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Abstract: The memory effect of shape-memory alloys (SMASs) has opened interesting
perspectives to create prestress states in concrete elements. However, the procedure has not
been yet fully resolved due to the complex thermomechanical behavior of these alloys, in
addition to the practical difficulties of mechanical coupling between SMA and concrete
elements. The present study deals with tests on the development of prestressing forces in
concrete beams during the thermal cycle required in the procedure. Pre-stretched nickel-
titanium wires were externally placed on concrete prismatic beams equipped with strain
gauges. As concrete rupture may occur during the heating by the Joule effect, a compromise
must be found between the SMA pre-stretch level and the maximum temperature to be
applied before returning to ambient temperature. A macroscopic model was developed to
analyze this compromise. The complex thermomechanical response of SMAs implies a
particular attention in the definition of the ambient temperature and heating conditions for the

creation of prestress states in concrete components.
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1. Introduction

Shape memory alloys (SMAs) are active materials that have the ability to cancel
apparent “plastic” strain by heating, a phenomenon known as the memory effect [1-5]. When
the latter is mechanically hindered, the SMA component therefore develops forces, a
mechanism that has found many applications in engineering. The underlying physical
phenomenon is a solid-solid transition between two phases, namely austenite (A) and
martensite (M), triggered by temperature and stress. Roughly, austenite and martensite are
present at “high” and “low” temperatures respectively. In the austenite state, a SMA
component has a unique memorized shape that was defined during material elaboration. Note
that SMAs are mainly supplied in the form of wires, springs, foils, sheets, bars and tubes. The
A->M transformation can be achieved by cooling or deforming. In the martensite state, a
SMA component can be “permanently” deformed by several percent. The recovery of the
memorized shape is obtained by heating (activation of the M—->A transformation). Note that
the Joule effect is easy to use thanks to the metallic nature of SMAs, although heat loss may
penalize the amplitude of the temperature increase [6]. The memory effect has opened
interesting perspectives of applications in many engineering fields, in particular in civil
engineering [7-16]. Almost twenty years ago, Mazzolani and Madara (2002) discussed the
advantages of advanced metals including SMAs in the field of restoration of buildings, in
particular of monumental buildings, in spite of their higher cost compared to structural mild
steel [7]: suitability for strengthening problems, potentiality for transverse confinement of
masonry walls and ability of energy dissipation for seismic protection devices. Song et al.
(2005) reviewed applications of SMAs in control of civil engineering structures, both as
damping elements and structural self-rehabilitation elements [8, 9]. Janke et al. (2005)
presented overviews and limits of the applications in civil engineering, as well as new ideas in
particular for the active confinement to create prestresses in concrete components [10].
Motavalli et al. (2008) discussed existing applications, laboratory tests and new concepts for
energy dissipation devices and discussed the new generation of iron-based SMA as an
alternative to high cost NiTi SMAs [12, 13]. Cladera et al. (2014) focused on the advantages
of using iron-based SMAs for repairing existing structures and building new ones thanks to
high recovery stresses (necessary for prestressing) and lower prices [14]. Dong et al. (2011)

reviewed specific applications to bridge structures [15]. Recently, Casciati (2019) discussed



civil engineering applications particularly in terms of long-term performance in relation to

fatigue resistance [16].

SMA s offer interesting prospects for the creation of prestresses in concrete structures
(beams and pylons). The long-term objective is to use these active materials on site avoiding
the use of complex and cumbersome mechanical actuators while simplifying the
implementation procedure. The issue of prestressing concrete elements with SMAS has not yet
been fully resolved due to both the complex thermomechanical behavior of these alloys and
the practical difficulties of transferring forces to the concrete elements. Literature shows
applications to the strengthening of masonry structures and reinforced concrete (RC)
structures, as well as to the reinforcement of concrete beams and columns. Zhao and
Andrawes proposed in Ref. [17] the use of curved SMA wires to prestress a mortar plate
connected with a concrete structure. The constructed connections allowed more than 80% of
the recovery force to transfer to the concrete block for prestressing. Also, Shahverdi at al.
developed in Ref. [18] a promising method to strengthen RC beams by embedding ribbed
iron-based SMA bars in an additional shotcrete layer connected with the old concrete. Two
RC beams were first prestressed using two and four SMA bars 8 mm in diameter, leading to
about 300 MPa of recovery stresses in the bars. Afterwards, the strengthened beams were
loaded until failure under four-point bending. Results showed a significantly higher cracking
load level compared with un-strengthened beams: the loads in the strengthened beams were
even 265% higher than that of un-strengthened beams. Rojob and El-Hacha investigated in
Ref. [19] the long-term performance of RC beams strengthened with iron-based SMA bars
under severe freeze-thaw cycles and sustained loading. The results revealed that the
strengthened beams were better in flexural performance compared to the un-strengthened
beams, with low degradation compared to other beams tested at room temperature. Miralami
at al. studied in Ref. [20] the strengthening of circular RC column-foundation connections
thanks to nickel-titanium SMA bars or the combination of SMA bars and carbon fiber
reinforced polymer (CFRP) wraps. Columns were subjected to constant axial compressive
loads and cyclic lateral displacements. Results showed that the strengthening SMA bars were
able to reduce the residual deformation of the connections and that the combination of the
SMA bars and CFRP wraps increased the ductility ratio parameter. Let us mention also
research studies about anchorage systems of SMA components in construction elements,
which are not standardized yet. Correct anchorage system is particularly important for civil

engineering applications. According to Ref. [21], mechanical anchors are more favorable
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compared for example with hook anchorage: the most practical and most cost effective
method of anchoring SMA bars in concrete is based on screwlock mechanical anchors. A nail-
anchor system was proposed in Ref. [22] as direct fastening technique for strengthening steel
construction elements using iron-SMA strips; as indicated by the authors, the method is

simple and reduces the time and cost of strengthening works.

