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Abstract: Repairing and strengthening of existing aged steel-reinforced concrete structures is a major
challenge. Today, much of the repair work completed is insufficient and brittle. A promising new
solution for repair and strengthening tasks is the use of iron-based shape memory alloy (Fe-SMA).
The pre-strained Fe-SMA components enable the pre-stressing of existing building components due
to the heat-triggered contraction of the steel. Thus, deflections can be reduced or even recovered. In
addition, the cracking process can be adapted, and an improvement in the load, under which the
first crack appears, is possible. In this paper, the effects of pre-stress generated by activated Fe-SMA
rebars, which were centrally embedded inside of a concrete specimen, are shown. The objective
of the study is to quantify the improvement in the loads of the first crack and show the influences
of the pre-stressing on the load-bearing behavior and the cracking process. For this purpose, axial
tensile tests were performed on concrete bars with height, width, and length of 50 mm, 70 mm, and
900 mm, respectively. These were compared to usual construction steel rebars, pre-strained but
nonactivated Fe-SMA rebars, and activated Fe-SMA steel rebars. The evaluation of crack patterns and
openings was done using digital image correlation (DIC). The pre-stressing of the concrete causes an
increase in the first crack loads of more than 150%, which indicates a clear improvement in the state
of serviceability limit.

Keywords: iron-based shape memory alloy; shape memory effect; pre-stress; tensile tests; textile
reinforced concrete

1. Introduction

Due to the strong economic growth of the 1950s and 1960s, many of our current
reinforced concrete building structures are over 40 years old and in need of repair. With
regard to annual construction output in non-residential buildings, the effort required
to maintain existing buildings already exceeds by far the effort required to create new
buildings. This immense demand for repair, which is often related to an increase in the
structural load, also applies to engineering structures, such as tunnels, underpasses, and
parking structures. Unfortunately, the durability of repair and maintenance work is often
limited. Besides cracks, delamination due to insufficient bond strength and corrosion of
the reinforcements are the most frequent damages.

In view of these data and the increasing need for repairs, new repair concepts for
improving the quality and service life of building structures are absolutely necessary. This
demand is further intensified when considering the aspect of sustainability. Therefore, a
need for research into suitable new repair methods exists.

A new repair method was recently introduced in the building industry in Switzerland.
The new method consists of newly developed iron-based shape memory alloys (Fe-SMA)
ribbed rebars. The rebars are embedded in a layer of shotcrete, which is attached to the
old structure, and the rebars can be prestressed by heating to 150-200 °C. The pre-stress
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is triggered by an internal change of the crystal structure and not by pulling as in the
conventional pre-stressing technology. The main advantages are that the Fe-SMA bars do
not need ducts nor anchorages and have no friction during pre-stressing. Iron-based shape
memory alloys are much cheaper compared with nickel-titanium (Nili), which is only used
in research to strengthen concrete [1-6].

Due to the application of pre-stressing forces, the approach of using Fe-SMA to
strengthen existing reinforced concrete components is very promising because crack loads
can be increased and/or crack widths/changes can be minimized. However, no perma-
nent solutions are currently available, especially for cracked reinforced concrete structures
with time-dependent varying crack widths. The use of pre-stressed Fe-SMAs in combi-
nation with reinforced concrete could make a significant contribution towards solving
this problem.

In this paper, the properties of repair mortars/concretes and iron-based shape memory
alloy reinforcements are discussed first. In the second part, a comparison of construction
steel rebars with Fe-SMA ribbed bars embedded in concrete is carried out by means of
tensile tests. These tests are intended to show the effects of pre-stressing generated by
shape memory alloys in structural repairs. The novelty of this work is the evaluation of the
cracking process and the direct comparison of the crack opening curves using a pure tensile
test. The axial tensile test approximates the repair layer in a strengthened component
subjected to bending loads.

2. Materials and Research Idea
2.1. Repair Mortar/Repair Concrete

The European standard series EN 1504 regulates “products and systems for the
protection and repair of concrete structures” [7]. Within this standard, EN 1504 Part 9
contains “general principles for the use of products and systems”, which includes principles
and methods for concrete restoration, structural strengthening, and the preservation or
restoration of steel passivity. The methods for the realization of these principles require the
use of repair mortars (RM) or repair concretes (RC).

