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ABSTRACT: Shear failures in reinforced concrete beams are associated with fragile collapses, 
practically without reaction, due to low deformations at failure which make difficult to predict 
them. This communication presents an experimental campaign which assesses the possibility of 
obtaining more ductile shear failures by using pseudoelastic Ni-Ti alloy reinforcement. It must 
be highlighted that with today’s technology and cost of Shape Memory Alloys (SMAs) it is not 
possible to think about completely replacing the ordinary steel reinforcement, but SMAs could 
probably be used in certain critical zones of the structure, i.e. plastic hinges, to give the structure 
the ability to respond to accidental or seismic loads. According to the tests results, the Ni-Ti 
reinforced specimen showed approximately 9 times higher deflection at failure compared to that 
obtained for the beam with steel stirrups and for the non-shear reinforced specimen. Observed 
behavior envisages new promising applications in the construction field. 

 
 

  



  

 

  

1 INTRODUCTION 

It is well recognized that shear failure of concrete is sudden and brittle in nature, with little or no 
warning, especially for concrete beams reinforced only with longitudinal tensile reinforcement, 
Yuliang et al. (1994). This brittle behavior becomes the object of detailed analysis in the case of 
structures that may be affected by an earthquake. Modern seismic codes impose a series of 
detailing provisions that try to prevent failure in beam-column joint, as the ones represented in 
Fig. 1, leading the failure to beam ductile plastic hinges, Arslan et al. (2007). 

 

Figure 1. Strong beams – Weak columns failures Arslan et al (2007). 

The interesting properties of shape memory alloys (SMAs) have raised the development of 
investigations and studies for the possible applications of these alloys in the field of civil 
engineering as reported by Janke et al. (2005), Song et al. (2006), Alan el al. (2007), Cladera et 
al. (2013), Cladera et al. (2014) among others. In terms of structural engineering, there are three 
key properties to SMAs: shape memory effect, pseudoelasticity (or superelasticity), and 
damping capacity. The shape memory effect refers to the phenomenon whereby SMAs are 
capable of returning to a predefined shape upon heating. Superelasticity is the phenomenon 
whereby SMAs may be able to undergo high inelastic deformations and, despite these, return to 
their original shape upon unloading. The third property, linked to the two above ones, is due to 
the capacity to convert mechanical energy into thermal energy and, thereby, to the possibility of 
reducing movements or vibrations of a structure. 

The use of rectangular continuous spiral steel reinforcement in elements with rectangular or T 
cross-sections has been recently studied. As Karayannis et al. (2013) pointed out, the installation 
of steel spiral reinforcement reduces labor cost with respect to the installation of the single 
closed stirrups and it reduces the amount of steel, because common single closed stirrups 
demand the formation of two end hooks for anchorage and these are not needed in spiral 
reinforcement. The authors reported an increase in the shear strength due to the use of the 
advanced rectangular continuous spiral reinforcement, compared to single closed stirrups and a 
significantly improved post-peak behavior, with a significant middle span deflection ductility 
index. 

In this communication, room temperature superelastic Ni-Ti continuous rectangular spiral 
reinforcement, also referred as helix reinforcement, will be used to allow very high 
deformations in beams to ensure ductile shear failures, preventing fragile structural collapses 
due to the rupture of the stirrups. 



  

 

  

2 EXPERIMENTAL PROGRAM 

2.1 Design of the test specimens 

Three RC beams were designed and tested as proof-of-concept prototypes within a larger 
experimental campaign. The test variables were the amount and type of shear reinforcement (no 
shear reinforcement, conventional steel shear reinforcement, Ni-Ti continuous rectangular spiral 
shear reinforcement with pitch equal to 130 mm). The concrete compressive strength was 60 
MPa. All the RC beams were 80 mm wide and 200 mm deep, nominal values (fig. 2). The shear 
span in the critical zone, a, was equal to 520 mm, with a/d = 2.97. The shear span at the other 
side was 740 mm, being 1260 mm the length between support axes. The actual characteristics of 
the beams are presented in Table 1. 

