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The effects of alumina nano-fibres are investigated in this paper on the mechanical performance of Ultra High
Performance Fibre Reinforced Cementitious Concrete and their efficacy in enhancing the durability of the
cementitious composite when exposed to extremely aggressive conditions, with main reference to the stimulated
autogenous crack sealing and self-healing capacity. A tailored characterization of the flexural and tensile
behaviour of the composite has been first of all performed, also with the purpose of validating an experimental
and analytical approach for the identification of the tensile stress vs. strain/crack opening constitutive rela-
tionship, which makes use of a purposely conceived indirect tensile test methodology, called Double Edge Wedge
Splitting test. Secondly the crack sealing and self-healing capacity have been investigated, considering the re-
covery of both mechanical flexural performance and durability properties (water permeability) and cross ana-
lysing the results for a thorough validation. Microstructural investigations have complemented the
aforementioned experimental programme to confirm the efficacy of alumina nano-fibres in enhancing the
durability performance of the investigated composites. Superior performance of the mix with alumina nano-
fibres with respect to parent companion ones has been highlighted and explained through both a nano-scale
reinforcing effects which helps in controlling the cracking process since its very onset as well as through their
hydrophilic nature which is likely to foster cement and binder hydration reactions, which can usefully stimulate
crack sealing and performance healing recovery at both the macroscopic and mesoscopic fibre-matrix interface)
level.

field, also able to introduce breakthrough conceptual developments into
the field and steering future advances towards previously unexplored

1. Introduction

Opportunities and benefits deriving from implementing nanotech-
nology approaches, methods, processes and products in the field of
construction [1] have been attracting researchers in academia and in-
dustry for a least a couple of decades, also as a challenging innovation
driver in a sector which, though accounting for an average 6% of the
world GDP, still suffers from a lag in innovation uptake.

As responsible of the production and use of the second most largely
used material on the planet, the first being water, the “concrete com-
munity” has been continuously bringing remarkable contributions in the
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directions.

As a matter of fact, one of the most common and successfully
widespread applications of nanotechnology in the concrete sector has
been so far, as from an educated survey of the abundant existing liter-
ature, the use of nano-scale constituents into the mix-design of concrete
and cement-based composites. Benefits are evident, due to the possi-
bility of achieving higher and higher degree of compaction of the
inherently porous concrete matrix, with related positive outcomes in
terms of reduction of the transport properties and improvement of the
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durability of the un-cracked material. Moreover, the higher specific
surface of the employed nano-constituents, with nano-silica covering so
far the largest share, their potential reactivity (e.g. pozzolanic activity)
as well as their widely assessed capacity of acting as nucleation seeds for
the hydration of coarser cement and cement substitutes binding particles
have also resulted into enhancement of the mechanical properties,
mainly compressive strength, but also of the bulk transport properties,
thus inferring higher durability [2,3].

It is by the way worth remarking that improvements in mechanical
properties, and most of all if they are referred to compressive strength
alone, have to be carefully evaluated with reference to their effective
“structural exploitability”. For example, the increase in compressive
strength cannot always lead to a proportional reduction of the cross-
section dimensions of a compressed member, since buckling failure
may at a certain point become dominant with respect to strength failure
mode.

Opportunities for using nano-sized reinforcement were also explored
[4,5] mainly in the form of carbon nano-fibres and nano-tubes [6], as
well as of cellulose nano-fibres, which, besides working out their rein-
forcement effect at the size of the very crystalline structure of the ma-
terial, have also proved effective in providing additional functionalities,
including, e.g., enhanced corrosion resistance [7] self-curing and
self-sensing ability [8,9], while also being able to upgrade durability in
cracked state [10], e.g. fostering and enhancing autogenous self-healing
capacity [11].

Latest developments in this field include the use of graphene nano-
platelets and graphene oxide, able to provide enhancement due to
both nano-filling and nano-reinforcing effects but at even much lower
loading than other “conventional” nano-constituents [12], provided,
like for all other nanoparticles, tailored methods are adopted to
adequately disperse and stabilize it into alkaline cementitious solutions
[13]. Possibilities of using graphene oxide as a coating material for fibre
treatment, exploiting its interaction with cement hydrates in enhancing
the overall performance of the composites have been also recently
explored [14,15].

The aforementioned developments in the use of nano-sized constit-
uents in cementitious composites are opening a new breakthrough
“metamaterial” based approach to the concept, design, fabrication
testing and validation up to the structural application scale of cement-
based construction materials [16]. Thanks to the effects of such con-
stituents on the material microstructure and on its development and
evolution under different potential scenarios, it is becoming possible to
effectively govern the chemical reactions and processes which are
responsible for the evolution of the material performance over time and
in aggressive scenarios [17].

