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Experimental Investigation of Titanium Alloy Bars (TiABs) for Seismic Resilient and Durable

Concrete Bridge Piers

Thesis Abstract — Idaho State University (2021)

The research introduces Titanium Alloy Bars (TiABs) for flexural and transverse
reinforcing in new bridge piers located in seismic zones. TiABs offer higher strength, good
ductility, excellent durability, and enhanced fatigue-resistance compared to traditional reinforcing
bars. The research focuses on the applications of TiABs in construction of new bridges located in
seismic and corrosive environment. A bridge pier system was introduced that incorporated both
seismic resiliency and durability in a single package. Application of TiABs in bridge piers
increases service life, reduces rebar congestion, yields to lower overstrength factor, and limits
residual displacement following an earthquake. An approximately 1/3"scale bridge pier reinforced
with TiABs rebars and spirals is tested under quasi-static cyclic loading protocol to investigate
seismic performance. Results are compared against a benchmark specimen reinforced with normal
steel rebars and spirals. The thesis also introduces the available options for splicing of TiABs using

mechanical systems to optimize construction costs.

Key Words: Titanium alloy bars; Ti6AlI4V; Bridge piers; Seismic resiliency; 100-year service life;

Large-scale testing; Innovative materials; Durable bridges; Splicing of TiABs
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CHAPTER 1. INTRODUCTION

1.1 Motivationand Background

Human civilization has utilized numerous materials for construction of civil infrastructure
through stone age till now. Titanium, an emerging material in 215 century, is considered 7" most
abundant metal and 9" most abundant element in the earth’s crust [8]. It can be considered
innovative material not only for construction, but also for retrofitting of civil infrastructure. The
most widely used grade of titaniumis Grade 5 (Ti6Al4V).

According to the American Society of Civil Engineers (ASCE) Infrastructure Report Card-
2021, there are more than 617,000 bridges in the United States, of which 47% were at least 50
years or older. 7.5% of the US bridges were structurally deficient, and onaverage 178 million trips
are taken across these structurally deficient bridges every day in the United States [32]. Structurally
deficient means classification of a structure indicating one or more elements of the structures
require repair or monitoring. Most of the bridges in the United States are designed for a service
life of 50 years and 42% of bridges in the US are already past the service life. The rate of
deterioration of bridges is increasing the rate of repair, rehabilitation, and replacement, all while

the number of bridges sliding into the ‘fair’ category is growing as shown in Figure 1 [32].
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Figure 1. Bridge Condition of the United States as of Year 2019 [32]



Bridges reaching their service life require frequent maintenance and possible replacement.
Many of the Departments of Transportations (DOTs) do not have available funds to replace all
structurally deficient bridges that have reached their service life at once. The estimate by ASCE
Infrastructure Report Card — 2021 estimates the need of $125 billion to overcome the backlog of
bridge rehabilitation at the United States [32]. One of the approaches to deal with this issue has
been to reduce the traffic on the bridge and impose speed limits. This approach has a significant
economic impact.

In the recent years, the Oregon State University (OSU) has conducted several research
projects in collaboration with Oregon Department of Transportation (ODOT) to identify the
potential use of titanium alloy bars for retrofitting of deficient bridges in the state of Oregon.
Research has shown that Titanium Alloy Bars (TiABs) can significantly increase shear and flexural
capacity of existing reinforced concrete bridges using Near-Surface Mount (NSM) techniques. The
research encouraged ODOT to successfully retrofit several bridges in Oregon using NSM
techniques. For example, a bridge on Oregon’s main East-West Route 1-84 was retrofitted using
titanium alloy bars by ODOT with less than 3% of the bridge replacement cost ($4.6 million), and
30% less expensive than rehabilitation using FRP sheets or stainless-steel bars [9] [12]. Recently,
the Texas Department of Transportation (TXxDOT) utilized TiABs with NSM techniques to repair
the substructure for San Jacinto River Bridge on 1-10 that was damaged during the 2019 Imelda
tropical storm. Past applications have shown that TiABs have contributed to saving costs for labor
and materials, less traffic interruption, durable and accelerated retrofitting process with being less
expensive than other materials in terms of life-cycle costs over 50 years.

One of the main causes of aging infrastructure in the United States is corrosion of

reinforcing bars. Corrosion is a major concern in evaluating the seismic resilience of both existing



and new bridges. Titanium has a stable oxide layer making it impervious to chlorides and rapid
corrosion. These properties also make titanium alloys ideal for application in the field to strengthen
a bridge. Given the advantages of TiABs, the research focuses on its application for seismic
resilientand durable bridges with a service life of 100 year or more. As the first step toward more
resilientand durable bridges, seismic testing is conducted on a pier reinforced with TiABs and the
results are compared against a benchmark pier with normal steel rebars.
1.2 Scope
The scope of the research is to perform large-scale experimental investigation of a concrete

bridge pier reinforced with grade 5 titanium alloy (Ti6AI4V) bars and spirals. Then, compare the
results with a benchmark specimen reinforced with normal steel rebar and spiral. The research
analyzes the results obtained from quasi-static cyclic loading protocol for the specimens and
explores application of titanium alloy bars in construction of new concrete bridge piers in seismic
zones.
1.3 Objectives
The objectives of the research are:

1. Literature review of new and advanced materials in civil engineering industry with a focus

on the concrete bridges.
2. Development of design procedures, detailing considerations and construction technology
for cast-in-place bridge piers reinforced with TiABs.
3. Large-scale experimental testing of a cast-in-place concrete bridge pier reinforced with

TiABs under quasi-static cyclic loading protocol.



a. Large-scale experimental testing of a benchmark cast-in-place concrete bridge pier
reinforced with normal steel rebar under a similar quasi-static cyclic loading
protocol.

b. Compare the performance of cast-in-place pier reinforced with TiABs against the
cast-in-place pier reinforced with normal steel rebars.

c. Provide recommendations regarding the use of TiABs in concrete bridge piers and
appropriate mechanical coupler for its use.

4. ldentify an appropriate mechanical coupler to splice smooth and pseudo-threaded TiABs
subjected to tension tests performed in accordance with ASTM International Standards.
Objective 1 is accomplished by summarizing literature review from the past studies on TiABs.
Objectives 2-3 are accomplished through testing of two large-scale concrete bridge piers. One of
the specimens is cast-in-place (CIP) pier reinforced with normal steel rebars and the otheris a CIP
pier reinforced with TiABs. Objective 4 is accomplished by conducting tension tests to
demonstrate the adequacy of some available mechanical couplers for splicing of TiABs. The use

of mechanical couplers would avoid lap splicing of TiABs as well as saving materials cost.



1.4 Thesis Structure

Figure 2 presents a structure of the thesis.

Chapter 1
Introduction

v

Chapter 2
Literature Review

v .

Chapter 3 Chapter 4
Pier Reinforced with Pier Reinforced with Normal
TiABs Steel Rebar
Chapter 5

Comparison of CIP Pier Reinforced
with Normal Steel Rebars and TiABs

U

Chapter 6
Mechanical Splices for TIABs

Rz

Chapter 7
Conclusions and Recommendations

Figure 2. Thesis Structure

Chapter 1 provides an introduction of the research. Background, problem statement, scope and
objectives of the thesis are discussed in this chapter.

Chapter 2 presents literature review and recent applications of some novel advanced materials,
including TiABs, for construction and retrofitting of bridges.

Chapter 3 presents construction, and experimental testing of a CIP bridge pier reinforced with

TiABs. In the first part of the chapter, the design procedure, detailing consideration, construction



process and experimental testing of a 1/3" scale cantilever pier reinforced with TiABs is discussed.
In the second part of the chapter, results and observations from testing are presented.

Chapter 4 discusses the construction and experimental testing of a CIP pier reinforced with normal
steel rebars. This pier is used as a benchmark specimen. The pier has similar capacity, dimensions,
and detailing to the pier with TiABs.

Chapter 5 compares observations and testing results between the pier reinforced with TiABs and
the benchmark pier.

Chapter 6 discusses some available options for mechanical splicing of the TiABs. The appropriate
mechanical splicing option is then identified to splice pseudo-threaded TiABs.

Chapter 7 summarizes research findings and conclusions. This chapter also provides

recommendation for future research on applications of TiABs in bridges.



CHAPTER 2. LITERATURE REVIEW

This section of thesis discusses several novel materials that have recently been incorporated in
construction and retrofitting of bridges. The advantages and disadvantages of each material is
discussed.
2.1 Advanced Materials for Bridges

Civil Engineering industry is continuously evolving with numerous bridges being

constructed all the time. Many concrete bridges in the United States are in poor condition which
implies that they require frequent maintenance and upgrades. Advanced materials have been
introduced in bridges lately that would improve structural performance and durability. Some of
these advanced materials include Shape Memory Alloy (SMA), Engineered Cementitious
Composites (ECC), Fiber Reinforced Polymer (FRP) and Titanium Alloy Bars (TiABS)
2.1.1 Shape Memory Alloy (SMA)

Shape Memory Alloy belongs to a class of metallic materials thatis capable to recover its
original shape on heating or loading-and-unloading. This property of SMA can be summarized as
shape memory effect or super-elastic effect. An alloy of Nickel and Titanium (NiTi), SMA has
gained more popularity due to its high corrosion resistance, and superelastic strain capacity
compared to conventional steel. Researchers have carried out both analytical and experimental
investigations in-order-to identify the use of SMA in bridge structures. For SMA, the alloy will
deform similar to conventional steel beyond the yield point, however it will return to its
undeformed shape after unloading. This means the alloy is super elastic and can be explored in
bridge piers (e.g., plastic hinges) located in seismic zones to reduce and possibly eliminate residual
displacement after an earthquake. Energy can still be dissipated by stretching the SMA and, once

the earthquake motions diminish, the SMA will return to its original shape. The two-dimensional



stress-strain behavior of SMA compared with normal steel can be seen in Figure 3. Similarly, the

stress-strain diagram of shape-memory alloys and the schematic crystal structures at different

temperatures is presented in Figure 4.
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Figure 4. Three-Dimensional Stress-Strain Diagram with Temperature [4]

Past studies showed that reinforcing SMA can substantially reduce residual displacement
especially in bridge piers even after undergoing large deformations [28]. The Washington
Department of Transportation (WSDOT) recently constructed the first SMA bridge in the world
in Seattle. This project was funded by the FHWA Innovative Bridge Research and Deployment
(IBRD) program. Figure 5 shows the bridge that was successfully constructed by WSDOT in
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Seattle, WA. Also, Figure 6 shows the No. 10 (1.25 inch) SMA bars spliced with normal steel
rebars using mechanical couplers for longitudinal reinforcement. SMA is an expensive material.

So, it was used only in the plastic hinge region of the pier to reduce construction costs.

Shape Memory Alloy
(SMA)

Figure 6. SMA coupled with Steel Rebar

Even though SMA has some good mechanical properties, it has some disadvantages such

as material costand poor fatigue properties.



2.1.2 Engineered Cementitious Composites (ECC)

ECC is a type of fiber-reinforced cementitious materials with high tensile ductility.
Compressive strength of ECC concrete is comparatively higher than the normal-weight concrete.
A typical ECC mix design is presented in Table 1 [5].

Table 1. Typical ECC Mix Design [5]

Material Percent by Weight
Cement 37.0
Fly Ash 315
Sand 247
Silica Powder 54
PVA Fiber 1.4

Superplasticizer
Note: Water to Cement & Fly Ash ratio= 0.315; Fly Ash to Cement ratio= 0.85

The fibers that are used in ECC Mix are used to maximize the tensile ductility by
developing multiple microcracks. This can be reached only if the fibers are coated with material
that allows fibers to slip partially when they are overloaded, preventing fiber fracture and leading
to formation of many hairline cracks instead of a few wide cracks [6]. Mechanical properties of
ECC can vary depending on the mix design and the type of fiber used. Experiments have shown
that ECC provides better ductility and significant reduction of shear reinforcement. A plot of

stress-strainrelationships for ECC is provided in Figure 7.
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Figure 7. Stress-Strain of ECC vs. Concrete a) Tensile, b) Compression [6]
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Researchers at the University of Nevada-Reno performed large-scale experimental testing
of bridge columns with ECC in plastic hinges [29]. Research showed that ECC bridge columns
experiences less damage during an earthquake and would require limited post-earthquake repair.
Even though many research projects were carried out in ECC, the use of ECC in bridge piers has
been very limited. Applications of ECC have been limited to repairing bridge decks and retaining
walls. In 2019, Washington Department of Transportation (WSDOT) successfully used ECC in
combinationwith SMA in a bridge in Seattle, WA.

2.1.3 Fiber Reinforced Polymer (FRP)

Fiber reinforced polymers are composite materials known for their linear elastic behavior
and greater strength. Different types of FRP are currently used in civil engineering industry. Some
of these include glass FRP, carbon FRP, aramid FRP, silicon carbide FRP and others. According
to ACI 440.1R-06, compressive strength of FRP is neglected because of micro-buckling of fibers

or shear failure when stressed under compressive actions. However, stress-strain plot of various

FRP’s is shown in Figure 8.
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FRP has been widely used in civil engineering industry, mostly for repair and retrofit of
bridges and other structures. Various design guidelines, codes and standards are developed for
FRP. ACI 440.1R-06 (Guide for the Design and Construction of Structural Concrete Reinforced
with FRP Bars) has also proposed a range of mechanical properties for different FRP bars (glass
FRP-GFRP, carbon FRP-CFRP, and aramid FRP-AFRP), as presentedin Table 2. Although FRP
is popular in repair and retrofit of structures, it has some disadvantages. It has lower modulus of
elasticity compared to steel. FRP is considered to have poor long-term temperature resistance and
the strength decreases when stressed under high temperature for long time. Aging phenomenon is
a common defect of FRP. It is easy to cause performance degradation under effect of ultraviolet
rays, wind, rain, snow, or other mechanical stress. Also, there is no effective method to recycle
FRP.

Table 2. ACI proposed properties of FRP [7]

Properties GFRP CFRP AFRP
Tensile Strength, 70 to 230 87 to 535 250 to 368
ksi (MPa) (483 to 1600) (600 to 3690) (1720 to 2540)
Modulus of Elasticity, 5100 to 7400 15900 to 84000 6000 to 18200
ksi (GPa) (35 to 51) (120 to 580) (41 to 125)
Rupture Tensile Strain (%) 121031 05t01.7 19t04.4

2.1.4 Titanium Alloys

Titanium alloys are mostly used in the aerospace industry. It is gaining popularity lately in
civil infrastructures and have emerged as a new advanced material. Great corrosion resistance,
high strength to weight ratio, low density, flexibility, ductility, and composite compatibility
features of titanium alloys have placed themselves as potential material in construction and
retrofitting of bridges. Presently, titanium alloy bars are used to retrofit bridge in civil engineering
industry. Titanium alloy bars have lower modulus of elasticity and higher modulus of resilience

compared to conventional steel. Titanium alloy bars are strong, durable, and naturally resistant to
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rust and corrosion but, at the same time it cannot be cast like aluminum, or iron, and tends to cost
more than other metals. This makes titanium alloy bars an expensive material compared to steel,
stainless steel, aluminum, etc.

In March 2020, the American Association of State Highway and Transportation Officials
(AASHTO) released anew publication for the use of Titanium Alloy Bars (TiABs) (Figure 9). The
publicationistitled ‘Guide for Design and Construction of Near-Surface Mounted Titanium Alloy
Bars for Strengthening Concrete Structures’. The publication provides recommendations for
strengthening of existing reinforced concrete structures with TiABs using the Near-Surface
Mounted or NSM techniques.

Currently, the widely used grade of titanium alloy is Grade 5, i.e., Ti6AlI4V which is an
alloy of Titanium, Aluminum, and Vanadium. Recently, there have been several research studies

and applications of TiABs in civil infrastructure in the United States as summarized below.

