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CHAPTER 1: INTRODUCTION

1.1  Background

Collapse and severe damage of reinforced concrete structures during strong
earthquakes has been a major concern for structural engineers. Research has been
performed on improving seismic designs to ensure the safety of human lives and important
structures such as bridges. Current and past research was based on yielding steel
reinforcement in order to dissipate the earthquake energy. This meant maintaining the
structural integrity. However, the structure would be severely damaged. In this report, the
super-elastic behavior of Nitinol (NiT1), one of the most used shape memory alloys
(SMAs), is going to be used in doing preliminary tests to observe the extent of the ability
of this alloy to confine concrete, decrease and minimize residual crack sizes in concrete,

" and to recover and reduce permanent deformations caused by applied loads on it. This
characteristic of NiTi can cause a major leap in seismic design, since the base of seismic
design is to yield steel to dissipate energy while encountering permanent deformation,
whereas NiTi would yield under strains accompanied by seismic loads and recover
deformations fully [1,2,3]. This research is a preliminary study in to understand this

During the last quarter of the 20*® century, 2 new group of alloys evolved and
started to be used extensively in many different areas, in engineering and non-engineering
aspects [1,2). These alloys are called shape memory alloys (SMA). SMAs are used in
many different fields such as medical and orthodontic equipment, fighter jets, and even
shoes and clothing. SMAs possess unique properties, which allowed them to be addressed
as smart composites [1,2].

In general, SMAs exhibit two distinct crystal structures or phases [4,5,6]. These
phases are martensite (M-phase) and austenite (A-phase) and are totally dependant on one
or two of the three thermo mechanical variables, which are: existing temperature of the :
composite, the amount of mechanical loads or stresses applied, and strain [1,2,3]. Thus, the
properties of SMAs are dependant on the amount of each crystal phase present. martensite
is the more deformable, lower temperature phase and austenite is the stronger, higher
temperature phase present in SMAs [1,2,3]. SMAs exhibit six unique properties. These six
properties are: shape memory effect (SME) one-way memory, SME two-way memory,
super elasticity, damping hysteresis, and practical absence of fatigue and corrosion effects
[1,2,3]-

In order to understand the reasons behind these unique properties, one must
understand certain terminologies about these kinds of alloys. Shape memory alloys are
composed of martensite and austenite, the reverse and forward thermo elastic
crystallographic martensitic reversible transformation that determines the properties of
SMAs (Fig. 1-1) [1,2]. The SMA starts to transform into the low temperature, martensite,
when cooling down to the martensite start temperature (M) {1,2,3]. The transformation is
complete after the temperature is cooled down past the M, down to the martensite finish



temperature (Mg¢). When in this phase, the alloy behaves ferro-¢lastically and can be easily
‘manipulated in a very large strain range {1,2,3} (Fig. 1-2). In between the M;and M, the
alloy would exist in both the martensitic and austenitic phases [1,2,3] (Fig. 1-3).In
contrast, when heating the alloy past the austenite start temperature (A¢) up to the austenite
finish temperature (Ay), the alloy starts transformation into the stronger higher temperature
austenite phase and completes transformation [1,2,3] (Fig. 1-4). The critical temperatures
where the transformation occurs can be chosen in a temperature range between —302
degrees Fahrenheit (~150 degrees Celsius) and 392 degrees Fahrenheit (200 degrees
Celsius) [1,2). This depends on the alloy composition and micro structural constitution, the
latter determined by the thermo mechanical process.

Through SME, the material has the ability to memorize a very specific
configuration either in martensite or austenite phase, which is known as one-way memory
(Fig. 1-5) [1,2]. Also, SMAs are capable of being trained in memorizing two different

deformations in the two different phases. Deforming the alloy in the martensitic phase and - -

heating it into the austenitic phase, at which it regains its original size prior to deformation,
and by repeating this cycle many times, would achieve this (Fig. 1-5). Another interesting
characteristic of SMAs is pseudo-elasticity (Fig. 1-4) [1,2]. Pseudo-elasticity is the name
given to the super elastic characteristic of the SMAs. SMAs could reach strains up to 10 %
and still fully recover their deformation (Fig. 1-4) [1,2,3]. Pseudo-¢lasticity exists in the
alloy when it is above the austenite finish (A¢) temperature. Within such a range, SMAs
could go through hundreds of deformation cycles (up to their maximum recoverable
strains) without any accumulation of residual strain {1,2]. Finally, SMAs are known to
possess a high damping capacity, in both austenitic and martensitic phases, but with a
slightly higher capacity in martensite phase [7]. This is due to the stress-induced
martensitic transformation and reorientation of martensitic variants under the application of
an external load, respectively [1,2,3]. However, the damping hysteresis is affected by the
internal and external parameters such as temperature, frequency, time, strain amplitude,
alloy content, grain size, and densities of the martensite and austenite phases present [1,2].

In general, the characteristics of SMAs can be categorized into three groups. The
first category would be the typical features of martensite: higher damping with respect to
austenite, and the ability to completely recover residual strain by heating (shape memory
effect). The second category is the typical features of austenite: Nominally zero residual
strain up to 10% under arbitrary mechanical loading (pseudo elastic effect). The third and
final category is the common features of both phases: high damping capacity, and practical
absence of fatigue and corrosion effects.

In this study, the super elastic property occurring in the austenitic phase of the
SMA, specifically Nitinol (NiTi) is investigated. NiTi has a thermal coefficient similar to
that of concrete with a value of 6.11x107¢/ deg. Fahrenheit (11.0x107°/ deg. Celsius)

{8,9,10,11]. This means that under temperature fluctuations, no significant internal
thermally induced stresses are present in the system. :



1.2 Literature Review on Shape Memory Alloys

. There is m research conducted on the ability of NiTi to confine concrete. Also little
research has been directed towards understanding the ability of SMAs to recover
deformations, and decrease residual deformations in concrete beams. Almost all research
done on deformation recovery ability of NiTi is based on the induced recovery stresses
applied on a structural component. This occurs by transforming SMA reinforcement,
which is present in the martensitic phase in the structural component, into the super elastic
austenitic phase by increasing its temperature through heat application. In this review, the
most relevant investigations to the current study were included. _

1.2.1 Self-Stressing Fiber Composites (Ref.12)

" In this technical paper, shape memory alloy (SMA) composites were tested for their
ability to improve reinforcing and prestressing of concrete structures. SMAs are addressed
as smart composites that are able to deform and have their dimensions change and adapt
with environment such as by heat, electricity or radiation treatment. Because plastic
deformation of SMAs applied during the initial martensic phase can be recovered, SMAs
original dimensions can be said to ‘preserve’ its original shape. Such physical changes
undergone by phase changes can be used in prestressing of concrete. Using plate shaped
. concrete specimens, the authors tested the concept of self-stressing composite with SMAs.

Two were plain mortar, five were steel wire reinforced, and two were SMA reinforced.
Results obtained showed that SMA fibers allow self- stressing composites capable of self-
healing in which significant deformation beyond the first crack can be fully recovered and
cracks can be fully closed. If low water-cement ratio (<0.3) was used, healing due to
natural weathering can take place allowing for reoccurring prestressing of element several
times thus elongating life of structure. Results also showed that deflection due to loads
could be fully recovered after unloading. Additional benefits included less deflection and
smaller strains. The data also showed that higher tensile stresses can be applied, cracking
can be delayed or avoided under service load conditions, and the ultimate capacity can be

increased.

SMA Dampers (Ref. 13 and 14)

Experimental and analytical tests were performed on the ability of SMAs to
dissipate energy by using SMA dampers made by wrapping SMA wire between two
cylindrical support posts. Clark et al. [13] and Krumme et al. [14] found out by tests that

SMA damping devices reduced accelerations and structural displacements by % to %ovcr

conventionally designed structural systems. Thus it can be used for structural vibration
control. In addition to that, they found out that SMAs exhibit excellent fatigue life.



1.2.3 Damping Properties of Beams with Embedded SMA Fibers (Ref. 15)

In this paper, analytical and experimental methods are proposed to find out the
damping effect of applying or embedding SMA fibers, made of Nickel and Titanium
(Nitinol), into epoxy beam structural members. To observe the damping effect, two
systems were introduced. The control variable was solely an electric current, which had an
effect on the temperature of SMA fibers. Electric current would increase temperature of
SMA fibers, thus allowing them to transform from the martensite to austenite phase at
which causes the Nitino! fibers to become stiffer due to the effect of pre-straining back to
its original shape. The damping effect was observed by comparing a beam with embedded
Nitinol fibers and a DC voltage applied to it, with a similar beam with no current applied
to it. Experimental results and discussion show that vibrations were reduced significantly.
Tt also showed that initial vibration had higher frequency amplitude, which was induced
due to the initial increase of stiffness of the composite matrix (due to the phase
transformation, martensite to austenite), followed by a substantial decrease in frequency
amplitude later on. ‘

1.2.4 Stiffening Composite Materials By Embedding SMA Fibers (Ref. 16)

Shape memory alloy fibers (SMA), unlike normal plastics, have the ability to fully
recover deformation when subjected to heating. Thus, SMA fibers embedded in
composites can be used to control shape, elastic moduli, internal stress level and natural
frequencies of vibration of the composites. In this paper, an experiment was done mainly
to test the effect of SMA fibers in composites on vibration or damping of composite.
Through testing, a new phase was introduced and compared to martensitic and austemtic
phases. This phase is the R-phase transformation (thombohedral distortion of the original
austenitic structure), which precedes the martensic transformation. This distortion is
characterized by small transformation strains, a large stress rate change with respect to
smaller temperature changes, and a very small hysteresis (small temperature rate change
required to transform). This phase has two important advantages over the other phase
changes. It has a very high recovery stress with minimum temperature increases and higher
durability due to lower shear stresses at fiber- matrix interface. Experiments done using
SMA fibers embedded into an epoxy beam with the use of a shaker, strain gauges and a
DC electric current applied to it gave results showing that vibrations can be controlled by
applying currents on fibers, thus lowering frequency amplitudes of vibration of the
composite matrix.

Overview of SMA Performance (Ref. 17)

In this paper, a brief review of SMA’s thermo mechanical characteristics such as
pseudoelasticity and phase transformation, shape memory effect, and damping was
presented. Then the modeling aspects of such behaviors were explored followed by a
literature review of different structural applications of TENi SMAs (Nitinol). Damping of
SMAs was discussed in detail. SMAs posses a high damping capacity in both martensite-
phase and austenite-phase. The damping property in SMAs is also controlled by



temperature, time, frequency, strain amplitude, and alloy content, grain size and phases
interface. Damping capacity of SMAs in martensite-phase is a function of annealing
temperature. Damping increases with temperature up to a temperature of 550 deg. Celsius
(1022 deg. Fahrenheit), above which a reverse effect of decreasing damping capacity is
seen. In addition, SMAs in martensite-phase adopt a decreasing damping capacity when
undergoing an increasing number of loading cycles (tension-compression) until they reach
a stable limit. Tests have shown that SMAs in austenite phase acquire less damping
capacity than SMAs in martensite phase. Experimental studies show that if heat transfer
from SMAs to surrounding medium were enough to assure an isothermal condition during
loading, this would not allow the strain rate to affect the pseudoelasticity of the alloy. This
is due to the fact that self heating of SMAs has an effect on pseudoelasticity of material,
and an increase in temperature causes a shift in the stress-strain hysteresis loop upward.

Retrofit of Bridges U;ing SMA Restrainers (Ref.'18)

The possibility of using Nitinol shape memory alloy rods as restrainers in multr
frame bridges was explored. Nitinol alloys exhibit three unique properties that atlow it to
be a good substitute for steel restrainers. The properties are: (1) shape memory effect, (2)
super-elasticity, and (3) high damping characteristics. '

Initially, tests were performed to study the effect of bar size on the super-elastic
property of Nitinol (NiTi). Two specimens were used, a NiTi wire with a diameter of 0.070
inches (1.78 mm) and a rod with a diameter of 0.500 inches (12.7 mm). The test setup
consisted of cyclic loading of the specimen up to strains of 60,000 me. Stress-Strain
graphs were generated. The graph of each specimen showed substantial differences. The
graph of the wire showed the classic “flag-shape™ hysteresis whereas the rod showed a
smaller hysteresis loop. This implied that the equivalent viscous damping in the rod (2.1%)
was smaller than that of the wire (7.0%) at 6% strain. Another point is that residual strain
in the rod (3,000 me) was smaller than that of the wire (5,000 me). In the case of the rod,
upper loading plateau stresses occurred at 40-50 ksi (276-345 MPa), whereas in the NiTi
wire, it occurred at 80 ksi (552 MPa). However, the rod exhibited a higher stress of 110 ksi
(758 MPa) at 60,000 me strain compared to the wire that had a stress of 80 ksi (552 MPa).
The stress-strain curves of the rod show that the centering potential in NiTi is excellent.
This is the property that will be most useful in using NiTi as bridge restrainers. An
analytical modeling of a four frame, 11-span reinforced concrete Box-girder bridge
supported on single column bents was used. The bridge was analyzed in three ways: (1)
without restrainers, (2) steel cable restrainers and (3) SMA restrainers. Restrainers were
used to connect the end of each box girder to the beginning of the adjacent box girders.
The analytical modeling consisted of using a 2-dimensional non-linear model of the bridge
developed using DRAIN-2DX non-linear analysis program. The output results showed a
maximum relative hinge displacement of 6.79 inches (172.5 mm), a 6.05 inches (153.7
mm) displacement (11% reduction) using conventional steel restrainers, and 3.94 inches
(100.1 mm) displacement (42 % reduction) using SMA restrainers. The reasons for the
effectiveness of using SMAs compared to conventional steel is that SMAs remained elastic
for repeated cycles, whereas steel yielded, thus allowing the SMAs to have a greater



effective stiffness. Another point is the added stiffness in SMAs caused by strain hardening
at large strains.

Design and Application of the SMA Devices in Walls (Ref. 19)

The advantages of using shape memory alloys (SMAs) in retrofitting gable-end
walls were explored. A common intervention technique used to prevent the rocking of
gable-end walls is to improve the connection between fagade walls and floors and/or
orthogonal walls by means of steel tie rods. Such a technique has been observed, from past
earthquake damage, not to prevent collapse. Furthermore, the steel bars that are used as ties
have a high stiffness that causes high forces to be transmitted to the masonry structure
under earthquake loads. This causes the connection to fail due to the punching effect of the
anchorage. SMAs have an initial stiffness lower than that of steel and an upper plateau that
* has a fairly constant force while undertaking a substantial deformation. In addition, SMAs
have a good energy dissipation capacity that helps reduce damage while increasing
structural capacity. Therefore, using SMAs to connect fagade walls and floors and/or
orthogonal walls, in conjunction with conventional steel tendons for masonry post-
tensioning, has shown to be useful in preventing flexural collapse of tall and slender
masonry structures such as bell towers and columns.

Shape Memory Alloy Ties (Ref. 20)

Application SMA ties to connect the external walls to the floors or roof or to the
perpendicular walls was explored. Such a connection should be designed to behave as the
following: _ '

a) The SMA device does not apply any static force on the structural element under static
loads. .

b) The SMA device should remain stiff, as conventional steel does, not allowing
significant displacements under low intensity dynamic horizontal actions (winds, small
intensity earthquakes).

¢) The stiffness of the SMA device decreases under high intensity earthquakes. This
occurs under the fairly constant force of the super elastic upper yield plateau property
of SMA. This allows the wall to have controlled displacements. This behavior should
reduce the amplification of acceleration as compared to stiffer connections.

d) Under dynamic horizontal actions higher than design loads, the stiffness of the SMA
device would increase sharply due to strain hardening, thus preventing instability and

~collapse of structure.
Critical points in the design of such a connection was in defining the amount of
controlled displacement and the yield force level at which the SMA device stiffness should
decrease. Higher controlled displacements cause higher dama ge in the structure.



' Shape Memory Alloy Devices for Masonry Prestressing (Ref. 21)

- The use of shape memory alloys (SMAs) in the prestressing of masonry walls was
studied. The SMA wires were prestressed to 2 point where they were in the middle of their
super elastic range. The length of the prestressed wired was determined by the amount of
displacement required, and the super elastic range (maximum strain before strain
hardening) of the SMA wires. This is implemented in a way that the SMA wires remain in
the upper plateau super elastic range under all loading conditions. This prestressing method
was recommended for shear masonry wall mock-up, structures subjected to in-plane
loading, or for horizontal ties aimed at preventing out-of-plane collapse.

