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A B S T R A C T   

The structural concept of post-tensioned glass systems has been investigated to minimize the unpredictable 
response of structural glass in tension. The Fe-SMAs have been successfully explored for strengthening existing 
structures due to their advantages in comparison with the conventional reinforcement materials. In particular, 
the recently developed Fe-17Mn-5Si-10Cr-4Ni-1VC (mass-%) alloy seems sustainable and shows promising 
properties for the construction industry. This study investigates the feasibility of post-tensioning glass beams by 
activating externally bonded Fe-SMA strips. The investigation is mainly focussed on (i) the activation process of 
Fe-SMA strips, with temperatures ranging between 120 ◦C and 160 ◦C, and (ii) the advantages of this rein
forcement for post-tensioning of glass structural elements, in terms of applicability and structural response. 
Flexural tests show that it is possible to obtain ductile failure modes when glass beams are reinforced with 
passive or activated Fe-SMA strips. Activation of Fe-SMA strips resulted in an increase of up to 30 % of the 
cracking load.   

1. Introduction 

Although the theoretical tensile strength of glass is exceptionally 
high at the molecular scale, its effective tensile strength is much lower 
due to mechanical flaws resulting from the production, cutting, polish
ing and handling operations [1,2]. The tensile strength of glass is 
influenced by (i) surface conditions, i.e., the number and depth of initial 
flaws, (ii) size of the glass elements, (iii) loading history, i.e., intensity 
and duration, and (iv) residual stresses and environmental conditions 
[3]. The glass industry has developed improved processing methods, 
namely the tempering and the lamination [4,5]. A favourable stress field 
is created by the tempering, which restrains the propagation of existing 
surface flaws and increases the apparent tensile strength of glass. Glass 
lamination, on the other hand, uses a transparent polymeric interlayer to 
join glass plies in a single panel – following the concept of redundancy – 
to ensure the integrity of the structural element after cracking. Never
theless, glass remains an extremely fragile material. 

1.1. Glass composite systems 

Several safety concepts have been developed based on the composite 
action between glass and reinforcement materials, such as timber (e.g. 

[6,7]), steel (e.g. [8–11]), Carbon Fibre Reinforced Polymers, CFRP (e.g. 
[12–14]) and Glass Fibre Reinforced Polymers, GFRP (e.g. [5,15–19]) 
have been investigated. Due to the transfer of tensile stresses from the 
glass to the reinforcement through shear stresses in the adhesive joint, 
these composite glass systems show the ability to carry load even after 
glass cracking. 

The tensile strength of annealed glass is unpredictable because sur
face flaws grow when exposed to long-term loads under environmental 
conditions. The higher the tensile stress, longer the loading duration and 
deeper the surface flaws, the lower the tensile strength of annealed glass 
[3]. Tempering has been successful at preventing this unpredictability. 
However, tempered glass failure is catastrophic and results in small 
shards, compromising its structural integrity and, consequently, the 
post-failure residual strength/reserve and ductility of composite systems 
[4,5,18]. Heat-strengthened glass provides an interesting compromise 
between fairly high tensile strength and sufficiently large fragmentation 
patterns. In any case, annealed glass has obvious economic and struc
tural benefits for the construction industry [20]. 

In order to overcome the unpredictability of the tensile strength of 
glass and make it safer for structural applications, the structural concept 
of post-tensioned glass systems has been recently investigated, using 
steel (e.g. [9,11,21]), CFRP (e.g. [12]) and SMA (e.g. [48]) as 
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reinforcement. These studies, yet reduced in number, have addressed 
different strategies concerning (i) the relative position of the reinforce
ment element; (ii) the post-tensioning setup; and (iii) the anchorage 
strategy to transfer the post-tensioning force from the reinforcement to 
the glass. While Bos et al. [9] and Louter et al. [11] positioned the 
reinforcement within the glass panel, Jordão et al. [21] and Louter et al. 
[12] placed it externally. In relation to the post-tensioning setup, the 
reinforcement has been positioned as a straight line along the glass panel 
(e.g. [12]) or adopting a layout resembling the bending moment curve 
shape (e.g. [21]). Concerning the anchorage strategy, the reinforcement 
has been mechanically anchored (e.g. [11]) and/or adhesively bonded 
to the glass (e.g. [12]). 

Although the post-tensioned glass systems were proved to be effec
tive, the procedure for applying post-tensioning is sometimes chal
lenging because (i) heavy equipment is required, e.g. hydraulic 
actuators; and (ii) high stress concentrations are induced in the glass 
substrate when the prestressed reinforcement is released. As the tensile 
strength of annealed glass depends on the surface conditions and loading 
history [3], appropriate safety measures must be taken to ensure that the 
post-tensioning force is smoothly transferred from the reinforcement to 
the glass, preventing the premature failure of the glass due to the growth 
of existing surface flaws [22]. 

1.2. SMAs in civil engineering 

Shape Memory Alloys (SMAs) have been used in civil engineering 
applications (e.g. buildings and bridges), reducing the effort and time 
involved in post-tensioning actions in comparison to conventional 
reinforcement materials (e.g. steel and CFRP). SMAs have shown to be 
advantageous due to two main characteristics: (i) the shape memory ef
fect, which is the capability of the deformed material to partially return 
to its initial shape when heated above the activation temperature; and 
(ii) the superelasticity, which refers to the property according to which 
the material undergoes large and not necessarily linear mechanical de
formations, but can still recover its initial shape after unloading and 
without the need for any thermal activation [23,24]. 

SMAs have been used for different fields of the civil engineering. 
While superelasticity is used to increase the damping and energy dissi
pation of reinforced concrete structures during earthquakes (e.g. 
[25,26]), the shape memory effect is appropriate for the post-tensioned 
strengthening of structural elements (e.g. [27–32]). When the SMA 
reinforcement is properly anchored (e.g. adhesively bonded and/or 
mechanically anchored) to the structural element prior to its activation, 
recovery stresses (post-tensioning forces) are developed by heating and 
subsequent cooling of the SMA material. The simplicity of this post- 
tensioning technique has enhanced the applicability of SMAs for the 
post-tensioned strengthening of existing structures, where the conven
tional procedure with hydraulic jacks is often difficult to implement due 
to lack of space [24,33]. 

The most recognized SMA is the nickel-titanium (Ni-Ti) alloy, which 
has been used in the automotive, aerospace, robotic, biomedical and 
construction industries for both sensory and structural (e.g. damper and 
reinforcement) purposes [23]. However, the Ni-Ti alloy may hardly be 
considered as a sustainable solution for generalized applications in the 
construction industry [30]. In construction, the material usage is several 
orders of magnitude larger when compared to other industries and, 
therefore, low-cost and less resource-intensive SMAs have been applied 
in this case, namely the iron-based (Fe-SMAs) and the copper-based (Cu- 
SMAs) alloys. Fe-SMAs are relatively low cost and easy to process, ma
chine and weld, thus making them the most promising candidates for the 
application in the construction industry, whether for repairing existing 
structures or for reinforcing new ones [24,34]. 

In 1982, Sato et al. [35] discovered shape memory effect in Fe-Mn-Si 
alloys. Since then, the chemical composition of Fe-SMAs has been 
improved to increase their corrosion resistance, training effect, cyclic 
deformation and strength [36]. In this context, a new Fe-SMA, suitable 

for the construction industry, was developed in 2009 by Dong et al. [37] 
at the Swiss Federal Laboratories for Materials Science and Technology 
(Empa), Switzerland. This Fe-SMA, which can be activated by resistive 
heating, was especially developed for the post-tensioned strengthening 
of existing concrete structures. In addition, it is produced at atmospheric 
conditions, without the need for expensive high-vacuum processing fa
cilities and thermomechanical training, making the large-scale produc
tion feasible [30,38]. Research studies have shown the potential of the 
newly developed Fe-SMA for the post-tensioned strengthening of con
crete, using strips (e.g. [29,30,39,40]) or ribbed bars (e.g. [41,42]), and 
metallic (e.g. [27,28,33]) structural elements. Further research studies 
have been conducted to show the potential of this Fe-SMA for structural 
engineering applications, investigating aspects related to the fatigue 
behaviour (e.g. [38]), phase transformation (e.g. [40]), creep and stress 
relaxation (e.g. [43]), electrochemical and corrosion behaviour (e.g. 
[44]) and recovery stress (e.g. [45]). 