The academic research on SMA reinforced concrete is currently very intense [23-26].
Many studies deal with the modification of the mechanical performances of concrete
structures reinforced by SMAs. The present paper focuses on the creation of prestressing
forces in SMA wires placed externally on concrete prismatic beams, prior to any external
loading. It can be recalled that this mode of prestressing is difficult to manage because of the
SMAs’ complex behavior, which is triggered by the temperature and the stress while being
strongly hysteretic [1-5]. The procedure requires pre-stretching of the SMA wires (to create
martensite), placement of the wire on the beams, heating of the SMA wires by the Joule effect
(to activate the M—>A transformation) and cooling down to ambient temperature. Our
measurements concerned the development of the prestressing forces during the thermal cycle
using strain gauges placed on the concrete beams. Our objective was not to analyze the
mechanical properties of the reinforced beams, but to track the response of SMA wires during
the thermal cycle required in the prestressing procedure. The paper is organized as follows.
First, Section 2 concerns the thermomechanical properties of the SMA wires used to prestress
the concrete beams. Section 3 is dedicated to the mechanical properties of the concrete used
for the beams. Section 4 describes the experimental setup to monitor the prestressing process
of the beams. Section 5 presents the results obtained from several configurations differing in
terms of number, diameter and pre-stretch level of the SMA wires. Finally, Section 6 presents
simulation results to analyze the mechanical coupling between the SMA wires and the

concrete beam.

2. Thermomechanical properties of the SMA wires

Experimental tests were carried out on nickel-titanium (NiTi) SMA wires supplied by
Nimesis, Metz, France. Despite the higher cost of NiTi SMAs compared to copper-based and
iron-based SMAs, this alloy was here selected because of its well-known stability over time,



both in terms of resistance to corrosion and to mechanical and thermal fatigue [27]. Wires
were selected from the supplier's data sheets to be austenitic at positive room temperature
(above 0°C). Three diameters were considered for the study: 1 mm, 2 mm and 3 mm. The
wires were delivered in the form of coils 350 mm in diameter so that bending was limited
during the transportation and storage of the wires. The study started with a characterization of
the different wires before the tests on the concrete beams. Section 2.1 presents the
measurement of the transformation temperatures. Section 2.2 is dedicated to a

thermomechanical characterization of the wires.

2.1. Measurement of the transformation temperatures

Table 1 gives the values of the Austenite-start temperature (Ag) for the three SMA
alloys, determined by differential scanning calorimetry (DSC) by the supplier. The ASTM
F2004 standard indicates that transformation temperatures derived from DSC may not agree
with those obtained by other test methods due to the effects of strain and load on the
transformation [28]. Dilatometry tests were thus also performed to measure the four
transformation temperatures of the SMAs in stress-free state; namely Martensite-start (M)
and Martensite-finish (M;) for the A->M transformation, and Austenite-start (Ag) and
Austenite-finish (A¢) for the reverse transformation. A horizontal Netzsch DIL 402C
dilatometer was employed using helium gas to eliminate potential effect of ambient
atmosphere [29]. Small wire samples were prepared and measured at a room temperature of
25°C. Initial length L, was nearly 5 mm for the 1 mm diameter wire, and nearly 15 mm for
the 2 mm and 3 mm diameter wires. The following heating sequence was applied under small
compression force (-0.3 N) at a temperature rate of £10°C/min: 25°C - +100°C - -110°C
- +100°C - -110°C > +40°C. Figure 1 presents the relative variation in length versus
temperature for the three wires. Classic thermal expansion and contraction are observed
(linear variation of the sample’s length with respect to the temperature): ~10x10° K™ at high
temperature (austenitic state) and ~7x10° K™ at low temperature (martensitic state), see Table
1. These values are in agreement with the values of the literature for polycrystalline NiTi
SMAs. Geometric “anomalies” are also visible. They can be attributed to a very small volume
change between austenite and martensite and to the possible creation of so-called oriented
martensite (i.e. deformed with respect to the austenite) upon cooling. Anyway, this enabled us
to identify the beginning and end of the direct (A->M) and reverse (M—>A) transitions. As