Comparison between Structures Unprotected and Protected with SMA Cables
- (Ref. 22)

The response of rigid bodies, representing simple models of ancient column or

. colonnades was studied. Prototypes used represent much larger structures. These models

were subjected to various types of pull out static tests, and sinusoidal and earthquake base
motions at the Earthquake Simulator Facility at Aristotle University in Greece.
Comparisons were made between prototypes reinforced with SMA wires and unreinforced
prototypes. The rigid prototype models used in this experimental study were made of either
 steel or marble. Steel prototypes represented structures that were 20 times larger, whereas

the marble prototypes represented structures that were 7 times larger. Four prototypes were
studied. They were: Single steel column prototype, two steel column colonnade, four steel
column colonnade, and two marble column colonnade. Conclusions of the experimental
tests were that insertion of SMAs in the prototypes had a noticeable favorable influence on
their stability. The model structures with SMAs developed stable response at amplitudes
higher than those of the models without SMA reinforcement.

Retrofit of Experimental Masonry Walls with SMA (Ref. 23)

The effects of retrofitting classical masonry walls with three SMA cross brace
devices at the lower level on each face of the wall were studied. Boundary conditions
imposed on the walls were as follows: ‘

1. Beam rotation at the top of the wall was not allowed to simulate the continuity of
the wall with other parts of the structure.

2. The upper part of the wall above the openings was constrained by a tendon to
simulate a traditional retrofitting technique used on such structures. -

The seismic input chosen was from a measured record in Lisbon, Portugal. It was modified
to meet the requirements of the Eurocode 8. The unprotected wall was subjected to
0.7xLisbon, 2xLisbon (2 runs), and 3xLisbon. Severe damage occurred on the end of the
second 2xLisbon loading event. The wall collapsed in the middle of the loading event of
3xLisbon. The SMA protected wall was subjected to 0.7xLisbon, 2xLisbon (2 runs), 3x
Lisbon, 4xLisbon, and 5xLisbon. Damage at 4xLisbon of the protected wall was similar to
that of the unprotected wall at 2xLisbon. Collapse of the protected wall occurred at

5xLisbon.



Out of Plane Response of a Masonry Wall Retrofitted with SMA Tendons
(Ref. 24)

The effectiveness of using SMAs for retrofitting walls to prevent it from out-of
plane collapse in masonry structures was studied. Two identical masonry walls were
constructed and connected to a stiff steel frame and placed together on a shaking table. The
stiff steel frame represented the rest of the structure. The test variable was the connection
between the walls and the steel frame. One of the connections was made of conventional
steel tendons while the other was made of SMA tendons. The SMA connection was
designed based on the following three points:

1. Under service loads, SMA tendons do not apply any static force to the linked
structural ele ments.

2. Under low intensity horizontal actions, the SMA remains stiff in the elastic region.
3. Under higher intensity horizontal actions, SMA yields while remaining in the super
elastic upper plateau yield state accompanied by a reduction in its stiffness. This enables
controlled displacements in the wall while dissipating energy. .

4. Under extraordinary horizontal actions, the SMA connections enter strain-
hardening phase and its stiffness increases dramatically, thus preventing excessive
displacements that could destabilize the wall.

Test results showed that the steel linked wall collapsed under higher loads than that
of the SMA linked wall. On the other hand, the overall damage of wall was less with SMA

. connection. SMA was shown to increase resistance against out of plane seismic vibrations
of such masonry walls by at least 50 % while reducing the top acceleration of the wall by
50 %.

Control of Permanent Deformation Using Advanced Composite Materials

(Ref. 25)

The response mechanism of a composite moment resisting frame system with self-
centering and energy dissipation capabilities was investigated. Although shape memory
alloys were not used in this investigation, the advantageous utilization of the lower
stiffness design of structural components and low residual displacements shown in this
paper are relevant to the lower stiffness issue of Nitinol reinforced sections that was used
in the present study.

In this study, 4 portal frames were tested under lateral loads and tests were
terminated at 5% drift. Specimen number one was a conventional steel reinforced frame.
Specimen number two had an FRP-reinforced (Aramid) columns and steel reinforced
beams. Specimens number three and four had CFRP-reinforced columns and steel
reinforced beams.

In contrast to conventional steel reinforced moment resisting frames, specimens
number two, three and four were accompanied by plastic hinge formations in the beams,
which was used for energy dissipation, without formation of plastic hinges at the base of
the columns. Such a performance does not cause a potential collapse mechanism. The
relatively large elastic deflection capacities of the columns were achieved by combining
elastic FRP bars with engineered cementitious composites (ECC). ECC has a higher tensile



and deformation capacity than normal concrete. It was found that the use of ECC in
combination with FRP could increase the deflection capacity of the columns and delay
concrete failure that can be caused at high deflections. Permanent deflections were also
reduced substantially.

1.2 Objectives and Scope of Study

The investigation described in this document was aimed mainly at the determining the
ability of Nitinol (NiTi) to recover deformation when used in combination with concrete.
In addition, confinement effect of NiTi on concrete cubes was explored. '

The goals of this study were to investigate (a) the flexural behavior of simply
supported beams under cyclic two point loads, and (b) the confinement properties of NiTi
under cyclic vertical loading in concrete cubes. The test variables in the beams were the
material and ratio of the longitudinal reinforcement in the critical region. Eight beams
were tested, four of which were longitudinally reinforced with NiTi, and four with

" conventional steel. The test variables in the cubes were also the material and size of the
bars used for confinement. Eleven cubes were tested, three were unconfined, four were
confined with NiTi, and four were confined with steel.

The primary objectives of the research were:

1. Determining the effect of using NiTi as longitudinal reinforcement in beams on the
displacement recovery and residual displacements.

2. Determining the effect of using NiTi as longitudinal reinforcement in beams on the
curvature recovery and residual curvature.

3. Determining the effect of using NiTi as longitudinal reinforcement in beams on the
residnal cracks in the beams.

4, Determining the effect of using NiTi as longitudinal reinforcement in beams on the
stiffness of the beams.

5. Determining the effects of using NiTi longitudinal reinforcement in full-scale
beams and hybrid systems using theoretical models.

6. Determining the concrete confinement properties provided by NiTi and comparing
it with that from steel.
7. Determining the ability of NiTi to recover deformation when used for confinement

in concrete cubes and comparing it with that from conventional steel.



CHAPTER 2: TEST SPECIMENS

2.1 Introdnction

Unlike steel, Nitinol (NiT1) is unknown to structural engineers. Its interactive
behavior with concrete is unknown and needs to be studied before being used in new

design or retrofit. To understand the behavior of NiTi, initial tests were conducted in order

to observe some of the basic interactive properties between NiTi reinforcements and the
concrete. Numerous tests needed to be done. Due to the cost and time involved in the
testing, smaller specimens were used in the present study. The specimens chosen were
standard sized concrete cubes and small-scaled beams. This chapter describes the test
specimens and the material properties.

2.2 Selectlon of Representative Specimens

Three points were to be observed in the experimental tests: The conﬁmng
capability of the NiTi, the stress-strain relationship of this material (Fig. 2-1), and the
ability of NiTi to recover deformations due to applied stresses after yielding. Two
categories of specimen were designed and constructed. The specimens were chosen to be
small and numerous so that several test variables could be studied.

The first category consisted of fourteen, six inch (150 mm) concrete standard
cubes. Six of those cubes were used to test the unconfined strength of the cubes. The
remaining eight cubes were confined. The second category consisted of designing and
building eight beams.

2.3  Test Specimens

23.1 Nitinol Rods

Although Nitinol (NiTi) is very expensive, it is actually one of the least expensive
shape memory alloys (SMA) available in the market due to its availability and customer
demand. NiTi was chosen for the experimental tests because of its relatively low and stable
transformation temperatures, Unlike other SMAs, the Austenite finish transformation
temperature can be chosen to be as low as —50 degrees Fahrenheit (-10 degrees Celsius),
thus having pseudo-elastic behavior with no residual strains at temperatures above —50
degrees Fahrenheit. This temperature range is ideal for most field conditions.

The second step was to decide on where to place the Nitinol reinforcement to
confine concrete, inside the concrete or outside as jackets. Two factors were to affect the
decision. The first factor was that Nitinol is super-elastic, thus its ability to reach high
strains and recover deformations (up to 0.08), even after yielding without any residual
strains, implied that concrete was to fail long before the Nitinol. This implied that the
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Nitinol is re-usable. On the other hand, placing the Nitinol confinement in the concrete
would ease construction and setup of tests. Since many specimens were going to be tested,
and due to economical reasons, external confinement was used to facilitate the removal and
the reuse of the SMA rods.

First, the mechanical and physical properties of Nitinol were the reasons for it
being chosen. Secondly, the dimensions and the shape of the NiTi to be used had to be
chosen. At this point there were other factors that influenced the final decision. These
factors were: connections, economy, and time to build the models.

" Afier consulting with shape memory alloy suppliers, three common shapes of
Nitinol were found to be available. These shapes were: Nitinol sheets, Nitinol wires, and
Nitinol bars. By inspection, the Nitinol sheets would have been most reasonable.
However, reasons for not choosing it will be discussed next.

Connecting Nitinol is not a straightforward issue. Sample wires were sent to
companies to test the reaction of Nitinol towards welding. Two kinds of welding methods
were tested. The first was conventional welding methods and the second was cold welding.
The material turned out to be extremely sensitive to both methods. Tensile tests on these
connections showed that strength of welded connections is significantly lower than the
strength of Nitinol. This early discovery lead to the decision of using the bars in the '
experimental tests, together with the cube and beam specimens. The methods and reasons
for using the Nitinol bars with the cube and beam specimens will be discussed in the
following sections. :

2.3.2 Concrete Cubes

Eleven 6 inch (150 mm) standard concrete cubes were chosen (Fig. 2-2 and 2-3).
The side dimension was chosen to be 6 inches (150 mm), to be consistent with the standard

cube size.

23.3 Beams

Fight small-scale beams were constructed (Figs. 2-5 to 2-9). The beams were 5 feet
(1.53 m) long with a cross sectional area of 5 x 6 inches (127 x 152 mm) in the middle area
and a cross sectional area of 5 x 12 inches (127 x 305 mm) at the ends. The beams were
chosen to have this shape due to reasons explained in section 2.4.2. The test variables were
the type and amount of reinforcement in the critical section (Table 2.1). The specimen
names are B-N-L-1, B-N-H-1, B-N-L-2, B-N-H-2, B-S-L-1, B-S-H-1, B-8-L-2, and B-§-
H-2. The letter B is short for beam, the letter N or S is short for Nitinol and steel
respectively, the letter L or H is short for low and high respectively, and the number 1 or2
denotes the number of bars used as longitudinal reinforcement at mid-section. Low and
high are used to point to the 0.375-inch (9.525 mm) and 0.5-inch (12.7 mm) NiTi bars,

respectively in B-N beams, and #3 (F10) and #4 (F13) bars, respectively in B-S

specimens.
All beams had the same dimensions. The beams were divided into two groups.

Fach group consisted of four beams. Group 1 (B-N-L-1, B-N-H-1, B-N-L-2, B-N-H-2)
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was reinforced in the longitudinal direction in the middle of the beam with Nitinol rods
~while group 2 (B-S-L-1, B-S-H-1, B-5-L-2, B-5-H-2) was reinforced with conventional
steel bars. Beams with conventional steel were used to establish the benchmark. '
Two different sizes of Nitinol rods were used. The first one consisted of 0.50-inch
(12.7 mm) rods and the other consisted of 0.375-inch (9.525 mm) rods. Both rods had '
reduced sections (dog bone) in the middle. The half-inch rod had a reduced diameter
section of 0.375-inches (9.525 mm), while the 0.375-inch (9.525 mm) rod had a reduced
diameter section of 0.25 inches (6.35 mm). These reductions were made to avoid failure in
the threaded section at the ends. ' _
Two different conventional bar sizes were used. The first was # 4 (F 13 mm) bar

and the second was # 3 (F10 mm) bar. Tensile tests were performed on sample bars to
determine the yield strengths. :

2.4  Design of Specimen

2.4.1 Concrete Cubes

The cubes were to be experimentally tested under uniaxial load. The focus of the
tests was to test confining effects of Nitinol (NiTi) on concrete. Two lprefabricatcd holes
were embedded in the concrete cubes (Fig. 2.2). */z (9.525 mm) and /2 (12.7 mm) of an
inch diameter Nitinol bars were used in the tests, and would go through the prefabricated
holes. In addition, conventional # 4 (F13) and # 3 (F10) Grade 60 steel bars were used in
the experimental tests. The Nitinol confinement effect was compared and judged based on
the confining ability of conventional steel bars. '

Nitinol and steel bars were all 10 inches (2540 mm) long. All were threaded over 1
inch (25.4 mm) from each end. These bars were passed through the cubes, and 4-inch
(10.16 cm) steel plates with drilled holes in their center were attached to the bars from both
ends. Each bar had on one end a steel plate only attached to it, and then Grade 80 washers
and nuts came on top to fasten the plate to the side of the cube. On the other end, a small 1-
inch (10.16 cm) long steel pipe, with a 2.5 inch (6.35 cm) outer diameter came around the
bar. This pipe acted as a protection and cover for the strain gages that were going to be
placed in this region on the bar itself. A 3-inch plate with a drilled hole right in the center
was placed on top of the pipe. Then Grade 80 washers and nuts were used to fasten them
to the cube, ' -

The only concern with testing the cube was the rigidity of the plates and buckling
of the pipes. Iterative finite element analysis was performed on the 4-inch (76 mm) plates
to estimate the thickness of the plate required to achieve satisfactory rigidity. This was
done by assuming a thickness for the plate and then analyzing it under an 800-psi (5.52
MPa) pressure. Rigidity in this case was defined as having a maximum deflection in the
plate of 0.005 inches (0.127 mm) under a confining pressure of 800 psi (5.52 MPa).
Tterative finite element analysis using the Structural Analysis Program (SAP 2000,
[33])and market availability implied the use of Grade A36 steel with a thickness of % an
inch (12.7 mm). This would give a deflection of 0.0043 inches (0.109 mm) under 2
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confining pressure of 800 psi (5.52 MPa). Finally, the pipes were checked for buckling
capacity.

2.4.2 Beam Design

The beams were tested under two point loads in the middle. The twe loads were 6
inches (152 mm) apart thus subjecting the mid-part of the beam to pure constant flexure.
The test variable was the reinforcement ratio in mid-section. A varying number of bars
used and/or cross-sectional area of the bars achieved this. Figures 2-10 and 2-11 show the
test setup. “Mid-section” will refer to the constant moment region of the beam. “Outer-
sections” will be used to refer to the sections of the beam outside the mid-section.

The Nitinol rods available for testing were 10 inches (254 mm) long. NiTi is re-usable
since it fully recovers deformation after yielding without residual strains. To minimize
testing cost, the beams were reinforced from outside the concrete area of the beam.

' Embedding the NiTi rods in the beams meant using more rods. Thus anchoring them to the
beam from the outside allowed for re-using the NiTi rods.

The idea behind the beam design test setup was to have strong and over-reinforced
outer-section beam parts relative to the mid-section where the rods were going to be
placed. The first step was to figure out how to attach the reinforcement without embedding
© it inside the concrete. For this, it was decided to use two angles anchored to the bottom of
the beam (Fig. 2.6). Two anchors were used for each angle to increase its rigidity and
eliminate rotation of the angles around the anchor rods. Then reinforcements were passed
through these angles and were attached to the ends of the beams. Nitinol or conventional
steel rods were attached to the angle at a distance of 2.5 inches (76 mm) measured from the
bottom of the beam to the center of the rod. These rods were threaded at the ends and
attached by Gr. 80 high strength nuts and washers. No further reinforcements were used in
the 6-inch (152 mm) mid-section. Longitudinal reinforcements outside the mid-section
were placed at a distance of 4.5 inches (114.3 mm) measured from the bottom of the beam
to the center of the rod. The reinforcement of the outer-section was decper than mid-
reinforcement in order to increase nominal moment capacity of the outer-section beam
parts. The nominal moment capacity of the outer-section was twice the nominal moment
capacity of the mid-section. '

External Grade B-7 (Table 2.3) all threaded steel was used for longitudinal
reinforcement at the outer-section. Gr. B-7 steel has higher yield strength than
conventional Gr. 60 steel. The advantage of using Gr. B-7 over Gr. 60 stecl was that the
steel area would be minimized and the rods are already threaded. First of all, this meant
less congestion of reinforcement in the beam. Second, this allowed an easier setup of
experimental tests since rods can be anchored to the angles and the end of beams using
nuts and washers. Furthermore, the hardware could be reused.

