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Abstract: This paper deals with the mechanical behavior of hollow concrete cylinders prestressed
with nickel-titanium (Ni-Ti)-shape memory alloy (SMA) wires wound around them. Prestresses can
be created by the thermal activation of the memory effect of SMA wire placed on the outer surface of
concrete cylinders. In order to assess the stress level in concrete, a model was used to analyze the
thermal stresses in the concrete shell resulting from a temperature gradient in the thickness. Another
model was used to calculate the circular concentric loading applied by the wound wire resulting from
the impairment of its memory effect by the concrete cylinder. Finally, longitudinal compression tests
were performed on the prestressed hollow cylinders. Longitudinal and circumferential strains were
measured using gauges located on the surfaces of the hollow cylinders. The tests were performed
almost one year after the application of prestressing by means of Ni-Ti SMA wire, confirming that the
residual stress in the wire remained present. It may therefore be concluded that the prestressing of
concrete elements designed with the use of Ni-Ti SMA material is effective for a long time.

Keywords: shape memory alloy; prestressing force; thermal gradient; combined action; civil engineering;
nickel-titanium

1. Introduction

The present paper is a follow-up of our previous study dedicated to the prestressing
process of hollow concrete cylinders by means of nickel-titanium (Ni-Ti)-shape memory
alloy (SMA) wires wound around them [1]. The situation is recalled here as a background
for this paper. Technology relating to the prestressing of structures is widely known
in civil engineering and is used mainly in the construction of bridges, tanks, industrial
structures and public buildings. The use of SMA is an innovative application of technology
in the field of structural strengthening. SMAs are active materials featuring solid-to-solid
phase transformations triggered by temperature and stress [2,3]. So-called austenite and
martensite phases are present at “high” and “low” temperatures, respectively. Austenite-to-
martensite transformation is also possible at constant temperature by mechanical loading.
Although residual strains can be created in the martensitic state (“pseudo-plasticity”), a
return to the austenite state is possible through heating (“shape memory effect”). Preventing
or hindering the return to the initial shape results in the creation of stresses, which is the
effect used in the present study. Several pioneering applications of shape memory alloys
(SMAs) used for the purpose of force generation in structural members are described in
previous studies; see, for instance, [4–13]. Only a small number of studies describes tests
on concrete cylinders, which may be fundamental for column confinement projects in the
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future. Ni-Ti and, more generally, Ni-Ti-based alloys are the most frequently used SMAs in
engineering applications, especially in the form of wires. 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, [7–13].

In our earlier work [1], sections of hollow concrete cylinders measuring 500 mm in
length and with diameters of 200 mm, 250 mm and 300 mm and with wall thicknesses
of 20 mm were prestressed with the use of Ni-Ti SMA wires with diameters of 1 mm,
2 mm and 3 mm. In [1], we describe the properties of the concrete and SMA wires. Before
being wound onto the hollow concrete cylinders, the wires were pre-deformed axially at
ambient temperature. As a result of the performed research, the following conclusions
were drawn: cylindrical hollow concrete elements may be effectively prestressed through
the use of initially predeformed Ni-Ti SMA wires activated by Joule’s effect; prestress
appeared to depend on the type and diameter of the wire, the initial predeformation
value and the hollow cylinder’s diameter and thickness; too much heat in the wire may
result in a high thermal gradient in the hollow cylinder wall, which, consequently, may
provoke high tensile stress in concrete; such conditions may provoke the exceeding of the
concrete’s tensile strength and ultimately, the failure of the hollow cylinder. Two levels
of pre-strain for the SMA wires were considered in this study. Next, the shape memory
effect of the wires was thermally activated using a flow of electric current, heating the
wires in accordance with Joule’s effect. As the memory effect of the wire is hindered by
the rigidity of the concrete cylinder, a pre-stressed state is achieved. During the process of
prestressing by this method, the longitudinal and circumferential strains of the concrete
shell and the temperature of the concrete surface were recorded. A detailed analysis of the
test results was performed to estimate the effectiveness of the prestressing as a function of
both the initial pre-strain of the SMA wire, as well as its diameter. The conditions for the
effective prestressing of hollow concrete cylinders using electrically activated SMA wires
are presented. During the tests, two cylinders were destroyed during prestressing by the
SMA wire. They were cracked and destroyed due to the stress generation exceeding the
tensile strength of the concrete. It was concluded that the temperature difference (gradient)
between the outer and inner surface of the concrete shell and the load applied to the hollow
cylinder by the coiled wire were both causes of the failure.

The field of stress in concrete is created as a result of the thermal loading of the cylinder
(as a consequence of the heating of the SMA wire placed on its outer surface and the heat
diffusion to the concrete) and as a result of the circular concentric loading applied by
the wound wires (due to the impaired shape memory effect of the SMA wire). It can be
assumed that the failure of the tested cylinders was the consequence of the simultaneous
action of both loads. This paper focuses primarily on the analysis of the state of stress in
the two destroyed cylinders. To this end, the purpose of the paper is two-fold:

• the first objective is to explain the occurrence of failure and to discuss safety in the
strengthening of cylindrical elements with the use of SMA wires;

• the second objective is to present the new results of longitudinal compression tests of
hollow cylinders prestressed with SMA wires. The influence of prestressing on the
structural behavior of the shell constitutes a fundamental piece of information for the
potential applications of the prestressing method.

For both of these objectives, a key point is that the concrete cylinders are hollow, which
is different from previous studies. From a measurement point of view, this allowed us to
measure the strain on the internal surface of the cylinders. From an application point of
view, we propose to extend the use of SMAs to such hollow components once safety issues
are managed.

