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ARTICLE INFO ABSTRACT

Keywords: This work presents the design of a smart activation system for the crack-closure technology of the Hybrid
Self-repairing Tendons. Previous research has demonstrated the effectiveness of this technology in providing a self-repairing
Concrete mechanism for concrete elements. The Hybrid Tendons are made combining a pre-stressed Kevlar inner core
]S;r:alﬁﬁiltl;e restrained by a Shape Memory Polymer sleeve. To trigger the crack-closing action, the Shape memory potential

of the outer sleeve needs to be activated via heating. The work focuses on the design and testing of an electric
activation system for the Hybrid Tendons using a system of heating wires. Kanthal wires are chosen for this
application and integrated in the manufacturing process of the Hybrid Tendons: the wires are wrapped around
each tendon and connected to a power supply. An experimental campaign is conducted to assess the system’s
capability to activate the Hybrid Tendons and deliver the crack-closing action in concrete beams under constant
load. Additionally a numerical model is also developed to offer a sound interpretation of the experimental results.
The system is ultimately proven successful in activating the Hybrid Tendons embedded in the concrete, effec-
tively delivering the crack-closing action and boosting the flexural response of the structural element.

1. Introduction mechanical interactions between concrete and its service environment,

(Dai et al., 2020), (Shen et al., 2020). The short service life of concrete

It is a matter of major concern that many existing concrete structures
worldwide are in a state of premature deterioration and distress, giving
rise to poor durability performance (Vaysburd et al., 2004), (Dawood
et al., 2020), (Alexander and Beushausen, 2019). Expectations of
extended service life are now increasing, and they are reflected in the
modern design codes currently aiming for service lives of more than 50
years for concrete structures in large public works (Alexander, 2018).
However, it was shown that even much modern structures, exposed to
the combined effects of mechanical loads and severe service conditions
(i.e. temperature fluctuations, severe weather and pollution), begin to
deteriorate after only 20 or 30 years (Beushausen et al., 2019).

Infrastructures built with ordinary Portland cement concrete are
known to have a short service life and poor durability, both closely
related to concrete cracking (Mindess et al., 2003), (Angst, 2019),
(Althoey et al., 2022). Cracking can present at different stages of a
structure’s lifetime and is usually caused by physical, chemical, and
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may lead to a series of negative effects: deteriorated infrastructures need
new materials for repair and maintenance which place enormous strain
on construction budget, along with the associated carbon emissions from
construction-related traffic (Yildirim et al., 2018).

As a solution to the challenge of cracking in concrete, self-healing
technologies offer an innovative and promising solution with the po-
tential to increase the durability and service life of the built environment
thereby reducing the need for maintenance and decreasing the envi-
ronmental impact (Cappellesso et al., 2023). Research on self-healing
concrete has been widely explored by many researchers (Bekas et al.,
2016), (Danish et al., 2020), (Gupta et al., 2018), (Kumar Jogi and Vara
Lakshmi, 2021), (Hossain et al., 2022), (De Nardi et al., 2023), (Shields
et al., 2024): various self-healing technologies have been applied to a
wide range of cementitious materials and shown many progresses in
dealing with a diverse range of crack widths.

Concrete has a natural crack-healing capability and this is known as
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“autogenous” healing. Substantial research has been undertaken to
enhance this phenomenon and boost concrete durability (De Belie et al.,
2018), (Neville, 2002), (Edvardsen et al., 2015). However, “autogenous”
healing can only take place if certain conditions are satisfied: in
particular, the width of the crack is a determining factor which greatly
affects this process (De Belie et al., 2018), (de Rooji et al., 2013).

When the crack width becomes too large for the autogenous healing
to take place (i.e. >0.1 mm) then mechanisms of “autonomous or
autonomic” healing (Minnebo et al., 2017), (Wu et al., 2012) which use
engineered mechanisms added to the structural element to provide the
crack-closing action (Han et al., 2015), offer an effective remedy to
combat cracking.

Balzano et al., 2021 (Balzano et al.,, 2021) presented a novel
crack-closure system for cementitious structural elements consisting of
pre-tensioned hybrid tendons. The tendons are made combining a
pre-stressed inner core of aramid fibre ropes, and a shape memory PET
outer sleeve, able to shrink upon activation via heating. During
manufacturing, the tendon’s inner core is put into tension and the outer
sleeve into compression, such that the tendon is in equilibrium. When
cast in a cementitious structural element and heat activated, the
shrinkage potential of the PET sleeve is triggered, in turn releasing the
stored inner core strain energy. The released tension applies a
compressive force to the cementitious element, in which the tendons are
embedded, closing any cracks that have formed perpendicular to the
axis of the tendons.

