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a b s t r a c t
Considerable age of a very high number of bridges conjointly with a steadily increasing amount of traffic
and changes in design philosophy (e.g. earthquake engineering) have made maintenance needed and retrofitting become more and more important over the years. Retrofitting can become necessary both for
flexure or shear enhancements. Existing steel solutions for shear strengthening are very laborious and
complex, and the durability of the steel construction is questionable. As an alternative to steel solutions,
carbon fiber reinforced polymer (CFRP) sheets or strips are used for shear strengthening of reinforced
concrete beams. But, prestressing of CFRP sheets or strips is hardly applicable. However, a prestressing
of a shear strengthening has the advantages that the width of existing shear cracks can be reduced
and the stresses in the internal steel stirrups are reduced.
Therefore, in this study, a new iron-based shape memory alloy (‘memory-steel’) in the form of Ushaped (stirrups) ribbed bars with a nominal diameter of 12 mm were used in combination with sprayed
mortar for shear strengthening of reinforced concrete (RC) structures. The memory-steel bars were activated with electric resistive heating. The activation resulted in a prestress of about 300 N/mm2 in the
memory-steel reinforcement and consequently in vertical compressive stresses in the web of the RC
beams. Large-scale experiments on T-beams with a height of 0.75 m and a total length of 5.2 m were performed to show the practicability and efficiency of the memory-steel shear strengthening. Promising
results have shown that the new strengthening system works well in practice. The shear capacity could
be increased significantly. Furthermore, at the serviceability limit state, the prestressed memory-steel
stirrups reduced the overall beam deflections, the stresses in the internal steel stirrups, the number of
cracks, and the crack widths.
Ó 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Built infrastructure, such as buildings, bridges, highways, dams,
tunnels, water supply systems, and many others guarantee the
proper functioning of our daily living standards. Their structural
⇑ Corresponding author at: Empa, Empa, Structural Engineering Research Laboratory, Überlandstrasse 129, 8600 Dübendorf, Switzerland.
E-mail address: christoph.czaderski@empa.ch (C. Czaderski).

integrity in combination with their construction and maintenance
costs is one of the key challenges civil engineers are confronted
with. Since infrastructure (beside buildings) is in its large majority
public-owned, investments often directly derive from tax money
and hence are of high public interest. For several decades already,
reinforced concrete is a very well-known and efficient building
material and represents nowadays by far the most spread construction material all over the world. Considerable age of a very
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15]. The hydraulic jacks and the mechanical anchorage system of
conventional prestressing techniques would become obsolete.
Therefore, prestressing is easier and cheaper when using SMA,
because ducts, anchor heads, and oil hydraulic jacks are not necessary anymore. The material in the shape of a ribbed bar is initially
prestrained and can subsequently be placed into a concrete structure or externally installed and being surrounded afterwards with
an additional cementitious layer (e.g. shotcrete or sprayed mortar),
[16]. Once the surrounding material has sufficiently cured, heating
is applied to the steel bars by resistive heating. Since the bars cannot move back to their initial state as they are blocked by the concrete, they will be prestressed and consequently, the concrete will
undergo compression stresses. (Iron-based) shape memory alloys
further have the advantage that in case of a future demolition,
the material can be fully recycled and hence offers a strong contribution to the circular economy. In Europe and North America,
stainless steel production is almost solely based on recycling
(melting and re-casting) scrap material. Iron-based shape memory
alloys can, due to their metallurgical composition (see description
below for the alloy composition of the Fe-SMA used in this study),
be treated in a similar manner as stainless steel and hence be reintroduced into the casting process.
Lastly, fire protection is also far less invasive compared to for
instance FRP products, which due to the low glass transition temperature of the resin require substantial measures to protect them
from high temperatures. The behavior of iron based shape memory
alloys under elevated temperatures is comparable to steel [17],
which leads to simpler and less cost-intensive protection systems
compared to FRP’s.
The most commercially available shape memory alloy on the
market is Nickel/Titanium (NiTi). However, the commercial application of NiTi is limited due to the high costs of raw materials
and processing. The effectiveness of NiTi for prestressing is often
restricted by their relatively narrow thermal hysteresis, which is
inadequate for the large and stable recovery stresses required for
civil engineering applications. In a study presented in [18], a concrete beam was reinforced with NiTi wires. It was found that if
the NiTi wires are heated, they are prestressed and have a larger
stiffness, however, if they are not heated, they lose the prestress
and have a reduced stiffness. As an alternative, iron-based shape
memory alloys such as Fe-Mn-Si based alloys are more suitable
for this type of application due to their wide transformation hysteresis, lower cost, and high elastic stiffness compared to conventional Nitinol alloys [15,19]. Sato et al. discovered the shape
memory effect in these alloys in 1982 [20]. A Fe-Mn-Si based alloy
especially feasible for construction was invented at Empa [21]. The
composition of the alloy is Fe-17Mn-5Si-10Cr-4Ni-1(V,C) (mass%).

