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A B S T R A C T   

This research focuses on the proof of concept of the feasibility of iron-based shape memory alloys strips (Fe-SMA) 
to strengthen damaged structures by promoting the yielding of longitudinal reinforcement. For this purpose, an 
experimental campaign on real-scale reinforced concrete beams previously damaged on shear and retested after 
being strengthened was carried out. The strengthening technique consists of external Fe-SMA strips wrapping the 
beams. The results show a very significant increase in both shear strength and ductility. In addition, shear 
predictions were calculated and compared by several design models. This study highlights the potentialities of 
Fe-SMA as a strengthening technique for damaged beams on shear.   

1. Introduction 

Interest in extending the safety and lifetime of existing structures has 
grown in the construction industry, magnified by a significant drop in 
government investment in new infrastructure. Unfortunately, the ma-
terials used to build our structures do not permanently conserve their 
properties and progressive ageing causes them to deteriorate. This fact 
has promoted the development of new technologies to repair and 
strengthen reinforced concrete (RC) elements. Some of these technolo-
gies focus on the shear strengthening of beams because this failure is 
associated with feared sudden collapses. 

Shear behaviour is continuously being investigated by many research 
groups [1–6]. However, the shear models of code/standards approaches 
have been discussed for decades and still have some compatible con-
ceptual differences with the complex redistribution of internal stresses 
at failure [7]. Nothing has been settled for design codes about how to 
consider shear strength provided by concrete and stirrups for RC ele-
ments. ACI CODE 318-19 [8], Model Code 2010 [9] and CSA A23.3-14 
[10] include concrete and steel terms. However, Eurocode 2 [11] con-
siders only one term, in which concrete contribution is accounted for by 
modifying the steel contribution by inclining the compression field. 

Several retrofitting systems have been used with different techniques 
and materials. Traditional systems include the use of fibre-reinforced 
polymer (FRP) sheets/plates and aluminium or steel plates [12–15]. In 
addition, recent studies have been conducted to investigate fibre- 
reinforced cementitious matrix (FRCM) composites [16,17] or hybrid 
strengthening materials [18,19]. Nevertheless, in most current tech-
nologies, strengthening materials start working after increasing external 
loads. Therefore, the deformation of a strengthened structure up to a 
certain level of damage is needed before the strengthening material 
begins to contribute. However, shape memory alloys (SMA) can intro-
duce prestressing forces on elements from the time they are installed, 
and can be activated without using complex or expensive auxiliary de-
vices. Accordingly, interest in using SMA has grown in recent years. 
Recent research into the use of iron-based shape memory alloys (Fe- 
SMA) proves its advantages for use in civil engineering structures 
[20–33]. Nonetheless, these research works are still ongoing and more 
studies are necessary. 

Prestressing force is possible owing to the material’s Shape Memory 
Effect (SME). This characteristic allows a prestrained SMA to revert to its 
original shape upon heating and cooling (activation). By restraining the 
deformation recovery while activating, tensile stress is generated in 
SMA, which results in a prestressing force for the underlying structure 
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[25,34], which is called recovery stress. This property is the result of the 
martensitic transformation, which is a reversible phase transformation 
[35]. 

Montoya-Coronado et al. [34] studied the feasibility of strengthening 
beams testing on shear using Fe-SMA. Strengthening of beams was done 
by Fe-SMA strips applied to small-scale RC beams. That research work 
displayed the increased shear strength and ductility of beams by vali-
dating a new anchorage system for Fe-SMA strips using full-wrapping. 
Ruiz-Pinilla et al. [36] performed an FE analysis of this experimental 
campaign by implementing newly proposed analytical stress–strain 
curves of Fe-SMA based on the modified Ramberg-Osgood models for 
non-linear materials [37]. The parameters of the stress–strain equations 
have been adjusted from a large number of tensile tests. The results 
concluded that the appearance of shear cracks was delayed on the 
specimens in which the activation of strips took place. Similar results 
were found by Shahverdi et al. [38], who used ribbed stirrups (Fe-SMA 
ribbed bars) combined with shotcrete mortar. The authors concluded 
that prestressing was the cause of smaller crack widths for service loads. 
Zerbe et al. [19] and Cladera et al. [39] carried out experimental cam-
paigns with Fe-SMA strips, used as shear external strengthening on RC 
beams with a T cross-section. They showed that shear strength 

increased, but the results were negatively conditioned by the influence 
of the anchorage system. 

Most experimental campaigns have studied the shear behaviour of 
RC-strengthened beams by running tests performed on simply supported 
beams. Nevertheless, the bending moment-shear strength interaction is 
a distinctive feature of continuous beams. In these situations, potential 
shear failure regions are simultaneously subjected to maximum shear 
forces and bending moments. The formation of plastic hinges with 
marked rotations enables the redistribution of bending moments before 
developing full structural strength [40]. Therefore, plastic hinges of 
continuous beams must resist large shear forces while developing 
considerable rotations, which may cause shear strength to reduce in 
these critical plastic zones [40–43]. This interaction may be particularly 
relevant to statically indeterminate structures, which may fail in shear 
after yielding of flexural reinforcement and with increasing shear forces 
in critical plastic regions. 

This paper presents an experimental shear strength study that in-
volves the strengthening with external Fe-SMA strips of two previously 
tested continuous RC beams until failure [40,41]. The experimental 
programme was developed at the Institute of Concrete Science and 
Technology (ICITECH) of the Universitat Politècnica de València (UPV, 

Notation 

a shear span (defined as M1,R/VR,test + d/2) 
Astrip area of external Fe-SMA strips considering two branches 

per strip 
d effective depth 
Ec modulus of elasticity of concrete 
Ec(t) modulus of elasticity of concrete at t days 
Es modulus of elasticity of reinforcement 
fc cylinder concrete compressive strength 
fc(t) cylinder concrete compressive strength at t days 
fct concrete tensile strength 
fu reinforcement tensile strength 
fy reinforcement yield stress 
fsw,u shear reinforcement tensile strength 
fsw,y shear reinforcement yield stress 
li cantilever length (i = 1,3) or span (i = 2) 
lj segment of span (j = a,b, c) 
M1,R absolute value of bending moment at failure (at d/2 from 

the section of support A in cantilever tests and from section 
of support B in the span test) 

M2,R bending moment at failure (at d/2 from the section of 
applied P2 in the span test) 

My bending moment when flexural reinforcement is yielded 
Pi applied load (i = 1,2) 
Pi,R applied load (i = 1,2) at failure 
RA reaction in support section A 
RB reaction in support section B 
V shear force 
Vc shear strength provided by concrete 
Vk

c,test range of shear strength provided by concrete in tests (k =

inf , sup) 
Vconfinement

c increase in concrete contribution due to confinement by 
external shear reinforcement 

VRd predicted shear strength by design code 
VR,test shear strength in tests, including self-weight 
Vs shear strength provided by shear reinforcement 

Vs,test shear strength provided by shear reinforcement in tests 
VSMA shear strength provided by external Fe-SMA strips 
Vk

SMA,test range of shear strength provided by external Fe-SMA strips 
in tests, considering free recovery strain (k = inf) or 
constrained recovery strain (k = sup) 

Vy shear force corresponding to the full flexural strength of 
beams 

Δvcu non-dimensional confinement factor 
δi beam deflection under applied load (i = 1,2) 
εsw,0 shear reinforcement strain at the end of the original tests 

(B12C, B15C and B15S) 
εsw,u shear reinforcement strain at maximum load 
εsw,y yield strain of shear reinforcement 
εu reinforcement strain at maximum load 
θ angle between principal web compression due to shear and 

the axis of the member 
θB slope at support B in span tests 
θB,I slope at support B at the end of the first phase in span tests 
ρ tensile reinforcement ratio 
ρw shear reinforcement ratio 
∅ reinforcing bar nominal diameter 
σk