The application of SMAs as reinforcement material in glass com
posite systems is a very recent research field and, consequently, very few 
studies are found in the literature addressing this topic. They have 
focused on the bond behaviour of glass-to-SMA adhesively bonded joints 
(e.g. [46,47]). In addition, Silvestru el at. [48] proved, for the first time, 
the feasibility of activating Fe-SMA reinforcement to introduce an initial 
compressive pre-stress in laminated glass beams. Furthermore, the re
sults showed that SMA reinforced glass elements can exhibit ductile 
failure modes. 

1.3. Research significance 

This study investigates the feasibility of the post-tensioning of 
monolithic glass beams by activating Fe-SMA strips previously bonded 
to the bottom edge, according to the External Bonded Reinforcement 
(EBR) technique, as well as the influence of the activation temperature 
on their post-cracking performance. After being bonded with an epoxy 
adhesive to the glass substrate, Fe-SMA strips were heated at tempera
tures ranging between 120 ◦C and 160 ◦C to activate them and introduce 
post-tensioning in the glass elements. The experimental programme 
comprised (i) mechanical characterization tests and (ii) full-scale 
bending tests. This study also addresses the opportunity to adapt the 
Fe-SMA reinforcement activation procedure in order to take advantage 
of initially deleterious effects, such as the degradation of the adhesive 
due to temperature exposure, in favour of an optimized anchorage and 
the gradual stress transfer from the reinforcement to the glass substrate. 

2. Experimental programme 

Two different types of experimental tests were carried out in the 
scope of this work: (i) first, material characterization tests were con
ducted to determine the mechanical properties of the Fe-SMA material 
and (ii) second, four-point bending tests were carried out to assess the 
flexural behaviour of annealed glass beams strengthened with passive 
Fe-SMA strips (reference beams) and activated Fe-SMA strips (post- 
tensioned beams). 

2.1. Materials 

2.1.1. Iron-based shape memory alloy (Fe-SMA) 
In this research, the Fe-17Mn-5Si-10Cr-4Ni-1(V,C) (mass%) alloy 

with shape memory effect, developed by Dong et al. [37], was used as a 
reinforcement material for glass beams. Its detailed production pro
cedure is described by Leinenbach et al. [49]. The industrial production 
of this Fe-SMA is ensured by re-fer AG Company, which offers two 
distinct products: (i) ribbed bars; and (ii) plates with thicknesses of 0.5 
and 1.5 mm and widths of 50 and 100 mm. In this study, Fe-SMA plates 
of 100 (width) × 1.5 (thickness) [mm] were used to extract strips of 
1500 (length) × 10 (width) × 1.5 (thickness) [mm]. The Fe-SMA strips 
were cut using the water jet technique to avoid overheating the Fe-SMA 
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material. Specimens were also extracted to characterize the Fe-SMA’s 
tensile behaviour. 

Five specimens of 250 (length) × 10 (width) [mm] were tested in 
tension at ambient temperature and at a constant displacement rate of 
1.0 mm/min until failure. Prior to testing, 50 mm long tabs were glued 
to the edges of the Fe-SMA strips to avoid premature failure of the 
specimen due to stress concentrations introduced by the clamping 
equipment. The longitudinal deformation of each specimen was 
measured using a clip gauge (type: MFA 12; linearity: 0.1 %; sensitivity: 
2.0 mV/V; resolution: 1.0p.m.; precision: ±1.5 μm) with stroke of 50 
mm, which was placed at the central region of the specimens (see 
Fig. 1a). A universal testing machine and a load cell with a maximum 
capacity of 200 kN (precision of 0.01 kN) were used to record the load. 
Furthermore, some specimens were monitored with the Digital Image 
Correlation (DIC) technique and using the GOM Correlate 2019 software 
[50] for processing the images. A thin spray of white matt paint was 
applied over a region of interest, followed by a spray of black dots using 
black paint. The camera used to capture the images included a full frame 
CMOS sensor (7360 × 4912 pixels). The images of the ROI were 
collected at an acquisition frequency of 0.1 Hz. 

Table 1 includes the average values obtained for the modulus of 
elasticity (Er), tensile strength (fr,t) and ultimate strain (εr,ult). As the Fe- 
SMA shows a highly non-linear behaviour, Er was determined from the 
linear portion of the stress–strain response between stress values of 0 
MPa and 200 MPa. The mechanical properties indicated in Table 1 
compare well with the values found in the literature for this Fe-SMA. The 
modulus of elasticity of 172 GPa lies in the range of previously published 
values, between 160 GPa [45] and 175 GPa [38]. With respect to the 
tensile strength, 948.1 MPa is also an intermediate value between 939.3 
MPa by Silvestru et al. [47] and 1015 MPa by Ghafoori et al. [38]. 
However, the ultimate strain of 31.0 % is lower than the values reported 
in the literature, usually higher than 40 %. The main reason for this 
difference seems to be displacement rate between clamps, which in this 
study was set to 1.0 mm/s while literature values ranging between 
0.012 mm/s [47] and 0.075 mm/s are mentioned [38]. 

Fig. 1b shows the typical stress – strain experimental response ob
tained from both measurement methods. Given the good agreement 
between the DIC and clip gauge measurements, the Poisson’s ratio was 

determined from the deformation fields at the surface of the specimens 
and assuming plane stress state. Fig. 1b shows the obtained Poisson’s 
ratio as a function of the axial strain. Unexpectedly, at the beginning of 
loading, the Poisson’s ratio reached values of approximately 2.0, which 
gradually decreased to 0.39 at the end of the stress – strain response. 
Such response seems to be related to the phase change behaviour of the 
SMA materials. During the martensitic transformation, at the beginning 
of the stress – strain response, axial deformation is associated to the 
lattice detwinning. On the other hand, after martensitic transformation, 
at the end of the stress – strain response, further axial deformation is 
associated to the permanent and irreversible slip between atomic planes 
(yielding). Hence, at this final stage, the Fe-SMA Poisson’s ratio con
verges to values exhibited by traditional materials (e.g. steel). 

2.1.2. Glass and adhesive 
All specimens used in the experimental programme were made of 

annealed glass. Laminated glass was not considered at this stage of the 
research because the interlayer may be significantly damaged during the 
heating of Fe-SMA strips, leading to layering of the glass plies. This ef
fect, which is difficult to measure experimentally, may introduce un
certainty in the structural response of post-tensioned beams. The edges 
of the annealed glass panels were polished to minimize the flaws 
resulting from the cutting process and to prevent accidents during 
handling. The mechanical properties of the annealed glass shown in 
Table 1 were previously assessed by Rocha et al. [51], with the tensile 

Fig. 1. Tensile tests on Fe-SMA strips: (a) experimental setup; and (b) stress–strain response obtained from both measurements methods, as well as evolution of the 
Poisson’s ratio. 

Table 1 
Mechanical properties of the Fe-SMA material, annealed glass and 3 M adhesive 
(average values).  

Material Er [GPa] fr,t [MPa] εr,ult [%] υ [-] 
Fe-SMA 172.0 (1.7 %) 948.1 (0.6 %) 32.5 (2.3 %) 0.39 
Material Eg [GPa] fg,t [MPa] εg,ult [‰] υ [-] 

Annealed glass a) 74.0 (2.6 %) 40 – 0.23 
Material Eadh [MPa] fadh [MPa] εadh,ult [‰] υ [-] 

Adhesive a) 1728.1 (3.3 %) 32.8 (4.2 %) 30.7 (2.8 %) 0.38 

Notes: Coefficients of variation (CoV) are indicated in parenthesis. a) Results 
collected from Rocha et al. [51]. 
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strength (fg,t) and the modulus of elasticity (Eg) equal to 40 MPa and 74.0 
GPa, respectively. 