high number of for instance bridges conjointly with a steadily
increasing amount of traffic and changes in design philosophy
(e.g. earthquake engineering) have made maintenance needed
and retrofitting become more and more important over the years.
Maintenance costs represent nowadays a very important part of all
investments related to a specific construction type. In the United
States, for instance, maintenance costs for bridges are above 10 billion USD per year according to a study by the American Society of
Civil Engineers [1].
Prestressing a reinforced concrete structure is an even more
efficient technique in terms of durability and serviceability, as
cracks and deformations can be reduced or at least prevented from
further growing. This technique is a common construction method
all over the world: a large number of bridges are fully or partially
designed this way, especially to overcome large spans and to guarantee the mentioned satisfactory behavior under service loads.
Prestressed tendons are mainly used in the longitudinal direction
(flexural reinforcement). Very rare is the usage of prestressing for
shear strengthening because it is very complicated from a practical
point of view. However, according to for example the Swisscode
SIA 166 ‘‘Externally bonded reinforcement” [2], the provision is
given that, if a beam with shear cracks at serviceability state shall
be strengthened for shear, then, the strengthening shall envelop
the total beam height and must be prestressed. The advantages if
the shear strengthening is prestressed are [3]: (i) the shear cracks
can be reduced or even closed, (ii) the existing internal steel stirrups are partly unloaded what increases their fatigue resistance
and (iii) the strengthening takes immediately additional loads.
However, prestressing of the shear strengthening is hardly possible
today with the conventional systems. Fig. 1 shows a (prestressed)
shear strengthening example on a Swiss bridge. It can be seen that
such solutions are very laborious and complex, and the durability
of the steel construction is questionable. As an alternative to the
steel solutions, carbon fiber reinforced polymer (CFRP) sheets or
strips are used for shear strengthening of reinforced concrete
beams [4–9]. However, prestressing of the CFRP sheets or strips
is hardly possible. The only CFRP system, which can prestressed,
is the unbonded carbon fiber–reinforced polymer (CFRP) strap system from the company Carbo-Link, a spin-off from Empa in
Switzerland, which was originally developed at Empa [3,5,10–12].
However, the application of shape memory alloy stirrups can
provide the possibility to implement prestressed shear strengthening. Shape memory alloys have the characteristic that they, after
having been pre-deformed, move partly back to their initial shape
when subjected to high temperatures. This characteristic leads to a
completely new philosophy in terms of a prestressing technique
for concrete constructions based on shape memory effects [13–

Fig. 1. Example of a conventional shear strengthening on a Bridge near Solothurn in Switzerland.
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and several measurements during the loading up to failure were
performed to quantify the effect of the prestressed stirrups. A further aim of the investigation was to show the practicability of the
new strengthening technique for on-site applications.