SMA range of tensile stress of external Fe-SMA considering free 
recovery strain (k = inf) or constrained recovery strain 
(k = sup) 

σsw shear reinforcement tensile stress 
ψb bending rotation of beams, or increase of bending rotation 

in strengthened tests 
ψb,f bending rotation of beams at the end of the test or increase 

of bending rotation in strengthened tests 
ψb,R bending rotation of beams at failure or increase in the 

bending rotation in strengthened tests 
wmean mean of critical shear crack width or mean increase in the 

CSC width in strengthened tests 
wmean,f mean of critical shear crack width at the end of the test or 

mean increase in the CSC width in strengthened tests 
wmean,R mean of critical shear crack width at failure or mean 

increase in the CSC width in strengthened tests  
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Spain). Three tests were carried out on those two different reused beams. 
Beams were real-scale elements and presented significant damage upon 
shear (the initial tests were stopped after beams’ failure). The main 
objective was to study the feasibility of applying Fe-SMA strips to critical 
shear specimens to return to the initial degree of safety, improving their 
ductility if possible. An identical Fe-SMA material has been used in the 
previous experimental campaign by the authors on RC beams with a T 
cross-section [39], but with another anchorage system due to the 
different shape of beams’ cross-section. Instead during the current 
campaign, beams had a rectangular cross-section, and strips were 
wrapped around the beam and anchored to themselves. An innovative 
test setup previously developed by the authors has been used [40,41]. 
This test procedure allows the shear response of cantilever beams 
(statically determinate structures) and of the plastic-hinge zones in 
continuous beams failing in shear to be analysed after yielding flexural 
reinforcement and redistributing internal forces (statically indetermi-
nate structures). Moreover, this paper includes a comparison of the 
shear strength predictions of the strengthened beams by several existing 
shear procedures: Model Code 2010, ACI CODE-318–19) [8], Eurocode 
2 [11] and the Compression Chord Capacity Model. 

2. Fe-SMA strips characterisation 

Fe-SMA strips were provided by the manufacturer in the form of a 
coil that was 120 mm wide and 1.5 mm thick, prestrained at 2% of its 
original length. The manufacturing process and the detailed production 
procedure of the Fe-SMA material and strips are described in [29]. The 
recommendations for the characterisation of the test setup and protocols 
are detailed in [23]. A previous characterisation of 0.5 mm-thick Fe- 
SMA similar strips is presented in [34]. The original strips were cut 
into narrower 25 mm-width strips for characterisation purposes by 
employing a water jet cutting process (the same width was used for 
characterisation in reference [34]), and into 30 mm-width strips to use 
them as external strengthening for the tested beams. To obtain this 
material’s mechanical properties, several tests were run in a Z100 Zwick 
universal tensile machine with a 100 kN load cell. Then 30 mm-width 
samples were tested with a free length equalling 300 mm and 15 mm 
inside each clamp to grip the sample to avoid slipping. Fig. 1 shows a 
tensile test with an extensometer base length that equals 250 mm. 

2.1. Mechanical properties 

The ultimate strength of the “as-provided” Fe-SMA strips approxi-
mately equalled 940 MPa with 25% ultimate strain. Ultimate strength 

was similar to that provided in previous research works [29]. Never-
theless, ductility was lower, as previous research works have signalled 
failure strains exceeding 40%. This ultimate strength reduction could be 
caused by some imperfections produced while cutting the strips. How-
ever, this was not investigated because 25% of the strain was satisfactory 
for the envisaged application. 

A typical stress–strain curve is presented in Fig. 2. Note that for stress 
of approximately 690 MPa, the curve shows a very marked change in 
behaviour related to the previous prestraining process (on the discon-
tinuous black line) carried out by the manufacturer. The black dotted 
lines in Fig. 2 and Fig. 3a have been approximated by the results of the 
prestraining processes published in [29]. For the “as- provided” Fe-SMA 
strip, the mean modulus of elasticity measured during the tensile test 
(the blue line in Fig. 2) within a stress range of 20–200 MPa was around 
144 GPa, and a lower value (111 GPa) was obtained by computing be-
tween 100 and 300 MPa. The mean 0.2% proof stress, obtained by the 
off-set method using the first presented modulus of elasticity, came close 
to 470 MPa. 

Activation of Fe-SMA strips can result in the generation of recovery 
stresses, provided there is no gap between strip and beam surface. 
However, if excessive gaps exist, Fe-SMA will exhibit free-recovery 
strain without generating prestressing forces. Consequently, the recov-
ery stress and free recovery shape would represent distinct states for Fe- 
SMA, as further detailed in the following section. 

2.2. Recovery stresses and free-recovery shape 

To obtain recovery stress, an as-provided Fe-SMA strip was placed in 
the universal testing machine and an initial prestress of 40 MPa was 
applied. Then the strip was heated up to approximately 160 ◦C using a 
heat gun before being left to cool down (Fig. 3b). During the heating and 
cooling process, sample deformation was prevented by forcing the strain 
measured by the extensometer staying constant (see Fig. 1). As the 
sample tended to shorten due to reverse martensitic transformation due 
to the heating and cooking process in an attempt to recover the initial 
“shape” (that before prestraining), the tensile stress in the sample rose to 
above 349 MPa (see Fig. 3b). This recovery stresses value is completely 
compatible with the recovery stresses reported in [29]. The complete 
temperature-recovery stress curves for similar strips are presented in 
[29,34]. After generating recovery stresses, the tangent modulus of 
elasticity was 32.2 GPa when measured within the 400–500 MPa range. 
By the 0.2% off-set method, a 0.2% proof stress of 626 MPa was calcu-
lated in this state. In the presence of a free-recovery shape (as depicted 

Fig. 1. A 300 mm free-length Fe-SMA strip installed in a Zwick Z100 universal 
testing machine equipped with an extensometer over a length of 250 mm. 

Fig. 2. Stress–strain curve of the as-provided Fe-SMA by the manufacturer.  
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by the red curve in Fig. 3a), the tangent modulus of elasticity was 83.9 
GPa within the 100–300 MPa range. The corresponding 0.2% proof 
stress was, in this case, determined to be 505 MPa. 

3. Description of the experimental program 

During this experimental campaign, two previously tested contin-
uous reinforced concrete beams (specimens B12 and B15) were 
strengthened and retested. Both specimens were 7.00 m long with 
rectangular cross-sections that were 250 mm wide and 450 mm high. 
The scheme of the geometry, reinforcement and load configuration, 
which is described below, is shown in Fig. 4. These two specimens were 
chosen from a previous experimental programme that analysed the 
shear strength of cantilever and continuous RC beams according to 
different shear reinforcement ratios [41]. The chosen specimens were 
very interesting in that experimental campaign according to the initial 
behaviour and level of damage. The specimens’ initial cracking pattern 
is exhibited in Fig. 4 for the studied zones. The strengthening of the 
beams was designed to show the feasibility of using external Fe-SMA 
strips to strengthen shear critical RC beams. As this research was done 
as a proof test, further research by varying different parameters should 
be carried out to study its influence on both shear strength and rotation 
capacity. 

Beams were tested according to two different load configurations to 
obtain shear failures in both statically determinate and indeterminate 
structures. Three shear tests were carried out on these two beams: two 
cantilever tests (CE) and one continuous beam test (SE). Beam B12 was 
tested in the CE test configuration, and beam B15 in both test configu-
rations CE and SE. 

The main objective when designing the specimens for the previous 
experimental campaign [41] was to allow shear failures with different 
rotation levels to be developed within a wide range of values, and before 
or after plastic hinge formation. Thus it was possible to study how the 
development of rotations, related to flexural behaviour, governs shear 
strength in RC specimens with shear reinforcement, including those 
shear failures developed after yielding of the longitudinal 
reinforcement. 