Steric modification in material microstructure but also in the struc-
tural response of the material to the anticipated service stress states may
change the boundary conditions of the aforementioned reactions and
processes can be slowed down, their negative effects being likely
counteracted by positive ones due to, e.g., the continuous microstructure
evolution and improvement thanks to healing. Moreover, the same
processes can result into the formation of different, and differently — if
not less — harmful reaction products, as it may happen to corrosion re-
actions if crack widths are permanently kept below a certain threshold
[18].

High performance Fibre Reinforced Concrete and Cementitious
Composites have a highly compact meso- and micro-structure, charac-
terized by extremely low porosity and a strain-hardening tensile
behaviour. The latter is characterized by stable formation, up to very
high deformation levels, of multiple tiny cracks (up to tens of microns).
Moreover, the peculiar material composition is highly conducive to
effective autogenous healing, further benefiting from the multiple
cracked state. All these features pave the way for an effective develop-
ment and implementation of the innovative breakthrough approach of
durability-based material concept and design [19-22].

In this framework, the consortium of the H2020 project
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ReSHEALience (GA 760824) has been actually working to the concept
formulation and validation of Ultra High Durability Concrete (UHDC)
meant as an upgrade of the UHPFRCC concept, and aimed at obtaining
through tailored nano-constituents and their synergy with autogenous
and stimulated healing mechanisms an enhanced durability in the
cracked state, which represents the actual structural serviceability state,
also under extremely aggressive conditions [23]. The group led by the
senior author of this paper has already performed a preliminary inves-
tigation on the effects of selected nano-constituents (alumina
nano-fibres and cellulose nano-fibrils and nano-crystals) in enhancing,
also in synergy with crystalline admixtures, the autogenous healing
capacity of UHPFRCC mixes, conceived for applications in chemically
aggressive environments (water tanks in a geothermal power plant)
[24]. Positive results obtained from the study cited above have led to
have a deeper understanding on the role of each single nano-constituent,
the present investigation focusing on alumina nano-fibres as a quite new
product in the field of concrete and advanced cement based materials
technology.

Alumina nano-fibres, when added at less than 1% by weight of
cement, have been shown to have beneficial effects on the compressive
strength [25-28], when employed, e.g. in HPFRCC type mixes, with
either polyethylene or poly-vinyl-alcohol fibre reinforcement, they also
guaranteed enhanced flexural strength and deformation capacity. Use
into oil well slurries has been also documented, where, besides moderate
improvement also in splitting tensile strength, the stability of the
rheological performance upon their incorporation was also studied. The
mechanisms of performance enhancement due to the addition of
alumina nano-fibres has been explained in a twofold manner. On the one
hand alumina nano-fibres, which contain free hydroxyl groups on their
surface, act as nucleation site for hydration of cement particles. On the
other hand, because of their size, aluminium oxide nano-fibres can act as
reinforcement of the layered CSH structure thus reducing the shrinkage
deformation and providing a nano-structural toughening effect. In all
cases, the need has been highlighted to provide a suitably dispersed
suspension to be easily handled with the mixing procedure as well as to
guarantee the compatibility with the employed superplasticizer.

In this study a thorough characterization has been performed of the
mechanical performance of UHPFRCCs containing NAFEN ® alumina
nano-fibres. Flexural tests on beams with two different depths have been
employed, together with tailored Double Edge Wedge Splitting (DEWS)
indirect tensile tests [29], which has been demonstrated able to yield
straightforward the tensile stress vs. crack opening constitutive rela-
tionship of the strain-hardening fibre reinforced cementitious composite
[30]. On the one hand, the effects were checked of alumina nano-fibres
on the strain hardening capacity of the material. At the same time the
effectiveness was assessed of the employed multi-test experimental
procedure, coupled with back analysis of the flexural tests performed
assuming in input the results of DEWS indirect tensile tests. In addition,
a characterization of the self-healing capacity of the “nano-additioned”
composite was performed, both with reference to the recovery of the
water flow permeability as well as of the mechanical performance, in
both cases complemented with an image analysis of the crack closure.
Crosswise analysis of the results of the present investigation will be
enriched by a thorough micro-structural characterization of the bulk
material as well as of the healing/healed crack regions. Moreover, the
comparison with the results of analogous experimental campaigns per-
formed on companion UHPFRCC/UHDC mixes cast without the alumina
nano-fibres and even without the crystalline self-healing stimulator or
with different types of cements, which stands as a unique feature of this
study will also allow to have a deeper insight, also quantitative, into the
performance enhancement brought by the employed nano-constituents
as well as on the reliability of the whole methodology employed for
the assessment of the mechanical and healing performance.
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Table 1 Table 3

