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Abstract: An innovative method for prestressing structural elements through the use of shape
memory alloys (SMAs) is gaining increasing attention in research as this method does not require
the use of mechanical anchorages for tendons. The activation of the memory effect by means of
temperature variations (Joule effect) in effect produces high stresses in SMA components attached
to concrete components as reported in the literature. This paper presents the work performed for
the purpose of prestressing concrete hollow cylinders with the use of nickel-titanium (Ni-Ti) SMA
wires. In the tests, a variety of hollow cylinders were made using the same concrete mix, with the
same wall thickness (20 mm) but with different external diameters (200 mm, 250 mm and 300 mm).
Their prestressing was achieved by the means of Ni-Ti SMA wires of different diameters (1 mm,
2 mm and 3 mm) wrapped around the cylinders. Longitudinal and circumferential strain during the
thermal activation of the SMA wires by Joule heating was measured using gauges located on the
internal surface of the hollow cylinders. The experimental protocol, recorded observations and dis-
cussion of the effectiveness of the prestressing of concrete elements as a function of the test param-
eters are included in the text in detail. Comments on the conditions for effective prestressing of
concrete cylinders with SMA wires are proposed in the conclusions of the paper.

Keywords: shape memory alloy; prestressing force; confinement; civil engineering; nickel-titanium

1. Introduction

Technology relating to the prestressing of structures is widely known in civil engi-
neering and is used mainly in the construction of bridges, tanks, industrial structures and
public buildings. At the current level of development of this method, prestressing tech-
niques with conventional steel tendons (wires, strands and bars) and tendons formed
from composites developed in the last thirty years [1-3] are used. For the application of
any of the proposed methods, it is necessary to use specific tensioning equipment usually
in the form of hydraulic jacks as well as appropriate types of anchorages for the given
tendon type. For many years, steel tendons have been used for the building of new struc-
tures and for strengthening of existing constructionss. In recent times, new methods of
structural strengthening have been developed for historical monuments, based on com-
posite tapes and textiles, often made with carbon fibers as the principal component.
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The use of shape memory alloys (SMAs) as another innovative technology used in
the field of structural strengthening is an increasingly popular subject for considerations
and developments. SMAs belong to the group of smart (intelligent) materials. Martensitic
transformations triggered by temperature and stress occur in these metallic alloys. At zero
stress, a SMA is in the austenite (A) phase at “high” temperatures and it is in the marten-
site (M) phase at “low” temperatures . The A>M and M—>A transformations also occur
at constant “high” ambient temperatures upon mechanical loading and unloading, re-
spectively. For various use of the SMA materials, as for example the microactuators, good
understanding of the phase transformations and of the role of influencing parameters is
important [4]. Whatever the type of activation (thermal or mechanical), a hysteresis of
transformation is observed, making modelling and the use of SMAs complex tasks in en-
gineering applications. The most famous property of SMAs promising for the applications
in civil engineering is the ability to regain the remembered geometry under thermal acti-
vation, referred to as the one-way shape memory effect [5-7]. Such geometry variations
when properly steered may indeed be used for the generation of forces in structural ele-
ments.

Nickel-titanium (Ni-Ti) and more generally Ni-Ti-based alloys are the most fre-
quently used SMAs in engineering applications, especially in the form of wires. In Ref. [8]
for instance, it is reported that during the return of SMA material to its original shape
from the deformed form, stress reaching even 800 MPa can be generated in the specimen
in which strain is blocked. This conclusion is promising in the context of the future appli-
cation of properly prepared material for the needs of force introduction in structural mem-
bers — such pioneering applications are described in Refs. [9-13]. More detailed approach
to the martensitic transformation of Ni-Ti alloys includes also the presence of the “R”
phase during the cooling process, important for cyclic use of the material [14]. The intro-
duction of prestressing with the use of this method usually as a single operation may be
performed without the need for hydraulic pulling equipment at the place of prestressing,
and it may therefore be used also in the locations where access is difficult.

The confinement of plain concrete cylinders using wound SMA wires is one of the
proposed applications in civil engineering to create a state of compression; see for example
Refs. [15-21]. The present paper describes the work performed for the purpose of pre-
stressing hollow cylinders, which allows measurement of the strains on the inner surface
while the SMA wire is wound on the outer surface. In the tests, hollow cylinders were
made of the same concrete mix, with the same wall thickness (20 mm) but different exter-
nal diameters (200 mm, 250 mm and 300 mm). Their prestressing was achieved by the
means of Ni-Ti SMA wires of different diameters (1 mm, 2 mm and 3 mm) wrapped
around the cylinders. Longitudinal and circumferential strains were measured using
gauges located on the inner surface of the hollow cylinders during thermal activation of
the SMA wires by Joule heating. Following the testing plan composed of a series of one-
way, simple prestressing operations the observations were focused on the effectiveness of
the technique and did not include full analysis of the potential degradation of the SMA
wires during the electrothermal working cycles as it is described in [22]. The experimental
protocol, recorded observations and discussion of the effectiveness of prestressing of con-
crete elements as a function of the test parameters are included in detail in the text. A
description of the conditions for the effective prestressing of concrete pipes with SMA
wires is proposed in the conclusions of the paper.

2. Properties of the SMA wires used

Ni-Ti SMA wires were used in the present work to generate prestress states in con-
crete samples. Three wires with the different diameters (1 mm, 2 mm and 3 mm) were
selected. Their chemical compositions were NissuTi (wt.%) for the 1 mm wire and
Ni55.84Ti (wt.%) for the other two diameters of the wires. Table 1 presents the values of
the four transformation temperatures for each wires diameter: austenite-start (As), austen-
ite-finish (As), martensite-start (Ms) and martensite-finish (Mr). Values were obtained by
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means of dilatometric testing. Detailed information on the SMA wires properties testing
can be found in Refs. [21, 23, 24]. They are the principal informations needed for proper
control of the phase transformation progress in SMA under varying temperature. It can
be noted that M;s is negative and lower than As for the three wires. This property is not
generic for SMAs. We selected this property for our SMA wires in order to have an ambi-
ent temperature Tamb between M et As. The inequality Ms < Tamb < As. is a key point of the
study. Note that by construction, the thermal hysteresis is high compared to most of SMA
wires. As a consequence also, the SMA wires can be “initialised” to the austenitic state by
heating above At followed by a return to an ambient temperature higher than Ms [21, 23].
Next, as a result of loading and further unloading of the austenitic SMA wire at the ambi-
ent temperature, a residual strain is generated in the wire. This residual strain is related
to the transformation of the austenite into so-called oriented martensite upon loading (this
is distinguished from the self-accommodating martensite, which is created by cooling and
is not associated to a macroscopic strain). In these circumstances, the blocking of wire
deformation and increasing its temperature above Ar leads to the generation of stress in
the wire. This phenomenon is described in detail in, for example, Ref. [20]. For the me-
chanical characterisation of each of the three SMA wires, a 20 kN Zwick 1455 laboratory
testing machine was used to measure various mechanical parameters at 15°C, starting
from the austenitic state at zero stress: apparent Young modulus (Esma) of the austenite,
critical stress (0cr) at which the A>M transformation starts, as well as the maximal stress
(omax) and residual strain (eres) during the load-unload cycle to a maximum deformation
of 6%. Finally, the residual stress (ores) at the blocked residual strain upon heating was
measured. The mechanical properties of the three types of Ni-Ti wires used in the tests
are shown in Table 1 besides the transformation temperature values. Details can be found
in Ref. [24].