For the ends of the beams, initial plan was to use end plates anchored to the beam
with longitudinal reinforcement attached to these plates by muts as shown in (Fig. 2-12).
Analysis of the anchor rods showed that their pull out strength is not sufficient and the
connection would fail. Another anchorage method was proposed, analyzed and used for the
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beam-ends. The beam-ends were made deeper with 2 prefabricated holes along the
longitudinal axis of the beam, 10.5 inches (266.7 mm) deep, measured from the top of the
beam to center of the holes. The outer-section steel rods went through the holes in the
beam-end, and then were anchored to the angles with nuts and washers. Similarly, the steel
rods were anchored to the beam-ends by nuts with a bearing plate placed between the
washers and concrete end of the beam as shown in (Fig. 2-8).

Analysis was made on the beam to find the shear and tensile forces applied on the
anchors embedded in the beam. The anchor rods were then designed and 4-3/4 inch (121
mm) Grade B-7 steel anchor rods were used, 2 anchors in each group. Each of the angles

was attached to each group of anchors. The anchor rods were embedded 5 inches (127 mm)

in the concrete and were spaced at 1.25 inches (32 mm) from center of the anchors to edge
of the beam (Fig. 2-7). _

_ The angles were chosen to remain elastic and rigid during experimental testing.
Rigidity was defined by having deflections on outer legs of the angles limited to one-
hundredth (0.254 mm) of an inch during the maximum loading event of the beam. More
deflections would affect the results of the strain gage reading of the mid-section
reinforcement. A36 steel (Table 2-4) was wed for the angles. Iterative finite element
analysis using the Structural Analysis Program (SAP) was performed on the angles [32].
Analysis performed implied the use of a 1-inch thick (25.4 mm) leg angle that would have
a maximum deflection of 0.00132 inches (0.033528 mm). An angle, L 8x 6x 1, was chosen
. because it was available. Finally, the angles were analyzed for shear and tensile stresses.
Bearing plates placed at the beamrends were then analyzed. Bearing plates were designed
for concrete bearing strength. Plates chosen were grade A36 steel, 5 inches (127 mm) wide
by 4.5 inches (114.3 mm) deep by 0.5 (12.7 mm) inches thick and were placed as shown in
(Fig. 2-8).

The lower stubs at the beamrend regions were designed using the shear friction
method specified by the ACI 318-02 code. Grade 60 conventional # 3 (F 10 mm) stecl was
used as stirrups and longitudinal reinforcement in the beam. Single-legged stirrups were
used and spaced at 2.25 inches (57.15 mm). Top compression longitudinal reinforcement
was phced at a distance of 1.5 inches (38.1 mm) measured from the top of the beam to the
center of bars. Bottom tension reinforcement was placed at 1.5 inches (38.1 mm) measured
from bottom of beam to center of bars. This bar was saw-cut at mid span prior to testing to
eliminate its contribution to resisting moments. Development length of reinforcement in
beam-end region was accounted for. It was 8 inches (20.32 mm) long. Detailed drawings

are shown in (Figs. 2-5 to 2-9).

25  Specified and Measured Material Properties and Fabrication

In the following sections, the specified and measured properties of concrete,
Nitinol, and steel are described. Tables 2-3 and 2-4 present specified properties of Grade
B-7 and Grade A36 (248), steel respectively. Tables 2-5 to 2-8 present the measured
material properties. It is frequently common to have some differences between measured
and specified material properties. Thus, it is essential to evaluate the differences for
better evaluation of expected experimental test resuits. :
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2.5.1 Reinforcement

Two types of reinforcing materials were used in the tests. The shape memory alloy
(SMA) interaction with concrete was to be tested; in this case Nitinol (NiTi) was used. The
second material was conventional Grade 60 (420) steel. It was used to establish reference
cases.

Nitinol rods were used in the study. A total of 4 Nitinol rods were used in the
testing (Fig. 2-26). These rods were cold drawn, thermally straightened to the superelastic
condition; grit blasted, and with threaded ends. The Austenite start (A,) temperature was 5
degrees Fahrenheit (—15 degrees Celsius). The NiTi rods were manufactured and supplied
by Special Metals Corporation [8]. For chemical analysis of the material, refer to Figure 2- -
2. Two sizes of Nitinol rods were used. Two rods had a diameter of 0.500 inches (12.7
mm); the other two had a diameter of 0.375 inches (9.525 mm). All rods had the same
chemical composition with the same length of 10 inches (25.4 mm). The rods were
threaded at both ends with a thread length of 1 inch (25.4 mm). The threads used were
. UNC {coarse threads) with 13 threads per inch (5 threads per cm) for the 0.500-inch (12.7

mm) rod, and 16 threads per inch (6 threads per cm) for the 0.375-inch (9.525 mm) rods
[26].

Initial tensile tests on Nitinol rods proved that threaded regions of the Nitinol rods
were extremely sensitive to stress concentration. Failure occurred in threaded parts at much
lower strains than anticipated failure strain of the material (Section 3.2). Thus, to prevent
' filure at threads, the section in the middle part of the rod was reduced by machining,

The suggested reduction in the diameter of the Nitinol rods was to have a tensile area less
than that of the threads. This allowed the monitoring of strain in the critical reduced
section using strain gages, thus preventing failure in the threads that cannot be monitored.
The 0.500-inch (12.7 mm) rods had a thread root diameter of 0.406 inches (10.3 mm) [26].
The diameter in the middle section was reduced from 0.500 inches (12.7 mm) to 0.375
inches (9.525 mm). The 0.375-inch (9.525 mm) rod had a thread root diameter of 0.298
inches (7.57 mm) [26]. The diameter of the middle segment of these rods was reduced to
0.25 inches (6.35 mm).

2.5.2 Cube Materials and Fabrication

2.5.2.1 Concrete

The concrete 28-day strength for the cubes was specified to be 4000 psi (27.6 MPa)
with a maximum aggregate size of % inches (19.05 mm) and a slump of 5 inches (127
mm). The high slump specified was to ensure workability. Three cylinder specimens were
poured at the same time cubes were casted. The three cylinders were used for the 28-day
compressive test. All specimens were tested in accordance with ASTM C39-86 [29]. The
same compressive loading rate was applied on all specimens. The loading rate ranged
between 60,000 and 70,000 pounds (266.7 and 311.2 KN) per minute in order to be
consistent. The cylinder dimensions were 6 inches (152 mm) in diameter and 12 inches
(305 mm) in length. Equivalent cube strength was found using Murdock [32] and Neville
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[31] correction factors. Table 2-6 summarizes the test results. The average measured
strength of 4800 psi (331. MPa) was used in theoretical calculations.

2.5.2.2 Cube Formwork and Fabrication

Cubes were built in the Bridge Structures Laboratory at the University of Nevada,
Reno. Wooden forms were built using % inch (19.05 mm) thick plywood. Plywood was cut
into 14 long pieces and 35 small pieces. Each of the long pieces was about 40 inches {1.02
m) long. The short pieces were 6 inches (152 mm) long. Both were 6 inches (152 mm)
wide. Holes, with diameters of 0.8125 inches (20.64 mm), were drilled in the long pieces
at 6.75 inches (171.05 mm) on center (Fig. 2.21). The height of the holes was 3 inches (76
mm) measured from top of the long piece to the bottom of the hole (Fig. 2.21). In the short
pieces, holes were drilled at 3 inches (76 mm), measured from bottom of the piece up to
the top of the hole. Plastic pipes with internal diameters of %h6 inches (14.29 mm) and an
outer diameter of */;¢ inches (20.64 mm) were cut into pieces that would go through the
drilled holes. They were fitted into the holes and all the pieces were then nailed to each
other into the final form that would essentially be used to cast 6 cubes. Five of these forms
were built in order to cast a total of 30 cubes (Fig. 2.19)

Afier the cubes were removed from the forms, two holes were drilled on the sides
of the cube. The holes were located vertically above each other at ¥ inch (12.7 mm) away
from the edge of the cube to the center of the hole. The holes were vertically distanced
from each other at 1% inches (38.1 mm) centered and were 1 inch (25.4 mm) deep. The
holes were then filled with epoxy and two nails were inserted. Laser reflector markings
were placed on the nails. These markings could not be placed on the face of concrete
because the corners and edges of concrete were not confined and would spall taking out the
markings with them.

2,5.2.3 Mild Steel

All mild steel was specified to be Grade 60. Two, 16-inch (177.4 mm) long bars
from both #3 (F10 mm) and #4 (F 13 mm) bars were tested in tension in order to
determine thie material properties. The bars were tested in a Tinius-olsen mechanical
testing machine. The elongation was measured using a dial gage over a 2-inch (50.8 mm)
gage length. The samiples were tested to failure. The same type of mild steel was used in
cube and beam tests. Tables 2-7 and 2-8 summarize the measured properties of the tested
bars. Figures 2-13 and 2-14 show the measured stress-strain relationship for #4 (F13 mm)

and #3 (F10 mm) bars.

2.5.2.4 Steel Plates and Pipes

Grade A36 Steel was specified for the 4-inch (10.16 mm) and 3-inch (76 mm)
square plates, and the 2-% inch (63.5 mm) pipes. The thickness of the square plates was %2
inch (12.7 mm). The pipes were 0.75 inches (19.05 mm) long with an inside diameter of
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2.47 inches (62.74 mm) and an outside diameter of 2.875 inches (73.03 mm). Small slots
were cut in the edge of the pipes to give space for passing the strain gage wires from inside
the pipe to the outside to be connected to the data acquisition. Slot dimension were %” X
1% (19.05 mm x 6.35 mm) (Fig. 2-23).

2.5.3 Beam Materials and Fabrication

2.5.3.1 Concrete _

The concrete 28-day compressive strength for the beams was specified to be 4000
psi (27.6 MPa) with a maximum aggregate size of % inches (19.05 mm) and a slump of §
inches (127 mm). The high slump specified was to ensure proper distribution of concrete
with no voids in the specimens considering the small size of form. Nine standard cylinder
specimens were poured at the same time the beam concrete was poured. The 9 cylinders
. were distributed into 3 groups. Each group was used for one of the 7-day, 14-day, and 28-
day compressive test. All specimens were tested in accordance with ASTM C39-86 [29].
The same compressive loading rate was applied on all specimens. The loading rate ranged
between 60,000 and 70,000 pounds (266.7 and 311.1 KN) per minute in order to be
consistent. Table 2-5 summarizes the test results. The average measured strength of 5800
- psi (40 MPa) was used in theoretical calculations.

2.5.3.2 Angles _

The angles that were used had specified Grade A36 steel. The angle size used was
L8x6x1. Two groups of a total of four angles were used for the beam tests. Each group had
a total of two identical angles. The only difference existing between the two groups was
the hole locations. Each group was used for a different type of testing. One of the groups
was used for testing the beams with a single bar reinforcement right at the mid-section of
the beam. The other group was used for testing the beams with double bar reinforcement.
The group of angles used for single reinforcement had five drilled holes in them (Fig. 2.17,
2.18). Two of the holes were in the 8-inch (20.32 mm) leg. These holes were used to attach
the 3/, inch {19.05 mm) diameter anchor rods to the angles. The centers of the holes were
located 2.5 inches from the edge of 8-inch (20.32 mm) leg. The diameter of the holes used
was /g of an inch (22.25 mm). The extra /g inch (3.18 mm) was added to the size of all
holes to account for human errors such as misplacement of anchor rods during the casting
of the specimen. There are three drilled holes in the 6-inch (152 mm) leg. One of the holes
was used to anchor the mid-section reinforcement to it. The location of the center of the
hole was in the middle of the 6-inch (152 mm) leg at 3.5 inches (88.7 mm) from the edge.
The diameter of the hole was >/ of an inch (9.54 mm). The other two holes were used to
anchor outer-section reinforcements to it. The locations of the centers of the holes were at
1.5 inches (38.1 mm) from the edge of the 6-inch (152 mm) leg. The diameters of these
two holes were /s inch (9.525 mm). Minimum spacing and clearances of holes were
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designed according to the AISC — LRFD, volumes 1 and 2 [26,27]. Refer to figs. 2-17 and
2-18 for drawing details of the angles.

The group of angles used for double reinforcement had six holes drilled in them
(Figs. 2.15, 2.16). All holes had similar properties and locations as the other group of
angles except for the holes used in mid-section reinforcements. In this group, two holes
were used for mid-section reinforcements. Their centers were located at a distance of 3.5
inches (88.7 mm) from the edge of the 6-inch leg (152 mm). The spacing between the
holes was 3 inches and their diameters were /s of an inch (9.525 mm).

2.6 Instrumentation

2.6.1__ Introd_uction

The basic instrumentation consisted of strain gages to measure strains in
reinforcements, transducers to measure concrete deformation, a laser to measure vertical
deflections, and load cells to measure forces. The placement and exact use of
instramentations varied from the cube and beam experimental testing. Differences are
described in detail in the following sections.

2.6.2 Data Acquisition Equipment

Data were collected from the experimental tests using a National Instrament control
unit. This system has a maximum sampling rate of 2 Hz. Analog filters were set up at 4 Hz.
Analog output was available for or line monitoring or control of any selected input
parameter. Strain gages, displacement transducers, laser, and load cells were connected to
screw terminal blocks. For a list of instruments used, refer to Table 2-9.

2.6.3 Strain Gages

Strain gages used were the post yield YF-series provided by Texas Measurements
ine. [30]. The specific type that was used is the YFLA-2. They have large strain
measurement capacity, which could reach up to 200,000 micro-strains at room
temperature. The YFLA-2 strain gage has a small backing size that enabled their adhesion
to small surfaces such as the >/ of an inch (9.525 mm) diameter NiTi bar. It has a backing
length of 0.295 inches (7.49 mm) and a backing width of 0.157 inches (3.99 mm). The CN-
Y compatible adhesive was used with the strain gages.

2.6.4 Load cells

Two kinds of load cells were used in experimental tests. One was the Lebow 150
kip load cell with a capacity of 150 Kips (667 KN) and the other was the Transducer
Technique LWO-20 with a capacity of 20 Kips (88.9 KN). The Lebow load cell was used
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to measure the vertical loading on both beams and cubes. The Transducer Technique load
cell was used to measure forces in the bars used to confine the cubes.

2.6.5 Displacement Transducers

One kind of linear displacement transducer was used in the beam experimental
testing. It was used to obtain data for drawing the strain profile and curvature of the beam.
The manufacturer is Novotechnik and the type is TR-50 Linear Displacement Transducers.

2.6.6 Laser Device

A laser device was used to measure vertical deflections and deformations in many
different applications. Data were collected from the laser extensometer by connecting it to
the data acquisition. The laser extensometer had a measurement range of 0.2 inches (5.08
mm) up to 5.0 inches (127 mm). It has a resolution of 0.0001 inches (0.00254 mm). It
' measured deflection or deformation by scanning the specimen and detecting the location of
reflective tape markings. As the marks move during the test, the laser tracks and records
their exact position. The manufacturer of the laser extensometer used is Mechanical

Testing and Simulation (MTS) and the type used is LX 500.
2.7  Test Procedure

2.7.1 General

All tests presented were done at the Bridge Structures Laboratory at the University
of Nevada, Reno. The cube specimens were subjected to vertical compressive load and the
beams were subjected to two vertical point loads, 6 inches (152 mm) apart at the middle
top of the beam. Beam specimens were painted with white lime in order to detect crack
propagation. Cracks were marked in each test in order to monitor flexural crack growth.

2.7.2 ‘Tensile Tests

Tensile tests were done using the Instron and Tinjus-olsen testing machine. The
tensile tests conducted were done to measure physical properties of the steel and Nitinol to
be used in experimental testing.

Sixteen-inch (406 mm) long steel specimen samples were used for measuring steel
material properties. The specimens were placed vertically and were held in position with
steel grips. Tensile loads were then applied, monitored, and recorded up until failure of
specimen. The vertical elongation was measured using a dial gage over a 2-inch (50.75
mm) gage length. Strains were recorded by taking readings from the dial gage at 500
pound (2.2 KN) increments. Data were plotted and properties were tabulated. Tables 2-7
and 2-8 summarize the measured properties of the tested bars. Figures 2-13 and 2-14 show
graphs of measured stress-strain relationship for #4 (F13 mm) and #3 (F 10 mm) bars.
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No samples were available for testing Nitinol in order to determine its properties.
Therefore, the Nitinol bars that were used in experimental testing were also used to
perform tensile tests. In this case, tensile tests were not performed until failure. They were
stopped slightly after yielding. This was sufficient to obtain the flag-shape stress- strain
relationship that would show upper, and lower plateau yield stresses. Table 2-10
summarizes the measured properties of the tested bars. Figures 2-24 and 2-25 show graphs
of measured stress-strain relationship for both, the 0.50-inch (12.7 mm) bar, and the 0.375-
inch (9.525 mm) bar.