An additional objective of the paper is related to the general durability of prestressing
based on coiled SMA wires. In our previous work [1], the evaluation of the effectiveness
of the prestressing of the hollow concrete cylinders was conducted precisely at the time
of the prestressing process. It must be underlined that the estimation of the eventual
variations in the prestressing force over time during the service life of a structural element
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is very important. In general, the durability of the prestressing effect in concrete elements
is affected by a number of time-related effects, such as concrete shrinkage, concrete creep
and the behavior of the prestressing material. The performed longitudinal compression
tests enabled us to observe that after nine months, the prestressing effect remained present.

In order to achieve the aims described above, this study focused on the calculation of
the stresses provoked by thermal and mechanical actions on the hollow concrete cylinders,
as well as on experimental tests on the load-bearing capacity for longitudinal compression.
The following operations were performed in order to estimate the influence of prestressing
with the Ni-Ti SMA wires on the hollow concrete cylinders:

• a theoretical analysis of thermal strains and stresses in the hollow cylinder shells
included in the research program described in our previous research [1];

• a theoretical analysis of hollow cylinders subjected to the mechanical action of a given
number of winds of SMA wire for all the cylinders tested in our previous research [1];

• experiments on hollow cylinders subjected to compression forces applied at their
end surfaces for the specimens available for the compression tests (two specimens
prestressed in the frame of the program described in our previous paper [1] and one
specimen not previously tested).

2. Theoretical Analysis of Stress in Hollow Concrete Cylinders under Thermal
Loading and Prestressing
2.1. Thermal Loading

The hollow cylinders tested in the research program described in our previous pa-
per [1] are classed as circular structures and may be analyzed as cylindrical shells subjected
to their dead load, supported freely on their bottom edge. The upper edge of each shell
(hollow cylinder) is free. As a consequence of the fact that the tested elements in the
given boundary conditions meet the criterion of the shell length given in the form of the
equations below (1 and 2), the hollow cylinders may be considered in the calculations as
long cylindrical shells. This means that the disorders existing at the bottom edge of the
shell do not influence the behavior of the upper edge and internal forces— the bending
moments in the shell as well as stress in the concrete for various temperature gradients
may be calculated on the basis of the analytical models presented in previous research. The
objective of this analysis is to identify temperature gradients that lead to the cracking of the
hollow concrete cylinders.

H ≥ π

β
with β =

4

√
3(1− ν2)

r2h2 (1)

H2

r h
≥ 5.8 (2)

where

• H is the length of the cylinder wall,
• h is the wall thickness,
• r is the radius of the middle surface,
• ν is the Poisson’s ratio of the concrete.

The calculation of thermal stresses due to a thermal gradient ∆T = To − Ti between
the external and internal surface of the hollow cylinder was performed in accordance with
the method published by Ghali and Elliot [14] and Seruga [15], based on the fundamental
formulation of shells theory. The expressions for the calculation of the internal forces in the
cylindrical shell are given in the equations below (3–5), where:

• αt is the coefficient of thermal expansion of concrete,
• E is the Young’s modulus of concrete,
• x is the longitudinal coordinate from the bottom (x = 0) to the top (x = H) of the

cylinder shell.
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Bending moment in the longitudinal direction (moment axis is horizontal, tangential
to the shell’s middle surface):

Mx(x) =
−E αt h2

12 (1− ν)
∆T

[
1− e−βx[cos(βx) + sin(βx)]− e−β(H−x){cos[β(H − x)]+ sin[β(H − x)]}

]
(3)

Bending moment in the circumferential direction (moment axis is vertical and aligned
with the shell middle surface):

M∅(x) =
−E αt h2

12 (1− ν)
∆T

[
1− ν

{
e−βx[cos(βx) + sin(βx)]

}
− νe−β(H−x){cos[β(H − x)]+ sin[β(H − x)]}

]
(4)

Force in circumferential direction (force vector is horizontal, tangential to the shell middle
surface):

N∅(x) =
−E αt (1 + ν)

12 r β2 ∆T
[
e−βx[cos(βx) + sin(βx)] + e−β(H−x){cos[β(H − x)]+ sin[β(H − x)]}

]
(5)

Finally, the fundamental equations relating to the strength of the materials under local
stress in the form used in [3], written below (6–9), give the expression of the longitudinal
and circumferential thermal stresses (σx and σφ, respectively) on the wall surfaces of the
concrete, where:

• indices “i” and “o” refer to the inner and outer surface of the hollow cylinder, respectively;
• Wc is the section strength index, Wc =

2Ic
h , where Ic is the second moment of inertia of

the cross-section;
• Ac is the area of hollow cylinder cross section.

Stress in the circumferential direction:

σφi(x) = −
Mφ(x)

Wc
+

Nφ(x)
Ac

(6)

σφo(x) =
Mφ(x)

Wc
+

Nφ(x)
Ac

(7)

Stress in the longitudinal direction:

σxi(x) = −Mx(x)
Wc

(8)

σxo(x) =
Mx(x)

Wc
(9)

The calculation was performed for each type of hollow cylinder while accounting for
the relevant temperature gradients ∆T in the wall thickness. In all the calculations and
diagrams in this work, the conventional signs used for stress and strain in concrete elements
analysis is used: “+” for compression and “−“ for tension. For each type of hollow cylinder,
the stress values in the longitudinal and circumferential directions were calculated for the
assumed ∆T values. It is worth underlining that the relation between the stress values
and the thermal gradients is linear. Another important statement is that tensile stress of
concrete surfaces is always generated on the opposite side to the side subjected to higher
temperatures. For instance, stress distributions in the longitudinal and circumferential
directions on both surfaces of the cylinder with a 200 mm external diameter for several
of the temperature gradients applied are presented in Figure 1. The value of the concrete
tensile strength of f ct = −4.4 MPa in axial loading is also displayed in the graphs. It can be
noted that negative temperature gradients are possible, for instance, during the cooling
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time of the cylinders, when the inner surface cools more slowly than the outer surface,
which is exposed to the ambient air flow.
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Figure 1. Calculated distributions of thermal stresses along a hollow concrete cylinder 200 mm in
diameter. Left and right graphs correspond to longitudinal (σx) and circumferential (σφ) stresses,
respectively, calculated on the inner and outer surfaces of the hollow cylinder. The concrete tensile
strength of axial loading fct is also indicated in the graphs.