A code with four terms was used in [41] to label each test conducted 
on specimens B12C-R0-S3-L1, B15C-R2-S3-L1 and B15S-R2-S3-L4. The 
first term denoted the tested beam and the type of test (C -by cantilever- 
for the CE test and S -by span- for the SE test). The second term repre-
sented the specimen series according to shear reinforcement. R0 
(without shear reinforcement) and R2 (ρw = 0.20%, two-legged closed 
stirrups Ø8 spaced at 200 mm along the critical zones where shear 
failure was expected), respectively for specimens B12 and B15 (see 

Fig. 4). In addition, to prevent shear failure outside the expected failure 
regions, stirrups were provided in those zones with a reinforcement ratio 
of 0.90% (stirrups Ø12 spaced at 100 mm) in both specimens. The third 
term represented the specimen section according to the longitudinal 
steel reinforcement (S1, S2 or S3). Both specimens B12 and B15 had the 
same longitudinal reinforcement, S3 (ρ = 1.94%, 12 Ø20 mm-diameter 
bars). A high reinforcement ratio was used to prevent flexural failure 
before shear failure in the SE tests. The effective depth d equalled 389 
mm. The last term determines the location of load and bearing points by 
indicating the cantilever length in the CE tests (L1, L1.6 or L2.3) and the 
span length in the SE tests (L6, L5 or L4). The length of both specimens 
B12 and B15 was the same (L1 (1 m) in the CE test and L4 (4 m) in the SE 
test. After explaining the specimen designations of the initial campaign, 
this paper used simplified codes: B12C, B15C and B15S. The tests per-
formed during this campaign (retrofitted specimens) were named with 
an R placed before their name: R-B12C, R-B15C and R-B15S. 

The beams were strengthened using the Fe-SMA full wrap strips that 
were 1.5 mm thick and 30 mm wide. The strips helped to strengthen the 
beam to return and even improve the beam’s initial shear capacity in the 
damaged area where there were shear cracks. The strengthened length 
corresponds approximately to the length of critical shear crack (CSC), 
which in CE tests matches the shear span. With the SE test, the 
strengthened length was 960 mm, and external plates and bars were 
used to strengthen the rest of the shear span without shear reinforce-
ment to force failure in the same area as in the initial test. Four strips 
(strips S1 to S4) were arranged around the shear cracks from the support 
to the load application point (see Fig. 4). First strip S1, located next to 
the support, was used to confine the compression chord and to improve 
shear capacity. The last strip S4 ensured the dowel action of longitudinal 
reinforcement. The intermediate strips S2 and S3 transferred the shear 
load through a cracked section. In the CE tests, the separation of strips 
was 230 mm and 320 mm in the SE test. Note that cracks formed during 
the previous experimental campaign until beams’ failure, which were 
not repaired for conducting this research (no crack injections or use of 
repairing mortars). 

3.1. Strengthening procedure 

The manufacturer previously prestrained the Fe-SMA strips to create 
martensite through an initial forward martensitic transformation. 
Therefore, the acquired material was ready to be placed on the beams. 
The strips fully wrapped the section of the beam anchoring to them-
selves by using three screws fixed with nuts and lock washers on both 
sides of the strips in the lap length at the top of the beam (Fig. 5). 

After placing and anchoring the strips, activation was triggered by 

Fig. 3. Recovery stress and the final monotonic test: (a) experimental stress–strain curve for the activated Fe-SMA strip with 100% and 0% recovery stress situations; 
(b) recovery stress–temperature test. 
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producing reverse martensitic transformation from incrementing tem-
perature with a heat gun and letting it cool down to, thus, generate 
recovery stresses. As the reached recovery stress value depends on the 
constraining of the strips, the anchorage system and the strips’ good 
contact with the concrete surface to avoid gaps play an important role in 
installation [34]. Other studies by the authors [34,44] highlight the 
importance of avoiding gaps due to this material’s relatively poor shape- 
recovery strain capacity. In fact, previous experimental studies have 
shown that the shape-recovery strain capacity of Fe-SMA is considerably 
low (about 1%, whereas other the shape recovery of SMA like Ni-Ti or 
Ni-Ti-Nb alloys lies between 6 and 8%) ([34,45]). In any case, activating 

Fe-SMA strips may effectively reduce small gaps after placing and 
anchoring the strips. In this study, when the strips were initially posi-
tioned around the beam, a slight gap existed between the surface of the 
beam and the strip, as shown in Fig. 6a. However, this gap was effec-
tively eliminated following the activation process, as depicted in Fig. 6b. 
Nevertheless, given the difficulty of quantifying the strips’ free recovery 
shape, the recovery stresses fall within a range between full recovery 
stress due to the complete strain constraint (recovery stress up to 350 
MPa) and null recovery stress due to a full free recovery strain (Fig. 3a). 

To avoid gaps, it was necessary to create small holes in the concrete 
cover and to place them inside nuts from the lower anchor system side. 

Fig. 4. Detail of the geometry, reinforcement, strengthening and load configuration of each test (dimensions in mm), adapted from [41]. The initial damage state of 
specimens is exhibited with the crack patterns obtained by DIC (more information is detailed in Section 4.2). (a) R-B12C; (b)R- B15C; (c) R-B15S. 
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Anchorage was executed on the top of the beam where concrete is in 
tension due to the bending moment. This avoids affecting the com-
pressed chord located on the downside. In real applications, holes 
should be filled with mortar to avoid affecting the beams’ durability. 
Furthermore, the corners of beam sections had to be slightly rounded to 
reduce the concentration of stress on strips’ edges and to avoid gaps as 
well. 

The initial design of the anchorage of strips included Ø10 mm 
screws. However, the shear load reached during the first test (R-B12C) 
was higher than expected and strips failed in tension in the perforated 
section. Therefore, Ø8 mm screws were used for anchorage in the 
remaining tests (B15-specimen). Therefore, smaller holes in strips 
reduced the possibility of local failures. After this, no more strips failed 
due to holes. In contrast, one strip failed at the corner of the beam during 
the R-B15C test. Fig. 7 shows pictures of the two anchoring designs and 
the two failures of the strip of specimens R-B12C and R-B15C. 

3.2. Concrete and steel properties 

The mean concrete and reinforcement steel properties were obtained 

during the previous experimental campaign and measured as explained 
in [41]. The compressive strength, modulus of elasticity and tensile 
strength of concrete, as well as each specimen’s age at the time of first 
testing in [41], all of which have been obtained from cylindrical speci-
mens (diameter 150 mm and length 300 mm), are summarised in 
Table 1. In addition, the compressive strength and modulus of elasticity 
at the time of testing the strengthened beams were estimated according 
to Eurocode 2 [11] by taking into account the original strength, cement 
type and age when new tests were run. The diameter, modulus of elas-
ticity, steel yield stress, steel tensile strength and steel strain values at 
the ultimate strength of longitudinal and transversal reinforcement 
(B500SD) are summarised in Table 2. 

3.3. Test setup and procedure 

The test setup was maintained from the previous experimental pro-
gramme [40,41]. The beams had been subjected to two different shear 
tests that allowed shear failure to develop two distinct structural ty-
pologies: statically determinate structure (cantilever experiment, CE) 
and statically indeterminate structure (span experiment, SE). Fig. 4 

Fig. 5. Full-wrapped strengthening system. (a) cross-section of the RC beam (dimensions in mm); (b) detail of the anchoring system; (c) photography of the 
anchorage system. 

Fig. 6. Comparison before and after activating shear strengthening strips (from the photographs’ perspective, the strips seem narrower than they actually are): (a) 
non-activated strip; (b) activated strip. 
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plots the detailed position of the applied loads and supports for both test 
configurations. 