An epoxy adhesive, the two-component adhesive 3 M Scotch-Weld 
DP490, suitable for glass-to-steel bonded connections was used in 
these experiments. The tensile behaviour of this adhesive was previously 
characterized by Rocha et al. [51]. Its mechanical properties are pre
sented in Table 1, including the Poisson’s ratio determined by Nha
moinesu and Overend [52]. The adhesive presents a non-linear 
behaviour in tension until failure, combining a high tensile strength 
(fadh) of 32.8 MPa with a relatively low modulus of elasticity (Eadh) of 
1728.1 MPa, as well as an ultimate strain (εadh,ult) of 30.7 ‰. 

2.2. Production and testing of the specimens 

As schematically shown in Fig. 2, the application of Fe-SMA strips for 
post-tensioning of structural elements consists of three main phases: (i) 
pre-straining; (ii) activation; and (iii) service loading. The post- 
tensioning procedure will be briefly explained in this section. First, 
the Fe-SMA strip is mechanically loaded (path (1) in Fig. 2) at room 
temperature, between Ms (martensite start temperature) and As 
(austenite start temperature), modifying the lattice from austenite to 
detwinned martensite (i.e., martensitic transformation). When the 
target strain is attained, the Fe-SMA is then completely unloaded (path 
(2) in Fig. 2), then presenting a permanent macroscopic deformation. 
Second, the Fe-SMA strip is mechanically anchored and/or adhesively 
bonded to the structural element. Third, the Fe-SMA strip is activated 
through resistive heating (path (3) in Fig. 2) and, when As is surpassed, 
the restrained Fe-SMA strip tends to shrink due to the reverse trans
formation from detwinned martensite to austenite. Consequently, ten
sile stresses (i.e., recovery stresses) are developed in the Fe-SMA strip, 
recovering the thermal expansion observed at the beginning of the 
thermal cycle. When the target temperature is attained, heating of the 
Fe-SMA strip is stopped and the recovery stress gradually increases 
during the cooling phase, until the ambient temperature is reached again 
(path (4) in Fig. 2). Further details related to the behaviour of Fe-SMA 
during the activation can be found in the literature (e.g. [38,53]). 

Taking into account the procedure mentioned above, the post- 
tensioned glass beams were prepared considering the following steps: 

(i) cutting the Fe-SMA strips; (ii) pre-straining the Fe-SMA strips; (iii) 
bonding the Fe-SMA strips to the bottom edge of the glass panels; and 
(iv) activating the Fe-SMA strips using a resistive heating device. The 
reference beams were manufactured considering only the first and third 
steps. On the other hand, the bonding of Fe-SMA strips – the third step of 
the general procedure – involved additional paths. First, the bonding 
surfaces were carefully degreased and cleaned with acetone. Subse
quently, the adhesive was prepared and applied according to the re
quirements included in the manufacturer specifications. After that, both 
adherends were assembled and then slightly pressed against each other 
in order to reach a pre-defined adhesive layer thickness. Finally, all 
specimens were placed in a climatic chamber at 30 ◦C during 7 days. 

The glass-SMA composite beams were manufactured considering the 
geometry shown in Fig. 3, which consisted of an annealed glass panel of 
100 (height) × 12 (thickness) [mm] reinforced at the bottom edge with a 
Fe-SMA strip of 10 (width) × 1.5 (thickness) [mm]. The components 
were joined using the epoxy adhesive presented in Section 2.1. The 
thickness of the adhesive joint (ta in Fig. 3) was set to 0.3 mm. A total of 6 
glass-SMA composite beams were produced, namely two reference 
beams with passive Fe-SMA strips and four post-tensioned beams with 
activated Fe-SMA strips. They were identified following the nomencla
ture i-j-z, where i distinguishes reference beams (R) from post-tensioned 
beams (P), j refers to the activation temperature (T0 for reference beams 
and T120, T140 and T160 for post-tensioned beams – further details in 
Section 2.2.2) and z identifies the specimens of each series with the same 
activation temperature (I and II). 

2.2.1. Pre-straining of Fe-SMA strips 
The amount of recovery stress depends on the amount of martensite 

in the Fe-SMA. Investigations conducted by Shahverdi et al. [30] on the 
Fe-SMA used in this study showed that a pre-strain (εpre) of 2.0 % is 
sufficient to achieve the maximum possible recovery stress. Therefore, 
before bonding the Fe-SMA strips to the glass substrate, these were pre- 
strained up to 2.25 % at room temperature. After unloading, the Fe-SMA 
strips showed a permanent remaining deformation (εrem) of approxi
mately 1.25 %. Only a portion of the εrem could be recovered by acti
vation (recovery strain) since the non-linear behaviour exhibited during 
pre-straining was a consequence of the phase transformation from 

Thermal
expansion

Pre-straining

Unloading

Heating

Cooling

Service load

Ta

pre

rem rev

re
c

pr
e

Fig. 2. Schematic representation of the activation procedure of Fe-SMAs under strain recovery constraint (red colour) adapted from Shahverdi et al. [29]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Pre-straining of Fe-SMAs: (a) schematic diagram (b) stress–strain diagram retrieved from the experiments.  
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austenite to martensite, as well as the plastic deformation (irreversible 
slippage between atoms) [45]. As shown in Fig. 4, the deviation from the 
linear elastic unloading is called pseudo-elastic strain, indicating that 
the reverse transformation from martensite to austenite occurred 
partially during unloading [45]. The longitudinal deformation in the Fe- 
SMA strips was measured using a clip gauge (the same used for the 
characterization of the Fe-SMA described in Section 2.1.1) with a gauge 
length of 100 mm. A universal testing machine was used to apply the 
load. 

2.2.2. Activation procedure 
Glass contains numerous surface flaws that result from the produc

tion, cutting, polishing and handling processes [1]. In addition, glass 
edges typically have lower tensile strength than glass surfaces [54]. 
Accordingly, a smooth transfer of the post-tensioning force from the 
reinforcement to the glass panel must be guaranteed to avoid the growth 
of existing surface flaws over time, especially near the glass corners, 
which are usually weaker than the glass surfaces due to the handling 
operations. In addition, based on previous studies on the activation of 
adhesively bonded SMA reinforcement (e.g. [47,55]), an undamaged 
bond region (anchorage zone) should be guaranteed on both sides of the 
activated Fe-SMA strip zone to transfer the post-tensioning force from 
the reinforcement to the glass substrate. These anchorage zones prevent 
premature debonding of the Fe-SMA strip during activation due to the 
loss of shear interaction at the bonded interfaces caused by heating. 
Accordingly, the Fe-SMA strips should not be activated throughout its 
entire length. 

As shown in Fig. 5a, the activated length (la) was set to 700 mm (half 
of the beam span), creating an undamaged bond length of 400 mm at 
both beam ends (non-activated Fe-SMA strip zones). A welding machine 
was used to supply the electrical power (see Fig. 5b). Two metallic pieces 
were symmetrically positioned at 350 mm from the mid-span section 
and subsequently pressed against the bottom edge of the Fe-SMA strip by 
means of metal clamps (see Fig. 5c and d). After that, the electrode 
holder and the ground clamp were connected to these metallic pieces, 
creating a circuit where the electrical current flowed from the former to 
the latter. Polytetrafluoroethylene (Teflon) plates were positioned be
tween the metallic pieces and the metal clamps, for safety. 

A relatively high current density of ~ 4.0 A/mm2 was adopted to 
shorten the heating phase as much as possible, in order to reduce the 
heat flow into the non-activated Fe-SMA strip zones. Different activation 
temperatures (Ta) were adopted to activate the Fe-SMA: (i) 120 ◦C for 
the P_T120 beams, (ii) 140 ◦C for the P_T140 beam, and (iii) 160 ◦C for 

the P_T160 beam. The power supply was interrupted when the target 
temperature was attained. The activation process was assumed complete 
when the temperature on the Fe-SMA strip reached the room tempera
ture again. 

