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EXECUTIVE SUMMARY
The superior mechanical properties of shape memory alloys (SMAs) have made them one of the
most desirable smart materials applied in bridges. Due to the internal reversible martensitic
transformation, SMAs can recover large (up to 10-12%) inelastic strains upon stress removal (referred
to as the superelastic effect, SE) or with external heat stimuli (referred to as the shape memory effect,
SME). The SE are particularly advantageous for dissipating seismic energy and protecting bridges in
earthquake prone regions by substantially reducing permanent drift of bridges subjected to near-fault
earthquakes. In this report, only the superelastic effect (SE) of SMA is involved, therefore, the notation of
shape memory alloys (SMA) with superelastic effect (SE) is referred to SEAs for brevity.
Previous research on SEAs mainly focused on the nickel-titanium (NiTi) based alloy which showed
stable behavior at or near room temperature. NiTi SEAs have been shown to have the necessary
characteristics (strength, ductility, and energy dissipation capacity, among others) to be used as plastic
hinge reinforcement in bridge columns. The first successful implementation of the NiTi SEAs in the
SR99 Alaskan Viaduct Bridge in Seattle has been completed in 2017. However, certain properties of
the NiTi based SEAs such as the difficulty in machining, potential loss of superelasticity at low
temperature, and the high cost still drive the search for alternate materials.
As an alternative material to NiTi, this research investigates the use of Cu-Al-Mn (CAM) SEAs,
which are known to be cheaper and easier to machine. Considering both the manufacturing and
machining, the total cost of CAM SEAs is expected to be one-half to one-quarter of that of NiTi based
ones. More importantly, the CAM SEAs show comparable or even better superelasticity, ductility, lowcycle fatigue and corrosion resistance, and wider temperature application range than NiTi ones. At the
same time, it is known that CAM SEAs have a lower strength and lower energy dissipation capacity
compared to NiTi SEAs, which need to be considered in design. Additionally, there are currently
manufacturing challenges in producing bars longer than 300 mm and larger than 30 mm in diameter.
This report describes the research conducted under NCHRP IDEA PROJECT 210, “Material
Characteristics of Cu-Based Superelastic Alloys for Applications in Bridge Columns to Improve
Seismic Performance”. The material properties of CAM SEAs are characterized by a series of
experiments, including: low-cycle fatigue tests at various temperatures, long-term corrosion and
electrochemical tests, machinability and coupling tests, as well as cost estimation of CAM SEAs in
typical bridge columns. All the experiments and analysis on CAM SEAs are benchmarked with other
conventional materials, such as commonly used engineering steel bars and NiTi SEAs. Both intuitive
understanding and quantitative characterization are formed to fill the knowledge gap in their use in
bridge columns. The key findings of this report are described as follows.
In the low-cycle fatigue tests, it was found that the single crystal CAM SEA shows excellent
superelasticity and fatigue resistance at all tests temperatures: -40℃, room temperature, 25℃, and 50℃.
The fatigue life of single crystal CAM SEAs can be up to 50,000 cycles under 5% strain cyclic loading,
and almost no deterioration was observed in the superelastic properties of single crystal CAM SEAs in
the initial 100 cycles. The superelasticity of polycrystal CAM SEAs show comparable fatigue resistance
to the single crystal CAM, but the fatigue life was affected by the grain distribution and orientation. In
contrast, the NiTi SEAs tested in this study show poor superelasticity and fatigue resistance compared
to CAM SEAs. The NiTi SEAs lose the strain recovery completely at -40℃. At room temperature and
50℃, the energy dissipation capacity of NiTi SEAs deteriorates rapidly within less than 100 cycles.

1

However, some of these shortcomings of NiTi SEAs could be addressed by changing the NiTi alloy
composition by adding a third alloying element such as Nb or Co.
In the long-term corrosion and electrochemical tests, it was found that the corrosion on CAM SEAs
is local: it starts with local speckles and then grows into some deep pits. The mass loss and corrosion
rate of CAM SEAs is around 1/3 of mild steel. After around three years of natural corrosion, the CAM
SEAs still showed excellent superelasticity: its strain recovery and energy dissipation capacity showed
negligible degradation.
It was found that the CAM SEAs are more machinable than NiTi SEAs. When machining NiTi at
high cutting speed using standard machining tools, the tip of the insert broke completely after machining
only one specimen. While at the same cutting speed, the wear on the insert tip was around 200 um after
machining 30 specimens of CAM SEAs, this degree of wear was comparable to machining conventional
mild steel. Besides, all CAM specimens machined at high cutting speed showed a smooth and shiny
surface condition. The change in the diameter of CAM SEAs after machining 30 specimens was only
10 um more than that of mild steel.
In the coupling performance test, it was found that the heading process has almost no influence on
the strain recovery of CAM SEAs. In five CAM SEAs tests, two 20 mm diameter headed specimens
showed a ductile behavior under both cyclic and monotonic loading. The ultimate stress and strain of
two headed CAM SEA specimens coupled in series reached 450 MPa and 10%, respectively. The
heading process generally increased the elastic modulus of CAM SEAs and a post-heat treatment at
130℃ with a duration of 45 min helped soften the material.
In the cost estimation study, it was found that columns reinforced with CAM SEAs show economic
advantage over the NiTi SEA reinforced column particularly if the machining method is used to connect
the SEA bars with the steel rebar. The additional cost of CAM SEA reinforced column is only about 1/4
of the cost increase of NiTi SEA reinforced column, indicating the cost effectiveness of CAM SEA
resulting from its excellent machinability. Incorporating CAM SEA in the column plastic hinges of
earthquake-prone bridges increased the overall initial cost of the bridge by only a few percent, a cost
that is more than offset by not needing to conduct major bridge repair or replacement after strong
earthquakes. The only major impediment for real life implementation of CAM SEA composition is the
mechanical splicing, which is recommended for future research.
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1. IDEA PRODUCT
The concept of using superelastic alloys (SEA), a type of shape memory of alloy (SMA) to improve
seismic performance of bridge columns is illustrated in Figure 1-1. This project investigated the
feasibility of using a new composition of shape memory alloy (SMA), specifically, Cu-Al-Mn (CAM),
in bridge columns as plastic hinge reinforcement to improve seismic performance. Reinforcement in
concrete structures subject to earthquakes have certain requirements. These include sufficient low-cycle
fatigue life, corrosion resistance, and the ability to splice with conventional reinforcement. The latter
requirement implies sufficient machineability for certain mechanical splices. Additionally, cost is
always a primary consideration in implementation of new technologies. This project specifically
investigated these characteristics of CAM SEAs.

𝜎

𝜀

12%
– Superior machinability
– Suitable for low
temperatures
– Comes in large
diameters
Figure 1-1 Concept of using SEAs as plastic hinge reinforcement in columns to improve seismic
performance.
Prior research indicates drastic improvements to a column’s seismic performance when the plastic
hinge reinforcement is replaced with SEAs. The improvement is specifically in terms of repair needed
after the earthquake. Up to certain strain levels, SEAs do not exhibit damage under repeated loading
cycles while still dissipating energy. No damage implies no or little permanent deformations after an
earthquake. This allows for continued use of bridges with or little repair after an earthquake, reducing
downtime, cost and facilitating post-earthquake recovery efforts. If CAM SEAs are shown to be a
feasible alternative plastic hinge reinforcement, there is a great potential to improve the seismic
performance of bridges constructed in the future. This is the direct benefit of this project to DOTs,
AASHTO, FHWA, Transit and Rail Transportation agencies, as well as other transportation
stakeholders.
As described earlier, SEAs have already been implemented in a real project; namely, in the SR99
Alaskan Viaduct Bridge in Seattle, which was completed in 2017. However, using a different SEA
composition: NiTi. It was shown that NiTi SEAs can successfully be applied in bridge columns through
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research and this Alaskan Viaduct Bridge project. The motivation for this project is to determine the
feasibility of the CAM alternative which offers two main advantages over the NiTi composition: cost
and machineability. Additionally, as opposed to NiTi SEA, CAM SEA have a much wider temperature
range and less dependency on the strain rate. These characteristics are important, deserving further
research, and they could influence the adoption of this technology by the stakeholders.

2. CONCEPT AND INNOVATION
2.1. BACKGROUND
Shape memory alloys have been studied in recent years for application in bridges in moderate and
high seismic areas. There are two typical properties of SMA, one is called the shape memory effect
(SME) and the other one is called the superelastic effect (SE). In this report, only the SE of SMAs is
studied, therefore, SMAs with SE are referred to as SEAs. Due to the internal reversible martensitic
transformation, SEAs can recover large (up to 10-12%) inelastic strains upon stress removal, which is
particularly advantageous for dissipating seismic energy and protecting bridges in earthquake prone
regions while resulting in near zero permanent deformation and damage. To date, SEAs have been
widely studied as reinforcement in bridge columns, energy dissipation devices, bracing systems and
isolators.
Existing research on SEAs mainly focused on the nickel-titanium (NiTi) alloy composition, which
shows stable superelasticity, corrosion resistance and biocompatibility. Nevertheless, the NiTi based
SEAs are prohibitively expensive when used in large quantities in civil engineering applications,
difficult to process, and their relatively high austenitic transformation finish temperature, Af, leads to a
total loss of superelasticity at low temperatures (<0℃). The relative high cost, poor machinability and
narrow operating temperature prevent the wide application of NiTi based SEAs in civil engineering.
Cu-Al-Mn SEAs, which show excellent low-cycle fatigue stability, a wider temperature range, and
higher cost efficiency have shown great potential for application in bridges and recently attracted
research attention. The CAM SEAs have comparable superelastic strain recovery to conventional NiTi
SEAs with a price that is only a fraction of NiTi ones. It is shown in this report that when machining
and coupling with conventional steel rebar are taken into consideration, the added cost of replacing
plastic hinge reinforcement of columns with CAM SEAs is only about 1/4 of that of NiTi SEAs. In
addition to the excellent superelasticity and low-cost, the CAM SEA also show less dependency on
loading rate and temperature. All these advantages warrant an in-depth investigation of CAM SEA
focused on applications in bridge columns in seismic regions.
2.2. RESEARCH OBJECTIVES AND METHODOLOGY
Research to date showed promising mechanical performance of CAM SEAs as an alternative to
NiTi SEAs, particularly in bridges [1–7]. However, a comprehensive study on various characteristic
that are essential in application in bridges: corrosion resistance, low-cycle fatigue performance,
machinability and coupling, and a cost study has been lacking. This project aims to fill this important
research gap by investigating the basic material properties of CAM SEAs mentioned above. A series of
experiments and analyses were conducted to characterize the properties of CAM SEAs, namely, the
low-cycle fatigue performance at various temperatures, the long-term and electrochemical corrosion
characteristics, the machinability and coupling with steel rebar, as well as the cost of using CAM SEAs
in typical bridges columns. For comparison purposes, all the experiments and analysis on CAM SEAs
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are benchmarked against conventional materials, such as commonly used engineering steel reinforcing
bars and NiTi SEAs. To achieve the objectives of the project, the following tasks were conducted:
• A state-of-the art review of publicly available literature on the fatigue performance, corrosion
resistance, machining and coupling of both CAM SEAs and NiTi SEAs.
• Conducted low-cycle fatigue tests at -40℃, 25℃ and 50℃, up to 50,000 cycles. Three types of
materials were tested and compared: single crystal CAM SEA bars, polycrystal CAM SEA
plates, and polycrystal NiTi bars.
• Conducted long-term (three years of exposure) corrosion tests. Single crystal CAM SEA bars,
polycrystal CAM SEA plates, and four types of commonly used engineering steels: mild steel,
high chromium steel, epoxy coated steel, and stainless steel were tested under the same
conditions and compared. The mass loss, corrosion surfaces, stress-strain curves of these
materials were characterized and analyzed. Electrochemical tests on the abovementioned
materials and NiTi were also conducted.
• Conducted machinability tests on NiTi SEA, CAM SEA, and mild steel. By machining these
materials under similar conditions, the wear on the machine insert and the diameter variation
of the machined products were measured and compared.
• Conducted mechanical tests on headed large diameter CAM SEAs. The feasibility of
connecting large diameter CAM SEAs with steel rebar by headed coupling was investigated
through cyclic and monotonic loading tests. Large diameter threaded coupling specimens were
also prepared and tested to make a comparison with headed CAM SEA bars.
• Conducted an analytical study on the cost estimation of using CAM SEA and NiTi SEA in
bridge columns. The total cost of constructing three types of bridge columns (steel reinforced
concrete (RC) column, CAM RC column and NiTi RC column) was evaluated and compared
under the same scenario.

3. INVESTIGATION
3.1. LOW-CYCLE FATIGUE BEHAVIOR
3.1.1.

Introduction

In this section, the low-cycle fatigue behavior of CAM SEAs in comparison to NiTi SEAs is
determined at -40℃, 25℃ and 50℃. Strain cycles up to 50,000 have been applied at a tensile strain of
5%. These parameters cover most civil engineering conditions. Variations in superelastic mechanical
properties were observed and analyzed, including the stress-strain curves, elastic modulus,
transformation stresses, damping ratio and recovery strain.
3.1.2.

