for the design of GFRP dowel pile splices for each

pile size and strand materials. Five standard square pile sizes of 127, 14”, 18”, 24” and

30” were considered in the design. For strands, CFRP and Stainless Steel strands were

included. The configuration of dowels in general followed that for the existing pile splice

details reflected in the FDOT Standard Plan Index 455. Table 30 shows the details and

configuration of the pile splice for each size.

Table 30: Dimension and details of pile splice sections

Section Cross-section Effective Clear h b K GFRP
Size Cover Cover Dowel
C:j:r £
2 . . 3 2 2 2 2 1 2 4 -
12 ;{ h 43/, 3 127 | 127 | 21/,
#10
(I
b -
Cz:r )«ﬂ’
14” RI . . h 51/4” 3” 14” 14” 31/2” #‘41_0
o0
b
Clear Effective
C.o:;r Cover
2 1 bL] 9 2 2 1 99 8 -
18 h 54/ 3 187 | 187 | 3%/, 410
b -
i Y 12 -
410
24” h 51/2” 3” 247 | 247 41/3” or
16 -
! #10
b
30” 51/2” 3” 30” 30” 43/4” ?]E;L?-c;
b
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Section analysis in accordance with the proposed design procedure was carried out in the
Mathcad worksheets for each pile splice to predict the nominal and design moment
capacities of the pile splice. The design followed the AASHTO LRFD Bridge Design
Specifications and the AASHTO LRFD Bridge Design Guide Specifications for GFRP-

Reinforced Concrete Bridges [60, 49, and 51].

Table 31 shows the moment capacities and compares them to the moment capacities
required by FDOT Specification Section 455. For the section analysis as well as
calculation of the development lengths, the following material properties were used:

- Concrete Class V Special according to FDOT Standard Plans Index 455 series with
28-day compressive strength of ¢ = 6 ksi [48 and 47].

- No. 10 GFRP dowel bars with modulus of elasticity of E = 6500 ksi and minimum
guaranteed tensile load of Sf, = 98.2 kip (ASTM D7957 and FDOT [47]).

- Low-relaxation, seven-wire, Grade 240 Stainless Steel Strand (ASTM A 1114) with
nominal diameter of 0.62 in. was used as HSSS strands with effective cross-
sectional area 0.231 in?,

- CFRP 0.5 ¢ Single-Strand with effective cross-sectional area and nominal ultimate
load of 0.196 in? and 59 kip, respectively. CFRP 0.6 @ 7-strand with effective cross-

sectional area and nominal ultimate load of 0.179 in? and 66.2 Kip, respectively.
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Table 31: Flexural moment strengths for GFRP dowel splices of different sizes

Required Nominal ngsistance Design
Section Size Moment Moment actors, Moment
Strength, Strength, 4 Strength,
Mgpor (kip-ft) | My (kip-ft) M, (Kip-ft)
0.75
127 56 42
147 83 0.75 63
18" 245 206 0.74 153
12 - #10 Dowel 600 523 0.55 287
24
16 - #10 Dowel 600 554 0.66 369 *
*Note the beneficial effect of compression- controlled failure mode on the Design Moment
Strength even though the Nominal Moment Strength is not increased significantly

To have a basis for comparison, Table 32 below shows the moment capacities for 18” pile
splices obtained from laboratory testing performed as part of this project as reported in
Chapters 4 and 5. This table also includes the nominal and design moment capacities
calculated using the design procedure developed in this project as part of Chapter 3 as well
as comparison with the test results. Note that the concrete class used in test specimens was
slightly different from the concrete class used to develop Table 31 results. Because of
availability, test specimens were cast with Class V concrete with nominal concrete
compressive strength of 6.5 ksi compared to Class V Special concrete with 6 ksi
compressive strength used for Table 31. The actual compressive strength of concrete in test
specimens at the time of testing was actually higher with an average of 7.3 ksi. For
calculation of the nominal and design moment capacities in Table 32, concrete compressive

strength of 6.5 ksi was considered.
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Table 32: Flexural resistance from testing and design procedure (¢ = 6.5 ksi)

Average Nominal | Design | Percentage | Percentage
. Flexural . i
Specimen Resistance Flexural | Moment | Difference | Difference
Number Resistance | Capacity | for Testto | for Test to
from Test | inf) | (kip-ft) | Nominal | Design
(kip-ft)
3&4
(GFRP Dowel- 246.8 222.7 167.1 10 % 32%
Steel Strands)
5&6
(GFRP Dowel- 260.3 222.7 167.1 15% 36%
CFRP Strands)

Mathcad worksheets were developed for two combinations of GFRP dowels-SS strands
and GFRP dowels-CFRP strands. Accordingly, detailing of the splices were determined in
accordance with the AASHTO LRFD Bridge Design Specifications, the AASHTO LRFD
Bridge Design Guide Specifications for GFRP-Reinforced Concrete Bridges, and the
AASHTO Guide Specifications for the Design of Concrete Bridge Beams Prestressed with
CFRP Systems [60, 49, and 51]. The results are summarized in Table 33. In this table, L,,
Lp, Ly, and L}, , are the lengths of auxiliary bars, projected segment of the dowels, holes,

and embedded segment of the dowels, respectively.
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Table 33: Detailing of preplanned and unforeseen pile splice for different pile sizes

Section Size | Assembly Type | Strand Type Strand Arrangement Jacking Force,P;(Kip) | L'p(in) | Lp(in) | Ly(in) | L(in) Ilustration
4 ~0.5 @ Single-Strand 41 52 33 35 52
Preplanned CFRP 4-06 @ 7-Strand 42 73 33 35 73
Hsss 8~ 0.6 ¢ Strand 26 94 33 35 94
127 4 ~0.5 @ Single-Strand 41 52 30 32
Unforeseen CFRP 4~0.6 ¢ 7-Strand 42 73 30 32 AT ”’IH I
HssS 8~0.6 ¢ Strand 26 94 30 32 IWILTH]
8~ 0.5 0 Single-Strand 305 46 36 38 46 L'p RN
Preplanned CFRP 17§-0.6 ¢ 7-Swrand 315 66 36 38 66 | ||i|| l
Hsss 8~0.6 ¢ Strand 35 86 36 38 86 x
147 8-05 ¢ Single-Strand 305 26 30 32
Unforeseen CFRP 17§-0.6 ¢ 7-Swrand 315 66 30 32 Lp
HSSS 8~ 0.6 @ Strand 35 86 30 32 T Dowels
12 ~ 0.5 @ Single-Strand 33 47 40 42 47 -— .
Preplanned CFRP 12-06 0 7-Strand 34 66 40 7] 66 |
HSSS 12~ 0.6 @ Strand 35 88 40 42 88 '
187 12 ~ 0.5 @ Single-Strand 33 47 30 32 4 o
Unforeseen CFRP 12~ 0.6 @ 7-Strand 34 66 30 32
HSSS 12~ 0.6 ¢ Strand 35 88 30 2 Ly|| 8
20~ 0.5 @ Single-Strand 35 48 39 41 2 | La
Preplanned CFRP 16~ 0.6 ¢ 7-Strand 7 73 39 a1 73 - Holes
HSSS 20~ 0.6 @ Strand 35 90 39 41 90 v _|B
247 20 ~ 0.5 ¢ Single-Strand 35 48 30 32 ' HA;{xﬂfapy Bars
Unforeseen CFRP 16~ 06 @ 7-Strand 2 73 30 32 |
HSSS 20~ 0.6 @ Strand 35 90 30 32 |
20 ~ 0.5 @ Single-Strand 37 49 39 41 49 !
Preplanned CFRP 20~0.6 @ 7-Strand 38 71 39 41 71 ,!
HSSS 24~ 0.6 ¢ Strand 35 92 39 41 92
30” 20 ~ 0.5 @ Single-Strand 37 49 30 32
Unforeseen CFRP 2006 0 7-Strand 38 71 30 32
HSSS 24~ 0.6 ¢ Strand 35 92 30 32
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CHAPTER 8: RECOMMENDATIONS
This chapter provides some recommendations for improvement to the current Epoxy-
bonded Dowel Pile Splices. These recommendations are presented on eight aspects of

design, material and implementation.