Fig. 5a shows the instrumentation adopted for the activation process. 
The deflection at the mid-span section of the Fe-SMA reinforced glass 
beams was measured using a displacement transducer – Linear Variable 
Differential Transformer (LVDT) – with stroke of 50 mm and precision of 
0.01 mm. Furthermore, a strain gauge (type: BFLA-5–3-3L by TML; 
gauge length: 5 mm; gauge factor: 2.08 ± 1 %) was placed at the top 
edge of the glass panel. On the other hand, an infrared camera (Type: 
FLIR T420; temperature range: − 20 to 650 ◦C; spectral range: 7.5 to 13 
μm) was used to monitor the temperature evolution in the Fe-SMA strip 
during the activation process. User-defined parameters required by the 
infrared camera (e.g. emissivity) were previously calibrated using a type 
K thermocouple (see Fig. 6). For the sake of simplicity, only a small part 
of the Fe-SMA strips (≈ 20 mm in length) was monitored by the infrared 
camera (control region), therefore assuming a constant temperature 
along the activated length. The infrared camera was positioned so that 
only the Fe-SMA strip was captured by the control region (see Fig. 7), in 
order to avoid de influence of the emissivity of other components on the 
maximum temperature registered within the control region, which was 
taken as the effective activation temperature. 

2.2.3. Bending tests 
As shown in Fig. 3, the glass-SMA composite beams, with a span of 

1.4 m, were tested adopting a symmetrical four-point bending config
uration, with load points 460 mm apart. In order to avoid the direct 
metal-glass contact and the premature failure of composite beams, 
Teflon plates were positioned between the steel pieces and the glass. As 
shown in Fig. 3c, two pairs of vertical metallic guides were symmetri
cally positioned at 300 mm from the mid-span section to prevent lateral 
displacements (e.g. lateral-buckling effect). Each pair was joined by 
means of threaded rods to enhance the out-of-plane flexural stiffness. 
The surfaces of these lateral guides were carefully wrapped with a thin 
Teflon film to prevent frictional forces during tests, as well as direct 
metal-glass contact. 

In-plane flexural rotations were free at both supports, and one of the 
supports allowed the longitudinal sliding of the beams. As illustrated by 
Fig. 3a, metallic frames specially designed were placed overhead the 
supports to restrain out-of-plane rotations at the support sections. After 
positioning the composite beams, the threaded screws of metallic boxes 
were carefully pressed against the glass, using intermediate Teflon plates 

Unloading

Loading

Fig. 4. Glass-SMA composite beams: (a) beam geometry and instrumentation adopted for the bending tests; (b) cross-section geometry; (c) metallic frames placed at 
the support sections; (d) lateral guides to prevent lateral instability; and (e) experimental setup. All units in [mm]. 
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to avoid glass-steel contact. 
Fig. 3a shows the LVDTs used in these experiments: LVDT_1 and 

LVDT_3 measured the deflections at loading point sections, while the 
LVDT_2 measured the mid-span deflection. These LVDTs have equal 
characteristics to the ones referred in Section 2.2.2. Axial strains in the 
Fe-SMA strips were also measured at the mid-span section using a strain 
gauge (type: PFL-10–11-3LJC-F by TML; gauge length: 10 mm; gauge 
factor: 2.12 ± 1 %). A load cell with a maximum measuring capacity of 
200 kN and a linearity error of ± 0.05 % was used to measure the 
applied load. All test specimens were loaded monotonically under 
displacement control at a speed of 1.0 mm/min (internal LVDT of the 
actuator). While, the applied load and the deflections were measured 

using a relatively high acquisition frequency of 50 Hz to capture sudden 
phenomena resulting from the low fracture energy of the glass, axial 
strains were recorded at a frequency of 3 Hz due to limitations on the 
acquisition system. The tests were conducted in laboratory environment 
at an average temperature of 26 ◦C and relative humidity of 65 %. 

The Digital Image Correlation (DIC) method was also used to docu
ment the evolution of cracking and the formation of resisting mecha
nisms in glass-SMAs composite beams. Further details about the DIC 
method can be found in Section 2.1.1, including the characteristics of 
the camera used. 

Fig. 5. Activation of the Fe-SMA strips: (a) activated region and adopted strategy; (b) welding machine used to supply electrical power for the activation process; and 
(c) and (d) connection between the welding machine clamps and the Fe-SMA reinforcement. All units in [mm]. 
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3. Activation of Fe-SMA strips 

3.1. Experimental measurements 

Fig. 7 shows the images captured by the infrared camera during the 
activation of the Fe-SMA reinforcement, when the peak temperature was 

reached. Fig. 8 depicts the evolution of the vertical displacement at the 
mid-span section (dexp), the tensile strain at the top edge of the glass 
panel (εg,t) and the temperature in the Fe-SMA strip (T) during the 
activation process. It is noteworthy to mention that positive values 
correspond to tensile strains and therefore downward displacements. 
Finally, the values of dexp and σg,t = εg,t × Eg registered at the end of the 

Fig. 6. Preliminary experiments conducted to determine the user-defined variables required by the thermographic camera.  

Fig. 7. Images retrieved by the infrared camera corresponding to T = Ta in each of the post-tensioned beams: (a) P_T120-I, (b) P_T120-II, (c) P_T140 and (d) P_T160.  
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cooling phase are summarized in Table 2, as well as the maximum 
temperature (Ta) achieved in the Fe-SMA strip. The heating phase of 
each beam, which lasted between 10 and 18 s, was much shorter than 
the subsequent cooling phase (≈ 3000 s). It is noteworthy to mention 
that no detachment of the Fe-SMA strip from the glass substrate was 
observed for any of the post-tensioned beams, showing that the used 
adhesive performed well when exposed to the high temperatures 
experienced. 

As shown in Fig. 8, due to the thermal expansion of the Fe-SMA 
strips, all beams deformed downwards between 0.067 mm and 0.086 
mm at the beginning of the heating phase, leading to the appearance of 
compression stresses at the top region of the glass panel. A few seconds 
later, yet during the heating phase, these initial deformations were 
completely suppressed by the shape memory effect of Fe-SMAs. Due to 
the reverse transformation from martensite to austenite, the Fe-SMA 
strips developed recovery stresses and, consequently, the beams 
deformed upwards between 0.433 mm and 0.752 mm. 

3.2. Recovery stress 

Based on the strain gauge measurements, the recovery stress devel
oped in Fe-SMA strips (σrec,sg) may be estimated by performing numer
ical simulations. In this study ABAQUS 6.14 finite elements software was 
used [56]. Both the glass and the Fe-SMA were simulated as an isotropic 
material with linear elastic behaviour. The mechanical properties 
adopted for the glass were taken from Table 1. Based on the experiments 
conducted by Shahverdi et al. [30], the relationship between the re
covery stress (restrained Fe-SMA strip) and the recovery strain (non- 
restrained Fe-SMA strip) was simulated using an equivalent modulus of 
elasticity (Er,a) equal to 95 GPa. In addition, within the non-activated 
region, the non-linear behaviour of the Fe-SMA material in tension 
was simulated using a USDFLD subroutine to select the modulus of 
elasticity as a function of the axial stress, based on the response shown in 
Fig. 1. A Poisson’s ratio of 0.39 (see Table 1) was adopted for these 
numerical simulations. 

Typically, polymeric adhesives do not perform well at high 

d 

t

eg
,t 

t

Fig. 8. Activation process of the externally bonded Fe-SMA strips: displacement at mid-span (d), strain at the top edge of the glass panel (εg,t) and temperature in the 
Fe-SMA (T). 
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temperatures. After reaching the glass transition temperature, the 
polymers lose their ability to transfer shear stress between adherends. 
Thereby, the activation process and resulting heating effect of the Fe- 
SMA strips certainly reduced the shear interaction at the bonded in
terfaces during the activation process, and likely damaged the adhesive 
afterwards. A maximum working temperature of 120 ◦C is indicated by 
the adhesive’s technical data sheet, but it is expectable that a consid
erable degradation of the mechanical properties exists at temperatures 
of this magnitude. Accordingly, the complete absence of shear interac
tion within the activated region (shaded in Fig. 5a) – no composite ac
tion – was considered in these numerical simulations. Thus, the beams 
were simulated by setting Eadh to zero in the activated length, while the 
remaining length of the adhesive was considered as undamaged and 
simulated as an isotropic material with linear elastic behaviour (Eadh =

1728 MPa). In the non-activated region, the numerical model assumed 
that the relative slippage at the reinforcement/adhesive and adhesive/ 
glass interfaces was not possible. For the sake of simplicity, the adopted 
approach did not consider the thermo-mechanical behaviour of the 
components and neglected any heat flow into the non-activated region. 