Materials and methods

3.1.2.a. Materials
The materials considered in the low-cycle fatigue tests are single crystal and polycrystal CAM and
polycrystal NiTi SEAs. The composition of CAM and NiTi SEAs are Cu-8.38Al-11.32Mn (wt. %), and
55.93NiTi (wt. %), respectively. Both materials were obtained from Furukawa Techno Material Co.,
Ltd. The transformation temperatures of CAM and NiTi SEAs used in this study were measured by
differential scanning calorimetry (DSC). The Af of CAM and NiTi SEAs were obtained as -67.3 °C and
-15.5 °C, respectively.
Two forms of CAM SEA specimens and one form of NiTi SEA specimen were studied; namely,
single crystal CAM SEA bars (SCB), polycrystal CAM SEA plates (PCP, obtained from polycrystal
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CAM SEA bars), and polycrystal NiTi SEA bars (NTB). The as received CAM and NiTi SEA bars all
had a 20 mm diameter. The SCB and NTB were machined from as received rods to 140 mm long and
16 mm diameter coupons with a diameter of 12.7 mm in the gauge length. To obtain PCP, the as received
polycrystal CAM rods were sliced along the length into four pieces, the middle two larger pieces were
used for testing. The dimensions of SCB, NTB and PCP used in this study are shown in Figure 3-1.
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Figure 3-1 Dimensions of (a) SCB, NTB, and (b) PCP specimens.
3.1.2.b. Methods
Figure 3-2 shows the setup of the low-cycle fatigue tests. An MTS 370.5 dynamic servo-hydraulic
frame with 500 kN force capacity, 15.24 cm displacement and 30 gpm flow capacity was used to apply
the cyclic loading. For high, 50°C, and low, -40°C, temperature tests, an MTS 651.06E-04
environmental chamber was equipped to the MTS frame. The environmental chamber has internal
dimensions of 35.56×43.18×81.28 cm (W×D×H) and a temperature range from -128.9°C to 215.6°C.
An Epsilon Model No. 3542-0200-050-ST with 50.8 mm gauge length extensometer, ASTM E83 B-1
[8], was used to measure the strain in the specimens. A Mars Labs BMS16HR-53 Data Acquisition
System (DAQ) was used to collect the data.
(a)

(d)

(b)

(e)

Environmental
chamber

SCB/NTB
Extensometer

Environmental
chamber

(c)

Customized grip fixture
for SCB / NTB

Extensometer
MTS load
frame

PCP

Liquid
nitrogen
tank

Figure 3-2 Setup for low cycle fatigue test. (a) Setup for SCB and NTB at room temperature, (b) zoomin view of customized grip fixture for SCB and NTB, (c) zoom-in view of grip fixture for PCP, (d)
inside view of environmental chamber and setup for PCP, and (d) outside view of environmental
chamber connected with liquid nitrogen tank.
To reduce the stress concentrations at the grips, custom fixtures were designed and fabricated. For
SCB and NTB, the round bars were mounted in a conical grip, which had a smooth contact with the
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specimens, as shown in Figure 3-3. This mechanical contact-based grip effectively reduced the stress
concentrations and eliminated premature failures. The PCP was gripped by two steel plates at the ends,
where two steel plates were tightened by four high strength steel bolts, as shown in Figure 3-4.
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Clamp
Part-1

Threaded
fixture

Threaded fixture
Part-1
Bolt

B-B

Clamp
Part-2

SCB/NTB

Threaded fixture
Part-2
(c) Section A-A

A-A

Clamp

Threaded fixture
Part-1

Conical
surface

Clamp
Part-1

Hydraulic
wedge grip

Specimen hole
(a) Picture of setup

(b) Front view

Bolt

(d) Section B-B

Figure 3-3 Schematic diagram of the grip fixture used for SCB, NTB: (a) picture of setup, (b) front view,
(c) section A-A, and (d) section B-B.

Steel
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Steel
plates

Clamp
Part-1
PCP
A-A

PCP

Clamp
Part-2
Bolt

(a) Picture of setup

(c) Section A-A

(b) Front view

Figure 3-4 Schematic diagram of the grip fixture used for PCP: (a) picture of setup, (b) front view, and
(c) section A-A.
Prior to low-cycle fatigue tests, all specimens were trained at room temperature to stabilize the
martensitic transformation. The training consisted of five tensile cycles with increasing amplitude of 1%
to 5% at 1% increments. During the low cycle fatigue tests, specimens were stretched to 5% target strain
at a speed of 0.4% strain/sec, then unloaded to near-zero force within around 10 seconds. The target
force in unloading was set close to zero but not exactly zero to avoid any slack or compressive loading
in the specimens. This process was cyclically repeated until fracture occurred. The loading was strain
controlled while the unloading was force controlled. For low temperature tests, the test condition was
produced using a liquid nitrogen tank. With the existing setup, it was not feasible to replace the liquid
nitrogen tank without disrupting the test environment. Therefore, the cold temperature tests had to be
completed before the tank ran out (within approximately 24 hours).
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To quantify the effect of fatigue and temperature on the superelasticity of CAM and NiTi SEAs,
seven critical properties were extracted from the stress-strain curves; namely, the elastic modulus, Eload,
the elastic modulus after yielding, Eload2, the maximum stress, σmax, the yield stress, σy, the damping
ratio, δR, the maximum strain, εmax, and the residual strain, εresi. The definition of these properties is
shown in Figure 3-5. The damping ratio is calculated using the equation shown in Figure 3-5 by dividing
the area enclosed by the hysteresis loop by the product of the maximum strain and maximum stress
applied in that cycle.

Figure 3-5 Definition of critical mechanical properties considered in low-cycle fatigue test.
3.1.3.

Results

Since a large number of specimens were tested in the study, for each testing scenario, only two
typical specimens are presented here. A summary of the low-cycle fatigue test results is provided in
Table 3-1. The purpose of these experiments is to investigate how the mechanical properties of CAM
SEAs deteriorate, and benchmark this against NiTi SEAs. Hence, obtaining the fatigue life is not the
main research goal and the testing was stopped when either of the following conditions was achieved:
(1) the specimen fractures, (2) the residual strain becomes stable, or (3) the liquid nitrogen tank runs
out. Nevertheless, it was possible to obtain the fatigue life of certain specimens when the specimen was
fractured before the test was terminated.
Table 3-1 Summary of low-cycle fatigue test results.
Material

Temperature

Room temperature (25℃)

SCB
Cold temperature (-40℃)

Hot temperature (50℃)
PCP

Room temperature (25℃)

Label

Total loading cycles

Reason for test termination

SCB-25C-1

50,000

Condition 2

SCB-25C-2

10,000

Condition 2

SCB-25C-3

4,285

Condition 1

SCB-25C-4

5,326

Condition 1

SCB-25C-5

7,000

Condition 2

SCB-25C-6

10,000

Condition 2

SCB-m40C-1

5,500

Condition 1

SCB-m40C-2

2,600

Condition 3

SCB-m40C-3

7,200

Condition 1

SCB-50C-2

9,100

Condition 2

SCB-50C-3

2,100

Condition 2

SCB-50C-1

2,100

Condition 2

PCP-25C-1

15,006

Condition 1
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Room temperature (25℃)
Cold temperature (-10℃)
NTB

Cold temperature (-10℃)

Hot temperature (50℃)

PCP-25C-2

1,280

Condition 1

PCP-25C-3

357

Condition 1

PCP-25C-4

110

Condition 1

PCP-25C-5

104

Condition 1

NTB-25C-1

89

Condition 1

NTB-25C-2

30

Condition 1

NTB-25C-3

53

Condition 1

NTB-m40C

6

Condition 1

NTB-m10C-1

1,981

Condition 3

NTB-m10C-2

450

Condition 1

NTB-m10C-3

1,132

Condition 1

NTB-50C-1

88

Condition 1

NTB-50C-2

15

Condition 1

NTB-50C-3

29

Condition 1

It should be noted that the SCB-25C-3 and SCB-25C-4 were tested by directly gripping the
specimens with the hydraulic wedge grips, prior to fabrication of the custom grip fixture. Therefore,
stress concentration at the grip points led to a premature fracture of these two specimens. The rest of
SCB and NTB were tested with the customized fixture.
3.1.3.a.

Single crystal CAM SEA bar (SCB)

SCB at room temperature, 25°C
Figure 3-6 shows the room temperature, 25°C, stress-strain curves of SCB-25C-1. It is seen that
both single crystal CAM SEA bars show excellent superelasticity until about 200 cycles. In the first 100
cycles, the stress strain curves remain ideal flag-shaped and almost no degradation of strain recovery is
observed. From 100 to 1,000 cycles, the stress-strain curves shrink, and the residual strain increases.
Moreover, the damping ratio shows an obvious increase from 100 to 1,000 cycles. The reason for this
increase is the reduction of the transformation stress and increase in the area of the stress-strain curves.
A similar behavior was observed for the other specimens.
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Figure 3-6 Stress-strain curves of SCB-25C-1 at room temperature, 25°C.
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Figure 3-7 Variation in mechanical properties of SCB-25C-1 at room temperature, 25°C.
Figure 3-7 show the variation in the extracted parameters with increasing loading cycles. In Figure
3-6, it is seen that the yield stress first decreases and then almost disappears at around 1,000 cycles;
however, because the yield stress is obtained as the intersection point of Eload and Eload2, this
disappearance did not show in the extracted results in Figure 3-7. Furthermore, when the ratio of Eload2
to Eload is over 0.85, the Eload2 and σy are largely influenced from numerical error; therefore, the results
for these parameters were truncated when the ratio of Eload2 to Eload reached 0.85. As seen in Figure 3-7,
the residual strain and damping ratio of SCB-25C-1 starts to saturate at around 1,000 cycles, and after
that, they remain stable until 50,000 cycles. It is an important finding that even after 50,000 cycles of
5% strain loading, the CAM SEA bar can still sustain loading with no visible crack or fracture. This
demonstrates excellent low-cycle fatigue resistance of CAM SEAs.
SCB at -40℃
Figure 3-8 shows the stress-strain curves of SCB-m40C-1 at -40℃. It is seen that at -40℃, the
SCB shows an ideal flag-shaped stress strain curve and excellent damping capacity until 200 cycles.
Furthermore, the specimen SCB-m40C-1 showed no rupture after 5,500 cycles of fatigue loading. The
test was stopped because the liquid nitrogen tank ran out and the environmental chamber could not
sustain a stable low temperature condition. The envelope curve from training at room temperature is
presented with a grey dashed line at Cycle 1. As seen in Figure 3-8, the transformation stress at -40℃
is lower than that at room temperature. However, area inside the stress strain cycles at -40℃ is larger
than that at room temperature (refer to Figure 3-6), which indicates higher energy dissipation capacity
of CAM SEAs at low temperature. The variation in the mechanical properties at -40℃ is similar to that
at room temperature. But what is worth noting is that the energy dissipation capacity and strain recovery
at -40℃ are superior to those at room temperature, demonstrating the promise of CAM SEAs for use at
cold temperatures.
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Figure 3-8 Stress-strain curves of SCB-m40C-1 at -40°C.
SCB at 50℃
The stress-strain curves of SCB-50C-1 at 50℃ are shown in Figure 3-9. The envelope curve from
training at room temperature is presented with a grey dashed line. SCB-50C-1 showed no fracture after
9,100 cycles of loading. Compared with the stress strain curves at room temperature (shown in Figure
3-6), and -40℃ (shown in Figure 3-8), the transformation stress of CAM SEAs at 50℃ is higher and
the stress-strain curves become narrower. The general variation in the mechanical properties at 50℃ is
similar to those at room temperature and -40℃. An important observation is that the damping ratio at
50℃ shows an increase after 100 cycles. The reason is that in the first several cycles, the stress-strain
curves are very narrow, and the damping only is a result of the flag-shaped zone while as the residual
strain increases and the transformation stress decreases, the stress-strain curve becomes larger and leads
to an increase in the damping ratio. After around 1,000 cycles, the response of the CAM SEAs becomes
almost linear.
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Figure 3-9 Stress-strain curves of SCB at 50°C, (a) SCB-5-C-1 and (b) SCB-50C-2.
3.1.3.b. Polycrystal CAM SEA plate (PCP)
Figure 3-10 shows the stress-strain curves of PCP-25C-1 at selected cycles at 25℃. The specimen
ruptured after 15,000 cycles of fatigue loading. It is seen that the fatigue resistance of PCP-25C-1 is
similar to that of single crystal CAM SEA bar. In the initial 100 cycles, the superelasticity shows almost
no degradation, and flag-shaped stress-strain curves and energy dissipation are observed. From 100 to
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1,000 cycles, the stress-strain curves become narrower, and the residual strain accumulates rapidly.
After 1,000 cycles, the specimen behaves almost linearly until fracture.
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Figure 3-10 Stress-strain curves of PCP-25C-1 at room temperature, 25°C.
Even though a long fatigue life (i.e., 15,000 cycles) exhibited by PCP-25C-1, the fatigue life of the
rest of PCP showed a large scatter. The rest of four PCP, respectively, fractured at 1,280, 357, 110 and
104 cycles. Figure 3-11 shows the grain distribution and fracture location of the PCP specimens. The
black solid lines indicate the grain boundaries on the specimen surface, obtained by visual observation;
the blue dash line and the bracket indicate the gauge length where the extensometer was placed during
the test. Compared with the SCB, the reason why the PCP show a large scatter in fatigue life is that each
polycrystal plate is composed of several small and randomly distributed grains with different sizes and
orientations, as shown in Figure 3-11. In fatigue loading, the boundaries of neighboring grains,
particularly when the neighboring grains have different orientations, may cause stress concentrations
and result in crack formation and propagation [2,9,10]. The fracture location of each of the PCP is
marked with a red arrow in Figure 3-11, which supports this explanation. Because of the large
dependence of the fatigue behavior on the grain size, distribution and orientation, no further tests on
PCP were conducted at low or high temperatures.

(a) PCP-25C-1 (b) PCP-25C-3 (c) PCP-25C-4 (d) PCP-25C-5
Figure 3-11 Grain distribution and fracture locations of (a) PCP-25C-1, (b) PCP-25C-3, (c) PCP-25C4 and (d) PCP-25C-5. The blue bracket shows the location of the extensometer. The red arrow shows
the fracture location.
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3.1.3.c.