On the basis of the analysis of the calculated stress values for the three diameters
(200 mm, 250 mm and 300 mm), it was concluded that the destruction of the hollow cylinder
under the action of the thermal gradient may only be observed at a surface temperature
difference of ∆T = 20 ◦C. The tensile stress in the concrete reaches a value close to the
tensile strength of concrete (−4.4 MPa). Compression stresses in the concrete do not exceed
5 MPa, while the effective compression strength of the concrete is 46.4 MPa. The tensile
stress distribution in the longitudinal direction of the cylinder is nearly linear in the length
section between 0.10 m and 0.40 m.

In Table 5 of our previous paper [1], we present the results of the measurement and
calculation of the mean forces in the SMA wires wound on the concrete cylinders. The tem-
perature variation through the cylinder wall thickness exceeded 10 ◦C in only three cases.
For the cylinder with an external diameter of 200 mm, which was prestressed with the SMA
wire with a diameter of 3 mm, the temperature difference was ∆T = To − Ti = −14.2 ◦C
(position 8 in Table 5 [1]). In the cylinder with an external diameter of 250 mm, which was
prestressed by means of the 2 mm wire, the temperature difference was ∆T = −12.9 ◦C
(position 10 in the Table 5 [1]) and, in the case of the specimen with an external diame-
ter of 300 mm prestressed with an SMA wire of 3 mm, the temperature difference was
∆T = +20.7 ◦C (position 18 in the Table 5 [1]). The conclusions from Figure 1 for various ∆T
values prove that, for the last of the three specimens, tensile stresses on the external concrete
surface comparable with the concrete’s tensile strength were created. This cylinder was
destroyed during the test. For the remaining two cylinders, mentioned above, the tensile
stresses generated on the internal concrete surfaces could reach values of around 3 MPa.

It should be kept in mind that the thermal loading of the concrete cylinder is triggered
by the Joule’s effect in the SMA wire and the heat diffusion to the concrete; however, the
simultaneous consequences of this thermal loading with the mechanical action of the wire
(as a consequence of the shape memory effect activated by the Joule’s effect) must now
be considered.
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2.2. Loading of Hollow Cylinders with Prestressing Wires

Following the prescriptions of the presented testing procedure, all the tested hollow
cylinders included in the research program described in our previous paper [1] were
subjected to winding of the wire of the given diameters. For the purpose of the present
calculation, the prestressing wire is represented by the concentrated forces applied by the
wound wire. The boundary conditions for the bottom edge of the hollow cylinder were
assumed as a sliding connection with friction force proportional to the dead weight of
the hollow cylinder. The upper edge of the hollow cylinder was assumed to move freely.
With the use of the analytical model, it was possible to perform estimations of the maximal
values of the compressive stress in the circumferential direction, the displacements in
the radial direction, the shear forces and the tensile stress in the longitudinal direction.
At a load causing tensile stress in concrete higher than its mean tensile strength under
bending fctm, cracking on the internal surface of the hollow cylinder may be created over
the whole internal circumference. The evolution of the crack width, together with its depth
in the hollow cylinder wall, are functions of the prestressing force in the wire turns. In the
theoretical calculations, a constant value of prestressing force in every turn was assumed.
For the hollow cylinders with diameters of 200 mm, 250 mm and 300 mm, prestressing
force values in the range of 150 N to 1500 N, 217 N to 1420 N and 235 N to 1740 N were
assumed, respectively, in accordance with the results reported in our previous paper [1].
The force values were selected to allow the comparison of the obtained results with the
values of the compressive stress in concrete given in Table 4 of the paper [1].

Static analysis of the hollow cylinders was performed with the use of NOAM calcula-
tion software by J. Michno [16,17]. The exact approach used in the program is based on
the theory for elastic cylindrical shells of constant thickness and allows the analysis of the
influence of subsequent tensioning of prestressing tendons. The numerical solution requires
multiple solutions to a differential equation with eight constant values, with regards to the
shell geometry and boundary conditions. A practical application of the structural analysis
of the software described above is presented in [18]. The verification of the software results
from real structures was described in [19]. In Tables 1–3, the maximal values of the internal
forces and stresses in the hollow-cylinder wall obtained in the calculation for the subjected
elements are given.

Table 1. Calculated and measured circumferential and longitudinal maximum concrete stress values
and maximum cross-section force values in hollow cylinders with external diameter of 200 mm
prestressed with Ni-Ti wire.

No. Internal Forces
Prestressing Force (N)

150 640 1000 1220 1280 1500

1 Calculated maximal circumferential
compression stress in concrete σc,NOAM (MPa) 2.00 8.55 13.35 16.30 17.10 20.04

2 Experimental circumferential compression
stress in concrete σc,SMA (MPa) 2.11 8.83 13.69 16.77 17.60 20.32

3 Calculated maximal longitudinal tensile stress
in concrete σct,NOAM (MPa) −1.02 −4.39 −6.86 −8.37 −8.78 −10.29

4 Calculated shear force QNOAM (kN/m) 4.78 20.40 31.26 38.89 40.80 46.89
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Table 2. Calculated and measured circumferential and longitudinal maximum concrete stress values
and maximum cross-section force values in hollow cylinders with external diameter of 250 mm
prestressed with Ni-Ti wire.