Cement-bound systems are most frequently used for this purpose. In addition to
the main binder component cement, additives, such as limestone powder, fly ash and
silica fume, admixtures, and aggregate, are also used. The aggregate is based on the
grain structure of the cement-bound repair materials. Mortar and concrete are divided
into two groups on the basis of the aggregate. Mortars have a maximum aggregate size
of 4 mm, while concretes consist of an aggregate size above 4 mm. Due to the usually
limited dimensions of the areas in need of repair and the requirement for a minimum layer
thickness depending on the maximum grain size (based on a simplified calculation rule:
minimum layer thickness equal to three times the maximum grain size diameter), mortars
or concretes with aggregates up to 8 mm are predominantly used.

In contrast to new building structures, these repair materials must adhere well to the
old concrete. The adhesion (adhesive strength, o,4) between old and new materials is one
key factor determining the durability of the repair work. To ensure a durable bond, good
substrate preparation, sufficient surface tensile strength, and consideration of weather
conditions are necessary. Additionally, it is necessary to adapt the repair materials to the
existing concrete [2]. This usually requires cement-bound materials with lower/adapted
elastic modulus and higher tensile strengths. This can be achieved by adding polymer
dispersions or modifying the grading curves [8,9]. For the repair of large horizontal
as well as “overhead” structures, the use of sprayed concrete/sprayed mortar is often
appropriate [10].

While the concrete carries the compressive loads, the reinforcement carries the tensile
load. When taking over the tensile loads, cracks inside the repair materials are inevitable.
Unfortunately, cracks with widths above 0.1 mm enable liquids to penetrate the material,
which can limit the service life. A solution for this limitation could be the use of pre-stressed
reinforcements [11] or the restriction of crack widths below 0.1 mm. Mineral systems, such
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as mortars and concretes, with crack widths < 0.1 mm are virtually impermeable due to
their self-healing effects. The amount of penetrating moisture depends on the crack width,
water pressure, crack roughness, and component thickness [12,13]. The use of conventional
steel reinforcements in repair concretes generally causes crack widths above 0.1 mm and
requires sufficient concrete cover for corrosion protection. The requirement of a sufficient
concrete cover for corrosion protection can be eliminated with reinforcements made of
fiber-reinforced polymers [14].

An interesting new material for repair tasks is textile-reinforced concrete (TRC). In
this composite material, technical textiles made of carbon or AR (alkali-resistant) glass,
embedded in fine-grained concrete, carry the tensile loads. With mechanical properties
comparable to those of steel-reinforced concrete, TRC has the following advantages: thin-
walled structures, resource-saving, higher durability, and the potential for very finely
distributed crack development (crack widths < 0.1 mm and crack spacing < 10 mm) in
the building material. These characteristics can be achieved via the size and yarn structure
of the textile mesh [10]. The foundations for the use of technical textiles in cement-bound
materials were developed in the Collaborative Research Centers 528 and 532, financed by
the DFG (German Research Foundation) [15].

Previous studies on repairs with textile concrete dealt with the strengthening of
reinforced concrete members [16,17]. The regions in existing reinforced concrete members
(e.g., floor slabs) that were subjected to tensile stresses were strengthened by applying
layers of fine-grained concrete and technical textiles made of carbon fibers. The fine-grained
concrete (maximum grain size 1 mm) was applied via spraying at low pressures. The high
binder content resulted in a comparatively high flexural strength (>7 MPa) [17].

A new promising alternative is the use of Fe-SMA ribbed bars for pre-stressing the
cementitious repair system [18,19]. Figure 1 illustrates this idea. The principal sketch
shows a section of a reinforced concrete slab that is loaded uniformly with the load q.
In order to increase the load-bearing capacity of the slab and/or to minimize the crack
widths, strengthening of the slab is required (Figure 1a,b). The aim is to strengthen cracked,
heavily stressed reinforced concrete components by means of a repair system based on
embedded SMA rebars. The innovative repair system enables load increases (Aq), increases
crack loads, and reduces existing crack widths/changes as well as existing component
deflections (Agef1). In order to achieve this goal, a suitable repair system with Fe-SMAs
must be developed. Therefore, the adhesive strength (0,4) and the activated pre-stressing
force in particular (Fprest) have to be analyzed.
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Figure 1. The principle idea of using iron-based shape memory alloy (Fe-SMA) for the repair and
strengthening of existing steel-reinforced concrete structures; (a) before strengthening; (b) after
strengthening with Fe-SMA embedded in an additional concrete layer.