The Hybrid Tendons were proven successful in closing structural
cracks up to 0.3 mm which is the UK standard value for a serviceability
crack width (Wiktor and Jonkers, 2011), (Medeiros-Junior, 2018).
Moreover, hybrid tendons have the added value of acting as effective
reinforcement both before and after the release of the crack-closing
action.

While proven effective, the Hybrid tendons are not ready yet to be
used in a working structure. Previous studies successfully demonstrated
the concept of hybrid tendons, laying the foundation for improvements
in various aspects. For instance, using an oven to activate the system
presented a drawback as the structural element was not under load
during the process. Additionally, a non-local control of the heating
subjected the entire element to unnecessary and potentially hazardous
temperature increases, resulting in energy inefficiency as well. One
missing element in this system is a dedicated remote activation system
capable of triggering the shrinkage of the PET sleeve, subsequently
releasing the stored stress.

This work focuses on technological improvements to facilitate
upscaling and readiness for real-world applications. A purpose-designed
electric heating system has been developed and strategically integrated
into the concrete elements, with no significant geometry variations. The
system triggers the tendons within the concrete to autonomously close
cracks while selectively heating only the tendons and the adjacent part
of the element in contact with them. This is accomplished through an
electrical system meticulously crafted using Kanthal, precisely acti-
vating the tendons when the concrete elements, integral to the structure,
are under load.

A similar system was already developed by Teall et al., (2018) (Teall
et al., 2018a) for a different type of PET tendon with PET in the form of
fibres. In this previous attempt, Nichrome wires were used to generate
the activation temperature to trigger the PET shrinkage which in turn
would generate the compressive action necessary to close the concrete
cracks. However, challenges were encountered in achieving the activa-
tion temperature across all of the PET filaments. Moreover, the electric
wires seemed to produce an interference with the steel reinforcement
also needed in the concrete beam. In addition, these PET tendons did not
provide significant flexural reinforcement.

This paper describes the experimental work carried out to prove the
efficacy of Kanthal heating wires as activation system for the Hybrid
Tendons in structural concrete beams. This work also presents a nu-
merical model based on the concept of non-linear beam-hinge used to
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Fig. 1. a) Apparatus designed to pre-stress the Hybrid Tendons inner core. The
system was mounted on a Zwick Z050 with a 100 kN Loading cell. b) Sketch of
the constitutive elements of the Hybrid Tendons.

interpret the experimental results. The paper layout begins with a gen-
eral introduction to the concept adopted for the activation system and
the design of the experimental campaign. Following a description of the
materials used in the laboratory experiments (Section 2-3), the set up of
the experiments and the stages of the testing are then reported in Section
4. The numerical model is described in Section 5 and the experimental
and numerical results are then discussed in Section 6. The paper con-
cludes with a final conclusive section reporting the main achievements
of this research.

2. General concept

The present work follows up on the progress of the previous research
on Hybrid Tendons (Balzano et al., 2021) by applying them in concrete
beams of an wupscaled size compared to our previous work
(100x100x500mm) and investigating the viability of activating via a
heating system embedded in the beam together with the tendons.

2.1. The hybrid tendons

The Hybrid Tendons were manufactured according to a procedure
similar to the one reported in Balzano et al., 2021. The Kevlar inner core
was pre-stressed using the apparatus reported in Fig. 1a. The tendon
inner core was connected to a Loading cell, restrained at the top by
means of a steel framing system and with the lower anchorage clamped
in place. The inner core was then pre-stressed up to a designed value and
then restrained within the PET shape memory tube, storing the neces-
sary force that would be released at activation and promote a
post-compression in the structural element (Fig. 1b). Each tendon is 400
mm long and is made of a PET outer sleeve and an inner core of 6.3 mm
diameter Kevlar Ropes, with an average pre-stress per tendon of 1500 N.

The choice of Kevlar ropes for the Tendons’ inner core lies on the
finding of previous studies showing the potential of this material to act
as effective reinforcement for concrete elements (Dolan, 1991).

