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Formation of cracks represents one of the major causes of concrete deterioration, which can lead to durability
and safety issues. In this work, a novel crack closure system is developed, using polyethylene terephthalate (PET)
polymer fibres embedded in a mortar mix. The PET polymer has shape memory properties and shrinks upon
thermal activation, if free to do so, or otherwise exerts shrinkage restraint forces. A single knot was manufactured
at each end of the PET fibres to provide mechanical anchorage into the mortar matrix. Mortar samples with

embedded knotted fibres were pre-cracked and subsequently placed in an oven to thermally activate the poly-
mers and induce the shrinkage mechanism into the fibres. Crack closure was measured in the range 45-100%,
depending on the geometry, dimension and distribution of the fibres, and the size of the initial crack.

1. Introduction

Concrete is one of the most used construction materials. Its strength,
versatility and its unique combination with steel reinforcement makes it
a strong and long-lasting option for the construction industry worldwide
[1]. However, the long-term performance of cement bound materials
may be compromised, due to their susceptibility to cracking, which is
directly linked to their low tensile strength.

Mechanical loading and environmental conditions may lead to the
development of tensile stresses in concrete structural elements. When
these exceed the tensile strength of the concrete, cracks will develop.
The formation of cracks may compromise the overall mechanical per-
formance of a structure, providing easy access for the ingress of water
and other agents which may result in the corrosion of reinforcing steel or
deterioration of other components [2].

To minimise the negative effect of cracks, the concept of self-healing
concrete, i.e. concrete which is able to repair itself without human
intervention, has emerged as a possible solution to enhance the dura-
bility of concrete structures. Many techniques have been developed over
the years, with the aim to provide concrete structures with self-healing
capacity [3]. Two strategies for the promotion of self-healing have
proven effective. One approach, known as autonomous healing, explores
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the use of technologies containing self-healing agents (e.g.
micro-capsules, super absorbent polymers, bacteria etc.) embedded in
the cementitious matrix [4,5], while the other strategy, known as
autogenous healing, relies on self-healing compounds intrinsic to the
cementitious material [6]. The underlying mechanism in the autogenous
healing is characterised by chemical processes that take place when
water and/or carbon dioxide infiltrate the cracks; (i) water can react
with unhydrated pozzolanic particles and precipitate in additional cal-
cium (aluminum) silicate hydrate, or (ii) the carbon dioxide may react
with the existing portlandite and precipitate in calcite [7,8]. Autogenous
healing has clear economical advantages over autonomous healing
technologies, however its efficiency is restricted to small cracks with
openings below a certain limit. Various values have been reported in the
literature for the limiting crack width above which autogenous healing
no longer takes place, with the majority of studies putting it in the range
of 50-150 pm [5,9,10].

The addition of steel or plastic fibres into concrete has been shown to
control and reduce cracking [11]. Extensive research has been carried
out in the last few decades on the development of fibre reinforced
cementitious composites (FRCCs) in order to improve the cracking
resistance and the mechanical performance of concrete [12]). The
addition of randomly distributed short fibres in a cementitious matrix
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introduces crack-bridging mechanisms, governed by the debonding and
pull-out of the fibres from the cementitious matrix, which in turn result
in better crack control, improved post-fracture mechanical behaviour
and increased toughness [13,14]. Significantly improved cracking
behaviour can be achieved with the use of high-performance fibre
reinforced cementitious composites (HPFRCC) which exhibit ductile
strain-hardening tensile behaviour and are usually accompanied by
extensive multiple micro-cracking up to high levels of strains, before the
development of a localised macro-crack [12,15,16]. The formation of
multiple cracks with reduced openings and the delay in the development
of macro-cracks can lead to reduced ingress of air, water and harmful
agents through the network of cracks [17,18], with a positive effect on
durability. Smaller crack openings achieved by the use of fibres can also
result in substantial autogenous healing due to the ability of cement to
further hydrate and precipitate more crystalline phases between the two
crack surfaces [19-22]. Recent studies on the self-healing capability of
ultra-HPFRCC have shown that, under cryogenic conditions [23], high
aspect ratio straight steel fibres contributed to a complete crack closure
after water curing [24].