Loads and support reactions were transmitted to the beam through 
steel plates that measured 250 × 250 × 40 mm. Both the support and 
load systems allowed horizontal in-plane displacements and rotations, 
but one of the support points had restrained horizontal displacement 
during tests. Fig. 8 shows a diagram of the procedure for both the CE and 
SE tests, which is described below. 

In the CE tests, load P1 was applied by displacement control until 
shear failure at slow velocity (0.01 mm/s) to observe the behaviour of 
the beams with Fe-SMA strips. P2 was applied by load control according 
to the increase in load P1 to obtain no reaction in support B (RB≈0). In 
this configuration, shear force and bending moment simultaneously 
increased. 

The SE test was carried out in two phases. In the first phase, P1 was 
applied by displacement control (0.02 mm/s) and P2 by load control to 
obtain no reaction in support A (RA≈0, a similar procedure as the CE 
test). During the previous experimental campaign with undamaged 
beams, this first phase ended when the top longitudinal reinforcement at 
support B yielded. In that instant, load P1 was taken as a reference value 
to allow the development of the first plastic hinge in the previous tests. 

Thus in the current SE test (with the strengthened beam), the first phase 
ended when that reference value was reached. The slope of the beam at 
section B at the end of this phase was registered as θB,I (see Fig. 8). In the 
second phase, the aim was to maintain that slope constant (fixed rota-
tion support), while the shear load at the span increased until shear 
failure. Therefore, P2 was applied by displacement control (0.02 mm/s) 
and load P1 by load control according to the increase in loads P2 to 
maintain the slope at support B blocked. This system allows shear forces 
to increase at the span until second plastic hinge formation (at the sec-
tion where P2 was applied) with rising beam deflections, while the 
rotation on support B remained constant. Slight increases in load P1 
were necessary to maintain the slope in the second phase. 

3.4. Instrumentation 

Test specimens were instrumented to monitor their behaviour. The 
two forces applied by hydraulic jacks and the two reactions at the 
bearing points were continuously measured with load cells. The 
deflection at the load points was measured with non-contact position 
sensors integrated into hydraulic jacks. Fig. 9 shows the transducers 
used to measure concrete displacements, deflections and inclinations to 
compare the measures with the previous tests performed in [41]. 

The strain gauges being placed at the steel reinforcement before 
casting were no more usable after the previous experimental campaign 
in [41]. Each strip was externally instrumented by a strain gauge at the 
middle beam cross-section height. To complete this instrumentation, 
digital image correlation (DIC) was used to obtain accurate measure-
ments of the displacement field of specimens during all tests. More 

Fig. 7. Anchorage system and local failures of strips: (a) anchorage with screws Ø10 mm; (b) anchorage with screws Ø8 mm; (c) tensile failure at the perforated 
section of strip S3 during test R-B12C; (d) tensile failure at the corner of strips S3 during test R-B15C. 

Table 1 
Average values of concrete properties.  

Specimen Age upon previous testing (days) fc(MPa) Ec(GPa) fct(MPa) Age upon testing the strengthened beams (days) fc(t)(MPa) Ec(t)(GPa) 

B12 22  28.7  27.5  2.9 597  36.0  29.2 
B15 30  26.0  26.6  2.6 624  31.4  28.2  

Table 2 
Average values of longitudinal and transversal steel reinforcement.  

Steel reinforcement ϕ(mm) Es(GPa) fy(MPa) fu(MPa) εu(%) fu/fy 

Longitudinal 20 206 531 639  18.3  1.20 
Transversal 8 189 541 661  10.9  1.22  

C. Traver et al.                                                                                                                                                                                                                                  



Construction and Building Materials 401 (2023) 132906

8

detailed information about photogrammetric measurements can be 
found in [40,46]. In addition, a high-speed camera was used to capture 
instantaneous beam failures. 

4. Experimental results and discussion 

This section presents the results obtained from the specimens tested 
during this experimental campaign and compares them to those ob-
tained during the previous campaign on the same beams [41]. Table 3 
includes the main results of the undamaged (previous experimental 
campaign) and strengthened tests (new experimental campaign), which 

are: the failure mode; the shear load corresponding to the full flexural 
strength (Vy); the loads applied at failure (P1,R and P2,R); the bending 
moment at failure (M1,R) at d/2 from the corresponding support (A for 
cantilever tests, Fig. 4a and Fig. 4b; B for the span test, Fig. 4c); the 
bending moment at failure (M2,R) at d/2 from the section of load P2 

applied for the span test; the shear strength (VR,test) provided by tests at 
failure at d/2 from the corresponding support (A for the cantilever tests 
and B for the span test). The control section, used to check shear, was 
located at d/2 from the applied load [47], and the bending moment and 
shear force included self-weight. The results were obtained at failure, 
which corresponded to the maximum load. 

Fig. 8. Test procedure: (a) cantilever test, CE: (b) span test, SE. . 
Adapted from [40] 

Fig. 9. Displacement transducers, adapted from [46] (dimensions in mm).  

Table 3 
Comparison of the main results at failure of the undamaged (previous experimental campaign) and strengthened specimens.  

Spec. Test Failure mode Vy(kN) P1,R(kN) P2,R(kN) M1,R(kNm) M2,R(kNm) VR,test(kN) a(m) a/d ψb,R − ψb,f(mrad) wmean,R − wmean,f(mm) 

B12 B12C V (B)  335.3  116.6   96.3   120.3 1  2.56 7.9 4.5  
R-B12C V (B)*  338.0  243.8   196.3   247.4 1  2.56 9.8–12.6 9.1 – 14.5 

B15 B15C V (B)  334.3  276.8   225.4   280.5 1  2.57 11.0 ND  
R-B15C V (A)**  336.7  354.1   284.1   357.7 1  2.57 31.4–54.5 1.4 – 3.1 

B15 B15S V (1 PH)  226.2  310.5  463.4  275.0  233.9  198.6 1.58  4.06 24.6 1.7  
R-B15S M (2 PH)  226.9  373.3  620.2  327.1  325.1  253.5 1.49  3.82 57.1–62.9 1.9 – 2.1 

Note: V (shear failure); M (bending failure); A (after yielding); B (before yielding); PH (plastic hinge); ND (data not available). 
* Rupture of strip S3 in the anchoring zone (Fig. 7c). 
** Rupture of strip S3 at the corner (Fig. 7d). 
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Fig. 10. Crack pattern on the strengthened beams. Before (left side) and after testing (right side): (a) B12C; (b) R-B12C; (c) B15C; (d) R-B15C; (e) B15S; (f) R-B15S.  
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Table 3 also presents the equivalent shear span a (a = M1,R/VR,test +

d/2), the shear span to the effective depth ratio a/d, the bending rota-
tion values ψb and the mean of the CSC width wmean. In the strengthened 
tests, the bending rotation and the mean of the CSC width corresponded 
to the increase in relation to the end of the initial tests. They are also 
displayed for two different test moments: at failure (maximum load) 
(ψb,R, wmean,R) and at the end of the test (ψb,f , wmean,f ). 

4.1. Crack pattern and failure modes 

Fig. 10 shows the level of damage of the strengthened beams before 
and after testing. The damaged zones presented in the figure are those 
marked in Fig. 4. According to the analysis of the previously tested 
undamaged beams [41], cracking patterns at failure developed differ-
ently for the cantilever and continuous beam tests. In the cantilever tests 
of the undamaged beams (B12C and B15C), cracking started with ver-
tical bending cracks near support A [41]. As the load increased, the CSC 
appeared directly as an inclined crack from the support point to the 
loading point, and its crack width increased until shear failure. The 
presence or absence of stirrups significantly influenced the cracking 
patterns. For the specimen with shear reinforcement (B15C test), cracks 
were more evenly distributed (Fig. 10c) than the specimen without 
stirrups (B12C test), for which strains were largely localised in a single 
critical shear crack (Fig. 10a). The average value of the different crack 
widths measured by DIC along the central branch of CSC at failure was 
4.50 mm for the B12C test [48]. The data for the B15C test are not 
available (Table 3). 