expected, the beginning and end of both transformations are not sharp, justifying the use of
the tangent method: see intersections of the dashed blue lines. Temperature transformations
Mg, Mg, A and A¢ obtained by dilatometry are also listed in Table 1. A discrepancy in the Ag
values is observed between the two measurement techniques. This could be due to the
inherent uncertainty of the tangent method used for the two techniques which, moreover, are
based on signals of different nature (namely heat flux for DSC and strain for dilatometry). As
the beginnings and ends of phase change are relatively gradual, identification of the four
transformation temperatures is actually sensitive and complex whatever the measurement
technique. For our study, we considered the transformation temperatures determined by
dilatometry. Indeed, our application is based on the deformation of SMA wires. It can be
noted that My is lower than 0°C for the three wires, confirming that a full austenitic state is
possible at positive room temperature. It is also noted that A is positive for the three wires.
The fact that the ambient temperature T,,p, 1S Such that Mg < Tymp < Ag IS interesting for the
creation of residual prestresses (see Refs [30-34]), which gives here a small range of relevant
ambient temperatures. The difference between A and Mg is equal 21°C, 11°C and 34°C for
the 1 mm, 2 mm and 3 mm diameter wires respectively (see dilatometry measurements in
Table 1). These temperature amplitudes are small, especially for the 1 mm and 2 mm diameter
wires, which limits their outdoor applications. Finding and using SMAs with higher
differences between Ay and Mg is a next step of the present study. Finally, it is noted for the
A¢ values of the three types of wire can be exceeded by heating of a few tens of degrees,
which allowed us to simply activate the memory effect thanks to the Joule effect. However,
let us recall that the transformation temperatures increase with the stress (about 6-8 MPa per
°C for NiTi SMAs) [35].

2.2. Mechanical characterization

Mechanical tensile tests were performed on the SMA wires using a 20 KN Zwick 1455
uniaxial testing machine. A reference length of 120 mm was considered for the wire samples
placed in the jaws of the machine. Due to practical constraints, ambient temperature T, was
equal to 15°C for this characterization. Steps of the experimental procedure were as follows:

e heating of the wire in an oven at a temperature of +100°C — As this temperature is

higher than Ay, a full austenite state is obtained;



e natural return to ambient temperature — AsS T, IS higher than Mg, the full austenite
state is preserved,;

e stretching at a displacement rate of 1.2 mm/min up to a maximum strain &, Set to
6% — This stretching yields an A->M transformation. The martensite created is
classically named twinned martensite (to be opposed to the so-called self-
accommodating martensite which is obtained by cooling in stress-free state and is not
macroscopically deformed with respect to the austenite phase);

e unloading at a displacement rate of -1.2 mm/min — The obtained residual strain is
referred to as &, in the following;

e heating at “blocked” residual strain (i.e. overall strain kept at €..¢) for 120 s using the
Joule effect — This heating yields a M—> A transformation;

e and finally natural cooling to ambient temperature — The residual stress at the end of

the procedure is referred to as o in the following.

As an example, Fig. 2 shows the stress-strain curve obtained for the 3 mm diameter SMA
wire, excluding the heating and cooling steps (see Fig. 3 for the thermal cycle). After elastic
deformation of the austenite (Arrow 1), the A->M transformation occurred and it appears as a
so-called stress plateau (Arrow 3). Note that the beginning of the transformation was
accompanied by a stress drop (Arrow 2), usual for NiTi SMA alloys. The descending branch
(Arrow 4) corresponds to the unloading of the sample. A residual strain &..c = 3.0% is
observed at the end of the unloading. It is due to the fact that martensite phase was partially
kept upon unloading (nearly-elastic unloading). Figure 3 shows the time evolution of the
tensile stress in the wire, including the heating and cooling at blocked residual strain. During
heating (Arrow 5), the M- A transformation is accompanied by a sharp stress increase due to
the memory effect in blocked strain condition. Let us note the slight stress increase during the
cooling, due to the hindered thermal contraction (Arrow 6). A residual stress o,..s of 179 MPa
was measured at the end of the procedure. Other parameters were identified from Fig. 2,
namely the critical stress o.. = 340 MPa of A->M transformation onset and the maximal
stress o,.x = 349 MPa during the stretching. Tests were also carried out the wires 1 mm and
2mm in diameter: see results in Table 2. Note that apparent Young’s moduli may be
identified from the initial slopes of the stress-strain curves. However, measuring the Young's
modulus of SMA materials remains delicate due to the difficulty in fixing SMA wires
effectively at their ends. The superelasticity of the alloy makes clamping in the jaws of the



testing machine difficult. Moreover, the stress-induced austenite-to-martensite transition is
accompanied by a decrease in wire cross-section, which can potentially lead to slippage in the

clamping system. The apparent Young’s modulus E,,, was measured to about 35 GPa, 22

GPa and 16 GPa for the 1 mm, 2 mm and 3 mm diameter wires respectively. These values are
much lower than the usual values for the austenite phase of NiTi SMAs (60-70 GPa [36]).
Low values may be explained by the clamping’s response, a slippage or the presence of
residual martensite at the unloaded state. Anyway, it can be concluded that prestress states
could be advantageously created by means of a thermal cycle if the SMA wires were fixed on
concrete beams. In that case, the SMA strain would not be fully “blocked” because of the
deformation of the concrete, penalizing the prestresses created. For the application to concrete
beams presented in Section 4, the loading-unloading cycle of the SMA wires was preliminary
performed on a home-made loading machine allowed to work at much lower temperature

(around 0°C), enabling us to respect the condition Mg < Typp = 0°C < Aq.