The bond between the fibres and the cementitious matrix is a key
factor that influences the crack-bridging action of fibres [13]. Improving
this bond by providing hooked ends to the fibres, carefully modifying
the fibre-matrix interface properties or adopting an undulating (or
crimped) fibre profile was shown to enhance the pull-out resistance of
fibres and the overall crack-bridging behaviour [12,25,26].

While initial work focused more on steel fibres, research has also
been conducted on the use of other fibre materials, such as plastic,
macro-synthetic, rubbers and engineered polymers [21,27-32]. One
particular class of engineered polymers are shape memory polymers
(SMP), characterised by their ability to respond to external stimuli by
altering their physical shape [33,34]. During manufacture, these poly-
mers are deformed (e.g. stretched) and then cooled such that they have a
temporary (or fixed) shape [35,36]. The new temporary shape will
remain stable unless the polymer is exposed to an external stimulus that
triggers the recovery of the original shape [37]. Polyethylene tere-
phthalate (PET) is a thermo-responsive shape memory polymer. During
production, the PET is pre-drawn at an elevated temperature, and the
previously random long chain molecules are aligned and stretched. The
aligned molecular configuration is then fixed by cooling but can be
released by reheating above the glass transition temperature. SMP PET
filaments bundled into tendons previously employed in crack-closure
systems in concrete [38,39]. By applying heat onto the tendons to
activate their shape memory response (shrinking), these systems were
shown to be effective in closing cracks with openings of 0.3 mm. Whilst
the manufacture of this crack closure technology has been combined
with secondary pre-stressing elements [40], the system requires an
external source of heat to induce the polymers to shrink.

Nevertheless, particular engineering applications do exist [41-43] in
which concrete elements can be subjected to temperature variations
compatible with the heat requirements for crack closure systems
involving heat activation of SMPs.

In oil and gas extraction wells, the downhole temperature can exceed
110 °C [41,44]. Cement is used to protect and seal the borehole wall to
prevent any interaction between soil-aquifer systems and the pumped
fluid [45]. The isolation of liquid and gases extracted from the well is
found to be the main issue in well integrity, and recent studies have
reported a rate of failure of up to 10% [46]. Throughout its service life,
the oil well structure is subjected to temperature and pressure fluctua-
tions that can lead to crack formation and compromise the oil well
integrity. Extensive research has been carried out on improving me-
chanical performance and durability of oil well cements, using additives,
fibres and alternative cementitious materials [47-50], but both dura-
bility and effective monitoring remain challenges [51-54]. To control
crack widths, SMP filaments could be employed in oil well cementitious
structures where the heat produced by the extracted fluid activates the
polymers embedded in the matrix.
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Other engineering applications where a secondary heat source can be
explored as an activation means for SMP-based crack closure systems are
within the nuclear industry; concrete and cement composites are used in
low- and intermediate-level waste immobilisation and encapsulation
and secondary barriers [55]. Such types of waste release heat at tem-
peratures in the range of 180-200 °C for several decades [42].

Concrete is also employed in the fabrication of reinforced concrete
pipes for the transportation of high temperature fluids in chemical en-
gineering plants [43]. Thermal gradient between the fluid and the outer
surface of the pipe could lead to cracking and through these cracks,
fluids and gasses may leak into the surrounding environment [56]. The
presence of SMP elements within the matrix could control the crack
width and prevent any leak by thermal activation using the heat of the
fluids itself.

In this paper, a novel crack closure system is described that employs
SMP fibres embedded in lab-scale mortar beams. Fibres are knotted at
both ends to create a mechanical anchor and subsequently mixed in with
the mortar. When the fibres are thermally activated their end-anchorage
enables the development of shrinkage stresses, i.e. tensile stresses that
develops in an SMP fibre when it is activated under restrained conditions
[38]. If the two knots of a fibre lie either side of a crack, they will apply
compression on the crack faces. Therefore, in the proposed system, the
crack closure mechanism relies on this shrinkage stress, achieved by
providing an effective mechanical anchorage at the fibre ends. This is in
contrast to the crack-bridging mechanism in conventional FRCCs,
generally governed by fibre pull-out.

In order to study the crack closure potential of knotted SMP fibres,
mortar beams with different distributions and orientations of fibres were
cast. The beams were notched, pre-cracked under three-point bending
and then oven heated to activate the shrinkage mechanism in the PET
fibres. The crack width was measured before and after the thermal
activation of the fibres. The conceptual model is presented in Fig. 1.