It is worth mentioning that during the pre-stressing procedure, the
PET tube would experience some bending under the compressive action
of the inner core. The deformation is however self-restrained by the
inner core itself, having the latter to retain its state of pure tension.

The PET is a shape memory polymer manufactured using a die-
drawing process (Balzano et al., 2021). The shrinkage potential of the
PET sleeves is activated when they are exposed to a temperature of
approximately 100° C, and reaches a maximum at a temperature of
between 120 and 130° C.

The geometrical and mechanical properties of the different
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Table 1
Material Properties of the constitutive elements of the Hybrid Tendons.

Kevlar Core

Core Nominal Diameter mm 6.3
Tensile Strength MPa 600.0

PET Outer Sleeve

Outer Diameter mm 11
Thickness mm 2.4
Tensile Strength MPa 90.0

A S

Crack-detection system

Power Supply Monitoring station

1 |

Fig. 2. Scheme of the activation system adopted for the Hybrid Ten-
dons system.
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Fig. 3. Working Phases of the embedded hybrid tendons and related activa-
tion system.

components of the Hybrid Tendons are reported in Table 1.

2.2. Activation system

The heating system presented in this work consisted of Kanthal
heating wires wrapped around each tendon and externally connected to
a power supply. The whole system was then connected to a computer for
data collection and to control the activation. The general scheme of the
experiment setting is represented in Fig. 2.

One of the main challenges explored in the framework of this work
was to assure the delivery of the crack-closing action while the Load was
still active on the structural element, hence reproducing what would
actually happen in a real-world application. In the previous experi-
mental campaign, Balzano et al. (2021) neglected this aspect, only
focusing on demonstrating the potential of the hybrid tendons as a
crack-closure technology. The activation was indeed sought through
oven heating, once the samples were removed from the loading frame.

For this work the samples were first loaded in three-point bending in
displacement control, to induce a crack (Fig. 3a). Once the crack width
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Fig. 4. Hybrid Tendons with Kanthal wires prepared to be casted within the
concrete specimens.

Fig. 5. Positioning of Hybrid Tendons before casting and close-up on the use of
glue to keep the Kanthal wires in place.

reached a desired value, the test was switched to load control, keeping
the load constant on the beam, while the activation process took place.
In activating the tendons, the stored pre-stress was released, generating
a hogging bending moment which counteracted the effect of the mid-
span loading, allowing the reduction of the crack-width (Fig. 3b).

The electrical activation system was designed using high resistivity
Kanthal wires. Kanthal is a iron-chromium-aluminium (FeCrAl) alloys
used in a wide range of resistance and high-temperature applications. It
is well known for its flexibility, tensile strength and oxidation resistance
and already used in concrete to perform diverse thermal studies (Sales
et al., 2010), (Kanthal, 2003). In this system, Kanthal wires 24 AWG
(Average Wire Gauge) were used with a nominal diameter of 0.5 mm
and resistance of 7.23 Ohm/m.

The Kanthal wire was wrapped around each tendon to form a coil
resistance, generating the heat necessary for the activation, as depicted
in Fig. 4. Notably, a pitch of 10 mm was chosen for this purpose,
determined through experiments conducted by the authors. It was found
that the optimal pitch for a set of four tendons, operating at a maximum
voltage of 20 V, was 10 mm. Pitch sizes below 10 mm led to tendon
melting, whereas sizes exceeding 10 mm proved ineffective in producing
the required heat for PET shrinking.

To ensure the preservation of the coil’s original shape and maintain
the desired spacing between wire turns (coil spaces), the coil was glued
to both ends of the tendon securely (Fig. 5). For this purpose, an
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Fig. 6. Geometry of the concrete specimes and positions of the thermocouples.

appropriate adhesive with thermally conductive, good dielectric prop-
erties, and high-volume resistivity (AS1803 SILCOTHERM) was used.
This specific adhesive offers efficient heat transfer from the coil to the
tendon while possessing non-corrosive properties. These desirable
qualities make it an excellent choice for integration into an electrical
activation system, ensuring optimal performance and functionality
(CHT UK Bridgwater LTD). The Kanthal wires were externally connected
to a DC Supply (Aim-TTi CPX400DP Bench Power Supply) remotely
controlled via a computer system connected to a data logger, recording
the resistance, temperature and load.