NiTi bar (NTB)

NTB at room temperature, 25°C
Figure 3-12 shows the stress-strain curves of NTB-25C-1 at 25℃. The three tested NiTi SEA bars
at 25℃ all fractured rapidly with fatigue lives of 89, 31 and 54 cycles. It is seen that the stress-strain
curve of NTB in the 1st cycle is not an ideal flag-shape. The transformation stress and residual strain of
NTB reach 400 MPa and 1%, both of which are higher than those of CAM SEAs in the 1st cycle. More
importantly, the stress-strain curve of the NTB narrows even in the first few cycles, leading to a sharp
decrease in the energy dissipation. The residual strain also increases slightly in the first few cycles and
then stabilizes until fracture. This ratcheting phenomenon of NiTi SEAs is consistent with the results
presented by Maletta et al. [11].
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Figure 3-12 Stress-strain curves of NTB-25C-1 at room temperature, 25°C.
NTB at -40℃ and -10℃
The low temperature fatigue tests on NiTi bars were conducted at -40℃ and -10℃. Stress-strain
curves at select cycles of NTB-m40 are shown in Figure 3-13 in addition to the envelope curve of
training at room temperature in grey. From Figure 3-13, it is seen that the NiTi SEA is in pure martensitic
phase at -40℃. No superelasticity is seen because no austenite-martensite phase transformation is
involved. The specimen NTB-m40C fractured after 6 cycles of fatigue loading.
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Figure 3-13 Stress-strain curves at typical cycles of NTB-m40.
Because no superelasticity was observed at -40℃, additional testing was performed at -10℃ to
investigate the fatigue resistance of NiTi SEAs. Figure 3-14 shows the stress-strain curves of NTBm10C-1 at -10℃. Compared with NiTi SEAs at 25℃, the specimen at -10℃ shows a higher fatigue
life, this trend is consistent with Iasnii et al. [12] and Mahtabi et al. [13]. The energy dissipation and strain
recovery at -10℃ starts to degrade rapidly at around 10 cycles and stabilize at around 100 cycles.
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Figure 3-14 Stress-strain curves at typical cycles of NTB-m10-1 at -10°C.
NTB at 50℃
The stress-strain curves of NTB-50C-1 at 50℃ are shown in Figure 3-15. The transformation stress
of NTB at 50℃ reaches 500 MPa, which is higher than the training results. All NiTi bars at 50℃
fractured after a few cycles of loading. The first one ruptured after 87 cycles of fatigue loading while
the second and the third ones fractured after 15 and 29 cycles, respectively. Furthermore, the stressstrain curves became narrow very rapidly and then kept constant until fracture. It is observed that the
elastic modulus and transformation stress shows negligible degradation. The damping ratio and the
residual stress degrade rapidly and then stabilize. Even in the first cycle, significant residual strain is
observed, indicating the poor superelasticity of NTB at 50℃.
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Figure 3-15 Stress-strain curves of NTB-50C-1 at 50°C.
3.1.4.

Summary

The SCB showed excellent superelasticity and fatigue resistance at all tests temperatures: -40℃,
room temperature, 25℃, and 50℃. Specifically, in the initial 100 cycles, no deterioration was observed
in the superelastic properties. Between 100 to 1,000 cycles, the transformation stress started to decrease,
the residual strain started to accumulate, and a slight decrease in the elastic modulus was observed. The
stress-strain response became almost linear after around 8,000, 2,000, and 2,000 cycles at -40℃, 25℃
and 50℃, respectively. The superelasticity and fatigue resistance of polycrystal CAM SEAs were found
to largely depend on the grain characteristics, such as the grain size, orientation and boundaries. The
five PCP specimens all showed comparable superelasticity to single crystal ones at the early stages of
fatigue loading (1 to 100 cycles), but the fatigue life showed a large scatter (difference of more than
two orders of magnitude). The best two PCP tested in this study showed a fatigue life of over 15,000
cycles (PCP-25C-1) and excellent superelasticity with zero residual strain accumulation up to 200
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cycles (PCP-25C-2). NiTi SEAs tested in this study showed poor superelasticity and fatigue resistance
compared to CAM SEAs. Specifically, at room temperature, 25℃ and at 50℃, the stress-strain curves
of NiTi SEAs reduced in size even in the first few cycles, leading to a significant decrease in the energy
dissipation capacity. Additionally, at -40℃, the NiTi SEAs completely lost superelasticity because they
were in martensitic phase and no austenite-martensite phase transformation was involved. The one NiTi
SEA bar tested at -40℃ fractured after 6 cycles of fatigue loading. To sum up, the large number of
fatigue cycles and the temperature range considered here strongly suggests the feasibility of using single
crystal CAM SEAs in earthquake-prone regions.
3.2. CORROSION RESISTANCE OF CU-AL-MN ALLOYS AND STEEL REINFORCING
BARS
3.2.1.

Introduction

In this study, corrosion resistance of CAM SEAs, four types of commonly used reinforcing steels,
and NiTi SEAs was investigated through long-term natural corrosion tests and potentiodynamic
polarization tests. Long-term natural corrosion testing of single and polycrystal CAM SEAs, and four
types of commonly used reinforcing steels (mild steel, high chromium steel, epoxy coated steel, and
stainless steel) was conducted up to 1015 days. For each type of steel, three different diameters of bars
were evaluated: 9.53 mm (U.S. #3), 15.88 mm (U.S. #5) and 32.26 mm (U.S. #10). Critical mechanical
properties of CAM SEAs and steel rebar were extracted and analyzed when specimens reached
predetermined corrosion levels. Potentiodynamic polarization tests were performed on single crystal
CAM SEAs, four types of commonly used reinforcing steels, and polycrystal NiTi SEAs. Tafel curves
were used to determine the corrosion rates of CAM and NiTi SEAs and reinforcing steels. The
experimental data and control groups in this research provides detailed evaluation of the corrosion
resistance of CAM SEAs and guides their application in harsh environmental conditions.
3.2.2.

Materials and methods

3.2.2. . Materials
The materials considered in the long-term corrosion tests included two types of CAM SEAs,
namely, single crystal CAM bars (SCB), polycrystal CAM plates (PCP); and four types of steel rebar,
namely, mild steel (MS), epoxy coated steel (ES), and stainless steel (SS), high chromium steel (XS).
The materials considered in the potentiodynamic polarization tests included single crystal CAM SEAs,
polycrystal NiTi SEAs, and the same four types of steel rebar used in the long-term corrosion tests (MS,
ES, SS and XS). The composition and manufacturer of CAM and NiTi SEAs used are the same as those
presented earlier.
The as received CAM material (both single crystal and polycrystal) was in the form of 20 mm
diameter smooth rods. The dimensions of SCB and PCP used in the long-term corrosion tests are shown
in Figure 3-16(a) and (b). To obtain PCP, the surface grain boundaries of the as received polycrystal
CAM SEA rods was marked based on a visual inspection before slicing, as shown in Figure 3-16(c).
After that, the polycrystal CAM rods were sliced along the length into four parts as shown in Figure
3-16(d), the middle two larger parts, denoted as PCP-i and PCP-iC (i ranges from 1 to 5), were used for
long-term corrosion testing. The PCP-i was mechanically tested after designed corrosion levels and its
counterpart PCP-iC was mechanically tested without corrosion. Since PCP-i and PCP-iC came from
the same as received rod and had almost the same grain distribution, their behavior was compared to
determine the effect of corrosion on fracture behavior of polycrystal CAM SEAs.
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The MS, ES, SS and XS used in the this study respectively conform to: ASTM A516 Grade 60
[14], ASTM A615 Grade 60 [15], ASTM A955 S32304 [16], and ASTM A1035 CS Grade 100 [17].
The chemical composition of these rebar is presented in Table 3-2. For each type of steel bar used in
the long-term corrosion test, three diameters were considered, namely, U.S. #3 (diameter = 9.53 mm),
U.S. #5 (diameter = 15.88 mm) and U.S. #10 (diameter = 32.26 mm). These sizes represent the most
commonly used sizes and provides an opportunity to determine the rate of corrosion as a function of
rebar diameter. Three samples of each size and material were tested to ensure repeatability of the results.
As mentioned in the next section, the samples were tested at four different levels of corrosion. Therefore,
in total, 4 (steel types) × 3 (sizes) ×4 (corrosion degrees) ×3 (repetitions) = 144 steel rebar were tested
in this study. The label of steel specimens presented in this report is composed of four parts, first, the
steel type (i.e., MS, XS, ES, SS); second, the diameter number (i.e., #3, #5, #10); third, the corrosion
degree, which is the exposure duration of the specimen in days (i.e., D0, D20, D75, D296); finally, the
repetition of the specimens of each type (i.e., 1, 2, 3). For example, ‘MS#3D0-1’, indicates mild steel
with a diameter of 9.53 mm (U.S. #3), at corrosion exposure of zero days (start of the corrosion testing)
and 1st specimen of this type; similarly, ES#5D75-3 indicates: epoxy coated steel, with a diameter of
15.9 mm (U.S. #5), at corrosion exposure of 75 days, and 3rd specimen of this type.
For specimens used in the potentiodynamic polarization tests, all six materials (single crystal CAM,
polycrystal NiTi, MS, ES, SS, XS) were firstly machined into 1 cm3 cubes and then embedded into an
epoxy resin mount to leave one exposed surface with 1 cm2 area. The exposed surface was polished
before submerging into the solution. Three specimens were prepared for each material, and they were
labeled in order. For example, CAM-1 indicates the first specimen of CAM material, SS-3 indicates the
third specimen of SS material.
(a)

(b)

~20

Note:
All dimensions
are in mm

Grip length

~17

Machined SCB

~6

65
~12.7
16

(c)

Surface grain
boudaries

As received polycrystal CAM rod

Grip length
20
60

30

12
R45

Surface grain boudaries

250

~12.7
140

56

60

(d)

Slicing the as received polycrystal CAM rod to obtain PCP-i and PCP-iC
PCP-i
T

R45

12

65

PCP-iC

30

Figure 3-16 Preparation of test specimens for long-term corrosion testing: (a) dimensions of SCB and
PCP, (b) machined SCB, (c) surface grain boundaries of as received polycrystal CAM SEA, and (d)
preparation of PCP.
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Table 3-2 Chemical composition of steel rebar.
Steel type

Size

MS

ES

SS

XS

Chemical composition, %
C

Mn

P

S

Si

#3

0.21

0.77

0.03

0.03

0.29

#5

0.23

1.05

0.03

0.03

0.29

#10

0.23

1.05

0.03

0.03

0.29

C

Mn

Ni

Si

Cr

#3

0.44

0.33

0.15

0.28

0.23

#5

0.43

0.81

0.23

0.23

0.11

#10

0.35

0.79

0.21

0.23

0.11

Cr

Ni

Cu

Mn

Mo

#3

22.77

3.69

0.3

1.68

0.18

#5

22.56

4.18

0.35

1.77

0.19

#10

22.65

4.02

0.31

1.65

0.2

Cr

Mn

Si

Cu

Ni

#3

9.54

0.68

0.46

0.17

0.09

#5

9.86

0.57

0.43

0.19

0.1

#10

9.51

0.53

0.44

0.14

0.08

3.2.2.a. Methods
Long-term corrosion of CAM SEAs was performed in two phases. First, the specimens were
subjected to a continuous salt spray in a corrosion chamber for 296 days. Next, the salt spray was
stopped, and the specimens were removed (without cleaning) to normal laboratory environment until
1051 days. The steel rebar (MS, XS, ES and SS) were subjected to salt spray in a corrosion chamber
for 296 days. A fine mist of 5% by weight NaCl solution was sprayed constantly at 40°C in the chamber.
The NaCl was purchased from Fisher Scientific with purity ≥ 99.0%. The average rate of salt spray was
1.34 mL/hour. The corrosion chamber used in this study is WEICE WTC/A160. The selected exposure
conditions is based on ASTM G85 [18] with slight deviation in the temperature.
Figure 3-17 shows all the test samples in the corrosion chamber prior to testing. As shown in Figure
3-17, all specimens were placed vertically in the chamber to allow for air circulation around the
specimens and prevent ponding on the surfaces. The specimens were taken out regularly for subsequent
tests at predetermined corrosion times. A red corrosion resistant coating was used to prevent corrosion
of the gripped ends.
#10 steel (d=32.26mm)

MS

ES

SS

XS

#3 steel (d=9.53mm)
#5 steel (d=15.88mm)
MS

ES

SS

XS

MS

CAM alloy
PCP

≈430mm

SCB

SS
ES

≈660mm
XS

≈360mm

250mm
140mm

Figure 3-17 Arrangement of test specimens in the corrosion chamber for accelerated corrosion.
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In this study, the percent mass loss was used as one of the indicators of degree of corrosion for
different materials. The percent mass loss is obtained as the ratio of mass loss at a given age of exposure
and original mass at day zero. At each predetermined corrosion days, specimens were cleaned according
to the following steps. Specimens were first rinsed in deionized water; second, scrubbed with plastic
bristle brush to loosen the corrosion products; they were next cleaned in an ultrasonic bath for 15
minutes; then, placed in solution that was made by 500 ml of 37% by weight HCl (purchased from
Grainger) and 500 ml reagent water for 5 min; HCl was removed by rinsing the sample using DI water
and then acetone; finally, dried before the mass loss measurement. Steps 1 to 3 were repeated until the
mass loss value becomes constant. A Branson CPX8800H ultrasonic bath was used to clean SCB, PCP,
#3 and #5 steel rebar. For #10 steel rebar, no ultrasonic bath was used in the third step of cleaning and
this step was skipped because the specimens were too large to fit into the bath.
After thorough cleaning, gravimetric measurements were conducted to determine the mass loss
and mass loss percentage. For SCB, PCP and #3 steel rebar, a Mettler Toledo ME303E scale with 320
g capacity and 1 mg sensitivity was used. For #5 and #10 steel rebar, a Cole-Parmer SK-10000-53 scale
with 15 kg capacity and 0.5 g sensitivity was used.
The timeline of the long-term corrosion tests and mechanical tests is shown in Figure 3-18. It is
noted that the PCP and SCB specimens were taken out of the corrosion chamber at predetermined days,
cleaned, mechanically tested without failure, and then put back into the chamber for subsequent
corrosion and mechanical testing. On the other hand, the steel rebar specimens that had reached the
predetermined days were taken out, cleaned, and monotonically tested until failure. Relevant
measurements were collected from those specimens before disposal. The mechanical test results are
omitted in this report for brevity and they will be presented in future publications.
Note: Corrosion time not drawn

Corrosion time :

Air corrosion

Salt spray chamber corrosion

to scale

Day 0

Day 9

Day 20

Day 30

Day 75

Day 296

Day 1051

Gravimetric measurements
Mechanical tests
PCP: Polycrystal CAM SEA plates
PCP-C: Polycrystal CAM SEA
plate counterparts
SCB: Single crystal CAM SEA bars

PCP
PCP-C
SCB

PCP
-----

PCP
--SCB

PCP
--SCB

PCP
--SCB

-------

MS: Mild steel rebar
XS: High chromium steel rebar
ES: Epoxy coated steel rebar
SS: Stainless steel rebar

MS
XS
ES
SS

---------

MS
XS
ES
SS

---------

MS
XS
ES
SS

MS
XS
ES
SS

All corroded CAM specimens were
removed from the chamber and kept in
ambient lab conditions after Day 296
Mechanical tests on all corroded
steel specimens were completed
at Day 296

Figure 3-18 Timeline of long-term corrosion and mechanical tests.
The electrochemical measurements were conducted at 30℃ in a MultiPort Gamry Corrosion Cell
containing 800 ml of 3.5% by weight NaCl solution. The voltage/current was applied and the data was
collected using an INTERFACE1000E Gamry Potentiostat. The temperature of the corrosion cell was
controlled in a WBE10 PolyScience water bath. A classic three-electrode cell was used for
potentiodynamic polarization tests, where platinum was used as the counter electrode, standard silversilver electrode was used as the reference electrode and the specimen as the working electrode.
Prior to the electrochemical tests, specimens were submerged in 1100 ml of 1M NaCl solution,
inside a 30℃ water bath for 1 hour and the open circuit corrosion potential (OCP) was determined.
Then a polarization of ±200 mV from OCP was applied to the specimens with a constant scan rate of
0.33 mV/s. For each material, the polarization test was performed on three different samples to ensure
the reproducibility of results.