AASHIO

Guide for Design and Construction of

Near-Surface Mounted
Titanium Alloy Bars

for Strengthening Concrete Structures

Figure 9. AASHTO Guide for Design and Construction of Near-Surface Mounted Titanium
Alloy Bars for Strengthening Concrete Structures, 1% Edition
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2.1.4.1 Idaho State University

Recently, Idaho State university (ISU) conducted an extensive experimental and analytical
research to identify mechanical properties for TIABs and compare them with a high strength alloy
(e.g., grade 150 ksi). One of the important tests was the tension test to compare TiABs against the
150 ksi high strength steel alloy. Many specimens were tested, results were used to develop
analytical models for stress-strain and other mechanical properties for TiABs [30]. The average

analytical stress-strain plot comparing Ti6Al4V, and high strength (150 ksi) steel is presented in

Figure 10.
=== —==.
)
[ =
o
:':l':
=
—
o
= =150 ksi steel
—TiGAl4V

5 6 7 8 9 10 11
Strain, £ (%0)

Figure 10. Average Analytical Stress-Strain Plot for TiABs and 150 ksi Steel Specimens [8]
The results from the research at ISU showed that titanium alloys (Ti6Al4V) can perform
better than the high strength steel. The titanium alloys had about one and half times more ductility
and about one quarter time more modulus of resilience than the 150 ksi high strength steel. These
advantageous mechanical properties of the titanium alloy bars can surely be utilized in civil

engineering industry, especially bridge piers.
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2.1.4.2 Oregon State University

Oregon State University (OSU) has conducted several research projects in collaboration
with the Oregon Department of Transportation (ODOT) to identify potential use of TiABs for
retrofitting of deficient bridges in Oregon. One of these projects included retrofitting of square
column presented as in Figure 11 and Figure 12. The research at OSU was performed to investigate
seismic performance of poorly detailed square reinforced concrete columns retrofitted with TiABs.
The use of TiABs to retrofit reinforced columns successfully increased drift capacity of deficient
columns and altered the failure mode from non-ductile to ductile. The research supported the use
of externally anchored TiABs to enhance the performance of rectangular reinforced columns. The
use of TiABs for retrofitting offers improved ductility for the pier, enhanced flexural and shear
capacity, simple application procedure, long-term environmental durability, and easy inspection

of the retrofitted pier [11]. The research concluded that an improved seismic performance of the

column could be achieved using TiABs.

Figure 11. Experimental Testing of Retrofitted Square Column [31]
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Similarly, OSU performed other research studies on retrofitting of deficient reinforced

concrete girders. The girders were strengthened for flexure and shear using NSM technology. In
this research, NSM technology was combined with TiABs instead of commonly used Fiber
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Reinforced Polymer (FRP) sheets or stainless-steel bars. Research showed that use of TiABs for
retrofitting is very effective in increasing the shear and flexural capacity of existing reinforced
concrete bridges. Testing results showed that the girder strength increased by a factor of two and
were well above required factored load effects using only four TiABs. Similarly, the NSM TiABs
used for shear strengthening provided increased capacity (40%) and shifted the failure mechanism
for the girder from a nonductile shear failure to ductile flexural failure [13]. The detail of design

which was created by the research from OSU is presentedin Figure 13.
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Research at OSU has helped the Oregon Department of Transportation (ODOT) to
successfully retrofit several bridges in the state of Oregon in the last 7 years. For instance, the
bridge on Oregon’s main East-West Route I-84, as shown in Figure 14, was retrofitted with TiABs.
The retrofitting cost was less than 3% of the bridge replacement cost ($4.6 million), and 30% less
than rehabilitation using FRP sheets or stainless-steel bars [9] [12]. Figure 14 clearly the bridge

that was retrofitted using NSM technology in Oregon.

Figure 14. NSM TiABs technology used in Mosier Bridge by ODOT
2.1.4.3 Texas Department of Transportation (TxDOT)

Recently, the Texas Department of Transportation (TXDOT) utilized NSM techniques with
TiABs in retrofitting of the San Jacinto River Bridge substructure on 1-10 in the Houston District
(Figure 15). The bridge was damaged during a tropical storm in 2019. TiABs were bent on-site
and epoxied into saw-cut grooves and holes that were drilled at the surface of the bent-cap. This
was intended to restore the capacity of the yielded reinforcing steel. TiABs provided increased

strength across the cracks. Although TiABs are more expensive compared to normal steel rebars,
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however they offer 2 %2 times higher yield stress compared to grade 60-ksi steel rebars; this results
in having few TiABs [10].

Past applications showed that the use of TiABs provides higher strength and durability at a
lower cost and less construction time. The use of TiABs for retrofitting bridges offers cost savings
for labor and materials, causes less traffic disruption, and provides durable and accelerated
retrofitting process that is competitive to other conventional materials over service life of the

structure.

Figure 15. a) San Jacinto River Bridge, b) Making Grooves and Holes Drilled, c) Epoxied
TiABs, d) Repaired Bridge using TiABs
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2.2 Summary

In the last 25 years, researchers have invested considerable amount of effort to identify and
introduce advanced materials in construction and retrofitting of civil infrastructure. Some of these
advanced materials include Shape Memory Alloy (SMA), Fiber-Reinforced Polymer (FRP),
Engineered Cementitious Composites (ECC) and Titanium Alloy Bars (TiABs). These novel
materials have been demonstrated to improve structural performance and durability of bridge piers.
Some of the material properties of TiABs such as excellent corrosion resistance, flexibility, low
thermal conductivity, and high strength-to-weight ratio make them ideal for potential applications
inbridge piers. Recently the Departments of Transportation in Oregon and Texas successfully used
TiABs in retrofitting of several deficient and damaged concrete bridges. This marked the
introduction of a new advanced material (TiABs) in civil infrastructure. In these projects,
application of TiABs resulted in cost savings over other conventional materialssuch as steel rebars
and FRP. TiABs require low maintenance and life-cycle cost. The AASHTO 1% edition of ‘Guide
for Design and Construction of Near-Surface Mounted Titanium Alloy Bars for Strengthening
Concrete Structures’ has provided first step for wider adoption of TiABs. Application of TiABs in
construction of new structures, especially in bridge piers located in seismic zones, has not been
investigated previously. The research in this thesis introduces TiABs as a potential advanced
material in construction of seismic resilient and durable bridges that have much longer service life

(e.g., 100 years or more) compared to the current practice (e.g., 50 years).
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CHAPTER 3.PIER REINFORCED WITH TITANIUM ALLOY BARS
3.1 Introduction

This chapter presents the design, construction, and testing of a cast-in-place cantilever
column reinforced with Grade 5, i.e., Ti6AI4V Titanium Alloy Bars (TiABs). The purpose of a
cast-in-place pier reinforced with TiABs is to investigate seismic performance and then compare
the results with a benchmark specimen, i.e., cast-in-place pier reinforced with normal steel rebars.
The design of the cast-in-place pier follows the 2017 AASHTO LRFD Design Specifications to
the extent possible [25].

3.2 Prototype Structure

South-East Idaho is considered to be the most seismic region in the entire Idaho. A typical

bridge in South-East Idaho (Figure 16) is selected as the prototype. The bridge is 276 ft long with

concrete girdersand is located on SH-36 over Bear River in Franklin county.
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One of the bridge piers shown in (Figure 16) is used to develop the specimens. The overall
height and diameter of the pier is about 32 ft. and 4 ft., respectively. Due to height limitations in
the ldaho State University’s Structural Laboratory (SLAB), the pier is scaled down by a factor of
3 (e.g.,1/3scale). Applying 1/3scale to the original dimensions; the overall height and the diameter
of the pier were obtainedto be 10 ft-6 in. and 1 ft-6 in., respectively. The dimensions of the scaled

pier is shown in Figure 17.
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Figure 17. a) Full-Scale Bridge Pier, b) 1/3-Scale Bridge Pier

3.3 Testing Arrangement and Design Consideration
A 1/3"-scale specimen reinforced with Titanium Alloy Bars (TiABs) is considered for
experimental testing. The pier reinforced with TiABs has similar dimensions and capacity to the

benchmark Cast-In-Place (CIP) pier reinforced with normal steel rebars (CHAPTER 4). The pier
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with TiABs was designed using basic reinforced concrete analysis and mechanics by targeting the
moment capacity of the benchmark CIP pier. The number of TiABs required to match the capacity
of the benchmark is almost half of the normal steel rebars. The calculation of the moment capacity
to obtain the number of TiABs is presented in Appendix A and Appendix B. In order to enhance
ductility, the use of an unbonded length of TiABs in the plastic hinge zone was investigated. The
unbonded length for the TiABs was calculated using the PRESSS Design Handbook [15]. The
unbonded length was obtained to be 0.646 in. to keep the strain in the bars lower than 2.5% at
design level. However, in the construction of the pier, unbonded length was neglected and not
implemented for better comparison with the pier reinforced with normal steel rebars.
3.3.1 Design of Cast-In-Place Pier Reinforced with TiABs

The dimensions of the CIP pier were identified from the prototype structure. The amount
of TiABs or steel reinforcing to be used were identified from the 2017 AASHTO LRFD Design
Specifications (AASHTO 2017). The diameter of the pier was 18 in. 50 kip (5% f’c Ag) was the
assumed compression (axial load) on the pier. The moment capacity of the pier was calculatedto
be around 150 kip-ft for the pier reinforced with normal steel rebar. This was calculated by
calculating the total compression in the concrete, total compression in the compression steel and
the total tension in the tensile steel. So, keeping the moment capacity of 150 kip-ft, the number of
TiABs required was back-calculated. The use of TiABs reduced the bars required to almost half
to keep the same moment capacity in the column, i.e., 7 number 6 TiABs. The diameter of the
longitudinal bars, i.e., #6 TiABs used was 0.75 in. Similarly, #3 (0.375 in.) TiABs spirals with 3
in. of pitch was used in the columnto confine the concrete. Both the longitudinal and spiral TiABs

were smooth and did not have any ribs on them. A 1.5 in. cover was used in calculations. The pier
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was in constructed octagonal in cross-section for the ease of construction. A cross-section of the
pier reinforced with TiABs is presented in Figure 18.
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Figure 18. Column Detail: TiABs

The footing was designed as a capacity protected element witha moment capacity of 1,000
Kip-ft so that pier reaches its ultimate capacity before the footing is yielded. The footing was
designed using SAP2000, assuming 4,000 psi concrete and 60,000 psi steel rebar for the design of
footing [17]. The overall dimension of the footing was 4 ft. x 4 ft. x 3 ft. with 2 in. cover, and 10
#6 bars on top and bottom in both directions. Similarly, eight hollow steel pipes of diameter 2 in.
were installed in the footing. This was done to tie the footing to the strong floor during the testing

of the pier. Details of the footing are presented in Figure 19.
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Figure 19. Footing Details

At the interface of the column and footing, the pitch of the spirals was set to 1.5 in. for

better confinement in the plastic hinge zone. Also, the spirals had one and half extra turn at the

column-to-footing interface and were tied together using the epoxy-coated mechanical splices.

This was done on the spiral that went down from top of the pier to the footing, also the spiral that

comes towards the column form the footing with the interface of spiral at columnto footing being

2 in. The column-footing interface detail is shown in Figure 20.
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Figure 20. Column-Footing Interface Detail

A cubical cap was built ontop of the column to provide a connection point to the horizontal
actuator during testing. Four hollow metal pipes (1.5 in. diameter) were installed 9 in. apart from
each other in the cap. Longitudinal TiABs were bent 90-degree at the cap in order to have enough
development length. 4#6 steel rebars were used on top and bottom in both directions for the cap-
reinforcing with 2 in. of cover. A circular recess of % in. was built at the center of the cap for the

hydraulic jack that would exert gravity loads. Details of the cap is presented in Figure 21.
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Figure 21. Cap Detail for the Pier Reinforced with TiABs
The full detail of the pier reinforced with TiABs is shown in Figure 22.
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Figure 22. Details of the Pier Reinforced with TiABs
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3.3.2 Construction

The cast-in-place pier reinforced with TiABs was constructed in-house in two stages. First,
the footing cage was constructed, poured, and transported to testing site; then the column and cap
cages were constructed. The formwork for the footing, column and cap were built using 2 in. x 4
in. and % in. Oriented Strand Boards (OSBs). Once the formwork was ready, the rebars needed
were cut to length and bent. First the bottom reinforcing cage of the footing (Figure 23) was tied
and placed on the bed with 2 in. tall rebar chairs. Before placing on the top cage for the footing,
longitudinal reinforcing of the column had to be installed. #6 TiABs were cut to the required length
in one-piece and bent at the ends. The spirals were tied together as shown in Figure 24 before
installation in the footing cage. The spirals were tied to the longitudinal TiABs using the plastic

ties (Figure 24).

Figure 23. Bottom Reinforcing Cage of Footing
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Figure 24. Tying TiABs Longitudinal Rebars and Spirals

Strain gages were installed on each longitudinal bar at the plastic hinge zone above the
column-footing interface. The column cage was then placed on the footing bottom cage. The
column cage was made of TiABs and the footing cage was made of normal steel rebars. In an
actual bridge, it is important to ensure that TiIABs do not contact normal rebars as it can cause
galvanic corrosion. During construction of the pier reinforced with TiABs, plastic chairs and
spacers were used to avoid contact of two different metals (Figure 25). The contact of TiABs and

steel in long term can lead to the galvanic corrosion, which had to be avoided.

Figure 25. Use of Plastic Spacers and Chairs

29



After erecting the column cage, the metal pipes for anchoring of the footing (sleeves) were
installed in the footing cage followed by placing the top cage. Figure 26 (a) shows the completed
cage ready for concrete pour. The footing was cured for seven days in moist environment using
burlaps and a plastic cover, it was then transported to the Structural Laboratory before pouring the

column and cap as shown in Figure 26.
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Figure 26. Footing a) Cage, b) Ready for Pour, c) Concrete Pour, d) Curing, e) Ready for

Transportation, f) Transportation to the Structural Laboratory for Testing
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Once the footing was transported to the testing site, the formwork for the column and cap
were built and installed. A 1.5 in. hollow metal pipe was installed and used as a support to tie the
reinforcing for the cap. Similarly, a%z in. thick plywood (8.25 in. diameter) was cut and placed on
the center of the cap with a threaded rod coupler inside. The Y2 in. thick plywood was intended to
provide a recess for the hollow hydraulic jack that would exert gravity loads during testing. The
threaded rod coupler was added as a safety precaution to provide a tie between the hollow hydraulic
jack and the column cap during the testing. Figure 27 shows construction photos of the cap

reinforcing.
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Figure 27. Construction of the Cap

The specimen was cured for 28 days in moist environment using burlaps and plastic wraps.
After the pier was fully cured, it was painted in white and was ready for instrumentation and testing
(Figure 28). The material properties of the pier reinforced with TiABs is discussed in detail in

Section 3.3.3.
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Figure 28. a) Fully Cured Pier, b) Painting the Pier

3.3.3 Material Properties

Materials used for construction of the pier were concrete, steel, TiABs and spirals. The
design compressive strength of the concrete in both footing and column was 4,000 psi at 28 days.
Six (4” x 8”)and Two (6” x 12”) cylinder samples were prepared in accordance with ASTM C192
during the pour of both footing and column [18]. WD-40 spray was used on the inside walls of
cylinders so that the concrete mix does not adhere to the walls of the mold. Concrete mix was
poured one third ata time and rodded 25 times per interval. The outside walls of the cylinders were
cleaned, and the samples were kept in appropriate curing environment. The specimens were then
finished smooth and dried for a day before being removed from their forms and submerged in a
curing tank for 28 days. 4” x 8” cylindrical samples were used to obtain compressive strength of
the concrete at 28 days and on the test-day. Similarly, 6” x 12” cylindrical samples were used to
obtain tensile strength of the concrete. The compressive strength of the cylindrical concrete

specimens was carried out in accordance with ASTM C39 [19] whereas the splitting tensile

32



strength of the cylindrical concrete specimens were carried out in accordance with ASTM C496

[20]. The average experimental results are summarized in Table 3. The detail results of the

compressive strength and split cylinder of the footing and column are presented in Appendix C

and D, respectively.

Table 3. Average Compressive and Split Tensile Strength in (psi) for the Footing and Pier

FOOTING PIER
Compressive Strength | Tensile Strength | Compressive Strength | Tensile Strength
28 Days | Test-Day | 28 Days | Test-Day | 28 Days | Test-Day | 28 Days | Test-Day
5613.76 6892.79 289.58 | 425.49 4928.1 5898.37 294.07 331.25

The failure of the cylindrical concrete specimen after testing for both column and footing

is shown in Figure 29 to Figure 32.