Mix composition of the investigated UHPFRCC/UHDC (dosages in kg/m?). Grain size distribution of the employed sand.
Constituents kg/m? Sieve diameter (mm) 0.2 0.35 0.45 0.60 1.00 1.50 2.00
Cement CEM I 52.5R 600 Passing % 14.6 24.3 34.1 43.8 63.5 81.7 100
Slag 500
Water 200
Steel fibres (¢ = 20 mm; d¢ = 0.22 mm) 120 The alumina nano-fibres (NAFEN ®) employed in this investigation
Sand (0-2 mm) 982 have been provided in a 10% concentration aqueous suspension. These
Superplasticizer 33 . . .

. . alumina nano-fibres have lengths ranging between 100 and 900 nm and

Crystalline admixtures 4.8 X i o
Alumina nano-fibres [0.25% by cement mass] 15 diameters between 4 and 11 nm, to which a specific surface area equal to

2. Materials

The mix composition of the UHPFRCC/UHDC employed in this study
is shown in Table 1. The parent UHPFRCC mix with no healing crys-
talline admixture and no alumina nano-fibre addition has been exten-
sively studied by Ferrara et al. [29,31-35] with respect to both the
characterization of the mechanical performance and related identifica-
tion of the tensile constitutive stress vs. crack opening behaviour and of
the autogenous self-healing capacity as well. The composition of the
employed cement (CEM I 52.5R) and slag are reported in Table 2
whereas Table 3 summarizes the grain size distribution of the crushed
sand employed as fine aggregate in the mix. Straight steel fibres 20 mm
long and with a diameter equal to 0.22 mm have been employed at a
volume ratio equal to 1.5%, this being deemed as instrumental at
achieving the level of strain hardening, in terms of strength and defor-
mation capacity required by the intended application [24,30].

The mix composition served as a reference to upgrade the UHPFRCC
concept to that of Ultra High Durability Concrete (UHDC) in structures
exposed to chemically aggressive environments. To this purpose, and
with the specific aim of employing the material at issue in basins col-
lecting water from the cooling towers (water temperature around 30 °C)
in geothermal power plants, as a pilot demonstration of the H2020
ReSHEALience project [23,24] where the aggressive conditions is rep-
resented by the high sulphate and chloride contents of the fluids, the
reference mix composition, which features a high volume replacement
of cement by slag right for stability under sulphate rich waters, has been
further “engineered” as follows:

- first of all, a crystalline admixture (CA) has been added, as stimulator
of the autogenous healing capacity [36,37] and also able to develop
synergy with the fibre reinforcement through improved fibre-matrix
bond [38,39]. CA is composed of particles of irregular shape with
sizes ranging from 1 to 20 pm being present calcium, oxygen, silicon,
magnesium, aluminium and potassium among other chemical ele-
ments. When CA is added into the concrete, the ability of concrete to
self-heal and self-seal is stimulated. When concrete is exposed to
humidity/water, the chemical reaction is activated, also thanks to
the hydrophilic nature of the CA, resulting in the formation of
insoluble needle-like crystals in all hairline cracks, pores and capil-
laries throughout the entire concrete matrix. An extensive charac-
terization of the mechanical and healing performance of the mix
containing the crystalline admixture has been performed and re-
ported by Refs. [11,30];

alumina nano-fibres have hen been added, at a dosage equal to
0.25% by weight of cement, as from a previous mix validation study
reported by Cuenca et al. [11].

155 m?/g corresponds. Fig. 1 shows some micrographs of alumina nano-
fibres, this analysis was performed with a high-resolution scanning
electron microscope (HR-SEM Zeiss Merlin). Measurements were made
at operating voltage of 15 kV. It is worth remarking that with such a
concentration the required nano-fibres amount (1.5 kg/m3 in the case at
issue) come in a suspension which also accounts for about 7% of the total
water, which was obviously, as per mix design in Table 1, deducted from
the free added water. Suspension concentrations at which the same
product is normally employed in other industrial sectors and applica-
tions, from aircraft application to the construction of composite sailing
and motor yachts [40-44], typically equal to 2% of nano-fibres, would
have implied an amount of water in the suspension equal to about 1/3 of
the total mixing water. This, also due to the viscosity of the suspension,
would have results into hard if not impossible mixing of the cementi-
tious composite. With reference to this, and also in order to guarantee a
proper dispersion of the nano-fibres in the composite, the mixing pro-
tocol reported in Table 4 has been strictly followed. The higher con-
centration of the alumina nano-fibres suspension was obtained through
an ultrasonic dispersion and disintegration multi-step treatment process;
the suspension was further stabilized through a poly-carboxylate sodium
silicate admixture. Ultrasonic and disintegrator processors effectively
generate nano-sized material slurries, dispersions, and emulsions due to
de-agglomeration and the mechanical effects of ultrasonic cavitation. In
the case of this research, alumina nano-fibres needed approximately 5
min of ultrasonic treatment per 1 kg of dispersion. Colloidal behaviour
of the alumina nano-fibres in water and their electrophoretic mobility
can be found in Ref. [45]. The purity and composition of the employed
suspension of alumina nano-fibres is confirmed by the results of a TGA
analysis shown in Fig. 2.