3. Preparation and characterization of concrete elements

Twelve 40x100x500 mm?® concrete beams were prepared to be equipped with the
SMA wires. They were made from Portland cement CEM | 32.5 R and basalt aggregates from
2 mm to 8 mm. The composition per 1 m® was: cement 353.4 kg, basalt 1202.6 kg, river sand
560.0 kg, water 213.0 | and water-cement ratio of 0.6. Seven cube specimens (150x150x150
mm?) and six cylinder specimens (300 mm x g 150 mm) were also prepared for
characterization of concrete properties. All concrete elements were cast in steel forms. Seven
days after concreting, they were removed from the forms and protected with foils for 28 days.
Elements were weighted to measure the concrete density: mean value of 2465 kg/m® with

coefficient of variation v equal to 1.1% were determined.

Compression tests were performed using EDU 400 compression tests apparatus. The
mean compressive strength of the material was found at 51 MPa (v = 8.1%) for the cubes and
43 MPa (v = 8.1%) for the cylinders. Longitudinal strains were measured on the external
surface of cylinders using four longitudinal DEMEC mechanical strain gauges, 150 mm in

length. The value of the secant elasticity modulus at 0.4 f. .,; was identified to E. = 36.2 GPa

(v = 0.8%), where f. ., is the ultimate compressive strength. In addition, two cylindrical



specimens were subjected to the loading procedure defined by the Building Research Institute
(Instytut Techniki Budowlanej, 1TB) in Warsaw, Poland [37]. Figure 4-a shows the applied

stress level as a function of the longitudinal strain by 0.1 f. ., loading steps till failure. Figure
4-b shows the secant elastic modulus Ep, as a function of the loading level from 0.2 f; . to
0.6 fccyi- Finally, split tensile strength tests were performed using ZD 40 testing machine.

The tensile strength was determined to 4.4 MPa for the cylinders and 4.1 MPa for the cubes.

4. Experimental setup for the tests on concrete beams

Section 4.1 presents the experimental device for the tests on concrete beams equipped
with the SMA wires. Section 4.2 presents the test conditions in terms of number and diameter

of wires used for the tests.
4.1 Experimental device

Steel anchors were placed at the two ends of each concrete beam (see Fig. 5-a). Prior
to the placement of the SMA wires, the latter were pre-stretched one by one using a specially
designed tensile device (see Fig. 5-d). Note that all the operations on SMA wires were
performed at an ambient temperature Ty, around 0°C (in practice between -1°C and 4°C, see
below). Steel plates were used to tight simultaneously all the pre-stretched SMA wires in the
steel anchors, at a distance of 20 mm from the top surface of the beam (see Fig. 5-b). Rough
surfaces were used to avoid slipping of the wires during the experiments. In details, the steps
were:

1) “initialization” of SMA wires — Samples 500 mm in length were heated to about
+100°C and cooled down to ambient temperature, leading to a full austenitic state as
explained in Section 2.2;

2) Pre-stretching of the SMA wires — The operation consisted in stretching up to a strain
emax and unloading in order to obtain a residual strain as explained in Section 2.2;

3) Fixing of the pre-stretched SMA wires in the steel anchors at both ends of the concrete
beam. No force was applied to the wires during their placement (in fact, they were
simply straightened, with negligible tension force);



4) Connecting of the SMA wires to an adjustable electrical laboratory autotransformer
(10A 220V/0-250V), see Fig. 5-c.

Several sensors were used for tracking the system response during the experiments (see
Fig. 6):

e strain gauges — Electrofusion strain gauges 75 mm in length were installed in the
longitudinal direction of the top and bottom surfaces of the concrete beams. A
recording bridge HBM QuantumX MX840A, shielded cables and CatmanEasy-AP
software were used for strain data acquisition. Note that a compensation system was
employed using strain gauges installed on a reference concrete beam;

e temperature sensors — A temperature contact sensor was placed in contact with a SMA
wire, while another one was placed as the surface of the concrete beam. A
thermometer was also used to measure the ambient temperature;

e ammeter and voltmeter were used to measure the intensity and the voltage of the

electric current in the SMA wires.

4.2 Test conditions

Table 3 shows the conditions of the first five tests performed on concrete beams
equipped with SMA wires: number and diameter of the wires, maximum strain applied to pre-
stretch the wires (designated &, previously, see Fig. 2), ambient temperature T, and
maximum temperature T,,,x Of the SMA wires obtained by applying the Joule effect. It can be
noted that the first test (#1) led to concrete beam failure during the heating stage: see Fig. 7.
The excessive force level upon heating in that case resulted a priori from the too high pre-
stretch level e, (6%) and/or the too high maximum temperature T,,,«. The solution to avoid
such ruptures is to define carefully the pre-stretching level and the maximum temperature for
the SMA wires (see Section 6.3 about the compromise between these two parameters). The
second test (#2) was done under the same conditions, but with a lower maximum temperature
(45°C compared to 60°C): although the beam did not break, the appearance of micro-cracks
could be assumed because the magnitude of prestressing was lower than expected (see section
5.3 below). It can be recalled that the transformation temperatures increase with the stress
(about 6-8 MPa per °C for NiTi SMAs), making the choice of maximum temperature to be

applied complicated. On the one hand, increasing the heating allows the M- A transformation
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to progress (until potentially a total disappearance of the martensite phase). On the other hand,
the more the martensite disappears, the more the stress in the SMA wires increases because
the memory effect is hindered by the concrete beam to which they are attached. It was
therefore decided to decrease the pre-stretch level .4 to 3% (roughly half as much twinned

martensite in the SMA wire than in the case of a 6% stretch).