2.2. Iron-Based Shape Memory Alloy (Fe-SMA)

SMAs belong to a group of “smart materials” that react automatically to changing
environmental conditions. They have the property of returning to an initial shape upon
heating—the so-called shape-memory effect (SME). Depending on the alloy, different prop-
erties such as superelasticity or the shape-memory effect can develop. The superelasticity
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makes it possible to instantly revise deformations, e.g., due to earthquake loads [20]. How-
ever, for the shape-memory effect, the Fe-SMA needs to be pre-stretched (prestrained), and
once the material has been installed, the SME is triggered by heating [18,21]. The SME
is based on the different lattice structures (austenite and martensite), which are recover-
able. These lattice structures can be changed by either mechanical stresses or temperature
elevation [18].

For the application of Fe-SMAs in civil engineering, iron-based shape memory alloys
(Fe-SMA) are most attractive due to their lower cost, higher elastic modulus, and relatively
low activation temperature compared to NiTi (nickel titanium) or copper-based alloys [18].
The shape-memory effect in Fe-SMA is attributed to the stress-induced martensite transfor-
mation from the y-austenite (fcc, face-centered-cubic) phase to the e-martensite phase (hcp,
hexagonal closed packed) at low and medium temperatures and the reverse transformation
(e to y-phase) at high temperatures (=100-250 °C) [22-24].

After production, the Fe-SMA bars are in the austenite phase state. Then, during
pre-straining, the e-martensite phases, which are recoverable, are produced. Then, after
the Fe-SMA rebars are embedded in concrete and the concrete has fully cured, the rebars
are heated via electric resistive heating or by simply heating the complete element as in
this study (and cooling it down to room temperature), and the reverse transformation from
martensite to austenite takes place. Therefore, because the shape recovery of the Fe-SMA
rebars in the concrete is constrained, pre-stress is produced in the Fe-SMA rebars.

While at Empa, Swiss Federal Laboratories for Materials Science and Technology,
FeFe-SMAs based on Fe-Mn-5i-Cr-Ni-VC were developed [11,18,25,26], at the University
in Kassel Fe-Mn-Al-Ni shape memory alloy was processed via additive manufacturing [27].
Adding small amounts of titanium to Fe-Mn-Al-Ni significantly enhances grain growth,
which could allow a subsequent increase in preload forces in the future [28].

Up to now, the use of FeFe-SMAs for strengthening reinforced concrete structures has
been investigated intensively for many years at Empa, Switzerland [11,18,29]. The Fe-SMAs
developed and patented at Empa are now being produced on an industrial scale [26]. The
material is used for concrete reinforcement in two different variants:

e  Pre-strained Fe-SMA plates, which are directly fixed by Hilti nails at their ends in the
bending tension zone of the reinforced concrete components. The subsequent heating
produces an external pre-stressed tension strip without any bond to the reinforced
concrete [26,28]. With a pre-strain of 2% and after heating to 160 °C and cooling down
to room temperature, an initial pre-stress of 300-350 MPa can be achieved [26,29].

e  Pre-strained ribbed reinforcing rebars made of Fe-SMAs are applied in grooves in
the bending tension zone of a reinforced concrete member. Afterwards the rebars
are heated and the grooves are filled with cement-bound materials. Alternatively,
the reinforcing bars can be connected to existing reinforced concrete components
via an additional layer. In this variant, the pre-stressing element is bonded to the
concrete [11,30] (Figure 2a). With a pre-stressing value of 4-6% and after heating to
about 200 °C and cooling down to room temperature, an initial pre-stressing value
of about 300 MPa can be achieved for a rebar with a diameter of 16 mm [11]. The
achievable pre-stressing values are mainly controlled by the degree of pre-straining
and the temperature [11].

Due to the possibility of activating the Fe-SMA rebars in different installation condi-
tions, the pre-stressing influences can be controlled. By heating up the rebar while it is
anchored solely on the ends of the existing structure, the activation forces are introduced
in the existing component (see Figure 2a). The repair mortar applied afterwards is nearly
free of tensile stresses. This results in a reduction in the resisting deflections and small
cracks in low-crack distances in the repair layer by applying the loads after the repairing
process [11,30]. In contrast to this, pre-stressing forces can also be introduced in the repair
mortar via heat when the Fe-SMA rebar is embedded completely (see Figure 2b). Therefore,
the first crack load of the repair layer will be higher. The option drawn in Figure 2b will be
analyzed in the following experimental program.
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Figure 2. A schematic sketch of the influences of the installation conditions during the activation of
the Fe-SMA rebar on the reacting tension (o reacting) in the existing repair concretes (RC) structure.
(a) Fe-SMA rebar embedded only in the anchorage area and the application of heat in the free length
afterwards; (b) Fe-SMA rebar embedded over the full length before applying heat.