8.1.Extending the Development Length of FRP Strands to Improve Bond
In Chapter 3, the development length for the CFRP strands was calculated for CFRP

strands through both from AASHTO-CFRP1 [50] and ACI 440.4R-04 [63].

8.1.1. ACI 440.4R-04
According to Section 6-2 of the ACI 440.4R-04 with unit conversion coefficients, the

recommended equation for development length of the CFRP strand was calculated using

Eq. (51):
_ 161500 0.6 (341000-161500)%0.6 _ .
Ld "~ 25.3%(6000)0-67 14.8%(6000)0-67 =116+ 22.0 =33.6

All required information for development length calculations were:
o f.=6Kksi,

o f,,=341ksi [61],

o f,;=189.9 ksi

o f,e=161.5 ksi (assuming loss of 15%) [61],

e op=14.8 (in-pound units) for CFCC,

o o= 25.3 (in-pound units) for CFCC.

206



8.1.2. AASHTO-CFRP1
According to AASHTO-CFRP1, the Eqg. (53) was used for calculation of development

length of the CFRP strand:

L _ 1899 %06 (341 — 161.5) % 0.6
47 1.1 (4)067 1.48  (6)067

=409+ 219 = 62.8"

All required information for development length calculations were:

o fli=4Kksi,

o fl=6Kksi,

o f,,= 341 ksi [61], (note that this is now 369 ksi in the 2021 FDOT Spec),

ofp

i=fopt=189.9 ksi,
o f,e=161.5ksi (assuming loss of 15% from initial prestressing) [61],
® O0g= 148,

e =11

The calculations above results in two different development lengths for CFRP strands,
33.5" (ACI 440.4R), and 62.8" (AASHTO CFRP1). For experimental program, the dowel
length inside the lower pile segments of Specimens 5, 6, 9 and 10 was taken consistent
with the current design of FDOT (Index 455-102) that is 54 in. These preplanned specimens

used CFCC strand and GFRP dowel without the use of auxiliary bars in the lower segment.

As a result of laboratory tests, the failure mechanism for Specimens 5 and 6 was initiated

by flexural cracking and concrete spalling in the male segment at a section near the end of
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the dowel bar. This failure mode could be an indication of inadequate bond length for CFRP
strands (54 in). However, it is worth noting that the tested capacities of Specimens 5 and
6, exceed the nominal capacity of the splice (233 kip-ft) by approximately 10%, so, with
the proposed design procedure, additional splice capacity may not be realized without other
improvements in the dowel stiffness and bonded length. Figure 126 shows an example of
this type of failure mode. Concrete crushing shown in the figure above the cracked section

occurred after continuing the test beyond maximum at much lower loads.

//%D

|| Load Pausing
% Gauges Removal

2 3 4
Displacement (in)

Figure 126: Failure mode of flexural cracking — debonding in the male Specimen 6

According to the failure mode observed in the test results, it is recommended to extend
the development length of CFRP strands to at least the value calculated by AASHTO-
CFRP1 (Eq. 1). Using 369 ksi as fou for CFRP as per 2021 FDOT Specifications, the
development length for CFRP strands will be approximately 66 in. to 73-in. depending on
the size of the pile and initial prestressing force (see Table 33, L'p). In the current FDOT
Standard Plans Index 455, the development length for CFRP strand is noted 54 in.
Similarly, the embedded splice dowel lengths for preplanned slices should be extended to

match the development length of the strands, or auxiliary reinforcing added.
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8.2.Reducing Spacing of Stirrups for Male Segment for a Better Confinement

Splitting cracks from bond action were observed at the level of strands for all laboratory
tests. A better confinement may enhance the performance of the pile specimens by
containing these cracks. However, all Specimens tested, except for the unplanned splices
(1 & 2), achieved a flexural strength approximately 10% greater than the splice nominal
strength (based on actual strength properties), so, when using the newly proposed design
procedure, increased flexural capacity of the system may still not be realized without other
changes. Figure 127 illustrates the cross-section of specimens dissected after the test.
Splitting cracks are visible mostly at the level of strands. In some cases, as the example in
this figure, enlargement of the splitting cracks likely because of inadequate confinement,
resulted in earlier debonding of the strands or dowels. This was evident for Specimens 5
and 6 in which more extensive splitting cracks and potential debonding of strands at the
cracked section in the male segment could be attributed to the lack of adequate
confinement. Additional confinement would likely only improve ductility of the spliced

section, since the splice nominal strength appears to have been realized in most cases.

Ks

.J >

Figure 127: Two examples of the splitting cracks 7
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Closely-spaced spirals were implemented only in the female segments for the first 4 ft from
the splice section. This configuration was original intended in the pile standards to restrain
cracking during pile driving installation of the female end only. It is recommended to
reduce the spacing of stirrups for male segments also, with similar scheme as the female

segment, to improve the confinements for preplanned pile splices.

8.3.Provisions for Appropriate Hole Drilling in Unforeseen Segments

In the experimental program in this project, the precaster embedded 1-1/2 in PVC pipes to
facilitate drilling of 1-3/4 in holes for female segments of unforeseen splice specimens.
This option will not be available in actual unforeseen splicing situations in the field, but it
was implemented to make the drilling easier. Despite this, dissection after testing revealed
some issues with the holes drilled in the female segment to receive the dowels. It was
observed that splicing unforeseen PPCPs face a significant challenge in drilling irrespective
of the type of material used. Figure 128 shows a noticeable misalignment and an oversized

slanted hole for the female segment.

Figure 128: The oversized slanted holes
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It is also clear from this figure that the splitting cracks in concrete have bridged the

oversized hole, likely resulting in lower strength of the specimen.

Since the trajectory of the progressing hole was difficult to observe once the head of the
bit passed the face of the concrete pile, misalignment occurred for the holes drilled in
unforeseen segments. To address this problem, it is recommended to use a frame setup
during drilling to accurately drill the hole inside of the female segment of the unforeseen
pile splices. It should be noted that the holes were drilled by the fabricator in the horizontal
position, where as in the field these would be drilled downward from a vertical position

which could provide a better control.

8.4.Nominal Moment Reduction Factor for Unforeseen Splices

To account for lower-than-expected test results for unforeseen cases due to the lower than
required dowel length (30-inches), a moment strength reduction factor of 0.67, @'y, forseen:
is proposed to be used. To calculate the nominal moment capacity for the unforeseen
splices, the nominal moment capacity calculated using the proposed procedure should be
multiplied by this reduction factor. Based on the limited test results in this experimental
program, a @'y, rorseen Of 0.67 is proposed. This value can be refined as more test results
become available. It is also likely that the unplanned splice section is controlled by the
strand slippage on the lower end, due to the lack of development length for the pile strands
near the end of the splice dowel bars. Therefore, the section capacity should also be
checked at the end of the dowel based on a lack of full development of the pile strands. For

calculating the design moment capacity for unforeseen cases, the nominal moment capacity
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will still be multiplied by a flexural strength reduction factor of 0.75, @, as it is for the
preplanned cases. This reduction factor provides the level of conservatism similar to that

for the preplanned cases.

8.5.CFRP Bar versus Strand as Dowel for a Better Constructability and Strength

The laboratory test results showed that the use of 19.3 mm dia. CFRP strands as dowels,
developed a lower flexural strength compared to #10 GFRP dowel bars. The flexible CFRP
strands also proved to cause difficulty in aligning dowels with the holes during installation
process. It is recommended to use CFRP bars as dowel according to FDOT Standard Plans

or increase the size of the strands.