Related products were then developed in collaboration with re-fer
AG founded in 2012 to commercialize these reinforcements [22].
The Fe-Mn-Si based alloy is generally known as ‘memory-steel’.
memory-steel is produced in the form of ribbed bars and strips
[14,23–25].
The research in the field of SMA for shear strengthening started
already in 2001 [26]. Strengthened successfully a RC beam in the
laboratory and also a real bridge in the US by using iron based
shape memory alloy rods. Unfortunately, according to the knowledge of the authors, this research was not continued. Only again
in 2016 [27], published a study on pseudoelastic Ni-Ti (commonly
known as Nitinol or NiTi) continuous spiral shear reinforcements
for rectangular RC beams to obtaining more ductile shear failures.
The beams reinforced with the Ni-Ti rectangular spirals showed
high ductility in shear, with very high deflections and large crack
widths at failure. In the same institute, proof-of-concept
researches
on concrete beams
with the
dimensions
80x150x900 mm were performed. Firstly [28], presented an investigation on shear strengthening of the rectangular beams by using
3 mm diameter Ni-Ti-Nb wires externally installed around the
beams, forming a pseudo-spiral, to actively confine, or transversally prestress, the RC members. Secondly [29], used 12.5 and
25 mm wide and 0.5 mm thick iron based shape memory alloys
(Fe-SMA) strips. The strips were wrapped around the rectangular
cross-section, connected with a buckle, and then activated (prestressed) what means that they were heated with a heat gun.
The shear strengthened beams showed a significant higher failure
load and for the beams strengthened with activated strips, the
appearance of shear cracks was delayed, there were fewer shear
cracks, and the deflections of beams were significantly lower,
which revealed the benefits of this active shear strengthening technology. Lastly [30], recently published a study on the shear
strengthening of real-scale RC T-beams by means of U-shaped
Fe-SMA strips. The T-beams had a length of 5.5 m and a height
of 0.55 m. All the beams failed in shear and the retrofitted beams
showed a 30% increased shear strength. The active shear strengthening delayed the appearance of cracks and reduced their crack
width at service loads. However, in the study, problems with the
mechanical fasteners to fix the Fe-SMA strips to the web occurred
so that the proper performance of the Fe-SMA strips were prevented and it was concluded for future research another type of
mechanical anchorage or a fully wrapping method shall be used.
[31] used also 25 mm wide and 0.5 mm thick iron-based shape
memory alloys (Fe-SMA) strips to shear strengthen 2.3 m long and
0.35 m high T-beams. Although there were some issues with the
anchorage of the strips at the flanges and more development work
would be necessary, generally, they found a significant increase in
both strength and ductility of the strengthened beams compared to
the control specimens.
In this research, a large-scale experimental campaign on RC
beams, which were strengthened for shear by a new innovative
method is presented. The new method uses U-shaped ribbed
memory-steel bars, which are embedded in an additional sprayed
mortar layer and are prestressed after the mortar has cured.

2.1. Strengthening procedure
The strengthening procedure on the RC beams included the following working steps:
1. Drilling of holes in the flange (Fig. 5)
2. Concrete hammering in the strengthening area (Fig. 2)
3. Sandblasting of the hammered zones to remove all loosely concrete parts
4. Installation of the U-shaped ribbed memory-steel stirrups
(Fig. 3)
5. Application of formwork for the repair mortar (Fig. 4)
6. Application of a bonding primer (Sika MonoTop-910N) to the
concrete surface
7. Application of the repair mortar (Sika MonoTop-412N) by
spraying (Fig. 4)
8. Filling of the holes in the flange with cementitious grout
(SikaGrout-314)
9. Activation of the memory-steel stirrups by resistive heating
The thickness of the sprayed mortar layer was approximately
30 mm. Therefore, the U-shaped ribbed memory-steel stirrups
had a cover of 10–20 mm in the test beams. However, similar as
in usual reinforced concrete, the concrete protects the reinforcement for corrosion and larger covers are recommended for real
applications.

2.2. Beam geometry and materials
The geometries of the beams were chosen so that they are representative of onsite application; the height, the web width, and
the span were 0.75 m, 0.16 m, and 4.3 m, respectively (Fig. 5
and Fig. 7). A further aim of the experiments was to reach shear
failure so that the behavior of the new shear strengthening method
under shear loading and shear failure could be investigated. Therefore, the moment/shear ratio a/d (a = distance between load and
support, d = static height) was chosen as 1800/665 = 2.7, what is
a good ratio for shear failure (Fig. 7) according to the ‘‘Kani valley”,
see e.g. [32]. Additionally, a high strength flexural reinforcement (4
bars Ø=30 mm, yield strength of 843 MPa, tensile strength of
945 MPa) was used to avoid premature flexural failure. The internal steel stirrups with a diameter of 8 mm had a yield strength of
504 MPa and tensile strength of 560 MPa. Three stirrups were
placed in each shear span. The locations of the stirrups are displayed in Fig. 7.