2.7.3 Cubes

The cubes were tested in a Satec compression machine. Four strain gages were
placed on each of the bars used in the experimental test. The strain gages were placed at 90
degree spacing, circumferentially around the bar, at approximately 1.5 inches (38.1 mm)
from its end. The bars were then placed in the prefabricated holes in the cube. The 4-inch
(10.16 mm) plates, steel pipes, and the 3-inch (63.5 mm) plates were then attached to the
rods with nuts and washers. The small washer load cells were then placed in between the
washers and the steel plate to measure stresses in the bars. The Lebow 150-kip (666.8 KN)
Joad cell was placed on the top face of the cube right under the compression arm of the
machine. Two laser reflector markings were then placed on the nails that were embedded
in the sides of the cubes. Laser extensometer was placed on the tripod and targeted towards
the markings. Strain gages, laser, and load cells were then connected to the data acquisition
system.

Two different types of test methods were conducted on the cubes: Monotonic
loading and cyclic loading. The laser, gage, and load cell readings were monitored from
the screen of the computer attached to the data acquisition. The loading of the specimen
took place until the faiture of the concrete and a significant drop in load was visible.

2.74 Beams

The beams were tested in a Reihle machine (Figs. 2.10 and 2.11). Four strain gages
were placed on each bar. The strain gages were placed at 90 degree spacing,
circumferentially around the bar, at the longitudinal center of it. The bars were attached to
the angles, and all necessary bearing plates were placed in position. The load cell was
placed between the top of the two-point load and the loading plate of the Reihle machine.
Two Tr-50 Novotechnik linear displacement transducers were placed on the face of the
beam at mid-region. The tips of the transducers were placed six inches apart at the same
location as the point loads. One transducer was placed at a distance of 3/ in. (9.525 mm)
from the top of the beam; the other was placed at a distance of 1 inch (25.4 mm) from the
bottom of the beam. All instruments were connected to the data acquisition. The laser
extensometer was placed on the other side of the beam. A laser device was used to
measure maximum deflections at the middle of the beam.

The beams were tested under half-cycle loads. The laser, gage, and load cell
readings were monitored from the screen of the computer attached to the data acquisition.
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Load cycles had increments of approximately half measured yield displacement.
Theoretical half yield loads, and yield loads were calculated before test. Beamns were then
loaded up to half yield load and then unloaded to 0.3 kips (1.33 KN). The 0.3 kip-load was
left to keep the system stable. After that the beam was loaded carefully to the yield load.
The load-displacement graph was monitored on the computer screen that was connected to
the data acquisition. Based on the measured yielding of the beam that was visible from the
computer graph, the applied displacement amplitude was selected. The yield displacement
was then measured graphically. Cyclic loads with haif yield load increments were then
applied to the beam. Consistent loading and unloading rates were used on all beams. -
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'CHAPTER 3: Test Results

3.1 Introdaction

This chapter presents the measured data and the observed behavior of the beam
specimens and the concrete cubes. The experimental work also included in developing
anchorage details for Nitinol wires wrapped around concrete cylinders. This chapter also
describes this anchorage method and its evaluation.

3.2 Tensile Tests

Tensile tests were performed on Nitinol and mild steel to find their properties.
Experimental results were discussed in Section 2.5.2.3 and 2.7.2, Unlike the steel bars,
problems were encountered with the strain gages placed on the Nitinol rods. Initially, four
strain gages were placed on each rod circumferentially at 90 degree spacing as discussed in
Chapter Two by using the conventional method. That is, smoothening the surface with
sand paper followed by thorough cleaning with acid and then base solutions. Bars were left
to dry and then CN-Y adhesive was placed on the surface of the strain gage. The strain
gage was then placed on the desired location on the surface of the bar and then pressed
firmly for ten to fifteen minutes. The process was repeated until all strain gages were
placed in their appropriate locations. This process worked well with the NiTi rods when
used in cube tests but in beam testing, an unexpected phenomenon was observed. This
phenomenon was first observed in BNHI. As soon as the bars reached yielding and the
load was released, load-strain plots being monitored during the test showed a sudden drop
in strains. By the time load was reduced down to 0.3 kips (1.3 KN); the strain gages were
showing significant compression in the bars. The beam was reloaded to yield and unloaded
again, and the same phenomenon was observed. The second time, strain readings showed
even higher compressive strains. :

The CN-Y adhesive was not functioning properly. Slippage was occurring between
the strain gages and the surface of the bars. Direct tensile tests were performed on the
Nitinol bars to observe if this would happen again. This time all four bars were tested. The
bars were loaded to significantly high strains of approximately 40,000 microstrains. This
strain would be similar to that achieved by the bars during the beam tests. Same
observation was made on most of the strain gages on the four bars. Slippage occurred after
bars started to yield. '

It took one to two minutes for the adhesive to dry on the steel bars and ten to fifteen
minutes to dry on the Nitinol bars. It appeared that slippage was perhaps due to the fact
that the strain gages needed to be held while being pressed for a longer time. Another
method was proposed and tested. Instead of holding the gages for tento fifteen minutes,
the gages were firmly wrapped by electrical insulating tape. This implied that the gages
would be left under pressure for a long time thus giving the adhesive sufficient time to dry.
More space was needed to be able to tape the gages. Gages had to be staggered along the

middle of the bar (Fig. 3.1).
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A new method was tested in tension in conjunction with laser extensometer to

verify the strain gage readings. All strain gage and laser extensometer readings on the four
bars were consistent. Bars were used in beam tests and were proved to work properly.

33  Nitinol Wire Anchorage Method

Nitinol (NiTi) cannot be welded to itself or any other form of steel using current
technology. To use NiTi, wires were needed as external confinement reinforcement for -
concrete. It would not be possible to connect it by conventional methods. An anchorage
method was designed and experimentally tested as a part of the current study (Figs. 3.2-
3.6). A rectangular steel plate curved to match the surface of a 6-inch (150 mm) diameter
concrete cylinder with two predrilled holes was used (Fig. 3.2-3.3). A 2-inch (50.8 mm)
slice of the concrete cylinder was saw cut. Two holes were drilled in the standard
cylindrical concrete slice specimen going through it from one side to the other. The holes
were 1.5 inches (38.1 mm) apart. The steel plate was bent in order to have a radius of
* curvature equal to that of the concrete cylindrical specimen. The two holes were filled with
epoxy by pressure injection. After that, NiTi wire with a diameter of 0.1 inches (2.54 mm)
was squeezed through one of the epoxy filled concrete holes, and into one of the holes of
the plate, back into the second plate hole and through the second epoxy filled concrete
hole, simultaneously applying epoxy around the wire to ensure proper distribution around
" it (Fig. 3.4-3.5). A pullout test was performed on the wire (Fig. 3-6). The wire was pulled
until failure. The wire failed in the region outside the holes and the steel plate region. Such
a failure implied that no high stress concentrations existed in the region were the wire was
bent at the steel plate. Adhesion forces between the epoxy and the NiTi wires were
sufficient to transfer forces to steel plate region. This meant that the anchorage mechanism

performed well.

3.4  Cube Specimens

Three unconfined and eight confined cubes were tested under vertical loads
(Section 2.7.3). The cubes had 6 inch (152.4 mm) side dimension. The confined cubes
were divided into two groups. Group 1 had four cubes confined with Nitinol {(NiTi) bars.
Two cubes were confined with 0.25-inch (6.35 mm) NiTi bars; the remaining two cubes
were confined with 0.375-inch (9.5 mm) NiTi bars. Group 2 had four cubes confined with
conventional steel bars. Two cubes were confined with #3 (F10) steel bars whereas the
other two cubes were confined with #4 (F13) bars. Tests were conducted to determine the
effect of confining concrete in comparison with conventional steel. Displacement recovery
of the cubes and strain recovery of NiTi bars were monitored under cyclic loads. The
specimen designations were C-N-L-1, C-N-1-2, C-N-H-1, C-N-H-2, C-S-L-1, C-S-L-2,C-
S-H-1, and C-S-H-2. The letter C is short for cube, the letter N or S is short for Nitinol or
steel respectively, the letter L or H is short for low or high respectively, and the number 1
or 2 denotes the specimen number in its category. Low and high are used to point to the
0.375-inch (9.525 mm) and 0.5-inch (12.7 mm) diameter bars respectively. Specimen C-S-
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H-2 results are not presented because the test was not completed due to problems
encountered during experimental procedure.

3.4.1 Load - Displacement Results

Vertical load vs. displacement curves were studied to determine the confinement
effects of Nitinol (NiTi) compared to conventional steel. Three factors were of particular
interest. The ultimate load, ultimate displacement and the residual displacement of the
specimens. Loads and displacements were normalized with respect to the highest recorded
values for each respectively. Ultimate loads reached by NiTi confined cubes were
significantly lower than those confined by conventional steel (Table 3.1)(Figs. 3.7 -3.13).
Taking the average of the ultimate loads reached by C-N specimens would give 136 kips
(603 KIN), which is significantly lower that those of C-S specimens that gave a value of
186 Kips (829 KN) (Table 3.2). Residual displacements were monitored to see if
superelastic behavior of NiTi would result in more displacement recovery than that of
steel. Normalizing the residual displacements of the specimens showed that those of NiTi
and steel confined cubes had the same results (Table 3.1)(Figs. 3.14-3.20). Taking the
average percent residual displacement of C-N specimens and those of the C-S specimens
would give 79% for both groups (Table 3.2). Further analysis of analytical versus
measured stress-strain relationship will be discussed in Chapter 4.

3.4.2 Load - Bar Strain Results

Load vs. average bar strains curves (Figs. 3.21-3.27) showed similar results as
load-displacement curves. Lateral residual strain for both C-N and C-S specimens were
similar (Table 3.1). The average of the residual strains recorded for the C-N specimens was
0.90, whereas the average of the C-S specimens recorded was 0.88 (Table 3.2).

3.43 Appearance of Cubes after Failure

Confined cubes had common features after failure. They all had approximately the
same concrete spalling affected area all around their corners. Cubes were confined with 4-
inch (101.6 mm) square steel plates. The cubes had a dimension of 6 inches (152.4 mm).
Concrete crushing and spalling of the corners were occurring at the unconfined region.
Looking at the plan view of the tested cubes, triangular concrete spalling is visible at the
four corners (Figs. 3.28-3.29). They are approximately 1 inch (25.4 mm) long measured
from the corners. The elevation of the cube shows the same phenomenon occurring along
all edges of the cubes. As loads increased on cubes during early stages of tests, spalling of
concrete would be visible at the edges of the cubes (Fig. 3.30). As cyclic loads are applied
to the cube until failure, extensive crushing and spalling of concrete edges would be very

clear (Fig. 3.31-3.33).
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3.5  Beam Specimens

 The beams were tested under half-cycle loads. The laser, gage, and load cell

readings were monitored from the screen of the computer attached to the data acquisition.
Load cycles had increments of approximately half measured yield displacement.
Theoretical half yield loads, and yield loads were calculated before test. Beams were then
loaded up to half yield load and then unloaded to 0.3 kips (1.33 KN). The 0.3 kip-load was
left to keep the system stable. After that the beam was loaded carefully to the yield load.
The load-displacement graph was monitored on the computer screen that was connected to
the data acquisition. Based on the measured yielding of the beam that was visible from the
computer graph, the applied displacement amplitude was selected. The yield displacement
was then measured graphically. Cyclic loads with half yield load increments were then
applied to the beam. Consistent loading and unloading rates were used on all beams.
The beam specimens are B-N-L-1, B-N-H-1, B-N-L-2, B-N-H-2, B-8-L-1, B-S-H-1, B-S-
1-2, and B-S-H-2. The letter B is short for beam, the letters N/S are short for Nitinol/steel
~ respectively, the letters 1/H are short for low/high respectively, and the number 1/2

denotes the number of bars used as longitudinal reinforcement at mid-section. Low and
high are used to point to the 0.375-inch (9.53 mm) and 0.5-inch (12.7 mm) NiTi bars

respectively.

3.5.1 Cracking Behavior

Al beams had a two-inch saw cut in the mid-span (Fig. 3-41). This cut, as
discussed in the previous chapter, was made to cut the bottom longitudinal steel
reinforcement in the beam. This was done to have better control on the testing procedure:
by excluding the effect of the longitudinal reinforcements that was embedded in the
concrete at the time of casting. Essentially, the only active tensile longitudinal
reinforcement in the beam would be the ones attached to the anchored angles.

All beam specimens with doubly reinforced longitudinal bars at midsection, except
for BNL2, had one bar yield before the other during experimental testing. Before
experimental testing, bar strains were monitored while tightening the nuts on the middle
reinforcements in order of achieving similar strains in both bars prior to testing. This
method still did not prevent the premature yielding of one bar with respect to the other
after loading the specimens. This is explained by the possible dissymmetry of the beam
cross-section. The dissymmetry of the cross-section caused the longitudinal reinforcements
to have different depths from center of bars to the extreme compression fiber of the beam.
This in turn caused different stress distributions in the bars during loading, which in turn
caused deeper reinforcement to yield before the other. Such a behavior had an affect on the
cracking behavior of the specimens. The first was the cracking behavior observed from
both faces of the beams. The side parallel and closer to the bar that yielded first would
have more extensive cracking than the other face of the beam. Figures shown in this
section represent the sides with the more extensive cracks.
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3.5.1.1 BNL1

BNL1 had no visible cracks prior to loading (Fig. 3-41). As loading began, minor
flexural cracks were observed at reasonably low loads (Fig. 3-42). Cracks would
propagate starting from the top of the cut in the bottom of the beam located at mid-span. .

Flexural cracks at anchor rod regions would follow at loads close to yield loads (Fig. 3-43).

RBNL1 was not loaded untill failure.

3.5.1.2 BNL2

BNL2 had no visible cracks prior to loading (Fig. 3-44). As loading began, minor
flexural cracks were observed at reasonably low loads (Fig. 3-45). Cracks would
propagate starting from the top of the cut in the bottom of the beam located at mid-span.

Flexural cracks at anchor rod regions would follow up at loads close to yield loads (Fig. 3-

46). BNL2 was not loaded till failure. Cracking behavior was similar to BNLI.

3.5.1.3 BNH1

BNHI had minor visible flexural cracks prior to loading (Fig. 3-47). As loading
began, minor flexural cracks were observed at reasonably low loads at midspan and anchor
rod regions. Midspan cracks propagated starting from the top of the cut in the bottom of
the beam located at mid-span (Fig. 3-48, 3-49). Cracks at anchor rod region propagated
from above the anchor rods (Fig. 3-48, 3-49). Horizontal cracks at the top of the beam at
midspan appeared at load cycles higher than yield indicating near crushing failure of
concrete (Fig. 3-41, 3-49). BNH1 was not loaded till failure. Final crack propagation was
similar to BNL1 and BNL2 but more extensive.

3.5.1.4 BNH2

BNH?2 had visible flexural cracks prior to loading at anchor rod regions (Fig. 3-50).
As loading began, minor flexural cracks were observed at reasonably low loads at midspan
and anchor rod regions. Midspan cracks propagated starting from the top of the cut in the
bottom of the beam located at mid-span (Fig. 3-51). Cracks at the anchor rod region
propagated from above the anchor rods (Fig. 3-51). Horizontal cracks at the top of the
beam at midspan appeared at load cycles higher than yield indicating near crushing failure
of concrete (Fig. 3-51). BNH2 was baded till failure. BNH2 failure mechanism was
crushing of concrete at midspan (Fig.3-52). Crack propagation was similar to BNHI.

3.5.1.5BSL1

BSL1 was first tested before it had the saw cut at midspan (Fig. 3-53). Therefore,
cracks marked on the beam were different than other beam specimens. Unlike other beam
specimens, BSL1 had flexural cracks propagating from locations under point loads from
the bottom of the beam, above the anchor rods and at corners, where 12-inch (304.8 mm)
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deep ends of beam intersect the middle 6-inch (152.4 mm) deep middle area (Fig: 3-54).
BSL1 was tested again after getting a saw cut. Final cracks did not change and remained
the same after final load cycle (Fig. 3-55). Beam was not loaded till failure.

3.5.1.6 BSL2

BSL2 had no visible cracks prior to loading (Fig. 3-56). As loading began, minor
flexural cracks were observed at reasonably low loads at midspan and anchor rod regions.
Midspan cracks propagated starting from the top of the cut in the bottom of the beam
located at mid-span (Fig. 3-57). Shear and flexural cracks at the anchor rod region |
propagated from above the anchor rods at loads approaching yield (Fig. 3-57). Horizontal
cracks at the top of the beam at midspan appeared at load cycles higher than yield

 indicating near crushing failure of concrete (F ig. 3-58). BSL2 was not loaded till failure.