8.6.Using Improved Material for GFRP

The Mathcad tool developed in Chapter 6 was used to calculate the moment capacity of
GFRP dowels with improved material properties (e.g., Modulus of Elasticity of E; = 8500
ksi, and Minimum Guaranteed Tensile Strength of fr, = 125 ksi), and compare to that with
the current material properties for GFRP dowels (e.g., Er = 6500 ksi, and fry= 77.3 ksi). The
improved properties of the proposed GFRP are somewhat equivalent to the Canadian Code
“Grade 3” and the higher grade that ASTM D30.10 Committee is discussing to incorporate
into ASTM D7957 in the coming years. Table 34 shows a comparison of flexural moment
strength for the GFRP dowel bars with current and higher material properties. This table
also includes moment strengths calculated for piles with 0.6” CFRP strands that can be
viewed as an upper bound for splice that is limited with the pile capacity. The pile design

moment capacities are consistently lower than the preferred moment strengths and closer

212



to the splice moment strengths, especially for splices with improved material. As it can be
seen in this table, the increase in the moment capacity is quite noticeable. Some of this
increase, especially for the larger pile sizes, can be attributed to the increase in the
resistance factor because of providing for a more favorable failure mode. It is therefore
recommended to consider application of GFRP bars with higher strength and modulus of

elasticity for increasing the effectiveness in developing flexural strength for the splices.

Table 34: Flexural moment strengths for current and improved GFRP dowel splices
of different sizes

* Preferred | Moment Strength Nominal Design
Section | Moment of pile using 0.6" Material | Moment | RESiStance | Moment
. Strength, CFRP strands Factors, | Strength,
Size " Types Strength,
M{?DOT M, oM, M, (kip-ft) @ ‘RMn
(kip-ft) | (kip-ft) | (kip-ft) " (kip-ft)
Current 56 0.75 42
127 70 53
Improved 61 0.75 46
” Current 83 0.75 63
14 122 o Improved 91 0.75 68
v Current 206 0.74 153
18 245 266 199 Improved 227 0.75 172
. Current 554 0.66 369
24 600 611 458 Improved 608 0.75 456
Current 970 0.55 534
30” 950 1084 813
Improved 1173 0.75 880
* Based on Mechanical Splice requirements in FDOT Specification Section 455

8.7.Changing Dowel Spacing to Achieve a Higher Flexural Strength
The effect of positioning dowel bars in the cross-section to obtain longer moment arm in
the splice section was investigated for splicing two different sizes of 18 and 30 in square

piles. Accordingly, the cover distance for the dowels was changed from 5.5 in to 5 in. As
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it can be seen in Table 2, this did not noticeably change the flexural strength for 18-in pile
splice, resulting in slightly lower flexural strength. For 30-in pile splice, changing the
configuration resulted in less than 2% increase in flexural strength. Therefore, it does not
seem that varying the dowel position in the cross-section will have an improving effect.

Table 35: Flexural resistant for different cover distance at pure bending

Design flexural strength | Design flexural strength
Pile size
with 5.5 in cover with 5 in cover
18 154 Kip-ft 152 Kip-ft
30 531 kip-ft 543 Kkip-ft

8.8.Alternative Splicing Using FRP

Researchers at Florida International University (FIU) are in the final stage of developing
concept designs for the use of alternative materials and configurations for splicing
prestressed precast concrete piles [70-72]. These include mechanical splices using grouted
sleeves and couplers of different types for establishing preplanned splices and two types of
splices using FRP materials that can be applied to both preplanned and unforeseen splices.
The mechanical splices include both grouted and threaded sleeve splices [71], and FRP
splices include two types of FRP Sheet/Jacket and Near-Surface-Mounted (NSM) FRP bars
[72]. The capacity of the proposed splices in developing the required strengths in
compression, tension, and bending have been investigated analytically according to several
design specifications. The results of this study show that the proposed systems are effective
and can pass all the requirements set forward by design references. The suggested splice

systems offer advantageous options especially for unforeseen situations where they can
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develop the full capacity of the piles in contrast with other techniques that are either
impractical or fail to develop the required capacity. It is recommended that these splice
systems are considered as alternative to epoxy-bonded dowel splices, especially for the
case of unforeseen splices [70]. For more details, please visit https://abc-
utc.fiu.edu/research-projects/fiu-research-projects/alternative-material-and-configuration-

for-prestressed-precast-concrete-pile-splice-connection/

8.9.Summary
Following summarizes the recommendations for improving the performance of epoxy-

bonded dowel splices:

. Extending the development length of FRP strands for sufficient bond

. Reducing spacing of stirrups for male segment for a better confinement

. Provisions for appropriate hole drilling alignment in unforeseen segments

. Nominal Moment Reduction Factor for estimating the capacity of Unforeseen

splice due to lack of strand and dowel bar development length

. Employing CFRP bar versus strand as dowel for a better constructability and
strength

. Using improved material for GFRP with higher tensile modulus and strength

. Consideration of alternative splicing using FRP sheet/jackets and Near Surface

Mounted FRP bars, especially for the case of unforeseen splices.
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APPENDIX A — SHOP DRAWINGS

FRESTRESSED COWCRETE PILE NOTES

GENERAL SPECIFICATIONS:
The Flarida Department of Transpertation “Standard Specifications for Road and Bridge
Construction”.

DESIGN SPECIFICATIONS:
Florida Department of Transportation (FOOT) "Structures Design Guideline:
editian.

eurrent

American Association of State Highway and Transportation Officials [AASHTO) "LRFD Bridge
Design Specifications”. current edition

DESIGN PARAMETERS:
Square Prestressed Concrete Section: Designed for 1,000 psi uniform
compression after prestress losses with out |oads.

Pick—up, Storage, and Transportation: 0.0 psi tension w/1.5 times pile self weight.

SPIRAL WIRE:
Each wrap of splrals shall be tled 1o at least twoe corner strands.  One full tum required for
spiral splices.
Carbon Steel spirals shall be tied using steel ties.
CFRF spirals shall be tied using CFRP ties.

COMCRETE CLASS:
Concrete for all piles shall be Class WV SLAG, Mix 01 1234, 6,500 psi

COMCRETE STREMGTH:
The pile cylinder strength shall be &,000 psi minimum at 28 days and 4,000 psi minimum at
time of transfer of the Frestressing Force.

PICK—UP POINTS:
Plles shall be marked at the plek—up paints fo indicate proper peints for attaching handling
lings,

PRESTRESSING MATERIALS:
Prestressing carbon steel shal be seven—wire strand, Grade 270,
LE.5. = Low—Relaxation 0.6" Carbon Steel Strand and
shall meet the requirements of FDOT Standard Specifications
Section 933,
Prestressing CFRF 7—strand sholl meet the requirements of
FDOT Standard Specifications Section 233,

REINFORCING MATERIALS (DOWELS):
All reinforeing carbon steel dowels shall meet the requirements of FDOT Standord
Specifications Section 415,
All CFRF and GFRF dowels and barz shall meet the requirements of ASTM D73857-17 and FDOT
Standard Specifications for Read and Bridge Censtruction [January 2020] Section 932
However, the exact material for GFRP and CFRP will be selected in consultation with the
precast centracter and communication with FDOT preject manager. CFRP Spiral Tes
are 0.2"°@ strand spiral tie ond shall meet FOOT Standard Specifications Section 933

SPUCES:

7—strand 19.3 mm @ CFR® dowsl bars are used for piles splices using CFRP dowsls
gcocording to Drawings Sheets 3,45 and 6.

#10 CFRP dowel bars are used for piles splices using GFRP dowels

according to Crawings Sheets 3,45 and &

#10 steel dowel bars are used for piles splices using steel dowels according to
Drawings Sheets 34,5 and §

EPOxyY

Type AB Epoxy (Pilgrim EM 5-2) shall be used for assermbling the test specimens.
Type AB Epoxy grout sholl be approved by the FDOT Project Manager before
the assembly of test specimens.

SPECIMEN FREPARATION

Holes will be cost using 2" corrugoted galvanized steel duct for the preplanned specimens
3—8 and 1 1/2" for specimens 9&10.

For Specimns 3 to 10 the 1" spira tie pitch shall be continued to 4 below the head of
the ple where the dowel holes are utilized.