5. Results

Section 5.1 presents first observations in the strain response of beam #3. Section 5.2
compares tests #3, #4 and #5 in terms of total residual forces in the SMA wires at the end of
the procedure (i.e. after cooling down to ambient temperature). Finally, Section 5.3 provides
additional information about tests #1 and #2 featuring a “too high” pre-stretch level of the
SMA wires (gnax = 6%, compared to 3% for tests #3, #4 and #5).

5.1 Overall observations from test #3

The change in the strain in the course of time at the top and bottom surfaces of beam
#3 is shown in Fig. 8; negative values correspond to contraction whereas positive values
correspond to expansion. Accordingly, the top and bottom surfaces of the concrete beam are
subjected to compression and tension respectively during the experiment. As expected, the
strain magnitude is higher at the bottom face than at the top one, due to the tensile force
created in the SMA wires by thermal activation of the memory effect. Indeed, the wires being
located above the top side of the beam, the neutral axis is moved up from the symmetry axis
of the beam cross-section towards its top face. Strains first increased (see Arrow 1) then
stabilized (Arrow 2) during heating: maximum strain values reached at the top and the bottom
faces are denoted &¢ ax and ey, max respectively. Note that the initial fluctuation (Arrow 1) is
due to the manual monitoring of the heating by Joule effect. Cooling down to ambient
temperature was accompanied by a sharp strain decrease (Arrow 3). This means that a
significant reverse A>M transformation occurred. However, non-null strains are obtained at
the end of procedure (Arrow 4), meaning that a prestress state remained in the beam at
ambient procedure: values of the residual strains are denoted &5 and & s at the top and

bottom surfaces respectively.
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5.2 Comparison between tests #3, #4 and #5

Figure 9 shows the comparison between tests #3, #4 and #5, featuring a total SMA
cross-section of 3.9 mm? 15.7 mm® and 21.2 mm? respectively. Very similar trends are
observed for each test. Note that the sudden strain increases that occurred during the heating
steps for tests #4 and #5 (see Arrows 5 and 6) are due to the manual increase in current
intensity. The cooling stages were accompanied by an almost instantaneous strain decrease,
except for test #4 where strains first increased slightly (Arrows 7) before decreasing.
Maximum and residual values of the strain recorded on the both sides of the beams at the end

of heating and cooling steps respectively are reported in Table 4.

Considering the linearity of the concrete mechanical behavior at low stresses, it is
possible to derive the total tensile force Fsya developed in the SMA wires during the test

from the concrete strains measured on the upper and lower surfaces of the beam, as follows:

Fsma = EcAc gtng 1)
where:
e FE.isthe Young’s modulus of the concrete, taken equal to 36.2 GPa (see Section 3);
e A isthe area of the concrete beam cross-section, i.e. A, = 40x100 = 4000 mm?;

e & and g, are the strain values given by the top and bottom gauges respectively.
From the values of &, and &, in Table 4, maximum stresses at the top and bottom faces
of the concrete beam can be estimated to a few MPa, which is much lower than the

compressive and tensile strengths of the material reported in Section 3.

It is then possible to calculate the corresponding stress in the SMA wires:

F
OsMA = — 2)

where Agya Values are given in Table 3.
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The values Fsyamax and Fsyares Of the total force in the SMA wires and the
corresponding stress values gsya max and osma res, Calculated at the end of the heating and
cooling steps respectively, are reported in Table 4 for the three tests #3, #4 and #5. Figure 10
shows the values of the final force Fsya res at the end of the experimental procedure (i.e. after
cooling down to ambient temperature) as a function of the total SMA cross-sectional area
Agma. Simulation results are also displayed (see Section 6). The fairly linear trend is a priori
fortuitous, given the different transformation temperatures of the three types of NiTi SMA
wires (see Table 1) and the different thermal conditions (see T,.x in Table 3). However, the
fact that the condition Mg < Tymp = 0°C < Ag with close values of Ag probably participates

in obtaining such a simple trend as a function of the total SMA cross-section area.

5.3 Additional remarks about tests #1 and #2

Finally, Figure 11 shows the time evolution of the total force in the SMA wires for the
tests #1 and #2 performed with a “too high” pre-stretch for the SMA wires (ep,.x = 6%). Test
conditions where nearly the same, expected concerning the maximum temperatures (Tpy.x =
60°C and 45°C respectively, see Table 3). Two comments can be done from this graph:

e as expected for the heating stage, the higher the temperature, the higher the force

level reached in the SMA wires, which increases the risk of concrete failure;

o the residual force at the end of the procedure for test #2 (Fsmares = 1.7 KN)
appears to be lower than that for test #5 (Fsma res = 2.4 KN, see Table 4) although
the pre-stretch level was higher in the former case (all other parameters being
otherwise practically equal, see Table 3). This could be explained by micro-cracks
appearing in the concrete beam upon heating phase: see Section 6.3 about stress
levels in the concrete beam as a function of the pre-stretch level and maximum

temperature.