2. Materials and methods
2.1. Materials

2.1.1. Mortar paste

Cement mortar was prepared using ordinary Portland cement CEM II
A/L 32.5 R, standard quartz sand used as fine aggregate, and tap water.
Cement (c) and sand (s) were mixed at a c/s ratio of 1:3 by mass, and
water (w) was added at a w/c ratio of 0.5 by mass. The mix proportions
of cement, sand and water were 480.5 kg/m?, 1441.3 kg/m°® and 240.2
kg/m® respectively. The sand was sieved to isolate the particle fraction
<2 mm. Material characteristics are reported in Table 1.

2.1.2. k-SMP fibres

The shape memory polymer (SMP) fibres used in this work were
manufactured at the University of Bradford (UK) from commercial grade
polyethylene terephthalate (PET), Dow Lighter C93, in granular form.
Fibres were obtained by melt extrusion first, followed by die-drawing to
achieve molecular orientation in the fibres [39,57,58]. The precise
processing conditions have been reported previously [39]. The final
diameter of the fibres was 0.95 mm, corresponding to a draw ratio of
4.0, under a draw rate of 1000 mm/min. The measured density of the
fibre is 1.31 g/cm®.

The PET filaments were tested to evaluate their thermomechanical
properties. A single PET filament of 200 + 1 mm was clamped in an
Avery Denison tensile machine, and then loaded at a rate of 0.5 mm/s, at
room temperature, and subjected to load until failure. The stress-strain
curves for three nominal similar filament samples (filament A, fila-
ment B and filament C) are shown in Fig. 2. The filaments showed an
average stress at failure of approximately 257 MPa (coefficient of vari-
ation, CV = 8%) and an average strain at failure of 5%. Those values are
in agreement with the results shown in previous studies, where the same
PET materials was used [39,58]. The shrinkage potential was measured
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Fig. 1. Conceptual model of the k-SMP fibres technology for crack closure in cementitious systems.

Table 1
Characteristic of mortar components: CEM Il A/L (Class 32,5 R), according to the
certificate of conformity, test method BS EN 197-1:2011, and sand.

Components CEM I Sand (< 2 mm)
% %
Clinker 96 -
Gypsum added 4.0 -
Chemical composition
Si02 17.06 99.9
A1203 3.96 traces
Fe203 3.09 traces
CaO 63.91 -
MgO 2.13 -
SO3 3.01 -
Na20 0.17 -
L.O.L 6.39 -
Density (kg/m3) 3300 2500
300
—filament A =7 280 MPa
s 250 MPa
250 |- - —filament B /_,- -1 242 MPa
— - filament C e e

Stress in MPa

4 1
d : ‘ : '
0.00 1.00 2.00 3.00 4.00 5.00

Strain in %

Fig. 2. Tensile behaviour of SMP filaments.

under restrained and free conditions. In the first case, a single filament of
200 + 1 mm was clamped in a heated cell, and while the temperature
was increased to a target value of 90, 100 and 150 °C, the stress
developed due to the restrained shrinkage was measured. When the
filament was heated to a target temperature of 150 °C, the peak stress
measured was 46 MPa, compared to peak stress values of 34 MPa and 36
MPa measured when the specimens were heated to peak temperatures of
100 and 90 °C respectively. Details of the measurements are reported in
Fig. 3.

The free shrinkage was measured using filaments of 100 + 1 mm in
effective length (Lsey), placed in a pre-heated oven at 100, 120 and
150 °C for 10, 20 and 30 min respectively. The average shrinkage (in %),
as a mean value for three different specimens at each selected time and

60 200
—90°C —100°C —150°C

4 180
160
140
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100
80
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Temperature in °C

60
40
20

0 I

1 1 1 0
0 500 1000 1500 2000 2500 3000 3500

Timein s

Fig. 3. Development of restrained shrinkage stresses in heated SMP filaments
at target temperatures of 90, 100 and 150 C° [Solid lines indicate the shrinkage
stress as a function of time; dashed lines indicate the temperature profile as a
function of time].

temperature, for fibres with straight and knotted ends is reported in
Fig. 4a and Fig. 4b, respectively. The relatively low values of standard
deviation ensure a good degree of reproducibility. The highest temper-
ature of 150 °C results in the greatest shrinkage of approximately 18%,
and the presence of the knots does not influence the shape memory
effect.