2. Experiments
Large-scale reinforced concrete (RC) beams with a shear deficient reinforcement were constructed, strengthened for shear by
using U-shaped ribbed memory-steel bars embedded in an additional sprayed mortar layer, and lastly loaded to failure. The aim
was to show the efficiency of the new memory-steel shear
strengthening method. The main focus was on the effect of the prestress of the stirrups. To study the effect of the prestress, reference
beams that were not prestressed were examined as comparison

Fig. 2. Concrete hammering on one of the test beams.
3
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Fig. 3. Installed memory-steel stirrups on one of the test beams. The red bolts are
polymer dowels for fixation of the memory-steel stirrups on the concrete surface.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Stress–strain diagram of a ribbed memory-steel bar, similar as used in this
study.

with a mean strain at failure Agt of 20%. A typical stress–strain diagram is displayed in Fig. 6. The first part of it corresponds to Action
(1) as discussed below, see Fig. 8.
On the surface of the hammered concrete, the bonding primer
Sika MonoTop-910 N was used. According to the technical data
sheet of the supplier, it is a cementitious, polymer-modified onecomponent coating material containing silica fume and has a compressive strength after 28 days of approximately 35 N/mm2. The
repair mortar Sika MonoTop-412 N is, according to the technical
data sheet of the supplier, a 1-component, fiber reinforced, low
shrinkage repair mortar, and has a compressive and flexural tensile
strength after 28 days of approximately 55 and 8 N/mm2, respectively. For the filling of the holes in the flange, SikaGrout-314
was used. According to the technical data sheet of the supplier, it
is a 1-component, cementitious, expanding, low shrinkage grout
and has a compressive strength after 28 days of approximately
90 N/mm2.

Fig. 4. Application of spray mortar to one of the test beams. Timber formwork on
the sides and the bottom.

2.3. Experimental program
The experimental program is presented in Table 1 and Fig. 7.
Beam 1 was the unstrengthened reference beam. Beams 2 and 3
had the same strengthening scheme (i.e. three memory-steel stirrups), however, the memory-steel stirrups were only activated
(prestressed) in Beam 2, so that the beneficial effect of prestress
could be studied. Beams 5 and 6 were strengthened with five
memory-steel stirrups, whereas again only the memory-steel stirrups in Beam 5 were activated.
Furthermore, the reference beam without strengthening (Beam
1) was repaired after the failure test and tested again (Beam 4),
[33].
2.4. Prestraining, activation, and loading of memory-steel stirrups
The main actions for the shear strengthening by using memorysteel are illustrated in Fig. 8a): Action (1): The memory-steel reinforcements were pre-strained to a strain level of about 4%, afterward fully released and then formed in U-shape. In the next step,
they were embedded in the sprayed mortar as described above
(Fig. 4). After the mortar had cured, the beams were transported
to the laboratory. Then, the memory-steel U-shaped stirrups were
activated by resistive heating, Action (2) in Fig. 8a) and b). For that
reason, the electric power supply from the company re-fer AG,
which is specially designed for activation of memory-steel, was
connected by cooper clamps (Fig. 9 and Fig. 10). By using a current
of 400 A (current density of 3.5 A/mm2), one stirrup after the other
was heated to approximately 160 °C, see the measured tempera-

Fig. 5. Cross-section of the test beams including the strengthening method.

The concrete was produced and delivered from a local concrete
plant. It had a maximum aggregate size of 16 mm and the obtained
strengths are given in Table 1.
The ribbed memory-steel bars with a nominal diameter of
12 mm (effective approximately 11 mm) were delivered by the
company re-fer. They were prestrained to 4% and bent afterwards
in a U-shape. Tensile mean strength Rm of the bars was 810 N/mm2
4
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Fig. 7. Geometry and reinforcement of the beams.