M B I 2 A ywul'

Figure 29. Footing: Failure of Cylindrical Specimen at 28-Days a) Compressive Strength, b)
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Figure 30. Column: Failure of Cylindrical Specimen at 28-Days a) Compressive Strength, b)
Split Tensile Strength

Figure 31. Footing: Failure of Cylindrical Specimen at Test-Day a) Compressive Strength, b)
Split Tensile Strength
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Figure 32. Column: Failure of Cylindrical Specimen at Test-Day a) Compressive Strength, b)
Split Tensile Strength
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Grade-60 steel rebars were used in the construction of footing and pier cap. Minimum yield

strength and the ultimate strength of grade-60 steel rebars are 60 ksi and 90 ksi respectively.
Grade 5 TiABs were used for the longitudinal and transverse reinforcing of the pier. Only

smooth TiABs were available for this research. The minimum vyield strength and the ultimate
strength of TiABs bars were 140 ksi and 150 ksi respectively [8]. The modulus of elasticity for
TiABs was 15 ksi [8]. The material properties for TiABs were based on previous research at Idaho
State University.
3.4 Test Setup
3.4.1 Setup and Instrumentation

Following construction of the pier with TiABs, it was transported to a designated spot in
the Structural Laboratory for experimental testing. Preparation of the test-setup started with
erection of a demountable reaction frame which was tied down to the strong floor using high
strength threaded rods. A displacement-controlled servo-hydraulic actuator was used to apply
lateral in-plane loads to the specimen. The actuator was placed against the reaction frame. The
head of the actuator was mounted to the cap of the pier using high-strength threaded rods anda 1.5
in. bearing plate on both ends. The pier was tied to the actuator in-order-to achieve both push and
pull loading intervals. High-strength anchor rods were used to tie down the footing to the strong
floor.

To exert gravity (axial loads) on the column, a hydraulic ram was placed on top of the pier.
Two externally attached high strength threaded rods were used to transfer axial loads on the
column using a steel cross on top of the pier. The magnitude of the axial load was set to 50 kip and

was kept constant with £5% tolerance throughout the testing.
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Details of the test-setup is presented in Figure 33. Similarly, actual test setup of the pier

reinforced with TiABs is presented in Figure 34.

—
E Hydraulic-Ram

/ Actuator
= I | e
% Load Cell

TiABs Pier

% Strong Floor

Specimen

W

ngh Strength Rods
Simulating Gravity Loads

Figure 34. Actual Test-Setup

36



Instrumentation included strain gages attached to TiABs inside the pier and located in the
plastic hinge zone, externally mounted potentiometers, and load cells as shown in the previous
figures. A Campbell Scientific data acquisition system was used to record and collect data from
the loadcells, strain gauges, linear string potentiometers and stroke potentiometers during testing.
There were two tension/compression load cells, each with £225-kip capacity. One of the loadcells
was mounted in front of the lateral actuator. The second load cell was mounted between the ram
and the steel cross beam to measure axial loads.

The in-plane displacement of the pier was measured using a string potentiometer. The
string potentiometer was mounted independent of the testing setup to measure the actual
displacement during testing. Flexural and shear deformation of the pier was measured using an
array of vertical, horizontal, and diagonal potentiometers with 2-4 in. stroke. These potentiometers
were attached up height of the pier in three segments, measured 18 in., 36 in., and 54 in. from the
top of the footing. The footing was also instrumented to measure any sliding or rocking that might
occur during testing of the specimen. Table 4 presents a summary of the instrumentation for the
pier. Figure 35 shows the schematics for the locations of the instruments.

Table 4. Instrumentation Description and Function for Column Specimens

Label Description Function

IPC string potentiometer In-plane displacement of column

OPC string potentiometer Out-of-plane displacement of column

ASP string potentiometer Actuator displacement

FHI 4-inch stroke potentiometer Footing horizontal in-plane

FHO 4-inch stroke potentiometer Footing horizontal out-of-plane

FVN 4-inch stroke potentiometer Footing vertical on north-end

FVS 4-inch stroke potentiometer Footing vertical on south end

A (1-7) 2-inch stroke potentiometer Deformation of the column up to 18”
from base of footing

B (1-7) 2-inch stroke potentiometer Deformation of the column from 18” to
36” from base of footing

C(1-4) 2-inch stroke potentiometer Deformation of the column from 36” to
54” from base of footing
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Figure 35. Schematics for Instrumentation of the Cantilever Pier

3.4.2 Loading Protocol

A uniaxial lateral loading protocol was used for testing of the pier. The load protocol was
quasi-static and cyclic. The specimen was subjected to push and pull cycles with increasing
displacements/drifts. The load protocol was developed in accordance with “Guide for Testing
Reinforced Concrete Structural Elements under Slowly Applied Simulated Seismic Loads” (ACI
374.2R-13). Drift ratios are calculated by dividing the in-place displacements of the pier by the
cantilever height of the specimen. In accordance with ACI 374.2R-13, the initial applied

displacement is equal to half of the yield drift ratio for the pier.
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The yield displacement is calculated using Equation 1 derived from Priestley et. al. [23]
Since, the loading protocol for pier reinforced with TiABs was kept identical to the benchmark
pier; calculation for the yield displacement was carried out for the pier reinforced with normal

steel rebar. Yield displacement was calculated to be 0.692 in.

A,= "’Y(H%LSP)Z Equation 1
Where, A, =Yield displacement (in.)

¢, = Yield curvature (calculated using Equation 2)

H = Height of the pier (in.)

Lgp = Strain penetration length (in.) (calculated using Equation 3)

y = % Equation 2

Where, E, = Yield strength of the rebar (ksi)

E; = Modulus of elasticity of the longitudinal rebar (ksi)

D = Diameter of the pier (in.)
Lsp = 0.15 (1.1 E))dy, Equation 3
Where, dp; = Diameter of the longitudinal rebars (in.)

The displacement is increased at certain interval until failure of the element as shown in
Figure 36. The actuator displacement rate was setto be 0.1 mm/sec. A plot of the loading protocol

from ACI 374.2R-13 is presented in Figure 37 [17].
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Figure 37. Quasi-Static Loading Protocol [17]

During testing, the actual displacement or drift ratio was not same as the targeted

displacement and drift ratio. This was due to deflection of reaction frame and some minor sliding
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of the footing. Table 5 shows a comparison of both the targeted drift and the actual drift achieved
during testing. Testing continued until there was a 50% drop in the ultimate lateral capacity of the
pier.

Table 5. Lateral Loading Protocol for Cantilever Column: TiABs

Targeted Values Actual Values
Cycle A (inch) Drift (%) A (inch) Drift (%)
1 0.20 0.26 0.13 0.17
2 0.35 0.45 0.23 0.29
3 0.69 0.88 0.50 0.64
4 1.38 1.77 1.09 1.40
5 2.08 2.67 1.74 2.23
6 2.77 3.55 2.39 3.06
7 3.46 4.44 3.02 3.87
8 4.15 5.32 3.65 4.68
9 5.54 7.10 4.97 6.37
10 6.23 7.99 5.66 7.26
11 6.92 8.87 6.34 8.13
12 7.61 9.76 7.04 9.03
13 8.30 10.64 7.75 9.94
14 8.97 11.50 8.48 10.87
15 9.66 12.38 9.29 11.91
16 10.35 13.27 10.14 13.00

3.5 Testing Results

The pier reinforced with TiABs were tested up to failure point. The failure point was
assumed to be fracture of two to three longitudinal TiABs. During testing, no visible cracks were
observed during the first cycle of 0.26 % drift ratio. Hairline cracks started to appear at second
cycle of 0.45% drift ratio. The cracks were measured and marked on the pier at each drift ratio
throughout the test.

During the third cycle, i.e., 0.88 % drift ratio, more cracks were observed in between the 0
in.and 18 in. (0 mmand 457.2 mm) region above the footing (plastic hinge zone). Also, the hairline

cracks at the base opened up to 1.5 mm in width. Width of the cracks increased at increasing cycles
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and drift ratios. At the driftratio of 1.77 %, i.e., fourth cycle, the cracks opened up to 4 mm in the
plastic hinge region of the pier.

Some hairline cracks appeared at 36 in. (914.4 mm) and above region up height of the pier.
The cracks in the plastic hinge became wider and measured to be greater than 5 mm after fifth
cycle (2.67 % drift ratio). As the drift ratio increased, more opening of the crack at the pier-to-
footing interface was observed. There was no spalling of the cover concrete until the ninth cycle
(drift ratio of 7.10 %). There were signs of spalling of concrete in the first cycle at this drift which
increased in the second cycle and more rocking of column was seen. Gap opening at the base of
the pier became larger at the tenth cycle (drift ratio of 7.99 %). At the same time, strength loss was
noticed at the tenth cycle (drift ratio of 7.99 %). This was thought to be due to bond-slip as smooth
TiABs were used. The rocking/gap opening was also influenced by the bond-slip. The column was
rocking more from the base opening and bar slide also observed.

Failure and buckling of the longitudinal bars occurred during the second cycle of the 9.76 %
drift ratio (12" cycle). The breaking of the longitudinal bars could be identified either by large or
small pop sounds or by peaking from the gap opening to inside. Significant strength loss and
rupture of TiABs initiated at the fifteenth cycle (12.38 % drift ratio). Similarly, the slip of the
smooth TiABs was also observed. As the longitudinal bars started buckling, the spirals were
effective to confine them, however it is possible that the spirals in the plastic hinge zones were
yielded during cycles of the larger driftratios. The spirals performed well and there was no rupture
or opening of the spiral clip in the plastic hinge zone.

Figure 38 through Figure 41 present the damage progression in the plastic hinge region of
the pier reinforced with TiABs. There was no damage to the footing which was designed as a

capacity protected element. The footing remained intact and elastic.
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Figure 39. a) 91" Cycle (Drift Ratio of 7.10%), b) 10" Cycle (Drift Ratio of 7.99%)
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Figure 40. a), b) 13" Cycle (Drift Ratio of 10.64%), c), d) 14" Cycle (Drift Ratio of 11.50%)
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Figure 41. a), b) 15" Cycle (Drift Ratio of 12.38%), c), d) 16" Cycle (Drift Ratio of 13.27%)

Upon completion of the test, data from the instruments were processed in the form of tables
and plots. Figure 42and Figure 43 show experimental plots for the Force-vs-Displacement and
Force-vs-Drift. In these plots, the force represents the base shear, and the displacement/drift
represents the actual deflection at the top of the pier. As it can be observed, the hysteresis for the
pier with TiABs is pinched, but stable in push and pull cycles. The sudden reductionin base shear
on the plots during the cycles of large drifts represent longitudinal bar fracture. The ultimate
capacity of the pier was 21.42 kips at 4.97 in. displacement (6.38% drift ratio). The maximum

displacement of the pier was 10.13 in. which corresponded to 13% drift ratio.
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Figure 42. Force-Displacement Hysteresis: Pier Reinforced with TiABs
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Figure 43. Force-Drift Hysteresis: Pier Reinforced with TiABs
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The peak points for each loop of the hysteresis plot were picked for both push-pull cycle

and plotted against drift to obtain the backbone cure. Figure 44 shows the backbone curve.
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Figure 44. Backbone Curve: Pier Reinforced with TiABs

The Moment-Curvature curve (Figure 46) is plotted and is utilized to obtain the
experimental yield curvature and yield moment using Moment-Curvature (M-¢) analysis. Caltrans
Idealized Model of an elastic-perfectly plastic moment-curvature relationship was considered to
obtain the global yield values [22]. The moment capacity can be obtained by balancing the areas
between the actual and idealized M- ¢ plot as modeled by Caltrans in Figure 45 [22]. The global

yield curvature and yield moment was found to be 7.32E-03 radians and 104.9 kip-ft.
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In the Caltrans Idealized Model for M- ¢ Analysis (Figure 45),
¢y = Curvature at the first bar yield point (mm-t)
¢v = Curvature at the global yield point (mm™)
¢u = Ultimate curvature at the failure point (mm-?)
My = Moment capacity at the first bar yield point (kNm)
Mp = Plastic moment capacity (kNm)

The global yield moment capacity from experimental results was used to obtain the base
shear at yield 16.19 kip which correspondedto a yield displacement of 1.09 in. The ultimate base
shear was found from the backbone curve 21.42 kip at displacement of 4.97 in. Table 6 presents a

summary of the performance points for the pier.
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Figure 46. Moment-Curvature: Pier Reinforced with TiABs

Table 6. Summary of Performance Points

Yielding Ultimate
Displacement Drift Base Shear | Displacement Drift Base Shear
(in.) (%) (Kip) (in.) (%) (Kip)
1.09 1.39 16.19 4.97 6.38 21.42

Experimental results are utilized to define some important seismic parameters, the
overstrength factor (Qo) and the displacement ductility at ultimate base shear and failure points (p)
for the pier. The failure point for the pier is defined as the point where 20% reduction in the base
shear capacity occurred. This was done in accordance with guidelines in FEMA P-695
“Quantification of Building Seismic Performance Factors: Component Equivalency
Methodology” [21]. The overstrength factor is calculated using Equation 4 and is presented in
Table 7. The lower overstrength factor (1.32) is due to elastic perfectly plastic behavior of the

TiABs.
49



Vo .
-Qo — Vuitimate Equatlon 4
Vyield

Where, Qo = Overstrength Factor,
Vurimate = Ultimate base shear capacity (kip),
Vyiels = Base shear at yield (kip)

Table 7. Overstrength Factor: Pier Reinforced with TiABs

Base Shear *Qverstrength Factor
Vyield = Base Shear at Yield | Vuiimate = Base Shear at Ultimate (Qo)
(kip) (kip)
16.19 21.42 1.32
*Qverstrength Factor () from Equation

Similarly, the displacement ductility is calculated using Equation 5 and is presented in Table 8.

=2 Equation 5
8y
Where, u = Displacement ductility,
& = Displacement at the ultimate base shear point on the backbone plot (in.) for the
displacement ductility at the ultimate base shear capacity,
& = Deflection at 0.8Vrimate in the backbone plot (in.) for the ultimate displacement
ductility,
dy = Deflection at yield (in.)
Table 8. Displacement Ductility: Pier Reinforced with TiABs
Deflection *Displacement Ductility
8, = Deflection at Yield o (W)
(in.) (in.)
1.09 4.97 4.56
(Ultimate Base Shear)
1.09 9.29 8.52
(Failure Point)
*Displacement Ductility (i) from Equation 5

The amount of energy dissipated per cycle for the pier with TiABs is plotted in Figure 47.

The energy dissipated by the pier reinforced with TiABs is evaluated using the Force-
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Displacement hysteresis loop and is simply the envelope areas inside the loop. The dissipated

energy was calculated using the numerical integration of the area enclosed inside the hysteresis

loop for each of firsttwo cycles at each drift ratio. MATLAB (MATLAB R2020b) was used to

obtain the area of each loop. The cumulative dissipated energy is the sum of the energy dissipated

in the first two cycles at each drift ratio. For each drift cycle, the first loop of cycle dissipated more

energy than the second loop of cycle. The result showed that for lower drift ratios, lower energy is

dissipated for both loop of cycle. For higher drift ratios, more energy is dissipated with increasing

drift ratios; however, first loop of cycle dissipated more energy than second loop of cycle which

indicates the strength degradation of the pier. The total energy dissipated for the pier reinforced

with TiABs was 210.29 kJ.
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Figure 47. Energy Dissipation Plot: Pier Reinforced with TiABs
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The distribution of curvature along the height of the pier at peak of each drift ratio was

evaluated and is presented in Figure 48. The pier yielded and failed within the plastic hinge region.

The procedure proposed by Priestley et al. was used to calculate the length of plastic hinge and to
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analyze the distribution of curvature along the height of the pier [23]. A summary of the calculation
for the plastic hinge length is presented in Appendix E. The plastic hinge length was calculated to
be 23.57 in. The distribution of curvature along the height showed that yielding was concentrated
inthe base of the pier, i.e.,0-18 in. height of the pier. The height above 18 in. inthe pier approached
the yielding and remained elastic throughout the testing. The cracks in the pier, spalling of the
concrete and non-linear deformation occurred mainly at the pier-to-footing interface which is

located in the plastic hinge region, i.e., between 0 in. and 23.57 in. from the bottom of the pier.
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Figure 48. Distribution of Curvature Up: Pier Reinforced with TiABs
The residual drift for the pier reinforced with TiABs is obtained and plotted against the drift ratio

as in Figure 49. Residual drift is the permanent deformation of the pier after each cycle or drift.
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Figure 49. Residual Drift: Pier Reinforced with TiABs

3.6 Summary

The design of the cast-in-place pier reinforced with TiABs followed the 2017 AASHTO LRFD
Design Specifications (AASHTO 2017) to the extent possible.

Guide for Testing Reinforced Concrete Structural Elements under Slowly Applied Simulated
Seismic Loads (ACI 374.2R-13) was used to obtain the quasi-static cyclic loading protocol for
the experiment testing of the pier reinforced with TiABs.

The pier reinforced with TiABs was tested up to the failure point.

Average 28 days compressive strengths of the footing and the pier concrete was found to be
5,614 psi and 4,928 psi, respectively.

Observations from testing showed rocking and bond-slip of TiABs at the pier-to-footing
interface. This was mainly due to application of smooth TiABs. Spirals made of TiABs and

spliced using mechanical clips in the plastic hinge were very effective to provide confinement
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and prevent buckling of the longitudinal bars. During larger drift ratios, buckling of
longitudinal TiABs occurred. It is possible that some of the spirals were yielded, however there
was no fracture or splice failure of TiABs spirals throughout the testing.