Regarding the finite element modelling, two-dimensional simula
tions were carried out assuming the symmetrical behaviour of the SMA 
reinforced glass beams with respect to the mid-span vertical axis. A finite 
element mesh with an element size of 5 (width) × 5 (height) [mm] was 
adopted, using 4-node plane stress elements (CPS4) with 2 × 2 inte
gration points for all components. Fig. 9 shows the geometry, boundary 
conditions, load configuration and the mesh pattern. In addition, the 
rigid connection at the Fe-SMA/adhesive and adhesive/glass interfaces 
were materialized setting these as a “tie” constraint, which avoids 
relative translations and/or rotations between adjacent nodes. Recovery 
stresses were simulated as an imposed temperature variation along the 

la. Finally, for each specimen, iterative numerical simulations were run 
until the numerical axial stress at the top edge of the glass panel attained 
the experimental one (see σg.t in Table 2). 

Table 2 presents the results extracted from the numerical simula
tions, namely the σrec,sg, the numerical displacement at the mid-span 
section (dnum) and the compression stress at the bottom edge of the 
glass panel (σg,b). Recovery stresses ranged between 201.7 MPa (Ta =

120 ◦C) and 335.2 MPa (Ta = 160 ◦C). As expected, beams with the 
lowest Ta (e.g. P_T120 beams) exhibited the lowest σrec,sg. 

Concerning the beams P_T120-I and -II, dnum was 4.8 % to 4.9 % 
lower than dexp, respectively. Higher differences can be found in the 
beams P_T140 and P_T160, where dnum was 7.7 % and 8.9 % lower than 
dexp, respectively. Neglecting minor deviations in beam geometry (e.g. 
height), these differences seem to be related to the propagation of 
damage at the adhesive to the non-activated region (near the loaded end 
sections), which was disregarded in the numerical model. Typically, the 
bond behaviour of adhesively bonded connections consists of three 
distinct stage: (i) the elastic stage, before bond strength is attained; (ii) 
the softening stage, where the adhesive is still able to transfer shear 
stress that decreases with increasing relative slip; and (iii) the debonding 
stage, when there is no shear interaction between the bonded interfaces. 
Due to premises adopted in these numerical simulations, only the elastic 
(non-activated regions) and debonding (activated region) stages were 
modelled, respectively setting Eadh equal to 1728 MPa and zero. How
ever, the underestimation of the mid-span deflection provided by the 
numerical model, i.e. the difference between dnum and dexp, seems to 
indicate that lb,d – which is defined as the bond length damaged by the 
activation of the Fe-SMA strips – was in fact longer than la, even in post- 
tensioned specimens with the lowest activation temperature. Accord
ingly, it is reasonable to assume that no shear interaction exists between 
adherends within the activated region, providing further validation to 
the numerical simulations. 

Adhesive damage propagation in the non-activated region was a 
result of the heat flow into the non-activated region, as well as the high 
stress concentrations at the glass-to-SMA interfaces near the loaded end 
sections of the non-activated Fe-SMA strip zones. As expected, the dnum – 
dexp relationship suggests that the adhesive damage propagation into the 
non-activated region was significantly influenced by the activation 
temperature. The application of higher Ta extended the heating phase, 
increasing the heat flow into the non-activated zone, and developed 
greater σrec,sg, increasing the stress concentrations in the anchorage 
zones. The combination of these two effects increased the lb,d and, as a 
consequence, the stress transfer zone between adherends shifted to
wards the beam ends. In practical terms, a similar effect would be ob
tained if a longer length of the beam was activated and post-tensioned 
(lb,d > la), thus promoting dexp slightly larger than dnum. 

The recovery strain – recovery stress ratio depends on the restraint 
conditions of the anchorage zone. When assuming that the glass panel 
behaves as an infinitely rigid substrate, the maximum recovery stress 
(σrec,max) can be fully mobilized if the anchorage zones do not allow any 
deformation (e.g. slip at the bonded interfaces). Nevertheless, in reality, 

Table 2 
Experimental measurements retrieved from the activation of the Fe-SMA rein
forcement and comparison with results extracted from numerical simulations 
performed to determine the recovery stress.  

Experimental measurements  

Beam Ta [◦C] dexp [mm] σg,t [MPa]  

P_T120-I 122 0.433 5.11  
P_T120-II 124 0.445 5.25  
P_T140 142 0.584 6.70  
P_T160 161 0.752 8.51  

Numerical results  

Beam dnum [mm] σg,b [MPa] σrec,sg [MPa]  

P_T120-I 0.412 (-4.8 %) − 10.16 201.7  
P_T120-II 0.423 (-4.9 %) − 10.43 207.0  
P_T140 0.539 (-7.7 %) − 13.29 263.8  
P_T160 0.685 (-8.9 %) − 16.89 335.2 

Notes: The values between parentheses are the difference in percentage between 
dnum and dexp. 

Fig. 9. Finite element model used to determine the recovery stress in the Fe-SMA strips, identifying the length (blue colour) that was subjected to temperature 
variation. All units in [mm]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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elastic deformation of the adhesive joint along the stress transfer length, 
as well as the adhesive damage propagation into the non-activated re
gion (softening and debonding stages), both occur. As a consequence, 
the non-activated Fe-SMA strip zones located between lb,d and la were 
tensioned (σ ≈ σrec,sg) and elongated. Therefore the activated Fe-SMA 
strip zone was allowed to contract slightly (recovery strain) and, 
consequently, the potential recovery stress was reduced (σrec,sg ≤

σrec,max). Nevertheless, due to the heat flow into the non-activated re
gion, these Fe-SMA strip zones were to some extent activated (T < Ta), 
reducing the shrinkage of the activated Fe-SMA strip zone. Therefore, it 
is reasonable to assume that the experimental σrec,sg were not signifi
cantly affected by the adhesive damage propagation and resemble well 
the numerical ones. 

The activation process was well captured when assuming no com
posite action between adherends within the activated region. Further
more, it should be noted that the recovery stresses are a function of the 
activation temperature, the substrate stiffness and the anchorage re
straint conditions. If the glass panel and the adhesive joint were infi
nitely stiff in flexure and shear, respectively, the σrec,sg would have 
varied between 231.1 MPa (Ta = 120 ◦C) and 379.2 MPa (Ta = 160 ◦C), 
which compares very well with the values commonly found in the 
literature for this Fe-SMA material (e.g. [30]). Assuming fg,t = 40 MPa 
(see Table 1) and neglecting its inherent variability, it would be 
expectable that the first cracking load of the post-tensioned beams 
would be 1.25 to 1.42 times higher than that obtained from R_T0 beams 
(increment of cracking load – ΔFcr). It is noteworthy to mention that 
these values do not consider any influence of the activation procedure 
on the mechanical properties of the Fe-SMA reinforcement. 

4. Results and discussion 

Fig. 10 and Figs. 11–12 show the applied load (F) versus mid-span 
deflection (δ) experimental responses of the reference and post- 
tensioned beams, respectively, as well as the crack patterns obtained 
using the DIC technique at different stages. On the other hand, Table 3 
summarizes the experimental responses in terms of initial stiffness (K), 
cracking load (Fcr) and corresponding deflection (δcr), maximum load 
(Fmax), and ultimate deflection (δult). Table 3 lists two additional pa
rameters: (i) the residual strength index (RSi), which was defined as the 
Fmax / Fcr ratio, quantifying the load carrying capacity after crack initi
ation; and (ii) the ductility index at failure (Di), which was defined as the 
δult / δcr ratio, quantifying the capacity of the beams to deform after the 
appearance of the first crack. 