Unforseen specimen will be cast with 1 1,/4" PVC pipe thot will be driled to 1 3/4" hole
to simulate field conditions

Stay—in—place corrugated galvanized steel duct shall meet the requirements of

ASTM AB53, Coating Designation G390, 26 gouge. Ducts shall be 1 1/2" @ for CFRP bars,
and 27 @ for steel and GFRP bars with a minimum cerrugation (rib) height of 0027

ASTM AB53, Coating Desighation G390, 26 gauge, 27 diameter and a minlimum corrugation of 0,127

WMATERIAL SAMPLING AND TESTING:

In addition to the usual ameunt of testing cyinders collected, 9 cylindrical specimens shall

be collecied from each batch used for fabrication of pile segmenis for further testing.

Strands —at least five 6 feet strand for each size and type (steel and CFRP) will be collected from
the coils used for fabrication of pile segments

Rebars —at least five 6 feet bars fer each size and type of bars (steel and CFRP, and GFRP)

will be collected for further tension testing.

Epoxy samples will be taken for bond testing with concrete, or manufacturer's specifications

will be used to determine the mechanical properties of the epoxy material.

Instructions and specifications for mixing, seftting and curing time provided by the spoxy
manufacturer will be used during assembly of the test specimens.

THE SUBMITTAL OF THESE DRAWINGS DOES NOT COMSTITUE A REVIEW
OF THE FRESTRESS DESIGN. IT IS THE RESFOMSIBILITY OF THE DESIGM
EWGIMEER TO REVIEW AND DETERMINE THAT THIS SUSMITTAL AND ITS
APPLICATION 15 CORRECT. THE PURFOSE AND INTENT OF THIS
SUBMITTAL 1S TO [LLUSTRATE AND OUTLINE DETAILS NECCESSARY TO
MANUFACTURE SAID PRODUCT AS DESIGN BY SELECT STRUCTURAL

REVISIONS IRAVN BY
SHEET | 55 -ob iE SESCEFTION 56 S & 8 PRECAST, INC
g . Modfled Spllces paragragh  [apprOVED B
1030420 PO BOX 66098 BONITA SPRINGS, FL 34136
'] 20079 TATE

0s/29/20| (2350 99°-8685 FAX: (P390 997°-5256

PROJECT SHEET CONTENTS

=)
Floriga International University P =y Leneral informa tion
10555 West Flagler Street {87 Jest Ples

Miami, FL 33174
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TABLE OF MAXIMUM PILE PICK—UP AND SUPPORT LENGTHS !
{
Square Pile Size (inches) Required Storage and Plek—Up Detal I|
12 14 18 20 24 30 Tranzportation Detail
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File | 3 - - .
E;r-g:l]— 69 78 a5 a9 aa 124 2, 3, or 4 paint 2 Paoint :u.)p Ige! Tl o0
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APPROVED BY 1055¢ st Flacl 4 " i ! . ; .
py Ul BOx FS6098 BEOWITA SPRINGS, FL 34136 10335 West Flagler Sireet Pick-up, storage and

DATE
05/28,/20

(2332

S35-8655

FAX: (2389) 892-3256

Miami, FIL 33174

transporta tion details

223




Spiral Tie

Spacing
A

3

ELEVATION VIEW

16 Turns @ 3" Pitch

OF FEMALE PILE SEGMENT (PREPLANNED - SPECIMENS 3 THROUGH 102

2 Turns @ 3" Pitch

A “W B “_‘ 47 Turns @ 1" Pitch
10 turns @ 6" Pitch —‘

[ A =
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4
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T
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T YA |||I|I fif ||. g R
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Spiral Tie
Spacing

Frestressing Strands

5 Turns

Spiral Ties:

W34 for specimens 34,7 and 8
CFRP 0.2"@ strand ties for specimens 5,6,9 and 10

@, CFRP - wire Sirond, ot 35
06" @, Steel 7 — wlre Stirond, Groade 270 LRS, ot 35 kips SEE SHEET NO. 8 FOR DETAILS

16 Turns @ 3" Pitch

/ =] 3/4" x 3" Chamfer (Typ.)
10 A 2'galvanlzed steel duct speclmens 3-8
1 I/2%gulvanized steel duct specimens 9&10

8 Auxilicry GFRP or Steel reinforcing Bars cast with Pile
There |z no auxillary bors for CFRP strands, and unforseen spllces.

ELEVATION VIEW OF FEMALE PILE SEGMENT C(UNFORSEEN — SPECIMENS 1 AND 2

A -‘-‘ B “" 5 Turns @ 1" Ditch—‘

Sntdrrs @ 6" Pitch 16 Turns @ 3" Piich

O AVAVAVAAVAVAYA

Prestressing

_Spiral Ties
W3.4 for specimen 1
CFRP 0.2"

@, CFREF = wire Strand, ot 3¢

274" w 3" Charmter [T)fp.)l
for specimen 2 A B

®, Steel 7 - wire Strand, Crocde 270 LRS, at 35 kips 1 3/4" ¢ Drilled Holes for GFRP ond Steel Dowels.
QEE SHEET NO. 8 FOR DETAILS
ol DRAWN BY - - - - G PROJECT SHEET CONTENTS
SHI\EDE.T Ssu;. " EG S & 5 PRECAST, Hlorida International University 18% Test Pies
f/e" |APPROVED BY 10555 West Flagler Street § Elevation View

z Telabrle] I Miami, FL 33074
S | 20079 o0, credl D8/20/20|(239) 992-8685 FAX: (239) 998-9226
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ELEVATION VIEW OF MALE PILE SEGMENT (1 THROUGH 102

Spiral Tie
Spdeing ’—5 Turns @ 1

A C

Fitch

5 Turns @ 1" Pitch
16 Turns @ 3" Pitch 10 turns @ 68" Pitch 16 Turns @ 3" Pitch —‘
Al

O O O O L L O O 7 Y "
|| h |I| i AV VIV .'Ill VA ;'f \ .'Ill VAN \ )
|||| |||||| | RYRYE Y / \ I [ / \ / | | | i \ / | / | IIR | / \ e
t ' ||| il II I'J l”' ll‘I III\II II\I II|I I|Il II||I II\II II|I ” I\' R|r|| R|I|II I.I|l flf \‘ \\

Spiral Ties

No Chamf /
W3.4 for specimens 1,3,4,7 and 8 A c o Chamfer !
Prestressing Strands CFRP 0.2"@ strand ties for specimens 2,5,6,9 and 10 - Towels.
az 06" @, CFRP - wire Strand, at 35 Kips Dowels.

12 06" @, Steel 7 - wlre Strond, Grade 270 LRS, ot 35 kips
SEE SHEET NO. 8 FOR DETAILS

SPECIMEN # La Lp Ly L'y
1 0'-0" 2'-6" 2'-8" 8'-3"
;:) \’]J_[‘]N P!_F)J\‘ P.’_g# 4-’_6&‘
384 8'-3" 3'-4* 3'-6’ 8'-3"
586 00 46" 48" 476"
/&8 0= 4'-0" 4'-27 10°-6"
9&10 Q'-0" 4'-5" 4-87 4'-5"
5| 55 Job REVISIONS DRawn By T G PROJECT SHEET CONTENTS
\HP,EDE,T “m{n A STl i BG 5 & 5 PRECAS 'T/ INC, Florida International University . . Fleva tion View
T0/12/20 Type of He ackled APPROVED BY - 187 Test Fies evation Vie
For each specinen PO BOX 366098 BONITA SPRINGS, FL 34136 10555 West Flagler Street Dimension Details
A | 20079 | e e force ron BaTE Miani, FL 33174
T B4 tops 1o 35 ks far ORAG o nq |(239) 995-8685  FAX (239) 992-952%
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A—A SECTION B-B SECTIOM c
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s T g
3" Cover 3" Cover 34 5 ,i T T 3" Cover
SEGMENT 4 | D) () I I e TS
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SEGMENT T ™ Ty : )
788 W3.4 o A ko & o4 [Spiral Tles A 4 o] _|Spiral Ties
Spiral Ties 32 Ia 37 i
54 s 5 T
| Prestressin - t )
t 35.0 Ki 8) 2 Post tewmslon | stronds (B> #10 Steel \ Prestressing
at 4ol kips galvenlzed steel duct Dowels’ stronds
(8 Auxllory relnforclihg
#9 Steel bors
3P 3% 34 33
”
_’:b P lels ¥ _’:;—; Pltels ¥
T 3" Cover 3 5 ¢ T 3" Cover 34 53 3" Cover
SEGMENT o (T (Trp.) . ()
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12 ~ 0.6"8CFRP 7—strand,at 35.0 kips galvanized stesl duct “strands : 193 mm @ strands
CFRF Dowels
SHEET | S5 Job REVISIONS R&WN BY ~ 2 o Ao ) FROJECT SHEET CONTENTS
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|
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SPLICE DETAIL SPLICE DETAIL
= 5 Jok REVISIONS DR&WN Y - - - Ao [ FROJECT SHEET CONTENTS
SEET L B e DESCRIFTIN B S & § PRECAST, Florida International University e Tt P
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SPECIMEN 1 (UNFORESEEN