No. Internal Forces
Prestressing Force (N)

217 284 671 807 1420

1 Calculated maximal circumferential
compression stress in concrete σc,NOAM (MPa) 2.53 3.32 7.83 9.42 16.58

2 Experimental circumferential compression
stress in concrete σc,SMA (MPa) 2.94 3.83 9.04 10.87 19.06

3 Calculated maximal longitudinal tensile stress
in concrete σct,NOAM (MPa) −1.21 −1.58 −3.65 −4.51 −7.94

4 Calculated shear force QNOAM (kN/m) 6.16 8.04 19.00 22.86 40.22

Table 3. Calculated and measured circumferential and longitudinal maximum concrete stress values
and maximum cross-section force values in hollow cylinders with external diameter of 300 mm
prestressed with Ni-Ti wire.

No. Internal Forces
Prestressing Force (N)

235 407 1145 1260 1740

1 Calculated maximal circumferential
compression stress in concrete σc,NOAM (MPa) 2.85 4.94 13.90 15.30 21.13

2 Experimental circumferential compression
stress in concrete σc,SMA (MPa) 3.13 5.40 15.18 16.77 23.13

3 Calculated maximal longitudinal tensile stress
in concrete σct,NOAM (MPa) −1.35 −2.33 −6.58 −7.24 −10.00

4 Calculated shear force QNOAM (kN/m) 6.42 11.16 31.30 34.44 47.56

The local stress values may be calculated with the analytical model formulated for the
cylindrical shell. The distributions of the circumferential and longitudinal stress and shear
forces in the wall of the analyzed cylinders are shown in Figure 2 for the three diameters
of cylinder. It can be seen that the distribution of the longitudinal tensile stress for the
three cases is different. In the hollow cylinder with a diameter of 200 mm, the maximal
stress values are observed in the regions of the lowest and highest positions of the wound
wire. In the central region, the tensile stress reaches the lowest values at the level of around
2 MPa. For the cylinder with a diameter of 250 mm, uniform distribution of tensile stress
along the region of the wound wire is observed, while the results for the 300 mm cylinder
show the local increase in the tensile stress values in the diagram in the central part of the
cylinder. The maximal values are observed halfway along the length of the cylinder, in the
middle of the section covered with the wound wire.

The distribution of the stress calculated for the cylindrical wall of the cylinder depends
on the number of wire windings and on the value of the force activated in the SMA wire.
In all of the calculations, a constant force in the wire was assumed. The force values are
included in Tables 1–3. The maximal wire length was 28.80 m and its adaptation to various
cylinder diameters resulted in a varying number of turns. On the 200 mm diameter cylinder,
45 wire turns were performed, with the position of the first turn 0.149 m along the cylinder
and of the last turn (no. 45) 0.324 m along the cylinder (the total length of the section with
the wire was 0.175 m). For prestressing the 250 mm cylinder, 38 turns of the wire were
performed, the first at 0.187 m and the last at 0.315 m (the length of the part with the wire
was 0.128 m). On the surface of the 300 mm diameter cylinder, there were 32 turns of the
SMA wire performed, with the first at 0.187 m and the last at 0.317 m (the length of the
prestressed section was 0.130 m).
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Figure 2. Static analysis from the NOAM calculation software: (a) profiles of circumferential and
longitudinal stresses and cross-section forces for a hollow cylinder with an external diameter of
200 mm prestressed with a Ni-Ti wire with a diameter of 2 mm, (b) the same for a cylinder with a
diameter of 250 mm, (c) the same for a cylinder with a diameter of 300 mm.

In Section 2.1, it is demonstrated that for the concrete cylinder with an external
diameter of 300 mm (position 18 in Table 5 in our previous paper [1]), under the action of the
thermal gradient, the tensile stress could be created on the external concrete surface, whose
value was level with that of the concrete’s tensile strength. In Table 3 (prestressing force of
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1145 N [1]), evidence was given for tensile stress on the internal cylinder surface at the level
of 6 MPa, which obviously triggered concrete cracking during the prestressing execution.

In the cylinders with an external diameter of 250 mm, tensile stress slightly exceeding
the tensile strength of concrete f ct = −4.4 MPa was generated under the prestressing force
at 807 N, and when the force reached the value of 1420 N, the tensile strength was exceeded
by 80 % (position 12 in Table 5 in the previous paper [1]). The maximal value of the tensile
stress reported in Table 2 is 7.94 MPa in the local maximum, while the minimal value at the
level of 5 MPa wad observed in the middle of the area where the SMA wire was placed.
It should be noted that in this case, the tensile stress in the concrete resulting from the
temperature difference at ∆T = −5.3 ◦C appears on the external surface of the cylinder and
that the cylinder was therefore not destroyed.

The calculations for the cylinders with a diameter of 200 mm, which are related to
R1 and R2, were also performed with assumptions regarding their geometry and material
properties. The unique difference was the value of the prestressing force in the wound wire.
In the case of the R1 cylinder, a prestressing force of Po = 640 N was assumed and for the case
of the R2 cylinder, the force was at Po = 1280 N. In Figure 2a, distributions of the stress in the
concrete in the circumferential and longitudinal directions of the cylinders resulting from
prestressing are presented. The maximal circumferential compression stress for cylinders
R1 and R2 were observed at a distance of 0.224 m at values of 8.55 and 17.10 MPa for the
both cylinders, respectively. The maximal tensile stress in the longitudinal direction was
located on the internal surface of the concrete shell at a distance of 0.174 m from the edge
and they reached values of 4.39 and 8.78 MPa, respectively, for cylinders R1 and R2. The
mean values of the tensile stress in the concrete on the internal surface of the half of the
cylinder length were equal to 1.2 and 2.4 MPa.