4.1. Reference beams 

As shown in Fig. 10, both reference beams presented similar struc
tural responses, exhibiting linear behaviour during the pre-cracking 
stage with K = 1.53 kN/mm. Thereafter, successive sudden load drops 
occurred due to the appearance of cracks appearing from the mid-span 
section towards the supports, creating non-linear branches with pro
gressive loss of stiffness due to the yielding of the Fe-SMA. The large 
crack openings attained and the extensive horizontal crack propagation 
generated crack branching (V-shaped cracks). The high deformation 
capacity of the reinforcement material delayed the appearance of shear 
cracks, as well as the debonding of the Fe-SMA strip. The R_T0-I beam 
failed due to debonding of the Fe-SMA strip at the reinforcement/ad
hesive interface (see Fig. 13) due to cracks that formed in the shear span 
(failure mode: critical shear crack). In contrast, the R_T0-II beam was 
unloaded prior to collapse because the maximum deflection allowed by 

Fig. 10. Results of the flexural tests with the reference beams: (a) structural responses and crack patterns of the beams (b) R_T0-I and (c) R_T0-II at different stages.  
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the experimental setup was reached. In general, both R_T0 beams 
showed the ability to recover the load carrying capacity after initial 
cracking, exceeding Fcr during the post-cracking stage. These results 
show that glass structural elements can present safe and ductile re
sponses when Fe-SMA is used as reinforcement, as previously observed 
by Silvestru et al. [48]. 

4.2. Post-tensioned beams 

4.2.1. Initial stiffness 
Similarly to the reference beams, all post-tensioned beams exhibited 

linear behaviour during the pre-cracking stage. Excluding the P_T160 
beam, all post-tensioned beams showed lower initial stiffness than the 
reference beams, between 1.8 % (P_T120-I beam) and 2.7 % (P_T140 
beam). This reduction is explained by two main aspects: (i) first, heating 
the Fe-SMA strips partially damaged the adhesive joint of post-tensioned 
beams, reducing the composite action between adherends; and (ii) sec
ond, the tensile stiffness of the Fe-SMA strips decreased after activation 
[30]. Thereby, the reduction of the initial stiffness of post-tensioned 
beams showed to be proportional to Ta. Unexpectedly, the P_T160 
beam showed the highest initial stiffness among the post-tensioned 
beams, being 0.7 % higher than the one obtained from the R_T0 se
ries. This can be explained by minor geometric deviations, as well as 

residual frictional forces between the glass panel and the lateral guides. 

4.2.2. First cracking load 
When comparing the post-tensioned beams with the R_T0 series, it is 

possible to observe that the activation of the Fe-SMA reinforcement 
increased the glass fracture strength between 16.8 % – in the P_T120-I 
beam (with the lowest Ta) – and 30.3 % – in the P_T160 beam (with 
the highest Ta). According to Table 3, the first cracking loads obtained 
from bending tests (Fcr (P_T120-I beam) < Fcr (P_T120-II beam) < Fcr 
(P_T140 beam) < Fcr (P_T160 beam) are consistent with the results ob
tained from the activation process. However, the estimated ΔFcr for post- 
tensioned beams (see Section 3.2) were not reached, being the experi
mental ΔFcr (see Table 3) between 6.8 % (P_T120-I beam) and 8.4 % 
(P_T140 beam) lower than the former. Despite the inherent variability of 
the tensile strength of glass, as well as the decrease in tensile stiffness of 
the Fe-SMA material after activation (see Section 4.2.1), the loss of post- 
tensioning force (stress relaxation in Fe-SMA) seems to be the main 
explanation for this difference, as observed in previous studies on the 
long term-behaviour of activated Fe-SMA reinforcement (e.g. [30,41]). 

Based on the Fcr obtained from flexural tests, the analytical model 
presented in Appendix A was used to determine the decrease in post- 
tensioning force over time, assuming linear elastic behaviour for all 
components, as well as the strain distribution shown in Fig. 14. Based on 

Fig. 11. Results of the flexural tests with the post-tensioned beams: (a) comparison between the structural responses of both P_T120 beams with those of the 
reference series, as well as the crack pattern of the beams (c) P_T120-I (c) and (d) P_T120-II at different stages. 
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previous studies (e.g. [28,29]), the stress – strain curve shown by acti
vated Fe-SMA strips resembles the one shown by passive Fe-SMA strips 
after the former achieve an increase in axial strain (εrev) of ~ 1.0 % (see 
Fig. 2). Thus, the reversal stress (σrev) was assumed equal to σ (εpre) =
638.5 MPa (maximum stress reached during the pre-straining process). 

Table 4 compares the recovery stresses obtained from cracking loads 
(σrec,cr) and strain gauges measurements (σrec,sg). Values of σrec,cr lower 
than σrec,sg were obtained in all beams, varying between 4.9 % (P_T120-I 
beam) and 10.1 % (P_T140 beam). It is noteworthy to mention that, for 
the sake of simplicity, the analytical procedure did not take into account 
several aspects that obviously influenced the first cracking load of post- 
tensioned beams, mainly the permanent adhesive damage after the 
activation of the Fe-SMA strips and its effect on the composite action 
reduction. According to Eq. (A.8) in Appendix A, lower values of Iel 
would result in higher recovery stresses. Therefore, if the adhesive 
damage would have been introduced in the analytical procedure, the 
difference between σrec,cr and σrec,sg would be smaller, mainly in the 
beams whose Fe-SMA strips were activated at higher temperatures. 

Disregarding small temperature variations, which may have slightly 
reduced the post-tensioning force due to the thermal expansion of the 
Fe-SMA reinforcement, the stress relaxation of Fe-SMA material is the 
main explanation for why the σrec,cr were consistently lower than the σrec, 

sg. The post-tensioned beams were tested up to 48 h after activation of 
the Fe-SMA strips. According to the tensile relaxation tests conducted by 

Shahverdi et al. [30], activated Fe-SMA strips with an initial recovery 
stress of 350 MPa (≈ σrec,sg for the P_T160 beam) experienced a relaxa
tion of ~ 6.0 % during this time period. It should be noted that the 
relaxation behaviour depends on the amount of recovery stress and, in 
line with the experimental results, stress relaxation in Fe-SMA increases 
for increasing recovery stress. Nevertheless, according to Hosseini et al. 
[53], a significant part of the losses in the recovery stress can be 
retrieved by reactivating the Fe-SMA reinforcement, providing a 
possible solution to restore the initial recovery stresses in practical 
applications. 

4.2.3. Post-cracking behaviour 
In general, the post-cracking behaviour is characterized by a series of 

sudden load drops which create non-linear branches, with progressive 
loss of stiffness due to the martensitic transformation in the Fe-SMA 
reinforcement (see Figs. 11 and 12). Like in the R_T0 series, crack 
propagation towards the supports was delayed by the extremely ductile 
behaviour of the Fe-SMA after the martensitic transformation. The post- 
tensioned beams presented high deformation capacity, reaching 
ductility values above 1000 %. In terms of residual strength, all post- 
tensioned beams were able to exceed the first cracking load during the 
post-cracking stage. 

Compared to the R_T0 series, the post-tensioned beams achieved 
higher values of Fmax, between 16.2 % (P_T120-I beam) and 21.7 % 

Fig. 12. Results of the flexural tests with the post-tensioned beams: comparison between the structural responses of the beams (a) P_T140 and (b) P_T160 and those 
obtained from the reference series, as well as the crack pattern of the beams (c) P_T140 and (d) P_T160 at different stages. 
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(P_T160 beam). However, in general, the post-tensioned beams showed 
lower RSi values than the reference ones. The activation of the Fe-SMA 
reinforcement reduced its tensile strength reserve (difference between 
σrev and σrec,sg) before the forward transformation, thus reducing 
significantly the post-cracking stiffness of the post-tensioned beams, as 
well as their load carrying capacity. Therefore, as experimentally 
observed, the residual strength tended to be lower in beams with higher 
Ta. Nevertheless, the P_T140 beam displayed an unexpectedly high RSi 
value among the post-tensioned beams. The high scatter of the tensile 
strength of glass seems to be the main reason for this result, having 
produced a lower Fcr than expected. This also justifies why the P_T140 
beam showed a greater difference between σrec,cr and σrec,sg (see Section 
4.2.2) than the P_T160 beam. 