The effectiveness of the knots in providing the fibres with a me-
chanical anchorage into the mortar matrix was assessed by means of a
testing procedure similar to a conventional pull-out test. The pull-out
response of fibres with knotted ends was compared with that of fibres
with straight ends.

Both ends of individual fibres were cast in 25 x 25 x 25 mm mortar
cubes, in an arrangement that provided an embedment length of L ¢y, =
20 + 1 mm at each fibre end, as shown in Fig. 5a and Fig. 5b. The cubes
encasing the fibre ends were then cured for 7 days at room temperature.
The cubes were cased between steel platens, as shown in Fig. 5c. A cork
sheet of 2 mm thickness was placed between the mortar cube and the
steel platen to reduce local crushing of the fine asperities on the mortar
surface. A tensile load was applied under displacement control at a rate
of 0.3 mm/s.

The samples with straight ends failed at load levels of 10-30 N
(Fig. 6) by complete pull-out. Their load values are much lower than
those of steel fibres [59], but comparable to those of polypropylene (PP)
fibres and PET fibres studied by Di Maida et al. [60], and Khalid et al.
[61] respectively. The knotted fibres were able to withstand much
higher levels of load, in the range of 230-290 N, as shown in Fig. 6. All
samples failed by fibre rupture in the midspan, rather than pull-out, with
elongations up to 10-12 mm. Whilst these load values are similar to the
pull-out load of steel fibres [24,62], the failure mechanism is different.
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Fig. 4. Free shrinkage potential of (a) fibres with straight ends and (b) fibres
with knotted ends at different target temperatures (100, 120 and 150 °C) and
different heating time (10, 20 and 30 min). The error bars represent the stan-
dard deviation.

The mechanical anchorage provided by the knots enabled the fibres to
withstand these tensile force levels without pulling out from the matrix.

2.2. Specimen preparation and test methodology

The mortar paste was produced using a standard bowl mixer and
procedures according to BS EN 196-1:2016. A summary of the k-SMP
fibre-mortar specimens is given in Table 2. Mortar beams were cast into
two different moulds, a small one (160 x 40 x 40 mm) and a large one
(250 x 75 x 75 mm) respectively. Two different specimen designs were
employed: small beams with aligned fibres (AD), as shown in Fig. 8a,
and large beams with a random distribution and orientation of fibres
(RD), as reported in Fig. 8b. The fibre content and orientation in the two
different types of specimens are described by the volume fraction (V)
and the fibres orientation factor () respectively, as detailed in sections
2.2.1 and 2.2.2. The PET fibres were manually cut and a single knot was
tied at both ends of each fibre. Two different fibre lengths were
employed; fibres with an effective length of Ly o = 55 4+ 1 mm were used
in the RD specimens and fibres with an effective length of L¢ . = 100 £
1 mm were employed in the AD specimens, noting that L¢ .4 represents
the length of the fibre in between the two end-knots, as detailed in Fig. 7.
Six AD specimens and five RD specimens were cast. In both series (AD
and RD), the fibres were oiled using moulding oil prior to incorporating
them in the mortar matrix, in order to prevent a chemical bond forming.
It must be noted that during casting no bleeding was observed.
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2.2.1. Specimens with aligned fibre distribution (AD)

k-SMP fibres with an effective length Ls .+ = 100 mm were used to
produce six AD specimens. The fibres for the AD series were manufac-
tured by cutting 160 mm long segments of PET filament and tying a
single knot at each end. A total of 30 fibres were placed only in the
bottom half of each AD beam as follows: one layer of mortar (5 mm in
thickness) was poured in the mould followed by one layer of 10 k-SMP
fibres, placed along the length of the mould and equally spaced across its
breadth. This procedure was repeated three times, with the fibres being
placed in three layers below the neutral axis of the mortar beam, as
shown in Fig. 8a. A local volume fraction is defined for the AD specimens
as the volume fraction in the bottom half of the beam Vg, where the
fibres are placed. In this work, the effective length of the fibres is
employed in the evaluation of the fibre content and thus, the volume
fraction for the AD specimens is Vyap = 1.66%. Furthermore, a fibre
orientation factor, a, defined as the average ratio of the projected fibre
length in the tensile stress direction to the fibre length itself [63,64] is
employed to describe the orientation of fibres. For the AD specimens, the
fibre orientation factor is o = 1.0.