Table 1. Properties of the three SMA wires: transformation temperatures and mechanical properities
from [21, 23]

SMA wire Transformation temperatures ~ Mechanical characteristics for a load-unload test
diameter at zero stress at 6% maximum strain at 15°C, followed by
heating at fixed residual strain €res
Mk M As At Esma Ocr Omax Eres Ores
[°Cl [PCl [°C] [°C] [GPa] [MPa] — [MPa]  [%] [MPa]
21 mm -51 -7 14 22 34.7 244 269 5.1 202
2 2 mm -66 -11 2 13 21.7 314 309 4.6 248
2 3 mm -51 -30 1 10 15.5 340 349 3.0 179

The Joule effect was used for heating the SMA wires. Heating tests were performed
on 200-mm-long wire specimens. Two parameters were recorded under different current
intensities I [A]: voltage U [V] and stabilized temperature variation AT [°C] using an in-
frared thermal camera (see Ref. [25] for details about the boundary conditions). Figure 1
shows the AT — I diagrams, which can be used for the purpose of defining the current
value needed for the heating of the Ni-Ti wires to a given temperature. The equations for
each diameter are as follows:

AT, | um = 7.646 12 +5.047 1 1)
AT, 5 mm = 0.689 1% + 2.400 1 )

AT, 5 mm = 0.401 12 +0.729 1 3)
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Prestressing of structural member is generally a single operation. In the consequence 135
the tests were focused on the behavior of the specimens during heating process of the 136
SMA wire and the effectiveness of such technique and the cooling process was the finish- 137
ing part for every test. Some influences, for example the generation of the “R”phase dur- 138
ing cooling of the wire which influences the wire resistance at this phase (as reported in 139
[14] were not considered. Following the same argument, also considerations regarding the 140
degradation of the material in consequence of cyclic heating as described for instance in 141

[22] was not included in the scope of the work. 142
120 |
@ 1 mm 92 mm
100
— 80
@
=}
— 60 ' @& 3 mm
—
< 40
20
0
0 2.0 4.0 6.0 8.0 10.0 12.0
I[A
[A] 143
Figure. 1 Temperature change AT vs. electric current I relations in the three 200-mm-long SMA Ni-Ti wires 144
145
3. Description and preparation of the concrete samples 146

In the plan of this research, it was decided that the tests would be performed on three =~ 147
series of 500-mm-long concrete hollow cylinders, each comprised of three pieces with ex- 148
ternal diameters of 200 mm, 250 mm and 300 mm (see Fig. 2a). The measured values of 149
wall thickness for the 200-mm cylinder were between 20.1 mm and 20.8 mm. They were 150
between 22.1 mm and 22.9 mm for the 250-mm cylinder, and between 20.5 mm and 151
20.9 mm for the 300-mm cylinder. The variation coefficients v of the mean wall thickness =~ 152
were between 3.7% and 9.6%. 153

All hollow cylinders were made of concrete composed of basalt gravel, the size of 154
which was between 2 mm and 8 mm and CEM 1 32.5 R Portland cement. The composition 155
of the concrete mix per m?® was: 353.4 kg cement, 1,202.6 kg basalt gravel, 560 kg river 156
sand, 213 w/c ratio of water, which was equal to 0.6. At the time of casting the test ele- 157
ments, several concrete specimens were collected for simultaneous verification of the me- 158
chanical properties of the material at the time of testing of the hollow cylinders. The di- 159
mensions of the material specimens were a diameter of 150 mm and a length of 300 mm 160
for the plain cylinders, and the cubes were 150x150x150 mm. After seven days, the molds 161
were disassembled and the concrete hollow cylinders (as well as the concrete specimens 162

for material tests, see below) were protected with PE foil for a period of twenty-eight days. 163
For the sake of the estimation of the volumetric weight of concrete, all specimens were 164
weighted and measured. The mean concrete weight obtained was 2,465 kg/m? with a co- 165

efficient of variation v of 1.1%. The mean concrete compressive strength measured onthe 166
cubic specimens was fcci =51 MPa (U =8.1%). The mean value measured on the cylinders 167
was feeyl = 43 MPa (v = 8.1%). The mean value of concrete elasticity modulus under com- 168
pression measured at the level of 0.4 f..,; was E. =36,240 MPa (v =0.8%). On two cylin- 169
drical concrete specimens, the widened program of the test for the elasticity modulus was 170
additionally performed with measurements taken at five levels of loading: 0.2,0.3,0.4,0.5 171
and 0.6 of f.y. The test procedure followed the provisions given by Instytut Techniki 172
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Budowlanej (Building Research Insitute, Warszawa) [26]. The variations of concrete elas-
ticity modulus following the force level are reported in Table 2. The mean value of con-
crete tensile strength under axial loading determined in the tests was 4.4 MPa (v =1.0%).
The mean value of the concrete tensile strength determined in the splitting tests was 4.1
MPa with (v =2.1%).

Table 2 Modulus of elasticity of concrete versus the level of loading

S;g?ple no Modulus of elasticity E. MPa]

180 02 ooy 03 fuey 04 fooy 05 ooy 06 foeyl
1 38 240 37 860 36170 35300 34100
o181 39130 37100 36 000 34 820 33 870

182

b) Wrapped SMA wire

»8

"\g'{ot“at'idn systém

W fT\Ql}lllc concrete_ ranslation_
cylinder, = _~" system for the
. SMA winé

\

N

‘Electric
alternator

Screws to
attach the '
SMA wire

Figure 2. Test details: a) photo of concrete test samples (hollow cylinders) after demolding, with anchoring bolts visible on one sam-
ple; b) hand wire-winding machine; c) location of the strain gauges on the internal surface of the concrete cylinders; d) photo of the

Joule effect setting for the prestressing of the hollow cylinder

4. Procedure for the creation of prestress states in concrete hollow cylinders with use
of SMA wires

The procedure presented below refers to the external prestressing of concrete cylin-
ders with shape memory wires. The prestressing process is based on the thermal activa-
tion of the shape memory effect in the SMA wires. Heating of the material to a temperature
exceeding the value of As is performed with the use of electric power. The prestressing
procedure for every concrete cylinder is composed of the following four steps:
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Step I — wire preparation for testing

The wire is subjected to heating until a temperature exceeding the value of At is ob-
tained for the purpose of initialisation in austenite phase.