3. Concrete mix

The concrete mix design for the beam specimens was prepared using
Portland cement CEM I A/L 32.5 R (CAS number 65997-15-1), standard
quartz sand (CAS number 14808-100 60-7) as fine aggregate, 10 mm
aggregates and tap water. Cement (c), sand (s) and aggregates were
mixed in a ratio of 1:1.55:2.1 by mass, and water (w) was added at a w/c
ratio of 0.55 by mass. The mix proportion of cement, sand, aggregates
and water were 329.4 kg/m°, 510.6 kg/m>, 691.7 kg/m°, 181.2 kg/m>
respectively. The selected mix design is consistent with previous
research on the tendons, maintaining uniformity across the study. The
primary goal was to create a concrete mix with decreased strength
deliberately. This common approach in the field of self-healing concrete
(Teall et al.,, 2018b) was employed to intentionally make the beam
susceptible to damage. Following the procedure by BS EN 12350-1:2000
and BS EN 12390-6:2009, the compressive strength (f.,) and tensile
splitting strength (fcy1) of the concrete mix were determined by casting
and testing three 100x100 x 100mm cubes and three #100 x 200mm
cylinders. The specimens were promptly covered with damp hessian for
7 days. The decision to opt for wet hessian over a water tank was driven
by safety considerations due to the electrical aspect of the experiment.
The specimens were removed 2 h prior to the test to allow them to reach
room temperature. It was found that the compressive strength had a
mean value of 29.2 MPa with a coefficient of Variation of 0.02, while the
tensile splitting strength had a mean value of 3.48 MPa with a coefficient
of variation of 0.08.

The testing age at 7 days was consistently maintained throughout the
study, i.e. tensile, compression, and flexural tests. This approach
ensured uniform testing conditions, contributing to the reliability of the
experimental results. The goal of this investigation was to evaluate the
system’s ability to activate the crack closure of concrete samples under
loads. The assessment of the concrete matrix at the 7-day mark
demonstrated sufficient strength to illustrate the system’s behaviour. It
is noteworthy that prior tests with a comparable mix design indicated
that by the 7th day, the concrete had already achieved the most of its
strength (Edvardsen, 1999), (Jefferson et al., 2010).

4. Experimental campaign
4.1. Beam specimens

Four 100x100x500mm beams were prepared with four tendons
embedded in each sample. Each tendon was manufactured with an
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Fig. 7. General Loading scheme of the 3-point bending test and stages of
the test.

initial pre-stressing force of 1.5 kN (+200 N) which gave a total average
initial pre-stress (Py,o) of 6 kN. Three Type-K thermocouples were also
embedded in each beam and positioned along the tendons to monitor the
temperature change once the activation process started. Type- K Ther-
mocouples have been widely used in the years for concrete temperature
monitoring on structures at different scales (Kwan et al., 2013), (Chang
et al., 2009); indeed, they give a good approximation of the gradient
change within the concrete which would be sufficient for the aim of this
application.

Fig. 6 shows a general scheme of the beam specimen with embedded
tendons and the position of the thermocouples. In order to meet the
minimum concrete cover specified by BS 8500 for non-severe environ-
ments, a spacer with a height of 25 mm was employed. Taking into
account the 10 mm radius of the clamps at the tendon’s ends, the ulti-
mate distance from the tendon’s centre to the bottom of the beam is 35
mm.

4.2. Testing stages

The testing procedure comprises three stages, which are described
below and illustrated schematically in Fig. 7.

Stage 1: The specimen was loaded in 3-point bending test to induce a
crack with the selected crack mouth opening displacement (CMOD).
The CMOD was measured via a clip gauge transducer which was
mounted on the underside of each beam specimen and provided
feedback to the load actuator. This stage is characterized by an initial
linear behaviour of the beam, prior the formation of the crack. In the
Load/CMOD graph the load would show an initial peak (Ppeqx in
Fig. 7) which highlighted the end of the elastic behavior of the
concrete and the initiation of the crack. After the first crack opening
then the specimen experienced a softening phenomenon which in
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Fig. 8. Position of the CMOD sensors to measure the crack opening during the three-point bending test and experimental set-up.

turn provokes a reduction of the Load to the final value Pyeq4.

A 5 mm notch was cut from the underside of all specimens, either
side of which were stainless steel knife edges to accommodate the
CMOD clip gauge (Fig. 8). A range of values spanning from 0.2 mm to
0.3 mm were targeted in order to explore the efficacy of the method
under diverse grades of damage.