To prevent premature damage in the concrete beams during the heating step, a
compromise should be found between pre-stretch level and maximum temperature to be
applied before cooling down to ambient temperature. This point is discussed in the next

section from a numerical model.
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6. Modelling

6.1. Bases of the model

A macroscopic model was developed to analyze the stress creation during the heating-
cooling cycle of the SMA wires. The simulations are based on a SMA behavior in uniaxial
tension considering three internal variables: wire temperature T, strain egya and martensite
volume fraction z. Phase changes in NiTi-based SMA wires are generally associated with the
propagation of transformation fronts separating austenite and martensite [38-41], which leads
to complex thermomechanical couplings in the case of heterogeneous temperature
distribution. For the sake of simplicity, the three variables T, egma and z were here considered
as homogeneous within the wires. The mechanical coupling between the SMA wires and the
concrete beam was written through the following equality that must be fulfilled at any

temperature T

LSMA_l (1) = LSMA_Z (T) 3)

where Lgyva 1 and Lgya » are the length of the SMA wires calculated from the deformation of
the concrete beam and the wires respectively. In the bent beam, the former length can be

calculated as follows:

LSMA_l (T) = (1 *+ &c_normal (T) - XC(T) X hSMA) X Lo (4)

where:
e L, is the initial length of the unstressed beam, same as the length of the pre-stretched
wires installed on the concrete beam at zero stress (see Fig. 5-a): L, =500 mm;
e hguma IS the distance of the SMA wires’ centroid to the centroid of the concrete beam
(see Fig. 6): hgpa = 70 mm;
® & normal aNd x. are the longitudinal strain (due to the normal force) and the curvature
(due to bending) of the concrete beam. The static equilibrium enables us to express

these two quantities as a function of the actual stress agya (T) in the SMA wires:
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—Asmaxosma(T) (5)

€c_normal (T) = EoxAq

Xc(T) — hSMAXAs;:i;ZUSMA(T) (6)

Let us recall the parameters already introduced in the previous sections: concrete
Young’s modulus: E, = 36.2 GPa; cross-section area of the concrete beam: 4, = 4000 mm?;
total cross-section area of SMA wires Agya. Finally, I, is the quadratic momentum of the

concrete beam cross-section (height A = 100 mm and width b = 40 mm): I, = 3.33x10° mm*.

The current length of the SMA wires can be also calculated from their strain egpa:

Lsma 2(T) = (1 + esma(T)) X Lo (7)

The SMA strain can be split in an elastic part, a thermal part and a phase

transformation part as follows:

T
esma(T) = gzx—i((zi + asma X (T — Toamp) + 2 Xy (8)

Let us recall that the martensite volume fraction z depends on stress and temperature,
i.e. z(osma(T), T). In Eq. (8), y is the total phase transformation strain of the SMA wires,
taken equal to 6% for the three types of SMA wires. Symbols Egya and agya correspond to
the apparent Young’s modulus and coefficient of thermal expansion (CTE) respectively. A

mixing law was used to define these two quantities as a function of the martensite volume

fraction:
Esma(z) = ¢ X [(1 = 2) X Equst + 2 X Emart] )
asma(z) = (1 —2) X Qaust T Z X Amart (10)
Because of the difficulties in identifying the Young’ modulus of NiTi SMAs, we

preferred to consider the typical values for NiTi SMAs in the literature [36]: E, st = 65 GPa

and E. .« = 25 GPa. However, a corrective coefficient ¢ was applied for the additional
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compliance due to the connection at the ends of the wires (see Section 2.2). CTE values for

austenite (a,,s;) and martensite (@) Were identified in Section 2.1: see Table 1.

Different laws have been proposed in the literature to obtain the evolution of the
martensite volume fraction z along a path in the stress-temperature space. In the present work,
we simply considered linear variations for z in the two transformation domains A—M and
M—A with the following condition: z is not allowed to increase (decrease, respectively) in
the M—A transformation domain (A—M transformation domain, respectively). The two
domains are built from the four transformation temperatures at zero stress identified in
Section 2.1 (see Table 1) and the slope g defining the linear effect of the stress on the
transformation temperatures: see Fig. 12-a. f can be defined by the ratio o../(Tamp — Ms)
from the data in Tables 1 and 2. Table 5 sums up the additional parameter values used for the
simulations. Note that typical values for £ in the literature are about 6-8 MPa per °C [35].
The lower value for the 1 mm diameter wire (8 = 4.9) could be explained by the fact that the
M; value is closer to the ambient temperature in the case of the 1 mm diameter wire (Mg = -
7°C, see Table 1) than in the two other cases (Mg = -11°C and -30°C for the 2 mm and 3 mm
diameter wires respectively), leading to a greater uncertainty in the calculation of the o,/
(Tamp — M) ratio. Although the used SMA model is simple, it provides a tool to discuss the

qualitative trends of the experimental results.