The failure mechanism for the pier was fracture of longitudinal rebars during cycles of large
drifts (e.g., nearly 10%).

The hysteresis loop from the testing was pinched but stable in push and pull cycles.

The ultimate load applied to the pier during the testingwas 21.42 kip and the displacement of
pier at maximum load was 4.97 in. which corresponds to 6.38% drift ratio.

Caltrans Moment-Curvature (M-¢) analysis was carried out to obtain the global yield curvature
and yield moment from the experimental results. The yield point was found to be at 7.32E-03
radians curvature corresponding to 104.9 kip-ft moment capacity.

The base shear at yield was found to be 16.19 kips with displacement of 1.09 in. (1.39% drift
ratio).

The overstrength factor (Qq) of the pier was 1.32; the displacement ductility at the ultimate
base shear and failure points were 4.56 and 8.52, respectively.

More energy was dissipated with increasing drift ratios; however, first loop of cycle dissipated
more energy than second loop of cycle which indicates strength degradation of the pier under
cyclic loads. The total energy dissipated for the pier reinforced with TiABs was 210.29 kJ.
The plastic hinge length was obtained to be 23.57 in. The distribution of curvature along the
height showed that yielding occurred in plastic hinge region of the pier, and height above it
approached, but never reached the yield point.

Overall, the pier reinforced with TiABs performed well and achieved higher values of ductility

before failure.
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CHAPTER 4.CIP PIER REINFORCED WITH NORMAL STEEL REBARS

4.1 Introduction

This chapter presents the design, construction, and testing of the cast-in-place (CIP)
cantilever pier reinforced with normal steel rebars. The purpose of the CIP pier reinforced with
normal steel bars is to have a benchmark specimen to compare results against the pier reinforced
with TiABs. The design of the benchmark strictly followed the 2017 AASHTO LRFD Design
Specifications [25].
4.2 Testing Arrangement and Design Consideration

A large-scale specimen reinforced with normal steel rebars and spiral was considered for the
large-scale experimental testing. This specimen was supposed to act as the benchmark specimen
for comparison with the pier reinforced with TiABs. The pier was designed using basic reinforced
concrete analysis. The moment capacity for the pier was obtained and number of longitudinal
rebars required was calculated. The calculation of the moment capacity to obtain the number of
normal steel rebars is presented in Appendix A.
4.2.1 Design of CIP Pier Reinforced with Normal Steel Rebar

The dimensions of the CIP pier were identified from the prototype structure discussed in

the earlier chapters; however, the amount of steel reinforcing to be used were designed from the
2017 AASHTO LRFD Design Specifications (AASHTO 2017). The diameter of the pier used was
18 in. The moment capacity of the pier was calculated to be around 150 kip-ft under a 50-kip axial
load for the pier reinforced with normal steel rebar. This was calculated by calculating the total
compression inthe concrete, total compression in the compression steel and the total tension in the
tensile steel. To meet the moment capacity, the number of 60 ksi steel rebar was found to be 12
number 6 rebars. The diameter of the longitudinal bars, i.e., #6 rebar used was 0.75 in. Similarly,
#3 (0.375in.) steel spiralswith 1.5 in. of pitch were used in the columnto confine the concrete. A
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1.5in. cover was used for calculation. The column was constructed octagonal in shape for the ease
of construction. The column detail for the pier reinforced with steel bars and spirals is presented
in Figure 50.

The detail of the footing for pier reinforced with normal rebar was kept identical to the
footing used for pier reinforced with TiABs. The design of footing is discussed in Section 3.3.1.
The footing details for the benchmark pier is presented in Figure 19. Similarly, at the interface of
the column and footing, the pitch of the spirals was set to be 1.5 in. to provide more confinement.
Also, the spirals had one and half extra turn and were tied together using mechanical splices. This
was identical to what presented for the pier with TiABs in the previous chapter. The pier-to-footing

interface detail is shown in Figure 50.

a) b)
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MECHANICAL WITH 1.5" PITCH
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Figure 50. Pier Reinforced with Normal Steel Rebar: a) Column Detail, b) Column-Footing
Interface
The details of the cap for mounting of the actuator to the pier was identical to the pier with

TiABs. The reinforcing details of the pier reinforced with normal steel rebars are presented in

Figure 51.
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4.2.2 Construction

Construction sequence for the benchmark pier was identical to the sequence discussed in
Chapter 3.3.2 for the pier reinforced with TiABs. However, for the benchmark specimen, there
was no need of using rebar chairs/spacers as the whole specimen was made of the same grade of

reinforcing bars and materials (refer to Figure 52 and Figure 53).

e) Footing Transportation

Figure 52. Construction Sequence of Footing: Pier Reinforced with Normal Steel Rebar
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b) Finished Cap c) Finished Test Specimen

Figure 53. Construction Images: Pier Reinforced with Normal Steel Rebar
4.2.3 Material Properties

Materials used for the construction of the pier were normal weight concrete and grade 60
rebars. Both longitudinal and transverse reinforcement of the pier were made of grade-60 steel
rebars with a modulus of elasticity 29,000 ksi. Minimum yield strength and the ultimate strength

for grade-60 rebars were 60 ksi and 90 ksi respectively.
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The design compressive strength of the concrete for the pier and footing was 4,000 psi. The

average 28-day compressive strength (f’c) of the pier and footing were 4,850 psi and 4,630 psi

respectively. The summary of the compressive strength is shown in Table 9.

Table 9. f’c Values for Footing and Pier in (psi) [17]

Test 1 Test 2 Test 3 Test4 Average
Footing 3,980 4,740 4,450 5,330 4,630
Pier 5,280 4,680 4,97- 4,460 4,850

4.3 Test Setup
The schematics for the test setup of the pier reinforced with normal steel rebars is presented

in Figure 54. This was identical to the pier reinforced with TiABs (Figure 34).

Hydraulic-Ram

/ Actuator
Load Cell

T CIP Pier Reinforced with
Normal Rebar

Strong Floor

g

| I

0 T 01 T 1T — 1T 1T T 1 1 1

Figure 54. Schematic of Test-Setup: Pier Reinforced with Normal Steel Rebars

The instrumentation plan, axial load, and loading protocol for the benchmark pier were

identical to those presented in the previous chapter for the pier reinforced with TiABs.



The targeted values of drift and the actual values of the drift were slightly different from
each other. This was due to deflection of the reaction frame. A summary of the targeted values and
actual values of drift is presented in Table 10.

Table 10. Lateral Loading Protocol for Cantilever Column: Normal Steel Rebar [17]

Targeted Values Actual Values
Cycle A (inch) Drift (%) A (inch) Drift (%)
1 0.20 0.26 0.16 0.20
2 0.35 0.45 0.26 0.33
3 0.69 0.88 0.46 0.59
4 1.38 1.77 0.86 1.10
5 2.08 2.67 1.50 1.93
6 2.77 3.55 2.15 2.76
7 3.46 4.44 2.84 3.64
8 4.15 5.32 3.50 4.49
9 5.54 7.10 4.86 6.23
10 6.23 7.99 5.54 7.10
11 6.92 8.87 6.23 7.99
12 7.61 9.76 6.94 8.90
13 8.30 10.64 7.71 9.89

4.4 Testing Results

Hairline cracks were observed at bottom section of the pier during the first cycle (0.26 %
drift ratio). The cracks were measured and marked on the pier at each drift ratio throughout the
testing.

During the second cycle, i.e., 0.45 % drift ratio, more cracks were observed in between the
18 inand 36 in (457.2 mm and 914.4 mm) region above the footing. Also, the hairline cracks at
the base opened to 1 mm in width. Width of the cracks increased at increasing cycles and drift
ratio. At the drift ratio of 2.67 %, i.e., fifth cycle, the cracks opened up-to 4 mm and concrete began
to spall at the plastic hinge region of the pier. Also, more cracks showed up at the height of 36 in.
(914.4 mm) and above from the top of the footing. As the drift ratio increased, opening of the

cracks got bigger and more cracks appeared right above the opening. The breaking of the
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longitudinal bars could be identified either by large or small pop sounds or by peaking from the
opening to inside. Failure and buckling of the longitudinal bars occurred during the 9.76 % drift
ratio (12" cycle). At the same time, significant strength loss was noticed at thirteen cycle (drift
ratio of 10.64 %) with rupture of two additional rebars which marked the end of the test. There
was no rocking or significant bond-slip observed in the plastic hinge zone of the pier. Figure 55
presents the damage progression in the plastic hinge region of the pier reinforced with normal
rebar. There was no damage to the footing which was designed to remain elastic throughout the

testing.
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5.32% Drift

Ruptured Bar

10.64% Drift

8.87% Drift

Figure 55. Damage Progression: CIP Pier Reinforced with Normal Steel Rebars [17]
Figure 56 and Figure 57 present the Force-vs-Drift and backbone plots for the benchmark

pier. The maximum load applied to the pier during the testing was 37.89 kip at 1.71 in.
displacement (2.19% drift ratio). The maximum displacement of the pier during the testing

procedure was 7.7 inch which corresponded to 9.89 % drift ratio.
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Figure 56. Force-Drift Hysteresis: Pier Reinforced with Normal Steel Rebars (Benchmark)
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Figure 57. Backbone Curve: Pier Reinforced with Normal Steel Rebars (Benchmark)
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Table 11 presents a summary of the performance points for the benchmark specimen.

Table 11. Summary of Performance Points: Pier Reinforced with Normal Steel Rebars

Yielding Ultimate
Displacement Drift Base Shear | Displacement Drift Base Shear
(in.) (%) (Kip) (in.) (%) (Kips)
0.31* 0.40* 25.58* 1.71** 2.19** 37.8**

*Design capacity and yield displacement/drift from analytical calculations
**Experimental results

The amount of energy dissipated per cycle for the pier with normal steel rebar is plotted in

Figure 58. The total energy dissipated for the pier reinforced with normal steel rebar was 455.7 kJ.
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Figure 58. Energy Dissipation Plot: Pier Reinforced with Normal Steel Rebars (Benchmark)
The distribution of curvature along the height of the pier at peak of each drift ratio is
evaluated and is presented in Figure 59. The pier yielded and failed within the plastic hinge region.
According to Priestley et al. [23], the plastic hinge length was calculated to be 13.67 in. (refer to
Appendix E). The distribution of curvature along the height showed that yielding occurred in the
base of the pier, i.e., 0-18 in. of the pier. The height above 18 in. approached yielding but remained

elastic throughout the testing.
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The residual drift for the pier reinforced with normal rebars is plotted against the drift ratio
in Figure 60.
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Figure 60. Residual Drift: Pier Reinforced with Normal Steel Rebar
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4.5 Summary

A benchmark pier reinforced with normal steel rebars was tested up to failure point.

The instrumentation plans, test setup, and load protocol were identical to the pier reinforced
with TiABs in the previous chapter.

Average 28 days compressive strengths of the footing and the pier were found to be 4,630 psi
and 4,850 psi, respectively.

Observations from testing were similar to what can be expected from testing of a well -detailed
cast-in-place pier. There were several large cracks in the plastic hinge zone. The pier achieved
good levels of ductility and capacity. There was no rocking or significant bond-slip observed
in the plastic hinge zone of the pier

The ultimate base shear capacity of the pier was 37.8 kip at the displacementof 1.71in. (2.19%
driftratio).

The base shear at yield was found to be 35.1 kip at the displacement of 0.90 in. (1.15% drift
ratio).

More energy was dissipated with increasing drift ratios; however, first loop of cycle dissipated
more energy than second loop of cycle which indicates the strength degradation of the pier.
The total energy dissipated for the pier reinforced with normal steel rebar was 455.7 kJ.

The plastic hinge length was calculated to be 13.67 in. The distribution of curvature along the
height showed that yielding was concentrated in plastic hinge region of the pier, and height

above it approached, but never reached the yield point.
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CHAPTER 5. COMPARISION OF CIP PIER REINFORCED WITH NORMAL STEEL
REBARS AND TITANIUM ALLOY BARS

This chapter presents a comparison of testing results between the cast-in-place cantilever
piers reinforced with TiABs and normal steel rebars (benchmark). Both cantilever piers were
designed in accordance with 2017 AASHTO LRFD Design Specifications [25]. The design
moment capacity for both piers was 150 kip-ft. The piers had an octagonal section with a diameter
of 18 in. and a height of 88 in. The height from top of footing to center of actuator is 78 in. The
test setup and construction procedure were identical for both cantilever piers.

5.1 Hysteresisand Backbone Plot Comparison

Table 12 shows the comparison of the performance points for both CIP cantilever piers.
The table shows the base shear at yield and the maximum base shear obtained during the testing.
The displacement and drift at yielding and ultimate are the corresponding values of the base shear.

Table 12. Comparison of Performance Points

CIP Pier Yielding Ultimate
Reinforced | Displacement | Drift | Base Shear | Displacement | Drift | Base Shear
with (in.) (%) (Kip) (in.) (%) (kip)
TiABs 1.09** 1.39%* | 16.19** 4.97** 6.38** 21.42**
Steel Rebar 0.31* 0.40* 25.58* 1.71** 2.19** 37.80**
Difference 71.6 71.2 -58.0 65.6 65.7 -76.5
(%)

*Design capacity and yield displacement/drift from analytical calculations
**Experimental results

Figure 61 and Figure 62 shows a comparison of the hysteresis loops and the backbone plots
for two piers. The hysteresis plot indicates that the benchmark pier had more energy dissipation
(e.q., fatter loops) compared to the pier reinforced with TiABs. The elastic stiffness of the pier
reinforced with TiABs was 13.4 kip/in which was 63% lower compared to the stiffness of the
benchmark specimen (36.7 kip/in). The pier with TiABs also had a lower overstrength factor (1.32)

compared to the benchmark (1.48). A lower overstrength factor for the pier with TiABs would
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resultin smaller cross sections and less reinforcing for the cap beam and footings in an actual pier.
The pier reinforced with TiABs achieved a higher drift ratio before failure compared to the

benchmark specimen.
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69



5.2 Energy Dissipation Comparison

The amount of energy dissipated per cycle for the pier with TiABs is compared against the
pier with normal steel rebars (benchmark) and plotted in Figure 63. As it can be observed the
benchmark had higher level of energy dissipation compared to the pier with TiABs. The total
energy dissipated for the pier reinforced with TiABs and pier reinforced with steel rebar were
210.29 kJ and 455.7 kJ, respectively. The cumulative dissipated energy for the benchmark pier
was 54% higher than the pier reinforced with TiABs; however, the pier reinforced with TiABs

achieved larger number of cycles before failure.
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Figure 63. Comparison of Energy Dissipation

5.3 Distributionof Curvature

Figure 48 and Figure 59 show the distribution of curvature along the height of the pier at
peak of each drift ratio. The plastic hinge lengths were calculated to be 23.57 in. (1.3 times
diameter of the pier) and 12.67 in. (0.67 times diameter of the pier) for the piers reinforced with

TiABs and normal steel rebars, respectively. For both cantilever column, the distribution of
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curvature along the height showed that yielding occurred in the bottom of the pier, i.e., 0-18 in.
from top of the footing. The height above 18 in. in the pier approached the yield but remained
essentially elastic throughout the testing. The curvature at yield for the pier reinforced with TIABs
was 7.32E -03 radians compared to 6.84E-04 radians for the benchmark specimen.
5.4 Residual Drift Comparison

Residual drift is defined as the permanent deformation of the structure after a design level
earthquake. Excess residual drift would limit post-earthquake functionality and repair options.
Bridges with excessive residual drift may require full replacement. Residual drift was obtained at
each drift ratio for both piers. Testing results showed lesser residual drifts of the pier reinforced
with TiABs compared to the benchmark with normal steel rebars. At large drifts, the pier
reinforced with TiABs had almost half of the residual drift of the benchmark that can be observed
in Figure 64. In countries such as Japan, the bridge design code requires evaluation of residual

drift for the bridge at the design stage.
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5.5 Displacement Ductility

Displacement ductility values at ultimate and failure for both piers are summarized and

presented in Table 13.

Table 13. Displacement Ductility Comparison

*Displacement Ductility ()
TiABs pier Normal Steel Pier % Difference
Ultimate Base Shear 4.6 5.5 16
Failure Point 8.5 7.4 15

*Calculated using Equation 5

5.6 Summary

Observations from testing and experimental results for the piers reinforced with TiABs and
normal rebars (benchmark) were compared. The specimens had identical dimensions,
instrumentation, test setup, and were subjected to similar loading protocols.