The nomenclature for the different beam specimens (e.g. 03-Steel/Ø14/NiTi/130/2) is as 
follows. The nomenclature starts with a number (01 to 03) that indicates the beam type for easy 
recognition. Next, the longitudinal reinforcement is identified; the word “steel” followed by 
Ø14 is always indicated in these beams. The two following fields indicate the material of the 
shear reinforcement and the separation of the steel stirrups or pitch of the Ni-Ti rectangular-
spiral. The last number, 2, for the 3 beams reported, indicates a semi-cyclic test procedure. 

 
Figure 2. Nominal beam geometry and different type of steel and Ni-Ti reinforcement used. 



  

 

  

Table 1. Details of the beam specimens 

Beam  
fcm 
(MPa) 

fsp 
(MPa) 

a/d 
nominal 

Long. reinforcement Shear reinforcement 
Diameter ρl  

(%) 
φ/spacing 
(mm) 

Material ρtfy 

(MPa) 
01-Steel/Ø14/--/--/2 59 4.4 2.97 2φ14 2.15 - - - 
02-Steel/Ø14/Steel/130/2 63 4.6 2.97 2φ14 2.15 φ4/130 Steel 1.692 
03-Steel/Ø14/NiTi/130/2 59.5 4.4 2.97 2φ14 2.15 φ3/130 Ni-Ti 0.686 
 
Table 2. Properties of ordinary steel reinforcing bars 

Rebar 
Area 
(mm2) 

fy 
(MPa) 

fu 
(MPa) 

Ø4 12.57 700 735 
Ø8 50.27 525 615 
Ø14 153.94 540 626 
 
2.1.1 Fabrication of the specimens, material properties, instrumentation and testing procedure 

The beams were cast at the Pastor S.A precast concrete plant, located in Santa Margalida 
(Majorca, Spain). The concrete components, moulds and procedures were those actually used at 
that plant. A maximum aggregate size of 12 mm was used. Standard 150 mm cubes and 150 mm 
× 300 mm cylinders and were cast with the specimens to obtain the compressive strength, fcm, 
and splitting strength, fsp, respectively (Table 1). These cubes and cylinders were kept under the 
same environmental conditions as the beam specimens until the time of testing. 

Three different ordinary steel rebars were used for the longitudinal tensile reinforcement 
(Ø14mm), longitudinal compression reinforcement (Ø8mm) and shear reinforcement for beam 
02-Steel/Ø14/Steel/130/2 (Ø4mm). The main properties of these rebars are presented in Table 2. 
The bottom bars of all specimens were hooked upwards beyond the supports to avoid anchorage 
slippage. 

For the shear Ni-Ti reinforced beam, pseudoelastic Ni-Ti continuous rectangular spiral 
reinforcement was used. Plain 3 mm diameter Ni-Ti wires were used, without ribs or 
indentations of any type. The rectangular spiral was mechanically fixed to ordinary stirrups 
outside of the critical span (Figure 3). The stirrup index (ρtfy) of the Ni-Ti shear reinforced beam 
is less than half than the one of the ordinary steel reinforced beam. 

  

Figure 3. Fixation of the rectangular spiral to ordinary stirrups. 



  

 

  

 

Figure 4. Stress-strain behavior of the Ni-Ti reinforcement according to ASTM F2516-07e2 
(2007). 

The decision to use rectangular spirals and no single close stirrups in the case of the Ni-Ti 
reinforcement was because mechanical and heat treatments must be applied simultaneously to 
obtain a rectangular shape with pseudoelastic Ni-Ti and a continuous process substantially 
diminishes the amount of man-labor. Therefore, the manufacturer considered that the best 
option to produce single closed stirrups was to manufacture a continuous rectangular spiral and 
to cut it into separate stirrups afterward, losing part of the material. For this reason, knowing the 
positive effects of rectangular spirals in the behavior of different concrete elements as well as 
taking into account the high cost of Ni-Ti, a continuous spiral was considered the most effective 
shape for this alloy to be used as shear reinforcement. 