During the continuous undamaged beam test (B15S) [41], in the first 
loading phase, mainly bending cracks were observed. In the second test 
phase, the critical shear crack developed from a bending crack and 
progressed to shear failure (Fig. 10e). The average CSC width value at 
the first plastic hinge was 0.5 mm, and 1.7 mm at failure [48] (Table 3). 

In the three tests performed with the strengthened beams, the width 
of the existing bending cracks of the damaged beams enlarged and new 
ones appeared with increased load. Relating to shear cracks, as specimen 
B12 did not contain internal shear reinforcement (stirrups), the vertical 
component of the CSC opening considerably increased to maximise the 
shear strength contribution of the external strips and the dowel effect of 
longitudinal reinforcement, which is feasible due to the high deforma-
tion capacity of Fe-SMA (Fig. 10b). That implied an increase in crack 
opening of 9.1 mm at maximum load and 14.5 mm at the end of the R- 
B12C test in relation to the initial crack opening present at the beginning 
of the test (approximately 0.75 mm). 

However, in the other two tests (specimen with stirrups R-B15C and 
R-B15S), not only did the CSC width increase, but new shear cracks 
developed from the position of strips. In these cases, shear cracks were 
more distributed and the increase in CSC width was not as large as 
during test R-B12C. During test R-B15C (Fig. 10d), CSC width increased 
by 1.4 mm at failure and by 3.1 at the end of the test compared to the 
crack opening at the beginning of the test (approximately 1 mm). During 
the continuous beam test (R-B15S), the increment in CSC width was 
1.89 mm at failure and 2.1 at the end of the test during the initial 
remaining crack opening of approximately 1.40 mm (Fig. 10f). 

The failure mode and shear load corresponding to the full flexural 
strength (Vy) of the undamaged (previous experimental campaign) and 
strengthened specimens are presented in Table 3. Full flexural strength 
included the beam’s self-weight. This shear force Vy represents the 
theoretical value at which longitudinal reinforcement was the yielded 
during the CE tests and the second plastic hinge development upon load 
P2 during the SE tests. In the strengthened beams, this reference value 
(Vy) was used to determine if failure was achieved before (B) or after (A) 
yielding longitudinal reinforcement for the CE test, or after the second 
plastic hinge developed (2 PH) for the SE test. In the tests done with the 
undamaged beams [41], the strain gauges placed on longitudinal tensile 
reinforcement were used to determine these failure modes. However, 
these strain gauges did not work in the tests done with the strengthened 
beams. 

During the CE tests of the undamaged beams (B12C and B15C), shear 
failure developed before longitudinal reinforcement yielded (VR,test< Vy, 
see Table 3) [41]. However during the SE test of the undamaged beams 
(B15S), shear failure developed after yielding of the top longitudinal 
reinforcement in tension and with increasing shear force, along with the 
development of plastic hinge rotations [41]. No second plastic hinge 
developed during test B15S (VR,test< Vy, see Table 3). 

Yet after strengthening, shear failure in the R-B12C test was pro-
duced after strip S3 broke off in the anchoring zone (Fig. 7c and 
Fig. 10b). This failure was achieved before longitudinal reinforcement 
yielded, which was also the case during the original test (B12C) 
(VR,test< Vy, Table 3). Test R-B15C failed directly due to the rupture of 
strip S3 at the corner (Fig. 10d and Fig. 7d). However in this case, shear 
failure occurred after yielding of the longitudinal reinforcement 
(VR,test > Vy, Table 3). 

During the SE test, a plastic hinge on support B was generated by 
applying load P1 in both cases; the original and strengthened tests. For 
the original SE test (B15S), shear failure occurred before the develop-
ment of the second hinge. However, when external Fe-SMA strips were 

Fig. 11. Test R-B15S: Immediately before compression chord failure due to the increment in load P2.  
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employed, the beam was able to develop the second hinge during test R- 
B15S by load P2, and the shear force on the beam increased on both 
supports A and B in the second phase (VR,test > Vy, Table 3). Finally, the 
beam collapsed due to the failure of the compression chord on the non- 
strengthened span (Fig. 11). 

4.2. Load-deflection behaviour 

Fig. 12 shows the general behaviour of all tests when referring to 
shear strength, initial stiffness and post-peak behaviour. The vertical 
axes represent the load measured by the load cell and the horizontal axes 
correspond to the vertical displacement of the corresponding actuator, 
with load P1 and displacement δ1 for the cantilever test (CE), load P2 and 
δ2 for the span test (SE) (Fig. 12d). 

In the three tests, the load–deflection curves of the initial beams 
exhibit brittle shear failure with a sharp drop in load after reaching the 
maximum load. However, the use of Fe-SMA strips not only enhances the 
shear strength of the beams but also improves their ductility. The beams’ 
initial shear strength is restored and overcome in all three tests. 

In the CE tests, the P- δ curves show one branch in the previous tests 
with the undamaged beams. These curves reflect the linear increase in P1 
and the large cantilever deflection until shear failure with no yielding of 

the top tensile reinforcement [41]. However, after strengthening of 
these beams and retesting, shear failure occurs on a second branch. 
Specimen B12 reaches load P1 = 116.6 kN during the initial test (B12C), 
and 243.8 kN after being strengthened and retested (R-B12C). A 109% 
increase is achieved (more than double the shear strength capacity). 
With specimen B12, the shear failure mode is achieved before yielding of 
the longitudinal reinforcement for both tests with the undamaged 
(B12C) and the strengthened beam (R-B12C). Specimen B15 reaches 
load P1 = 276.8 kN during the initial test (B15C), and 354.1 kN after 
having been strengthened and retested (R-B15C). A 28% increase is 
accomplished. However in this case, after beam strengthening, shear 
failure occurs on a second branch after the yielding of tensile 
reinforcement. 

For the SE test, the P- δ curve shows two branches for the previous 
test with the undamaged beam. The first branch corresponds to the first 
test phase. In this phase, the branch has a negative slope and the increase 
in δ2 is negative because the load applied in this phase is P1. In the 
second phase, the second branch of the curve reflects the increase in P2 
and marks beam deflection; that is, after the first plastic hinge develops 
on support B and before yielding of the bottom longitudinal (tensile) 
reinforcement under the section where P2 load is applied. On this 
ascending branch, the beam fails in shear during the previous test. 

Fig. 12. Comparison of the load–deflection curves between the tested undamaged and strengthened beams: (a) CE tests on specimen B12; (b) CE tests on specimen 
B15; (c) SE tests on specimen B15; (d) loading-displacements scheme for both test configurations. 
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However, after strengthening the beam and retesting, compression 
chord failure occurs on a third-shaped branch after the second plastic 
hinge has developed. Specimen B15 reaches load P2 = 463.4 kN during 
the previous test (B15S), and 620.2 kN after being strengthened and 
retested (R-B15S). A 34% increase is achieved. 

The strengthening system using Fe-SMA strips applied to the 
damaged RC beams allows their initial strength to increase and confers 
them ductility, even when changing the failure mode. 

4.3. Strain in external strips 

As strips were not bonded with concrete, the strains measured by 
strain gauges had to remain constant through the vertical segments. 
Fig. 13 shows the curves that related the strain measured on strips by the 
attached strain-gauges and the shear force at the beam in the study area. 
The control section to check shear was located at d/2 from the applied 
load, which included self-weight as shown in Fig. 13d. 