The cracks, spalling of the concrete and non-linear deformation occurred mostly at the plastic
hinge region for both piers. However, in testing of the pier with TiABs, significant rocking
(gap opening) and bond-slip were observed at the pier-to-footing interface. This was due to
presence of smooth TiABs. In testing of the benchmark, there was no noticeable rocking (gap
opening) or bond-slip. The benchmark pier had several large cracks concentrated in the plastic
hinge zone.

Overall, the pier reinforced with TiABs appeared to have a better low-cycle fatigue
performance compared to the benchmark and was able to sustain more cycles of inelastic
deformation at large drift ratio.

Presence of flexural cracks in the plastic hinge zone of a pier reinforced with TiABs should
not compromise durability as TiABs have excellent corrosion resistance. This is not true for a

pier reinforced with normal rebars. This advantage of TiABs would reduce post-earthquake
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repairs and costs compared to a benchmark/conventional construction. For a pier reinforced
with TiABs, it is important to ensure that the risk of galvanic corrosion is eliminated (e.g., no
direct contact) if there are two metals present in the plastic hinge zone.

The vyield displacement for TiABs reinforced pier was 71.6% higher compared to the
benchmark, however, the base shear at yield was 58% lower compared to the benchmark.
The pier with TiABs had 63% lower elastic stiffness compared to the benchmark.

The displacement ductility at the ultimate base shear and failure points, were 4.56 and 8.82 for
the pier with TiABs, and 5.52 and 7.40 for the benchmark pier, respectively.

The ultimate displacement for TiABs reinforced pier was 66% higher compared to the
benchmark pier.

The total energy dissipated for the pier reinforced with TiABs and the benchmark were 210.29
kJ and 455.7 kJ, respectively. The dissipated energy for benchmark pier was 54% higher
compared to the pier with TiABs.

The plastic hinge lengths for the pier with TiABs and the benchmark were calculated to be
23.57 in. (1.3 diameter of the pier) and 13.67 in. (0.76 times diameter of the pier), respectively.
The curvature at yield for pier reinforced with TiABs was 7.32E -03 radians, this was 6.84E-
04 radians for the benchmark.

Testing results showed lesser residual drifts of the pier with TiABs. At large drifts, TiABs

reinforced pier had almost half of the residual drift of that with steel reinforced pier.
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CHAPTER 6. MECHANICAL SPLICES FOR TITANIUM ALLOY BARS

This chapter presents some preliminary investigation for identifying appropriate and
commercially available mechanical couplers for splicing of TiABs. Since TiABs are more
expensive compared to normal rebars, it is necessary to limit their quantity and use in bridge piers
(e.g., plastic hinge zone only). Products from a well-known producer of mechanical couplers in
the United States was considered for this research. A few mechanical couplers were investigated
for splicing of #5 and #6 smooth and pseudo-threaded TiABs (grade 5). Tensile testing was carried
out in accordance with ASTM A1034 to address the 2017 AASHTO LRFD requirements
[24],[25]and a suitable coupler was identified.

6.1 Introduction

To splice two pieces of TiABs, the bars must be joined together so that the force is effectively
transferred from one bar to another without any premature failure or damage to the coupler.
Mechanical splice is a common method of splicing rebars where a coupler or a sleeve is used to
splice two bars. The major advantage of using mechanical splice is to avoid congestion and have
greater flexibility for designers and engineers. Mechanical couplers are more cost-effective
compared to lap-splices, especially for materials such as TiABs. There are various types of
mechanical couplers for normal and high strength rebars. In this research, three types of
mechanical splices produced by Producer ‘X’ in the United States are investigated for splicing of
TiABs.

Tensile testing is carried out to investigate the adequacy of the couplers/splices. The tensile
test is to determine stress-strain relationships. It is a simple uniaxial test that consists of slowly
pullinga sample of a material intension until it breaks. The typical testing procedure is to deform
or ‘stretch’ the material at a constant speed. The load and displacement in the specimen are
monitored throughout the testing
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6.2 Testing Arrangement and Design Consideration
No. 5 and No. 6 TiABs with and without pseudo threads were considered for splicing

(Figure 65).

Figure 65. Smooth and Pseudo-Threaded Titanium Alloy Bars

A tension test of a TIAB was also carried out to obtain some of the important mechanical
properties for #5 (0.625 in. diameter) and #6 (0.750 in. diameter) bars. The testing matrix for the
bar itselfis presentedin Table 14. The specimens were loaded in a universal testing machine and
slowly pulledin tension until they ruptured. The specimens were tested in accordance with ASTM
E8 and A370 [26],[27]. The grip length for each specimen was kept at 8 in. The length of each
specimen was 30 in. which provided 14 in. bar length between the grips due to gripping
requirements of the testing.

Table 14. Tension Test Matrix: Pure Bar

Specimen ID Bar No. Diameter (in.) Description
T1 #5 0.625 Tension Test
T2 #6 0.750 Tension Test

Mechanical splices produced by Producer ‘X’ were considered for TiABs. Three different
mechanical splices were selected. The bars were #5 and #6 with and without pseudo-threads. The

three mechanical splice systems were as follows:
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1) Coupler with Shear Screw (Specimen ID: Coupler ‘A’)
2) Coupler with Gripping Technology (Specimen ID: Coupler ‘B’)
3) Coupler with Taper-Threaded and Gripping Technology (Specimen ID: Coupler ‘C’)
6.2.1 Splicing of TiABs with Coupler ‘4’
Coupler ‘A’ produced by Producer ‘X’ uses a shear screw to splice the bars. They can be
either epoxy-coated or uncoated. The bars are inserted through the two ends until they touch the
positive center inside the coupler. Next, the twist-off screws of the coupler are tightened using an

impact wrench and a socket on both sides of the coupler. The coupler ‘A’ and a sample spliced

TiAB is shown in Figure 66. The datasheet for Coupler ‘A’ is attached in Appendix F.

Figure 66. Coupler ‘A’

Three tests were carried out using coupler ‘A’. The testing matrix is presented in Table 15.
Specimen Al (#5) and A2 (#6) were made of pseudo-threaded TiABs whereas specimen A3 was
smooth and much larger in diameter (#14). The specimens were subjected to tensile loading in a

universal testing machine in accordance with ASTM A1034 [24]
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Table 15. Tension Test Matrix: Coupler ‘A’

Specimen | Diameter | Product Code | Number of Description
ID (in.) Tests
Al 0.625 05ZBA 1 #5 pseudo-threaded bar
A2 0.750 06ZBA 1 #6 pseudo-threaded bar
A3 1.750 14ZBA 1 #14 smooth bar
6.2.2 Splicing of TiABs with Coupler ‘B’

Coupler ‘B’ produced by Producer ‘X’ uses a cold swaged steel sleeve and is installed in
situ with overlapping bites. Each bar is inserted from one end. Once the bars are inserted inside
the coupler, the coupler is squished using a portable press. Coupler ‘B’ is shown in Figure 67 and

the datasheet is attached in Appendix G. In Figure 67, the spliced deformed bars are just

indicative. In this research Coupler ‘B’ was used for splicing of TiABs with pseudo threads.

Figure 67. Coupler ‘B’

Two tests were carried out using a Coupler ‘B’. The testing matrix is presented in Table 16.

Table 16. Tension Test Matrix: Coupler ‘B’

Specimen ID | Diameter (in.) | Product Code | Number Description
of Tests
Bl 0.625 05XL 1 #5 pseudo-threaded bar
B2 0.750 06 XL 1 #6 pseudo-threaded bar
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6.2.3 Splicing of TiABs with Coupler ‘C’

Coupler ‘C’ produced by Producer ‘X’ uses a cold swaged steel sleeve and is thicker and
designed specifically for use with high-strength bars. The male and female taper threaded coupler

components maintain the full cross-sectional area of the reinforcing bar. The concept of the

Coupler “C’ is shown in Figure 67 and the datasheet is attached in Appendix H.

Six tests were carried out using Coupler ‘C’. The testing matrixis presented in Table 17.

Table 17. Tension Test Matrix: Coupler ‘C’

Specimen ID Diameter Product Code | Number Description
(in) of Tests
Cl1,C2,C3 0.625 XTO5F and 3 #5 pseudo-threaded bar
XTO5M
C4, C5, C6 0.750 XTO6F and 3 #6 pseudo-threaded bar
XT06M
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6.3 Test Setup

Tensile testing was performed in accordance with ASTM A1034 [24]. Once the specimen
was prepared, a series of measurements were made prior to start of the test. Table 18 shows the
description of the important parameters used in the testing.

Table 18. Initial Measurements for Tensile Test of Couplers

ID Description
Dinitial Initial diameter of the titanium alloy bars
L initial Total length of specimen after installation of the mechanical coupler
Lrinal Final length of each bar after fracture
Drinal Diameter of bar at the point of fracture (3 measurements for precision)

All tests were uniaxial that consisted of slowly pullinga sample intension until it ruptured.
Figure 69 illustrates a typical tensile test setup for the samples. Figure 70 presents a photo from

testing of one of the samples.
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6.4 Testing Results

This section presents observations and results from tensile testing of TiABs with different

mechanical couplers.

6.4.1 Without Coupler

Table 19 presents a summary of the dimension’s measurements for specimens T1 and T2

before and after testing. These specimens were pseudo-threaded and tested in tension without any

mechanical couplers. In this table, the final diameter is measured at the point of fracture. The

changes in diameter of the specimens after the test were found to be 11.8% and 11.3% for

specimens T1 and T2, respectively. The length change was 3.96% for T1 and 5.21% for T2. Table

20 presents a summary of the results from tensile testing. The Stress-Displacement plots are

presented in Figure 71 and Figure 72.

Table 19. Dimension Measurements: Pseudo-Threaded TiABs without a Coupler

Specimen | Dinitiat | Luinitial Lrinal Drinal (in.)
(ln) (ln) (ln) Dfinal 1 Dfinal 2 Dfinal 3 Dfinal average
T1 0.625 30 31.188 0.564 0.550 0.540 0.551
T2 0.750 30 31.563 0.674 0.667 0.655 0.665

Table 20. Tensile Test Results: Pseudo Threaded TiABs without a Coupler

Specimen | Diameter Max Load | Stress Value Failure Mode
(in.) (Ibf) (psi)
Tl 0.625 47,880 154,452 Bar Rupture in Tension
T2 0.750 66,670 151,323 Bar Rupture in Tension
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Figure 72. Stress-Displacement Plot for T2
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6.4.2 Coupler ‘4’
All three samples with and without pseudo-threads had premature failure. The failure was
inthe form of pullout. Observations from testing showed that the screws in the coupler were unable

to develop the capacity of the bars and sliding/pullout occurred as can be observed in Figure 73.

Pullout Failure

Figure 73. Pullout Failure of TiABs with Coupler ‘A’: a) Al, b) A3

The length and diameter measurements for the three samples are presented in Table 21.
Length is the overall length of the specimen after coupler is installed, whereas final diameter is
measured at the point of failure which is on pullout side of the specimen.

The change in diameter of the specimen after the test was found to be 0.48%, 1.6% and 0%
for specimen Al, A2, and A3, respectively. The change in length of the specimen after the test was
found to be 1.0%, 2.2% and 1.0% for specimen Al, A2, and A3, respectively. The tensile stress
for Al was close to the yield strength of the bar (e.g., 140 ksi) and it is possible that this specimen
experienced some inelastic deformation. The stress values for the other two samples (A2 and A3)
were lower than the yield strength. Therefore, specimens A2 and A3 would have essentially

remained elastic during testing
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Table 21. Dimension Measurements: TiABs with Coupler ‘A’

Specimen | Dinitiar | Linitial Lrinal Dsinai (in.)
(ln) (ln) (ln) Dfinal 1 Dfinal 2 Dfinal 3 Dfinal average
Al 0.625 | 50.250 50.750 0.620 0.622 0.623
A2 0.750 | 50.188 51.250 0.736 0.738 0.741
A3 1.500 | 51.375 51.750 1.500 1.500 1.500
Table 22. Tensile Test Results: TiABs with Coupler ‘A’
Specimen | Diameter Max Load | Stress Value Failure Mode
(in.) (1bf) (psi)
Al 0.625 44,040 142,065 Pullout
A2 0.750 58,020 131,864 Pullout
A3 1.500 160,485 90,823 Pullout

The Stress-Displacement plots are presented in Figure 74 through Figure 76. Coupler ‘A’

was not able to withstand the full tensile capacity of the rebar due to premature failure (e.g.,

pullout).
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Figure 76. Stress-Displacement Plot for A3
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6.4.3 Coupler ‘B’

Testing showed that both spliced specimens were not able to withstand the full tensile
capacity of TiABs and the coupler failed instead of TiABs. However, Coupler ‘B’ was successful
in gripping the pseudo-threaded TiABs which avoided a pullout failure. Both specimens fractured
inthe middle of the coupler (Figure 77), where the stress was the highest as the load was transferred
from one TiABs to the other. The coupler failure showed that the swaged portions were effective
in gripping the pseudo-threaded TiABs. The coupler material was able to form around the
machined deformations well during the swaging process. If this was not the case, the failure mode

would have beena pullout failure.

Coupler Fracture

Y. M
2PN T

Figure 77. Coupler Fracture for TiABs with Coupler ‘B’
Results from testing of TiABs spliced with Coupler ‘B’ are presented in Table 23 and Table

24. The change in diameter of the specimen after the test was found to be 0.2% and 0.4% for
specimen B1 and B2, respectively. The change in diameter for both specimens is minimal because
of the fracture of the coupler prior to bar yielding. The change in length of the specimen after the
test was found to be 0.2% and 1.2% for specimen B1 and B2, respectively. As it can be observed,

specimen B1 failed very close to the yield point of a TIAB. It is likely that specimen B2 yielded
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as it experienced a stress value (e.g., 145 ksi) which is in excess of the minimum yield strength for

a typical TIAB (140 ksi)

Table 23. Dimension Measurements: TiABs with Coupler ‘B’

Specimen | Dinitiai | Lunitial Lrinal Dfina (in.)
(m-) (m-) (m-) Dfinal 1 Dfinal 2 Dfinal 3 Dfinal average
Bl 0.625 | 50.125 | 50.250 0.622 0.623 0.626 0.624
B2 0.750 | 50.313 | 50.938 0.745 0.748 0.748 0.747
Table 24. Tensile Test Results: TiABs with Coupler ‘B’
Specimen | Diameter Max Load | Stress Value Failure Mode
(in.) (Ib.) (psi)
Bl 0.625 43,190 139,323 Coupler Fracture
B2 0.750 63,860 145,136 Coupler Fracture

Figure 78 and Figure 79 present the stress-displacement plots for specimens B1 and B2,

respectively.
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Figure 78. Stress-Displacement Plot for B1
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Figure 79. Stress-Displacement Plot for B2
6.4.4 Coupler ‘C’

The specimens spliced with Coupler ‘C’ performed exceptionally well during tensile
testing. All specimens except one (C2) had a bar fracture failure. The failure of the bar was away
from the splice region as can be observed in Figure 80 (a & b). Specimen C2 which was a #5
TiABs had a thread strip failure as shown in Figure 80 (c) which indicates that the test pushed the
coupler material very close to its limits. Yet, the other two #5(0.625 in. diameter) spliced
specimens had bar break. Since the thread strip failure occurred in only one specimen, and the
larger bar (e.g., #6) did not have this type of failure can be argued that the failure could have been

associated with sample preparation or any existing deficiency in the coupler threads.
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Figure 80. Failure Mode of TiABs with Coupler ‘C’: a) #5 TiABs (@ 0.625”), b) #6 TiABs (@
0.75”), ¢) #5 TiABs (@ 0.625”) with Strip Failure

Results from testing are presented in Table 25 and Table 26. The change in diameter of the
specimen with #5(0.625 in. diameter) TiABs, i.e., C1, C2 and C3 was found to be 8.6%, 1.0% and
8.0%, respectively. Specimen C2 had small change in the diameter because of the thread strip
failure. The change in the diameter of the specimenwith #6(0.75 in. diameter) TiABs, i.e., C4, C5
and C6 was found to be 8.7%, 8.8% and 9.5%, respectively.

The change in length of the specimen with #5(0.625 in. diameter) TiABs, i.e., C1, C2 and
C3 was found to be 3.3%, 1.2% and 2.7%, respectively. Similarly, the change in length of the
specimen with #6(0.75 in. diameter) TiABs, i.e., C4, C5 and C6 was found to be 3.2%, 3.0% and

3.0%, respectively.