The wire is cooled to the ambient temperature. Let us recall that the ambient temper-
ature is higher than Ms. In consequence, transformation to martensite does not occur,
the material austenitic state is preserved. At this time, anchoring loops are formed on
the wire ends.

For part of the testing, controlled predeformation (residual strain) is applied to the
SMA wire with the relevant pulling equipment.

Step II — winding and anchoring of SMA wires

The concrete specimen is installed in the specially designed winding apparatus
shown in Fig. 2b.

The SMA wire loop is attached to the anchoring bolt on the external surface of the
hollow cylinder and the wire is wound on the surface.

During the whole winding process, the ambient temperature is kept constant and the
SMA wire is protected from any temperature increase, especially from contact with
hands.

After winding, the wire end loop is fixed to the anchorage bolt.

Step III — connection of the measurement equipment

The following equipment is connected to the HBM QuantumX MX840A measuring
amplifier with the use of shielded cables:

o the strain gauges installed on the internal surface of two hollow concrete
cylinders — the tested cylinder and a reference cylinder (Fig. 2c);

o two temperature sensors, one for measuring temperature of the SMA
wire Ty and one for the internal surface of the concrete cylinder Tyy,.

An ammeter and voltmeter are used for monitoring the current parameters during
the test.

Step IV — heating and cooling of the tested element

At the initiation of the test, the SMA wire is connected to an electric current . Appro-
priate current source was used in dependence on the electric resistance of the SMA
wire. The temperature increase in the SMA wire is controlled.

After achieving the required temperature of the wire, the electrical current is discon-
nected and the temperature decrease is observed until it returns to the ambient tem-
perature.

5. Standard features of the experimental procedure

5.1. Set-up of the specimens and the measurement equipment

All tests in the research program were performed at the ambient temperature selected

with consideration to the austenite start (As) temperature for the given type of wire, which
should not be exceeded. Part of the research program was therefore performed outdoors
during winter. Low ambient temperatures and protection of the SMA wire from heating
were an important advantage of this time of year.

The concrete deformation of every concrete cylinder was measured with strain gauges,
which were installed at the mid-height of the inner surface of the hollow cylinders. Each
of the specimens was equipped with six gauges: three in the longitudinal direction of the
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tube (vertically) and three in the circumferential direction, placed alternately along the
internal circumference of the element. The gauges are denoted as follows and their posi-
tions are shown in Fig. 2c:

e  circumferential gauges — G1, G2 and G3;

e  vertical gauges — G4, G5 and G6.

Temperature compensation was used due to the influence of temperature during pre-
stressing of the tubes. Following the principles of the strain measurement theory, the
gauges were connected in the Wheatstone’s half-bridge system. During the tests, the fol-
lowing parameters were identified: ambient temperature (T,), temperature of the pipe in-
ternal surface (Tj,¢) and temperature of the SMA wire wound on the pipe (Teyxt).

5.2. Application of electrical current for prestressing of concrete hollow cylinders

The testing stand was installed in a location where temperature varied between -1°C
and +10°C. During all tests, the procedure described in Section 4 was used. The electrical
current energy was transferred into thermal energy, which is reflected by the temperature
increase in the wire through Joule’s law:

P=12 R=2 (4)

where P is the electric power [W] and R is the conductor resistance [(Q]. Table 3 shows
the values of the parameters required for fulfilling the condition of the temperature in-
crease in the wire at 60°C above the ambient temperature. Current density was calculated
using equations (1), (2) and (3), and the resistance value was measured. Appropriate
equipment for generating the direct current was used. Resistance variations during the
cooling period of the SMA wire (“R”phase generation as described for instance in [22]) as
well as influence of the wire re-use on its resistance were not considered.

Table 3 Parameters required for performing the SMA wire heating tests with direct current

Wire diameter L [m] AT[’C]  RI[Q] 1[A] P [W] U[V]
o1 mm 40 60 41.6 25 260 104
@2 mm 80 60 20.8 7 1,041 147
@3 mm 80 60 9.3 13 1,562 120

5.3. Equations for the analysis of the combined effect of prestressing and thermal dilatation on
concrete strain in hollow cylinders

The influence of thermal deformation of concrete under conditions of the heating and
cooling of the shape memory wire is considered. An analytical model is composed for the
determination of forces acting in the SMA wire on the basis of measured deformation. It
is assumed that the concrete circumferential strain measured with the strain gauges & is
linearly composed of the elastic strain provoked by prestressing with the SMA wire ec,sma
and the thermal strain e«

€ = Ecsma T &t ©)
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Based on the assumption that the material properties of concrete are constant in time and 281

are independent of temperature, thermal strain in concrete is expressed as: 282
283

& = oy AT (6) 284

where AT is the temperature variation and a: is the coefficient of thermal expansion for 285
concrete (at = 10-106/°C). 286
Following the assumption of the mechanical isotropy of concrete, thermal isotropy is 287
also assumed. Additionally, the temperature influence for any direction of deformation 288
is separately considered in a linear manner. Therefore, the constitutive relations between 289
stress and strain are written in the following form, accounting for thermal deformation 290
in accordance with a cylindrical coordinates system: 291

g, = E7Yo, — v(o. + 6,)] + AT

g. = E"'[o. — v(0, + 0,)] + AT 7)) 292
&, = E7 [0, — v(o; + 0)] + AT
with: 293
&r, Or — strain and stress in radial direction, 294
g, Oc — strain and stress in circumferential direction, 295
€z, 0z — strain and stress in longitudinal direction. 296
297
Using the Lame-Clapeyron approach for a thin cylindrical shell subjected to a radial uni- 298
form pressure p, it is possible to express the stress tensor o: 299
o 0 O
[o] = IO O¢ 0] (8 300
0 0 o
with 301
(0 S rs 1- ﬁ
r r2 —r? r?
12 2 302
0. = — E 22<1+—;)
r; —ry r
t 0,=0
where r is the radial distance from the centroid of the concrete hollow cylinder, and r; 303
and r, are the internal and external radii of the concrete hollow cylinder, respectively. 304
It is possible to express the strain tensor € as follows: 305
306
& 0 0
[e] = [0 & 0] 9) 307
0 0 g
with 308
1 prs [(A+2p 1?
=—— 5| ———5 ) +aAT
& 2urs —r? <3?\+2u rz) T
1 pr3 [A+2n 12
=+ AT 309
fe 2urs —r? <3?\+2u+r2 o
A prs
= AT
L GAt 22 T ™

where parameters p and A are classically expressed as functions of Young’s modulus E 310
and Poisson’s ratio v of concrete as follows: 311
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_ E
{ "2 312
vE