Glass structures are safe only when the resisting mechanism gener
ated after the initial glass cracking is capable of assuring a load carrying 
capacity that is higher than the Fcr. Therefore, a maximum recovery 
stress (σrec,max) should be estimated to ensure Fult > Fcr. After cracking, 
the load carrying mechanism is formed by a compression force in the 
uncracked glass zone and a tensile force in the reinforcement element, 
identified as Fc,g and Ft,r in Fig. 15, respectively. Two failure mechanism 
were considered: (i) tensile failure in the Fe-SMA reinforcement and (ii) 
crushing of the cross-section area where compression stresses are 
maximum. Lateral instability and debonding of the Fe-SMA strip were 
neglected because they can be postponed or avoided by changing the 
beam geometry and choosing adhesives with greater shear resistance, 
respectively. The compression strength of glass (fg,c) was not experi
mentally characterized in this investigation. A fg,c = 500 MPa was 
adopted in this study [57]. 

Based on Appendix B, the maximum recovery stress obtained when 
the beam collapse is governed by glass crushing and tensile failure in Fe- 
SMA is equal to 379.7 MPa and 612.4 MPa, respectively (see Table 5). 
Considering the lowest value, Fcr (σrec,max = 379.7 MPa) is equal to 5.07 
kN, which represents a maximum increment of ~ 40.0 % in cracking 
load taking the R_T0 series as a reference. In any case, the recovery stress 
– activation temperature relationship reaches a maximum for which an 

increase in temperature no longer results in an increase in the recovery 
stress, which according to Shahverdi et al. [30] is equal to approximately 
450 MPa. As discussed in Section 4.2.2, the recovery stress reduces over 
time due to stress relaxation of the Fe-SMA material. Therefore, recovery 
stresses slightly higher than σrec,max can be introduced. However, further 
investigation to determine the amount of stress relaxation over time is 
particularly important. 

4.2.4. Failure modes 
Excluding the P_T140 beam, which failed due to debonding of the Fe- 

SMA strip at the reinforcement/adhesive interface (see Fig. 13a), all 
post-tensioned beams were unloaded before collapse when the 
maximum deformation allowed by the experimental setup was excee
ded. In the P_T140 beam, the detachment of the Fe-SMA strip was 
triggered by a critical shear crack that appeared in the non-activated 
region. Due to the low fracture energy of glass, strain energy is sud
denly released during the crack formation, damaging the adhesive joint 
around the crack. Then, shear cracks induce high interfacial stresses 
(mode-I and -II) at the bonded interfaces, causing progressive debonding 
of the reinforcement. 

Fig. 13b shows a close up of the partial detachment of the Fe-SMA 
strip observed in the post-tensioned beams after unloading, which 
seems to have resulted from the cohesive failure of the adhesive used. 
Nevertheless, the adhesive was able to keep the reinforcement bonded to 
the glass, probably because shear cracks did not appear sufficiently close 
to the supports, as occurred in the case of the P_T140 beam. Therefore, 
further investigation is necessary to understand in detail this failure 
mechanism and to develop an analytical model to predict the collapse 
due to critical shear crack in passive and post-tensioned composite glass 
systems. 

5. Conclusions 

This research was focused on the structural performance of post- 
tensioned glass beams using Fe-SMA as reinforcement. First, Fe-SMA 
strips were mechanically deformed to induce the martensitic trans
formation. Second, pre-strained Fe-SMA strips were adhesively bonded 
to the bottom edge of glass panels using an epoxy adhesive. Third, the 
Fe-SMA strips were activated by resistive heating at temperatures be
tween 120 ◦C and 160 ◦C, approximately. Finally, the post-tensioned 
beams were experimentally tested until failure under a four-point 
bending configuration. In addition, based on the strain gauge mea
surements, numerical investigations were performed to determine the 
initial stress-state generated by the activation of Fe-SMA strips. 

The main conclusions of this research may be summarized as follows: 

• Post-tensioning of glass beams by activating Fe-SMA strips adhe
sively bonded is a relatively quick and easy process. Partial activa
tion of Fe-SMA strips proved to be a suitable strategy to avoid the 
concentration of high shear stresses in weaker zones of the glass 
panel (e.g. beam ends), ensuring an undamaged bond region able to 
transfer the post-tensioning force from the reinforcement element to 
the glass substrate;  

• Numerical models showed that the loss of composite action was 
directly correlated to the activation temperature; higher activation 
temperature resulted smoother post-tensioning force transfer, 
significantly reducing the possibility of premature glass breakage. In 
addition, the propagation of adhesive damage into the non-activated 
region increased the vertical displacement at the mid-span section;  

• Four-point bending tests proved the feasibly of SMA strengthening of 
glass beams. All beams were able to maintain their integrity during 
the cracking process, exhibiting a post-cracking behaviour that was 
strongly influenced by the mechanical properties of the adhesive and 
reinforcement. Relatively safe and ductile failure mechanisms were 
achieved in the strengthened glass beams; 

Table 3 
Main properties of the reference (R_T0) and post-tensioned (P_T120, P_T140 and 
P_T160) SMA reinforced glass beams extracted from the flexural tests.  

Reference beams  

Property R_T0-I R_T0-II R_T0 series   

K [kN/ 
mm] 

1.53 1.53 1.53   

Fcr [kN] 3.67 3.63 3.65   
δcr [mm] 2.40 2.38 2.39   
Fmax [kN] 4.22 3.86 4.04   
δult [mm] 32.9 22.1 27.5   
Di [%] 1370 931 1151   
RSi [%] 115 106 111   

Post-tensioned beams  

Property P_T120-I P_T120-II P_T140 P_T160  

Ta [◦C] 122 124 142 161  
K [kN/ 
mm] 

1.50 (-1.8 %) 1.50 (-1.9 %) 1.49 (-2.7 
%) 

1.54 (0.7 %)  

Fcr [kN] 4.26 (16.8 
%) 

4.28 (17.2 
%) 

4.44 (21.8 
%) 

4.75 (30.3 
%)  

δcr [mm] 2.84 (19.0 
%) 

2.86 (19.5 
%) 

2.99 (25.2 
%) 

3.09 (29.5 
%)  

Fmax [kN] 4.74 (17.2 
%) 

4.69 (16.2 
%) 

4.89 (21.1 
%) 

4.92 (21.7 
%)  

δult [mm] 43.2 (56.8 
%) 

47.1 (71.0 
%) 

32.5 (17.8 
%) 

46.8 (70.0 
%)  

Di [%] 1519 (31.9 
%) 

1648 (43.2 
%) 

1085 (-5.7 
%) 

1512 (31.5 
%)  

RSi [%] 111 (0.4 %) 110 (-0.8 %) 110 (-0.6 %) 103 (-6.6 %) 

Notes: The values indicated in parentheses represents the difference between the 
property of the post-tensioned beams with the one of the reference beams. 
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• In general, the activation of the Fe-SMA strips was an advantageous 
strategy to enhance the overall response of glass composite systems. 
The post-tensioning resulted in first cracking loads ranging between 
17 % and 30 % higher than those obtained with reference beams 
(passive Fe-SMA reinforcement);  

• Due to the stress relaxation behaviour of the Fe-SMA, the post- 
tensioning stress decreased over time between 4.9 % and 10.1 %, 

depending on the recovery stress. However, for practical applica
tions, the initial recovery stresses could be retrieved by reactivating 
the Fe-SMA reinforcement;  

• All beams were able to exceed the first cracking load during the post- 
cracking stage. The post-cracking behaviour of the post-tensioned 
beams was mainly influenced by the recovery stress developed in 
Fe-SMA strips. Compared to the reference beams, the post-tensioned 

Fig. 13. Failure modes: (a) debonding of the Fe-SMA strip at the adhesive/reinforcement interface observed in the beams R_T0-II and P_T140; and (b) cohesive 
failure of the 3 M adhesive due to the appearance of shear cracks. 
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beams showed lower residual strength indexes for increasing acti
vation temperatures, since the activation of the Fe-SMA strips 
reduced the tensile strength reserve before the austenite–martensite 
transformation;  

• In order to avoid catastrophic collapses, it is recommendable that a 
maximum recovery stress is not exceeded so that the ultimate load is 
at least equal to the first cracking load, considering all possible 
failure mechanisms. 