Table 1
Overview of the experimental program. Concrete strength of the test beams at the day of failure tests (fcm,cube: compression test on three cubes 150 mm3, fctm: splitting tensile test
on three cubes 150 mm3).

Beam 1
Beam 2
Beam 3
Beam 4 (the
repaired Beam 1)
Beam 5
Beam 6

Internal steel stirrups in
a shear span

External memory-steel stirrups
in a shear span

memory-steel
prestressed

fc,cube
MPa

fct
MPa

3
3
3
damaged

–
3
3
3

–
Yes
No
Yes

48.1
46.5
43.5
–

3.90
3.45
3.45
–

3
3

5
5

Yes
No

58.7
42.1

4.85
3.25

5
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Fig. 8. a) Schematic of three main actions of application of memory-steel to strengthen and prestress a RC structure. b) Schematic illustration of the activation, Action (2), and
the recovery stress development.

memory-steel bars, a prestress of approximately 300 MPa can be
expected for heating temperatures measured in Fig. 11. Therefore,
if a web width of 220 mm is assumed (including the sprayed mortar), Beam 2 and 5 with three and five memory-steel stirrups had
before the start of the loading experiment vertical compression
stress in the concrete web of approximately 0.6 MPa and
0.9 MPa, respectively.
Lastly, Action (3), when the concrete structure was loaded, the
memory-steel U-shaped stirrups performed as shown in Fig. 8a.
2.5. Experimental set-up
The beams were investigated in a four-point bending loading
scheme (Fig. 7 and Fig. 12). The loading was applied by using
two 1000 kN hydraulic jacks. The beams were supported by two
rolling supports, one of them horizontally fixed.

Fig. 9. One side of Beam 2 with the sprayed mortar area, the thermocouples for the
temperature measurements during activation, and the U-shaped memory-steel
stirrups which are visible on the top side.

2.6. Measurements
Beside conventional mid-span displacement with LVDT’s, strain
gauge measurements (designation SG in Fig. 13) and load cells, also
digital image correlation (DIC) measurements were performed
(Fig. 12) with two measurement fields (gray area in Fig. 13) on both
shear spans to monitor the crack pattern and crack width developments. Strain gauges were not attached to the memory-steel stirrups, because the memory-steel stirrups were heated to 160–
200 °C, what could damage the strain gauges.
2.7. Repair of a damaged beam
As described in the overview of the experimental program in
Table 1, besides the investigation of new beams, also a beam,
which was loaded to failure was repaired and then tested again.
To be more specific, the reference beam without strengthening
(Beam 1) was repaired after the failure test. Firstly, the large shear
cracks in Beam 1 were closed at the sides with a mortar (Sika
FastFix-121) and subsequently injected with a two-part injection
grout (Sika InjectoCem-190), Fig. 14. Afterward, the same strengthening steps as described above (Steps 1 to 9) were performed
(Fig. 15). Then, the beam was loaded to failure. The experiment
on the repaired beam was designated as Beam 4. The internal steel
stirrups, which ruptured during the failure test on Beam 1 were not

Fig. 10. Detail of the cooper clamps for the connection of the electric power supply
(resistive heating) with the U-shaped memory-steel stirrups on Beam 2.

tures given in Fig. 11. The temperatures were measured with thermocouples (Fig. 9), which were attached to the stirrups before the
casting. It is visible in Fig. 11, that the maximum temperatures
were reached after 1.5 min, whereas the cooling down to room
temperature needed approximately 20 min. For the ribbed
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Fig. 11. Measured temperatures of the memory-steel stirrups in Beam 2 during their activation. The numbering of the stirrups is given in Fig. 7. For each stirrup, two
measurements were executed.

failure of the flange under the loading point (Fig. 16b and c), which
was not observed in the reference test beam (Beam 1), see Fig. 16a.
Additional to the shear cracking behavior in the web, visible in
Fig. 16, cracks in the flange on the top side of the beams could be
observed. Fig. 18 displays a photo of the cracks on the left (side of
shear failure) top side of Beam 5 after the shear failure. The transverse cracks (No. 1 in Fig. 18) in cross-direction of the beam are
bending cracks in the longitudinal direction, originating from the
small shear stiffness in the longitudinal direction. However, the
longitudinal cracks (No. 2 in Fig. 18 and Fig. 19) indicate a bending
in cross-direction, which might originate from the shear failure of
the beam. Furthermore, in some cases, a slight slip of the stirrups
(Fig. 20) on the top side of the flange was observed after the failure
tests, what might also originate from the shear failure of the beam.