BSL2 had extensive shear and flexural cracks at the anchor rod regions with lower flexural
cracks at midspan when comparing them to each other. BSL2 had crack propagation very

* much different than BN and BSL1 specimens.

3.5.1.7 BSH1 _
BSH1 had no cracks prior to loading (Fig. 3-59). As loading began, minor flexural

" cracks were observed at reasonably low loads at midspan and anchor rod regions. Midspan

cracks propagated starting from the top of the cut in the bottom of the beam located at mid-
span (Fig. 3-60). Cracks at anchor rod region propagated form above the anchor rods (Fig.
3-60). Horizontal cracks at top of beam at midspan appeared at load cycles higher than
yield indicating near crushing failure of concrete (Fig. 3-61). BSH1 was loaded till failure.
BSHI failure mechanism was crushing of concrete at midspan (Fig.3-61). Crack
propagation was similar to BN and BSL1 specimens. '

3.5.1.8 BSH2

BSH?2 had visible a flexural crack prior to loading at on anchor rod region (Fig. 3-
62). As loading began, minor flexural cracks were observed at reasonably low loads at
midspan and anchor rod regions. Midspan cracks propagated starting from the top of the
cut in the bottom of the beam located at mid-span at a lower rate than at anchor rod regions
(Fig. 3-63). Shear and flexural cracks at anchor rod region propagated from above the
anchor rods at loads approaching yield with a high rate (Fig. 3-63). Horizontal cracks at
top of the beam at midspan appeared at load cycles higher than yield, indicating near
crushing failure of concrete but then stopped while cracks at anchor rods increased
extensively (Fig. 3-64). BSH2 was loaded till failure. BSH2 had a failure mechanism of a
shear-flexural failure at one of the anchor rod locations. BSH2 had extensive shear and
flexura! cracks at the anchor rod regions with lower flexural cracks at midspan when
comparing them to each other. BSH2 had crack propagation very much similar to BSL2.
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3.5.1.9 Summary

In general, B-N specimens had higher residual cracks than B-S specimens (Table 3-
3). Residual cracks for the beam specimens were not all recorded. This was due to
extensive cracks taking place in regions other than at midspan and thus affecting the crack
width at midspan. Unrecorded residual cracks were marked by “N.R” in table 3-3. This
data is not consistent with residual displacement data, which shows the exact opposite.
Measured residual displacements in B-N specimens were significantly lower than residual
dispbcements in B-S specimens. Reasons for inconsistent results between residual cracks
and residual displacements are discussed in Section 4.3.

3.5.2 Measured Data for Beam Specimens
In this section, the Nitinol superelastic behavior together with the load -

~ displacement, ductility, stiffness properties and moment - curvature results are going to be -

discussed.

3.5.2.1 Load - Displacement Results

As mentioned before in chapter 2, a laser extensometer was used to measure
deflections and a load cell was used to measure loads. Displacement recovery in B-N
specimens was significantly higher than that achieved by B-S specimens (Table 3-5).
Detailed analysis of calculated and measured load-displacement data will be discussed in
Chapter 4. '

The average residual deformation in the B-N specimens was equal to 0.091
whereas that of the B-S specimens was equal to 0.449 (Table 3.6) (Figs. 3.65-3.72).
Normalizing load — displacement results for each specimen with respect to the highest
loads and displacements achieved by each respectively, and plotting them show significant
residual deformation difference between the B-N and B-S specimens (Figs.3.73-3.80).

Specimens B-N-H and B-S-L had the same longitudinal reinforcements at mid-
section except that one had NiTi as longitud inal reinforcements and the other had
conventional steel reinforcements. Residual displacement comparisons made between
those two groups would give a clear understanding of the advantages of using NiTi as
longitudinal reinforcement over conventional steel. Specimens B-N-H-1 and B-S-L-1 had a
residual deformation of 0.01179 inches (0.3 mm) and 0.0466 inches (1.18 mm)
respectively, which is a significant difference with a ratio of 1 to 4 (Figs. 3.65, 3.67).
Specimens B-N-H-2 and B-S-1-2 had a residual deformation of 0.03 inches (0.77 mm) and
0.31 inches (7.83 mm) respectively, which is a significant difference with a ratio of 1 to 10
(Figs. 3.66, 3.68).

The ratios of residual displacement to maximum displacement for beam specimens
were studied (Table 3.7). B-N specimens had a significantly lower ratio. Specimens B-N-H
and B-S-L had the same reinforcement ratio. Comparing these specimens to each other
show a significant difference. The ratio of the average of residual displacement to

maximum displacement for B-N-H to B-8-L was 0.054 (Table 3.7). The ratio of the
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average of residual displacement to maximum displacement for B-N to B-8 specimens was
0.2016 (Table 3.7).

3.5.2.2 Nitinol Pseudo-Elastic Behavior

All Nitinol (NiTi) bars showed pseudo-elastic behavior when used as a longitudinal
reinforcement in the beam specimens. Bars almost fully recovered deformation without
any residual strains even afier yielding (Fig.3.81-3.87). The graph of B-N-H-1 was not
shown because of the strain gage failure as discussed in section 3.2. Specimens B-N-H-2
and B-S-1-2 had the same amount of reinforcement at mid-section. The average residual
strain in specimen B-N-H-2 is 0.004, whereas the average residual strain in specimen B-S-
1-2 is 0.017 (Figs. 3-85, 3-87). This meant that B-S-L-2 had an average residual strain
4.25 times higher than that of B-N-H-2.

3.5.2.3 Ductility

Test results did not clearly show the effective yield loads of the specimens. These
joads were needed to calculate beam ductilities. A consistent method was developed for
use on all specimens to capture the yield loads. To facilitate the process, deflections were
first converted to drift. Drift was defined to be the ratio of displacement at midspan to half

" the span length. On the load - drift plots; a line parallel to the initial tangent of the graph

was drawn with an offset of 0.05% drift. The intersection of this line and the graph was
assumed to be the effective yield point (Fig. 3-88, 3-89). Table 3.3 summarizes the
measured effective yield loads for all specimens. Detailed analysis of analytical versus
measured ductility data will be discussed in Chapter4.

After yield loads were determined, displacement ductilities for all specimens were
found (Table 3.3). Lowest displacement ductility achieved was for specimen B-N-L-1.
Specimen B-S-L-2 achieved the highest displacement ductility. Ultimate displacement
ductilities were found for specimens B-N-H-2, B-8-H-1, and B-S-H-2, since they were the
only beams to fail. All had very similar ultimate displacement ductilities of approximately

2,

3.5.2.4 Stiffness Properties

Measured initial tangent stiffness and effective pre-yield stiffness of B-N and B-S
specimens were compared (Table 3-4). The effective pre-yield stiffness was taken as the
ratio of the yield load to yiel displacement. The yield displacement was determined using
drift-offset method discussed in Section 3.5.2.3. The stiffness of B-N specimens was
relatively lower than those of the B-5 specimens. Specimens B-N-H and B-S-L had the
same amount of reinforcement. The ratio of the measured initial tangent stiffness of B-N-H
to that of B-S-L specimens is 0.61, whereas the ratio of the effective pre-yield stiffness of
B-N-H to that of B-S-L specimens is 0.64 (Table 3-4). This shows that reinforcing beams
with Nitinol significantly affects beam stiffness although Nitinol reinforcement was
Jimited to a small region of the beam that was 6 inches (152.4 mm) long with a beam span
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of 50 inches (1270 mm). This can be explained by the lower modulus of elasticity of the
Nitino! when compared to that of steel (Tables 2.7, 2.8, 2.10). Detailed analysis of
analytical versus measured stiffness properties of beams will be discussed in Chapter 4.

3.5.2.5 Moment — Curvature Results

Two transducers were placed on the beam at mid-span parallel to the longitudinal
axis of the beam. Each transducer was 6 inches (152.4 mm) long and was placed right
under the two point load locations. One was placed at a distance of 0.5 inches (12.7 mm)
from top of the beam while the other was placed at a distance of 5 inches (127 mm) from
top of the beam. The data recorded by the top transducer resembled compression in beam,
which were transformed into compressive strains. The data recorded by the bottom
transducer resembled tension in the beam, which were transformed into tensile strains.
Using the calculated strains from measured data, the depth of the neutral axis was
determined at each given load. For each measured load, curvature was found from the ratio
of concrete compressive strain to the depth of neutral axis. Loads were then transformed
into moments and the measured moment — curvature results were plotted for each beam
(Figs.3.90 -3.97).

Measured moment - curvature graphs (Figs. 3.90-3.97) demonstrated significant
curvature recovery in all B-N specimens compared to the B-S specimens (Table 3.5).
Specimen B-N-H-2 (Fig. 3-91) recorded the lowest normalized residual curvature of zero
whereas specimen B-S-L-2 (Fig. 3-93) recorded the highest residual curvature of 0.630.
The ratio of the average of normalized residual curvatures for B-N specimens to that of B-
S specimens is about 1 to 2. B-N specimens recorded an average equal to 0.287 whereas
the B-S specimens recorded an average equal to 0.524 (Table 3.5).

Specimens B-N-H and B-S-L had the same longitudinal reinforcements at mid-
section except that one had NiTi as longitudinal reinforcements and the other had
conventional steel reinforcements. Residual curvature comparisons made between those
two groups would give a clear understanding to the advantages of using NiTi as
longitudinal reinforcement over conventional steel. Specimens B-N-H-1 and B-S-1-1 had a
residual curvature of 0.000169 rad/in (0.0046 rad/m) and 0.0006541rad/in (0.02575 rad/m)
respectively, which is a significant difference with a ratio of approximately 1 to 4 (Figs. 3-
90, 3-92). Specimens B-N-H-2 and B-S-1-2 had a residual curvature of 0 and 0.00565
rad/in (0.0222 rad/m) respectively, which is a significantly large difference (Figs. 3-91, 3-
93). '
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CHAPTER 4: Analysis of Test Results

4.1 Introduction

This Chapter compares test results presented in Chapter 3 to theoretical
calculations. Comparison between theoretical and measured confinement properties will be
discussed. Measured stiffness, ductilities, and load-displacement relationships will be
compared to theoretical results. Finally, a theoretical load-displacement analysis of four -

full-scale beams will be studied and compared.

42  Comparison of Measured Confinement Properties

_ ‘Measured confined stress—strain results were compared with the results of

Mander’s confinement model [34]. Mander’s model was used because it is one of the most
widely used models, even though this model is developed for steel confined concrete. Cube
deflections from experimental results were not the actual concrete deflections. Deflections -
recorded were the relative displacement of the loading head of the Satec testing machine
and the base of the machine. Reasons for using this method are discussed in detail in
section 4.2.2. These deflections were higher than those of the actual concrete deflections
~ due to machine deformation. Nonetheless, this deflection allowed for the evaluation of
relative performance of confinement provided by steel versus Nitinol.

4.2.1 Measured Stress Calculations

Vertical stresses on cubes were calculated based on the observed confined area.
The confined region was assumed to be a 5-inch (127 mm) square region in middle of the
cube plan view for reasons discussed in Section 3.3.3 (Fig. 4-1). The confined area in the
confined cube tests was assumed to be 25 in? (16,129 mm) whereas vertical stresses in
unconfined cube tests were based on the whole surface area of the cube, 36 in® (23,226
mm?). The assumption of the lower confined region was done for a fair evaluation between
unconfined and confined concrete strength since unconfined corners in the cubes spalled at
early stages of loading. :

4.2.2 Measured Vertical Strain

Direct measurement of vertical deformations in the concrete cubes was
unsuccessful. Laser reflector marks taped to the surface of the cubes fell off the face of the
cube while testing due to the spalling of concrete. Nails embedded in concrete with laser
reflector markings taped to their heads did not work because the nails rotated as concrete
was compressed. Laser markings were then taped to the loading head and the base of the
Satec testing machine. Deformations measured by laser extensometer were the relative
displacement of the head to the base, not concrete cube deformation. Results obtained were
significantly higher than real cube deformations due to the settlement that took place in the
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machine head during the loading process and machine deformation. Nonetheless, such
deflection measurements allowed comparison between C-8 and C-N cubes.

4.2.3 Average Measured Confined Pressure

Washer load cells were initially used to measure confinement loads in each bar but
did not give consistent results. A probable explanation for the inconsistency of the load
measurements provided by the load cells is that it was caused by its extreme sensitivity to
moments and torques caused by the twisting and bending of the bars when the cubes were
loaded. Therefore, confinement pressures were calculated using another method that seems
to be reasonable and fairly accurate. Strain gage readings during experimental tests
showed that the NiTi and steel bars confining the cubes yielded. Therefore, the average
measured confined pressure was calculated based on the yield loads for each of the
NiTi/steel bars respectively. Nitinol and steel measured yield loads and strains were
discussed in Chapter 2. Nitinol yield loads were calculated based on reduced bar section
area. Steel yield loads were calculated based on the cross sectional areas of steel bars. The
calculated yield loads were divided by the area of the 4-inch (101.6 mm) square steel plates
that were used to confine the concrete cube. This resulted in finding the average measured
confined pressure for the cubes (Table 4-1). Average confined pressure ranged from 178
psi (1.23 MPa) for C-N-L to 800 psi (5.52 MPa) for C-5-H.

4.2.4 Measured vs. Calculated Confined Properties

Theoretical confined concrete properties were calculated based on Mander’s confinement
equation [34). Equations used were as the following:

794x 1, . [,
= 1 —1.254+ 2.254x f1 Salat i PSS
ch fc{ + + f'c xf’c]

Where,
[ = Compressive strength of concrete confined by plates

' =Unconfined concrete strength
f',= Average confinement stress
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Where,
f»= Yield stress

£, =Strain at stress of [
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£~ Ultimate compression strain at f',
E_= Modulus of elasticity of concrete

E,,.= Secant modulus of elasticity

The average of the measured results of each two similarly confined cubes was
calculated (Tables 4-2 and 4-3). Measured and calculated compressive strengths were close
to each other (Table 4-2). In most cases, the calculated compressive strengths were more
conservative than the measured strengths except in the case of specimens CSL, which were
slightly higher than the calculated values. Measured to calculated strength ratios for CNH,
CNL, CSL and CSH respectively were 0.91, 0.79, 1.05 and 0.91 (Table 4-2). This means
that Mander’s confinement model [34] can be considered to be adequate for measuring the
confinement strength of NiTi because the relative difference between measured and
' calculated confinement strengths in steel and Nitinol cubes were similar. In general, steel
. confined cubes acquired higher compressive strengths than Nitinol confined cubes. This
can be explained by the relatively higher modulus of elasticity of steel compared to
Nitinol. The higher modulus of elasticity of stecl prevented excessive deformation in the
confined cubes under loading as compared to the softer NiTi. This in turn prevented
gradual damage in concrete. Specimens CNH and CSL had the same confining bar
diameters. Comparing them to each other shows that CNH had a compressive strength of
5.78 Ksi (39.85 MPa) whereas CSL had a higher compressive strength of 7.33 Ksi (50.53
+ MPa) (Table 4-2). '

Measured and calculated strains at compressive strengths were significantly
different, in part, because the measured data included machine deformation (Table 4-2).
Ratios of measured to calculated strains at compressive strength ranged from 3.5 to 4.8 for
all specimens, which is consistent. Although the measured and calculated strains are
significantly different, the consistency of the 3.5 to 4.8 factor common in all specimens’
results that is caused by the machine deformation, implies that Mander’s confinement
equation [34] can be fairly accurate in approximating confinement strains. This is because
Mander’s equation [34] is mostly used in approximating confinement properties and has
been proven to give fairly accurate results for steel confinement. In this case, the error
factor between the measured and calculated strains in steel and Nitinol confined cubes are
consistent. Strains reached by C-S specimens were higher than those achieved by C-N
specimens (Table 4-2). Ultimate compression strains reached by C-S specimens were also
higher than those reached by the C-N specimens (Table 4-3). Higher strains and
compressive strengths in the steel confined cubes indicated that stee}confined cubes have
higher energy dissipation capacity than Nitinol confined cubes.