Of all the results regarding the cylinders with an external diameter of 200 mm, two
examples are the most interesting in the context of further research. In the first cylinder,
the prestressing force in the wire was estimated at 640 N and in the second cylinder, the
force was at 1280 N. In both cases, as shown in Table 1, the tensile stress in the concrete
at the bottom and at the top range of the strip with the wound wire reached or exceeded
the tensile strength of the concrete. Despite this relatively high local tensile stress, none
of these cylinders was cracked. It should be underlined that in the cylinder prestressed
with the force generated in a single wire with a value of 640 N, the tensile stress in the
concrete generated as a result of the temperature difference of ∆T = −8.9 ◦C (position 6 in
Table 5 in our previous paper [1]) was around 2 MPa on the external surface of concrete.
On the internal concrete surface of the cylinder, the compression stress at the level of 2 MPa
reduced the tensile stress created as an effect of prestressing.

For the cylinders prestressed with a force in the wire of 1280 N, the tensile stress in the
concrete created as a result of temperature differences of ∆T = −5.7 ◦C and ∆T = −5.8 ◦C
(position 3 and 5 in Table 5 in previous paper [1], respectively) reached the level of 1.2 MPa
on the external surface of the cylinder. The compression stress created on the internal
surface of the cylinder created a local reduction in the tensile stress concentration at a
distance of 0.174 m from the lower end of the cylinder.

On the basis of the results of the analytical considerations described above, it may be
stated that in the case of prestressing structural members with the use of SMA wires, where
the memory effect is activated by means of a flow of electrical current, accidental damage or
even destruction of the strengthened element as an effect of the combined action of tensile
stress generated from prestressing and from thermal deformation may be observed. This
problem is extremely important for cases in which the SMA wire is in direct contact with
the concrete element.

More research is needed on the influence of the spacing of the winds of the wire, the
wire diameter and the heating time on the temperature variations of the concrete surface.
During the research tests described in our earlier study [1], for the purpose of identifying
the residual stress in the wires, it was assumed that the wire temperature was equal to
the temperature of the external surface of the hollow cylinder To. In reality, in the initial
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phase of heating the wires, the wire temperature was higher than that of the concrete.
The assumption of temperature of the wire at the level of the temperature of the concrete
surface caused the underestimation of wire stress. For the cooling time, the situation was
the opposite. The estimations of stress in the concrete and in the SMA wire based on the
assumption that during the cooling time, the concrete surface would be 10 ◦C higher than
the wire temperature (assumptions made for the hollow cylinder numbered 5 in Table 6
in our previous paper [1]), produced a residual stress in the wire of 491.6 MPa (instead of
407.7 MPa for the measured temperatures), while the compressive stress in the concrete
was obtained at −17.10 MPa (for the measured temperatures, this is −17.60 MPa). This
important problem needs to be resolved at the point of determining the practical procedures
for the technology used to strengthen concrete members with the use of SMA wires.

3. Specimens and Instrumentation of the Tests

For the purpose of the test program on the longitudinal compression of hollow cylin-
ders, the following specimens with an external diameter of 200 mm were used: two
cylinders previously included in the prestressing tests (described in our previous paper [1])
and one cylinder produced at the same time that was not used in the tests. All the tested
elements were created using one concrete mix produced in accordance with the designed
proportions. Ni–Ti SMA wires were supplied by Nimesis Technology, Metz, France. Two
cylinders were pre-stressed with a Ni-Ti wire with a diameter of 2 mm, subjected initially to
a deformation of 3% and wound on the cylinders; these were kept for nine months without
any changes. For the purposes of this paper, these are termed R1 and R2. The prestressing
parameters for the prestressed cylinders are presented in our previous paper [1], Table 5,
position 5 (cylinder R2) and position 6 (cylinder R1). A third cylinder not referred to in our
earlier work [1] was not prestressed and served as a reference specimen; this is termed R3.

At this point, six electric resistance wire strain gauges were also installed on the
internal surface of each hollow cylinder, as described below (see Figure 6d further in the
paper). Three of these gauges were located in the circumferential direction and another
three in the longitudinal direction of the cylinder. The temperature of the internal surface
of the hollow cylinders was also measured.

The experimental tests on the hollow cylinders were performed with the use of the
ZWICK 1600 type multifunctional testing device. The tests were performed with the
deformation control and the deformation increase per unit time was kept constant at
0.05 mm/min. During the test, the value of the applied force was recorded. It was planned
that the test would be stopped when the measured force dropped by 20% compared to the
maximal value in the test. As described above, three concrete hollow cylinder specimens
were subjected to testing two of which were prestressed:

• hollow cylinder with wound wire of prestressing force of Po = 640 N, termed R1;
• hollow cylinder with wound wire of prestressing force of Po = 1280 N, termed R2;
• reference hollow cylinder—no wire, termed R3.

With regard to the assumptions concerning the specimens’ boundary conditions and
the technical conditions of the tests performed for the calculation, the tested elements
were positioned between a rigid support at the bottom and a hinge joint suspended to the
machine travers at the top. Data cables were placed through an opening in the steel plate
for load transfer at the rigid support. In order to improve the condition of the contact of the
specimen with the rigid materials, two PTFE intermediate layers with thicknesses of 2 mm
were installed between the steel surfaces of the testing device and the specimen edges. In
Figure 3, an overall view of the testing device is shown.
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The preparation of the specimens for the tests was as follows:

• The top and bottom edges of all the hollow cylinders were cut and ground to ensure a
constant length of every specimen and perpendicularity between the edge surface of
the cylinders and their longitudinal axis.