3. Experimental Program
3.1. Aim of Investigation

The aim of this investigation is to show the composite behavior of the Fe-SMA ribbed
bar compared to construction steel B500B by observing the development of the crack pattern
and measuring the crack-opening force-curves. To compare the load-bearing behavior of
the materials, a series of reinforced concrete axial tensile tests were performed. The repair
layer of an RC beam under bending loads (Figure 1) was mainly subjected to tensile loading.
Therefore, pure axial tensile tests were performed in order to investigate its stress and
cracking behavior. To pre-stress the Fe-SMA rebars, the reinforced concrete specimens were
heated to 160 °C in an oven (thermal treatment). Thereby, the increase in the first crack load
due to the pre-stressing of the Fe-SMA rebars was also shown (Figure 2b). Consequently,
the influence of the heating process on the concrete’s properties was also investigated. The
experimental study was divided into four steps. First, the characteristics of the concrete
after 28 days were measured to test the workability and to check the concrete properties.
In the next step, reinforced concrete tensile test samples (two with each material) were
manufactured. After seven days of storage, two samples reinforced with Fe-SMA rebars
were thermally treated to generate the pre-stressing in the rebars. Lastly, the tensile tests
on the reinforced concrete tensile specimens were done.

3.2. Material Characterization

A fine-grained concrete with a maximum grain size of 8 mm and a large amount
of binder was used. As a grading curve, the AB curve nearer to the fuller parabola was
used. Fly ash was deliberately omitted due to its decreasing availability. The concrete
was characterized by its high flowability and dense structure, which was reached by
the composition of the filler and aggregates. It is a fine-grained concrete which can be
classified as being between a normal concrete and a repair mortar. This ensures good bond
performance and producibility of samples with small concrete covers. The concrete can
also be used as a repair concrete. The ingredients of the concrete are listed in Table 1.

Table 1. Ingredients of the used concrete mix.

Component Unit Amount
Cement CEM 142.5 R (c) 480
Water content (w) 205
Filler kg/m? 114
Sand 0-2 mm 652
Gravel 2-8 mm 864
Super-plasticizer %/c 0.5
w/c-ratio - 0.42
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The hardened concrete properties were determined after 28 and 33 days. Tests were
done according to EN 1015-11 [31] on samples of 40 x 40 x 160 mm? for compressive
strength (f,m) and flexural strength (f. 1) as usual for mortars and fine-grained concretes.
The samples were stored in the formwork for one day, underwater at 20 °C for six days,
and subsequently at 20 °C and 65% relative humidity (r.h.). The 33d testing series included
two sets of samples. While the first set was stored as mentioned before, the second set
(33d-th) was thermally treated (see Section 3.3). Therefore, the influence of the thermal
treatment on the hardened concrete’s properties can be evaluated. Figure 3 shows the
hardened concrete’s properties after 28 and 33 days.
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4 - ©
B 80 115 12 ;
& 11.0 718 &
S 4
Eb 70 10.3 11 %
[0}
@ 60 I 10 §
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g 50 9
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S 40 8 =
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Figure 3. The hardened concrete’s properties tested according to [31]. The mean values are shown
(>3 samples), the span is indicated, the series concerning the testing age is named (d), and the
thermal treatment (th) is indicated.

The results point out that the thermal treatment reduces the concrete’s performance
by about 10%. The compressive strength as well as the flexural strength are lower. This
reduction can be explained by the fast drying of the concrete due to the thermal treatment.
The hydration process is reduced in parts of the specimen, and drying shrinkage also
reduced the performance.

As a reinforcement, construction steel B500B and Fe-SMA rebars produced by the
company re-fer AG [32] were used. The properties of the reinforcements necessary in this
study are shown in Table 2. Further characteristics such as ultimate strain are presented
elsewhere [11,33]. To enable a comparison, rebars with similar diameters were chosen.
Hence, the percentages of reinforcement in the test specimens were also similar.