18

3.2.3.

Results of long-term corrosion tests

3.2.3.a. Visual observation
Figure 3-19 shows the typical corrosion surface of four types of steel rebar after 296 days of
exposure and cleaning. In the figure under each rebar image, the percentage in the bracket indicates the
corresponding mass loss percentage. For brevity, only one typical specimen is selected from each
diameter of rebar to show the surface conditions. It is seen in Figure 3-19 that after 296 days of exposure,
the MS and XS corroded more severely than ES and SS, furthermore, rebar with smaller diameter
showed a higher amount of corrosion than rebar with larger diameter. The corrosion on MS was found
to be relatively uniform; however, the corrosion on XS was highly inhomogeneous. Apart from the
significant cross-sectional area reduction along the whole specimen, some very deep pits were observed.
The interconnected deep pits led to a porous-like corrosion surface on XS. The similar porous surface
was also observed for XS by Nachiappan et al. [20]. The ES and SS were both in good surface condition
after corrosion, almost no damage could be observed on their surface after cleaning. The epoxy coat on
ES was intact and the surface condition of SS had no visible change.
#3

#5

#3

#10

#5

(10.91%)

(14.88%)

(6.44%)

#5

10 mm

10 mm

(21.91%)

#3

#10

(9.26%)

(2.04%)

#10

#3

#5

#10

10 mm

10 mm

(0.25%)

(0.17%)

(0.09%)

(0.23%)

(0.17%)

(0.06%)

(a)
(b)
(c)
(d)
Figure 3-19 Surface conditions of four types of steel rebar after 296 days of corrosion and cleaning
(numbers inside parenthesis indicate the mass loss): (a) MS, (b) XS, (c) ES, and (d) SS.
Figure 3-20 shows the surface conditions of corroded SCB and PCP before cleaning. The corrosion
of both SCB and PCP started with some tiny speckles, some visible dull red speckles were observed
after nine days of exposure when the mass loss was approximately 0.15%. Then, the speckled corrosion
areas gradually merged into some bigger spots. As shown in Figure 3-20(a) and (b), after 20 days of
exposure, at a mass loss of approximately 0.2%, some obvious local corrosion spots were observed, but
the spots on PCP were smaller and more uniform than those on SCB. As corrosion progressed, the local
spots turned into some deep-black and soft corrosion products. After 75 days of exposure, with at a
mass loss of approximately 1%, the surface of both PCP and SCB were covered with cotton-like
corrosion products, as shown in Figure 3-20(c) and (d).

10 mm

(a)

10 mm

(b)
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10 mm

10 mm

(a)
(b)
Figure 3-20 Surface conditions of CAM SEA specimens prior to cleaning: (a) SCB after 20 days of
exposure, (b) PCP after 20 days of exposure, (c) SCB after 75 days of exposure, and (d) PCP after 75
days of exposure.
Figure 3-21 shows the surface conditions of SCB and PCP after cleaning. Two typical specimens,
SCB-2 and PCP-2 are selected for this presentation while the rest of the CAM specimens showed similar
surface patterns. The number in the bracket indicates the mass loss percentage after different exposure
durations. From the clean surfaces shown in Figure 3-21, it is confirmed that the corrosion on both PCP
and SCB did not occur uniformly. The corrosion initiates in some local pits and grows bigger and deeper,
which is consistent with Figure 3-20. Some large corrosion spots were observed after 296 days of
exposure when the mass loss of SCB-2 and PCP-2 reached 4.24% and 6.82%, respectively. The local
corrosion pits on SCB were more obvious than those on PCP nonetheless not being as deep as those on
XS. At the final corrosion stage after 1051 days at a mass loss of 5.80% and 12.10%, respectively, for
SCB-2 and PCP-2, both SCB and PCP corroded seriously, the local corrosion pits merged together along
the length, and the cross-sectional area decreased accordingly.
It is worth noting that two of the specimens broke without an application of external force before
(PCP-3) or during (SCB-1) the cleaning at Day 1051 as shown in Figure 3-22. These two specimens
were different in that they became very brittle with corrosion and broke without any external force while
the rest of the specimens were able to withstand the subsequent cyclic mechanical tests. This problem
may be attributed to the local corrosion concentrated on the surface defects or grain boundaries, which
grew into intergranular corrosion cracks penetrating through the specimen.

10 mm

D0
(0%)

10 mm

D9
(0.16%)

D30
(0.31%)

D75
(0.93%)

D296
(4.24%)

D1051
(5.80%)

D0
(0%)

D9
(0.16%)

D20
(0.16%)

D30
(0.16%)

D75
(1.01%)

D296
(6.82%)

D1051
(12.10%)

(a)
(b)
Figure 3-21 Corrosion surface of two CAM SEA specimens at different ages after cleaning (numbers
inside parenthesis indicate the mass loss): (a) SCB-2 and (b) PCP-2.

20

(a) SCB-1

Broken during cleaning after 1051 days

20 mm

(b) PCP-3

Broken before cleaning after 1051 days

Figure 3-22 Two CAM specimens that broke naturally at 1051 days, (a) SCB-1 and (b) PCP-3.
3.2.3.b. Mass loss analysis
Figure 3-23 shows the mass loss of CAM SEAs and steel rebar over the testing duration. The
exposure duration is not drawn to scale. It should be noted that some specimens (PCP in early corrosion,
ES and SS) had negligible mass loss. For these cases, the mass loss is taken zero. It is seen that during
the salt spray exposure up 296 days, the MS shows the highest mass loss, but its mass loss shows large
dependence on the rebar diameter. The mass loss of #3 MS is around three times of that of #10 MS. The
mass loss of XS is smaller than MS but it shows similar diameter dependency. The mass loss of #3 XS
is around 60% of #3 MS. The ES and SS showed negligible mass loss (around 1/100 of MS and XS)
throughout the testing program, which agrees with the visual observation in Figure 3-20. The large
scatter in the test data is due to measurement error associated with small changes in the mass of the
rebar. An apparent increase in the mass loss of #3 ES after 75 days should be interpreted with caution
due to large error associated with the measurements and very low mass loss in ES and SS specimens
over the entire period of testing. The mass loss of PCP is close to the #3 XS and is around twice that of
the SCB. During corrosion in the ambient laboratory conditions from 296 days to 1051 days, the mass
loss of PCP is almost doubled (increased by 82%) while the SCB increased by 40%. The average mass
loss of six types of specimens at 296 days of exposure is normalized by the mean value of #3 MS and
compared in Figure 3-24. It is seen that the mass loss of PCP is about the same as that of #10 MS and
it is around 1/3 of the #3 MS. The mass loss percent of SCB has been observed to be around 1/5 of #3
MS.

(a)

(b)
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(c)

(d)

(e)
(f)
Figure 3-23 Mass loss in long-term corrosion tests: (a) MS, (b) XS, (c) ES, (d) SS, (e) PCP, and (f) SCB.

Figure 3-24 Ranked normalized mass loss of PCP, SCB, MS, XS, ES and SS after 296 days of exposure.
3.2.4.

Results of potentio-dynamic polarization tests

3.2.4.a. Potentio-dynamic polarization curves
Figure 3-25 shows the potentialdynamic polarization curves of six materials: MS, XS. ES, SS,
CAM and NiTi. From these curves, it is seen that: in terms of corrosion potential, the rank of six
materials from largest to smallest is: MS, ES, NiTi, CAM, XS and SS; while in terms of corrosion
current density, the rank of six materials from largest to smallest is: NiTi, SS, XS, CAM, MS and ES.
The CAM shows close corrosion potential to NiTi, but its corrosion current density is much higher than
that of NiTi.
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Figure 3-25 Potentiodynamic polarization curves of MS, XS, ES, SS, CAM and NiTi, where Ecorr
denotes the open corrosion potential, and icorr denotes the corrosion current density.
3.2.4.b. Corrosion potential and density
Based on the potentialdynamic polarization curves, the open corrosion potential, Ecorr, and
corrosion current density, icorr, of six materials were extracted, as shown in Figure 3-26 and Figure 3-27,
respectively. An average was taken from the three samples. The average open corrosion potential, Ecorr,
of MS, XS, ES, SS, CAM and NiTi were obtained as -453 mV, -113 mV, -446 mV, 8 mV, -160 mV, and
-196 mV, respectively. The average corrosion current density, icorr, of MS, XS. ES, SS, CAM and NiTi
were obtained as 16.26 µA/cm2, 0.31 µA/cm2, 14.37 µA/cm2, 0.08 µA/cm2, 4.75 µA/cm2, and 0.07
µA/cm2, respectively.
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Figure 3-26 Open corrosion potential of MS, XS, ES, SS, CAM and NiTi.
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Figure 3-27 Corrosion current density of MS, XS, ES, SS, CAM and NiTi.
3.2.4.c. Corrosion rate
Based on Faraday’s law and the average corrosion current density, icorr, the corrosion rate of six
materials is computed and ranked in the order from largest to smallest, see Figure 3-28. The corrosion
rate of CAM is 0.0565 mm/year, close to the value 0.032 mm/year measured in [21]. From Figure 3-28,
it is seen that the corrosion rate of CAM is higher than SS and NiTi, but is only 1/3 of that of MS.
It is worth noting that under salt spray chamber corrosion testing, the ES showed comparable mass
loss to SS (see Figure 3-23). However, in the electrochemical tests, the corrosion rate of ES (0.1687
mm/year) was close to that of MS (0.1910 mm/year). The reason is that the corrosion resistance of ES
relies on the exterior epoxy coating to prevent chloride attack. While in the electrochemical tests, the
epoxy coating was removed, and the inner base material was exposed to solution. Without the exterior
physical barrier against chloride ions, the ES behaves like normal MS.
Besides, the XS in the salt spray chamber tests showed serious surface corrosion (deep corrosion
pits and porous surface condition as shown in Figure 3-19) and mass loss (see Figure 3-23). However,
in the electrochemical tests, the corrosion rate of XS (0.0035 mm/year) was close to that of SS (0.0008
mm/year) and both of them were much lower than that of MS (0.1910 mm/year). This may attribute to
the sensitivity of XS to sodium chloride concentration. According to Nachiappan et al [20], at 0.1%
NaCl concentration, the corrosion rate of XS is 1/12 of that of MS, but when the concentration of NaCl
is increased to 3%, the corrosion rate of XS increases to 1/2 of that of MS. In this study, the NaCl
concentration in the electrochemical tests was 3.5%, lower than the 5% used in salt spray tests.
Moreover, the long-term fine mist salt spray creates more contact between the chloride ion and the
porous surface of XS, thereby leading to more corrosion on the XS.
0.240
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0.1910
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0.160
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Figure 3-28 Corrosion rate of MS, XS, ES, SS, CAM and NiTi.
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3.2.5.

Summary

During the long-term corrosion tests, corrosion on both PCP and SCB were local, initiating with
local speckles and then growing to some deep pits. The local corrosion pits merged together along the
length and the cross-sectional area of the CAM SEAs decreased accordingly. In general, the mass loss
of PCP was higher than that of SCB, but both were lower than those of MS and XS, and higher than
those of ES and SS. Specifically, after around three years of salt spray and ambient air exposure, the
mass loss of MS was the highest; the XS was around 60% of MS; the PCP and SCB was around 1/3 of
MS; the ES and SS was only around 1/100 of MS. The mass loss of MS and XS showed large
dependency on the diameter: the corrosion degree increased in order from #3 diameter to #5 diameter
and #10 diameter. The ES and SS showed negligible mass loss and their mass loss dependency on the
rebar diameter was negligible.
The mechanical properties degradation of CAM SEA varied from specimen to specimen. After
three years of corrosion, the yield stress of SCB decreased about 20% at a mass loss of around 6%; the
PCP showed more than 40% degradation percent because its mass loss reached 15%. Besides, because
of the different grain distributions and orientations, the mechanical properties of PCP showed a large
scatter among specimens. It should be noted that after three years of corrosion, both PCP and SCB still
showed superelastic behavior. Specifically, the superelastic strain recovery of all CAM SEAs showed
no degradation for all the tested specimens; the fracture strain of one corroded SCB was over 32%.
From electrochemical test, it was seen that the corrosion potential of CAM is comparable to NiTi and
less than SS and XS, but its corrosion current density is close to those of MS and ES. Based on the
Faraday’s law, the corrosion rate of CAM is 0.0565 mm/year, which is only around 1/3 of that of MS.
It is noted that the bimetallic corrosion of different steels with CAM and NiTi SEAs is expected to be
different than the single metal corrosion results reported here. Since there will be electrical connectivity
between the plastic hinge reinforcement (e.g., CAM or NiTi SEAs) and the steel rebar, the relative
corrosion of the two metals will depend on the standard electrode potentials. In the cases of steel-CAM
or steel-NiTi coupling, the steel is likely to be the anode and CAM or NiTi is likely to be the cathode.
Bimetallic corrosion of CAM SEAs with different types of steel is recommended as future research.
3.3. MACHINABILITY OF CU-AL-MN ALLOYS
3.3.1.

Introduction

Machinability of NiTi is known to be more difficult than of that of steel. The high hardness and
specific heat of NiTi result in excessive tool wear, degraded surface conditions and a very low
production rate. As a result, machining NiTi is expensive and time-consuming. In contrast, evidence
indicates that CAM SEAs show much better machinability. However, quantitative data on the
machineability of CAM SEAs are lacking. No systematic research has been conducted on the
machinability of CAM SEAs in comparison to known materials or NiTi SEAs. In this chapter, a
quantitative comparison of the machinability of CAM SEA with NiTi SEAs and normal mild steel rebar
has been conducted. Specifically, tool wear and dimensions of the finished product are used as measures
of machineability.
3.3.2.