In all the specimens, the strain gauges measures on the central strips 
S2 and S3 were higher than onf the extreme strips S1 and S4 (see the 
position of strips in Fig. 4). This confirms that central strips contribute 
more to shear strength, despite extreme strips also enhance load trans-
mission. The higher strain of these strips occurred in specimen B12 
because the cantilever of this beam had no transversal reinforcement. In 

the other CE test, specimen B15 and strips S2 and S3 also reached sig-
nificant strains. Nevertheless, the lower strains on strips occurred during 
the SE test, where no strip failed. 

Previous studies by the authors [34,36] detected that those strips 
started to work when shear cracks appeared on beams. In those studies, 
when strips were activated, initial tensile stress was introduced into 
beams before the test started. This stress remained constant until small 
shear cracks started appearing. The generated confinement delayed the 
first shear crack from appearing. However, as the tested beams were 
already considerably cracked during the present experimental 
campaign, work with strips started for low load levels. 

4.4. Bending rotations 

Table 3 shows the bending rotation values (ψb) at failure for the 
undamaged specimens [41], and also at failure and at the end of tests for 
the strengthened specimens. Bending rotation was obtained by calcu-
lating the bending curvatures in different sections by integrating along 
the beam length where the critical shear crack (CSC) developed, 
approximately to 2d from the support section (support A for the CE tests 
and B for the SE test, Fig. 4). Bending curvatures were calculated by 
digital image correlation (DIC) from the longitudinal strains of the top 
and bottom beam fibres [41]. Therefore, this rotation corresponded to 

Fig. 13. Strains measured on external Fe-SMA strips: (a) CE tests on specimen B12; (b) CE tests on specimen B15; (c) SE tests on specimen B15; (d) shear diagram for 
both test configurations. 
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bending deformation independently of shear crack evolution. The shear 
represented in Fig. 14 is located at d/2 from the applied load and in-
cludes self-weight. 

It is important to highlight that, due to the previous damage to 
specimens, the rotation values of the strengthened specimens corre-
sponded to the increase in the remnant deformations after the unloading 

during previous tests. The incremented bending rotation achieved at the 
end of tests by the strengthened specimens was 1.59-, 4.95- and 2.56- 
fold in relation to the bending rotation obtained in the original tests 
for tests R-B12C, R-B15C and R-B15S, respectively. 

Fig. 14 shows the rotation development for each test versus the shear 
force supported by beams. As we can see, strengthening did not change 
beams’ stiffness in relation to bending rotations, and the undamaged and 
strengthened tests present similar slopes of curves. Test R-B12C presents 
a lesser increase in bending rotation because failure occurred longitu-
dinal reinforcement was yielded (VR,test < Vy, Table 3). The significant 
displacement at load P1 seen in Fig. 10a for this test was primarily due to 
the vertical separation displacement between the two parts of the crack 
(Fig. 10a and Fig. 10b) and not to a bending rotation of the specimen in 
Fig. 14a. However, specimen R-B15 showed a significant increase in 
bending rotation capacity during both tests (cantilever and span test) 
after being strengthened with external Fe-SMA strips (Fig. 14b and 
Fig. 14c). 

During test R-B15C, this increase was due to the yielding of longi-
tudinal reinforcement (VR,test > Vy, Table 3), while during test R-B15S 
test, the development of the second plastic hinge (VR,test > Vy, Table 3) 
allowed bending rotation to increase with constant shear strength. It 
must be pointed out that the slope of the support section in the second 
phase of test R-B15S remained constant due to the block of the support. 
During both R-B15C and R-B15S, ductile behaviour was observed, but 
not during the undamaged tests (B15C and B15S) as a consequence of 
either the yielding of longitudinal reinforcement (R-B15C) or the 
development of the second plastic hinge (R-B15S), along with improved 
shear strength due to the external Fe-SMA strips. 

4.5. Shear strength components 

This section presents an estimation of the contribution of different 
shear strength components to the tested strengthened beams and a 
comparison to the initial tests. There were three components: 1) the 
shear strength provided by concrete (Vc); 2) the shear strength provided 
by shear reinforcement (Vs); 3) the shear strength provided by the 
external Fe-SMA strips (VSMA). The component provided by concrete 
included the contribution of the compression chord, aggregate interlock, 
residual tensile strength and the dowel effect of longitudinal reinforce-
ment. The shear strength for each component obtained during tests is 
presented in Table 4. 

The shear strength provided by shear reinforcement (Vs) and the 
external strips (VSMA) was calculated as the sum of the tensile forces of 
all the stirrups and external strips crossed by the CSC, according to the 
equations below: 

Vs =
∑

σswÂ⋅
Ø2Â⋅π

4
(1)  

VSMA =
∑

σSMAÂ⋅Astrip (2)  

Fig. 14. Bending rotation evolution versus shear force: (a), (b), (c) bending 
rotation evolution versus shear force for each specimen during the undamaged 
and strengthened tests. 

Table 4 
Shear strength components of the undamaged (previous experimental 
campaign) and strengthened specimens.  

Spec. Test VR,test(kN) Vs,test(kN) Vinf
SMA,test − Vsup

SMA,test 

(kN) 
Vinf

c,test − Vsup
c,test(kN) 

B12 B12C  120.3  – – 120.3  
R- 
B12C  

247.4  – 116.8 – 120.4 127.0 – 130.6 

B15 B15C  280.5  174.0 – 106.5  
R- 
B15C  

357.7  177.8 84.4 – 109.2 70.7 – 95.5 

B15 B15S  198.6  174.5 – 24.1  
R- 
B15S  

253.5  174.5 66.6 – 79.0* 0 – 12.5  
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where Ø is the diameter of the transversal bar, σsw is the normal stress for 
a single stirrup (two branches per stirrup), Astrip is the area of strips (two 
branches per strip) and σSMA is the tensile stress for the activated strips 
with constrained recovery strain (two branches per strip). 

Normal stress at stirrups has been calculated by following the pro-
cedure proposed by Campana et al.[49]. For this, the vertical crack 
opening at the location where the crack intercepted a stirrup is obtained 
by means of the DIC displacement measurements from two points 
vertically aligned with the stirrup (one on each side of the crack) 
(Fig. 15a). More details of the calculation can be found in [40,46]. A 
bilinear hardening stress–strain relationship of steel (Fig. 15b) has been 
adapted to estimate the remaining strains of the stirrups after the 
unloading process of the initial tests, as the stirrups yielded before 
failure [41]. The number of stirrups accounted for calculating the shear 
strength component depends on the crack shape. Three stirrups where 
considered for the specimen B15. Additional stirrups are intercepted by 
the propagation of the horizontal branch at the location of the longitu-
dinal tensile reinforcement. Nevertheless, those transversal elements are 
not considered in the contribution of the shear reinforcement, their 
eventual contribution comes from dowelling forces [3,40,49]. 

Estimates of the stress reached by each strip were done based on the 
strain measurements taken by the strain gauges placed on strips (Fig. 13) 
and the strain–stress curve of the strengthening material (Fig. 3). 
However, given the challenge of determining the recovery constraint 

strain in the external Fe-SMA strips, the stress in each strip was calcu-
lated after taking into account two extreme hypotheses: perfect contact 
between strips, concrete, and anchorage, to allow the generation of re-
covery stresses up to 350 N/mm2 to be generated, and free recovery 
strain with no recovery stresses (Fig. 3a). 

Consequently, the contributions by the external Fe-SMA strips 
(Vinf

SMA,test − Vsup
SMA,test) were calculated as a range of values after taking into 

account both the free recovery strain or constraint recovery strain hy-
potheses. The number of external strips was used for calculating the 
shear strength components, which depend on crack shape, and follow 
the same criterion as stirrups, as described above. Two external Fe-SMA 
strips were intercepted by the diagonal part of the critical shear cracks in 
all cases. 