In addition, NiTi did not improve deformation recovery in the cubes. CNH and
CSL had the same bar diameter. Superimposing the stress-strain curves of both cubes show
that residual strain in CSL is lower than that of CNH (Fig. 4-2). Although CSL has a lower
residual strain than CNH, CNH reached higher strains during experimental tests (Fig. 4.2).
To give a fair evaluation of deformation recovery, the ratios of residual strain to maximum
strain for each specimen were compared. CNH had a ratio of 0.80 whereas CSL had a
slightly lower ratio of 0.77. Both ratios were similar; therefore, using NiTi in such a

method of confinement was unsuccessful.
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This confinement study was only exploratory. The use of NiTi wire as spiral
reinforcement was not studied due to time constraints. Further testing on spirally confined
specimens could be done by wrapping NiTi wire around a cylindrical specimen from the
outside, and using the anchorage mechanism discussed in Chapter 3 to anchor the ends of

the wire from the top and bottom of the specimen.

4.3  Response of Beams

In this section, measured results will be compared to calculated results for the test
beams. Load-displacement, Stiffness, and displacement ductilities will be discussed.
Significant differences were expected between the calculated and measured yield
displacements, which in tum affected the ultimate displacements. These differences were
due to the complex beam system used in experimental tests. There were many connections
- used outside the beam itself to facilitate the reuse of SMA and steel reinforcement in the
critical region. These connections had to have some effect on the stiffness of the system
that in turn affected displacements. Reinforcement used outside the concrete area of the
bear structure was not expected to act similar to a system that had reinforcement
embedded in the concrete. A beam that has reinforcements embedded in the concrete
would have frictional forces acting between reinforcement and concrete that would allow
the system to act as a whole. Slippage between them might come later as loads increase. In
the case that was used in the experimental tests in this paper, no frictional forces were
acting between reinforcements and the concrete in the beam because reinforcements were
anchored to the beam from the outside using angles. These connections were joined using
nuts and washers. Connections were only placed at the middle of the beams, were angles
were located, and at the end of the beams. These connections had washers and nuts that
could affect the measured displacement results because of the deformations occurring at

these joints.

4.3.1 Load-Displacement

The measured and calculated load-displacement results are discussed in this
section. Analytical load-displacement results were found by doing a moment-curvature
analysis using RCMC [34]. Moment-curvature analysis for each beam was done for three
different sections. Two of those sections remained constant for all eight beams. These two
sections were the end of the beam where the section was 12 inches (304.8 mm) deep, and
the section of the beam where the external Grade B-7 steel reinforcement was placed.
These sections were significantly stiffer than the middle region of the beam where the
reinforcements were changed depending on the specimen tested (Table 4-43.

Calculated load-displacement resuits were then found from the moment-curvature
results obtained from RCMC [34] using moment-area method. The measured load-
displacement results were superimposed on the calculated ones (Figs. 4.3-4.10). Each
figure shows two curves. The dashed curves represent the calculated load-displacement
results whereas the solid curves represent the measured load-displacement results.
Measured and calculated load-displacement curves were significantly different for all
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specimens except for BNH1 and BNL2. Reasons for this were discussed previously in
Section 4-3.

Table 4-5 shows that the calculated yield loads were close to the measured yield
loads. In general, calculated yield loads exceeded the measured vield loads with the
exception of specimen BNL1, which had a lower calculated yield load (T able 4-5).
Specimen BNHI results were the most accurate of all other beams (Table 4-5). Three
_ specimens were loaded until failure. These specimens were BNH2, BSH1, and BSH2.
Measured ultimate loads were close to the calculated ones (Table 4-5). In general,
calculated ultimate loads were slightly lower than measured ones. These results meant that
common analysis and design methods used on conventional steel reinforced beams could
be applied to estimate the capacity of Nitinol reinforced beams.

4.3.2 Measured and Calculated Stiffness _

Calculated and measured beam effective pre-yield stiffnesses were significantly

+ different due to reasons mentioned in Section 4.3. In general, the measured pre-yield
stiffness estimations were higher than calculated ones except for BNL1 (Table 4-6). The
calculated stiffnesses of BN specimens were closer to the test data than those of BS
specimens were. The ratio of measured to calculated stiffness for BN specimens ranged
from 0.52 to 1.93, whereas the range of measured to calculated stiffness for BS specimens
* was 3.00 to 4.87. Comparisons made between the measured BN and BS initial tangent and

effective pre-yield stiffness were discussed previously in Section 3.5 24

4.3.3 Displacement Ductility

Termination of experimental testing of the B-N specimens was dictated by the
amount of strains in the Nitinol bars. The strains in Nitinol bars were closely monitored
during experimental testing and B-N specimens were carefully loaded so that the Nitinol
bars would not fail. Failure of the bars was not accepted because they were going to be
reused in other beam and cube tests. The Nitinol bars are reusable because of the
superelastic property they have that allows them to recover deformations even after
yielding. .
Three specimens failed due to damage to concrete. These specimens are BNH2,
BSHI1 and BSH2. Measured displacement ductilities of failed beams were found from the
ratio of ultimate to yield displacements. Measured displacement ductilities for beams that
did not fail were found from the ratio of maximum to yield displacements. Measured
maximum and yield deflections were affected by the complexity of the beam specimens as
mentioned in Section 4.3, which in turn caused the inconsistency between measured and
calculated results.

Ultimate measured displacement ductility of specimen BNH2 is 1.87 (Table 4-7).
BNH?2 had the same reinforcement ratio as BSL2. Maximum measured displacement
ductility of BSL2 is 3.96, which is more than twice what BNH2 anticipated at ultimate
(Table 4-7). BSL2 had higher displacement ductility than BNH?2 although BSL2 was not
loaded to failure. Loading BSL2 to failure would lead to even higher ultimate displacement
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ductility. The lower displacement ductility achieved by BNH2 can be explained by the

 higher yield displacement it has. The reason Nitinol has a higher yield displacement is
because its modulus of elasticity is lower than that of steel, which, in turn, lowered the
stiffness of the beam. Table 4-8 lists the measured displacement ductilities reached by the
beam specimens indicating if the beam failed or not.

Capability of NiTireinforced beams to recover their maximum displacement was
evahiated at different ductility ratios. Table 4-9 shows the ratio of the residual
displacement to the maximum displacement at different displacement ductilities.
Displacenment ductilities ranged from 1.0 to 4.0 increasing at increments of 0.5. Linear
interpolation was used to obtain data for intermediate ductilities when required
displacement ductilities fell in between actual measured data points. Not applicable (N.A)
was used to mark ratios for relative displacement ductilities that were not reached in
experimental testing. In general, B-N specimens had significantly lower ratios. This
implied that the relative ratios of residual displacements for varying displacement
ductilities for B-N specimens were lower than those of B-S specimens. The average of the
ratios calculated for B-N specimens ranged from 0.01 to 0.186 whereas the average of the
ratios calculated for the B-S specimens ranged from 0.254 to 0.515 (Table 4-9). Ratio of
the average value of the B-N specimens to the average value of the B-8 specimens was
calculated for the relative displacement ductilities. The ratios ranged from 0.021 to
0.681(Table 4-9). The ratios of the B-N to B-S specimens decreased as displacement
ductilities increased. This phenomenon can be explained by the fact that higher permanent
deformations accompanied an increase in displacement ductilities for the B-S specimens
since steel longitudinal reinforcements yielded. On the other hand, NiTi longitudinal
reinforcements in the B-N specimens would try to recover fully any strains, even after
yielding due the superelastic property. Any residual deformations visible in the B-N

systems would occur because of the fact that superelastic recovery stresses in the NiTi bars -

were not sufficient to close the cracks completely in the concrete beam.

4.4  Analysis of Full Scale Beams

4.4.1 Descriptions of The Beams

Four theoretical models were studied to demonstrate the effect of using Nitinol
(NiTi) as conventional longitudinal reinforcement on one hand, and in hybrid systems on
the other. Hybrid systems were modeled in order to study their effect on the stiffness of the
beam. Using NiTi alone as reinforcement was expected to lower stiffness of the beam
dramatically as was proven in the experimental study discussed previously in Chapter 3
and this chapter. A conventionally reinforced singly supported steel beam was used as a
benchmark for comparison. The three other models consisted of Nitinol alone, NiTi and 2
high strength steel (HS steel) hybrid system, and NiTi and a carbon fiber reinforced plastic
(CFRP) hybrid system. In all models, the longitudinal reinforcement in the plastic hinge
region was the variable with all other reinforcement remaining constant. The concrete in

the beam was modeled as unconfined with a strain of 2,000 me at concrete strength of
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4000 psi (27.6 MPa), and a strain of 4,000 me at ultimate strength. The beam has a span of
240 inches (6096 mm), a height of 18 inches (457.2 mm) and a width of 12 inches (304.8
mm). The 4 beams had a reinforcement ratio of about 0.005 in the plastic hinge region and
0.01 in the rest of the beam. A higher reinforcement ratio was used in areas other than the
plastic hinge region in order to provide it with enough flexural capacity to avoid premature
failure in these regions. Two symmetrical point loads are applied on the beam, 40 inches
(1016 mm) apart at midspan (Fig. 4-11). Nitinol (NiTi) and steef used as longitudinal
reinforcement were assumed to have a yield stress of 60 ksi (414 MPa). High strength steel
used in the analysis was assumed to have a yield stress of 120 ksi (827 MPa). The CFRP
bars had a yield stress of 180 ksi (1241 MPa). Modulus of elasticity of steel, NiTi, high
strength steel, and CFRP were, respectively, 29,000 ksi (199,947 MPa), 12,000 ksi (82,700
MPa), 29,000 ksi (199,947 MPa) and 14,000 ksi (96,526 MPa). The moduli of elasticity of
NiTi and CFRP used in analysis were based on the common products available on the
market.

The reinforcement ratio of 0.005, while still within the ACI limits, is close to the
minimum amount specified by ACI. In principle, the ACI limits are intended to ensure
ductile failure. Because of the high yield strain of NiTi, the upper limit on NiTireinforced
beams is considerably lower than that of stee}reinforced beams, thus making 0.005 a
reasonable value. ' :

The total area of the reinforcement used in the plastic hinge region of the beams
was calculated to be 1.08 in? (697 mm?). In the steel only and NiTi only beams, the whole
area was allocated for either case. In the hybrid models, the initial assumption was to
allocate half the reinforcement area for NiTi and the other half for either CFRP or HS steel,
depending on what is used. Such a distribution of the longitudinal reinforcements in the
hybrid systems seemed to be unreasonable because the hybrid system sections would have
significantly higher yield loads than the single type reinforced beams. Another distribution
of reinforcements in the hybrid systems was used. To allow for comparison of all the
models, the areas of reinforcement in hybrid models was reduced in a way that the first
yiel load was the same as that of the steel alone and NiTi alone models. That is, in the
NiTi and HS steel beam, the HS steel would yield before the NiTi. Therefore, the area of
HS steel was reduced from 0.54 ir? (348.4 mm?) to 0.33 in® (212.9 mm’) while the area of
NiTi remained constant at 0.54 in” (348.4 mm?). On the other hand, in the NiTi and CFRP
beam, the NiTi reinforcement would yield before the failure of CFRP. Therefore, the area
of NiTi was reduced from 0.54 in (348.4 mm?) to 0.43 in® (277.4 mm?) while the area of
CFRP remained constant at 0.54 in® (348.4 mm).

Moment-curvature analysis was performed on each section using RCMC [35]
program (Fig. 4-13). Applying moment-area method on moment-curvature results gave
load-displacement relationships for the 4 models (Fig. 4-14).

4.4.2 Load-Deformation Responses

The failure of concrete controlled the ultimate point in all models. In the NiTi and
high strength steel model, the HS steel yielded before the NiTi because HS has a lower
yield strain. The load-displacement curve shows clearly a reduction in the beam stiffness
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after the first yield (Fig. 4-14). In this model, not full deformation recovery is expected
since the HS steel, which has a modulus of elasticity higher than that of NiTi, yields and
permanent deformation in the stiffer HS steel bar would lead to permanent displacement in
the beam. In the NiTi and CFRP model, NiTi reinforcement yielded before the CFRP
failed. CFRP ultimate strength and modulus of elasticity were chosen so that concrete
failure and yielding of NiTi would occur prior to failure of CFRP, thus preventing a brittle
faihure. This was done to demonstrate that such a hybrid system could be used to increase
deformation recovery while dissipating energy from the system at higher cyclic or dynamic
loading. Since the CFRP reinforcement will remain elastic until failure of concrete, this
property means that deformations accompanied by high loads on the beam that would
essentially yield the NiTi reinforcement and reduce stiffness of the beam, could be mostly,
if not fully, recovered. In addition to that, NiTi reinforcements would help dissipate energy
from the system due to yielding. ‘ .

First yield loads reached by all models were similar since this is how they-were
designed (Table 4-10). Yield displacement in the NiTi case was significantly higher than
that of steel (Table 4-10). The ratio of steel yield displacement to that of NiTi was 0.61.
This can be explained by the lower modulus of elasticity of NiTi. The other two hybrid
systems had lower yield displacements than that of NiTi alone, but higher than that of steei
alone (Table 4-10). The ratio of steel yield displacement to that of NiTi+HS steel and
NiTi+CFRP respectively were 0.73 and 0.66. This was expected since the stiffness of the
hybrid sections were relatively higher than that of the NiTi alone reinforced beams. The
higher stiffness was caused by the higher moduli of elasticity of the CFRP and HS steel
with respect to NiTi, which was placed in combination with the NiTi reinforcement.
Ultimate Joads in the steel alone beam and NiTi alone were close (Table 4-11). The
ultimate displacement of the steel reinforced beam was lower than that of the NiTi. The
ratio of steel ultimate displacement to that of NiTi was 0.83 (Table 4-11}. On the other
hand, the ultimate displacement reached by the NiTi+CFRP was the highest (T able 4-11).
The value of the ultimate displacement of the NiTi+HS steel beam came in between those
of the NiTi alone and steel alone beams.

4.4.3 Initial Stiffness

The initial stiffuess of the steel reinforced beam was higher than that of NiTi (Table
4-11). The ratio of steel alone beam stiffness to that of NiTi alone was 1.61. NiTi was used
as longitudinal reinforcement only in the plastic hinge region, which coincided with the
length between the two point loads. This length was calculated to be approximately 40
inches (1016 mm). The span of the beam was 240 inches (6096 mm). This meant that NiTi
longitudinal reinforcement was used in 1/6't of the span length of the beam and the
stiffness of the beam was reduced down to about 3/5™ of that of the steel beam. To
illustrate the effect of using hybrid systems on the overall initial stiffness of the beam, the
initial stiffness ratios of steel to NiTi+HS steel and steel to NiTi+CFRP were considered.
The ratio of Steel to NiTi+HS steel was 1.32, which is less than the ratio of steel to NiTi
(1.61) (Table 4-11). This meant that stiffness of beam increased from 3/5™ to 2/3™ of that
of steel alone. On the other hand, the ratio of steel stiffness to NiTi+HCFRP stiffness was
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similar to that of steel to NiTi. Both had ratios of 1.56 and 1.61 respectively (Table 4-1 1).
The similarity of the beam initial stiffness with the NiTi alone and the NiTi+CFRP was
due to the fact that the modulus of elasticity of CFRP was close to the modulus of elasticity

of NiTi.

4.4.4 Displacement Ductilities

The load-displacement relationship of all beams was transformed into an elastic-
plastic bilinear relationship (Fig. 4-15). This was done by, first superimposing the elastic
part of the load-displacement graph with the whole graph. Second, the elastic line was
extended and the plastic line was drawn, simultaneously equating the areas above and
below the plastic line with respect to the inelastic region of the original load-displacement
relationship. This transformation was applied to determine their effective yield
displacements in order to find the displacement ductilities. Displacement ductility of the
steel alone model was found to be the highest with a value of 2.11 (Table 4-11). The NiTh
alone and NiTi+HS stecl displacement ductilities came second with values of 1.63 and
1.72 respectively (Table 4-11). The NiTi+CFRP had the lowest displacement ductility of
1.49 (Table 4-11). The ranking of displacement ductilities, from highest to Jowest,
coincided with the ranking of the stiffness from highest to lowest except with the
NiTi+CFRP. The NiTi+CFRP beam had lower effective displacement ductility, because
" when converting the relationship from its original form to the elastic-plastic bilinear form,
the high slope of the elastic region of the graph caused a major increase in the effective
yield point. This caused a decrease in the displacement ductility since the ratio of ultimate

to yield displacement decreased.