Materials and methods

3.3.2.a. Materials
Three types of materials were considered for the machinability tests, namely polycrystal CAM
SEA, NiTi SEA and AISI 1018 mild steel (MS). The composition and manufacturer of CAM and NiTi
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SEAs used in this study are the same as those presented earlier. Since only polycrystal CAM SEA and
polycrystal NiTi SEA were involved in this chapter, for brevity, they are hereafter simply referred to as
CAM and NiTi, respectively. For all three materials, cylindrical samples with 20 mm diameter and
approximately 50 mm length were prepared as shown in Figure 3-29. The Vickers hardness of the NiTi,
CAM and MS were measured as 438, 280, 237, respectively. A LECO Model No. LM-100
microindentation hardness tester was used for these measurements.

Figure 3-29 Samples used for machinability tests: (a) mild steel, (b) CAM and (c) NiTi.
3.3.2.b. Methods
Turning experiments were conducted to examine the machinability of CAM, NiTi and MS. Figure
3-30 shows the setup used in turning tests. A TRAK 1630SX lathe CNC machine with a three
horsepower (2.24 kW) motor and a spindle speed range of 150-2500 rpm was used to run the turning
experiments. The KOOL MIST FORMULA #77 mist spray coolant was applied during the machining.
A Hertel CCMT32.50.5BH HT115CR uncoated cermet turning insert were employed for all
machineability tests. The geometric properties of the inserts are given in Table 3-3.
Figure 3-31 illustrates the machining protocol used in this study. The turning tests were mainly
influenced by three key parameters: cutting speed, Vc (m/min), depth of cut, dc (mm) and chip load, fz
(mm/rev). In this study, the chip load and depth of cut were fixed for all tests. The chip load was 0.1
mm/rev. The depth of cut contained two parts: rough and finish one, as shown in Figure 3-31. The rough
depth of cut was 1.016 mm, and the finish depth of cut was 0.508 mm. The same cutting speed, Vc=
60.96 m/min was used for CAM and NiTi. For NiTi, three cutting speeds of Vc= 60.96 m/min, Vc= 30.48
m/min, and Vc= 10.67 m/min were investigated. The parameters of the machinability tests are given in
Table 3-4.

Figure 3-30 Setup for machinability tests.
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Table 3-3 Geometric properties of inserts.
Rake
Rake Angle
Relief Angle
Included Angle
Insert Hand
Length
Inscribed Circle
Thickness
Corner Radius
Hole Diameter

Positive
5°
7°
80°
Neutral
9 mm
9.53 mm
3.97 mm
0.20066 mm
4.39 mm
Machining sequence
2
4
6

Spindle
rotation

1
3
5

Workpiece

Finish path
Rough path
Insert

Workpiece

Cutting speed

Depth of cut

Chip load

Spindle
rotation

Figure 3-31 Protocol used in machinability tests.
Table 3-4 Parameters of machinability tests.

Material

Workpiece

Insert

label

label

CAM

Finish

depth of

depth of

cut

cut

(m/min)

(mm)

(mm)

(mm/rev)

60.96

1.016

0.508

0.1

30.48

1.016

0.508

0.1

15.24

1.016

0.508

0.1

10.67

1.016

0.508

0.1

60.96

1.016

0.508

0.1

Vc

Note

Only 1 specimen

NT-1

I-NT-1

NT-2

I-NT-2

NT-3

I-NT-3

NT-4

I-NT-4

CAM-1 to

I-CM-

30 specimens tested

CAM-30

30

continuously *

NiTi

Rough

tested
Only 1 specimen
tested
Only 1 specimen
tested
Only 1 specimen
tested
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Chip
load

MS

MS-1 to MS-

I-MS-

30 specimens tested

30

30

continuously

60.96

1.016

0.508

0.1

Note: * The so called ‘continuously’ means that 30 specimens were machined in order, without changing the
machining protocol.

The poor machineability of NiTi leads to serious wear of the insert quickly after starting the
experiment. Measurable wear (or even fracture, as will be shown below) of the insert formed after only
machining one piece of NiTi specimen. Therefore, only one sample was considered for the
machinability tests on the NiTi at a given Vc. As shown in Table 3-4, four Vc were selected as the variable
of machinability tests on NiTi. For each Vc, a brand-new insert was installed and only one piece of
cylindrical sample was machined. At the end of each test, the insert was removed to observe the tip
condition under the optical microscope. A HAYEAR 48MP 2K high-definition HDMI digital
microscope with a maximum magnification of 150 times was used for this purpose.
As CAM and MS show higher machinability than NiTi, machining a single specimen (as was done
for NiTi) was not sufficient to cause visible wear on the insert. As a result, 30 specimens were
considered to examine the machinability of CAM and MS. The following procedure was conducted.
Before the turning tests, a brand-new insert was installed. Then 30 CAM specimens were machined
continuously with the same insert. The so called ‘continuously’ means that 30 specimens were machined
in order without changing the machining protocol. After finishing all 30 CAM specimens, the insert
was removed and measured under the optical microscope. The test procedure on MS was the same as
that on CAM. For 30 CAM and 30 MS specimens after machining, a Mitutoyo IP65 micrometer (with
a precision of 0.001 mm) was used to measure the diameter of each machined sample to quantitively
characterize the product quality.
3.3.3.

Results for NiTi SEA

3.3.3.a. Chip condition
At high cutting speed (Vc =60.96 m/min), sparks are observed, and the chip completely melted due
to the high temperature. After cooling down, some very thin purple-blue-colored chips were collected
as shown in Figure 3-32(a). At Vc =30.48 m/min, some sparks and partial melting of the chips was
observed during machining. Blue-yellow-colored chips collected at Vc =30.48 m/min are shown in
Figure 3-32(b). At Vc =15.24 m/min, no sparks were observed but some smoke was seen. A blue colored
chip was collected after cooling down as shown in Figure 3-32(c). At Vc =10.67 m/min, no sparks or
smoke was observed. Long spring-like purple-brown-colored chips were produced as shown in Figure
3-32(d). ( )
( )
( )
( )

(a) Vc =60.96 m/min
(b) Vc =30.48 m/min
(c) Vc =15.24 m/min
(d) Vc =10.67
Figure 3-32 Picture of chips obtained from NiTi machineability experiments: (a) Vc =60.96 m/min, (b)
Vc =30.48 m/min, (c) Vc =15.24 m/min and (d) Vc =10.67 m/min.
3.3.3.b. Insert condition
Figure 3-33 shows the condition of insert I-NT-1 after machining NT-1 at Vc =60.96 m/min. It is
seen that the insert is heavily damaged during machining the NiTi sample at Vc =60.96 m/min. The tip
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of the insert broke completely during machining. The fractured part of the tip is over 2 mm on the front
side, top side and right side, and is over 9 mm on the left side. Such heavy damage is actually caused
by brittle fracture rather than normal wear.

(a) Front view

(b) Top view

(c) Left view

(d) Right view

Figure 3-33 Condition of I-NT-1 after machining NT-1 at Vc =60.96 m/min, (a) front view, (b) top view,
(c) left view and (d) right view.
Compared with Figure 3-33, the fracture of insert tip did not occur for I-NT-2; however, serious
wear was observed. The wear on the front, top, left, and right side of the tip was all around 250 um.
Besides, some rough bumps with a size over 100 um could be observed on the insert tip. The roughness
and burrs on the tip of the insert are attributed to the melt during machining. During machining NT-3 at
Vc =15.24 m/min, a brittle fracture with a size around 500 um was observed on the tip of the insert.
Because of the brittle fracture, no rough bumps caused by melting was observed. For I-NT-4, after
machining NT-4 at Vc =10.67 m/min, the fracture of the insert tip did not occur and the insert tip was
smooth after machining. No rough bumps were observed in comparison with that at Vc =30.48 m/min.
The wear on the front side was around 200 um, and the wear on the left and right side was around 400
um.
As the cutting speed is decreased from Vc =60.96 m/min to Vc =10.67 m/min, the wear/fracture of
the insert has reduced. However, even at the slowest machining condition (Vc =10.67 m/min), the wear
of the insert tip was over 200 um after only limited amount of machining of one sample, which indicates
the high hardness and difficulty of machining of NiTi. Besides, it is worth noting that under all cutting
speeds, the wear on the right side of insert was worse than that on the left side. The reason is that the
left side is the movement direction of the insert while the right side is where the produced chips are in
contact with. The friction caused by continuous, hard, and high temperature chips results in more
significant wear than the contact with the specimen itself.
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3.3.4.

Results of CAM SEA and mild steel

3.3.4.a. Chip condition
Some very long chips were produced when machining CAM SEAs. The long chips were very
strong and even rotated with the workpiece. This is attributed to the strength and superelasticity of CAM
SEAs. Another interesting observation is a whistle-like noise produced when machining CAM. Figure
3-34 shows the chips collected from CAM-1, CAM-10, CAM-20 and CAM-30, respectively. It is seen
that as the machining went on, the width of chips became thinner, and their spring-like shape
disappeared. This may be attributed to the wear on the insert. Besides, all the chips had consistent goldlike color, no blue or purple color that is commonly caused by burning could be observed, which
indicates that little to no heat was produced during machining CAM.
Machining mild steel under these conditions was very smooth. Figure 3-35 show the chips
collected from MS-1, MS-10, MS-20 and MS-30, respectively. The surface of rotating mild steel peels
very fast as it contacts the insert; therefore, the chips produced during machining mild steel were very
short (0.5 to 2 mm). Besides, as the machining of mild steel continued, the color of the chips changed
from mostly blue to brown- blue. The variation in the chip color is due to the heat accumulation during
machining.

20 mm

(a) CAM-1

(b) CAM-10

(c) CAM-20

(d) CAM-30

Figure 3-34 Chips produced during machining CAM SEA, (a) CAM-1, (b) CAM-10, (c) CAM-20 and
(d) CAM-30.

20 mm

(a) MS-1

(b) MS-10

(c) MS-20

(d) MS-30

Figure 3-35 Chips produced during machining mild steel, (a) MS-1, (b) MS-10, (d) MS-20, and (d) MS30.
3.3.4.b. Insert condition
Figure 3-36 shows the condition of I-CM-30 after machining 30 pieces of CAM specimens at Vc
=60.96 m/min. Some wear of the insert was observed; however, no fracture of the tip occurred. The
wear of the insert was around 200 um after machining 30 Cu-Al-Mn specimens at the highest cutting
speed considered (Vc =60.96 m/min), which is comparable or even smaller than the wear produced by
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machining only one piece of NiTi at the lowest cutting speed considered (Vc =10.67 m/min). Figure
3-37 shows the condition of I-MS-30 after machining MS at Vc =60.96 m/min. The wear of the insert IMS-30 was around 100 um, which was approximately one half of the wear for I-CM-30.
It is worth noting that for I-CM-30, the wear on the right side (around 400 um) was obviously
larger than that on the left side (around 200 um). This phenomenon occurred on I-NT-2 and I-NT-4 but
not on I-MS-30. The reason is that as long chips were produced during machining NiTi and CAM,
severe wear occurred due to friction. On the other hand, while machining mild steel, the chips peeled
very fast and they were very short in length (0.5 to 2 mm); therefore, no wear on the right side of the
insert was produced.

Figure 3-36 Condition of I-CM-30 at Vc =60.96 m/min after machining 30 continuous workpieces.

Figure 3-37 Condition of I-MS-30 at Vc =60.96 m/min, after machining 30 continuous workpieces.
3.3.4.c. Visual observation of product surface
For CAM and MS specimens, to the naked eye, there was no visible variation on the product
surface. In CAM-18 some very tiny local unsmooth bands (around 2 mm in width) were observed on
the surface. Besides, some obvious burrs (less than 1 mm in width) started to occur at the edge, which
indicates that the blunting of the insert was taking place. Starting with CAM-27, the burrs at the edge
became larger, the width was over 2 mm and the length was over 10 mm.
3.3.4.d. Dimensional variation of end products
It is seen that the surface condition of workpieces after machining does not give sufficient
information regarding the wear of the insert or the quality of the end product. Most of the specimens
showed similar surface roughness that could not be distinguished by either the naked eye or optical
microscope. The change in the diameter was obtained as the difference of the diameter of the measured
sample and the diameter of the 1st specimen. A higher the difference in diameter indicates more tool
wear, and correspondingly, poorer machinability of the material.
Three positions on the machined workpiece were selected and measured using a micrometer with
a precision of 1 um. The measurement points on the specimen are shown in the inset of Figure 3-38. At
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each position (start, middle and end), the largest diameter was obtained by taking multiple
measurements around the circumference.
Figure 3-38 shows the difference in diameter of 30 mild steel specimens. It is seen that as the
machining progressed, the diameter of mild steel specimens at all three positions increased gradually.
Figure 3-39 shows the difference in the diameter of 30 CAM specimens. Despite showing the same
increasing trend, compared to mild steel, the difference in diameter of CAM exhibited a larger scatter.
It was observed that from CAM-22 to CAM-23, there is a jump in the measurements at all three
positions. The pictures of the surface of CAM-22 and CAM-22 are shown in the insets of Figure 3-39.
Some rough bands were observed on the surface of CAM No. 23, which is attributed to a breakage or
fracture of the insert tip.

Figure 3-38 Change in diameter of 30 mild steel specimens after machining.
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Figure 3-39 Change in diameter of 30 Cu-Al-Mn specimens after machining.
The average value of three diameter measurement positions was calculated for both materials and
compared in Figure 3-40. It is seen in Figure 3-40 that after 30 pieces of continuous machining, the
diameter increase of Cu-Al-Mn and mild steel was around 0.052 mm and 0.042 mm, respectively. The
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machining of Cu-Al-Mn showed a larger scatter in diameter; however, the final increase of diameter
was only around 10 um bigger than that of mild steel.
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Figure 3-40 Mean value of diameter difference of Cu-Al-Mn and mild steel.
3.3.5.