The stress-strain behavior of the Ni-Ti wire according to ASTM F2516-07e2 (2007) is shown in 
Figure 4. The ultimate strength is equal to 1395 MPa for a strain of 15%. The yielding strength, 
understood for this superelastic material as the stress in which the phase transformation from 
austenite to martensite starts due to mechanical induction, is equal to 505 MPa. The stress in 
which the phase transformation from austenite to martensite finishes due to mechanical 
induction is approximately 590 MPa. The austenite phase modulus of elasticity is 41 GPa. 

The beams tests were carried out under displacement control using a hydraulic actuator with a 
maximum load capacity of 100 kN. The load was applied at a distance of 520 mm from a sliding 
pin bearing, and 740 mm away from a fixed pin bearing.  

3 RESULTS OF EXPERIMENTAL INVESTIGATION 

The 3 beams failed in shear. Table 3 and Figure 5 summaries the most important results 
presented. In addition to the actual maximum shear force, the deflection just previous to the 
final collapse is presented in absolute terms and related to the span length. 

Table 3. Details of the beam specimens 

Beam no. Load type Maximum shear 
force (KN) 

Deflection at maximum force  
(mm) δ/l 

01-Steel/Ø14/--/--/2 Semi-cyclic 27.24 4.79 1/263 
02-Steel/Ø14/Steel/130/2 Semi-cyclic 58.35 7.11 1/177 
03-Steel/Ø14/NiTi/130/2 Semi-cyclic 39.60 31.66 1/40 



  

 

  

 

Figure 5. Shear force vs. deflection for semi-cyclic tests. 

One of the most remarkable differences between the different shear reinforcement 
configurations is the ability to sustain the shear force for larger deflections. The beam with the 
Ni-Ti spiral, i.e. 03-Steel/Ø14/NiTi/130/2, showed very large deflections. Note that the beam 
with the steel shear reinforcement had a higher shear strength, due to the higher reinforcement 
index (see Table 1). 

Figure 6 show the different crack patterns of the tested beams:  beam without stirrups (Fig. 6A), 
a beam with steel stirrups (Fig. 6B) and beam with Ni-Ti stirrups (Fig. 6C) just after reaching 
the maximum load. In cases A and B, the load suddenly dropped after the shear critical crack 
propagated until the load point, as predicted by different shear mechanical methods Zararis et al. 
(2001) and Marí et al. (2014). In the member with steel stirrups, 02-Steel/Ø14/Steel/130/2, one 
of the stirrups located in the critical area actually broke at the collapse. 
 

 

Figure 6. Photographs of the beam specimens 01, 02 and 03 before the maximum load, ordered 
from left to right. 



  

 

  

 

 

Figure 7. Photograph of the beam specimen 03-Steel/Ø14/NiTi/130/2 at the moment of 
sustaining its maximum shear force (39 kN) previous to the collapse. 

4 CONCLUSIONS 

Despite the low elastic modulus observed in the Ni-Ti alloy, compared to conventionally-used 
steel for shear reinforcement, this alloy has shown adequate characteristics for certain types of 
reinforced concrete design. In fact, the beam reinforced with the Ni-Ti rectangular-spiral 
showed very high ductility in shear, with a clear evolution of shear strength mechanisms, before 
failure, which should be studied in order to design and asses this type of constructive solutions. 
This could allow a design of reinforced concrete structures with ductility versus the shear 
forces, as occurs until now with bending design of these elements. Finally, this type of Ni-Ti 
shear reinforcement could be used for critical beam-columns connections in earthquake exposed 
structures to prevent their collapse and also for structures with safety special requirements (risk 
of explosions).  
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