Finally, the concrete contribution range (Vinf
c,test − Vsup

c,test), as regards 
the two extreme situations of the component provided by the external 
Fe-SMA strips (Vinf

SMA,test − Vsup
SMA,test), was calculated as the difference be-

tween the total shear strength and the sum of the other components 
when considering the constraint recovery strain in the Fe-SMA strips 
(Vinf

c,test = VR,test − Vs,test − Vsup
SMA,test) and the free recovery strain in the Fe- 

SMA strips (Vsup
c,test = VR,test − Vs,test − Vinf

SMA,test). Fig. 16 shows the shear 
force provided by the different components during all the tests. 

It is noteworthy that the estimated inferior shear strength value of 

Fig. 15. (a) Vertical crack opening of the critical shear crack by DIC [40]; (b) adapted stress–strain relation of stirrups’ steel according to the strain in the initial test.  

Fig. 16. Contribution of the different shear strength components in the undamaged and strengthened tests. (a) contribution of each component as a %; (b) absolute 
value of each component. 
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concrete for test R-B15S was negative when accounting for the 
maximum contribution of SMA strips (marked in Table 4 by an asterisk). 
This result is makes physically no sense, and necessitates the imposition 
of an upper limit to the actual shear contribution of SMA strips to pre-
clude any negative values of the concrete shear strength in this scenario. 
This signifies that the actual shear contribution of strips cannot reach the 
upper limit of the previously considered range. 

The results show that the contribution of concrete decreased from 
the previous tests to the strengthened tests, and even disappeared for the 
SE test when Vsup

SMA,test was considered. Similar behaviour was seen during 
a previous experimental campaign on RC beams with superelastic (Ni- 
Ti) internal shear reinforcement [50], in which the very high damage 
level in concrete nullified its contribution, but shear reinforcement was 
able to keep the two concrete blocks separated by the CSC. In the present 
tests, the huge CSC opening hindered shear transfer by aggregate 
interlock. Therefore, the shear strength provided by concrete was due 
mainly to the dowel effect of longitudinal reinforcement and/or the 
shear transferred through the compression zone thanks to the vertical 
confinement stresses created by the external strips. For the shear 
strength provided by stirrups, the shear load transference crossed by a 
CSC in both tests was estimated (before and after applying strength-
ening). A clear increase in shear strength occurred on account of the 
external Fe-SMA strips. 

During test R-B12C, a cantilever test without stirrups, the shear 
strength provided by the external Fe-SMA strips increased the shear 
strength versus the initial test to a double load. The contribution of the 
external Fe-SMA strips during this test represented approximately 50%, 
and the other 50% provided by other mechanisms, mainly the dowel 
effect of longitudinal reinforcement, were both upper and lower. During 
cantilever test R-B15C with transversal reinforcement, the shear 
strength provided by stirrups represented about 49.7% of shear strength, 
and between 23.6% and 30.5% was provided by the external Fe-SMA 

strips. Therefore, concrete contributed only between 19.8% and 
26.7%. With test R-B15S, shear strength was almost completely pro-
vided by stirrups and the external Fe-SMA strips because the concrete’s 
contribution was negligible. The shear strength provided by stirrups and 
strips was about 68.9% and between 26.3% and 31.1%, respectively. 

5. Comparing the test results to existing code provisions 

A comparison between the different shear procedures was made to 
estimate the shear strength of the tested beams. The considered pro-
cedures were the compression chord capacity model (CCCM) [1], Model 
Code 2010 [9] (Level III Approximation for specimens with transverse 
reinforcement and Level II Approximation for the specimen without 
transverse reinforcement), ACI CODE-318–19 [8] and Eurocode 2 [11]. 

The CCCM is a simplified model for the shear strength prediction of 
reinforced and prestressed concrete members, both with and without 
transverse reinforcement in different cross-sections. It derives as a 
simplification of the multi-action shear model (MASM) [4]. Both models 
are based on classic mechanics, but the MASM proposes explicit equa-
tions for different shear transfer actions. The CCCM considers that the 
main resisting action in the considered failure state is the shear trans-
ferred by the compression chord. It also includes an independent 
equation to consider the increment in shear resisted by concrete, caused 
by strip confinement on the compression chord, termed Δvcu (see 
[34,39,44,51]). This term can be considered because the external strips 
fully wrapped the beam. However, it should be interpreted carefully 
according to the initial damage of the strengthened specimens. MC2010 
Level III was used in the initial experimental programme and provided 
the least scattered results in the different procedures [41]. For the 
MC2010, ACI CODE-318–19 [8] and Eurocode 2 [11] calculations, the 
shear strength provided by the external strips was taken as additional 
transversal reinforcement. 

The main results of that comparison are summarised from Table 5 to 

Table 5 
Predictions by the CCCM [1].  

Spec. Test VR,test(kN) Vy(kN) Vc(kN) Vc
conf (kN) Vs(kN) VSMA(kN) VCCCM(kN) VR(kN) VR,test

VR  

B12 B12C  119.4  334.4  105.2  –  –  –  105.2  105.1  1.14  
R-B12C  246.5  337.1  119.2  30.3  –  80.9  230.4  230.4  1.07 

B15 B15C  279.6  333.4  99.6  –  125.8  –  225.4  225.4  1.24  
R-B15C  356.8  335.8  110.5  30.8  124.1  80.9  342.7  335.8  1.06 

B15 B15S  197.7  225.3  90.6  –  125.8  –  216.4  216.4  0.91  
R-B15S  252.6  226.0  106.8  21.4  125.8  58.2  312.1  226.0  1.12  
Undamaged tests        

Average        1.10 
Coefficient of Variation (%)        15.23  

Strengthened tests        
Average        1.08 
Coefficient of Variation (%)        2.76  

Table 6 
Predictions by Model Code 2010 [9].  

Spec. Test VR,test(kN) Vy(kN) Vc(kN) Vs(kN) VSMA(kN) VMC− 2010(kN) VR(kN) VR,test

VR  

B12 B12C  119.4  334.4  106.2  –  –  106.2  106.2  1.12  
R-B12C  246.5  337.1  65.8  –  156.3  222.1  222.1  1.11 

B15 B15C  279.6  333.4  45.5  174.3  –  219.8  219.8  1.27  
R-B15C  356.8  335.8  40.0  145.8  131.2  317.0  317.0  1.13 

B15 B15S  197.7  225.3  41.2  144.4  –  185.6  185.6  1.06  
R-B15S  252.6  226.0  42.3  145.8  94.3  282.4  226.0  1.12  
Undamaged tests       

Average       1.15 
Coefficient of Variation (%)       9.24  

Strengthened tests       
Average       1.12 
Coefficient of Variation (%)       0.70  
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Table 8 for the predictions by the CCCM, MC2010, ACI CODE-318–19 
[8] and Eurocode 2 [11]. Column VR,test shows the shear strength in the 
control section. The control section was placed at a distance d from the 
edge of the supports for all the considered methods. Note that the VR,test 

values presented herein are slightly lower than those in Table 4, where 
values are taken at the support axis. Column Vy presents the predicted 
shear force at bending failure. This value is considered a limit when the 
shear strength predicted by any model (VCCCM, VMC, VACI,VEC2) is higher 
than Vy, as was the case, for example, for the strengthened B15 specimen 
(R-B15S) for all the considered shear procedures. Note that column VR 
present the minimum value between that of the shear prediction and Vy. 
Average laboratory values were considered according to the compres-
sive strength at the time of the previous experimental programme, 
rather than design values, for the material strength parameters. Shear 
strength predictions were also calculated (for the strengthened speci-
mens) for the compressive strength values at the time of the strength-
ened beam tests so that these values would allow us to obtain fewer 
conservative predictions. With the external Fe-SMA strips, the material’s 
yielding strength was substituted by the measured 0.20% proof stress, 
626.2 N/mm2 (Fig. 3a). This value is slightly 4.7% higher than the 
design value recommended by the Fe-SMA manufacturer, which 
approximately equals 598 N/mm2 (460 N/mm2 including a safety factor 
of 1.3 [52]). 