Summary

It has been confirmed in this study that machinability of NiTi SEA using standard machining tools
is very difficult and causes extensive wear or breakage of the insert after only limited amount of
machining. When machining NiTi at a cutting speed Vc =60.96 m/min, the tip of the insert broke after
machining only one specimen. While at this cutting speed, the wear on the insert tip was only around
200 um after machining 30 specimens of CAM SEA. Machining NiTi at very low cutting speeds may
decrease the wear of the insert, but the product quality was still not good. For example, when machining
NiTi at a very low cutting speed of Vc =10.67 m/min, some obvious scratches (larger than 4 mm) could
be seen on the product surface. No alternative machining tools were attempted in this study to determine
if a more appropriate set of tools are available for machining NiTi.
Compared with NiTi, the CAM showed higher machineability and better quality of products when
using standard machining tools. The machineability of CAM was found to be comparable to that of
conventional mild steel. After machining 30 specimens at a cutting speed of Vc =60.96 m/min, the insert
wear for CAM SEA was approximately twice that of mild steel. The friction resulted from the long chip
produced during machining CAM doubled the wear on one side of the insert, but this did not affect the
surface condition of the end products. All CAM specimens showed a smooth and shiny surface
condition after being machined at a cutting speed of Vc =60.96 m/min. The change in the diameter of
CAM after machining 30 specimens was only around 10 um more than that of mild steel.
3.4. COUPLING PERFORMANCE OF CAM ALLOYS
3.4.1.

Introduction

In this chapter, the feasibility and performance of large diameter CAM SEA bars coupled with steel
rebar are investigated. Two types of most commonly used coupling forms are considered; namely,
threaded coupling and headed coupling. The large diameter CAM SEA bars were threaded or headed at
the ends and then connected with steel rebar by mechanical coupler composed of a male and a female
steel collar. Cyclic and monotonic tensile tests were conducted on the coupled specimens and the critical
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mechanical properties were extracted and discussed. No testing of NiTi SEA for coupling performance
has been performed in this research as this subject has been studied by others [22–25].
3.4.2.

Specimen preparation and test methods

3.4.2.a. Specimen preparation
For headed end specimens, two large diameter single crystal CAM bars are considered: 20 mm and
30 mm, which were, respectively, coupled with 19 mm diameter (U.S. #6) and 32.3 mm diameter (U.S.
#10) Grade 60 MS rebar. The composition and manufacturer of CAM SEA bars are the same as those
presented earlier. The dimensions of the headed CAM SEA bars are shown in Figure 3-41(a) and (b).
Each CAM SEA bar was headed at both ends and then connected to two headed steel rebar, referred to
here as the top and bottom steel rebar. The MS rebar was headed at one end (the heading dimension was
the same as the headed CAM SEA bar it was coupled with), and the other end was unmodified.
Five headed CAM specimens were prepared in this study, including four 20 mm diameter CAM
SEA bars (labeled as HC20-1, HC20-2, HC20-3 and HC20-4) coupled with #6 steel rebar, and one 30
mm diameter CAM SEA bar (labeled as HC30-1) coupled with #10 steel rebar. Besides, since the
mechanical properties of SEAs are sensitive to temperature, the superelastic performance of the CAM
SEA may deteriorate during the heading process, which involves high temperature. To understand this
variation and make a comparison, two threaded CAM SEA bars (labeled as TC20-1 and TC20-2) were
also prepared and tested. The threaded CAM SEA bars were machined at room temperature, without
experiencing any high temperature. The geometries of the threaded specimens are shown in Figure
3-41(c). The labeling of the headed or threaded specimens is done in three parts where the first part
indicates headed coupling (HC) or threaded coupling (TC), the second part indicates the diameter in
mm and the third part indicates the number of samples of this type. For example, for, ‘HC20-1’, HC
indicates the headed coupling, 20 means that it is a 20 mm diameter as received CAM SEA bar, 1 means
the first specimen of this type; for ‘TC20-1’, TC indicates the threaded coupling, 20 means that it is
made from a 20 mm diameter as received CAM SEA bar, 1 means the first specimen.
Heading of the CAM SEA bars and steel rebar was performed at the Headed Reinforcement Corp.
(HRC) in Fountain Valley, California. Some pictures from the heading process are shown in Figure 3-42.
The CAM SEA and steel rebar followed the same heading procedure. The as received CAM SEA bars
and the steel rebar were heated by a blowtorch and then headed by a mechanical extruder. After that,
the headed specimens were naturally cooled in the ambient temperature. A REED R2020 infrared
thermometer with temperature range -50 ℃ to 3992 ℃ was used to monitor the surface temperature of
the headed region of each specimen after removing from the extruder.
The surface temperature variation of CAM SEA specimens after heading with respect to the
cooling time was measured. It was seen that after heading, the surface temperature of the headed region
of five specimens ranged from 514 ℃ to 675 ℃, the HC30-1 reached 859 ℃. All headed specimens
cooled down to room temperature in about 30 min.
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Note: All dimensions are in mm
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(b)

(c)

Figure 3-41 Dimensions of headed end CAM SEA bars for coupling tests: (a) 20 mm diameter headed
bar, (b) 30 mm diameter headed bar, and (c) 20 mm diameter threaded bar.
(a)

Blowtorch heating

(b)

Mechanical extrusion

Figure 3-42 Pictures from heading process: (a) heating specimens by blowtorch, (b) heading specimens
using a mechanical extruder.
3.4.2.b. Test methods
Three types of mechanical tests were conducted, namely, single coupling tests for threaded CAM
SEA bars, single coupling tests for headed CAM SEA bars and double coupling tests for headed CAM
SEA bars. The details of the three test methods are described as follows.
The test setup for the single coupling tests on threaded CAM SEA bars is shown in Figure 3-43.
Since during each experiment, only one specimen was tested without being connected to other
specimens, this test is called single coupling tests for brevity. The MTS loading frame and the 50.8 mm
Epsilon extensometer presented earlier were also used for these tests.
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Threaded
CAM bar
Extensometer

Figure 3-43 Setup for single coupling tests on threaded CAM SEA bar.
The loading protocol used in the single coupling tests on threaded CAM SEA bars is shown in
Figure 3-44, which involved increasing tensile strain cycles with 1% increments up to a maximum strain
amplitude of 5%. The loading rate was 0.4 mm/sec. This loading protocol is also referred to as training.
6

Strain (%)

5
4
3
2
1
0

Pseudo Time

Figure 3-44 Loading protocols used for training CAM SEA bars in coupling tests.
For single coupling tests on headed CAM SEA specimen, the headed CAM SEA bar is coupled
with two headed steel rebar at the two ends; however, since only one CAM SEA specimen is involved,
it is referred to as a single coupling test. To connect the middle CAM SEA bar with bottom and top steel
rebar, a mechanical coupler composed of a male and a female threaded steel collar was used, as shown
in Figure 3-45.
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Figure 3-45 Mechanical coupler used to connect headed specimens.
The test setup for single coupling tests on headed CAM SEA bars is shown in Figure 3-46. The
loading frame and extensometer were the same as those used in the single coupling tests on threaded
CAM SEA bars. An extensometer was used to monitor the strain of the headed CAM SEA bar; while,
two strain gauges were applied on the top and bottom steel rebar to ensure they do not yield before the
fracture of the middle CAM SEA bar. The reason is that in a real-life application, the CAM SEA bar is
coupled with a steel rebar in the plastic hinge region of the column. The deformation should be
concentrated on the CAM SEA bar to take full advantage of its superelastic behavior. Strain gages were
sourced from Omega Engineering (model number: KFH-6-350-C1-11L3M3R) with a gauge length of
±1% and a resistance of 350 Ω. They were used with the same data acquisition module described earlier.

Strain gauge

Top steel
rebar

Headed
CAM bar
Extensometer
Mechanical
coupler
Bottom steel
rebar

Figure 3-46 Setup for single coupling tests on headed CAM SEA bars.
Two loading protocols were considered in the single coupling tests on headed CAM SEA specimen.
One is the training, as shown in Figure 3-44. The other one is the constant tensile strain cycles with an
amplitude of 5%, as shown in Figure 3-47. During both loading protocols, the strain gauges on the steel
rebar were monitored to ensure the steel rebar did not yield before the CAM SEA bars. In the single
coupling tests on the headed CAM SEA specimens, the training protocol was first applied. If the strain
gauges reached close to yield strain of the steel rebar, the test was paused, and the CAM SEA bars were
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heat treated to reduce the yield strength. The heat treatment temperature was 130℃ with a duration of
45 minutes. After the heat treatment, the training was repeated. If the specimens were still intact after
the training, the testing was continued with the constant amplitude strain cyclic loading protocol.
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Figure 3-47 Constant amplitude cyclic tensile loading protocol for coupling tests.
For the headed CAM SEA bars that were still intact after the single coupling tests, they were spliced
in series with a mechanical coupler and tested under monotonic tensile loading until fracture. Since two
CAM specimens were tested in series, this test method is referred to as the double coupling. The test
setup for the double coupling tests on headed CAM SEA bars is shown in Figure 3-48. In the double
coupling tests, two 50 mm gauge length Epsilon extensometers presented earlier were installed in the
middle of the two headed CAM SEA bars. Besides, a CELESCO Model No. CLWG-225-MC4 linear
potentiometer with 228.6 mm stroke was installed at the end of the grip fixture, as shown in Figure 3-48.

Extensometer

Headed
CAM bar

Potentiometer
Mechanical
coupler

Extensometer

Figure 3-48 Test setup for double coupling tests on headed CAM SEA bars.
3.4.3.

Results of threaded CAM SEA specimens

Both specimens showed flag-shaped stress-strain curves as expected. The residual strain of both
specimens was less than 0.25%. The σMs of TC20-1 and TC20-2 were 336.8 MPa and 311 MPa,
respectively. The Eload of TC20-1 and TC20-2 were 27.4 GPa and 27.6 GPa, respectively. After yielding,
both specimens showed a flat stress-strain plateau, the Eload2 of TC-1 and TC20-2 were 0.9 GPa and 0.7
GPa, respectively.

38

3.4.4.

Results of headed CAM SEA specimens

3.4.4.a. Single coupling tests
HC20-1
Figure 3-49 shows the first training results of HC20-1. From Figure 3-49, it is seen that the HC201 has a higher yield stress and elastic modulus than the threaded CAM SEA bar. The σMs of HC20-1
reached 445.7 MPa, which is 40% more than the average of TC20-1 and TC20-2. The Eload of HC20-1
reached 98.7 GPa, which is 3.6 times of the average of that of TC20-1 and TC20-2. It should be noted
that only for this specimen the test continued after the yielding of the top and bottom steel rebar. The
tests on the rest of specimens were all paused, and the CAM SEAs were reheat treated if the steel rebar
was close to yielding. Figure 3-49(b) shows the image of HC20-1 after fracture, the specimen failed at
the headed region. The fracture strain of HC20-1 was about 4.5%.
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Figure 3-49 Training results of HC20-1: stress strain curves of (a) middle CAM bar, and (b) image of
the specimen after fracture.
HC20-2
After heat treatment, the HC20-2 was trained again. The second training results of HC20-2 is
shown in Figure 3-50. The HC20-2 fractured during the 5th cycle of the second training. It is seen that
after heat treatment, the deformation was concentrated in the CAM SEA bar and the steel rebar did not
reach the yield strain when the strain in the CAM SEA bar was over 4%. The Eload of HC20-2 decreased
from 58.2 GPa to 35.5 GPa, which means that the heat treatment effectively reduced the yield strength
of the CAM SEA bar. The fracture strain of HC20-2 was about 4.5%. An image of HC20-2 after fracture
is shown in Figure 3-50. The failure also took place in the headed region, the same as HC20-1.
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Figure 3-50 Second training results of HC20-2: (a) CAM SEA bar, (b) top steel rebar, and (c) image of
the specimen after fracture.
HC20-3
The steel rebar did not reach the yielding when the strain of the CAM SEA bar was 5%. In general,
the stress-strain curve of HC20-3 was very close to those of the threaded specimens TC20-1 and TC202 with a flat post-yielding plateau and a low elastic modulus. The σMs and Eload of HC20-3 after the first
training was 256.4 MPa and 36.8 GPa, respectively. Since the HC20-3 was still intact and the steel rebar
did not yield after the training, the second stage of the loading protocol was applied to this specimen.
The stress-strain curves of HC20-3 after second stage of loading showed no visible change compared
to those from the training. Besides, HC20-3 was still intact after the second stage of loading.
HC20-4
During the training, the HC20-4 showed a flat post-yield plateau and a low elastic modulus. The
HC20-4 was still intact and the top and bottom steel rebar did not reach yielding when the strain of
HC20-4 reached 5%. Therefore, the second stage of loading was applied on HC20-4 after the training.
Like HC20-3, the stress-strain curves of HC20-4 in the second stage of loading was close to those from
the training results. The HC20-4 was also intact after training and second stage of loading.
HC30-1
Figure 3-51(a) shows the training results of HC30-1. When the strain of the CAM SEA bar reached
4%, the strain of top and bottom steel rebar was close to 0.2%, which resulted in stopping the test early.
The HC30-1 was heat treated to reduce the yield strength of the material. After the heat treatment, the
second stage loading was repeated, and the results are shown in Figure 3-51. The σMs of HC30-1 in the
first training was 243 MPa, after heat treatment, the σMs of HC30-1 at the second training decreased to
215 MPa (a 12% decrease). The specimen fractured during the 5th cycle of second training. As shown
in Figure 3-51, the failure also occurred at the headed end.
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Figure 3-51 Results of HC30-1: (a) first training, (b) second stage loading, and (c) specimen after
fracture.
3.4.4.b. Double coupling tests
Since the HC20-3 and HC20-4 were still intact after the training and subsequent loading, double
coupling tests were conducted on these two specimens. The double coupling test results are shown in
Figure 3-52. The data collected from the two extensometers and one potentiometer is presented. It is
seen that the strain measured by two separate extensometers correlates well with the strain measured by
the potentiometer, indicating the deformation on the two coupled headed CAM SEA bars as a system is
relatively uniform across the length of the specimen. The ultimate stress and strain of the double coupled
headed CAM SEA bars was over 450 MPa and 10%, respectively, which are very comparable to Grade
60 steel rebar.
In the double coupling tests, the fracture occurred on HC20-3 and the HC20-4 was still intact after
the test as shown in Figure 3-53. It should be noted that the failure was not located in the headed region
of HC20-3. Obvious necking was observed in the fracture zone, which is different than the brittle
fracture observed in the other specimens, i.e., HC20-1, HC20-2, and HC30-1, which fractured in or very
close to the headed zone.