Table 2. The properties of the reinforcements.

FE-SMA Rebar [32]

Reinforcement Unit Construction Steel [34] Prestrained Activated  Prestrained Nonactivated
Abbreviation - B500B SMA
Tensile strength MPa 540 650
Young’s modulus GPa 200 170-60 130-40
Diameter (mm) mm 12 11
Nominal cross section (A) mm? 113 105
Percentage of reinforcement % 3.2 3.0
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Figure 4 presents simplified stress-strain curves for the different types of reinforce-
ments. The characteristic tensile loading behavior of the materials is visible. The construc-
tion steel (B500) shows linear elastic behavior up to its yield strength of 500 MPa. After
reaching the yield stress, no considerable load increase is possible. The SMA steel has a
varying Young’s modulus which is about 170 GPa after pre-straining without activation
and is reduced by increasing stresses in the material. In addition, the activated SMA steel
rebar has different load-bearing behavior compared to the nonactivated one. It must be
considered that the nonactivated SMA steel rebar is not applied in practice. Here, it is used
as a reference to show the effects of pre-stressing in a direct way.

1000
— B500
750 i
- T ) N AU AU S
E ---- SMA-nonact
é’ 500 (after
,;2_, prestraining,
i not activated)
250 ......... SMA-act (after
: prestraining
Ein GPa and activation
’ | prestressing)
1.5 2_0 2_5 3.0

strain (%)

Figure 4. The simplified stress-strain curves for the different reinforcement types. B500: the calcula-
tion curve [34,35]; nonactivated Fe-SMA: linearized from [36]; activated Fe-SMA: linearization of a
testing curve provided by re-fer AG.

3.3. Test Specimens and Experimental Setup

The reinforced concrete tensile test specimens had dimensions of 50 mm x 70 mm
and a length of 900 mm. The specimens were reinforced with one rebar, which was placed
centrically in the cross-section. In every wooden formwork, two specimens (of the same
material) were produced. To ensure the position accuracy, the rebars were fixed at the ends
of the formwork. Figure 5 shows the cross-sections of the specimens.

To activate pre-stressing in the Fe-SMA rebars, the specimens were heated to 160 °C.
Therefore, two specimens were thermally treated in an oven. The specimens were heated
until the core temperature of the specimen reached 160 °C. This temperature was held for
15 min. The core temperature was measured by a sensor in the middle of one specimen.
Besides these specimens, for the characterization of the concrete’s properties, one set of
samples was also thermally treated to evaluate the influence of temperature on the concrete.
The results are shown in Figure 3.

Uniaxial tensile tests were performed with the universal testing machine Inspect 100 from
the company Hegewald und Peschke (Nossen, Germany). The forces were measured with a
class 1 load cell with a maximum load of 50 kN with 50 Hz. The specimens were fixed into
steel clamps and connected to the testing machine by a ball-bearing-mounted load introduction
(Figure 6). As a consequence, a centric and free movable load introduction was possible. A DIC
(digital image correlation) system ARAMIS 12M from the company GOM GmbH (Braunschweig,
Germany) was used to measure the strains as well as the cracking process and crack pattern
development. For this purpose, a stochastic black and white pattern was applied to the front of
the specimens. The DIC measurement was done at a measuring rate of 1 Hz. The testing was
displacement controlled at 1 mm/min, and all tests were stopped at 49 kN.
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Figure 5. Specimen cross-sections: (a) schematic; (b) the cut-specimen after testing (anchorage area).
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Figure 6. The test setup: (a) the schematic; (b) in the laboratory with the usage of digital image correlation (DIC).
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4. Test Results

To give an overview of all tests, the force-machine displacement curves are shown
in Figure 7. The results illustrate that both specimens of the same reinforcement type
display similar load-bearing behavior. The differences between the two B500B curves
can be explained by the failure of the load introduction in the first test. Therefore, for
the following tests, the load introduction was enhanced. The differences between the
different reinforcements can be observed in the first cracking load, the load decrease via
cracking, and the curve progression. The B500 steel has the lowest first-crack load (8.6 kNN),
while the nonactivated Fe-SMA rebars had their first cracks at 12.0 kN. This difference
can probably be explained by the fact that the positioning of the rebars in the specimen is
not entirely centric. The high axial stiffness of the construction steel caused asymmetric
loading. Therefore, cracks occurred on one side of the specimen and developed to the
other side (Figure 9). This reduced the cracking loads and influenced the crack opening. By
pre-stressing the Fe-SMA rebars, the first crack loads increased to 31.9 kN, which implies
a growth of 166% compared to the nonactivated Fe-SMA rebars. The reduction in the
concrete performance (=10%) due to thermal treatment would have a negligible effect on
the first crack load; however, this was not notable due to the pre-stressed Fe-SMA rebars.