The results obtained from the experimental tests showed that the 
post-tensioning of annealed glass beams using adhesively bonded Fe- 

SMA strips is a feasible and promising strengthening strategy, capable 
of generating safe and ductile failure mechanisms. However, additional 
investigation is required to address aspects that can promote post- 
tensioning losses over time, whether related to the post-tensioning 
procedure (e.g. structural performance of glass-to-SMA adhesive joints 
at high temperatures and adhesive damage propagation) or long-term 
behaviour (e.g. relaxation behaviour of the Fe-SMA, creep in the adhe
sive joint due to permanent shear stresses imposed by the post- 
tensioning). In addition, the effect of different environmental condi
tions (e.g. temperature, moisture and UV radiation) should also be 
considered in future studies. As glass is a transparent material, special 
attention should be paid to the influence of the solar radiation, espe
cially the UV radiation and thermal cycling, on the bond behaviour of 
adhesive connections over time. Thus, in order to promote the use of Fe- 
SMA reinforced glass elements in a wide spectrum of applications, 
additional experimental studies should focus on the aspects mentioned 
above, as well as on the development of reliable analytical/numerical 
methodologies to simulate the activation procedure (e.g. thermo- 
mechanical analysis) and predict the structural response of post- 
tensioned glass-SMA composite systems. 

Fig. 14. Stress distribution due to the post-tensioning: (a) compression and flexural forces; (b) compression stress and (c) flexural stress distributions; and (d) final 
stress distribution. 

Table 4 
Parameters used to determine the recovery stresses from cracking loads and 
comparison with the ones derived from the strain gauges measurements.  

Beam Iel [mm4] Ia [mm4] σrec,sg [MPa] a) σrec,cr [MPa] 

P_T120-I  973645.3 951294.1  201.7 191.8 (-4.9 %) 
P_T120-II  973386.9  207.0 195.3 (-5.6 %) 
P_T140  970587.7  263.8 237.3 (-10.1 %) 
P_T160  967071.0  335.2 313.4 (-6.5 %) 

Notes: a) Values retrieved from Table 2 considering no composite action between 
adherends. Post-tensioning force loss is indicated in parentheses and represents 
the difference between σrec,cr and σrec,sg. 

h d

y
g,t

r

g,t

r

Fig. 15. Resistant mechanism after glass cracking: (a) and (b) cracked cross- 
section and (c) strain and (d) stress distributions. 

Table 5 
Main parameters used to determine the maximum recovery stress that guaran
tees the safe collapse of composite beams.  

Fe-SMA tensile failure  

εr [‰] σg,t [MPa] yult 

[mm] 
σrec,max 

[MPa] 
Fcr = Fult [kN]  

324.9 755.8 > fg,c 3.20 612.4 5.99  

Glass crushing  

εr [‰] σg,t [MPa] yult 

[mm] 
σrec,max 

[MPa] 
Fcr = Fult [kN]  

174.3 < εr,ult 500.0 4.02 379.7 5.07  
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Appendix A 

The recovery stress (σrec,cr) can be derived from the first cracking load. For the sake of simplicity, the tensile behaviour of activated Fe-SMA strips 
was assumed to be bilinear (see Fig. 2), with the first branch including ε ≤ εrev and the second ε > εrev. An equivalent modulus of elasticity (Er,rec), 
defined as the slope of the first linear branch (see Eq. (A.1)), was conservatively used in these calculations. 

Er,rec = (σrev − σrec)/εrev (A.1) 

Neglecting the adhesive damage, the moment of inertia (Iel) is given by Eq. (A.2), in which bi, hi and Ei correspond to the width, height and modulus 
of elasticity of each component, and zi determines the distance between the centroid and the neutral axis. In turn, the position of neutral axis (yel) can 
be determined by means of Eq. (A.3), where zi,t represents the distance between the centroid of each component and the beam’s top edge. 

Iel =
∑

(
bih3

i

12
⋅
Ei

Eg
+ bihiz2

i ⋅
Ei

Eg

)

(A.2)  

yel =

∑
bihizi,t⋅Ei/Eg

∑
bihi⋅Ei/Eg

(A.3) 

Cracking initiates when fg,t is attained at the bottom edge of the glass panel. Therefore, the initial compression stress at the bottom edge of the glass 
panel (σg,b) can be determined from Eq. (A.4), where Fcr is the cracking load, l1 is the length of the shear span and hg is the height of the glass panel. 

σg,b =
Fcrl1

2Iel
⋅
(
hg − yel

)
− fg,t (A.4) 

Considering Fig. 14, σg,b can be written as a function of σrec,cr using Eq. (A.5), in which Ar is the cross-section area of the Fe-SMA strip, d is the 
distance between the intermediate fibre of the Fe-SMA strip and the top glass edge, and Aa is the cross-section area of the composite beam. Ia and Aa are 
given by Eqs. (A.6) and (A.7), respectively, while ya can be determined through Eq. (A.3), like yel, but in this case considering only the contribution of 
the glass panel and the Fe-SMA strip (no composite action). According to Section 3.2, these parameters were calculated assuming Er,a = 95 GPa and 
Eadh = 0. 

σg,b =
σrec,cr⋅Ar

Aa
+

σrec,cr⋅Ar⋅(d − ya)

Ia
⋅
(
hg − ya

)
(A.5)  

Ia =
∑

(
bih3

i

12
⋅
Ei

Eg

)

(A.6)  

Aa =
∑

bihi⋅Ei/Eg (A.7) 

Finally, equating Eqs. (A.4) and (A.5), σrec,cr can be determined as a function of Fcr using the following expression: 

σrec,cr =

(
Fcr.l1

2Iel

(
hg − yel

)
− fg,t

)/

J 

where, 

J =

(
Ar

Aa
+

Ar⋅(d − ya)

Ia
⋅
(
hg − ya

)
)

(A.8)  
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Appendix B 

Tensile failure in Fe-SMA 

Considering the strain distribution shown in Fig. 15, the beam collapse is governed by Eq. (B.1), in which εg,t is the axial strain at the top edge of 
glass and yult represents the position of the neutral axis at failure. 

εg,t =

(
εr,ult − εrem

)
⋅yutl

(d − yult)
⩽

fg,c

Eg
(B.1) 

With, 

yult =
2Ar⋅fr,t

t⋅εg,t⋅Eg 

By enforcing the equilibrium of internal forces, the ultimate load (Fult) is provided by Eq. (B.2). 

Fult =
2⋅Ar⋅fr,t⋅(d − yult/3)

l1
(B.2) 

From the rearrangement of Eq. (A.8), Fcr can be determined from Eq. (B.3). 

Fcr =
2Iel(

hg − yel
)
⋅l1

⋅
(
J⋅σrec,max + fg,t

)
(B.3) 

No composite action between the adherends was considered to determine Ia and Aa (see Section 3.2). Thereby, equating Eqs. (B.2) and (B.3), 
σrec,max can be calculated through the following expression: 

σrec, max⩽
Ar⋅fr,t⋅(d − yult/3)⋅

(
hg − yel

)

J⋅Iel
−

fg,t

J
(B.4)  

Glass crushing 

Assuming glass crushing, the tensile strain in the Fe-SMA strip (εr) at failure is given by Eq. (B.5), considering by default εr > εrem + εrev. 

εr =
fg,c⋅(d − yult)

Eg⋅yult
+ εrem⩽εr,ult (B.5) 

With, 

yult =
2Ar⋅

(
σrev + (εr − εrem − εrev)⋅Er,rev

)

t⋅fg,c 

Ful is given by the following expression: 

Ful =
t⋅fg,c⋅yult⋅(d − yult/3)

l1
(B.6) 

In order to determine σrec,max corresponding to the glass crushing, Eqs. (B.3) and (B.6) were equated and Eq. (B.7) was obtained. 

σrec,max⩽
t⋅fg,c⋅yult⋅(d − yult/3)⋅

(
hg − yel

)

2Iel⋅J
−

fg,t

J
(B.7)  
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