• Electrical resistance wire strain gauges, each with a length of 75 mm, were glued on to
the concrete surface and connected with the use of data cables to the Spider 8 HBM
data capturing system. At the time of the tests, all the cylinders (R1, R2 and R3) were
prepared with six strain gauges glued on the internal surface at its mid-length—three
gauges in the circumferential direction and three gauges in the longitudinal direction.
In the same area of the concrete element in the reference specimen (R3), a set of strain
gauges was also installed on the external surface, using the same layout as before.
Moreover, at a distance of 75 mm from the upper edge of this specimen, there were two
more strain gauges installed in the circumferential direction. The selected position was
chosen in relation to the prestressed specimens (R1 and R2) as it was halfway between
the specimen edge and the first turn of the wires. In order to limit the complications of
connecting the strain gauges to the capturing system, the additional group of gauges
was installed only on the external surface of the hollow cylinder.

• In the hollow cylinders termed R1 and R2, beside the strain gauges at their mid-length
there were also additional gauges installed at a distance of 75 mm from the upper edge
of the specimen, in both circumferential and longitudinal directions. Additionally,
two more gauges were also installed in the bottom part of the hollow cylinders, at the
halfway point between the wire windings and the edge.

4. Test Execution and Results

The reference specimen termed R3 was positioned as the first in the testing machine
and compressive force was applied. The maximal value of the force applied to the sample
was 293 kN at a vertical displacement of the loading surface of 3 mm. In the next step, R1
and R2 were tested. Figure 4a presents diagrams of the compressive force in the R1, R2 and
R3 hollow cylinders in relation to the vertical displacement of the loading surface in the
testing apparatus. In the case of the cylinders prestressed with SMA wire (R1 and R2), the
maximal vertical force was observed at a vertical displacement of the loading surface of
4 mm. The difference in the maximal force values between R1 and R2 may be explained by
the difference in the prestressing forces applied by the SMA wires, which were 282 kN and
224 kN, respectively.
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Figure 4. Test results for the three hollow concrete cylinders: (a) compression force vs. longitudinal
displacement, (b) development of the compression force during the test.

The displacement increase rate was kept constant for all the specimens. In Figure 4b,
curves of the vertical force in the tested specimens as a function of loading time are
presented. For the prestressed hollow cylinders (R1 and R2), the force increase over time
was slower than in the reference specimen (R3). For the sake of comparison, a compression
force of 200 kN was registered for the tested specimens after 2254 s for the R3 sample,
3369 s for the R1 sample, and 4828 s for the R2 sample. The observations present the
different behavior of the concrete wall under loading for specimens with and without
prestress applied with the shape memory wires. In the testing procedure, it was decided
that the load application by the testing machine would be stopped at the moment when
the measured force dropped 20% below the maximal force value. It was observed during
the tests performed with respect to the condition described above that in the case of the
hollow cylinder specimen with the highest level of prestressing force (R2), the duration of
the test was substantially longer. A measured force decrease of 10% was observed for the
R2 specimen after 1122 s, while the whole testing time of the reference specimen was 437 s.

In Figure 5, specimens are shown before the tests in the testing position and after the
tests in the upside-down position. In Figure 5b, it may be confirmed that all the hollow
cylinders’ sections close to the loading surface during the tests (bottom part in the photos)
were neither cracked nor damaged.
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Figure 6a–c presents the fractures and cracks observed on the external surface of the
R3, R1 and R2 tested hollow cylinders, respectively. The positions of the electrical resistance
wire strain gauges are also shown in Figure 6d. Several comments can be made.
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Figure 6. Layout of cracks and failures on the external surface of (a) hollow cylinder R3, (b) hollow
cylinder R1 and (c) hollow cylinder R2. The positions of the electrofusion strain gauges are also
indicated (d).

The external surface of the non-prestressed reference specimen R3 was the most
damaged—the number of cracks in the horizontal and in vertical directions is higher than
on the other cylinders. The majority of the cracks were concentrated in the area close to the
bottom edge of the cylinder (some were more than 100 mm from the edge) and individual
vertical cracks were up to 300 mm from the edge Figures 6a and 7a). It was also observed
that in the bottom part of the specimen, splitting of the wall was generated as a result
of compression. The application of the PTFE intermediate layers between the concrete
edge and the machine steel surface did not fully limit the constraint applied to the hollow
cylinder. In this area of the specimen, maximal vertical compression stress was generated
together with circumferential tensile stress. The external diameter of the specimen was
observed to increase due to the delamination of the concrete shell. A vertical crack was
created at the point of exceeding the concrete tensile strength under axial loading. Buckling
of the pipe outside the initial vertical surface was observed several centimeters up from the
bottom edge (Figure 7a).

The cracked area in the two other tested samples (R1 and R2) was visibly smaller.
Vertical cracks generated at the bottom edge of the hollow cylinders did not reach the
lowest wire turn. Nevertheless, other instances of splitting and spalling in the bottom
part of the specimens were more severe, as shown in Figure 7b–d. It was noticed that
the upper part of the R1 and R2 cylinders was not cracked in the same way as in the R3
reference cylinder. It was noted that during the load increase and in the presence of the
existing constraint of the specimens in the middle part brought by prestressing the wires,
the deformation was concentrated in the bottom region in the form of higher compression
strain in the concrete and radial displacement of the bottom edge in the external direction.
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This may explain why the total displacement of the upper edge of the hollow cylinder
reached 4 mm during the tests.
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cylinder R2.