50
45
40
35 +
o
30 &
E 25 T
e O
S 20 = g
: }
:o: 15 1
10 Q2
5 4
F
0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
machine displacement (mm)
B500B-1 ——B500B-2 ——SMA-2-nonactivated
——SMA-4-nonactivated SMA-1-activated - SMA-3-activated

Figure 7. Force-machine displacement curves of the reinforced concrete tensile tests. Specimen age
32/33 d; testing speed: 1 mm/min; free length: Ly = 400 mm; measuring rate: 50 Hz; naming;: type of
material, specimen number, nonactivated /activated (pre-stressed).

In Figure 8, the force-strain curves are presented. To measure the strain, the distance of
the clamps measured by the DIC system was used. For readability, one exemplary specimen
of each series is plotted. All curves show the typical three parts of a reinforced concrete
structure under tensile load. After the first crack (part 1) occurred, the curve flattens due to
cracking (part 2). After the cracking process is completed, the curve rises again. The first
cracking load is mainly influenced by the concrete tensile strength and the pre-stressing of
the rebar, as mentioned before. Parts 2 and 3 depend on the axial stiffness and the bonding
performance of the reinforcement. Furthermore, the concrete’s properties influence the
cracking process. While the concrete properties of all specimens are similar, the EA’s differ.
Construction steel B500 exhibits a higher axial stiffness (EA = 22,600 GPa/ mm?), which
was also constant up to the end of the experiment. This is also visible in the comparably
steep curve progression. After the cracking process, the curve is nearly linear. In the
nonactivated Fe-SMA rebars, the reducing Young’s modulus (Figure 4) with respect to the
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increasing stresses can be seen in the concave curve progression. Regarding the SMA-1-th
curve (pre-stressed), the serviceability of the composite material was clearly enhanced. The
serviceability limit state can be set to about 20 kNN, or about one-third (177 MPa) of the yield
strength of construction steel. After the cracking process, the SMA-1-th curve proceeds
nearly parallel to that of the nonactivated Fe-SMA rebars. This indicates that the activated
Fe-SMA rebars behaved similarly to the nonactivated ones at higher loads when the effect
of pre-stressing was overcome.

force (F) (kN)
+ 250 +— 400 —+ 250 —+

5 \L E
0.0 0.2 0.4 0.6 0.8 1.0

strain (distance clamps) (%)
——B500B-2 ——SMA-4-nonactivated -SMA-1-activated

Figure 8. The force-strain curves of exemplary specimens of the reinforced concrete tensile tests.
Specimen age 32/33 d; testing speed: 1 mm/min; free length (distance clamps): Ly = 400 mm.
Strains were measured via DIC at a rate of 1 Hz. Naming: type of material, specimen number,
nonactivated /activated (pre-stressed).

The crack distribution as well as the development of the crack pattern were observed
using a DIC measurement system. Figure 9 shows the specimen’s surfaces with plotted
strains at the loads of 20 kN and 40 kN. Under a load of 20 kN, the B500B (20 kN = 177 MPa)
and the SMA (not thermally treated) contain most of the cracks and can be located in part 3
of the force-strain curve. Due to the axial stiffness of the rebars, some cracks developed
from one side of the specimen to the other. In the case of the activated Fe-SMA rebars
(SMA-1-th), no cracks are visible. Because of the pre-stress force of the Fe-SMA rebars, the
specimen remained uncracked.