In practice for any temperature value T, an iterative procedure was implemented to
find the stress value ogua(T) enabling Eqg. 3 to be fulfilled. Over the iterations, the stress

value is increased or decreased depending on the error defined as follows:

Lsma 1(T)—Lsma 2(T) (12)
Lo

Error =

A criterion is used for convergence: the latter is considered as reached when |Error|
is lower than 10 Finally, in post-process, the longitudinal strains &, and &, on the top and

bottom faces of the concrete beam can be calculated:

&(T) = £ normal(T) + Xc(T) X5 (12)
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Eb(T) = gc_normal(T) - XC(T) Xg (13)
6.2. Analysis and comparison with the experiments

Figure 12 presents the simulation results corresponding to the experimental conditions
of test #3. Figure 12-a first shows the path in the stress-temperature plane for the SMA wires.
Upon heating, the stress agya remains equal to zero until the Austenite-start temperature Ag is
reached (step 1). The martensite volume fraction z remains constant and equal to 0.40 in the
present case: see Fig. 12-b. Next, the M—>A transformation occurs (step 2), leading to a
decrease in the martensite volume fraction. The memory effect being thus activated, the
decrease in length of the SMA wires is accompanied by a stress increase due to coupling with
the concrete beam. This explains why the M->A transformation is not completed at the
maximum temperature T,,,x although the latter is higher than the Austenite-finish temperature
A¢: see the corresponding point in Fig. 12-a, which is still inside the M—>A transformation
domain. The martensite volume fraction decreases to the value of 0.27 at the maximum
temperature (Fig. 12-b). Upon cooling, the martensite volume fraction first remains equal to
0.27 (step 3), then increases when entering the A->M transformation domain (step 4). Note
that the slight increase in stress during step 3 is due to the thermal contraction. The creation of
martensite in step 4 is accompanied by a strong stress decrease due to the increase in the
length of the SMA wires. Figure 12-c shows the variation of the strain at the top and bottom
surfaces of the concrete beam as a function of the SMA temperature. Similar simulation
results are obtained with the experimental conditions of tests #4 and #5. They are in
agreement with the experimental results, except that the slight strain increase in Step 3 (Fig.
12-c) was observed only in the experimental test #4 (see Arrows 7 in Fig. 9). This can be
explained by the simplicity of the SMA model used in the simulations. However, the
dissymmetry in strain between the top and bottom surfaces of the concrete beam is correctly
captured by the model. Finally, the comparison between experimental and numerical results
can be done from Figure 10 above, showing the total force Fsya res in the SMA wires at end
of the experimental procedure (i.e. after cooling down to ambient temperature) as function of
the total cross-section area Agya Of SMA wires. A good agreement is observed between
experimental and numerical values, enabling us to go further in the use of the model to
analyze the compromise to be respected between pre-stretch level and maximum temperature

to avoid concrete beam failure.
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6.3. Discussion about the compromise between maximum SMA temperature and

pre-strain

The following ranges of pre-strain &, and maximum temperature T,.x Were
numerically browsed: [0.3%; 8%] and [Typ; 100°C]. The same ambient temperature was
considered for all the simulations: T,,,;, = 1°C, which is the mean value of experimental tests
#1 to #5 (see Table 3). Let us note that for any value of &, the initial value for the
martensite volume fraction at the beginning of the heating-cooling cycle must be preliminary
calculated as a function of the pre-strain &p,,. This quantity z(0 MPa, T,,;,) is referred to as
Zinit 1N the rest of the text for ease of writing. It is defined as the ratio of the residual strain
(after stretching at €, and unloading) to the total phase transformation strain of the SMA

wires y:

Foualord)
: (14)

€max —

Zinit =

where it can be noted that the quantity o,,.x/Esma(Zinit) coOrresponds to the elastic strain
recovered upon unloading. The stress o,,,x at strain &,,,, can be simply defined as the sum of
the Martensite-start stress o.. = 8 X (Tamp — Mg) and the proportion z;,;; of the stress
amplitude g x (M; — My) corresponding to a full transformation from austenite to martensite.
Thus:

Omax = ﬂ X (Tamb - Ms) + Zinit X ﬁ X (Mf - Ms) (15)

It can be noted that finding z;,;; from Eqgs (14) and (15) is not trivial as the right-hand

side of the former equation depends on the value to be identified. Moreover, zj,;; iS
constrained between 0 (pure austenite) and 1 (pure martensite). The identification of z;,;, for

any strain value ¢, was therefore performed numerically by iterative approach.

Figure 13 shows the maps of total force Fgyares IN the SMA wires at end of the

heating-cooling cycle as a function of the pre-strain &,,,, and maximum temperature T, .x.
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Moreover, configurations for which concrete failure is expected at the bottom surface of the

beam are indicated in the graphs:

Concrete beam failure: max {E. X &,(T)} > 4 MPa (16)

where the value of 4 MPa was defined from the tensile strengths indicated in Section 3 (4.4
MPa for the cylinders and 4.1 MPa for the cubes). The following comments can be done from
Fig. 13:

e no concrete beam failure was obtained for the case of five 1 mm diameter wires,
whereas failure is possible in the cases of five 2 mm diameter wires and three 3 mm
diameter wires: compare Fig. 13-a with Figs 13-b and -c;

e the points corresponding to the experimental tests #1 to #5 are also placed in the
graphs. It is interesting to note that the point corresponding to test #1 is correctly
located in the failure domain of the concrete beam: see Fig. 13-c. The point
corresponding to test #2 is located very close to the boundary of the failure domain,
which may explain the low value of residual force Fgyares that was observed
experimentally, without beam failure (se Section 5.3);

e globally, the higher the pre-strain ., the higher the total residual force Fgya res IN
the SMA wires. Same for the influence of the maximum temperature Ty,,. Maximum
values for Fsya res are indicated in the color bars for each case: 0.57 kN, 2.3 kN and
4.3 kN for the five 1 mm, five 2 mm and three 3 mm diameter wires respectively.
However, these maximum values are obtained at the boundary of the failure domains,

making them tricky to obtain experimentally.