LENGTH SPIRAL DOWEL DOVEL HOLE AUXILIARY BARS P
MATERIAL | # OF TURNS | MATERIEL | GTY. | LENGTH | MATERIAL aTy TENGTH | COMMENT WATERIAL | OTV. | LENGTH | CYDS WT MATERIAL
FEMALE | 14-0° T 52 = = = Ty Puc ] Z-8° | SEE DWG = = = 117 Z725 06" Grade 270
MaLE 14°-0* W34 a2 #10 GFRF a8 -9 - - - SEE DWi - - - 117 4725 0.6° Grade 270
SPECIMEN 2 (UNFORESEEN
LEKGTH SPIRAL IOWEL DOWEL HOLE AUXILIARY BARS P?ESSTTQRAE\‘SDSED
MATERIAL ¥ OF TURNS | MATERIAL | OTY. | LENGTH | MATERIAL Ty TENGTH | COMMENT MATERIAL | @TY. | LENGTH | CvDS WT
FEMALE | 14-0° 02" CFRP EE = = = T3 e 8 -8 | SEE DWG = = = 17 7785 |0.6° CFRF 7—strand
MALE 14°-0" 0.2* CFRP 52 #10 GFRP a8 7'-0" - - - SEE DWW - - - 117 4725 06" CFRP 7—strand
SPECIMEN 3&4 (PREPLANNED
LENGTH SPIRAL DOWEL DOWEL HOLE AUXILIARY BARS e
MATERIAL | # OF TURNS | WMATERIEL | GTY. | LENGTH | MATERIAL aTy TENGTH | COMMENT WATERIAL | GTv. | LENGTH | CYDS WT
FEMALE | 14-0° T ER = = S g T-&" | SEE WG ¥0 GFRP E] -3 17 785 06" Grode 27
MALE | @ T | PEX) 52 ¥I0 GFRP ] =7 SEE DWG = = = 117 a7e5 06" Grade 27
SPECIMEN S&& (PREPLANNED?
LENGTH SPIRAL DOWEL DOWEL HOLE AUXILIARY BARS PRESTRESSED
MATERTAL ¥ OF TURNS [WATERTAL| GTY. | LENGTH | MATERTAL Ty TENGTH | COMMENT WATERIAL | @TY. | LENGTH WT
FEMALE JE 0,27 CFRP a0 - - - FEORRAATED FTEEL a 4'-8 SEE DWW - - - 4725 06" CFRP 7-strand
MaLE 14°-0" 0,2* CFRP a2 #10 GFEP a8 9'-0" - - - SEE DWG - - - 117 4725 06" CFRP 7-strand
SPECIMEN V&8 (PREPLANNED)
LENGTH SPIRAL DOWEL DOWEL HOLE AUKILIARY BARS """'—S-T'r‘,'*:,b El
MATEEIAL # OF TURNS MATERIAL GTY LEKGTH MATER AL GTY. LENGTH COMMENT MATERIAL ATY. LENGTH cYDs WT
FEMALE 14'-0 W34 80 - - - “'“""""a‘:‘ﬁ" WEEL a 4 -2 SEE DWis #3 STEEL 8 10'-6* 117 4723 0.6 Grode 270
MALE | 1407 | CEL 52 BI0 STEEL g e - = - SEE DWG = = = 117 7785 36" Grade 270
SPECIMEN S&10 (PREFPLANNED
LENGTH SPIRAL DOWEL DOWEL HOLE AUXILIARY BARS PRESTRESSED
MATERIAL # 0OF TURNS [MATERIAL| QTY. LEMGTH MATERTAL Q7Y LEMGTH COMMENT MATERTAL aTy. LENGTH CYDS WT
FEMALE 14°-0* 0,2 CFRP 80 - - - "-S‘.m_ el 9 4'-g* SEE DWG - - - 117 4725 0,&* CFRP 7-strand
MaLE 14°-0* 0,2 CFRP S I—strand 9 9'-0" - - - SEE Wi - - - 117 4725 0&* CFEP 7-strand
19,3 mm
LCFEP
NOTE: CFRP spiral will be tied using CFRP ties, Steel spiral will ke tTied using steel ties,
NOTE: CYDS = cubic yoards of concrete per specimen
WT = weiaht of specimen
SHEET £S Job REVISIONS DRawN BY a e - A G PROJECT SHEET CONTENTS
MO ~II:I.O TATE urruuffﬁ%‘wt BG &5 "D’?":‘-"A'S'fi INC. Floriga Tnterna tional versity 18° Test Files
oo | oIS o 220 L Vv |SPRIVED B o e esnon BONITA SPRINGS, FL 34136 10555 West Flagler Street ! e o _
2| 20079 [P ek Wit change e ’ - Miami, FL 33174 Rebar Schedule
O uuse R | Ony20/20|(239) 992-8685 FAX: (239) 992-9226
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APPENDIX B — LOAD TEST SETUP AND INSTRUMENTATION LAYOUT
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APPENDIX C - MATHCAD SHEET

Precast Prestressed Concrete Pile Splice Design

Designed by Saman Farhangdoust

This program can be usad for Epoxy Dowe Pile Sphice Fraluation - FRP Dowel and Sted Strand
Grant Mo: BDV29-977-52
Principal Investigators: Mehrabi, Armin
Graduate Ressarch Assistant: Farhangdoust, Saman

Sponsered by Florida Department of Transportation (FOROT)
Project Manager: Molan, Steven

"

] ~ee

I*

Section Dimension:

Width
h = 18m Heaght
Cover = 5.4 Cover
[Cover = 5.54
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dy, = 1.27in Mominal Bar Diameter

111
o, =101 MNumber and Location
111
2
dyy
Ah:=1-.--T Area of arebar
cols(mp|
& Murmber of rebars by level
Bh = ]
i=
3
oy =2 MNumber of bars in each level
3
A= Aypmy Area of rebars by level
38
fg=| 2534 i’ Area of all bars in each level
| 38
=3 Ay = 10134 Area of total bars
d= dl{—Cmm- Lewvel of rebars
for 1 1..n:rwq.nb.:|
Ae h—:_"-[:\m'ﬂ'
rews(my, | — 1
di{— d.l_1+ﬂ.
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Environmental Factor:

FRP-Bar Properties:

Sg, = 982 kip
Sfu
ffl.l = E =T152 ka
f
g = — = 0012
E;
foy = Cpf, = 94264 ksi
frg s
e = — =8348x 107"
Eg

Concrete properties:

o

emvironmental reduction factor for FRP-bars

Modulus of Elashcity

Minirmum Guaranteed (Nominal) Tensile Load

Guaranteed Tensie Strength

Uiimate Strain

Die=ign Tensie Srength

Ulimate Design Sirain

Compressive Sirength

Maximum Compressive Strain

£, -
= .'f[f'c < 10ksi, 0.85 :mm{ﬂ.?i,{l.ﬁi - u.uz.(—'ﬁ - mm ACT-318
o

T
Bp= 0.65,0.85 — CI.CIS-[F -4 |
51

Ratio of Maedmum Flexural Strain at
the extreme tension face to the
sirain at the centroid of the rebar
layer nearest to the tension face
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FRP Layers Force:

a= |for j=1.60

i —

gp= | for 1€ 1. rows(a)
for jel. mws{.nbl]

E .4 E
L1 o C.
1

fr= | for 121 rows(a)
for j= 1. rows{my)