Fig. 12. Set-up for the large-scale experiments (1: tripods and 2: cameras for the
both DIC systems, 3: beam supports, 4: lamps for DIC measurements, 5: oil
hydraulic loading cylinders, 6: wooden plates for light shielding for DIC measurements, 7: test beam, 8: area of sprayed mortar).

3.2. Force-mid-span displacement
The force-mid-span displacement behaviors of all five beams
are given in Fig. 21. The strengthening with the memory-steel stirrups and shotcrete mortar (increase of the web width from 160 to
220 mm) increased the failure forces by 86% (Table 2). Additionally, the mid-span displacements at a serviceability force of
200 kN are also compared in Table 2 and Fig. 21b. Shear strengthening decreased the mid-span considerably down to a minimum of
61% for the case of Beam 5.
By comparing the non-prestressed and prestressed memorysteel strengthening in Table 2 and Fig. 21, the following conclusions can be derived: (1) the failure force was not influenced by
a prestress of the U-shaped memory-steel stirrups, however, (2)
the beam displacements at serviceability was influenced by a prestress. In the case of three and five stirrups, the mid-span displacements were reduced if the stirrups were prestressed from 5.5 mm
to 4.8 mm and from 4.8 mm to 4.4 mm (approximately 10% reduction), respectively. Smaller displacement is due to the higher shear
stiffness of the cross-section if the stirrups are prestressed.

repaired. The results of the Beam 1 and 4 were presented already in
[33].

3. Results
3.1. Failure modes
All beams failed in shear (Fig. 16). In all beams, the internal stirrups yielded and ruptured before the shear failure of the beams.
Rupture of the internal steel stirrups was hearable and some were
visible via the large cracks (Fig. 17). Yielding of the stirrups
resulted in the formation of shear cracks with large widths
(Fig. 16). However, the memory-steel stirrups did not rupture
(Fig. 17). At shear failure, the Beams 2 to 6 showed a compression

7

C. Czaderski, M. Shahverdi and J. Michels

Construction and Building Materials 274 (2021) 121793

Fig. 13. Overview of the measurements performed during the loading experiments up to failure. Displacements, designation SG displays the strain gauge measurements on
the internal steel reinforcements and on the concrete surface, load cells for the load, the gray area designates the fields of the DIC measurements.

Fig. 14. Beam 1 after failure tests. Injected shear cracks. The repaired beam was designated as Beam 4.

repaired and strengthened (Beam 4). It is visible, that the initial
stiffness of Beam 4 is slightly lower as this is due to the flexural
stiffness and the flexural cracks were already produced during
the first loading. However, afterward, the shear stiffness is considerably higher what indicates that the shear strengthening is effective and works well. The failure mode of Beam 4 was the same as
the Beams 2 to 6, namely a compression failure of the flange under
the loading point Fig. 23). The failure load was even higher as Beam
1 which also shows that the repair and strengthening were
successful.
3.3. Force-strain in flexural reinforcement and concrete at mid-span
The curves of the force-tensile strain in the flexural reinforcement and the force-compressive strain in the concrete, both at
beam mid-span (Fig. 13), are given in Fig. 24. It is visible, that
the tensile reinforcement stayed in elastic state and the concrete
was clearly below 3000 lm/m, at which concrete crushing is usually expected. These measurements confirm that the design of the
test beams was correct, predicting that shear failure occurs prior to
bending failure.

Fig. 15. Beam 4 after injection of shear cracks, concrete hammering, sandblasting,
drilling of the holes in the flange, installation of the U-shaped ribbed memory-steel
stirrups. The strengthening steps 5 to 9 are still missing in the photo.