2.2.2. Specimens with randomly distributed and oriented fibres (RD)

A total of five specimens (255 x 75 x 75 mm) containing fibres with
a random distribution were cast; fibres with Ly . = 55 mm (Ls; = 100
mm), were added to the mortar paste in the mixer bowl, and mixed
together to achieve a homogeneous distribution. The fibre-mortar mix
was then poured into steel moulds in three layers, as shown in Fig. 8b. A
total of 300 k-SMP fibres were used in each beam leading to a volume
fraction Vygp = 0.82%, based on the effective length of the fibres Ly ..

A fibre orientation factor for the RD specimens of a = 0.722 was
theoretically evaluated by employing the model proposed by Dupont
and Vandewalle [64], which takes into account the significant effect of
the boundaries on the fibre orientation but also assumes that the fibres
are straight and rigid. Alberti et al. [65] showed that the use of a
reduction factor based on the projected chord of a bent fibre is more
suitable for synthetic flexible fibres that may fold. Employing the pro-
jected folded fibre of L = 0.856 L o of [65] in the model of Dupont and
Vandewalle [64], results in a slightly reduced value for the orientation
factor, respectively o = 0.681.

2.2.3. Crack opening measurements

After 28 days of curing, all specimens were oven-dried at 50 °C for
24 h to remove excess of water that might affect strength measurements
[30,66]. A 3 mm wide notch was cut at mid-span into the lower face of
AD specimens and a 5 mm wide notch was cut at mid-span into the RD
beams. The indentation was cut using an electric saw, with an incision
depth of 2 mm and 3 mm respectively in the AD and RD specimens.
Knife-edged metal plates were glued to the bottom of the beams either
side of the notch to allow the crack mouth opening displacement
(CMOD) to be measured using a clip gauge (Fig. 9a). The crack width
was measured at 4 different stages, as summarised in Table 3.

All beams were subjected to three-point bending under CMOD con-
trol at a displacement rate of 0.01 mm/min (Fig. 9b). Loading was
stopped when the macro-crack reached a target CMOD of 0.3 mm and
the beams were subsequently unloaded (Fig. 10, stage A in Table 3). The
target CMOD of 0.3 mm was chosen in accordance with code re-
quirements [67]. The CMOD values measured by the clip gauge when
the beams were fully unloaded were between 0.08 mm and 0.15 mm
(stage B). A control specimens of plain mortar (small beam) was also
subjected to three-point bending test, however the sample broke apart
after reaching the maximum level of load (1.9 kN). After 24 h, the crack
width was measured using an optical microscope and a micrometer glass
slide (stage C). Values of maximum strength, and strength and crack
width values at unloading stage are reported in Table Al in the
Appendix.
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2.2.4. Microscopy measurements and k-SMP activation

After unloading, the samples were placed horizontally for 24 h
before thermal activation. An optical microscope coupled with a 10x
Moticam camera was used to measure the crack width before (stage C)
and after the thermal activation (stage D). To perform scaled measure-
ments, a calibration glass slide (1 DIV = 0.01 mm) was placed over the
crack and used as a reference. It was noticed that the crack width values
recorded with the CMOD clip gauge after unloading were consistently
larger than the readings of the microscope 24 h after the unloading, for

reasons discussed below.

This observed elastic closure effect is due to the presence of the PET
fibres, which continues to contract elastically for some time after the
specimens are unloaded and further reduces the crack width. 24 h after
unloading, the samples were placed in a pre-heated oven at 150 °C for 3
h in order to activate the shape memory effect in the fibres and cause
them to shrink. This was followed by 12 h of air-cooling at room tem-
perature. The crack-widths were measured on both sides of each beam
(front-side denoted by X and back-side denoted by Y) at two different
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Table 2
Sample ID for specimens in aligned (AD) and random distribution (RD) design,
sample dimensions (height H, width W and length L, in mm), effective fibre
length (Ls ) in mm, number of specimens produced, fibre content as volume
fraction for AD design (V;ap) and RD design (Vyrp), and theoretical orientation
factor a.