4.4.5 Concluding Remarks

This theoretical study showed that using NiTi alone as longitudinal reinforcement
could lead to reinforced concrete elements with lower stiffness. As mentioned above, NiTi
reduced the displacement ductility and the stiffness of the beam whereas yield and ultimate
loads were not affected significantly. On the other hand, NiTi showed extraordinary
deformation recovery after yielding of the beam specimens in the experimental results
(Section 3-4). In some cases full deformation recovery was observed in BN specimens.
Hybrid systems that have NiTi as part of the longitudinal reinforcement in the plastic hinge
region would be a better choice of design. Stiffness could be increased while maintaining
similar displacement ductility relative to using NiTi alone as can be seen in the
NiTi+CFRP hybrid system. In addition to that, lower stiffness of sections reinforced by
NiTi or a combination of NiTi and HS steel/or CFRP can be utilized in 2 useful manner.
NiTi reinforcements embedded in engineered cementitious composites (ECC), which has 2
high elastic deflection capacity, could result in structural elements with relatively high
flexural strength and sufficient elastic deflection capacity to prevent the formation of a
collapse mechanism under extreme dynamic loading events, while fully recovering
deformations caused by dynamic excitations [25].
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CHAPTER 5: Summary and Conclusions

5.1 Summa‘ry

Collapse and severe damage of reinforced concrete structures during strong
earthquakes has been a major concern for structural engineers. Current and past research
was based on yielding steel reinforcement in order to dissipate the earthquake energy. This
meant the preserving of lives, but at the expense of structures, which would be severely
damaged. In this report, the super-clastic behavior of Nitinol (NiTi), one of the most used
shape memory alloys (SMAs), was used in experimental tests to observe the extent of the
ability of this alloy to dissipate energy, reduce permanent damage, and explore its
confinement effect on concrete. This characteristic of NiTi can cause a major leap in
seismic design, since the base of seismic design is to yield steel to dissipate energy while
encountering permanent deformation, whereas NiTi would yield under strains '
accompanied by seismic loads and can recover deformations. This research was a
preliminary study to understand this material and its interaction with concrete.

This research was mostly experimental, but included analytical studies of test beams,
cubes, and full-scale beams. The test beams included eight small-scale beams. The beams
were 5 feet (1.53 m) long with a cross sectional area of 5 x 6 inches (127 x 152 mm) in the
middle area and a cross sectional area of 5 x 12 inches (127 x 305 mm) at the ends. The
beams were tested under two point cyclic loads. The test variables were the type and
amount of reinforcement in the critical section at midspan, which was 6 inches (152 mm)
long. The bar diameters used in NiTi reinforced beams were of 3/g” (9.525 mm) and %”
(6.35 mm) diameter. In addition, conventional # 4 (F13 mm) and # 3 (F10 mm) Grade 60
steel bars were used in the tests. The beams were divided into two groups. Each group
consisted of four beams. Group 1 was reinforced in the longitudinal direction in the middle
of the beam with Nitinol rods while group 2 was reinforced with conventional steel bars.
Beams with conventional steel were tested to establish the benchmark.

The cube tests included eleven 6 inch (150 mm) standard concrete cubes. Three
cubes were unconfined, four cubes were confined with NiTi bars, and four were confined
with steel bars. The cubes were tested under uniaxial cyclic load. The test variables were
the type and amount of confinement in the cubes. The focus of the tests was to test
confining effects of Nitinol (NiTi) on concrete. Two prefabricated holes were embedded in
the concrete cubes. The bar NiTi diameters used in the tests were of 37 (9.525 mm) and
¥ (6.35 mm) diameter, and went through the prefabricated holes and were then attached
to confining steel plates that covered 64% of the cube face. In addition, conventional # 4
(F13 mm) and # 3 (F10 mm) Grade 60 steel bars were used in the experimental tests. The
Nitinol confinement effect was compared with and judged based on the confining ability of
conventional steel bars.

The study of full-scale beams was analytical and it included the study of four
models to demonstrate the effect of using Nitinol (NiTi) as longitudinal reinforcement by
themselves or in hybrid systems. Hybrid systems were modeled to study their effect on the
stiffness and ductility of the beam. Using NiTi alone as reinforcement was expected to
lower the stiffness of the beam dramatically. A conventionally steel reinforced simply
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supported beam was used as a benchmark for comparison. The three other models
consisted of Nitino] alone, a NiTi and high strength steel (HS steel) hybrid system, and a
NiTi and carbon fiber reinforced plastic (CFRP) hybrid system. In all models, the '
longitudinal reinforcement in the plastic hinge region was the variable with all other
reinforcement remaining constant. The beam had a span of 240 inches (6096 mm), a height
of 18 inches (457.2 mm) and a width of 12 inches (304.8 mm). Two symmetrical point
loads were applied on the beam, 40 inches (1016 mm) apart at midspan. To allow for
comparison of all the models, the areas of reinforcement in hybrid models were reduced in
a way that first yield load was the same in all the beams.

5.2 Conclusions

The ability of shape memory alloys (SMAs), specifically Nitinol (NiTi), to recover
deformations and dissipate energy in flexural simply supported beams introduced in this
study was experimentally verified. In contrast NiTi was not able to recover its deformation

' when used in confinement of the cubes. There was, however, an increase in concrete

compressive strength due to confinement. The NiTi confinement ability requires more
research since conventional spiral and tie confinement was not tested due to time

constraints.
In general, experimental tests proved NiTi to be an excellent type of alloy for

" controlling deformations and recovering them when used as longitudinal reinforcement in

concrete beams. Beam experimental results showed that beam plastic hinge sections

reinforced with NiTi longitudinal reinforcements exhibit large deformation recovery, if not

fully, even in underreinforced sections. Lower stiffness of the sections reinforced with

NiTi due to its lower modulus of elasticity, when compared to steel, could be adjusted by

using it in hybrid sections. For examp le, a combination of NiTi and high strength steel

reinforcements. Lower stiffness of sections reinforced by NiTi can be utilized in a useful
way. NiTi reinforcements embedded in engineered cementitious composites (ECC), which
has a high elastic deflection capacity, results in structural elements with relatively high
flexural strength and sufficient elastic deflection capacity to prevent the formation ofa
collapse mechanism under extreme dynamic loading events.

In light of this exploratory study, the following conclusions can be drawn:

1. The average residual displacement in the NiTi reinforced test beams was less than
one- fifth of that of the steel reinforced test beams.

2. All Nitinol (NiTi) bars showed pseudo-elastic behavior when used as a longitudinal
reinforcement in the beam specimens. Bars almost fully recovered deformation
without any residual strains even after strains well in excess of yield strains were
experienced. The average residual strains of the similarly reinforced NiTi and steel
beams were 0.004 and 0.017 respectively. This meant that the steel reinforced beam
had an average residual strain 4.25 times higher than that that of the NiTi

reinforced beam.
3. Displacement ductilities in NiTi and steel reinforced beams were nearly the same.

4]



The stiffness of NiTi reinforced test beams was lower than those of the steel
reinforced test beams. Comparisons made between NiTi and steel reinforced test
beams showed that stiffnesses were reduced by approximately 60%.

Measured moment - curvature results demonstrated significant curvature recovery
in all NiTi reinforced tests beams compared to the steel reinforced beams. The |
Jowest recorded residual curvature was zero for the NiTi beams. The ratio of
residual curvatures for NiTi beams to steel beams with similar reinforcement was 1
to 4.

Ultimate loads reached by NiTi confined cubes were significantly lower than those
confined by conventional steel. The ratio of the average of the ultimate loads
reached by NiTi confined cubes to that of steel was 0.73. The lower modulus of
elasticity of NiTi compared to steel caused excessive deformations in the cube at
Jower loads, which in turn led to early crushing of concrete at lower loads than that
of the steel cubes. S s
NiTi used for confinement in cubes did not improve deformationrecovery. The
ratios of concrete residual strain to maximum strain for NiTi and steel confined
cubes were compared. NiTi cubes had an average ratio of 0.80 whereas the steel
cubes had a ratio of 0.77. Both ratios were close; therefore, using NiTi in sucha
method of confinement was not beneficial.

The theoretical study of full scaled beams showed that using NiTi alone as
longitudinal reinforcement could lead to reinforced concrete elements with lower
stiffness than that of steel reinforced beams. NiTi reduced the displacement
ductility and the stiffness of the beam whereas yield and ultimate loads were not
affected significantly. Hybrid systems that have NiTi as part of the longitudinal
reinforcement in the plastic hinge region combined with high strength steel or
CFRP appeared to be a better choice of design.
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Table 2-1: Beam Test Variables

Specimen Reinf;;‘;:m«tﬂt Reilit:lt)i;cgr:::t at ;{:ni,zzgi ;::‘;;;
" BN-L-1 Nitinol 1(‘;)32’6‘1;?132; )m 0.00115
BN-L2 Nitinol 2 l(’gg’:omﬁ)m 0.003
B-N-H-1 Nitinol I(‘;aqu;‘;gi)m 0.00259
BN-H-2 Nitinol 2 (bzf_f;j‘;g'ﬁ)i” 0.00518
B-S-I-1 Steel L (1:;;94;(;5;;)11; 0.00259
B-S-L-2 Steel 2 ‘(’g_g’iﬁ)iﬂ | 0.00518
B-S-H-1 Steel 1 ‘(’;f__’l“;?ﬂ)m 0.00471
B-S-H-2 Steel ! I(deig?ﬁ:)m 0.00941
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Table 2-2: Chemical Analysis of NiTi Provided by Special Metals Corporation

Element WGT % |
Nickel 55.90
Titanium Balance
Oxygen 257 ppm
Carbon 374 ppm
Cu, Cr, Co, Mn, Mo, W, V | <0.01
Nb, Al, Zr, Si, Ta, Hf <0.01

Ag, Pb, Bi, Ca, Mg, Sn, Cd | <0.01
Zn, Sb, Sr, Na, As, Be, Ba | <0.01

Fe <0.05
B <0.001
Hvdrogen 14 ppm

Table 2-3: Specified Grade B-7 Steel Properties

Yield Strength (Fy) 105 Ksi
(723.9 MPa)

Ultimate Strength (F,) 125 Ksi
. (861.8 MPa)
Modulus of Elasticity () | 29000 Ksi

(200,000 MPa)

Table 2-4: Specified Grade A36 Steel Properties

Yield Strength (Fy) 36 Ksi
(248.2 MPa)
Ultimate Strength (F,) 58-80 Ksi
(400-551.6 MPa)
Modulus of Elasticity (E) 29000 Ksi
(200,000 MPa)
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‘Table 2-5: Measured Compressive Strengths for Concrete in Beams

Description Average Failure Load Average Compressive
Stress
7 day 115.955 kips .4.10 Ksi
‘ (515.4 KN) (28.3 MPa)
14 day 155.635 kips 5.50 Ksi
{691.8 KN) (37.92 MPza)
28 day 163.118 kips 5.77 Ksi
(725.1 KN) (39.78 MPa)

Table 2-6: Cube — Measured Concrete Compressive Strengths

Description Average Cylinder | Equivalent Cube Equivalent Cube
Compressive Stress | Strength using L.J. Strength using
Murdock A.M. Neville
28 day 3.95Ksi 4.94 Ksi 4.84 Ksi
(27.23 MPa) (34.06 MPa) (33.37 MPa)
Table 2-7: # 3 - Measured Mild Sieel Properties
Yield Strain Yield Stress Ultimate Stress Young’s Modulus
of Elasticity
0.00215 63.64 Ksi 106.82 Ksi 29600 Ksi
(438.78 MPa) (736.5 MPa) (204,085 MPa)
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Table 2-8: # 4 - Measured Mild Steel Properties

Yield Strain Yield Stress Ultimate Stress Young’s Modulus
of Elasticity
0.00208 61.25 Ksi 94.125 Ksi 29518 Ksi
s (422.3 MPa) {648.97 MPa) (203,519 MPa)
Table 2-9: Data Acquisition Instrumentation
Manufacturer: Model:
National Instruments SCXI-1121 Amplifier.
National Instruments SCXI-1321 Strain Terminal Block
National Instruments SCXI-1327 Attenuator Block
National Instruments PC~MCIA DAQ Card / AI-16-XE-50 -
National Instruments LabVIEW software
Table 2-10: NiTi Rod - Measured Properties
Bar Size Yield Strain Yield Stress Y°L‘;‘§;i:§:i‘t‘;"“’
‘293;'; Si‘ﬁ;f)s 0.013 0 MPa) (32333 Ilvcsﬁfa)
0('153-07 ‘;‘;ﬁ‘)‘s 0.013 e T LKEa) - (.3'33232 r%a)
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Table 3-1; Maximum Load, Residual Displacement and Residual Strains in Bars for Cubes

Normaied | Aofeete

Specimen Maximum Load [Residual Residual Strains in

. Displacement Bars -
C-N-L-1 (15%5% Ig%% 0.72 0.94
C-N-L-2 (15225(11?15)5_ ‘ 0.78 093
C-N-H-1 (17 5097 I%:% 0.84 0.89
C-N-H-2 (1537% I;’Eillzg 0.81 0.85
C-S-L-1 (17258 I%;s) 0.71 0.88
C-SL-2 é%lo% 0.80 0.91
C-S-H-2 (;9539 KKiII:IS) 0.87 0.85

Table 3-2: Average of Maximum Loads, Average of Normalized Residual Displacements and Average
of Normalized Residual Strains in Bars Reached by NiTi Specimens and Steel Cube Specimens

Average of
Average of Average of Normalized
Maximum Loads | Normalized Residual Residual
Displacement Strains in Bars
C-N Specimens 136 Kips 0.79 0.90
(603 KN)
C-S Specimens 186 Kips 0.79 0.88
(829 KN)
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Table 3-4: Stiffness Properties

Effective Pre-Yield

Specimen Initial Tangent Stiffness Stiffness

45.62 Kip/in 39.85 Kip/in

B-N-L-1 (7.99 KN/mm) (6.98 KN/mm)
36.67 Kip/in 33.80 Kip/in

B-N-L-2 (6.42 KN/mm) (5.92 KN/mm)
33.62 Kip/in 30.93 Kip/in

B-N-H-1 (5.89 KN/mm) (5.42 KN/mm)
39.87 Kip/in 37.98 Kip/in

B-N-H-2 (6.98 KN/mm) (6.65 KN/mm)
BSLI 59.77 Kip/in 52.09 Kip/in

; (10.47 KN/mm) (9.12 KN/mm)
60.67 Kip/in 55.13 Kip/in

B-5-L-2 (10.62 KN/mm) (9.65 KN/mm)
43.47 Kip/in 41.66 Kip/in

B-5-H-1 (7.61 KN/mm) (7.29 KN/mm)
S 4524 Kip/in 43.67 Kip/n

(7.92 KN/mm) (7.65 KN/mm)
36.75 Kip/in 34.46 Kip/in

Average of B-N-H (6.44 KN/mm) (6.03 KN/mm)
60.22 Kip/in 53.61 Kip/in

Average of B-S-L (10.54 KN/mm) (9.39 KN/mm)

Ratio of B-N-H to B-S-L 0.61 0.64
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Table 3-5: Maximum Load and Residual Deformations in Beams

Maximum Normalized Normalized - | Normalized
Specimen Load Residual Residual Residual

' Displacement | Strainsin Bars | Curvatures
B-N-L-1 578?% 0.023 0.00056 0.208
B-N-L-2 (%é;é%)::) 0246 0.00394 0.405
B-N-H-1 (; i OKg’;) 0.033 NotRecorded |  0.247
B-N-H-2 (17‘56.9718KI§;IS) 0061 . 0.00363 0
BS-L-1 (gfgg%fn 0.334 000796 0.465
B-S-L-2 (16?715% 0.534 0.01690 0.630
B-S-H-1 (149/;.7&% 0.465 0.00550 0.431
B-S-H-2 53'?521% 0.461 0.00480 0.571

Table 3-6: Average of Maximum Loads, Average of Normalized Residual Displacements and Average

of Normalized Residual Strains in Bars Reached in Beams

Average Average
Normalized Normalized Average Residual
Residunal Residual Strains in Carvatures
Displacement Bars
B-N Specimens 0.091 0.0027 0.287
B-S Specimens 0.449 0.0089 0.524
Ratio of B-N to B-S
Data 0.2 0.3 0.54
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Table 3-7: Ratio of Residual Displacement to Maximum Displacement for Beams

Ratio of Residual Displacement to

Specimen Maximum Displacement
BNL1 | 0.0227
BNL2 0.2458
BNHi 0.0333
BNH2 0.0608
BSL1 0.3376
BSL2 0.5344
BSH1 0.4650
BSH2 0.4611

Ratio of BNH to BSL 0.0540
Ratio of BN to BSL - 0.2016
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Table 4-1: Confinement Pressare for Different Bars

Bar Diameter

Confinement Pressure

B W -a -

inches Bar Material psi .
(mm) (MPa)
5 Nitaol 123
(2';’_;’)5 Nitinol (ggsi)
5 Steel .03
?1:5297(; Steel (582%)

Table 4-2: Measured and Calculated Confined Cencrete Properties at Peak Strengths

. Ratio of
) ’ v Ratio of
. Measured e Mander’s © e Measured to | Measured
Specimen Kksi M Equation Mander’s Calculated to
easured ksi Equation alculate Calculated
(MPA) MPA I Strengths Strains
5.07 5.59 :
C-N-L (34.96) 0.0231 (38.57) 0.0048 0.91 4.8
- 5.78 7.28
C-N-H (39.85) 0.0304 (50.18) 0.0088 0.79 35
7.33 6.96
C-S-L (50.53) 0.0335 (48.80) 0.0076 1.05 43
7.75 8.47
C-S-H (53.40) 0.0523 (58.41) 0.0112 0,91 4,6
Unconfined 447
Cube (30.82) 0.0071 None None None None
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Table 4-3: Measured and Calculated Confined Concrete Properties at Ultimate

Specimen fox Geu Matflcael"s Ma::luer’s
Measured Measured Equation Equation
C-N-L (2‘7‘:83 KMS;a) 0.04235 (3g:§§ KMSlia) 0.0136
CNH | (321(1)3 LKf;a) 0.0370 (43% %S[;a) 0.036
C-SL ( o KM?&) 0.0568 (3314513 ths;a) 0.0312
C-S-H (4%(5) Iijls]ia) 0.0931 (3%22 ga) 0.0568
Un‘é’fbin od (222? ﬁsﬂi)a) None None None

Table 4-4: EI Values for Constant Beam Sections

Séction

EI
K-in?