7. Conclusion

The memory effect of SMAs has opened perspectives to create prestress states in
concrete elements. However, the procedure has not yet been fully resolved because of
practical difficulties of mechanical coupling between SMA and concrete elements, and also
because of the complex thermomechanical behavior of these alloys. The present study focused
on the development of the prestressing forces during the thermal cycle required in the
procedure for the activation of the memory effect in the SMA. Strain measurements were
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performed on concrete prismatic with external NiTi SMA wires, and a numerical model was
developed to simulate the strain evolution in the concrete beams during the heating-cooling
cycle of the SMA wires. Following conclusions can be drawn from the study:

e as the concrete failure may occur during the heating step, a compromise should be
found between the SMA pre-stretch level and the maximum temperature to be applied
before returning to ambient temperature;

e the higher the pre-stretch level of the SMA wires, the higher the prestresses. Same for
the influence of the maximum temperature reached during the heating step. However,
the maximum prestressing forces are obtained at the boundary of the failure domain of
the concrete beam, making them tricky to obtain experimentally.

Results obtained should not make forget the complexity of the mechanical coupling between
the SMA wires and the concrete beam. Anchorages embedded in the concrete would probably
lead to higher prestressing forces, but also higher maximal stresses during the heating step.

The complex thermomechanical response of SMASs requires a particular attention in the

definition of the ambient temperature and heating conditions to avoid concrete failure.
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Table 1. Transformation temperatures measured by differential scanning calorimetry (DSC) and

dilatometry technique. The coefficient of thermal expansion (CTE) of the austenite and martensite

phases is also indicated

Transformation temperatures [°C] measured

CTE [K™] measured

by DSC* by dilatometry by dilatometry
Ag M¢ M, Ag A¢ Austenite  Martensite
Ni-Ti g 1 mm 5 -51 -7 14 22 11E-6 TE-6
Ni-Ti g 2 mm 9 -66 -11 2 13 10E-6 8E-6
Ni-Ti g 3 mm -6 -51 -30 1 10 9E-6 6E-6
*Measurement by the supplier.
Table 2. Mechanical properties of the three Ni-Ti SMA wires at 15°C
Diameter of the wires
g1 mm g2 mm g3 mm

Martensite-start stress, o .. [MPa] 244 314 340
Stress at 6% strain, o,.x [MPa] 269 309 349
Residual strain obtained, &pes [-] 51 4.6 3.0
Residual stress after thermal cycle, 6,5 [MPa] 202 248 179
Table 3. Beam test conditions
Beam Wire Number  Wire cross-  Wire pre- Ambient Maximum Comment
# diameter of wires section area, stretch, temperature, temperature,

Asma €max Tamp Tmax
#1 3mm 3 21.2 mm’ 6% -1°C 60°C Failure
#2 3mm 3 21.2 mm? 6% 1°C 45°C
#3 1 mm 5 3.9 mm’ 3% 1°C 60°C
#4 2 mm 5 15.7 mm? 3% 0°C 20°C
#5 3 mm 3 21.2 mm? 3% 4°C 40°C
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Table 4. Comparison between tests #3, #4 and #5

Strains [10 °] at the concrete surface Stress in the SMA wires

Force in the SMA wires

Heating Cooling Heating Cooling Heating Cooling
Top Bottom Top Bottom
€max  €bmax  Etres  Ebres OsMAmax  OSMAres FsMamax  FsMares
#3 -41 18 -4 5 245 MPa 43 MPa 0.96 kN 0.17 kN
#4 -132 86 -38 32 239 MPa 80 MPa 3.7kN 1.2kN
#5 -106 66 -83 55 139 MPa 113 MPa 2.9 kN 2.4 kN
Table 5. Additional parameters for the simulations
Diameter of the wires
g1 mm g2 mm g3 mm
Young’s modulus of austenite, E gt 65 GPa = =
Young’s modulus of martensite, E,art 25 GPa = =
Corrective coefficient to account for the additional compliance
due to the connection device at the wire ends (see Eq. 9), ¢ 0.53 0.33 0.24
Slope of the transformation lines in the state diagram, 8 4.9 5.8 6.3
Total phase transformation strain of the SMA wires, y 6% = =
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Fig. 13 Simulation results: total force Fsya res in the SMA wires at end of the procedure (i.e. after

cooling down to ambient temperature) as a function of the maximum temperature Ty, and pre-strain

emax Of the SMA wires. Locations corresponding to the experimental tests conditions #1 to #5 are also

indicated in the maps.
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