HxWxL Ly oy number of  Fibres Theoretical
[mm x mm [mm] specimens content orientation
x mm] factor
Aligned Viap o
Distribution
AD1, AD2, ..., 40 x 40 x 100 6 1.66% 1.0
AD6 160
Random Virp o
Distribution
RD1,RD2, ..., 75 x 75%x 55 5 0.82% 0.681
RD5 255

— knots \
M

|

Lt eff

|

to-knot.

L f,tot

Fig. 7. Detail of k-SMP fibre with knotted ends and effective length, from knot-

40 mm

(a)

Vs
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points as indicated in Fig. 11; measurement #1 at approximately 5 mm
above the notched area and measurement #2 in close proximity of it
respectively. Measurements were carried out 24 h after unloading,
before and after thermal activation, using the same location on the
mortar surface. Images of the crack aperture were collected and im-
ported into AutoCAD, then processed to perform scaled measurements,
with an accuracy of 0.001 mm.

3. Results and discussion

Crack width measurements obtained before and after thermal acti-
vation of the k-SMP fibres, following the procedure described in 2.2.4
are presented and discussed in this section.

After thermal activation, a reduction in crack widths was observed at
each sample measurement point, for all AD and RD specimens. At each
measurement location the crack closure level was determined as the
ratio between the crack width reduction and the original opening, before
activation.

Crack width measurements for AD series (6 specimens) carried out
before and after thermal activation (stage C and D in Table 3), in both
locations (#1 and #2), are reported in Fig. 12a for side X and for side Y,
respectively. Crack width measurements on both sides of the beams at
both locations before thermal activation were generally consistent and
were found to be in the range of 0.024-0.077 mm (mean = 0.045 mm,
Std. Dev. = 0.014 mm). After thermal activation, reduced crack width
measurements, in the range of 0-0.025 mm (mean = 0.010 mm, Std.
Dev. = 0.007 mm) were obtained (Fig. 12a). Average crack closure
levels of 77% (Std. Dev. = 16%) were determined, as shown in Fig. 13a,
with some cases of full closure (e.g. sample AD2, AD3 and AD5, Table A2
and Fig. Ala in the Appendix). Example microscopy images of crack
aperture for sample AD3 before and after thermal activation are given in
Fig. 14a and Fig. 14b respectively.

The larger specimens with random fibres (RD series, 5 specimens)
showed a consistent crack opening before thermal activation on both
X-side and Y-side of the beams, as shown in Fig. 12b. The initial crack
aperture was measured in the range of 0.068-0.114 mm (mean = 0.092
mm, Std. Dev. = 0.013 mm). After thermal activation, crack widths were
recorded in the range of 0.025-0.075 mm (mean = 0.051 mm, Std. Dev.
= 0.015 mm), with an average crack closure of approximately 45% (Std.
Dev. = 13%), as shown in Fig. 13b and Fig. A2b in the Appendix.
Example microscopy images of a crack in RD beams before and after
thermal activation are shown in Fig. 14c and Fig. 14d respectively for
sample RD5, Y-side.

Crack width measurements after activation together with pull-out
and restrained shrinkage test results indicate that the presence of the
knots embedded in the mortar matrix provide an effective anchorage
system which allows significant levels of shrinkage stresses to develop in
the fibres resulting in substantial crack closure.

As previously reported in Fig. 3, the peak tensile stress value devel-
oped at 150 °C was 45 MPa (equivalent to a peak tensile force of
approximately 32 N) and Figs. 2 and 6 suggest that the knotted fibres can
withstand these stress levels without breaking or pulling out.

The results presented show that k-SMP filaments are able to reduce
crack widths by 77% on average in AD specimens, with some achieving

~\\1\‘\ AN I4 RN
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%

B
50 mm

- 4

Sy X1y £/ 1\
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Fig. 8. Schematic representation of specimens. (a) beams with aligned distribution of fibres (AD). (b) beams with a random distribution of fibres (RD) [not to scale].
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Fig. 9. (a) Detail of knife-edge metal bars glued to the beam. (b) three-point bending test setup with CMOD clip gauge in place.