Figure 3-52 Double coupling test results of HC20-3 and HC20-4. Up Ex and Dw Ex denote the results
respectively collected from the upper extensometer installed on HC20-3 and lower extensometer
installed on HC20-4. Pot denotes the results collected by the linear potentiometer.
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HC20-4

HC20-3
HC20-3

Figure 3-53 After fracture image of double coupling test specimens HC20-3 and HC20-4.
3.4.5.

Summary

This study investigated the feasibility of coupling a large diameter CAM SEA bar with steel rebar.
It was found that the heading process generally increases the elastic modulus of CAM SEAs, the elastic
modulus of one of the specimens was over three times that of before heading. The rest of the four
specimens also showed more than 30% increase in the elastic modulus after being headed. The postheat treatment at 130℃ with a duration of 45 min helped reduce the yield strength of the material. With
a post-heat treatment, a 40% decrease in the elastic modulus could be achieved.
Additionally, it is concluded that the heading process has almost no influence on the strain recovery
of CAM SEAs. The five headed specimens all had the same residual strain less than 0.3% after being
loaded to more than 4% strain. However, the fracture strain of CAM SEA decreased after heading. In
five large diameter headed CAM SEA specimens, three were fractured during the first training or during
the second training after heat treatment. The fracture strain of these three specimens were around 4.5%.
Brittle failure of all three specimens occurred in the headed end region. A perfect alignment of the axis
of the specimens with the axis of the heading could not be achieved for some specimens. This may have
caused additional stresses around the headed region due to bending in addition to the stresses due to
tension.
Out of the five CAM SEA specimens, two 20 mm diameter headed specimens showed relatively
ductile behavior under both cyclic and monotonic loading. The ultimate stress and strain of two headed
CAM SEA specimens reached 450 MPa and 10%, respectively. Nevertheless, to further understand the
heading effect on the superelasticity of CAM SEAs and ensure the reliability of the headed coupling
method on large diameter CAM SEAs with steel rebar, more research is required. Heat treatment
optimization is necessary to find out the conditions needed to avoid brittle fracture in large diameter
bars. The success in coupling CAM SEAs together or with steel using headed couplers promises that
this approach could lead the path for the implementation of CAM SEAs in real bridges and buildings.
3.5. COST ESTIMATION OF CAM SEAS IN TYPICAL BRIDGE COLUMNS
3.5.1.

Introduction

This chapter investigates the cost of applying CAM SEA and NiTi SEA in typical bridge columns.
The cost of producing, processing, and coupling, SEAs were considered. Three typical bridge columns
were designed; namely, a conventional steel RC, the CAM SEA RC, and the NiTi SEA RC. The three
typical bridge columns satisfy the same external load. The cost of CAM SEA RC column, NiTi SEA
RC column, and steel RC column is discussed in detail.
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3.5.2.

Design of bridge columns

3.5.2.a. Material properties and geometric properties
The loads, geometry and material properties of the typical bridge column were selected based on
the NCHRP Research Report 864 [26]. The factored loads applied on the column are 2577 kN-m
bending moment and 5542 kN axial load. The column diameter is D=1219 mm; the column height is
L=5791 mm and the concrete cover is c=51 mm. The diameter of transverse reinforcement is dtr=22.2
mm (U.S. #7). Regarding the material properties, the compressive strength of concrete is fcc=27.6 MPa,
and the yield strength of longitudinal and transverse reinforcement is fyl= fytr=414 MPa. The yield
strengths of CAM SEA and NiTi SEA are fyCAM=280 MPa and fyNiTi=380 MPa, respectively. The elastic
moduli of CAM SEA and NiTi SEA are ECAM=51.2 GPa and ENiTi=37.9 GPa, respectively. Because the
yield strength of steel rebar is higher than those of CAM SEA and NiTi SEA, columns reinforced with
SEAs have a lower lateral strength than those reinforced with steel. Therefore, to make a fair comparison
of bridge columns with different reinforcements, all columns were designed for the same bending
moment. This has resulted in steel RC, NiTi SEA RC and CAM SEA RC columns to have, respectively,
12, 33 and 42 longitudinal bars and 1.04%, 1.49% and 1.90% longitudinal reinforcement ratio, as shown
in Figure 3-54. The clear distance between the longitudinal bars for steel RC, CAM SEA RC and NiTi
SEA RC is 280.1 mm, 83.0 mm, and 59.1 mm, respectively.

(a) CAM SEA RC

(b) NiTi SEA RC

(c) Steel RC

Figure 3-54 Sectional configuration of designed columns: (a) CAM SEA RC, (b) NiTi SEA RC, and (c)
steel RC.
3.5.2.b. Capacity check
According to the NCHRP Research Report 864 [26], the axial capacity of the columns is calculated
according to
𝜑𝜑𝑃𝑃𝑜𝑜𝑜𝑜 = 0.75(𝑧𝑧1 𝑓𝑓𝑐𝑐𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑙𝑙 � + 𝐴𝐴𝑙𝑙 𝑓𝑓𝑦𝑦𝑦𝑦 )

Eq. 7-1

where fcc is the nominal compressive strength of concrete, z1 is the upper limit strength modifier, Ag is
the gross area of the cross-section, Al is the area of the longitudinal reinforcement, and fyl is the nominal
austenitic yield strength of SEA bars.
The axial demand to axial capacity ratio, D/R, for the three columns are, respectively,
D/RCAM=0.196, D/RNiTi=0.188, and D/RSteel=0.204. Figure 3-55 shows the axial force-bending moment
interaction curves of the three designed columns, which were generated using a sectional analysis
program. The constitutive model for different materials is the same as those used in the momentcurvature analysis, which will be presented in the following section. As seen from the interaction
diagrams, all three designed columns satisfy the requirements.
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Figure 3-55 Axial force-bending moment interaction diagram of designed columns: (a) CAM SEA RC,
(b) NiTi SEA RC, and (c) steel RC.
3.5.3.

Analysis of bridge columns
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3.5.3.a. Moment-curvature analysis
A sectional analysis was conducted to obtain the moment-curvature response of the designed
columns. Constitutive models were adopted for different material following the NCHRP Research
Report 864 [26]. In total, three different materials were considered; namely, unconfined concrete cover,
confined concrete core, and the longitudinal reinforcement (including CAM SEA and NiTi SEA bars
and steel rebar). The stress-strain curves of different materials for sectional analysis are shown in Figure
3-56.
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Figure 3-56 Constitutive models used in sectional analysis: (a) CAM SEA, (b) NiTi SEA, (c) confined
concrete, (d) unconfined concrete, and (e) steel rebar.
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Using the above material properties and the applied axial load, the moment-curvature diagrams of
three columns were obtained as shown in Figure 3-57. The idealized bilinear curves are also shown.
From the idealized bilinear moment-curvature diagrams, it is seen that with the selected cross-sectional
configurations, the three types of columns have almost identical plastic moment capacity.
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Figure 3-57 Moment-curvature diagrams of three types of columns: (a) CAM SEA RC, (b) NiTi SEA
RC, and (c) steel RC.
3.5.3.b. Drift capacity
Available formulations were used to roughly estimate the drift ratio of the columns based on the
idealized bilinear moment-curvature diagrams. For the conventional RC column, the deformation was
assumed to be localized in the plastic zone, also referred to as the plastic hinge. This simplification
works well for conventional RC columns for two reasons. First, the deformed steel rebar shows strain
compatibility with the concrete. Second, the localized deformation assumption well approximates the
actual deformation along the length of the column. On the other hand, SEA bars have a smooth surface,
and they are usually intentionally deboned from the concrete to further localize cracks [1]. The
development of more accurate formulations to predict the SEA reinforced column response is outside
the scope of this study. Further, the objective here is to perform a cost comparison of the three types of
RC columns; therefore, only a rough estimation of the column deformations is required.
According to NCHRP Research Report 864 [26], the plastic hinge length Lp of steel RC column is
obtained as
𝐿𝐿𝑝𝑝 = max{ 0.3𝑓𝑓𝑦𝑦𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦 , 0.08𝐿𝐿 + 0.15𝑓𝑓𝑦𝑦𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦 }

Eq. 7-2

where fyl and dyl are, respectively, the yield strength and the diameter of the steel rebar; and L is the
column height. Similarly, the displacement, ∆, at the top of the column is obtained as
𝜑𝜑𝑦𝑦 𝐿𝐿2
𝐿𝐿𝑝𝑝
Eq. 7-3
∆=
+ (𝜑𝜑𝑢𝑢 − 𝜑𝜑𝑦𝑦 )𝐿𝐿𝑝𝑝 (𝐿𝐿 − )
3
2
where ϕy is the idealized yield curvature and ϕu is the idealized ultimate curvature when concrete
reaches the ultimate strain 0.01.
For the steel RC column, the plastic hinge length, Lp, steel, the displacement at the top end of the
column, ∆steel, and the drift ratio, δsteel, were, respectively, obtained as 786 mm, 166 mm and 2.863%.
For the SEA RC column, targeting the same displacement at the top end of the column as in the steel
RC column, the length of the CAM SEA and NiTi SEA bars were obtained as 674 mm and 514 mm,
respectively.
Figure 3-58 shows the arrangement of longitudinal reinforcement for the three types of bridge
columns. For SEA reinforced columns, the CAM SEA and NiTi SEA were only applied in the plastic
hinge region while the remaining length was steel rebar. Because the most commonly available CAM
SEA and NiTi SEA are 30 cm long, the CAM SEA and NiTi SEA have to be spliced to reach the desired
length. Hypothetically, mechanical couplers were used to splice the CAM SEA and NiTi SEA, as shown
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in Figure 3-58. For CAM SEA RC, three pieces of SEA bars and four mechanical couplers were needed.
For NiTi RC, two pieces of SEA bars and three mechanical couplers were needed.
(b) NiTi SEA RC

(a) CAM SEA RC

(c) Steel RC

Steel rebar

Lcolumn

CAM
SEA bar
NiTi
SEA bar
LCAM

LNiTi

Note: This figure is not drawn to scale

Figure 3-58 Arrangement of longitudinal reinforcement for three types of columns, (a) CAM SEA RC,
(b) NiTi SEA RC, and (c) steel RC.
After obtaining the length of the SEA bars, the price of each column could be evaluated based on
how much materials and machining are used.
3.5.4.

Cost estimation of typical columns

It was assumed here that the difference in the cost of the three columns is only due to the
longitudinal reinforcement. This assumption is approximate because the use of SEA reinforcement may
alter other aspects of construction. The cost of SEA reinforcement includes: SEA bars, machining or
heading, and mechanical couplers. In the following sections, the cost of three types of reinforcement
was estimated.
The cost of steel RC columns was obtained as follows. Price of each steel reinforcement Esteel is
computed by
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2
)
2

= 𝐿𝐿 × 𝜋𝜋 × (

Eq. 7-4
×

1
×
1000

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ×

1
×
1000

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Eq. 7-5

where Wsteel is the weight of each steel reinforcement, Nsteel is the number of steel rebar (i.e., 12), dsteel
is the diameter of steel rebar (i.e., 36 mm), ρsteel is the density of steel rebar (i.e., 7.8 g/cm3), and Psteel
is the price of steel rebar $2.2 /kg. The total cost for all steel rebar Tsteel is computed by
Eq. 7-6

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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For CAM SEA and NiTi SEA reinforced columns, two types of coupling methods were considered;
namely, headed end coupling (referred to as heading method hereafter) and dog-bone machined
coupling (referred to machining method hereafter). The heading method involves firstly heading the
two ends of SEA bars and steel rebar, then using mechanical couplers to connect them. The machining
method involves firstly machining the SEA bars into dog-bone shape, then threading the two ends, and
finally using mechanical couplers to connect SEA bars together and SEA bars and steel rebar. The
difference of these two methods is the effective cross-sectional area of the SEA bars and the type of
couplers and labor involved in the coupling. Because the machining method results in a smaller crosssectional area, the cost on SEA material and coupling are different.
When using machining, the 30 mm diameter as received CAM SEA bars were reduced to an
effective diameter of 26 mm. The steel in the remaining length was U.S. #9 rebar with a diameter of
28.7 mm. The cost of CAM SEA RC columns was calculated as shown below. When using machining,
the cost of each reinforcement bar ECAM-machine constitutes four parts: the cost of CAM SEA material
Ematerial, the cost of machining Emachining, the cost of mechanical coupler Ecoupler, and the cost of the
remaining steel rebar Eremainsteel. The cost of CAM SEA material Ematerial is obtained as
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖 2
)
2

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶 × 𝜋𝜋 × (

1

1

× 1000 × 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 × 1000 × 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶

Eq. 7-7

where NCAM is the number of CAM SEA bars (i.e., 42), LCAM is the length of CAM SEA in the plastic
hinge region (i.e., 674 mm), nCAM is the number of CAM SEA bars in each longitudinal rebar (i.e., 3),
dsteel is the diameter of steel rebar (i.e., 28.7 mm (U.S. #9)), ρCAM is the density of CAM SEA (i.e., 7.1
g/cm3), and PCAM is the price of CAM SEA (i.e., $66.14 /kg). Note that the diameter of CAM SEA before
machining is 30 mm, after machining it is 26 mm.
The cost of machining CAM SEA Emachining is obtained as
Eq. 7-8

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝐶𝐶 × 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶

where Pmachine-CAM denotes the price of machining each piece of CAM SEA. The cost of machining
usually includes four parts; namely, cost of setup, Csetup, cost of machining, Cturning (turning is considered
in this study), cost of inserts, Cinsert, and cost of cutting the machined specimens into designed length,
Ccutting.
When machining CAM SEA, the four parts of machining cost were respectively taken as
Csetup=$120 /h, Cturning=$120 /h, Cinsert =$10 /each, Ccutting=$0 (cutting CAM SEA is as easy as cutting
steel, therefore, no extra cost was added). For each piece of CAM SEA machining, only one setup work
and one piece of insert is needed. The time required for each piece of CAM SEA machining was taken
as 0.25 h. 100 specimens were considered to compute the average price of machining CAM SEA.
Therefore, the price of machining each piece of CAM SEA is obtained as
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 +𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
100