5. Discussion of the Results of the Experimental Tests

The duration of loading increase until the maximal force was reached in the testing ap-
paratus was different for each of the examined cases. The maximal values of the registered
compression forces were:

• for the reference cylinder R3—Pmax = 293 kN at t = 3485 s;
• for the hollow cylinder R1 (prestressed with wire tensioned to Po = 640 N)—Pmax = 282 kN

at t = 4750 s;
• for the hollow cylinder R2 (prestressed with wire tensioned to Po = 1280 N)—Pmax = 224 kN

at t = 5756 s.

In Figure 8a–c, distribution diagrams of the mean value variations of the vertical
strain of the concrete in the tested locations as a function of loading time are presented for
cylinders R3, R1 and R2, respectively. The negative sign (−) denotes tensile strain and the
positive sign (+) denotes compression strain. For the purpose of comparison, Figure 8d
provides distributions of the mean vertical strain of the concrete at the measuring points at
the mid-length point of all the hollow cylinders as a function of loading time. Based on the
analysis of the diagrams, it can be stated that the time needed to reach the ultimate mean
value of the vertical strain of the concrete depends on the value of prestress applied: for
the specimen R3 (with no prestress), a strain of 1191 µm/m was reached after loading time
of 3922 s, while for the R1 specimen, a strain of 1170 µm/m was reached after 5226 s and
for the R2 specimen, the final strain of 724 µm/m was reached after 6878 s. It was further
observed that there was no decrease in force and that the final strain values were close
to the maximal recorded strain. The diagram in Figure 8a shows the compressive strain
on the concrete surfaces on both sides of the concrete wall in the R3 specimen. The strain
values on both sides of the shell were nearly identical until the loading time reached 1496 s.
A further increase in the load led to an increase in strain on the internal surface, which
determined the bulging of the hollow cylinder shell in the external direction.
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The final compressive strain in the concrete in specimen R2 measured in two directions
on the internal surface at the mid-length point and on the external surface at the upper
part of the hollow cylinder remained similar, with values of 724 µm/m and 766 µm/m
(see Figure 8c). The strain measured during the test in the third location in the bottom part
was initially (up to 4550 s of the test duration) lower than the first two described above,
but its further increase was quick and it reached a value of 1161.96 µm/m at the maximal
compression force of 224 kN (loading time t = 5787 s). During the final phase of the test,
at t = 66,878 s, the mean vertical strain in the concrete measured in the bottom part of the
tested hollow cylinder was 1346 µm/m. Significant deformations close to the bottom edge
were observed together with vertical cracks (Figure 7b) and the splitting of the concrete at
the bottom edge. Measurements taken for the R1 specimen also indicated an important
increase in the mean values of the vertical strain of the concrete in the bottom part of the
hollow cylinder. During the final phase of the test strain, the values were close to those of
the strain at the mid-length point of the cylinder.

In Figure 9a–c, variations in the mean circumferential strain of concrete at the moni-
tored locations are presented as a function of time of loading. In Figure 9d, the distributions
of the mean strain on the internal surface in the mid-length point of the three tested hollow
cylinders are compared. It was observed that in the R3 reference specimen at t = 2293 s
and with a loading force of P = 206 kN, the circumferential tensile strain of the concrete
increased significantly. A maximal tensile strain value of −772 µm/m was captured at the
end of the measurement period, just after the moment when a crack generated at the bottom



Materials 2022, 15, 826 16 of 20

edge developed rapidly and reached halfway along the hollow cylinder, destroying one of
the strain gauges (Figure 6a). The values of the mean tensile strain in the circumferential
direction in the prestressed specimens were similar to each other during the testing time
up to t = 3000 s. With further loading increases, deformations in the R1 hollow cylinder
depend on prestressing action. Circumferential strain increases to a maximal value of
−175 µm/m at 4741 s, which corresponds to a loading force of 282 kN. Further increases
in the loading to its maximal value P = 282 kN did not substantially affect the strain, the
measured value of which at the final step at the time 5226 s from loading was −174 µm/m.
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Observing the behavior of the hollow cylinder R2, it was concluded that the maximal
tensile strain in the circumferential direction at the level of −97.8 µm/m was observed after
a loading time of t = 3295 s at a loading force of P = 133 kN. With further load increases to
the maximal level of P = 224 kN at the time t = 5135 s, the mean circumferential strain was
−40 µm/m. The final circumferential strain of the concrete after 6226 s was −54 µm/m.

The behavior of the R3 cylinder was different as in the first 1470 s of the test up until
the loading force of P = 105 kN was reached on the internal surface of the concrete wall,
circumferential compressive strain was measured (see Figure 9a), while on the external
surface, the strain was in the form of tension. The mean values of the longitudinal strain on
both sides of the R3 hollow cylinder shell were close at this point (Figure 8a). Subsequently,
tensile strain in the circumferential direction on the internal surface was created with
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further increases in the applied loading. After 1890 s, when the compression loading was
at P = 150 kN, the mean values of the circumferential concrete strain measured on both
surfaces were equal to each other. During the final step of the measurements, the maximal
circumferential tensile strain on the internal and external surfaces of the R3 cylinder were
−772 µm/m and −343 µm/m, respectively. At the upper measurement location of the R3
specimen, the circumferential strain of the concrete was tensile during the whole testing
time and its value reached −533 µm/m at its final phase of t = 3784 s.