90



Table 25. Dimension Measurements: TiABs with Coupler ‘C’

Specimen | Dinitiar | Linitial Lrinal Dsinai (in.)
(ln) (ln) (ln) Dfinal 1 Dfinal 2 Dfinal 3 Dfinal average
Cl 0.627 | 52.813 | 54.563 0.570 0.572 0.578 0.573
C2 0.627 | 52.875 | 53.500 0.620 0.621 0.621 0.621
C3 0.627 | 52.875 | 54.313 0.570 0.572 0.588 0.577
C4 0.750 | 53.000 | 54.688 0.676 0.681 0.698 0.685
C5 0.750 | 52.875 | 54.438 0.676 0.685 0.692 0.684
C6 0.750 | 53.000 | 54.375 0.672 0.681 0.683 0.679
Table 26. Tensile Test Results: TiABs with Coupler ‘C’
Specimen | Diameter Max Load | Stress Value Failure Mode
(in.) (1bf) (psi)
C1 0.625 48,680 157,035 Bar Break
C2 0.625 49,260 158,917 Thread Strip
C3 0.625 49,270 158,950 Bar Break
C4 0.750 67,840 154,187 Bar Break
C5 0.750 67,660 153,776 Bar Break
C6 0.750 67,490 153,393 Bar Break

Figure 81 through Figure 88 present testing results for the samples with Coupler ‘C’.
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Figure 81. Stress-Displacement Plot for C1
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Figure 85. Stress-Displacement Plot for C5
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Figure 87. Comparison of Stress-Displacement Plot for #5 TiABs (@ 0.625 in.) with Coupler ‘C’
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Figure 88. Comparison of Stress-Displacement Plot for #6 TiABs (@ 0.75 in.) with Coupler ‘C’

Coupler ‘C’ was successful in pushing the failure away from the mechanical coupler to the
bar. Since Coupler ‘C* proved to be an appropriate mechanical coupler for splicing pseudo-
threaded TiABs, it was also investigated for the AASHTO LRFD requirements [25]. According to
AASHTO LRFD, when tested to failure, spliced specimens should achieve more than 125% of the
yield strength of the bar (125% fy) or 125% of 140,000 psi. Experimentally, tensile strength of
splice system was about 112% on average of the specified yield strength of the bar. And this can
be acceptable because, normal steel, which is used to make coupler, goes to strain hardening.
However, as far as TiABs are concerned, they do not carry a large overstrength (strain hardening)
factor compared to normal or high strength rebars. TiABs have an elastic-perfectly plastic type of
behavior under tensile loads. Their overstrength factor is generally about 1.1 compared to 1.5 or
similar for normal rebars. Therefore, the research concludes that Coupler ‘C” would be one of the

choices for mechanical splicing of TiABs.
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6.5 Summary

Mechanical splices are preferred over the lap splices for TiABs. This would result in savings
in materials costs.

Tensile testing of TiABs using three mechanical splice system produced by Producer ‘X’ in
the United States were carried out in accordance with relevant ASTM and AASHTO LRFD

requirements. The coupler systems were named ‘A’, ‘B’, ‘C’.

Mainly #5 and # 6 TiABs with pseudo threads were investigated.

Coupler’s ‘A’ and ‘B’ were not effective in splicing of TiABs. Coupler ‘A’ had pullout failures
while Coupler ‘B’ failed in tension.

Coupler ‘C’ was effective in splicing of #5 and #6 TiABs. All samples developed their
capacity and failed outside the coupling region, except one sample that was #5 and had a strip
thread failure in the coupler region.

Coupler ‘C’ proved to be an appropriate mechanical coupler for splicing of pseudo-threaded
TiABs. The coupler was successful in pushing the failure away from the mechanical coupler
region and in to the TiABs.

Tensile strength of splice system with Coupler ‘C” was in close compliance with AASHTO
LRFD Requirement for spliced specimensto achieve more than 125% of the yield strength of
the bar (125% fy). Given the lower strain hardening of TiABs, Coupler ‘C’ can be used to

splice TiABs in tension zones.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

Recently, TiABs have emerged as a new advanced material in the civil engineering industry.
TiABs have been used in retrofitting of concrete bridges in the United States. Due to lower
maintenance cost, TIABs have proved to be less expensive than other materials in terms of life-
cycle costs over a span of 50 years or more when it comes to retrofitting of existing bridges. Great
corrosion resistance, high strength to weight ratio, flexibility, ductility, and composite
compatibility features of TiIABs make them a potential material for construction of new structures
in seismic and corrosive environments. In this research, a new bridge pier system was introduced
that incorporated both seismic resiliency and durability in a single package. The research
introduced TiABs for flexural and transverse reinforcing in bridge piers and focused on its
applicationon construction of structures located in seismic and corrosive environment.

A large-scale cantilever bridge pier reinforced with TiABs rebars and spirals was tested under
quasi-static cyclic loading protocol to demonstrate seismic resiliency of TiABs, and results were
compared against a benchmark specimen reinforced with normal rebars and spirals. The design of
the cast-in-place cantilever pier followed the AASHTO LRFD Design Specifications to the extent
possible. Both piers were tested up to failure points. The hysteresis plots showed that steel
reinforced pier had fatter loop and more area of loop compared to the TiABs reinforced pier which
had pinched hysteresis. TiABs have a lower overstrength factor compared to normal rebars which
reduces construction and materials cost for the capacity protected elements (e.g., footing, cap beam
etc.). The pier reinforced with TiABs outperformed the pier reinforced with normal steel rebars in
terms of ultimate ductility. The yield displacement for TiABs reinforced pier was 71.6% higher
compared to the pier reinforced with normal rebars (benchmark). However, the base shear for the
pier reinforced with TiABs at yield was 58% lower compared to the benchmark. The ultimate
displacement for TiABs reinforced pier was 66% higher compared to benchmark pier, however,
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the ultimate base shear was 76% lower compared to the benchmark pier. The pier with TiABs had
lower overstrength factor (1.32) compared to the benchmark (1.48). The displacement ductility at
the ultimate base shear and failure points, were 4.56 and 8.82 for the pier with TiABs, and 5.52
and 7.40 for the benchmark pier, respectively.

The total energy dissipated for the pier reinforced with TiABs and pier reinforced with steel
rebar were 210.29 kJ and 455.7 kJ, respectively. The total dissipated energy for steel reinforced
pier was 54% higher than TiABs reinforced pier, but the pier with TiABs achieved larger number
of inelastic cycles. For both piers, more energy was dissipated with increasing drift ratios;
however, firstloop of cycle dissipated more energy than second loop of cycle which indicated the
strength degradation of the pier. The plastic hinge length obtained to be 23.57 in. (1.3 times the
diameter) for the pier reinforced with TiABs and 13.67 in. (0.76 times the diameter) for the
benchmark specimen. The distribution of curvature along the height for both piers showed that
yielding occurred in plastic hinge region of the pier, and the height above the plastic hinge zones
remained essentially elastic

Observations from testing showed that the cracks, spalling of the concrete and non-linear
deformation occurred mostly at the plastic hinge region for both piers. The pier with TiABs had a
gap opening at the base of the pier with considerable bond-slip in the smooth TiABs. The
benchmark specimen had more distributed cracks in the plastic hinge zone and performed similar
to what can be expected from a well seismically detailed pier. Testing results showed lesser
residual drifts of the pier with TiABs. At large drifts, TiABs reinforced pier had almost half of the
residual drift of that with steel reinforced pier.

TiABs have less modulus of elasticity compared to normal rebars. The lower modulus of

elasticity means that during smaller earthquakes, TiABs would not yield, and would have fewer
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flexural cracks in the plastic hinge region. Presence of flexural cracks should not be a durability
issue for TiABs as they offer excellent corrosion resistance.

In the second part of the research, in order to keep the quantity of TiABs limited (due to their
higher cost), tensile testing of spliced TiABs were performed to identify and explore suitability of
some available splicing systems for TiABs. Three different coupler systems from Producer ‘X’ in
the United States were investigated. One of these systems, Coupler ‘C’, proved to be an appropriate
mechanical coupler for splicing of #5 and #6 TiABs with pseudo threads. The coupler was
successful in pushing the failure away from the mechanical coupler to the bar. The coupler was
close to satisfy the current requirements from AASHTO (e.g., 125% of yield strength)

Based on the results of the testing, TiABs have good potential for applications in civil
infrastructure. However, further investigation into the use and performance of TiABs in concrete
structures is needed. Some of the recommended research topics for future studies are:

1) Analytical and finite element modeling of the pier reinforced with TiABs.

2) Repeating the testing in this research with pseudo-threaded TiABs instead smooth bars. This
can improve energy dissipation and seismic performance (e.g., less bond-slip and rocking).

3) Establishing strain limits for damage control and serviceability of the bridge piers reinforced
with TiABs.

4) Performance-based seismic design of bridges reinforced with TiABs.

5) Shake table testing to study the dynamic behavior of piers reinforced with TiABs.

6) Splicing of TiABs with other couplers and under tension/compression cyclic loads.

7) Galvanic corrosion of TiIABs when in contact with high strength steel alloys (e.g., mechanical

couplers)
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8) Identifying appropriate retrofitting solutions for structures reinforced with TiABs in seismic
regions.

9) Behavior of TiABs and the effect of rebar size on ductility and bond-slip.

10) Loss assessment and life cycle cost for bridges reinforced with TiABs.

11) Bond properties and behavior of TiABs with concrete under cyclic loading.

12) Development of guidelines and analytical models for structures incorporating TiABs.
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APPENDIX A: Moment Capacity of Pier Reinforced with Steel Rebar

Column steel
Diameter of column =
Cover =
Dia of Stirrups (#3) =
Dia of Longitudional Bars (#6) =
Ds =
Ag =
fy =
fc=
Es =

b = Ag/0.80h =

0.80h =

2/3 Ds =

Cover for rectangular =
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APPENDIX B: Moment Capacity of Pier Reinforced with TiABs

Column Titanium
Diameter of column =
Cover =
Dia of Stirrups (#3) =
Dia of Longitudional Bars (#6) =
Ds =
Ag =
fy =
fc=
Es =

b = Ag/0.80h =

0.80h =
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Cover for rectangular =

Strain in left end:
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actual circular column equivalent rectangular column
0.002 FIGURE 109 Replacing a circular column with an equivalent
-0.003 rectangular one.
8.64 in
0.0020625 > fylE = 0.009032
So, Yields
0.00140209

So, Does not yield

A's (3.5#6 on top and 3.5#6 on bottom) = 1.546252634 in2

a=0.85c =
Cc =0.85ab f'c =
C's =f'sA's - 0.85A's f'c =
Ts=¢es Es As=
+0.002

€ %

By Statics,
Pn=
Mn =

®dMn =
So, USE 7 #6 Titanium Bars

7.344 in
-441.249255 k @ 8.028 in
-211.21811 k @ 9in

33.60377158 k

£
/‘I\Mn
~0.003 Tz Cc C's

618.8635928 k @ 4.5 in

2658.425836 k-in
221.5354864 Kk-ft
143.9980661 k-ft
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APPENDIX C: Experimental Results for Compressive and Tensile Strength: Footing

28-Days cylinder test:

Diameter/ in Average Dia/in. [Area/ in2 |Force/ Ibs |Compressive Strength/ psi
A 3.991| 3.980| 3.986 3.985 12.473 69790 5595.13
B 3.981| 3.999( 3.980 3.986 12.481 69380 5559.01
C 3.971| 4.004| 3.980 3.985 12.470 70920 5687.15
Average Compressive Strength: 5613.76|psi
Compressive Strength = P/A
28-Days Split Cylinder:
Diameter/ in Average Dia/in. [Length/in |Force/ Ibs |Tensile Strength/ psi
A 5.944| 5.970| 5.954 5.956 12.000 32510 289.58
Average Split Tensile Strength: 289.58 psi
Tensile Strength = 2P/pi*DL
Test Day cylinder test:
Diameter/ in Average Dia/in. [Area/ in2 |Force/ Ibs |Compressive Strength/ psi
A 3.991| 4.022| 3.973 3.995 12.534 80380 6412.99
B 3.948| 3.999| 3.980 3.975 12.411 89860 7240.45
C 3.952| 3.964| 3.991 3.969 12.370 86900 7024.91
Average Compressive Strength: 6892.79|psi
Compressive Strength = P/A
Test Day Split Cylinder:
Diameter/ in Average Dia/in. [Length/in |Force/ Ibs |Tensile Strength/ psi
A 5.940| 6.055| 5.989 5.995 12.100 48480 425.49
Average Split Tensile Strength: 425.49(psi

Tensile Strength = 2P/pi*DL
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APPENDIX D: Experimental Results for Compressive and Tensile Strength: Column

28-Days cylinder test:

Diameter/ in Average Dia/in. |Area/ in2 |Force/ Ibs [Compressive Strength/ psi
A 3.992| 3.980[ 4.040 4.004 12.592 59840 4752.41
B 3.980( 3.999| 3.975 3.985 12.470 63960 5129.02
C 3.971| 4.004| 3.980 3.985 12.470 61140 4902.88
Average Compressive Strength: 4928.10|psi
Compressive Strength = P/A
28-Days Split Cylinder:
Diameter/ in Average Dia/in. |Length/in |Force/ Ibs |Tensile Strength/ psi
A 5.995[ 5.990| 5.989 5.991 12.000 33211 294.07
Average Split Tensile Strength: 294.07 |psi
Tensile Strength = 2P/pi*DL
Test Day cylinder test:
Diameter/ in Average Dia/in. |Area/ in2 |Force/ Ibs [Compressive Strength/ psi
A 4.038| 3.980| 3.972 3.996 12.543 72170 5753.65
B 4.021| 4.028| 3.975 4.008 12.616 73310 5811.04
C 3.971] 3.984| 3.972 3.975 12.412 76090 6130.43
Average Compressive Strength: 5898.37| psi
Compressive Strength = P/A
Test Day Split Cylinder:
Diameter/ in Average Dia/in. |Length/in |Force/ Ibs | Tensile Strength/ psi
A 5.975| 5.989| 6.054 6.006 12.013 37540 331.25
Average Split Tensile Strength: 331.25|psi

Tensile Strength = 2P/pi*DL
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APPENDIX E: Plastic Hinge Calculation
(Plastic Hinge Calculation, Priestley et. Al. (2007))

A) For TiABs
H= 78 inch (Height of the pier)
fy= 140 ksi (Longitudional bar yield strength)
Fye = 154 ksi (Fye = 1.1*longitudional bar yield strength)
dbl = 0.75 inch (Diameter of longitudional bar)
So,
| sp = 17.33 lep = 0.15F,.dy,
Now,
Lp= 23.57 inch (Plastic Hinge, L, = 0.08H + 1,

B) For 60 ksi steel rebar
= 78 inch (Height of the pier)

= 60 ksi (Longitudional bar yield strength)
Fye = 66 ksi (Fye = 1.1*longitudional bar yield strength)
dbl = 0.75 inch (Diameter of longitudional bar)
So,
| sp = 7.43 lep = 0.15F,.dy,
Now,
Lp= 13.67 inch (Plastic Hinge, Lp =0.08H + 1L,
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APPENDIX F: Product Data Sheet: Coupler ‘A’