]

Fp=| for ig 1. rows(a)
for j £ 1. rows{my)

Fij <k

_|:dj -5

fi:j — |0 if Efi:_ <

m:'n{'sf_ .'Ef=£fd\| atherwise
. Ll /

Range \Varable to accomodaie
an increazing increment

The distance of the concrete
block in compression

Tensie Strain in each row

Tensde Stress in each row

Rebar Force in each row
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Concrete Force:

Fc = a—fc-a-b

Max allowable compression load:

3.
PymaxC = o Fbbh = 1652 % 107 kip
¢ = 0.85
Pey

P = ®-Frane

&P = 0.75-P¢ = 1.033 x 10 kip

HNominal Flexural Strength of GFRP Pile Splice

B = | for ig 1. ows(a)
ows(np| )
Py '[F,:_l— > Fr, |-Pe
\ i=1 Y,
PI]
My = | for ig 1. rows(a)
[h a) rowes( oy | .
Mo TRt 2 [Ffi,j'[_“j‘

j=

My

)

[LRFD GFRP 5.6.4.4]

Mominal axial resetance

Faciored adal resistance

Design ax@al resietance

Mominal Axial Strength

Mominal Moment Strength



Axial Load

< 10

238

Pa 1 kp M, : fi-kap
1 -522.38 1 20.311
2 -404 84 2 39.933
3 -67.3 3 58.867
4 -414.173 4 B4.575
3 -335.685 3 116.991
& -272.561 =] 143.766
7 -194.294 7 167.022
8 -128.708 8 187.82
9 -48.564 9 200.038
10 28.38 10 209,95
11 96,342 11| 219.937
12 157.566 12| 229.809
13 213.608 13| 239.433
14 264.256 14| 248.329
15 308.117 15| 255.784
16 16
MM Diagram without Reduction Factor
1.6<10%
L3810 S
1.16x10° e
9410’ e
P, ?2&-:102 ,1
—  500x10 —
g
s10%
- 16010 " T Tk 0" ST
- 3stn-cmn| —
— 010
My
Epf
Flexural Momemnt



Resistance Factor for Flexural Strength (GFRP)

fp= |m« ruw':.{:nb |
4 e d,

R Abk:n
Py ﬁf

fpe 0 if pp=0

[
|(Ere)” 085817,

e
& I ”
£, muml £, £
5= % _gugw0
Ep
gg= | for 12 1. rows(a)
( Frows{my) ~ i)
— . ———
Eti Eoy .
Et
tp = | for 1€ 1. rows(a)

Dfl — |0.T75 of Etii CI.E{I-Eﬂi

E

1.

[1.55 -—| if080eg g <oy
£44 ) i

A

055 otherwise

®f
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Epepy— 05Epe,, othermise

[LRFD GFRP 2.6.3]



Design Flexural Strength of GFRP Pile Splice

|" l‘CI'I\-'S[DbJ | 1
Ful<_ Dfl. | l:ci_ E :Ffl.j |1Pf.
L i=1 /o

Fy

Pu:= for 1< 1. rows(a)
M, = |for 12 1. wws(a)
I‘riul — Dfl- fci- .\:- -
M,
= kap
1
1 -287.309
2 -272.162
3 -257.015
4 -227.795
5 -184.627
& -149.909
7 -106.862
8 -70.79
9 -32.13
10 21,285
11 72.256
12 118,175
13 160,206
14 198.192
15 231.087
16

240

1

1 11.171
2 21.963
3 32.377
% 46.216
3 64,345
6 79071
7 91.862
8 103.301
9 132345
10| 157.462
11| 164.953
12| 172357
13| 173.575
14| 186.247
15| 151.838
16

frkip



Axial Load

|81

M-N Diagram with Reduction Factor

12104

1.04<10°

mm"|

?mxm“|

sa:«xm"|
40010

24108

N

8107

o .

_ ﬂh]qﬂ 0

10"

- 2-10::10“| —
— 30010

kip-ft
Flexural Moment
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Development and Lap Splice Lengths for FRP Dowels

HalfCtC = CI.E-{ds - d2| =175m

Lchr'i'rE

= max

(=]
31.5% - 340
|[E
ALY,
HalfCC
dy

1536+

b [»(20-dp)

Lap = max{ 1 3-L gy 12im) = 39.687-im

Lp=Llap=3268T-m

Ly=Llp+ 2in=41687in

ection 2.9.7.4.1-1 of the AASHTOD

=30528-m

242

Section 2.9.7.6 of the AASHTO-GFRP2

The Length of Projecied Dowels

The length of the Holes for Dowels



T
(WGTN
(WIUT
I 151 1
1

|

i "~ Dowels

= [\ Holes for Dowels

" Auxiliary Bars
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Development Length of Prestressing Steel/HSSS Strand:

Section 933 of the FDOT Standard Specification for Road and Bridge Construction

Steel Strand Mominal Diameter

fpu = 2T0k= Mininum guaranieed ulimate sirength

Aps:= 0.217in] Effecive Cross Sectional Area of a 0.6in dia Steel Sirand
Aps toral =+ Aps

diﬂw = . WireSpiral Diameter

i = 0.24 Tvoical low _
ClarCorer =32 Clear Cover
/diaﬁr Distance: from exireme compression fiber to
= b — ClearCover — dia,, — [ ; ) =145in  centroid of prestressing reinforcement
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(_ p P Approximeted Stress in strand at

= fpu'[l A it flexural faiure of beam
c
Jacking force
Fi

5= a = 161.3 k=i Initial Stress

Loss = (.13 Loss Percentage:

f] gas = Loss-£; = 24.154- ka1 Initial sirand losses

fpe = &ﬂ - I:fI.AT.G} = 137.097 ksi Effective Prestressiressing Stress

[AASHTO LRFD &th Edition 5.9.4.3 2]
k=1 For pilng with a depth smaller than 24

LaStrand = k|:[ 1000-psi - [_i llfl'l.'Ifllpé:-!prsi,|i|-'dmSt Strand Developement Length

The Length of Embedded Dowels

Lp=L =98.11-m
A dStrand
The Length of Auxikary Bars
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T
MIKIN!
NIl
I llill |

L

oty by Rty bl g by h o8 pieh 4 4ig by

'
'
|

a
w

" Dowels

' |- Holes for Dowels

\Am’iliaty Bars

Auwdliary Bar Sze and Number as per FDOT Standarid Plans Index 455
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Precast Prestressed Concrete Pile Splice Design

Designed by Saman Farhangdoust

Thiez program can be used for Epoxy Dowe Pile Sphee Exvaluation - Steel Dowel and S trand
Grant Mo BOV29-977-52
Principal Investigators: Mehrabi, Armin
Graduate Research Assistant: Farhangdoust, Saman

Sponsered by Florida Department of Transportation (FOOT)
Project Manager: Nolan, Steven

Section Dimension:

Wadth
h = 18m Heaght
Cover = 5 i Cover
[Cover = 5.5q
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Mominal Bar Diameter

111
mo=(101 Murniser and Location
111
2
i Area of a rebar
=n— a
Hp=m—y
'20]5{_111;,] i Mumber of rebars by level
mp= > M
i=
3
oy =2 Mumber of bars in each level
3
Ay = Aoy Area of rebars by level
38
Ag=253 w0 Area of all bars in each level
38
A= Ay = 10.134.in” Area of total bars
d= d]<—Cmm' Level of rebars
for 1 1..n:rwq_nb.:|
= 7. .
A h T[%m'ﬂ
rows{ny| — 1
died +A
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Steel rebar Properties:

S ot

Stesl Yield Strength
Bk
Concrete properties:
Compressive Sirength
Maximum Compressive Strain

£ _
o= ﬂ‘i:fc < 10ksi, 0.85 :mm{{l.?iﬂ.ﬁi - ﬂ.ﬂz.(—':, - mm ACI- 318
| k=i

(£ ) Ratio of Masimum Flexural Strain at
B, = mu{CI.ES,CI.SS - a.us.[kii - 4ﬂ - e
sirain at the centroid of the rebar
layer nearest to the tension face
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Steel Layers Force:

a= |for jel._ 60

a = —

C .
A

a
By

g.= | for 1€ 1. rows(a)