Table 3
Crack-opening measurement stages.
Stage Measurement device
A target CMOD (0.3 mm) clip gauge
B at complete unloading clip gauge
C unloading, after 24 h rest microscope
D 12 h after thermal activation microscope
4
— control AD (no fibres) = — sample AD4  — sample RD5
35
3
2.5
E max CMOD
H 2
B
3 1.5
1 max CMOD before CMOD at unloading
breaking apart
05 g ap:
0 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

CMOD in mm

Fig. 10. Loading curves for samples AD4, RD5 and control AD specimen (plain
mortar, beam size 160 x 40 x 40 mm), with CMOD values at max opening and
unloading (in stage A and B of Table 3).

100% closure (as shown in Fig. 12a and Fig. Ala in the Appendix), and
by 45% on average in RD specimens (Fig. 13 and Fig. Ala in the Ap-
pendix). The better performance observed in the AD specimens is due to
a higher local fibre content as well as a more favourable fibre orienta-
tion, i.e. perpendicular to the crack surface. The orientation and distri-
bution of fibres was shown to have a strong influence on the mechanical
properties and performance of standard fibre reinforced concrete
[68-70], with a superior crack resistance and post-cracking strength
observed for fibre orientations near perpendicular to cracks [68,69]. A

similar trend is indicated by the results presented here with respect to
crack closure when using k-SMP fibres. All measured residual crack
widths after activation (as shown in Fig. 15), for both AD and RD series,
are smaller than 150 pm, a level below which the potential for autoge-
nous healing increases greatly [71,72]. This suggests that k-SPM fibres
could be used in combination with other stimulated autogenous healing
systems to achieve a complete crack healing [3,5].

The complete set of crack widths measurements as well as the crack
closure values are provided in the Appendix in Table A2 and Table A3
for AD and RD samples respectively.

The k-SMP fibres also have a significant crack-bridging action, pri-
marily due to the mechanical anchors provided by the knots and by the
high tensile strength of fibres. The effect of the k-SMP fibres before
thermal activation can be noted in Fig. 10 in which a significant increase
in the flexural toughness of k-SMP AD sample relative to that of the
control beam (plain mortar) of the same size is observed. Moreover, the
k-SMP AD beam exhibits a hardening behaviour after an initial drop in
flexural capacity.

The results of the study presented here clearly show the potential of
k-SMP fibres in providing an effective crack closure system for cemen-
titious materials. The limited scale of the study was mainly due to the
rather time intensive process of knotting the individual fibres manually.
The authors acknowledge that a more comprehensive study will be
required to fully explore the capabilities of the proposed system and to
determine the optimum parameters (e.g. fibre content, fibre geometry,
end anchorage etc.) for best performance. To this end, the automated
manufacturing of knotted SMP fibres, or indeed SMP fibres with alter-
native end anchorages, would be extremely beneficial. Knots can be
created automatically by a number of methods. The most sophisticated
use robotics, such as in surgical applications for suturing [73]. However,
much faster and cheaper methods are available commercially, such as in
the packaging industry, for which knotting machines are available, such
as the automatic high speed hang tag threader machine LM-LY3, man-
ufactured and assembled by Ruian Universal Machinery Co. Ltd.,
Guangdong, China [74]. Similar technology could be applied to PET
fibres, with necessary adaptations to allow for the particular mechanical
properties of the oriented polymer. Tags could also be created by
methods other than knotting, such as by ultrasonic welding of extra
larger sections parts onto the fibre ends. Alternatively, to increase the
mechanical anchorage with the matrix, fibres can be deformed by
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Fig. 11. Details of the microscope measurements of the crack width (stage C and D in Table 3).
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Fig. 12. Average crack widths of samples in (a) aligned distribution samples
(AD series) and (b) random distribution (RD series), before and after thermal
activation, measured in location #1 and #2 of X— and Y-side of the beam. The
error bars represent the standard deviation.

adding buttons at the end of the fibres [27,75].