Stage 2: Once the desired CMOD is achieved (CMODg,), the loading
machine was then switched from displacement control to Load
control and the activation system was switched on while the Load
stayed at the constant value of P4 The activation process released
the stress stored within the tendons, thereby generating a hogging
bending Moment and closing the crack. In this stage the CMOD
would show a reduction in the crack width from CMODg4 to CMODg4
due to the action of the hybrid tendons.

Stage 3: Once the crack has been closed and the specimen repaired
under constant load, the machine was then switched to displacement
control again and the load further increased. During this stage, an
initial recovery of stiffness could be observed. The stiffness would
gradually reduce as the crack opened again. The value of the Load
associated to the crack reopening is reported in Fig. 8 as Py, and it is
also a measure of the effect of the post-compression from the ten-
dons, which would in turn boost the overall flexural response of the
structural element.

5. Numerical model

The non-linear beam-hinge model, presented in Balzano et al.
(2021), has been enhanced to simulate the current experiments. Spe-
cifically, the model has been modified to allow the simulation of Stage 2
of the testing procedure (see Fig. 7). This accounted for the release of the
tendon pre-stress and model the CMOD reduction at a constant external
load level.

The theory assumes that the inelastic deformations are confined to a
narrow central zone named the ‘hinge’” which can be associated with the
fracture process zone (Karihaloo, 1996). The cementitious material is
assumed to be linear prior to cracking and subsequently follows a
damage-based evolution function, as explained below.

The central hinge is modelled as a layered beam (Owen and Hinton,

Layer i

Al

@ *core

P,
A Notch Hinge band 43
L Notch Layer
Section 1
\ Section2  Hinge band
o ' ?

Fig. 9. Scheme of the Hinge Model and Layered beam.

1980) under constant curvature and subject to a uniform bending
moment and a normal force (crack-closure action from the Hybrid
Tendons). The beam elements on either side of the hinge zone are
assumed to be linear elastic beam elements.

The nonlinear stress-strain behavior of each layer is represented
using a one-dimensional version of the basic damage model (Alnaas and
Jefferson, 2016), which may be expressed as equation (1).

6= (1—w(())Ee @

in which o and ¢ are the uniaxial stress and strain in a layer respectively,
E is Young’s modulus of the mortar, ® € [0,1] is the scalar damage
variable, which is a function of the effective strain (¢;), as follows;

0 if <&

_ —a &t
CU(Z:) 1 7% e (so—st

) . (2)
lf§ > &

where c; is a softening parameter; ¢y is the strain at the end of the
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Table 2

Input paramenters for the numerical model.
b H w e Ny Az Ecore E. fe €po Acore Pro
mm mm mm mm mm MPa MPa MPa mm® kN
100 100 5 25 100 1 70,000" 30,000 30 0.0007 124.7 6.1

Note that P, is the initial pre-stress force stored within the inner core of the Hybrid tendons and is given by.
 The Elastic Modulus was taken from (Linear Composites Limited) for PARAFIL Type F which is the one used in this study.

softening curve and it is expressed as eg=uy/w; Uy is the displacement at
the end of the softening curve; and ¢; = f;/E, is the tensile strain and f; is
the tensile strength of the concrete.

The effective strain (¢;) for a layer i is defined as the maximum axial
strain (¢;) experienced in the layer up to the time being considered,; ¢; is
expressed as follows:

20
&=€+ ¥ .z 25*7221' (3)

where ¢ is the axial strain at z = 0 in the hinge; ¥, is the hinge curvature,
6, is the rotation at one edge of the hinge zone; w is the width of the
hinge band and z; is the vertical coordinate for layer i, as illustrated in
Fig. 9.

Uz

L (€3]

62 -
Where u, is the displacement at the hinge section and L, is the length of
the elastic beam element (Fig. 9).

The numerical model solves the equilibrium at the hinge cross-
section between the internal normal Force N and momentum M and

the external action applied by the tendons pre-stress once activated P;.
Each of the forces was calculated as the sum of the contributions from
each layer of the hinge as per following

h
N= / i o dz— (ZiEa»biAzi> gi— —P, (52)
T2
3 PL
2
M= o.bzdz =— —P,e (5b)
b 4
2
The tendon load is given by
2u
P =AE, (5170 - Tlp) (6)

with g, being the initial pre-strain in the tendons’ inner core.