Considering the crack patterns at a load of 40 kN, the widening of the cracks in the
case of the B500B and SMA (nonactivated) specimens can be observed. In addition, the pre-
stressed specimen (SMA-1-th) shows cracks. B500 has the lowest crack spacings (=5 cm),
while the crack spacings of the SMA are about 7 cm wide. Due to the pre-stressed concrete,
the distance between the cracks of the activated SMA steel are clearly larger (<15 cm).
Besides the typical tensile cracks, the beginning of longitudinal cracks along the rebar is
visible. This can be explained by the low concrete cover of about 19 mm (1.5 X dyejn.)-

For the comparison of the bonding performance of the materials, the force-crack-
opening curves of the representative cracks are shown in Figure 10. The crack opening
was measured with two digital extensometers (w1 and wy) of the DIC. The extensometers
were placed near the specimen’s edges. The mean value of both extensometers is plotted
in Figure 10. Shown are two cracks located in the free measuring area that occurred in an
early stage of the cracking process. They were chosen as exemplary cracks.
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Figure 9. DIC pictures with marked strains and loads of 20 kN and 40 kN. Specimen age, 32/33 d; naming: type of material,
specimen number, nonactivated /activated (pre-stressed).
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Figure 10. The force-crack-opening curves of the representative cracks. The crack opening is the
mean value of two digital (DIC) extensometers. Naming: type of material, specimen number,
nonactivated /activated (pre-stressed).

The opening of the crack is influenced by the following cracks. This can be seen in
the decreasing trend of the crack openings in the curves. While the first openings of the
B500 and Fe-SMA rebars are comparable, the following development differs. Due to the
steeper ribs and greater EA of the construction steel compared to the SMA rebars, the
force-crack-opening curves are clearly steeper. Both materials behaved similarly at the state
of the serviceability limit. Here, the specimens with pre-stressed SMA steel are uncracked.
After the first cracks appear, the curve develops in a relatively flat manner and approaches
the curves of the nonactivated Fe-SMA rebars. These results underline the conclusion
concerning the force-strain-curves (Figure 8) that the activated FE-SMA behave similarly to
the nonactivated ones after the effect of pre-stressing is overcome.
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5. Summary and Conclusions

For the evaluation of reinforced concrete material behavior under tensile loads, tensile
tests were performed. Construction steel B500B rebars and FE-SMA rebars were chosen
as materials. A fine-grained concrete with a maximum grain size of 8 mm, a compressive
strength of f , 34 = 84.0 MPa, and a flexural strength of f_ g, 234 = 11.0 MPa was used
to produce the specimens. Fe-SMA rebar concrete composite specimens in the shape of
900 mm long concrete bars with a cross-section of 50 mm x 70 mm were tested, both in their
nonactivated and activated (pre-stressed) states, to consider the effects of the pre-stressing
in a direct way. In both cases, the Fe-SMA rebars were pre-strained. For each material
(B500B, nonactivated Fe-SMA, activated /pre-stressed Fe-SMA), two specimens were tested.
To pre-stress the specimens, they were stored in an oven and heated to 160 °C in less
than two hours (thermal treatment). The influence of thermal treatment on the concrete’s
performance was found to be negligible. Due to the pre-stressing, the first crack loads
increased from 12.0 to 31.9 kN, which indicates a growth of 166%. After cracks appeared in
the specimens, the influence of the axial stiffness of the materials became clear. The greater
EA and constant Young’s modulus of the B500B resulted in stiffer force-strain curves and a
nearly linear behavior in the fully cracked state. Compared to that, the nonactivated Fe-
SMA rebars had softer behavior, and a decreasing Young’s modulus at increasing stresses
was observed. The loading curve of pre-stressed Fe-SMA rebar specimens proceeded
nearly parallel to the inactivated ones after the cracking process ended. For the evaluation
of the cracking process, a DIC measurement system was used. The crack spacings as
well as the force-crack-opening curves differed for the tested specimens. While B500B
had the smallest crack spacings and the steepest force-crack-opening curve, pre-stressing
resulted in larger crack spacings. The bonding performance of the nonactivated and
activated Fe-SMA specimens was found to be similar, which was shown via the converging
force-crack-opening curves of both series.

6. Outlook

In practice, it is possible to anchor the Fe-SMA rebars only at the ends of the elements
(i.e., castin concrete) and activate pre-stressing in the free length (see Figure 2a). Afterwards,
the pre-stressed rebars in the free length are then cast. In this case, the pre-stressing effect is
transferred to the structural element at the ends, while the repair concrete is not pre-stressed.
Thus, the system will probably result in reduced deflections and finer but earlier cracks. In
further investigations, both methods (activation of the Fe-SMA embedded solely on the
ends and pre-stressing the fully embedded Fe-SMA rebar; compare Figure 2a,b) will be
analyzed and compared via bending tests. Furthermore, the DIC measurement system will
be utilized to show the strain distribution on the specimen during the pre-stressing process.
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