The predictions by all the shear procedures gave satisfactory results, 
which should be considered with caution because more tests are needed 
to improve their statistical significance. Moreover, the behaviour of two 
retrofitted beams (R-B15C and R-B15S) could have been influenced by 
the yielding of longitudinal reinforcement because for these two tests: 
VR,test > Vy. 

6. Conclusions 

The feasibility of strengthening shear-damaged reinforced concrete 
beams by using external iron-based shape memory alloys strips is 
experimentally proven in this paper. An experimental campaign of three 
tests performed over two real-scale beams with a substantial level of 
damage is analysed and compared to the rest of those beams developed 
in a previous study before being strengthened. 

During previous tests, load–deflection curves exhibited brittle shear 
failure with a sharp drop in load after reaching the maximum load. 
However, the strengthening system allowed their initial strength to in-
crease, which conferred them ductility, and even changed the failure 
mode. It is important to highlight that, thanks to concrete’s active 
confinement caused by the shape memory effect of strips, the 
strengthening strips started to work immediately after they were 
applied. It is also noteworthy that the cracks produced during the pre-
vious experimental campaign were not really repaired (no crack in-
jections or use of repairing mortars). When comparing the experimental 
results of the strengthened beams to that of the original undamaged 
beams, shear strength increased by between 28% and 34% for the 
specimens with the internal stirrups and by 109% for the specimen 
without the internal stirrups. The increment in the bending rotation at 
the end of the test achieved by the strengthened specimens was also 
noteworthy, which was between 1.59- and 4.95-fold that of the un-
damaged ones. During both the strengthened tests carried out on spec-
imen B15 (with shear reinforcement), shear failure occurred after the 
yielding of longitudinal reinforcement. 

The analysis of the results showed that concrete contribution to shear 
strength reduced from the previous tests to the strengthened tests. The 
huge critical shear crack opening hindered the shear transfer by aggre-
gate interlock. With the cantilever test without stirrups, the contribution 
of the external Fe-SMA strips represented approximately 50% of shear 
strength. For the cantilever test with transversal reinforcement, the 

Table 8 
Predictions by Eurocode 2 [11].  

Spec. Test VR,test(kN) Vy(kN) Vc(kN) Vs(kN) VSMA(kN) VEC2(kN) VR(kN) VR,test

VR  

B12 B12C  119.4  334.4  114.7 – –  114.7  114.7  1.04  
R-B12C  246.5  337.1 – –  214.1  214.1  214.1  1.15 

B15 B15C  279.6  333.4 –  233.8 –  233.8  233.8  1.20  
R-B15C  356.8  335.8 –  236.0  212.5  448.5  335.8  1.06 

B15 B15S  197.7  225.3 –  233.8 –  233.8  225.3  0.88  
R-B15S  252.6  226.0 –  236.0  152.7  388.7  226.0  1.12  
Undamaged tests       

Average       1.04 
Coefficient of Variation (%)       15.34  

Strengthened tests       
Average       1.11 
Coefficient of Variation (%)       4.04  

Table 7 
Predictions by ACI CODE-318-19 [8].  

Spec. Test VR,test(kN) Vy(kN) Vc(kN) Vs(kN) VSMA(kN) VACI(kN) VR(kN) VR,test

VR  

B12 B12C  119.4  334.4  92.9  –  –  92.9  92.9  1.28  
R-B12C  246.5  337.1  104.1  –  95.2  199.3  199.3  1.24 

B15 B15C  279.6  333.4  88.5  105.8  –  194.3  194.3  1.44  
R-B15C  356.8  335.8  97.2  105.8  95.2  298.1  298.1  1.20 

B15 B15S  197.7  225.3  88.5  105.8  –  194.3  194.3  1.02  
R-B15S  252.6  226.0  97.2  105.8  68.4  271.4  226.0  1.12  
Undamaged tests       

Average       1.25 
Coefficient of Variation (%)       17.10  

Strengthened tests       
Average       1.18 
Coefficient of Variation (%)       5.14  
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shear strength provided by stirrups represented about 49.7% of shear 
strength and between 23.6% and 30.5% was provided by the external 
Fe-SMA strips. Therefore, according to the followed methodology, only 
between 19.8% and 26.7% was contributed by concrete and other 
mechanisms. With the continuous beam, concrete contribution was 
negligible, and shear strength was completely contributed by stirrups 
(68.3%) and the external Fe-SMA strips (26.3–39.7%). 

The shear strength of the undamaged and strengthened specimens 
was compared to the predictions by the Compression Chord Capacity 
Model (CCCM) and the shear procedures included in Model Code 2010, 
ACI318-19 and Eurocode 2. As tests were few, the results of these 
comparisons should be cautiously considered. All the procedures led to 
general conservative and satisfactory results. 

This research work concludes that the strengthening technique done 
with Fe-SMA strips to wrap beams and to anchor themselves using 
screws and nuts can be successfully applied to strengthen reinforced 
concrete beams damaged upon shear by increasing the ductility of the 
shear failures caused after the yielding of longitudinal reinforcement. 
Despite the positive results, this research was conducted as a proof test. 
Therefore, further research by varying different parameters should be 
carried out to study their influence on both shear strength and rotation 
capacity, and to prevent premature strip failure. 

In the context of practical applications, this study underscores the 
necessity for further adaptations of the proposed shear-strengthening 
technique. Particularly in already-constructed structures, where access 
to the top side of beams might be limited, alternative anchoring methods 
that maintain the demonstrated effectiveness of Fe-SMA strips might 
need to be developed. Future research should focus on these adapta-
tions, aiming to translate the promising results from this proof-of- 
concept study into more practical applications. Therefore, while this 
research provides a pivotal step in the process of developing and refining 
a new method of shear strengthening, it also highlights the importance 
of continuous innovation and development in the field to overcome real- 
world constraints. 
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Conceptualization. José L. Bonet: Writing – review & editing, Writing – 
original draft, Supervision, Project administration, Methodology, 
Funding acquisition, Conceptualization. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The authors would like to thank the financial support provided by 
Grants: PID2021-126397OB-I00, PID2021-123701OB-C22, BIA2015- 
64672-C4-4-R and BIA2015-3 64672-C4-3-R by MCIN/AEI/10.13039/ 
501100011033 and by “ERDF A way of making Europe.”; RTI2018- 
099091-B-C21-AR and RTI2018-099091-B-C22 by MCIN/AEI/ 
10.13039/501100011033 and by “ERDF A way of making Europe” and 
BIA2015-64672-C4-4-R and BIA2015-64672-C4-3-R (AEI / FEDER, UE); 
and TED2021-129358B-I00 and TED2021-130272B-C22 funded by 
MCIN/AEI/ 10.13039/501100011033 and by the European Union 
NextGeneration EU/PRTR”. The Regional Valencian Government also 
supported this research with Project AICO/2020/295. Andrea Mon-
serrat is supported by the Ministry of Universities (Spain) with the Re-
covery, Transformation and Resilience Plan (RD 289/2021 and order 
UNI/551/2021) funded by NextGenerationEU. The authors thank the 
Spanish Ministry of Science and Innovation for Grant FPU18/03310 that 
supported Celia Traver Abella. This research work was undertaken at 
the Concrete Science and Technology University Institute (ICITECH) of 
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