W

for jel ..mn'si"nbl}
(A —e)
v L

E. — Ecu'

L. g

for 1= 1. rows{a)
for j £ 1..mw5|:nb1.:|

ac
Wi

b e
5 j L™

£

F.= | for 1€ 1. rows(a)
for jel ..mw':.{.nbl}

F. + £
5,5 M

F,

Range Vanable to accomodaie
an increasing incremen

The digtance of the concrete
biock in compression

Tensie Strain in each row

Tensie Stress ineach row

Rebar Force in each row



Concrete Force:

F.=af,ab
Max allowable compression load: [AASHTOD LRFD]
P e =af bh=1652x 10° kip Morminal aial resistance
=085
Pp= &P C Faciored avial resistance:

i
§Pg = 0.75-Pp = 1.053 x 10°-kip Design axil resistance

HNominal Flexural Strencth of Steel Pile Splice

hi

P = |for 12 1. rows(a)
i rcllw.'s[nh:| Mominal Axal Srength
P, +#mn | F, - F. |.B
o g Z 5 f
i=1

M= | for 12 1..rows(a)

s ) ms{nb:l h." .
M, « F{:.'[ ] + Z F. d-— [| Mominal Moment Strength
i i

ta | g

j=

My
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Axial Load

b 10

Fy T kp M, : fkp
1 -580.509 1 20.311
2 -552.969 2 39.933
3 -525.429 3 5B.867
4 -407.889 4 7112
5 -470.349 5 4669
& -442.809 B 111.537
7 -415.269 7 127.717
& -357.729 8 143.208
9 -306.668 | 173.621
10 -228.616 10( 202.468
11 -159.747 11 227.948
12 07767 12 250.73
13 -41.085 13| 271.279
14 29.621 14 289.924
15 102.425 15 306.91
16 16
MN Diagram without Reduction Factor
1610
1.38<10%
1.16<10%
94010"
7210
P, .
2 soe0
B gpag! —
go10” —
- lﬂl}thqu’.}n TOURTY T 30kTU
-3su-cm"| ——
— oo 10 T —————
My
Lipft
Flexural Momemt
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Reszistance Factor for Flexural Strength (Steel)

gy = [for ig 1. rows(3)

d A
[\ Tows] Iy {"1/|
c,

i

Et.l Sy
£t

dp = | for 1€ 1. rows(a)
oy — |0.9 of g 20005
i i

cl_ls['eti - a.mm)
0.75 +| ———=| if 0.002 <, <0.005

0.0030 i
0.75 othervnse

By

Design Flexural Strendgth of Steel Pile Splice

B,= | for 121 rows(a)
rove(
P, + ¢p-mmn | F, - F. |.B
J=

I'-%2= for 1 1. rows(a)

oot T o)
M, ”
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Axial Load

b 10

Pu n I'-'T.u T fi-lap
1 -522.458 1 18.28
2 497,672 2 35.94
3 472,886 3 52.98
4 4481 4 69,401
5 423,314 5 85.202
B -3958.528 & 100,383
7 -373.742 7 114.945
8 -345.956 8 128.887
9 -276.001 9 156.259
10 -205.754 10| 182221
11 -143.773 11| 205.153
12 -87.074 12| 223.307
13 -35.357 13| 233.456
14 24.728 14| 242.035
15 §3.22 15| 249.365
16 16
M-N Diagram with Reduction Factor
1.2<10°
1L02<10°
840<10"
60105
; 430x10%
2 zpoen®
kip )
—  120<10
- m’*'%; 10" 100<10° g™
—240x10 S
—42I:b-clliln| —  —
_ d00=10"

M,
kipft
Flexural Momemnt
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Development and Lap Splice Lengths for Steel Dowels

Reinforcement Location Factor
Ag=1
= Caoncrete Density Modification Factor
Cioating Facior
Aor = Excess Renforcement Factor
dye = 0.207in Tie Nominal Diameter
(dte)”
Ag= | 00342
Mumiber of bars developed along plane of splting
Macdnum center-to-center spacing of ransverse
L reinforcement within id{n)
ky = 4&? = 0449-in Reinforcent confinement factor
HalfCsC = 'IZI.S-|"d3—d,,'|= 1.75.m Half of spacing
&
M= =057 Renforcement Confinement Facior
HalfCelC + ko
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g AASHTO 51082

b 5 W N R

LiDowel = 24 ks Il:()‘ﬂ d:m x“v’]: 43.125m Dowel Developement Length
c

J ka1
Lap = 1.3-Ljnguyel = 56.062-in e Lerg
Lp=Lap=56.062-in The Length of Dowels
Ly =Lp+ 2in=58.062in The Length of Holes for the Dowels

2| Holes for Dowels

" Auxiliary Bars
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Development Length of Prestressing Steel/HSSS Strand:

Section 933 of the FDOT Standard Specification for Road and Bridge Construction

A, = 0.217in]

Aps total = +-Aps

ClearCover == 3m

"d.la,t
dpi=h—f'lea1faver—djaw—L — | = 145in

257

Steel Strand Mominal Diameter

Minimum guarantsed ulimate sirength

Effective Cross Sectional Area of a 0.6in dia Steel Srand

WireSpiral Diameter

Typical low relaxation strand

Clear Cower

Distance from exirems compression
fiber to centroid of prestressing
reinforcement



)
gs?fpu-[l—%}fw = 254915 ksi
1te

Pj:=3 Ak
B
fi=——=1613ksi
Aps
Toss = 01

] gos = Loss£; = 24194 ki

foa = £ — [ f ges) = 137097 ksi

[AASHTO LRFD 8th Edition 5.9.4.3.2]

fe

i ™ g b
£ 2 .
L =k -1 = -dia
dimand Hmmpsi, [_3 1ncﬂ-paij =t

L'y = Lygpand = 98.11:n

Approxinated Siress in strand at
flesural fallures of beam

Jacking force

Inikal Sress

Loss Percentage

Iniial strand losses

Effective Presiressiressing Stress

For piing with a depth emaller than 24

Sirand Developement Length

The Length of Embedded Dowels

The Length of Auxikary Bars
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T
(NI
TR
i

"~ Dowels

2 |- Holes for Dowels

" Auviliary Bars

Auxilary Bar Sze and Number as per FDOT Standartd Plans Index 455
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Precast Prestressed Concrete Pile Splice Design

Designed by Saman Farhangdoust

This program can be used for Epexy Dowel Pile Splice Evaluation - Steel Dowel and FRP Strand
Grant Mo BDWV29-977-52
Principal Investigators: Mehrabi, Armin
Graduate Ressarch Assilant: Farhangdoust, Saman

Sponserad by Plorida Department of Transportation (FOOT)
Project Manager: Notan, Steven

Section Dimension:

wids
e
Cover 7= 3.3 Cover
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dy, == 1.27in Mominal Bar Diameter
Murrber and Location
a2
= H.T Area of a rebar
i Ilb
_ ]i_. :In'i'j} Murrber of rebars by kevel
hl 2, T
i=
3
o =2 Murrber of bars in each kewvel
3)
A= Ay Area of ebars by level
38
Ay = 2534 .guz Area of all bars in each level
R
.
Ape= ZAH: 10.134-in~ Area of fotal bars
d= d1<—Cm-er Level of rebars
for i€ 2 rows(ny, )
b - 2-Cover
rows{my | - 1
died;;+ A
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Steel rebar Properties:

E. = 29000ks Steel Modulus of Blasticity

5

Steel Yield Strength

Concrete properties:

£ = k= Compressive Strength
f = Sk Compressive Strength at Rekease

fFei =
m Mecdimurn Compressive Sirain

f »
- - . c
o= L{fc = 1&&5,0.35,@:{&?5,&35 - D.DI-LE - 1[I'?|:|:| ACT- 318

r N ) . )
— - e Ratio of Maxdimum Fexural Strain at
By = m‘?{u—ﬁjﬂ-s:"ﬂ'ﬂ:"[g _4i| the extrems tension face fo the
' . sirain atthe centroid of the rebar
layer nearest to the tension face
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Steel Layers Force:

a=|for j=1._60

{—1'
S AR

in

B | w

g, = |for i 1. rows(a)
for j £ lqu:nbl]
o e 570
i e
s
f = | for 1€ 1. ows(a)

kS

for j e 1. rows(ny)