In this study, X-CT images were also collected to make qualitative
observations of the fibres within the volume surrounding the crack
(notched area). X-Ray computer tomography (X-CT) characterisation is
a non-destructive technique used to investigate the material internal
structure without damaging the original specimen [76]. A pCT Bruker
SkyScan was used on a core (75 x 20 x 20 mm) cut from central part of
sample RD4 after its thermal activation. X-Ray images were taken with a
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Fig. 13. Average crack closure values at both sides of the notched area (X and
Y) and both location (i.e. #1 and #2) of (a) samples in aligned distribution (AD
series) and (b) samples in random distribution (RD series). The error bars
represent the standard deviation.

pixel size resolution of 9 pm, an accelerating voltage of 100 kV and 2736
ms exposure. The 3D reconstruction is shown in Fig. 16 for illustrative
purposes. A transversal image (Fig. 16, green plane, and Fig. 17a) with
respect to the y-axis shows the k-SMP fibre embedded in the mortar. A
magnified portion of 30 x 30 mm reported in Fig. 17b) shows a k-SMP
filament bridging a macro-crack after its thermal activation. The image
features the orientation effect of the fibre (with respect to the y- and
z—-dimensions), and the folding effect, as discussed in section 2.2.2.
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Fig. 15. Crack widths before and after thermal activation for RD and AD series
respectively, as a function of the fibre volume fraction.

X-CT imaging analysis could be employed to provide valuable in-
formation regarding the orientation and distribution of fibres [77,78],
detection of internal cracks, the build up of self-healing products inside
the cracks. etc. [79,80]. Such a comprehensive analysis is outside the
scope of this study however, it could play an important role in the
further development of the crack closure system presented here.

The proposed novel crack closure system employing k-SMP fibres
was shown to be effective in reducing openings of previously formed
cracks and it is envisaged that it could be exploited as a solution in
improving durability. The k-SMP fibres could provide a self-healing
mechanism reducing crack widths, therefore protect the concrete steel
reinforcement from air and water entrainment and subsequent

Fig. 16. 3D reconstruction of a section (75 x 20 x 20 mm) of sample RD4.

corrosion. While other SMP-concrete composite technologies may
require an external heat source to activate the shape memory effect [33,
36,38,39,58], the k-SMP fibres could be used in engineering applica-
tions, with intrinsic heat emission; e.g. oil-well cements, where the heat
within the pumped fluid could be used for thermal activation [81,82].
Other such applications are within the nuclear waste storage sector,
where low and intermediate-level waste are encapsulated in concrete
shells and nuclear by-products release heat at temperature in the range
of 180-200 °C for several decades [42].

4. Conclusions

In this work a novel crack closure system for cementitious materials
was presented. Shape memory PET fibres were embedded in a mortar
paste. Fibres were manufactured with a single knot (k-SMP) at both
ends, to enhance bonding with the cement paste. Samples were cast with
either aligned (AD) or randomly distributed (RD) fibres, cured for 28
days and pre-cracked at mid-span. The initial target crack width value of
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Fig. 17. X-CT image of (a) section of the sample RD4 after thermal activation
and (b) magnification with detail of k-SMP fibre and crack.

0.3 mm was controlled using a crack mouth opening displacement
(CMOD) clip gauge placed in the notched area. Crack widths were
measured before and after thermal activation using an optical micro-
scope and the crack closure levels were calculated.

The following conclusions can be drawn:

e Samples with aligned fibres (AD), and fibre content of 1.66%,
showed successful average crack closure levels of 77%, with some
samples exhibiting full crack closure (100%).

e Samples with random distribution (RD) and fibre content of 0.56%,
showed average crack closure levels of 45%, up to a maximum of
69%.

e The knots provided effective mechanical end-anchorage for the fi-
bres, allowing restrained shrinkage induces tensile stresses to
develop upon thermal activation.

o k-SMP fibres also provide significant crack-bridging action.

This novel crack closure system is shown to be promising and it could
be combined with other self-healing technologies (i.e. micro-capsules,
crystalline admixtures, SAPs [83-85]) to achieve full crack-healing
and stiffness recovery.

Further work will focus on the optimisation of fibre geometry, con-
tent and end anchorage as well as an automated manufacturing process
for large scale production of the fibres. Knots on PET filaments can be

Cement and Concrete Composites 114 (2020) 103757

created automatically by using robotics or knotting machine [73,74].
The mechanical anchorage given by the knot could be provided by
creating tags or adding buttons at the end of the fibres [27,75]. An
automated manufacturing process is essential in investigating the per-
formance of k-SMP fibres on larger scale specimens as well as the fresh
state properties (i.e. workability, bleeding, distribution and orientation
of fibres, etc.).
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