Introducing the elastic beam segments between the supports and the
hinges, applying compatibility at the interface between these two
components, employing equations (1) and (3), and applying symmetry
leads to the following coupled nonlinear equations, in which the pri-
mary unknowns are € and 6,

8 - 8
, ,
6 6
Zz5 z5
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© ©
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2 2
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Fig. 10. Load-CMOD results for the three-point bending test carried out on the four concrete beams and the control beam (plain concrete).
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Table 3
Output values from the experiments.
Specimen Ppeak Pred Preo_measured Pr reo Puie CMODye Peore,ult Gcore,ult
kN KN kN kN kN mm kN MPa
B1 5.8 2.6 3.6 3.1 11.7 3.1 20.3 162.8
B2 6.7 2.7 2.9 0.6 10.1 1.9 17.4 139.4
B3 7.2 2.6 3.8 3.6 11.8 3.1 20.6 164.9
B4 6.9 2.5 4.3 5.4 12.2 2.6 21.2 169.8
2 L2
Z E.biAzi+E,A,+-2, Z EbiziAzi+zEA, | ——29 _ € L 13
i i w K2 = ( )
N|_ El 4
M]- 2
> Eibzidzi+E Az, + e — | Y EabizAzi+EyAyz,? | — e P a4
! We ! L+ 21('1

[s]

where A, is the area of the pre-stressed element, i.e. the cross section of
the Kevlar® inner rope; E, is Young modulus of the Kevlar® inner core;
A, is the area of the mortar beam outside the hinge band; E, is Young
modulus of the mortar outside the hinge band ; A, 4, 49, 4p, K1, k2, k3
are the variables introduced by Balzano et al., 2021) and given by the
following expressions:

7

2

lpO :APEP (1 - ZK3K1) (8)
2w

e :APE,,Z@?E 9
2

Ag: — (ApEsz:;e) (10)
2

dp=— (A,,Epzxgxz) 1n

AEL (1 ¢
_ 1 e 12
K1 E, ( A, I, 12)

14
2

10

Load [kN]
Co

0 0.5 1 15 2 2.5
CMOD [mm]

w

35

The associated algorithm follows the same stages used in the testing
procedure, as illustrated in Fig. 7. The nonlinear equations are solved
using a standard Newton Raphson incremental iterative solution algo-
rithm (de Souza Neto et al., 2011).

It is worth mentioning that in Stage 1, the tendons are not yet acti-
vated, hence ¢, is assumed to be zero; however, once the tendons are
activated, & is released (hence ¢,y # 0) and there is a step increase in
the force P, (given by equation (6)).

The model was coded in a Mathcad sheet (PTC Mathcad Prime 9.0),
which was used for all the simulations reported into this paper. The
general input parameters for the model are given in Table 2.

PrO = gpoAcureEcore (15)

where g is the initial strain of the Kevlar inner core due to the pre-
stressing action, Ao is the Area of the inner core and E. is the Kev-
lar Elastic Modulus (Linear Composites Limited) as reported in Table 2.

6. Results
6.1. Tendons activation

Fig. 10 and Table 3 show the results of the three-point bending test
for the four specimens. The graph in Fig. 10 gives the Load-CMOD re-

sponses of each stage of the test. It is worth noticing that the experi-
mental values for the three Stages of the tests are not continuous: this is
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Fig. 11. Results at the ultimate state in Stage 3.
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Table 4
Output values from the numerical model.
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Specimen o] uo U2, stagel U2, stage3a U2, stage3b Preo modelled Gpo,loss Gp0,loss/Opo
mm mm mm kN MPa %
Bl 0.85 0.035 0.268 0.136 0.4 3.4 12.9 26
B2 0.85 0.04 0.32 0.164 0.4 3.1 18.7 38
B3 0.87 0.035 0.32 0.164 0.4 3.7 11.6 24
B4 0.8 0.03 0.268 0.136 0.4 4.2 8.9 18
could be due to some human error made during the casting procedures
Table 5 o (i.e. poor vibrating, little movement of tendons) which prevented the
Length of Tendons before and after the activation. . s . . . .
concrete flowing freely within the cross section, in turn influencing the
Length in mm flexural response of the element. The value recorded for Ppe,x is however
Before Activation After Activation still within 10% margin off the average value, which was considered an
403 381 acceptable error. ' .
400 390 The Load-CMOD response also shows that during Stage 2 the acti-
404 356 vation system successfully enabled the Hybrid Tendons to deliver the

due to the fact that between the test stages the loading cell was stopped
to switch from the displacement control to load control and to allow the
switching of the power supply for the activation. During these pauses the
values recorded by the machine showed a small fluctuation.