A comparison of the final values of the circumferential tensile strain shows that for
the R1 hollow cylinder after 5526 s of tests, the value measured in its upper part was
−286 µm/m; and for the R2 hollow cylinder after 6878 s, the value was −182 µm/m. For
both specimens, the measured values in the upper area were higher than the comparable
strain values on the internal surface of the mid-length point of the hollow cylinder. Mea-
surements taken in the bottom part of the R1 hollow cylinder for the final circumferential
strain on the external surface after 4320 s of the test were −1140 µm/m. Comparable strain
values for the R2 specimen were at −1120 µm/m after the full test time of 6878 s.

The observed results of the concrete strain clearly reveal the influence of the circumfer-
ential prestressing of hollow concrete cylinders on their behavior. In the upper part, the
mean tensile strain of concrete in the circumferential direction measured on the external
surface of the R3, R1 and R2 specimens at the final phase of the test were −533 µm/m,
−286 µm/m and −182 µm/m, respectively. The mean strain in the same direction in the
lower part of specimens R1 and R2 were at the same level, with values of −1140 µm/m
after a loading time of 4320 s and −1120 µm/m after a loading time of 6878 s. During this
phase of the test, concrete spalling together with buckling of the bottom part of the hollow
cylinder in the outside direction was observed.

Changes in the mean values of the circumferential strain of the concrete measured on
the internal surface of the hollow cylinders at the mid-length as a function of the loading
time shown in Figure 9d clearly show the influence of prestressing applied to concrete
cylinders with SMA wire on their behavior under compression loading.

Variations in the mean concrete strain in the circumferential direction measured on
the internal wall surface at its mid-length point in relation to the compression loading
for specimens R1, R2 and R3 are presented in Figure 10a. Comparable diagrams for the
strain measured on the external surfaces of the R1, R2 and R3 hollow cylinders in the upper
part and in the lower part (R1 and R2 specimens) are shown in Figure 10b,c, respectively.
The calculated values of the circumferential tensile stress in the concrete of the R1 and R2
cylinders at their mid-length point were visibly lower than the circumferential compressive
stress generated as a result of prestressing with the SMA wire. In the reference specimen,
the tensile strength of the concrete was exceeded and vertical cracks in the central area
of the calculations were generated. The failure of the R1 and R2 hollow cylinders was
achieved as a result of the tensile strength of the concrete exceeding in both directions in
the bottom part of the specimens, below the prestressing area. The same failure mode was
also observed for the R3 specimen.

Higher prestressing applied to the R2 specimen resulted in the limited development
of the circumferential strain of concrete in the section above the prestressed area. The
transversal confinement of the hollow cylinder lengthened the loading diagram and allowed
higher displacement of the upper loading surface in the testing machine, assisted by larger
deformation of the concrete at the bottom edge of the specimen. This deformation of
concrete was critical and limited the maximal load applied to the specimen during the test.

Diagrams of the mean strain of concrete in the vertical direction in relation to the
vertical compressive force measured halfway along the length of the internal surfaces of
the R1, R2 and R3 hollow cylinder specimens are shown in Figure 10d. Similarly, diagrams
of the mean concrete strain measured on the external surface for the R1 and R2 specimens
in the upper and lower measurement levels are presented in Figure 10e,f, respectively. The
higher values of measured mean concrete strain in the R2 cylinder wall in the upper and
lower measurement levels confirmed that the local buckling of the shell in the external
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direction. The lowest value of the vertical concrete strain measured halfway along the R2
cylinder specimen confirms the real strengthening of the element with the SMA wire.
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Figure 10. Vertical force vs. mean concrete strain in circumferential direction: (a) internal surface
of hollow cylinders R1, R2 and R3 at their mid-height, (b) external surface of the cylinders at their
upper measurement level, (c) external surface of hollow cylinders R1 and R2 at their bottom level of
measurements. Vertical force vs. mean concrete strain in longitudinal direction: (d) internal surface
of hollow cylinders R1, R2 and R3 at their mid-height points, (e) external surface of hollow cylinders
R1 and R2 at their upper level of measurements and (f) external surface of hollow cylinders R1 and
R2 in their bottom level of measurement.

Finally, it should be noted that the responses of specimens R1 and R2 were different
(see Figure 4 for example): this can only be explained by the different levels of prestress in
these two specimens. It should be remembered that the compression tests were performed
almost one year after the application of the prestress. Thus, the differences in compressive
capacity between specimens R1 and R2 highlight the presence of prestress at the time of
the tests, even though stress relaxation may have occurred during the waiting time.

6. Conclusions

The following conclusions can be drawn from the study:

• The application of SMA wires for the prestressing of the hollow concrete cylinders
provided wider information on their effectiveness in comparison to plain cylinders
prestressed with a similar method. This may be used in the future, followed by
further tests to establish design provisions for this method of strengthening structural
members, mainly columns.
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• The application of SMA wires wound directly over concrete members in order to
strengthen them cause the concrete to heat, which may lead to tensile stress in line
with the concrete’s tensile strength.

• On the basis of the research data reported in the bibliography, it may be stated that
the prestressing of hollow cylinders with SMA wires that need longer heating for the
activation of the SM effect can cause the destruction of the prestressed element.

• For the reason described above it is advised that prestressing programs using this
technique should hinder concrete heating by allowing the wire to remain in physical
contact. Lower-diameter Ni-Ti wires and larger spacing of the wire windings are
therefore preferred. The analysis of the influence of the wire diameter and the spacing
of the windings on the temperature increase of the concrete is a potential direction of
further research in this area.

• The tests on the hollow concrete cylinders performed one year after the application
of prestressing by means of Ni-Ti wire confirmed that the residual stress in the wire
remained present during the whole time period. It may therefore be concluded that
the strengthening of a concrete element designed with use of Ni-Ti SMA material is
effective for a longer time. At the same time, it should be underlined that strength-
ening should be applied along the entire length of the member without allowing any
uncompressed sections.
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