T 3

INCH-POUND UNITS
A SUSIDARY OF FCINDUSTRES INC.
ZAP SCREWLOK® TYPE 2 SERIES ool ISl S DMENSIONS MUMBER | AURACE Do pene]
UNCOATED & EPOXY Epmimiet igeneiibisind becusd (T) RS NS 2 T pinond | raTne
'S Mevcl| BLACK EPOXY | (&) S e e ] et ] e [PERBART Co (fLios)
#3 [10] | 03zBA |0azEA | 157 5 g 5m T 1% 2
LZN 04ZBA | 04ZEA 219 7 11, ", 1 13 3
' E . [13] he 18 2 ) o 250
#5 [16] | 052BA |05zEA | 338 9 11 3y Sig 154 4
86 [19] | 06ZBA | 06ZEA | 463 1" 13ng Sne Mae 134 5
#7 [22] | 07ZBA | O7TZEA 764 13 11 114 Weg 248 5 106 500
#8 [25] | 0azBA | 08ZEA | 110 151y |15 | tye | 74 2% 8
#9 [29] | 09ZBA | 09ZEA | 176 163/ 15/ 1 | 1y | 254 B
#10(32] | 10ZBA | 10ZEA | 215 18 | 1Mg | 179 | 1Y 23, 7 215 750
#11[38] | 11ZBA | NZEA 255 211 |19 | 1 1 | 2154 8
#14[43] | 14ZBA2 | 1azEA2| 37 18 2545 | 13 | 1w | 33 10 - mo
#18(57] | 18ZBA | 18ZEA 79 2012 | 212 | 23m | 17 | 4y 21
* CALVANZED COUPMLER ALSD AVAILASILE - SUBSTITUTE 204" FOR "ZBA" IN PANRT CODE ALL DINENSIONS ARE APPRONIMATE
ZAP SCREWLOK? SL SERIES R |z K B [numeer [averace Jun aseacr)
UNCOATED & EPOXY il pogiistdinaint Ko catl LoD 8 '@
wovic)| BLACK EPOXY |  (ml wo | oA | w | et | e |PERBAR
#4 [13] |o4sZ8A [0asZEA| 153 5 e | Mas s 134 2
5 L & #5 [16] |05SZBA |05SZEA 259 7 1'% £ Sp 154 3 60 250
#6 [19] |06SZBA |0EBSZEA ira 9 1348 ALY e 134 2
07 [22] |OTSZBA |07SZEA 8.27 10 344 14 1V g 2Whe K
8 [25] |08SZBA [08SZEA| 024 13 1548 | e | 214 B - o0
#9 [29] |0aszBaA |09sZEA| 143 1 | 15 | 1 | 1he | 258 4
#10 [32] | 10SZBA | 10SZEA 18.3 1612 1" 1748 1's 234 5 216 750
#11[38] | 11SZBA | 11S2EA| 224 19y | 113 | 11, 11 | 2154 8
#34 [43] [14SZBA1 [14SZEAM1]| 33 153 | 254 | 134 1'% 33y ] = 2
#18(57) | 185284 [ 185284 63 2% | 2% | 23 | 1% | 4t 18 !
* GALVANZED COURLER ALBO AVAILABLE - Sus 'INE S20A° FOR "AZBA' IN PART COOE AL m?mami APFPROXIMATE
y
ZAP SCREWLOK® TRANSITIONS REBAR | ZAP PRODUCT ¢ L L . NUMBER
Wsus) | TRANSITION® | (&) w | w | e | e | x [PERBAR
) 06/04ZBA 259 7 1'% L) S 154 3
64 06/04ZBA 60 250
1 L - &5 08/052BA 378 9 1358 | Yag | "o 134 K
s 07/05Z8A
78 07/06ZBA 627 | 10% | 114 | 1Wg | g | 2 4
&5 08/05ZBA 108 500
w6 08/06ZBA 0.24 13 16 | 1148 | ™ 2% 5
an 04/07Z8BA
LARGER BAR SMALLER BAR
6 09/06ZBA
w7 09/07ZBA 143 137 15y 1'% LA™ 255 4
L) 09/08ZBA
w7 10/072Z8A
e 10/082BA 183 181 | 1Wg | 1746 | 134 | 22 5
109 10/0928A 28 750
"wr 110728BA
18 11/0828A 183 1By [ 1 | 1 114 2% 5
19 11/082BA
110 110ZBA 224 19 W 1% 1 LY 214 8
149 14/0028A
14/10 14102BA 3 153 260 134 1 3y [}
“mnm 14/112BA 350 1000
wn INVNZBA
brbys 18/142BA 50 Whyg | 2%y | 2V | 11e | 43y 12
FEPOXY & GALVANZED TRANS. ALSO AVAILABLE - SUBSTITUTE JEA  OR J0A° FOR JBA" IN PANT CODE ALL DINENRIONS ARE APPROXIMATE
SINGLE ROW DOUBLE ROW
ZAP SCREWLOK® ZAP SCREWLOK*
(SIZES #4 - #11) (SIZES #14 ~- #18)
BEFORE AND BEFORE AND
AFTER ASSEMBLY AFTER ASSEMBLY
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S

(( BarSplice DMENSIONS AND DATA SHEET Zan Screnini’
= e A

A SUBSDIARY OF FCINDUSTRES INC INCH‘POUND UNITS
ZAP STRUCTURAL CONNECTOR REBAR | ZAPPRODUCT |COUPLERL _____ OWENSIONS i) numeer TaERACE [ weac]
SIZE CODE WEIGHT |LENGTH DIA SCREWS RATING.
[Motic| STR. CONNECTOR | (1) ' P o T e el )
A L ; #4 [13] 04SZSC 085 3l 1 | Mug | 1708 s 2
#5 [18] 05SZsSC 1.53 4 1'% £ 154 T4 3 80 250
w‘| r- #8 [19] Q06SZsC 226 538 1348 Sg | 1134 iy 4
o7 [22) 07S2SC 3166 83 114 | 1veg | 2748 | 2 4
#8 [25) 08SZsSC 5.53 7' 1548 | 14s | 2548 £ 5 05 o
49 [29) 08SZsC 819 8 154 1% 255 ng 4
#10§32) 10S2SC 104 9V |1t1ng | 17hs | 2%34s | 2 5 215 750
#11 [38] 11SZSC 129 Mie 18| 11 [2154g | e 8
#34 [43] 14SZSC 198 934 2548 134 33y "he 8
#1857) 18S2SC 40 153 | 215 | 24 | 4% T 18 o e
ALL DIMENSIONS ARE APPROXIMATE
DOUBLE BARREL ZAP SCREWLOK® | RE8AR |0ousLE saRReL | coueer o L NUMBER | AVERACE BN PACT|
SiZe |PRODUCT CODE* | WEIGHT [ ENGTH|
UNCOATED & EPOXY [Movicl| BLACK EPOXY | () e w | e | s | e |PERBAR W W
#3 [10] |03DBZA |03DBZEA| 141 28 1'% ) Sie 3 2
#4 [13] |O4DBZA | O4DBZEA 138 2's 1 s ] g 2 2 80 250
#5 [18] |05DBZA|05DBZEA| 217 3 15 5 | e | Sa 3
#8 [19] |08DBZA|06DBZEA| 3.07 378 | 13ne | 34 “Sng 3 4
#7 [22] |07DBZA | 07DBZEA 6.78 533 1548 T 134 I 4 105 500
#8 [25] |oaDBZA |0sDBZEA| 102 8l2 | 124 1 134 1 5
* GALVANZED COURLER ALS0 AVALASLE - SUBSTITUTE DEZCA’ FOR 'DE2SA’ N PART COCE ALL DIMENSIONS ARE APPROXIMATE
DOUBLE BARREL ZAP TRANSITIONS | REBAR |00USUE sarse | coupien | DU {NUMBER |AVERAGE it mipacr|
UNCOATED & EPOXY size [PRODUCT CODE" | weicwT [Cencrw . |oenoan| ToRGE | AT
usus) | TRANSITION () L0 Ac | ¢ | '8 | @ |PERBAR (P-im)
L_.i r_d 43 04)03D0BZA 140 2V 1\1e 7z 54 Yy
514 05/04DBZA 220 3 11 ™ ™ ™ a
LARGER BAR 80 250
:; m:: an 37 | 1V e g 3 4
s 070SDBZA
e 76 07/06DBZA aonil (il it (el il i § 105 500
a7 Duﬂ]m 10.3 i 812 134 1 __I g 1 5
® EPURY & GALVANZED TIANS. AL S0 AVALASLE - SUBSTITUTE CEZEA ON DIZGA FOR DBZA 1N PART COBE AL CIMENSIONS ARE APPROXMATE
[ZAP SCREWLOK® MECHANICAL SPLICES AND CONNECTORS FOR REINFORCING BARS |
ZAP SCREWLOK® mechanical splices and s are with reinf g bars mlcomp!y with ASTM Mls ASTM AT06, ASTM AS96, or equal, and conslst of smoolh.
haped, steel sl with ging sides. A serles of cone-pointed hex-head screws nn ged along the longitudinal axis in one of two rows. In the case of butt splices, reinforcing
bars are Insertéd rom each end lo & unm stop. No special bar-end preparation |8 required, 50 ends can be sheared, sawed, or flame-cut, When a splice is required between fixed
points, the center pin can be knocked out P y all g the coupler sleeve 1o be slipped entirely onlo ane bar and subsequently repositioned over both bar ends being spiiced.

During splice mbly, the lally designed screws are lightened untll they embed Into the rebar surtace whereupon the heads twist off at a prescribed lightening
torque. Forces from the screws cwo vobal o&blmulom 1o interlock within the coupler wedge. The DUAL mechanical action resulls in a full positive connection for transferming
tension or compression forces from bar-to-bar. Screws can be lightened using sutable iImpact wrenches. Linear alignment i preserved across the splice by using renforcing bars
with straight ends and securing the continuation bar in the desired poaltion at the time of assembly

[ butt splices and are avallable for reinforcing bar sizes #3 through #18 {8 10~ 57 mm), and mechanical lsp are avallable for bar aizes ¥3 through #8

P

(@10~ 25 mm), per the above Dimensions and Data chans, Transition lplcn-ounalo bars of & 8lzes or & types, such as square bar or threaded rod

that comply with ASTM A775 can be means of apoxy coated Zap Screwlok® couplers shselding or remaoving the
Iwmmmum‘wmu?mu eﬂ!ﬂlmhmﬂ“ﬁpﬂmwmdﬂmm i |

ZAP SCREWLOKS® |s an engineered mechanical splice system whose of the which surrounds It, thereby providing true structural continuity
Applications Include new conulucum field repairs, splicing of column steel, boun mnton:omcnl conmh piles and dodt steel, and splicing of older types of reinforcing bars
The Zap Screwlok® system s ly used for rehab / retrofit proj g and 9 ..docleomdonbndqu highway patch and repak
projects, and splcing bars across closure pours, Zap Scrowlok® Type 2 lpllcn can bo used for h By splicing reinf bers g earthquake induced forces
Benefits nclude a feld installed spiice with easy visusl mspection, no specalized equip 3 clearance req Lap rmv center-siop nnd no rebar end preparation

Fiold ! reinforcing bars by the Zap Screwlok* method is most popular b f the sy plicity, cost effec and 3
| L0 gt of erateg s Ay 100 g e G Ryutic bae S e Sy S Sats M v aapenne. |

Whils the info d in this o s b o be -tmmummnawmmmw changes, design modiications,
mnwmmunmn without notice. AX products o d herein are W mvv:mwmmc«momum s
s of epr | nature only. Asp of st el design, evaluank dplmtmhluu Sutabifty or similar attid bility of others.

DOWNLOAD THE FREE BARSPLICE APP ﬁ
6550 oo SRl £ 9 in
@ Barsplice Products, Inc., 4900 Webster Street, Dayton OH 45414, USA CRSI
Tel: (937) 275-8700 e Fax: (937) 275-9566 e E-mail: bar@barsplice.com

Copyright © 2020, Barsphce Products, inc., “BPI®. All nights reserved. www.barsplice com MEMBER

REV.P 07/15/2020
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APPENDIX G: Product Data Sheet: Coupler ‘B’

Z Bar 5!%“:2 DIMENSIONS AND DATA SHEET m’ &

== INCH-POUND UNITS

A SUSSIDIARY OF FC NOUSTIRES INC.

REBAR XL XL|C FIELD INSTALLATION DIMENSIONS (in)
BarGrip® XL COUPLER e m SonE ez setom)
“B_ m m‘ : “ b 54 ! o! i MODEL ;"- - T -!. u
#3 [10) 0axL ORANGE 0.24 31 Ay 2 155 It |15 2 |45m ]2
L #4 [13] | oaxL PINK 0.40 4 5115 5ig 2 B8G250 |33 |13, |21 ] & [235
'._1_.‘ #5 [16) 08XL RED 068 43y 1 7 233 ava|1im|2va |63 |21
#6 [19] XL YELLOW 1.28 sy 135 B 23 558 3 [a'alr5e|sn
= 27 (22] 07XL BLUE 178 6, 19g | 1i4g 3y |eGavolet, | 3 [ap ey |8,
28 (28] 08XL BLACK 257 7 13 13/ 31, EABEAA AR
2 29 |29) 08XL RED 330 12 11548 | 134 EER Tz |3t | svenia]ets
#10 [32) 10X YELLOW 4.52 814 2346 12 413 |ecrso| & |3w|s1a|2va|en
#11 [38] 1IXL BLUE £73 9 2%y 1 s 4'n 85p |3t |83g|3tg|ein
#14 [£3) 14XL PINK 19 1 2Bpg | 1545 8 BG 140 1Ww3glady] 7 15| o
#18(87] 18XL RED 241 14 31 253 7 1 _5_11. 8 |2034]8 'l.
ALL DIMENSIONS ARE APFROXIMATE
| cotor [coupu FIELD
CODE* | WEIGHT : [BARINSERTION | PRESS
0504xL | RED [PINK| 038 37145 1148 8 34 S 139 2'he BG 250
osoaxt | o [Pinx] o0 4 Vag 13y 8 e Sy 16ig | 234
06/08XL RED| o072 4 Vg 134 1V4g 55g g 19,5 | 214
omosxe | Teeol™ voo | 4 V2 | 19s | e | "'he | % | 1w | 2 -
07/06XL YEL. 1.20 43 1 D/‘_! 13y 11y |§,,£ 2%y 2 u,“_'
osiext | [VEL 1.72 535 134 138 1 305 1548 2% 278
Q807X {BLUE 1.7% 5% 13, 194g 1 :/! 1 '/'_5 2V 27
osona | lewe] 180 617 11645 | 104 1545 | 14g 27y IV,
QS08XL BLK 2.50 6lg 1 15ng 134 154 1348 278 IVa
tooext | [BKf 380 67 2348 134 112 130 | 2%5ng | 3%ng
10/08XL RED| 382 67w | 2348 | 1%5as | 1'a | 1%4e | 3'he | 3% | BG7S0
1" 11/08XL K| are T Vg 2% 13, 154 134 25/ 457y
119 1W0eXL [BLUE|RED| 394 LAY 2% 1 154y 154 1548 3y 4\
" MAOXL YEL 438 A7 234 234 15/ 1 '/; 3 -
14110 410XL oK YEL 6.90 87 27y 23ng t Shg 115 354 8 '
14711 1411XL |8Lug| 708 87y 27n 234 11546 | 153 155 8 Va 86110
1811 XL | oen lewwe] e M9 | 3P4 234 253 154 4V 77he_|
11 | ssnaxe (Pink| 67 1% | 3%ng | 27h 253 | 1'%ns | a'a | 73ne
ALL OIMENSIONS ARE APPROXIMATE
BarGrip” STRUCTURAL CONNECTOR | FEERR | BRCHRRC mmc:‘ il e o WELDHG |
US[mene]] CODE CODE* n) W 0 s Vet W
— — —
#3 [10) [T ORANGE 0.24 3 by 2 1 e
4 13) 04L8 PINK 0.9 4 Vg 54 14 ne
w5 (18] 05LH RED 0.67 434 ' ' 3 154 Y
#6 [19) oLk YELLOW 122 8'n 13y 1548 17 [
87 (22) o7Le BLUE 172 7% 1 %ne 1 e 24 5he
o8 28] osLh BLACK 2850 ? 134 138 2 iy
29 (20| 0oLl RED 3.20 614 110/0g 1y 2% g
#10 [32) joLe YELLOW 440 oYy 2 Vg 11, 3y 14
#11 36) 11L8 BLUE 558 0 23 WAL vz e
#14 [43) Le PINK ne " 2% 1 S 4'n he
Mas? [ RED 238 " 3 W 25y o'n Ty
* o MInmum Inseson eguals (he swage lergh. Maxamum Robar Nsertion can be up 1 De A cougler kngh ALL DIMENSIONS ARE APPROOMATE

TR T
1

H SIDE VIEW

DOUBLE ROW

N W L I Y B I BN AR N




(( Bar5pli|:e DIMENSIONS AND DATA SHEET m~ AN
M

SS2SUSISRS  INCH-POUND UNITS

A SUBUDIARY OF FCINDUSTEIES INC

BPI BarGrip® SWAGING EQUIPMENT [See BarGrip Splicing Manual ( SM02 ) for more details |
BPI* Equipment Is available BG750M
IorEI:une orpun::nn MIDSIZE FIELD PRESS BG1 1 4°M
weighs 90 Ibs [41 kg] HEAVY-DUTY FIELD PRESS
ey s b e (mosty used on 38, %9, a1oaunua] weighs 200 Ibs [91 kg]
lease agreements, " #1 (mostly used on #10, #11, #14 & #18 bar)
manufacturers’ directions - El g:q -~ g 4
and all safety instructions. l : I p"q y
DO
~ |
BG400
COMPACT FIELD PRESS

[mnsﬂyusedomﬁ .7 & #8 bar)

BP2600

BENCH PRESS for swaging all sizes up to No. 18 [@ 57mm)]
weighs 1,600 Ibs [725 kgl

Double cylinder produces 300 tons of force connected

to 10 or 15 hp pump for high fabrication shop productivity.