M= a va-m

Based on the local equilibrium of the cylindrical shell, the pressure p applied by the 313
SMA wires on the external surface of the hollow cylinder is expressed in the following 314
formula (7): 315

2
md” osma 5 (10) 316

p= 2 e (2rp+d) —

where ogy, is longitudinal stress in the SMA wire, d is the diameter of the SMA wire 317
and e is the axial spacing of the SMA wire (pitch) wound on the concrete hollow cylinder. ~ 318

6. Results of the performed tests 319

6.1. Results obtained from tests of concrete hollow cylinders prestressed with SMA wire without 320
preliminary deformation 321

Nineteen tests were successfully performed on concrete hollow cylinders prestressed =~ 322
with wound SMA wires that were not pretensioned and not preliminary deformed (not 323
predeformed). Information on the number of tests performed for the various SMA wire = 324

diameters used and the various diameters of concrete specimens is presented in Table 4. 325
For practical reasons, lengths of Ni-Ti wires measuring 28.80 m were prepared for this 326
purpose. 327
328
Table 4. Number of tests performed on concrete hollow cylinders with use of SMA wires without 329
preliminary deformation 330
Wige diameter External pipe diameter
332 200 mm 250 mm 300 mm
21 mm 4 tests 1 test 2 tests
333
@2 mm 4 tests 1 test 2 tests
o33mnm 2 tests 1 test 2 tests

335

Figure 3 presents example results of the measurements which were recorded during 336

the heating and cooling process of the specimen composed of a concrete cylinder witha 337
diameter of 300 mm wound with Ni-Ti wire with a diameter of 2 mm. Three diagrams 338
were prepared as a time function: a diagram of the wound wire temperature, a diagram 339

of the vertical concrete deformation and a diagram of the circumferential concrete defor- 340
mation. The temperature of the internal surface of the cylinder T, and ambient temper- 341
ature T, were also measured. 342

For the first testing phase (heating), the temperature increases up to +60°C. Witha 343
wire temperature increase of 20°C (200 s after current connection), the initiation of an in- 344

crease in strain is observed in the longitudinal direction of the hollow cylinder. It is worth 345
noting that the result of the thermal dilatation of concrete is included in all measurements 346
of the vertical (longitudinal) and circumferential strain gauges. The duration of the electric 347
current flow through the wound wires was 800 s. It may be observed in the concrete de- 348
formation diagrams that, during the initial 200 s of the heating period, the vertical (longi- 349
tudinal) concrete strain is not significant while the circumferential compressive concrete 350
strain increase is substantial and reaches a level of -50 um/m. The increase of concrete 351
strain in the circumferential direction provides evidence of the martensite transformation =~ 352
in the SMA wire and is consequently also evidence of concrete prestressing. After 800 sof 353
heating (when the maximal wire temperature of 60°C is reached) the mean circumferential 354
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Longitudinal

Circumferential

strain

€ [pm/m]

strain

€c [pm/m]

Tcxl [OC]

Temperature

-100 &

compressive strain in the concrete was at a level of around -85 um/m, and the mean strain
in the longitudinal direction was around 333 pm/m (at this moment, the temperature of
the concrete is lower than the wire temperature).

After disconnecting the electrical current, SMA wire quickly losses its temperature
while concrete retains its heat for much longer. During the cooling period, compressive
strain in concrete is progressively lost. The maximal observed main longitudinal strain
increase in the concrete was around 400 pm/m after 1,000 s (SMA temperature Text = 32°C).
It is understood that concrete temperature is higher than wire temperature. After 1,300 s,
the mean circumferential strain in concrete is approaching zero and with further time, the
strain becomes positive. The explanation for such a development is that the residual strain
in the wire decreases to zero. After 2,400 s, the wire temperature is 20°C, the mean longi-
tudinal strain in concrete is 333 pm/m and the mean circumferential concrete strain is 30
pm/m.

Based on the results, it can be concluded that the prestressing effect obtained with
the SMA wire without preliminary deformation is not stable over time. A comment can
be made about the heating phase. Before winding the SMA wire, it was in the austenite
state; however, a low quantity of the oriented martensite probably appeared due to the
curvature of the wire when installed on the external surface of the concrete hollow cylin-
der. During the temperature increase above the Ar value, the shape memory effect was
activated, thus generating a (relatively low) circumferential compressive strain increase
in concrete. A similar effect was previously reported in Ref. [16] for plain concrete cylin-
ders. The loss of effect upon cooling can be explained by the appearance of oriented and
self-accommodating martensite. In any case, in spite of the number of tests, the observed
effect is found to be not sufficient for the permanent prestressing of the concrete hollow
cylinders. Based on this, it was decided to perform further tests exclusively with the pre-
liminary deformation of SMA wires and to resign from the presentation of remaining re-
sults captured during tests with use of wires that were not predeformed.
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Figure 3. Measurements of wire temperature Tex;, longitudinal strain €L and circumferential strain ec of concrete during the process

of testing 300-mm-diameter hollow cylinder wound with 2-mm-diameter SMA wire without predeformation (circumferential gauges

- G1, G2 and G3; longitudinal gauges — G4, G5 and G6). Note that gauge G5 was not working for all tests without predeformation.

6.2. Concrete hollow cylinders prestressed with the preliminary deformed SMA wire
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388

6.2.1. Experimental setup 389
In the next step of the testing program, the effectiveness of the prestressing of con- 390
crete hollow cylinders with predeformed Ni-Ti coil was verified. Ni-Ti wires measuring 391
28.80 m in length were prepared for this purpose. 392
The experiments were performed with the use of all nine concrete hollow cylinders 393
(three hollow cylinders for each of the wire diameters). Eighteen tests were performed. 394