In Stage 1 of the experiment, the concrete beams showed an initial
linear response, becoming nonlinear approaching the peak Load, after
which all the specimen experienced a softening behavior provoking an
average Load reduction of 49% compared to the Peak Load as also
shown by the values for P4 reported in Table 3. The influence of the
Kevlar reinforcement was not very evident during Stage 1 as shown by
the softening behavior. It is possible that at this stage the tendons might
be experiencing some slippage at the anchorages which was a problem
already encountered in Balzano et al., 2021). However, the overall Load
reduction was still lower compared to the one shown in Fig. 11 for plain
concrete control beam, which confirms a reinforcement action from the
Hybrid Tendons.

It is worth noting that B1 showed a lower value for Ppeax compared to
the other specimens although all made with the same mix design. This

crack-closing action, by not only inducing a considerable reduction in
crack width during Stage 2 (more details are discussed in Section 6.2)
but also boosting the overall structural response after the activation. The
measured values for Py, also reflect the tendons efficiency after the
activation. In particular, the fraction of original prestress force that re-
mains after the crack-closure was estimated by computing the total
prestress force associated with Prey (Pr reo):

1 Mo

Pr,reo :m 7
A 4

where A, is the Area of concrete, e is the eccentricity of the tendons
system from the center of the beam, Z is the Section Modulus, and M, is
the value of the bending moment associated to the recorded load P,

The computed values for P, ., reported in Table 3 show that a
considerable amount of the original Prestress remained and available at
the onset of Stage 3.

The Load/CMOD values at the ultimate conditions reached at the end
of Stage 3 are also reported in Fig. 11 and Table 5. In particular the stress
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Fig. 12. Comparison between the results of the numerical model and the experimental values.
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5

Fig. 13. Positions at which the crack width was measured via microscope before and after the activation of the Hybrid Tendons.
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Fig. 14. a) Crack width measurements before and after the activation. b) Crack
closure due to the post-compression action of the Hybrid Tendons.

within the Kevlar inner core at failure was estimated in order to check
the working conditions compared with the nominal tensile strength (i.e.
600 MPa). It is evident that the Kevlar was working well below its limit
state, therefore not used at its full potential.

Fig. 12 shows the comparison between the results of the numerical
model and the experimental results. The numerical model was exploited
to reproduce the crack-closure action and the effect of the compression
after the activation on the overall structural response of the concrete
specimens.

Table 4 reports the relevant output from the numerical model that

were calibrated in order to match the experimental data. It can be
noticed that the values of P, estimated from the numerical model
(Preo modelled) are quite consistent with the experimental values (see
Table 3). Moreover, an estimation of the strain losses within the inner
core of the Hybrid Tendons was made, showing that due to slippage at
the anchorages position all the specimens experienced a reduction of the
original pre-stress varying from 18 to 38% of the initial pre-stress. It is
worth mentioning that the specimen B2 showed the highest losses as it
was also the only one pushed to a higher value for CMODgg; this in turn
also justifies the lowest value for P, ., for this specimen discussed pre-
viously in Table 3.

6.2. Crack-width measurements

The crack width on each specimen was also monitored using a Digital
Microscope Camera (3inl Type-C USB Portable) mounted close to the
lateral face of each beam when sitting on the loading machine. The
camera was mounted on pedestal and pointed perpendicularly on the
surface of the concrete specimen to capture the crack. The pictures were
used to then take measurements of the crack width at three different
positions as reported in Fig. 13. Three measurements of the crack width
were taken at 1 mm, 3 mm and 5 mm from the top of the notch. The
average of the three measurements was taken.

The position chosen for the crack measurement is justified by the fact
that the crack was developed under bending action: the crack front in
turn develops in a way that the crack tip will always experience the
greatest width. Therefore the values in proximity of the crack tip were
used as reference point for the measurements to test the efficacy of the
crack closure, assuming those values to be representative of the highest
degree of damage experienced by the sample.

Fig. 14a shows the average crack width before and after the activa-
tion for each specimen. It is clearly visible how the tendons have
contributed to a consistent crack width reduction. This result is even
more encouraging if we consider that the action of the tendons was
successful while the beam was still being loaded.