Eq. 7-9

The cost of machining CAM SEA Emachining is obtained as
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 46 × 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶

Eq. 7-10

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × (𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶 + 1)

Eq. 7-11

The cost of mechanical coupler Ecoupler is obtained as
where Pcoupler is the cost of the couplers (both for machining and heading) was estimated as $10/bar
which includes two couplers per bar, one for each end.
The cost of remaining steel rebar Eremainsteel is obtained as
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𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2
)
2

𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = (𝐿𝐿 − 𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶 ) × 𝜋𝜋 × (

1

1

Eq. 7-12

× 1000 × 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 1000 × 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Therefore, the cost of each CAM reinforcement ECAM-machine is obtained as

Eq. 7-13

𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐸𝐸𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Total cost of all reinforcement when using machining TCAM-machine is computed by
Eq. 7-14

𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶

When using heading, a smaller number of SEA bars is required, because the heading method does
not reduce the effective cross-sectional area. The number of CAM SEA bars NCAM is 32. The diameter
of CAM SEA before and after heading is all 30 mm. The diameter of remaining steel rebar dsteel is 32.3
mm (U.S. #10). All the other variables were the same as those above for the machining method. The
cost of heading each bar, Pheading-CAM and Pheading-NiTi was estimated as $10/bar, which included both ends
of the bar.
Using the same approach, the cost of NiTi RC columns was obtained for machining and heading
methods. For machining, the number of NiTi SEA bars NNiTi is 33 while that for heading is 25. The
length of NiTi SEA in plastic region LNiTi is 514 mm, which requires nNiTi = 2 as received NiTi SEA bars
(each as received NiTi SEA bar is 300 mm in length). The diameter of NiTi SEA before machining is
30 mm, after machining it is 26 mm. The diameter of remaining steel rebar dsteel is 28.7 mm (U.S. #9)
for machining and it is 32.3 mm (U.S. #10) for heading. The density of NiTi SEA ρNiTi is 6.5 g/cm3. The
price of NiTi SEA PNiTi is $154.3 /kg. When machining NiTi SEA, the four parts of machining cost were
respectively taken as Csetup=$120 /h, Cturning=$120 /h, Cinsert =$100 /each, Ccutting=$300. For each piece
of NiTi SEA machining, one setup work and two pieces of inserts are needed. The time required for
each piece of NiTi SEA machining was taken as 3.25 h. 100 specimens were considered to compute the
average price of machining NiTi SEA. The number of NiTi SEA bars NNiTi is 25.
The results of this cost estimation is provided in Table 3-5.
Table 3-5 Results of cost estimation.
Conventional RC
N steel
12
d steel (mm)
r hosteel (g/cm3)
P steel ($/kg)
E steel ($)
T steel ($)

CAM with Machining
N CAM
L CAM (mm)
n CAM

674
3

L CAM (mm)
n CAM

2.2
101

d steel (mm)
ρ CAM (g/cm3)

28.7
7.1

d steel (mm)
ρ CAM (g/cm3)

P CAM ($/kg)
E material ($)
P machine-CAM ($/each)
E machining ($)

3.5.5.

N CAM

36
7.8

1212

NiTi with Machining

CAM with Heading
42

66.14
224
46
138

32
674
3

P CAM ($/kg)
E material ($)
P heading-CAM ($/each)
E heading ($)

P coupler ($/each)
E coupler ($)

10
40

P coupler ($/each)
E coupler ($)

E remainsteel ($)
E CAM-machine ($)
T CAM-machine ($)

57
459

E remainsteel ($)
E CAM-heading ($)

19278

T CAM-heading ($)

32.3
7.1
66.14
224
10
30
10
40
72
336
11712

N NiTi

NiTi with Heading
33

N NiTi

25

L NiTi (mm)
n NiTi

514
2

L NiTi (mm)
n NiTi

514
2

d steel (mm)
ρ NiTi (g/cm3)
P NiTi ($/kg)

28.7
6.5

d steel (mm)
ρ NiTi (g/cm3)

32.3
6.5

E material ($)
P machine-NiTi ($/each)
E machining ($)
P coupler ($/each)
E coupler ($)
E remainsteel ($)
E NiTi-machine ($)
T NiTi-machine ($)

154.3
364
46
896
10
30
59
2245
74085

P NiTi ($/kg)
E material ($)
P heading-NiTi ($/each)
E heading ($)

154.3
364
10
20

P coupler ($/each)
E coupler ($)

10
30
74
493
12325

E remainsteel ($)
E NiTi-heading ($)
T NiTi-heading ($)

Discussion

Based on the above calculations, the cost comparison of steel RC, CAM SEA RC, and NiTi SEA
RC is shown in Figure 3-59. The total cost of longitudinal reinforcement of a steel RC is $1212. While
for CAM SEA RC, the total cost is $19,278 when using machining and $11,712 when using heading.
The cost increased by $18,066 (when using machining) and $10,500 (when using heading) in
comparison with the conventional steel RC column. For each NiTi RC column, the total cost is $74,085
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when using machining and $12,325 when using heading. The cost increased by $72,873 (when using
machining) and $11,113 (when using heading) in comparison with conventional steel RC column.
100,000

Cost ($)

80,000

74,085

60,000
40,000
19,278

20,000
0

12,325

11,712
1,212
Steel RC

CAM SEA RC
using machining

CAM SEA RC
using heading

NiTi SEA RC
using machining

NiTi SEA RC
using heading

Figure 3-59 Cost comparison of steel RC, CAM SEA RC, and NiTi SEA RC.
It should be noted that, in this study, it is assumed that the difference in the cost of the three columns
is only due to the longitudinal reinforcement. This assumption is approximate because the use of SEA
reinforcement may alter other aspects of construction. The added cost to the total cost of the column
with CAM SEA heading is $11,712, which is expected to be a trivial increase in the overall cost of the
column. The reason is that for conventional RC column, its permanent deformation after earthquake is
still a problem. The cost used to repair or rehabilitate the column after an earthquake should also be
considered. The excellent strain recovery and energy dissipation capacity of SEA bars are shown to
reduce the permanent deformation of SEA reinforced columns up to 91% compared with the
conventional RC column after being subjected to a peak drift of 7%, as reported by Hosseini et al. [1].
Therefore, in comparison with conventional steel RC, columns reinforced with SEA are expected to
decrease the total cost in the long term.
To estimate the economic impact of using SEA on the overall cost of a bridge, the study by Saiidi
et al. [26] provides useful information. A typical 5-span, box girder bridge rigidly supported on four,
two-column bents was studied. A conventional RC bridge formed the benchmark. The columns of the
bridge were redesigned assuming NiTi combined with engineered cementitious composites (ECC) in
the top and bottom of plastic hinges using the method presented in [26]. The initial and repair cost of
the two versions of the bridge were estimated for the design level earthquake scenario. The overall cost
difference was 7.4% when NiTi/ECC is used. Under strong earthquakes, the damage in the conventional
bridge would be more severe thus increasing the repair cost. In that case, the overall difference in the
initial plus repair cost was estimated at 3.3%. This assumes that the conventional bridge would be
repairable. Should the conventional bridge be deemed unsafe and replaced due to severe damage, the
use of NiTi/ECC would substantially reduce the overall cost. Adding the user and traffic control cost of
typically prolonged repair/construction of conventional bridges, would make the use of SEA even more
economically attractive especially when CAM SEA are used. The use of SEA in bridges in earthquake
prone areas results in long-term reduction of the cost of bridges.
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3.5.6.

Summary

The CAM SEA reinforced column shows economic advantage over the NiTi reinforced column
particularly if the machining method is used to connect SEA bars with the steel rebar. The additional
cost of CAM SEA reinforced column is only about 1/4 of the cost on NiTi SEA reinforced column,
indicating the cost effectiveness of CAM SEA resulting from its excellent machinability. Even though
the costs of CAM SEA reinforced column and NiTi SEA reinforced columns are very close when using
heading, it should be noted that the reliable coupling between large diameter SEA bars with steel rebar
to resist seismic loading is still a problem. The feasibility and performance of heading large diameter
SEA bars still require further research. Therefore, considering the most commonly used coupling
method at present, i.e., threaded coupling by machining, it can be said that using CAM SEA in bridges
columns reduces the cost up to 75% compared to NiTi SEA.
With respect to the overall cost impact of using SEA, past research has shown that the overall
initial plus repair cost increases by a negligible amount under the design level earthquakes. However,
under strong earthquakes causing severe damage to conventional bridges, SEA would keep the bridge
operational requiring minor repairs, whereas a conventional bridge would either be decommissioned
for a long period to be repaired with substantial cost, or totally replaced if deemed unsafe. Either way,
the SEA alternative would result in major saving. For future research, a reliability-based life-cycle cost
estimation approach is recommended to better understand the impact of using SEAs as plastic hinge
reinforcement by incorporating the costs of repair, and downtime in a probabilistic framework.

4. PLANS FOR IMPLEMENTATION
There is a need for further research to understand and develop a reliable coupler that is also cost
effective for CAM SEAs. The influence of the heat treatment from the heading method should be
studied under controlled conditions to understand the source of brittle failures observed in the headed
coupling tests. The potential of using heat treatment following the heading should be investigated for
different heat treatment conditions. The influence of the heading process and the post heat treatment on
the grain size, distribution and orientation of the CAM SEAs would be helpful in understanding the
failures and developing effective coupling methods. Based on the findings of this research,
implementation of CAM SEAs in real bridges is feasible using the machined coupling method as it has
been shown to work in laboratory studies [1,7,27,28].

5. CONCLUSIONS
This research has shown that CAM SEAs are a strong and viable alternative to NiTi SEAs to be
used as a plastic hinge reinforcement. CAM SEAs exhibited higher fatigue lives than NiTi SEAs
exceeding 50,000 cycles. The corrosion resistance of CAM SEAs was found to be significantly higher
than mild steel and similar to or even better than high-chromium steel under long-term testing.
Machineability of CAM SEAs was better than NiTi SEAs and similar to that of mild steel. These are
the main advantages of CAM SEAs over NiTi SEAs in addition to temperature and strain rate
independency of the properties that have been demonstrated in previous research. Additionally, if
machining is used (rather than headed coupling) it was found that the added cost of CAM SEAs is
approximately 1/4 of that if NiTi SEAs are used. However, CAM SEAs still do have some shortcomings.
Particularly, there is currently a limitation on the maximum diameter and length of CAM SEAs that can
be produced as a single crystal material. This limitation, when combined with the lower yield strength
of CAM SEAs may result in a very large number of bars in a column when higher flexural resistance is
required. Additionally, since the mechanical properties of SEAs are dependent on the temperature and
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temperature history, simple splicing methods that are cost effective for mild steel and has been shown
to work for NiTi such as headed couplers seem to be unreliable due to heat induced embrittlement. It is
noted here that only the tensile behavior of CAM and NiTi SEAs is investigated here. When
implemented in columns, these materials are subjected to cyclic tension-compression stresses under
load reversals. Previous laboratory tests on columns with CAM or NiTi SEAs have shown that this load
reversal does not pose a disadvantage or alter the column behavior [1,7]. The main conclusion of this
research project is that CAM SEAs show excellent properties comparable to or superior than existing
alternatives. The only major impediment for real life implementation of this SEA composition is the
mechanical splicing, which is recommended for future research.
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8. APPENDIX RESEARCH RESULTS
8.1. WHAT WAS THE NEED?
Prior research indicates drastic improvements to a column’s seismic performance when the plastic
hinge reinforcement is replaced with superelastic alloys (SEAs), which is a type of shape memory alloy
(SMA) that exhibits reversible yielding and energy dissipation with little to no damage accumulation.
The improvement is specifically in terms of repair needed after an earthquake in the bridge columns.
No damage implies no or little permanent deformations after an earthquake. This allows for continued
use of bridges with or little repair after an earthquake, reducing downtime, cost and facilitating postearthquake recovery efforts. Previously, NiTi SEAs, a different alloy composition, have been
successfully tested and used for the first time in the SR99 Alaskan Viaduct Bridge in Seattle, which was
completed in 2017. However, certain properties of NiTi SEAs make it still a worthwhile effort to
investigate other SEA compositions. Specifically, it is known that NiTi SEAs have a lower operating
temperature range, more dependency on strain rate, low machineability, lower structural fatigue life,
and a high price tag.
8.2. WHAT WAS OUR GOAL?
Our goal in this research was to determine if Cu-Al-Mn (CAM) SEAs, a different alloy
composition, is a viable alternative for application as plastic hinge reinforcement in bridge columns.
8.3. WHAT DID WE DO?
To achieve the above stated goal, experimental characterization of CAM SEAs has been performed
to determine the following characteristics: low-cycle high-strain fatigue lives, corrosion resistance,
machineability, and mechanical splicing performance. Additionally, an analysis was performed to
compare the cost of a conventional column with that using NiTi SEA or CAM SEAs.
8.4. WHAT WAS THE OUTCOME?
This research has shown that CAM SEAs are a strong and viable alternative to NiTi SEAs to be
used as a plastic hinge reinforcement. CAM SEAs exhibited higher fatigue lives than NiTi SEAs
exceeding 50,000 cycles. The corrosion resistance of CAM SEAs was found to be significantly higher
than mild steel and similar to or even better than high-chromium steel under long-term testing.
Machineability of CAM SEAs was better than NiTi SEAs and similar to that of mild steel. The added
cost of CAM SEAs to the cost of a bridge column if machining is used was found to be approximately
1/4 of that of NiTi SEAs. These are the main advantages of CAM SEAs over NiTi SEAs in addition to
temperature and strain rate independency of the properties that has been demonstrated in previous
research. The research has shown that it is still required to develop a reliable coupling method for CAM
SEAs as the currently available methods have shown either premature failures or were not efficient in
terms of the material usage and cost. CAM SEAs currently have a limitation on the length of the bar
that can be produced, therefore, coupling is essential to achieve longer plastic hinge reinforcement and
also to connect to steel rebar.
8.5. WHAT IS THE BENEFIT?
CAM SEAs have been shown to be a viable alternative to NiTi SEAs to drastically improve bridge
seismic performance. A widespread implementation of SEAs as plastic hinge reinforcement of bridge
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columns is going to improve the resiliency of our communities. Having an alternate material with
similar or better properties at a lower cost is a direct benefit.
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