During the preparation of every test, the SMA wire was predeformed and was then 395
wound over the external surface of the hollow cylinder. After every test, the SMA wire 396
was unwound and was then heated above Arin order to retrieve the austenite state; it was 397

then predeformed and wound again on a hollow cylinder. As a consequence of the differ- 398
ences between the diameters of the hollow cylinders, the number of possible windings 399
with the wire of a constant length varied and were as follows for each of the hollow cyl- 400
inders: 401

e  For the hollow cylinder with an external diameter of 200 mm, there were forty-five = 402
windings of the wire placed in the central strip of the hollow cylinder surface, which 403
amounted to a width of approximately 0.17 m. 404

e  For the hollow cylinder with an external diameter of 250 mm, there were thirty-eight 405

windings of the wire placed in the central strip of the hollow cylinder surface, which 406
amounted to a width of approximately 0.15 m. 407

e  For the hollow cylinder with an external diameter of 300 mm, there were thirty-two 408
windings of the wire placed in the central strip of the hollow cylinder surface, which 409

amounted to a width of approximately 0.13 m. 410
The pitch of the spiral coil was in dependent of the winding precision. The nominal pitch 411
was 4 mm. As with the test without predeformation, the following parameters were rec- 412

orded during the tests: ambient temperature (Ta), temperature of the internal surface of 413
the hollow cylinder (Tint) and temperature of the wire wound on the hollow cylinder (Text). 414

All tests of this series were performed following the same procedure. In contrast to 415
the tests described in Section 6.1, all the SMA wires were predeformed before winding, as 416
explained in Section 4. The initial elongation of the wires was set at two levels: 3% and 417

6%. The measurement equipment was connected to the tested cylinder and to the refer- 418
ence cylinder, and the hollow cylinder prestressing was performed using a flow of elec- 419
trical current through the SMA material winds as is presented in Fig. 2d. 420
421

6.2.2. Test results and stresses calculated in the SMA 422
As explained in Section 5.1, variation of concrete strain in the circumferential direc- 423

tion (three strain gauges) and in longitudinal direction (three strain gauges) as well as the =~ 424
temperature of the wire and that of the internal hollow cylinder surface were monitored 425
and recorded during each test. The measured values are presented as diagrams of strain 426
and temperature, both in relation to time. Figure 4 presents example diagrams determined 427
during the prestressing tests performed on the 300-mm-diameter concrete hollow cylinder 428

with 2-mm SMA wire. The main features shown on the diagrams are discussed below. 429
Detailed results for the same specimen are included in Table 8, No. 16. Variations of the 430
temperature during the whole test are presented in Fig. 4a. Temperature increase acti- 431

vated the martensite-to-austenite transformation. Let us recap that the start and finish =~ 432
transformation temperatures at zero stress are As = 2°C and At = 13°C, respectively (see =~ 433
Table 1). As a consequence, transformation starts nearly instantaneously after the initia- 434
tion of the flow of electrical current. This phenomenon can be seen in Fig. 4b and Fig. 4c. 435
The circumferential strain in concrete resulting from the clamping of the Ni-Ti wire 436
around the hollow cylinder starts with a sharp increase at a wire temperature of 7°C (Fig. ~ 437
4c). Following further temperature increases, growth of the compressive strain in concrete 438



Materials 2021, 14, x FOR PEER REVIEW 12 0of 22

is registered. After reaching 67°C in the tested wire, the current is disconnected. The mo-
ment of current disconnecting may be found in the diagram showing the relationship be-
tween the circumferential strain in concrete and time (Fig. 4b) in the form of a small dis-
continuity in any line of captured values. A decrease of the wire temperature to a level of
40°C does not substantially influence the circumferential strain generated in concrete (Fig.
4c). Further cooling of the specimen to the ambient temperature provokes a partial loss of
the generated concrete deformation.

Based on the concrete strain evolution shown in Fig. 4b and Fig. 4c, and on account
of Eq. (8) to (10) presented above, diagrams of stress development in the 2 mm Ni-Ti wire
were built as functions of time and temperature. In Fig. 4d, an instantaneous stress in-
crease to the level of 200 MPa may be observed, which results from a quick activation of
the shape memory effect. Further increases of the wire temperature allows the progress of
the transformation of oriented martensite into austenite. This progress provokes a further
increase of stress in the SMA wire. A partial loss of the wire stress initially generated dur-
ing heating time is observed after a decrease of its temperature to below 40°C (Fig. 4e).
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y — SMA wire 0 0 2000 4000 6000 0 10 20 30 40 50 60 70
70 /l - —— Concrete | | i - i ! - i | T
60 -100 Circumferential |————

“ !1’\\ 200 %77 strain gauges L
- / ’l \\ ."\‘
7 ~ ‘..-

40 !
/ )
! -
30 ; &‘
20l e

- T

r
[,
10 |2
() L L L AL
0 2000 4000
t[s]
d e
) 800 ) 00
700 700
— 600 — 600
& 478 £ 500
2 Sale 2
< 400 305 <
% 300 | /- Z 300
© 200 - © 200
100 100
- . .
2000 4000 6000 0 10 20 30 40 50 60 70
t[s] T[°C]

Figure 4. Results recorded during testing of the 300-mm hollow cylinder prestressed with predeformed 2-mm Ni-Ti wire: a) temper-

ature of the wire and the concrete surface over time; b) variations of circumferential concrete strains over time; c) variation of circum-

ferential strain over concrete in relation to wire temperature; d) stress in Ni-Ti wire in relation to time; e) stress in Ni-Ti wire as a

function of temperature.

Analysis of the recorded measurements leads to the conclusion that during cooling

time, nearly 24% of the maximal stress obtained in the test for the material is lost. Such a
loss is a consequence of the thermo-mechanical properties of the shape memory alloy used
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and may be qualified as a non-standardized initial loss of the prestressing force. A de-
crease of the residual stress in the prestressing wire was estimated at 6.5% while account-
ing for the influence of temperature variations on concrete deformation.

7. Analysis of test results

7.1. Discussion of the results from tests and analysis

The registered results of the tests were used for the determination of prestressing
effectiveness Measurements were taken at the final stage of the tests of the eighteen con-
crete hollow cylinders, including concrete strain in circumferential and longitudinal di-
rections, temperatures of the surrounding air Ts, of the wire Tex and of the internal surface
of the hollow cylinder Tix are included in Table 6. Additionally, the stress values are ana-
lytically determined.

The following parameters were used for the calculations of stress and force in the
SMA wires: Ec (elasticity modulus for concrete, equal to 36 GPa), Text (SMA wire temper-
ature measured in the final step of the test), Tint (femperature of the internal surface of the
concrete hollow cylinder measured in the final step of the test), Ta (ambient temperature
of the test) and &c (circumferential strain in the concrete measured with the strain gauges
in the final step of the test). With the use of Eq. (8) to (10), after excluding the thermal
dilatation of the concrete, the following quantities were calculated for every concrete hol-
low cylinder prestressed with the SMA wires:

e  p-—pressure [MPa];
e Ocsma — circumferential compression stress in concrete at the residual state [MPa];
® O — stress in shape memory wire at the residual state [MPa];

e  Fsma —force in SMA wire remaining after prestress execution [N].