S ”@fsu}m{

£

F,= |for i€ 1. rows(3)
for j = lmwsl:nbl]
F. «43-f
TR

5,
1,

1:5

Range Vanable to accomodate

an increasing increment

The dstance of the concrete

block in compression

Tensle Sirain in each row

Tensle Siress in each row

Rebar Force in each row
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Concrete Force:

. =of. ab

Max allowable compression load: [LRFD GFRP 5.6.4.4]
P =cf bh=1652x10"kp Nominal axial resistance
B=085
P = %Pt Factored axial resistance

3 Design axial resistan
&Pg = 0.75-Pp = 1.053 x 10" kip " =
MNominal Flexural Strength of Steel Pile Splice
B,=| for 12 1. rows(a)
mws(ng) ) Morminal Axial Strength
P« mid | F, - E. |.P
B G Z 5l £
L i=1 A
PI]
M,= [for iel. rows(3)
p &) ) A
i .
Mnl{_ Fu:'(___ + Z {F, _Ld___ [I Mominal Moment Strength
i it2 2 vl o2

j=

My
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Axial Load

10

P, = Xip = B-Xkip
1 1
1 -580.509 1 20.311
2 -552.969 2 39.933
3 -525.429 3 58.867
4 407 . BE9 4 77112
5 -470.349 5 04,669
[ 442,809 & 111.537
7 -415.269 7 127.717
8 -387.729 8 143.208
9 -306.668 o 173.621
10 -228.616 10( 202468
11 -159.747 11| 227.048
12 -O7. 767 12 250.73
13 -41.085 13| 271.279
14 29.621 14| 289.924
15 102,425 15 306.91
16 16
MN Diagram without Reduction Factor
16107
13810
1.16+10°
04010
720 10%
p, o
2 sppa
He ppern® —
6010 - =
— 160105 " ORI T — "
— 390109 —
— gl ———
My
Eip fr

Flexural Moment
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Resistance Factor for Flexural Strength (Steel) [ACT318-14]

gg= | for 1= 1. rows(a)
d [y e
{ m‘s{nh| 1)

Ep = E
§ T

£t

= | for 15 1. rows(a)
by « |09 of 5 = 0.005
i i

co_ 5
E'.lS[\Et_l Q.Dﬂ?ﬁll
075+ ————=
0.0030
0.75 otherwnze

if 0.002 <g; <0005
i

Design Flexwral Strength of Steel Pile Splice

B,=|for 12 1. rows(z}
ows(z) )
B, « g -mum | F_ - F. |.P
w €9 B Z gt
b i=1 s
By
Mu = | for 12 1. rows(a)
rows oy |
{_¢..1=.[E_i|+ Y_'“b_ F .Zd_]_:‘\
My, o §l2 2] 4L :‘i:ij 2,|
i=1

My,
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Axial Load

M, = fkip
1 1
| -522.458 1 18.28
2 -497.672 2 35.94
3 -472.886 3 32.98
4 -445.1 4 69.401
5 -423.314 5 85.202
=] -308.528 & 100.383
7 -373.742 7 114,945
B -348.956 8 128.887
9 -276.001 9 156,259
10 -205.754 10| 182.221
11 -143.773 11| 205.153
12 -B7.074 12| 223.307
13 -35.357 13| 233.456
14 24.728 14| 242.035
15 83.22 15| 249.365
15 16
M-N Diagram with Reduction Factor
12107
10210% \
840=10"
66010
480107
P, |
% 3000
hp i
— 12010 —
i
-m:m% 10° 10010 2000’ 300k10
— 24010
— 420107 e
— 600=101
My
kip &t
Flexural Moment
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Development and Lap Splice Lengths for Steel Dowels

Fa
i
-

Ay
kg = 40— = 049-in

-0

HalfiGil = [Li-|:d3 - d,," =1T75m

4,

=————— = 0578
e ™ e+ ky

Renforcement Location Factor

Concrete Density Modification Factor

Coafing Factor

Excess Renforcement Factor

Tie Mominal Diameter

Number of bars developed along piane of spiiting

Maximum center-io-cenier spacing of ransverse
reinforcement within kdiing

Renforcent confinement factor

Half of spacing

Reimforcement Confinement Facior
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£, AASHTO 510522
SR XN
LiDowel = 2.4-dy, k: {(Xd Xd)‘xm cr)] =43125.m Dowel Developement Length
c
P
Lap = 13Lgp oy = 56.062in Ol apSpice e
Lp= Lap= 56.062in The Length of Dowels
Lyp= Lp+ 2in = 58.062in The Length of Holes for the Dowels

¢ ™ Holes for Dowels

" Auiliary Bars
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Development Length of Prestressing FRP Strand:

Section 933 of the FDOT Standard Specification for Road and Bridge Construction

Effective Cross Maominal

Group # Strand Types Ciameter SechonalArea  Uimate Load
1] [ ("Single Strand-5.0mm 2”) 7 02 0.05 BN
2 (~7-S5trand- 7 Smm =) 031 0.048 178
3 ("7-Strand-10.8mm &™) 043 0.090 331
4 ("Single Strand-9. 5mm &™) 038 0.110 35.0
5 ("7-Strand-12 Smm &7} dia = | 049 i |A, = 0117 [P, = | 433 [kig
5 ("Snzle Strand-12.7 mm =) 0.50 0.196 58.0
7 ("7-Strand-15 2mm &7} 0.60 0.179 66.2
8 ("7-Strand-17 2mm =) 0.68 0.234 6.6
9] ("7-Strand-19 3mm &) 0.76 ) 0.289 1069
Cp. =1 Emvironmental Reduclion Factor for CFRP Strand

0.025

0.He&

0.09

011

Aps total = Ppefps =

0.117

0.1%6

0.179

0.234

=R == B = I ) I LEC Y CE Y

0.289

Set number of Strand or Total numier of strands

m Total strand area for each
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1

364
370.833
367.778
318.182
370.085
301.02
Je9.832
370.085
369.896

ks Uimate Tensle Trength ofthe CFCC

Ll (e LN (e T T T R I (S

= Jacking force

1360
708.3
377.8
309.1| .
290.6
173.5
189.9
145.3
117.6

'.g"'?
1]
g
=8
I
LT3 = e = T S ) ETE Y S

Loss = 0.15 Loss Percentage
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204
106.25
56.667
46,364 ks Initizl strand koeses

43.59

26,02
28.492
21.795
17.647

ﬁ_ms = L'}Ss"i;pl =

L= (e T I N T L ) T PR G

1
1.156'103
602,083
321.111

Epe = fpl = (e =

247.009
147.449
161.453
123.504

100

(T (e T N N ) A N (R LR SR

=1 whe AASHTO - CFRP-1

ng=148 mlb AASHTO - CFRP-1

Bt = I Siress Prior fo Transfer

272

262.727| Effiective Prestressiressing Siress



Listand =

Listand =

Listand =

AASHTO-CFRP

for 1= 1. rows{dia)

2 dia, | i1 |-d1a Development Length
ka ! 5 4t for FRP strand
Lastand € — = or

LiStrand

65.457
64.272
62417
36466) in Length of the Embedded
63.402 part of the Dowel

46.766
66.359
69.588
73.833

el e T N T T N O PR S

1
65,457
64,272
62.417
46466 . Length of the Auxdiary Bar
63.402
46.766
66,359
69,588
73.833

L=l = B s U R N O U ) (R

The Actual Developement Length considered in Design may \ary
from the Length Calculaied here. Piease See the Relevant Report
and Final Design Drawings.
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I THE T

- H ™ Holes for Dowels

" Auxiliary Bars

Auxdiary Bar Sze = One Sze Smaller than the Sze of Dowel

Audiary Bar Number = Number of Dowel Bars on Perimeter
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