The hybrid tendons have contributed to achieving a crack reduction
of up to 58% compared to its value before the activation. The average
value for the crack closure among the samples is about 53% as reported
also in Fig. 14b. These values are highly promising and would bring
crack-width to values for which autogenous healing could take place
(Yang et al., 2011), (Maes et al., 2016).

6.3. Temperature control

This section presents the values recorded by the thermocouples
embedded in the concrete specimens and the correlation between tem-
perature and crack closure size, highlighting that the tendons were
successfully activated and the crack-closure action was successfully
delivered.

Fig. 15 shows the recorded CMOD and the average recorded tem-
perature from the three thermocouples for each specimen during
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outside concrete.

activation. It is noticeable that the crack width gradually reduced with
the increasing temperature. The values shown are strongly influenced by
the vicinity of the thermocouple to the tendon itself. It is highly possible
that during casting the sensors may have experienced a little movement,
which in some cases could have been away from the tendon surface.
Such a movement would have allowed some concrete paste to flow in
between them. This would in turn lead to a slower response of the
Sensor.

The results showed that crack aperture started reducing when the
temperature reached the range 45-75 °C, confirming that the activation
process might start around these values.

In order to further explore the performance of the activation system
an experiment of activation outside the beam was also performed. Three
tendons with the same geometry and characteristics of the ones pre-
sented for the concrete specimens, were wrapped with Kanthal wires
and connected to the power supply. A thermocouple was also attached to
the tendons to monitor the temperature change during the activation
process. Table 5 reports the values of the tendons’ length before and
after the activation.

Fig. 16 shows also the average monitored temperature of the PET
sleeve during the activation process. The test showed that the system

10

was appropriate to supply the right energy amd activate the polymer
hence releasing the pre-stress stored within the Kevlar core.

7. Conclusions

The present study expands and improves upon the Hybrid Tendon
system, which was originally introduced in concrete beams as a self-
closing crack mechanism in the research conducted by Balzano et al.
(Wu et al., 2012). This investigation introduces an electric heating sys-
tem specifically designed for this purpose, seamlessly integrated into the
concrete elements. The system autonomously triggers the tendons
within the concrete, closing cracks by selectively applying heat exclu-
sively to the tendons and the adjacent section of the element in contact
with them. The system, employing Kanthal wires, ensures the accurate
activation of the tendons, especially when the concrete elements that are
integral to the structure are under load.

The effectiveness of crack closure was assessed through a three-point
bend test, comparing the mechanical behaviour of concrete samples
containing four tendons with control samples. Experimental results were
used to calibrate a numerical model, demonstrating its capability to
reproduce the results.

From the analyses of the results presented in the paper, the following
main conclusions can be drawn.

- the inclusion of tendons with the integrated heating system does not
appear to affect the flexural strength of the beams in stage 1 (un-
damaged state).

the activation of the crack-closing system occurred when the struc-
ture is under load, simulating a real-case scenario.

the proposed activation system successfully provided enough heating
power to activate the outer PET sleeve, hence releasing the prestress
potential stored within the tendons system to close serviceability
level cracks (0.3 mm) in concrete beam specimens. Crack-width
measurements, reveal a remarkable reduction, reaching up to 58%
after activation.

preservation of original prestress within the tendons ranged between
50% and 90% after activation when the crack closure target was
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below 0.15 mm. This preservation significantly enhanced the overall

flexural strength of the concrete beam.
- Hybrid Tendons acted as effective reinforcement, demonstrating the
ability to withstand the ultimate state of loading. The reinforcing
effect became more pronounced after activation, potentially due to
slippage at the anchorages, as confirmed by numerical modelling.
the model was able to reproduce the crack-closure action and the
overall efficiency of the Hybrid Tendon after the activation process.
the model allowed estimation of potential slippage at the anchor-
ages, resulting in a loss of the original pre-stress stored within the
inner core ranging between 18 and 38%.

In summary, the integration of Hybrid Tendons with a dedicated
electric heating system demonstrates significant potential for enhancing
the durability and service life of concrete structures. The findings
encourage further research and development in the pursuit of innovative
solutions for mitigating concrete cracking and promoting sustainable
infrastructure practices. Future studies will focus on examining the
behaviour at the anchorages for a comprehensive understanding of the
system’s performance.
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