The mean values of the circumferential stress in concrete caused by the prestressing
wire action (ocsma) and mean values of the residual stress in the prestressing wire ores cal-
culated on the basis of measurements are included in Table 6..

Table 6. Results of measurements and calculation of mean forces in SMA wires wound on the concrete cylinders

No AL/L Ta Text Tint €a £ €3 €av &= AT &csma P OcsMA  Oress  Fsma
[%] [°CI[°C][°C] [10°] [10€] [10°]  [10°1  [10°] [10€] [MPa] [MPa] [MPa] [NI]
Pipe 6 200 mm - SMA wire 6 1 mm
1 3 -3 133225 -1559 -1432 -1519 -1503 -91.8 -585 038 -21 1942 1525
Pipe 9 200 mm - SMA wire 6 2 mm
2 3 4 201274 -4206 -450.2 -4880 -4529  -726 -3083 246 -13.8 3171 9957
3 3 -1 203260 -6157 -4869 -537.2 -546.6  -57.0 -483.6 3.17 -17.6 4082 1,281.8
4 3 529 41.1 -388.8 -754.6 -420.3 -521.2 1178 -639.0 3.38 -18.8 4355 1,367.4
5 3 204 26.2 -537.7 -4869 -6158 -546.8 -57.8 -489.0 3.17 -17.6 4077 1,280.2
6 3 7 212301 -2989 -383.8 -319.8 -3342 -89.0 -2452 159 -88 2044 6418
Pipe 9 200 mm - SMA wire g 3 mm
7 3 3 145199 -7271 -6625 -4673 -6189  -545 -5644 3.66 -20.3 210.2 1,485.0
24.6 388 -7249 -4581 -683.6  -607.2 -141.0 -466.2 3.02 -16.8 1735 1,2257
Pipe ¢ 250 mm - SMA wire g 1 mm
9 4 -1 19.6249 -1375 -1353 -1299 -1343 -52.7 -816 043 -29 2764 217.0
Pipe ¢ 250 mm - SMA wire g 2 mm
10 3 4 241370 -3445 - -4159 -380.2 -1290 -2512 133 9.0 213.7 6709

465
466
467

468

469

470
471
472
473
474
475
476
477
478
479
480
481
482
483

484
485
486

487
488
489
490
491
492



Materials 2021, 14, x FOR PEER REVIEW

14 of 22

11 0 202250 -2957 -4125 -3414 -349.9 -478 -3021 1.6 -109 2569 806.7
Pipe ¢ 250 mm - SMA wire g 3 mm

12 -1 19.6 249 -514.3 -683.3 -549.0 -5822  -52.7 -5295 281 -19.1 201.0 1,419.9

13 10 28.133.1 -173.1 -1396 - -156.4  -499 -106.5 056 -3.8 404 2844
Pipe 9 300 mm - SMA wire g 1 mm

14 0 296319 -1085 -1054 -1144 -1095 -224 -871 039 -3.1 2291 2348
Pipe 9 300 mm - SMA wire g 2 mm

15 -2 23.023.1 -5972 -760.5 -574.6  -644.1 -1.7 6424 288 -231 5336 1,7383

16 -1 158 19.0 -482.3 -554.4 -4580 -498.2  -324 -4658 2.09 -179 4293 1,348.1
Pipe ¢ 300 mm - SMA wire g 3 mm

17 28.4 303 -153.8 -172.8 -177.8 -168.1  -18.1 -150.0 0.67 -54 57.7 407.3

18 9 258 51 -200.6 -266.1 -1782 -215.0 2066 -4216 1.89 -152 162.0 1,144.5

The effective force in the SMA wire depends on its diameter. It can be observed also that
for a part of the cylinders prestressed with the wire with a diameter of 3 mm (No 13 and
17) the force in SMA wire is much lower than for the remaining specimens of the same
type (No 12 and 18, respectively). Such lower effectiveness is mainly related to the diffi-
culty in blocking the wire ends at the beginning of the test. Additional influence may be
related to degradation of the SMA wire by the flow of electrical current. The value of the
electric current equal to 13 A used in these tests is much above the value influencing the
properties of SMA wires, as reported for example in [22]. A summary of the detailed re-
sults is presented in Tables 7 and 8. For all types of specimens, defined by the hollow
cylinder diameter and wire diameter, the mean values of the principal results are in-
cluded. The mean values of the circumferential concrete strain and stress as well as the
estimated force in the SMA wire at the residual state (after activation of the shape memory
effect and cooling to the ambient temperature) are summarized.

Table 7. Mean values ocsma of circumferential compression stress in concrete
resulting from prestressing with SMA wire at the residual state

Mean circumferential compression stress in concrete

resulting from prestressing with SMA wire

21 mm @ 2 mm 2 3 mm
Pipe 6 200 mm 2 MPa 16 MPa 18 MPa
Pipe ¢ 250 mm 3 MPa 10 MPa 11 MPa
Pipe ¢ 300 mm 3 MPa 20 MPa 10 MPa

Table 8. Mean values ores of residual stress in SMA wire at the residual state

Mean residual stress in SMA wire Ores

o1 mm 22 mm 2 3 mm

Pipe 0 200 mm 194 MPa 378 MPa 192 MPa

Pipe o 250 mm 276 MPa 235 MPa 120 MPa

Pipe o 300 mm 299 MPa 478 MPa 110 MPa
Average 256.3 MPa 363.7 MPa 140.7 MPa
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7.2. The influence of preliminary wire deformation on prestressing effectiveness

For the investigation of the relationship between the value of the initial predefor-
mation of the wire and the level of prestressing obtained in the concrete hollow cylinders,
four specimens with external diameters of 250 mm prestressed with Ni-Ti wire with a
diameter of 2 mm were tested. The initial predeformation was at two different values (6%
and 3%); there were two cylinders for each predeformation value. Tests I and II refer to
the initial predeformation of 6%, while tests III and IV refer to the 3% predeformation.

After the initial predeformation, the wire was wound on the hollow cylinder and was
connected to the electrical current. A diagram of wire temperature variations over time
during the heating and cooling periods is presented in Fig. 5a for the four tests. It may be
observed that after connecting the electrical power, the wire predeformed to 3% heated
much faster than the wire predeformed to 6%. The time needed for heating the wires to
45°C for tests I and II is 3,000 s, which is three times more than the time needed for the
heating of specimens III and IV.

Variations of the circumferential concrete strain as a function of SMA wire heating
time for the four tests are shown in Fig. 5b. It is observed that the strain increase in the
first 1,500 s of heating is similar for all four tests. Afterwards, the concrete strain in tests
III and IV decreases as an effect of the wire cooling, while for tests I and II, the concrete
strain increases during the whole period of heating of the longer wire.