Similar results were reported in [30], in which also beam failure
tests with activated and non-activated memory-steel shear
strengthening were presented. The failure loads of the beams with
activated and non-activated memory-steel shear strengthening
were similar, however, the appearance of shear cracks in the beams
with activated shear strengthening were delayed.
The force-mid-span displacement behavior of the beam, which
was loaded to failure two times is given in Fig. 22. As described
before, firstly, it was tested as the reference unstrengthened beam
(Beam 1), and secondly, it was loaded to failure after it was

3.4. Force-strain in internal steel stirrups
As displayed in Fig. 13, three strain gauges were applied to the
internal steel stirrups. However, some of them were damaged during the strengthening work so that for Beam 2 only one and for
Beam 6 only two strain measurement results were available. The
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Fig. 16. Failure modes of a) Beam 1 (reference beam), b) Beam 2, c) Beam 3, d) Beam 5 and e) Beam 6.
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Fig. 17. Tensile failures of the internal steel stirrups after the failure test: a) in Beam 5, b) in Beam 6 (1: internal steel stirrups, 2: external applied memory-steel stirrups in
sprayed mortar layer).

Fig. 20. Beam 5: arrows are indicating the slip of the memory-steel stirrups after
the shear failure.

Fig. 18. Beam 5: 1) transverse cracks and 2) longitudinal cracks on the left beam
top side (side of shear failure).

measured strains in the internal steel stirrups are presented in
Fig. 25. Firstly, the beneficial effect of the shear strengthening is
visible, because the strains in the internal stirrups are lower in
the strengthened beams compared to the reference beam. Secondly, the prestressing of the memory-steel stirrups reduced the
strain in the internal steel stirrups even more, which can also be
observed in Fig. 25a for the Beams 2 and 3 and Fig. 25b for the
Beams 5 and 6.
3.5. Crack pattern and crack widths
As mentioned before, on both shear spans, the crack pattern
and crack width developments were monitored by using a DIC
system. The crack pattern development of Beam 2 and 3 is displayed in Fig. 26 for various load steps at the serviceability state
in the force range of 50 to 150 kN. The influence of the prestressing of the memory-steel stirrups is mainly visible from
the different inclinations of the cracks. The cracks in Beam 3
(non-prestressed) on the left side of the figure show more
inclined cracks.
As Fig. 26 only shows the qualitative crack pattern development, the software ACDM was used to evaluate the continuous

Fig. 19. Beam 5: only one longitudinal crack on the right beam top side (the side
with no shear failure).

10

Construction and Building Materials 274 (2021) 121793

C. Czaderski, M. Shahverdi and J. Michels

Fig. 21. a) Force-displacement diagrams of Beams 1 to 6 (without 4), b) zoom of a).

Table 2
Results of the large-scale experiments.

Beam 1
Beam 2
Beam 3
Beam 4 (the repaired
Beam 1)
Beam 5
Beam 6

Strengthening configuration

Maximum load F [kN]

Mid-span displacement
[mm] at F = 200 kN

3 stirrups prestressed
3 stirrups
damaged

313.4
535.5
532.7
409.1

100%
171%
170%
131%

7.2
4.8
5.5
5.4

100%
66%
77%
75%

5 stirrups prestressed
5 stirrups

583.6
583.0

186%
186%

4.4
4.8

61%
67%

crack widths. The software was developed at the Institute of Structural Engineering at the ETH Zürich in Switzerland [34]. In Fig. 27
and Fig. 28, the continuous crack widths at the load stage 150 kN of
Beam 2, Beam 3, and Beam 5, Beam 6 are given, respectively. Additionally, in the figures, the mean values of all cracks, the mean
absolute value of the crack slips, and the number of cracks are
presented.
The influence of prestressing on the crack widths is visible in
Fig. 27; crack widths are smaller and the cracks are less inclined
in Beam 2, which had prestressed memory-steel stirrups. Also,
the number of cracks is smaller. The same can be observed in
Fig. 28 with Beam 5, which was prestressed. For example, it is visible in Fig. 27, that Beam 2 with prestressed memory-steel stirrups
had on the left shear span a mean crack width of 0.059 mm,
whereas Beam 3 with non-prestressed memory-steel stirrups had
a mean crack width of 0.092 mm, what is more than 50% larger.
With Fig. 27 and Fig. 28, the influence of using three or five stirrups can be observed. The beams with five stirrups had less
inclined cracks than the beams with three stirrups, however, the
crack widths were similar.