(mostly used cn #4 & #5 bar) Pnuslndudosbo(control Icﬂmgayuandbvelngbel

BPI® swaging equipment for the installation of BarGrip® cold swaged coupling sleeves and structural connectors consists of a hydraulic
PRESS, PUMP and HOSE with suitable swaging DIES,

Press models for field swaging range In size from the BG 250 for splicing #3 - 5 reinforcement bars (210~ 16 mm), to the BG 1140M for splicing bars up
to #18 (257 mmz Each press is provided with a lifting handle and/or Iifting eye for support. With a simple change of the die set, each press is capable
of swaging multiple sizes of coupling sleeve inclusive of BarGrip XL, XL Transitions and Structural Connectors. For ease of use, dies and coupling
sleeves are stamped and color-coded to match.

A hydraulic pump (electrically-driven or gasoline-driven) connects to the press by means of a hose with quick-disconnect ends. The equipment operator
depresses a foot control to actuate the system. As the ram of the press extends and pushes the dies lowards each other, a portion of the coupling
sleeve is forced to deform around the rebar and interlock with the bar profile. When each swaging bite has been completed, a pressure switch, built into
the pump, automatically stops the process to allow the ram of the press to retract for the next bite. After a coupling sleeve has been fully swaged, the
operator simply removes the outer die pin and slides the outer die out of the press for convenient removal of the press from around the spliced rebar,

BG250

MINI FIELD PRESS
weighs 20 Ibs [9 kgl

A BP 2600 Bench Press can be utilized by the
I L e e e o rebar fabricator to efficiently Iul!-uugo coupling
[mlnv 1% HP Electric Motor 10 HP Electric Motor 18 HP Gasoline Engine sleeves to reinforcement bar ahead of shipping,
[Power Supply 115V 1-phase 230V or 460V 3-phase Battery Start thereby saving time and labor on the jobsite.
[Welght with fluid |147 1os (66 xg) 605 Ibs (274 kg) 545 s (247 kg) gOTE. In lleu of shop half-swaging with a 8';3”:"
v ~ ress, it may sometimes be riate to use a field
I‘oﬂ common use |Rebar £3 - #11 [@10-36mm] [Rebar #9 - #18 [O28-57mm)] |Rebar #9 - 918 [D28-57mm| press such as a BG 750M or BG 1140M — Contact
Comp_m / Maneuverable  |Fast / High volume jobs No power supply required BPI for assistance with your specific application.
* COLOR CODE OF COUPLER MUST MATCH COLOR OF DIE SET

While the info I d in this is belleved fo be accurate af the time of publication, BP/ reserves the nght 1o make changes, design modifications,
comechions and other revisions as it sees At without notice. ANl products d bed herein are lied in with BP/'s standavd romamcavdnmaol&h This
document is of a promotional nature only. Aspects of structural design, onluwondpro@allmu!wun ly or similar aftribut y of others.

DOWNLOAD THE FREE BARSPLICE APP

AND FOLLOW US ON SOCIAL MEDIA! nom
Barsgllce Products, Inc., 4900 Webster Street, Dayton OH 45414, USA CRSI
Tel: (937) 275-8700 o Fax: (937) 275-9566 e E-mail: bar@barsphoe com

Copyright © 2019, Barsplice Products, Inc., "BPI*. Al rights reserved. www.barsplice com MEMBER
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APPENDIX H: Product Data Sheet: Coupler ‘C’
z Bar 5 lice DIMENSIONS AND DATA SHEET
R

SS22LsiniS  INCH-POUND UNITS

A SUSISIDIARTY OF FCNDUSTIRIES INC

GRIP-TWIST®XT MECHANICAL SPLICES

COLD-SWAGED STEEL COUPLER WITH TAPER THREADED ENDS & OPTIONAL FLANGE
FOR HIGH STRENGTH, LOW CARBON, CHROMIUM STEEL BARS, ASTM A1035

FAST, EFFICIENT INSTALLATION

ELIMINATES LONG LAP LENGTHS, REDUCES CONGESTION

DEVELOPED STRENGTH - 1.25 x specified yield strength (fy) ASTM A1035 Grades 100 & 120.
ULTIMATE CAPACITY - ASTM A1035 Grades 100 & 120, equal to 150 ksi.

FULL MECHANICAL SPLICE - AC! 318-19 Chapter 18 - Exceeds specified tensile strength ()
ASTM AG15 Grade 100, equal to 115 ksi.

TAPER THREADED GRIP-TWIST® XT | REBAR |[TAPER THREADED| COUPLER WEIGHT e e

e | GRP-INETXY i (AFTER SWAGING) | GAP LENGTH
Mezic]l COLOR CODE* ww F M G
#4 (13 RED 062 0.61 214 21/ 17/ 15g 15/4g 114
#5 (18] YELLOW 118 107 | 2Vng | 2'We 2 K3 19 1 s
#6 (19) BLUE 164 157 31g Ig 27 15/g 17 215
#7 (22) RED 234 133 3155 | 3154g 3ty 13, 271g 23,
=8 [28) YELLOW 474 an 4718 47/g In 2 2% vy
#9 [29] BLUE 58 6.0 atdng | 4134 ) 21y 234 3
L j #10 [32) BLACK 53 91 53 538 4\ 234 314 35y
#11 3] PINK 10.6 10.7 854 554 a5y 2Myg A5y 4'ns
N 214 |43) RED 26 26 67/ 677y 7V 314 83/ 51g
#18 [87) YELLOW 43 a1 81y 81y TV, 43y 51345 6135

ALL DIMENSIONS ARE APPROXIMATE

GRIP-TWIST® XT TRANSITION SERIES | RESAR [XTCOLOR CODE®| COUPLER WEIGHT e

(]
SEZE TRANS. | TAPER wm' SWAGING) GAP  |INSERTION| LENGTH

54 | YELLOW| RED 128 001 21hg 214 1 Y545 S/4g 19/ 1 134

L BLUE |YELLOW| 180 1.07 3'he 2Vne 258 1'a 17m 2'm

e RED BLUE 38 1487 3 15h6 3 Vv 3 1548 2% 234

an YELLOW | RED 5.23 3.33 47ng 3 Y55 3he 13 23 3'n

1 13, T, 1 3, 1

EALLER BAR) am 8LuE |velow| e27 47 4 g 4The 3 2 234 3'n

(LARGER BAR) H 100 | BLACK | BLUE 9.9 6.0 53y 4 Yy B 2'n 3 35y
110 PINK | BLACK 10.8 0.1 855 5y 4'n 234 354 416
N 1411 RED PINK 30 10.7 o7 8 54 6'a 21\g 531 8 g

ALL DIMENBIONS ARE APPROGMATE - OTHER TRANSITION Q0TS AVAILASLE LPON REQUEST

GRIP-TWIST® XT POSITION SERIES | REBAR | GRECIWISTXT | COUPLERWEIGHT | B o[ SPACE T REBAR | MALE | END

SIZE
ES—— COLOR CODE* - LT HOGTH

84 13 RED 002 0.98 21/ 1y 33/ 505 180y 11

35 [10) YELLOW 118 175 | 2V X A T T e 1 g

#6 19} BLUE 164 206 3'he 154 8y 1 freg 17 2'a

#7 (22 RED 324 529 3 18/g 14 oy (K7} 278 204

F #8 (28] YELLOW an 1.05 4Thg 164 T\a 2 234 I

#0 [29) BLUE 58 ha 4 e 17 T 2 20 LA

#10[32) BLACK 9.3 [ 5 Ny 13, [ FE XA I8y

811 [30) PINK 10.6 0.6 55y 2'a L 2Ye 35y 4 e

ey RED 20 40 L) 2'n 2% 3 83 s "he

N | #1057 YELLOW 43 or 81y 2%, 14 3y 4y ™ 6 Wy

BOTH COURLERS) +% EACH TAPER POSITION ASSENIE ¥ (XTRSTRA] CONGIETS OF (1, ROBTION COLIER (AT, AMO (1) PRE METALLED 870 |TTAM, EACH MARRED 4T BEPWARTE CCCE PO TRACEARLITY

GRIP-TWIST® XT FLANGED SERIES | MEBAR | Grip-rwist xv [FEmaLe coupien] AR

SIZE  [w/ METAL FLANGE | wi FLANGE WEIGHT HEIGHT | WioTH LENGTH
US mere| COLOR CODE* (w) [ 8 c " A N
= 04 (13 RED 0.67 2 2he 1 5% 151¢ 1 5/90 114
o5 [10) YELLOW 126 2Mhe | 2% 2 1 1 sy 1 13e
20 (10 BLUE 112 314e 24y 2 (™ (kN 2y
B8 1 @22 RED 244 3 ng 33y 20 134 28 234
o8 (28] YELLOW 8 4 T 3 e 20 2 234 3
0 [29) BLUE X} 4 g 3Ny 234 2% 2% I
N #10 [32) BLACK 08 53y 4\ 3 FEN 3V, e
c #11 el PINK 10.8 50y 4l 3 Ya 2 e 3%y 4 '/
w14 [43) RED 27 o7 (XA 3 Wy 3y X 5

ALL DIMENBONS ARE APPROXIMATE - PLASTIC FLANGE ALSO AVALABLE FOR BIZES 84 AND #5 - ARK FOR DETALS
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(( BarSplll:e DIMENSIONS AND DATA SHEET
w

=== INCH-POUND UNITS

A SESDARY OF FCINDUSTRIES INC

™ REBAR xT THICKNESS
GRIP-TWIST® XT DoughNUT ‘sze o
B D1
[+~B-+ # 13 354 /s 1 5‘?
[~-B— P e e 17 057 217 115
#8 19 [3 1'% 234 1.02 274 198
#7 (224 6 152 234 186 aTg 432
Dy D, | * 28] N 155 3 224 4%y 5359
&9 lzq 7 5/, 1 Ti! 3 1/! 354 - 5:'! 174
#10 [32) 893 2 3% 497 5 Vg 105
L l #11[38) 93 2 4 55 51y 123
' Lm y #14 [43) 123/ 2%, 51/
#18 57) 14 5 354 6 g
TTGT XT STRUCTURAL CONNECTOR | REBAR | TAPER THREADED | STRUCTURAL
SIZE TWIST XT CONNECTOR | XT STR CONM.
w c us COLORCODE * | WEIGHT (ib) D c w
# 1y RED 0.32 t'a 1 Mng A 2y 4548
#5 (18 YELLOW 0.58 1 Vg 2 [ 2, 5y
@D # 19 BLUE 083 194 284 5/vp 21548 ]
a0* _1 #7 22 RED 1.58 1%, 3 e 3 g T3
# 25 YELLOW 224 23y 1V, [ rE7™ A%/
#9 [29] BLUE 28 23 35, %yg Ay 8y
#10 [32) BUACK 45 23, 41/ S5 § 105745
#11 [36] PINK 5.1 27y 4y s 53y 11 Y
#14143) RED 12 3 g 6 Tn 7 14 Mg
B | #14 [57] YELLOW 20 491 658 1 354 16 9ng
Lo ALL DAENSCNE ARE APPROUMATE
TRANSITION GRIP-TWIST
R‘-;l COUPLER WW!‘I’ m’{:’? TAPER o XT POSITION TIGT XT Wﬂw TIGT XT
US (Metric) [ OUMETER (n)| pEuALE | MALE wae | rewae | stuo e Tos (sab) | Tox 10As | conn PN
84 [13] 11 XTO4F XTO4M ¢ XTOMF XTO4RP XTO4PF XTO4FWFL 08TDS 08TDX XT04SC
85 [16] 135 XTOSF XTOSM XTOS04F XT04M XTOSF XTOSRP XTOSPF XTOSFWFL 06TDS 08TDX XT08SC
#0 [19] 19/ XTOSF XTOSM XTOBNSF XTO5M XTOOF XTOORP XTOGPF XTOSFWFL 07708 07TDX XTO8SC
¥7 (22 1 Wiipg XTOIF XTOTM XTOT00F XT00M XTOTF XTOTRP XTO7PF XTOTFWFL 09TDS 09TDX XT07SC
o [25) 239 XTOMF XTOSM XTORNTF XTOIM XTORF XTOORP XTOMPF XTOSFWFL 10108 WTIDX XTORSC
80 [29] 23y XTOSF XTOSM XTOMEF XT08M XTOSF XTOGRP XTOSPF XTOSFWFL 11708 170X XT0OSC
010 [32) 2%, XT10F XT10M XT1006F XTOOM XT10F XT10RP XT10PF XTI0FWFL 13108 13TDX XT10SC
811 ) 27y XT1iF XT1Mm XT110F XTHOM XT1F XT1IRP XTHPF XTHIFWFL 14TDS 14TDX XT1sc
#14 [43) 3 Wy XT14F XT14M XT111F XTHM XT14F XT14RP XT14PF XT14FWFL 18708 WTDX XT145C
818 (57) a%s XT18F XT16M XT18/14F XT14M XT18F XT18RP XT18PF E." Bl 20TDS 20T0X XT18SC
*% MATCHNG THREAD SI2E CONCIDES WITH LARGER. STANDARD GRIF.TWIST™ CoughtiT ¥

TAPER THREADED GRIP-TWIST® XT - Equipment and Installation

A Bench Press 8P2800 fitted with a two- Foce die set and rod an electrically-driven hydraulic pump is used by the rebar fabricator to efficiently

g!o Grip-Twist® XT coupler componen The equipment o| presses a foot control fo actuate the system. As the ram extends and pushes the
owudl each o(hm e coupler componont is forced to otm uound the rebar and interlock with the bar Emﬂlo When a swaging bite has been
aul stops the process and the operator retracts the ram for the next bite. For ease of use, swaging dies are color

switch a
codod to mdlcala the rebar and coupler size. Color codes are shown on Grip-Twist® XT Dimensions and Data Charts.

NOTE: Taper Threaded Grip-Twist® XT coupler components are dnmonsmnal( different from standard Grip-Twist® products. Consequently, the swaging
dies that are used 1o swage the Grip-Twist XT components are color coded differently from the swaging dies used to swage standard Grip-Twist products

* COLOR CODE OF COUPLER MUST MATCH COLOR OF DIE SET

BP2600

Bench press for swaging all sizes up to No. 18 (@ 57mm). ‘".W MM'
Double actin cylndoc roduces 300 tons of force connected
to 10 or 15 high fabrication shop productivity. Equipment must be used in
Press includes foo( conlrd lifting eyes lnd lovohng feet. x«::nmmw-.

- se agreements,
manufacturers’ directions
and all safety instructions.

i weighs 1,600 Ibs [725 kg]
While the information contained in this do is beleved 1o be te af the time of publication, BP/ reserves the nght o make changes, design (0
comections and other revisions as & sees At, without notice. Al products herein are ed in wmwxmmromcmaWJoISch This
o ot is of & pr mowAmdmmammmndmamuMuu ly Of simiar attribut ly of others.

DOWNLOAD THE FREE BARSPLICE APP

AND FOLLOW US ON SOCIAL MEDIA! nam

Barsplice Products, Inc., 4900 Webster Street, Dayton OH 45414, USA CRSI
Tel: (937) 275-8700 e Fax: (937) 275-9566 e E-mail: bar@barsplioe com

Copyright © 2020, Barsplice Products, Inc., *BPI*. All rights reserved. www.barsplice.com MEMBER

REV.G 07/132020
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APPENDIX I: AASHTO LRFD Requirement Check for Coupler <C’

THEORETICAL

Grip-Twist XT fu for coupler = 100000 psi (A519 Steel)
Inside Dia. Inside Area | Outside Dia. | Out. Area Area Coupler (Ac) *Fu/ Ib
#5 05XL 0.63 0.3068 1.375 1.4849 1.1781 in2 117809.72
#6 06XL 0.75 0.4418 1.5625 1.9175 1.4757 in2 147568.95

(*Fu = fu x Ac)

Pure Titanium

fy for TiABs = 130000 psi (TiAB class 130)
dia/in area At /in2 #Fy /b
#5 0.625 0.3068 39883.50
#6 0.75 0.4418 57432.24
(#Fy =fy x AY)

Tensile strength of splice system shall not be less than 125% of specified minimum yield strength of spliced bar

Calculated: By: Fu Coup / Fy Ti

A For #5 Fu coupler: 117809.72 Should be > 49854.38 OK) 2.954

B. For #6 Fu coupler: 147568.95 Should be > 71790.30 OK) 2.569

EXPERIMENTAL

fy for TiABs = 130000 psi (TiAB class 130)

125% fy = 162500 psi
Splice System Tensile Strenght / psi which is
D1 157,035 < 162500 120.8 % fy
D2 158,917 < 162500 122.2 % fy
D3 158,950 < 162500 122.3 % fy
D4 154,187 < 162500 118.6 % fy
D5 153,776 < 162500 118.3 % fy
D6 153,393 < 162500 118.0 % fy

Average: 120.0 % fy
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