(KN-nr’)

Beam End

742,706
(2,132)

Quter-Section

564,854
(1621)
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Table 4-5: Measured and Calculated Yield and Ultimate Loads for Beams

1,

Specimen Measured Measured Calculated Calculated
SP Yield Load | Ultimate Load | Yield Load | Ultimate Load
B-N-L-1 3.7 Kips > 3.9Kips 2.9 Kips 3.7 Kips
{16.6 KN) (17.6 KN) (12.9 KN) (16.5 KN)
B-N-L-2 5.5 Kips 2 8.2 Kips 5.6 Kips 6.4 Kips
(24.8 KN) (36.5 KN) (24.9 KN) (28.5 KN)
— 6.8 Kips > 7.7 Kips 6.3 Kips 7.3 Kips
{29.9KN) (343 KN) (28.0 KN) (32.5 KN)
B-N-H-2 12.3 Kips 15.9 Kips .12.5 Kips 13.7 Kips
(54.1 KN) (70.37 KN) (55.6 KN) (60.9 KN)
B.SI.1 5.1 Kips > 5.8 Kips 6.0 Kips 8.1 Kips
(22.8 KN) (25.8 KN) (26.7 KN) (36.0 KN)
B.S-L2 8.1 Kips > 15.0 Kips 10.1 Kips 14.1Kips
(36.2KN) (66.7 KN) (44.9 KN) (62.7KN)
BS-H.1 8.3 Kips 11.80 Kips ‘8.8 Kips 11.1 Kips
(36.7 KN) (52.49 KN) (39.1 KN) (49.4 KN)
B.S-H-2 16.5 Kips 21.05 Kips 17.7 Kips 19.8 Kips
| (73.5KN) (93.64 KN) (78.7 KN) (88.1 KN)
Average of 9.6 Kips 9.4 Xips
BNH (42.0KN) (41.8 KN)
Average of 6.6 Kips 8.1 Kips
BSL {29.4 KN) (35.8 KN)
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Table 4-6 Measnred and Calculated Stiffness for Beams .

Measured Effective Calculated | Ratio of Calculated

Specimen Pre-Yield Effective Pre-Yield to Measured
Stiffness Stiffness Stiffness
R R
A = B
R
- -
N
ssia  |Sign | e |
-
psus  |G7fm | WoKsed |
Ratio of BNHI © s 0.29 None
Ratio of BNH210 1 0.69 0.42 Norne

59




Table 4-7: Measured and Calenlated Displacement for Beams

. i . . . _.I.i Aill ‘ . I

Specimen . Measured -
Displacement Ductility
B-N-L-1 1.24
B-N-L2 202
B-N-H-1 3.29
B-N-H-2 1.87
B-S-L-1 1.44
B-S-1-2 3.96
ES-ﬁ- 1. 2.36
B-S-H-2 1.81
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Specimen Measured Displacement Ductility
pecime 1.0 15 2.0 25 3.0 35 40
BNL1 Yes 1.24
BNL2 Yes Yes 2.02
BNHI1 Yes Yes Yes Yes Yes 3.29
1.87
BNH2 Yes Yes (Failed)
BSL1 Yes 1.44
BSL2 Yes Yes Yes Yes " Yes Yes 3.96
' 2.36
BSHI1 Yes Yes Yes (Failed)
1.81
BSH2 Yes Yes (Failed)

Table 4-8; Measured Displacement Ductilities for Beam Specimens
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TABLE 4-9: MEASURED RATIO OF RESIDUAL DISPLACEMENT
TO MAXIMUM DISPLACEMENT FOR BEAMS

: Measured Displacement Ductility
Specimen
_ 1.0 1.5 ' 2.0 2.5 3.0 35 4.0
BNL1 0.273 NA N.A NA N.A N.A NA
BNL2 0.262 0.313 0.252 NA NA N.A NA I
BNHI1 0.046 ' 0.069 0.119 0.133 0.010 NA NA
BNH2 0.110 0.120 NA NA NA N.A NA
BSL1 027 NA NA NA N.A N.A NA I
BSL2 0.186 0.278 0.362 0.459 " 0.487 0.515 0.508
BSHI 0.260 0.369 0.466 NA NA N.A N.A '
BSH2 0.300 0.444 N.A NA NA NA N.A
Average l
of NiTi 0.173 0.167 0.186 0.133 0.01 NA NA
Beams ‘
Average '
of Steel 0.254 0.363 0414 0.459 0.487 0.515 0.508
Beams
Ratio of
NiTi to 0.681 0.460 0.449 0.290 0.021 NA NA '
Steel
i
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Table 4-10: Yield Loads and Displacements

First Yield Second Yield First Yield Second Yield
Model Load Load Displacement | Displacement
kips kips inches inches
agN) (KN) ‘3‘;‘;’ (mm)
18.8 .
Steel (83.6) N.A. (21.27) N.A.
v 19.4 1.38
Nitinol (86.3) N.A (35.22) N.A.
NiTi+ HS 19.5 21.6 1.15 1.43
Steel (86.8) (95.9) (29.14) (36.40)
NiTi + CFRP 19.0 NA. 128 NA
(84.4) (32.49) "
Ratio of Steel
to NiTi Results N.A. N.A. 0.61 N.A.
Ratio of Steel
to NiTi+HS N.A. N.A. 0.73 N.A.
Steel Results’
Ratio of Steet
to NiTi+CFRP N.A. N.A. 0.66 N.A.
Results
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Table 4-11: Ultimate Loads and Displacement, Displacement Ductility and Stiffness

Ultimate

Ultimate Load Displacement Displac t Stiffness
Model kips SIi,nches ¢ llguc ﬁelll_':;m kips/inch
Smm
(KN} (rmm) (KN/mm)
20.8 1.96 225
Steel (92.5) @9.7) ‘211 G.9
”» 203 236 140
Nitinel (90.3) (94.14) 1.63 2.5)
- 30.2 2.08 170
NiTi+ HS Steel | | (134.5) (52.90) 1.72 G.0)
o 345 2.89 144
NiTi + CFRP (1533) (72.79) 149 (2.5)
Ratio of Steel to
‘NiTi results 1.07 0.83 1.36 1.61
Ratio of Steel to :
NiTi+HS steel 0.75 0.94 1.35 132
results -
Ratio of Steel to .
NiTi+CFRP 0.66 0.68 1.56 1.56
results
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Austenite

Stress

100

COOL

HEAT

Temperature

Figure 1-1: Temperature Hysteresis

Martensite

Figure 1-2: Stress-Strain Relationship
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Figure 1-3: Stress-Strain Relationship
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Figure 1-4: Stress-Strain Relationship
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Figure 1-5: Stress-Strain-Temperature Curve of SME
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Strain 1 (%)

Figure 2-1: Stress-Strain of 0.500" NiTi Rod

* 1% (25.4mm) threads on each

* thread size = 13treads/inch

* A563 (DH) nuts, F436 (Type 1) washers.

* Plastic pipes with internal diameter=0.5625"=14.29mm
thickness=0.125"=3.175mm

k0.5" (12.7 mm)
6" (152.4 mm)———

0.75" (19.05 mm)-} 5% (12,7 mm)

05" (12.7 mm) T i i i NiTi rod

3" (76.2 mm) square
plate

AV (3011,6 mue) square
plate
1.25" {(31.75 mm)

0.5" (12.7 mm

2.5" (63.5mm)

1" (25.4 mm) diameter pipe

Figure 2-2: Cube Setup
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Detail B
*(152mm
Point Loads

376 mm) o 3§ [ | Bl 4719.4mm)

i
1.5"(38.Imm) .

2 # 6 ancher
rods

2"(50 Smm)

N |
1.5"(38.1mm) 3 /45 Bars— N3 /1 # 5 Bars
T
5"(127mim)
Figure 2-6: Beam Detail B
Section B-B
e 5" (127mmM)-=
15"(38.1mm) | ‘., <
3"(76.2mm) | |
| ' ] 4.7"(119.4mm)
1.'5"(3$.1mm) -
j ¥,"(19mm) B-7 all
2.5"(63.5mm) \threaded anchor reds
' @_\@__ 16x8x1
2"(50‘8mm) —=_0.5625"(14.3mm)
1.5"(38.1mm) @\@'\\_
T 0.5625"(14.3mm)
1.25"(31.75mm) ——1.25"(31.75mm)

Figure 2-7: Beam Cross-Section B-B
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Detail C

1.5"(38.1mm)
16"(406m) A 1.5"(38.1mm)
r-—8"(203mm)-—-— I-—S“(ZOSmm)
1.5"(33.1mm)
' =
A(T6mm) < P
] 4
1.5"(33.1mm) N
\ F  12"(305mm)
. =
4.5"(1]4mm) 2.25"(57mm) -
| D e ]
8%1611“:1)
1.5"(38.1mm)
Figure 2-8: Beam Detail C
e 5" (127 )=
S t
- R 1.5"(38mm)
A
a4 é’ 4 Ll
Sk LS 3"(76mm)
-'. - % -
e %
10.5"(267mm) a. . )
.« ? i,
e R
. . é “ .. o
f ' a —2.25"(57mm)
\ b o s % .’ .- |
. -‘@4'_ " @'
L.oan 4, ]
1.5"(38mm)- -l 1.25"(31.8mm)

Figure 2-9: Beam Cross-Section cC
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$.5"(216mm)

9.5"(241 mm);— E———"——Loading plate :

2 Transducers\ | Pl11%" x 5"
f"(lszmm)
Supports /_é-‘
"(101.6mm) |

Figure 2-10: Beam Test Setup

Figure 2-11: Test Setup of Specimen B-N-H-2
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Tensile Stress (Ksi)

Figure 2-12: Initia} Setup of Beam before Change

100 - 690
90 + 621
80 T 552
70 T 483
60 T 414
50 T 345
40 T 276
30 T 207
20 T 138
10 T 69

07—-..1-.-0

] 0.005 0.01 0.015 002 0.025 0.03 0.035 0.04

Strain
Figure 2-13: Measured Stress -Strain Relationship for #4 Bars
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S0
80 - 552
0 + 483
E 60 T 414
5 L sas
]
= 40 T 276
£
= 30 T 207
20 - 138
10 + 69
0+ 0
0.04
Strain
Figure 2-14: Measured Stress -Strain Relationship for #3 Bars
be—eeeee—e—8.0" [203mm] —
2.5" [64mm]
77777777/ 7%
/ 7N % 7
2.5" [64mm] /
A Lex8x1
0.625"[16mm] 0.875" [22mm]
2.0" [51mm] 77
0" [SImm
2
0.625"|{16mm]
1.5" [38mm] %
7

Figure 2-15: Angles Used in Double Reinforcement
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0.375" [22.23mm] 0.875" [22.23mm]

————L6x8x1

" [152.4 %
6" us mn’;.]" [50-8mm] C.D/ >/ 90.625" [915‘88]1““1

" 2.5" [63.5mm]

15" [38.1mm]

1.25" [31.75mm] 4— 1.25" [31.75mm]}

Figure 2-16: Angles Used in Double Reinforcement

8.0" [203mm)]

2.5" [64mm)]

N L6x8x1
0.625"[16mm] 0.875" [22mm]

2.5" [64mm]

2.0" [S1mm]

0.625"([16mm]

1.5" [38mm]

Y MY M

Figure 2-17: Angles Used in Single Reinforcement
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6" [152.4mm}

fooe 55" [140mm]

0.875" [22.23mm}

-

2.5" [63.5mm]

2" [50.8mm])

1.5" [38.1mm}

o &

2 Y

0.875" [22.23mm]

————L6x8x1

e\ymﬁzs" [315.88mm]

1.25" [31.75mm]

1.25" [31.75mm)]

Figure 2-18: Angles Used in Single Reinforcement

0.75"

|

[19.05mmk;

ATTELTEITTII TSI I RIITIII TN ISI I TIII TSI TSI TIL TSI FS

[ IISJJmm]

RN

-N

LN

R AR,

FIITISTITTSS T ITIIIITITIIS

L LL I ITTITFLS.

b

2L Ll L

Plastic Pipes

39.8" [1009.65mm}

I (152.4mm]

Figure 2-19: Plar Yiew of Cube Form Work
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/—60.8125" [320.64mm]

3" [76:.2mm]

6" [152.4njm] @,/

16" [152.4mm]

Figure 2-20: Small Piece for Cube Formwork Showing Dimensions and Hole Locations

3" [76.2mm] /—00.3125" [©20.64mm] 6" [152.4mm]-

e/ o o o o

6.75" [171.45mm]
39.75" [1009.65mm]

Figure 2-21: Long Piece for Cube Formwork Showing Dimensions and Hole Locati ons

79



——2.5" [63.5mm)]

/

< F0.25" [6.4mm]

Figure 2-23: A36 -2'/; " Pipe used with Cubes to Protect Strain Gages
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Figure 2-25: Stress-Strain Curve for 0.500-inch NiTi Rod
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Figure 2-26: Reduced Section and Threads on 0.375-in NiTi Bar
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—~
T L]

Strain Gages
Figure 3-1: Staggered Locations of Strain Gages on Nitinol Bars

Figure 3-3: Steel Plate Used to Anchor NiTi Wires
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Figure 34: Anchorage Mechanism for NiTi Wires

Figure 3-5; Plan of Anchorage Mechanism for NiTi Wires
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Machine
Head
Movement

Wire Grip

NiTi Wire

Concrete Cylinder Slice _____ _ 'I.w A\ Grips
2 nE .

Plate with 2 Holes

/l/

Figure 3-6: Wire Anchorage Test Setup
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Figure 3-36: Plan View of C-N-L-1 after Failure Showig Concrte palling at Corners

%4




Figure 3-38: Picture Showing Final Stage of Concrete Spalling Occurring at Edges at End of Test
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re 3-40: Picture Showing Splling of Concrete at Edge
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‘Figure 3-41: BNLI, prior Loading =

Figure 3-42: BNL1, after Load Cycle 3
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Figure 3-46: BNL2, after Final Loagd Cycle 7
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Figure 347: N]:Il, prior Loaing

Figure 348: BNH], after Load Cycle 3
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Figure 3-50: BNH2, prior Loading
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Figure 3-52: BNH2,
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" Figure 3-51: after Load Cycle 3
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Figure 3-54: BSL1, after Load Cycle 3
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Figure 3-58: BSL2, after Final Load Cycle 7
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Figure 3-61: BSH1, Failure after Load Cycle 11

Figure 3-62: BSH2, prior Loading
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Figure 4- 2: Measured Stress-Strain Graph for C-S-L and C-N-H
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Figure 4-13: Moment-Curvature Relationship for Beam Sections

Displacement (Inm)

000 1016 2032 3048 40.64 50.830 60.96 71.12 B81.28

Load (Kips)
[ [ 53
]

40 1 r—r ...:'...:....;..1.:....:..,.:.,..: 177.9
11557
3 1334
E RSB
] Y
+ 89.0 :;
3 =~ 8
T 3-66.7 =
—%—NiTiH+HS Steel] F 44.5
—a— NiTi+CFRP 322.2
- = Steel 3
e et G )
0.0 04 0.8 1.2 1.6 2.0 24 2.8 3.2

Displacement (inches)
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