Fig. 22. Force-displacement diagram of Beams 1 and 4.

3.6. Design
From this research work, it can be concluded, that the ultimate
limit state of shear design can performed by neglecting the prestressing force in the shear reinforcement and using the usual
equations as given in the codes and guidelines. However, the serviceability limit state of shear design is strongly influenced by
the prestressing force in the shear reinforcement. More work is
necessary to work out a design concept to consider this effect.

Fig. 23. Failure mode of Beam 4.
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Fig. 24. Force-tensile strain in flexural reinforcement and compressive strain in the concrete of Beam 1 compared with a) Beam 2 and 3 (three stirrups) and b) Beam 5 and 6
(five stirrups) at beam mid-span (Fig. 13).

Fig. 25. Force-tensile strain in internal steel stirrups (shear reinforcement) in Beam 1 compared with a) Beam 2 and 3 (three stirrups) and b) Beam 5 and 6 (five stirrups). (*:
the location of the internal stirrups with strain gauges were not on the beam side with the shear failure).
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Force

Beam 3

Beam 2

kN

3 memory-steel stirrups

3 memory-steel stirrups

non-prestressed

prestressed

55

92

126

146

Fig. 26. Results of the DIC measurements, which were performed on the concrete surfaces on the beams 2 and 3 during the failure experiments as shown in Fig. 13. The
figures display the maximum principal strains.
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Fig. 27. Crack patterns and widths of the beams at a load of 150 kN: a) and b) Beam 2 (three prestressed stirrups), c) and d) Beam 3 (three non-prestressed stirrups).

a)

b)

Beam 5, right shear span, load =150 kN:
Mean value of crack widths: 0.045 mm
Mean absolute value of crack slips: 0.025 mm
Number of cracks: 15

Beam 5, left shear span, load =150 kN:
Mean value of crack widths: 0.057 mm
Mean absolute value of crack slips: 0.033 mm
Number of cracks: 7

c)

Beam 6, left shear span, load =150 kN:
Mean value of crack widths: 0.060 mm
Mean absolute value of crack slips: 0.023 mm
Number of cracks: 13

d)
Beam 6, right shear span, load =150 kN:
Mean value of crack widths: 0.076 mm
Mean absolute value of crack slips: 0.033 mm
Number of cracks: 13

Fig. 28. Crack patterns and widths of the beams at a load of 150 kN: a) and b) Beam 5 (five prestressed stirrups), c) and d) Beam 6 (five non-prestressed stirrups).
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4. Conclusion
This study on iron-based shape memory alloys for shear
strengthening of concrete girders has revealed several aspects
summarized as follows:
&

&

&

&

&

The presented technique on U-shaped ribbed bars embedded in
the shotcrete or sprayed mortar layer is a technically feasible
method for on-site application without any major difficult
tasks. All the performed steps starting with preparing the
memory-steel stirrups over the surface preparation of the girders to finally embedding and activating the shape memory
effect were demonstrated.
The strengthening efficiency could be demonstrated by several
static large-scale experiments. By adding additional stirrups,
load-bearing capacity could be substantially increased. The failure occurred in shear by rupture of the internal steel stirrups
and a subsequent crushing in the upper compression zone. No
interface failure between the existing (and subsequently roughened) concrete surface and the new sprayed mortar layer was
observed. The memory-steel stirrups did not rupture.
Prestressing the memory-steel stirrups allowed to increase the
load at which shear cracks appear. Furthermore, at identical
load level, the width of shear cracks and beam mid-span displacements is smaller in case of prestressing than if initially
unstressed memory-steel stirrups are used.
Prestressing the memory-steel stirrups further reduced the
stress level in the internal steel stirrups. This is particularly beneficial for applications in infrastructure constructions under
cyclic loading and related fatigue problems.
Lastly, the investigation showed also that it was possible to
repair a heavily damaged beam by using the strengthening
method presented in the paper.
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