Variations of the concrete strain in the circumferential direction related to tempera-
ture for the four tests described above are presented in Fig. 5c. For the sake of comparison,
all concrete strain values were captured for the SMA wire temperature of 45°C.
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Figure 5. Results captured during tests with Ni-Ti wire with a diameter of 2 mm wound on the
250-mm-diameter pipeof: a) wire temperature variations over time during electric heating, then
cooling; b) variations of circumferential concrete strain over time; c) variations of circumferential
concrete strain as a function of temperature. Note that measurements for test II were stopped be-

fore the specimen was cooled to the ambient temperature
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541

. Test I (initial predeformation 6%), -545 um/m; 542
e  Testll (initial predeformation 6%), -547 um/m; 543
e TestIII (initial predeformation 3%), -428 pm/m; 544
e  TestIV (initial predeformation 3%), -305 um/m. 545
546

The results collected during the tests performed allow the following conclusions to 547

be formulated: 548
549

e SMA wire predeformed to a higher initial strain value needs a longer duration of 550
electrical current flow to reach the expected temperature. In the case of wire witha 551
diameter of 2 mm and predeformed to 6%, the time needed to reach a temperature of =~ 552
45°C is three times longer than the time needed to heat the same wire predeformed 553
to 3%. 554

e As a consequence of the longer heating time required for the wire predeformed to 555
6%, the concrete hollow cylinder is also heated more and this provokes an additional =~ 556
thermal deformation of the concrete. 557

e  Atawire temperature of 45°C, the circumferential strain of the concrete in the hollow 558
cylinder prestressed with the wire predeformed to 6% is around 50% higher than the ~ 559
strain in the concrete hollow cylinder with the wire predeformed to 3%; the measured 560
concrete strain includes the influence of prestressing with the SMA wire and the ther- 561
mal deformation of the concrete. 562

e It can be seen in Fig. 5c that for the hollow cylinder prestressed with wire subjected 563
to 6% predeformation, a higher final strain is preserved after cooling, and this means 564

that the residual stress (ores) in this wire is higher than in the case of a wire prede- 565
formed to 3%. 566
8. Comments on tests conditions 567

8.1. Conditions for performing the prestressing of concrete hollow cylinders with the use of SMA 568
wires activated with an electrical current 569

During the tests, attention was paid to the proper registration of the concrete strain 570
and the temperature of the internal surface of the hollow cylinders as well as that of the =~ 571
wire. The results were used for the determination of the final stress in the concrete hollow 572
cylinders in the circumferential direction and the residual stress ores in the wound wire. A 573
constant pitch of the wound wires of 4 mm was successfully achieved in order to exclude 574
any risk of electrical short cirquit. Nevertheless, the following potential imperfections of 575
the tests were observed: 576

1. Limited space between the wires eliminated the possibility to install temperaturesen- 577
sors on the external surface of the hollow cylinders. For the needs of analysis, it was 578
assumed that the external surface temperature was equal to the temperature of the 579
wound wire — such an assumption is rather rough as contact between the wires and 580

the concrete is not uniform. 581
2. As a consequence of the above point, the external concrete surface was not heated = 582
evenly. 583
3. During the execution of the prestressing of the hollow cylinders, their position was 584
vertical and this could have inhibited the ventilation and cooling of the internal sur- 585
face. 586

The speed of increase of the wire temperature under the influence of current flow 587
depends on the type of wire as well as its diameter. Together with the temperature of the ~ 588
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wires, the temperature of the concrete cylinders also increased. The progress of these var- 589
iations depends on the current parameters, the wire impedance, the wire and cylinder 590
thermal capacity and the ambient temperature. Diagrams of the temperature increase of 591
the wire and concrete above the initial level registered during prestressing of the hollow 592
cylinders are presented in Fig. 6. In each case, after reaching the required temperature 593
level, the electrical current was disconnected and the temperature of the wire and concrete ~ 594
decreased. AT is the increase of temperature of the internal surface of the hollow cylinder 595
and of the wire from their initial levels. Every temperature measurement was started be- 596
fore connection of the SMA wire to the current source. 597

The temperature variation of the Ni-Ti wire with a diameter of 1 mm is the most =~ 598
rapid of all wire diameters. The maximal value of the wire temperature is reached after 6 ~ 599
to 10 mins of heating. At the same time, the temperature of the internal surface of the 600
concrete remains low (10°C to 30°C), so the temperature gradient between the SMA wire 601
and the internal concrete surface may reach around 75°C after 3 mins of heating (as is the ~ 602
case for the hollow cylinder with a diameter of 250 mm). After 5 mins, this gradient drops 603
to 30°C. For all specimens, the temperature of the wire decreases quickly after the end of 604
heating, while the temperature of concrete after reaching its maximum decreases less 605
quickly. For the hollow cylinders with a diameter of 200 mm, the temperature of the con- 606
crete 7 mins after the test is higher than the temperature of the wire. This may be explained 607
by the lowest thermal capacity of the 200-mm concrete cylinder from all specimens. For ~ 608
hollow cylinders of 250 mm and 300 mm prestressed with the 1-mm-diameter wire, the 609
temperature of the wire and of the concrete become equal after 20 mins, while for the 200- 610
mm cylinder, the concrete temperature is higher for a much longer period of time. 611

Prestressing of the concrete hollow cylinders with SMA wires with diameters of 2 612
mm and 3 mm requires a substantially longer heating time as under the effect of lower 613
electrical impedance of the material, less heat is released. A heating time of 20 to 30 mins 614
also results in a systematic increase of temperature of the internal surface of the hollow 615
cylinder. The temperature gradient during the heating time does not exceed 25°C (Fig. 6b 616
and Fig. 6¢c). At the moment when the current was disconnected, a sudden drop of wire 617
temperature in the range of 20°C is observed followed by further cooling. Measurements 618
of the concrete surface temperature do not reveal any instantaneous drop of temperature. ~ 619
It shows that the progress of the cooling of the concrete is slow and the temperature meas- 620
ured on the internal surface of the hollow cylinder is at most 20°C higher than the wire = 621
temperature for the whole time until the end of the test. A similar observation is observed = 622
for the cylinders of 250 mm and 300 mm as for the 200-mm cylinder prestressed with 1~ 623
mm wire — the concrete temperature is decreasing slowly and wire temperature is lower 624
during cooling time. This is understood as the influence of the thermal capacity of the 625
parts of the specimen. 626

8.2. The failure of two hollow cylinders during the tests 627

During the execution of the entire testing program, two failures of concrete hollow 628
cylinders occurred, as is typical for a new direction of research — two hollow cylinders (R1 629
and R2), each with an external diameter of 300 mm, broke during prestressing. In the first 630
case, hollow cylinder R1 (Fig. 6) was subjected to prestressing with Ni-Ti wire with a di- 631
ameter of 3 mm which was predeformed to the initial deformation level of 6%. After wind- 632
ing the wire over the hollow cylinder, the prestressing operation commenced. Direct elec- 633
trical current with density I =15 A and voltage U =50.8 V was used in this case. The whole =~ 634
test took only 350 s (including 280 s of heating time). During this time, the wire tempera- 635

ture increased by AT = 9.0°C (quantity of the released heat Q =213 kJ). 636
The wire temperature increase in relation to time and variations of concrete strainon 637
the internal surface of the hollow cylinder in the longitudinal and circumferential direc- 638

tions are shown in Fig. 7. Analysis of the concrete strain variations presented in Fig. 7b 639
and in Fig. 7c allows us to state that at 64 s from the start of the test, when the electric 640
current was connected, the concrete strain starts to grow linearly until 125 s and further 641
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more intensive strain increase in the longitudinal direction captured by strain gauges G5 642

and G4 is observed. The two strain gauges G5 and G4 were damaged nearly simultane- 643
ously after 210 s of the test, reaching strain at the levels of 1,500 and 2,100 pm/m respec- 644
tively (Fig. 7c). This means that at the location of the strain gauges, concrete cracking ap- 645
peared in the circumferential direction, perpendicular to the longitudinal direction of the =~ 646
strain gauges (Fig. 6). 647
a) Before test R
Hollow cylinder R1
le
2 Xy After destruction
B3 Front of the Rear side of
bottom part the top part
% ]
— B
3 2| ] 3 Crack
& e2 - e2 =|a
- '3 & o]
648
Figure 6. R1 hollow cylinder before and after its destruction: a) drawing of the specimen before 649

destruction, front of the bottom part and rear side of the bottom part after destruction; b) photo of 650
the R1 specimen after its destruction 651

652

During further execution of the test program, concrete strains recorded with the 653
strain gauges installed in the circumferential direction linearly increased up to 250 s. After 654
this moment, a significant increase of the strains registered by gauges G1 and G3 is ob- 655
served. Destruction of all strain gauges in the circumferential direction and in one longi- 656
tudinal direction (G6) occurred simultaneously at 275 s. The upper part of the hollow cyl- 657
inder separated from the lower part with a bang and was thrown to a height of around 658
1.5 m. Loosened coils of the Ni-Ti wire absorbed its kinetic energy and the separated part =~ 659
fell to the floor. The Ni-Ti wire was neither broken nor damaged (Fig. 6b). 660
In the other case, the hollow cylinder R2was destroyed during prestressing with the same 661
diameter of Ni-Ti wire (3 mm). The specimen was prepared according to the procedure 662
described in 4. Wire predeformed to 3% was wound on the hollow cylinder. An electrical ~ 663
current with a density of I =20 A and a voltage of U =70 V was connected. The tempera- 664
ture variations over time measured for the wire and for the internal surface of the hollow 665
cylinder (Table 6, No. 18) are presented in Fig. 8a. 666

Analysis of the presented diagrams leads to the conclusion that the wire was quickly 667
heated to a temperature of 38.7°C, while on the internal surface of the concrete hollow 668
cylinder, the temperature was nearly stable for a period of 100 s and remained at a level =~ 669
of +5°C. After 136 s from the start of the test, the difference between temperatures on the 670
external and internal surfaces of the hollow cylinder was 32°C. At this time, the hollow 671
cylinder burst was observed 0.21 m from the bottom. The final temperatures of the wire =~ 672
and concrete were 26°C and 5°C, respectively. 673

674
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Figure 7. Results recorded during testing of the 300-mm hollow cylinder prestressed with 3-mm 676
SMA wire — specimen R1: a) temperature over time for the Ni-Ti wire; b) circumferential strain for 677
concrete; ¢) longitudinal strain for concrete 678
679

A careful analysis of the strain development in concrete in both measured directions 680
shown in Figs. 8b and 8c brings clear information that an important moment in the test 681
was occurred after 64 s of wire heating. At this time, the circumferential strain reaches its 682

maximal value and the longitudinal strain starts to rapidly increase or decrease. 683
The above described conditions are characteristic of the moment of creation of the 684
circumferential cracks, perpendicular to the longitudinal direction of the hollow cylinder. ~ 685

The temperature difference (gradient) between the external and internal surfaces of the 686
concrete at 64 s is 16°C. Considering the value of concrete elasticity modulus at the level 687
of 36 GPa, this gives a tensile stress in concrete of 5.9 MPa. The estimated value is higher 688
than the concrete tensile resistance in the axial load, and is 4.4 MPa on the basis of labor- 689
atory tests. 690
To conclude, it is expressed that hollow cylinder failures were provoked by stress 691
exceeding concrete tensile resistance. Thermal actions generated at the time of cylinders = 692
prestressing, together with load applied to hollow cylinders by means of wound wire with 693
prestressing force activated within it, were the cause of the damage. 694
695
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Figure 8. Results recorded during testing of the 300-mm hollow cylinder prestressed with 3-mm

SMA wire — specimen R2: a) temperature variations of the wire and of the concrete specimen internal

surface over time; b) strain variations of concrete in the circumferential direction over time;, d) strain

variations of concrete in the longitudinal direction over time

9. Conclusions

As a result of the performed research, following conclusions can be drawn:

Cylindrical concrete elements may be effectively prestressed with use of initially pre-
deformed wire formed from shape memory alloy (SMA), in which prestressing is
activated in the method of heating the wires with a flow of electrical current.

Values of the circumferential compressive stress in concrete o. as well as values of
permanent stress in the SMA wires ors depend on the type and diameter of the wire,
the initial predeformation value and the hollow cylinder diameter and thickness.

Prestressing of the concrete hollow cylinders with SMA wires with a higher level of
initial deformation (6%) is more effective as it brings higher values of circumferential
compression stress in concrete oc as well as higher values of permanent stress in the
prestressing wire Ores than for the specimens with wire predeformation of 3%.

The performed testing program showed that activation of the shape memory effect
in the wires with use of a flow of electrical current is effective in practical usage. The
selection of the Ni-Ti wire diameter should relate to the conditions of the prestressing
execution. It should be noted that wire predeformed to 6% requires a much longer
action of electrical current than wires predeformed to 3%. Longer heating of SMA
wires also results in the heating of concrete and this may lead to thermal deformation
of the concrete.
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¢  Too much heat in the wire may result in a high thermal gradient in the hollow cylin-
der wall which consequently may provoke high tensile stress in concrete; such con-
ditions may provoke exceeding of the concrete tensile strength and ultimately, the
failure of the hollow cylinder. Overheating may also damage the SMA wire.
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