3. Experimental programme: tests and analysis methods

A thorough experimental programme has been performed with the
purpose of providing a comprehensive characterization of the mechan-
ical performance and an assessment of the healing capacity of the
investigated mix. The rationale of the programme is summarized in
Fig. 3.

For the characterization of the mechanical performance of the
composite, besides measuring he compressive strength on 100 mm side
cubes, 4-point bending tests on 100 mm deep and 25 mm thin beams,
both 100 mm wide and 500 mm long, have been performed. The set-up
employed for both specimens is shown in Fig. 4. The specimen, sup-
ported over a 450 mm span, has been subjected to two symmetrically
positioned point loads, with mutual distance between the two loading
points and between each loading point and its closest support equal to
150 mm. Tests have been performed under displacement control, at a
speed equal to 3 pm/s for deep beams and 15 pm/s for thin ones. The
Crack Opening Displacement (COD), intended as the integral/cumula-
tive measurement of the multiple cracking expected in the central

Table 2

Chemical composition of the employed cement and slag. (LOI: loss on ignition @1000 °C).
Oxide (wt.%) CaO Si0, Al,03 MgO SO3 Fe,03 TiOy Mn,03/MnO K,0 Na,O Other LOI
PC 59.7 19.5 4.9 3.3 3.4 3.5 0.2 0.1 0.8 0.2 0.4 2.5
BFS 39.2 38.9 10.2 6.4 1.3 0.4 0.6 0.3 0.5 0.8 0.3 1.2
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Fig. 1. Microscope images of employed alumina NAFEN ® nano-fibres.

constant bending moment region of the specimen, was measured over a
200 mm length across the central zone of each specimen and on both its
sides. Moreover, the net mid-point deflection was measured, employing
two symmetrically located LVDTs, as also shown in Fig. 4.

Six tests on prismatic beams were performed, four of them according
to a monotonic load path and two of them following a loading/
unloading cyclic protocol at 0.5 mm COD intervals. This test allowed to
calibrate the evolution of the loading/unloading stiffness and hence of a
scalar damage variable through which the calibration of the healing pre-
cracking/recycling protocol was also possible.

For flexural tests on thin beam specimens, eight tests were per-
formed, two of which following the loading/unloading cycles as above
and the remaining six tested monotonically.

Table 4
Mixing protocol.
Time (min) Operation
0-2 Dry mixing of cement, slag, CA and sand
2-3 Add water, superplasticiser
3-4 Add ANF suspension
4-19 High speed mixing
19-20 Add fibres
20-23 High speed mixing
TGA Alumina nano-fibres (ANF)
100 ~ 0.00
. l,-" B r——
80 |4 ‘ 4 -5.00 =
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Temperature [°C]

Fig. 2. TGA analysis results of a sample of alumina nano-fibres aqueous sus-

pension as employed in the composition of the investigated UHPFRCC/
UHDC mix.

It is worth here remarking that thin specimens were obtained by
cutting 1 m long x 0.5 m slabs, which were cast pouring the fluid mix at
the centre of one short side of the mould and allowing it to glow, thanks
to its self-compacting/self-levelling consistency, along the long side of
the same mould until complete form filling, which occurred successfully
without any external human or mechanical intervention. This results in
some likely alignment of the fibres along the flow, which may have also
depended on the actual position of the specimen within the larger slab,
as it will be further elucidated in the forthcoming sections of this paper.

At the end of the monotonic flexural tests on thin beams, from the
edge undamaged portions of the specimens, 100 mm side “tile-like”
samples were obtained which were then further worked out by cutting
grooves and notches to obtain the geometry shown in Fig. 5 as well,
employed to perform the indirect tensile test named as Double Edge
Wedge Splitting (DEWS) test [29]. As already assessed in previous and
ongoing studies [37] the test is able to yield in a straightforward manner
the tensile stress vs. crack opening constitutive relationship of the
cementitious composites. This issue has been also assessed in this paper
by comparing the results from DEWS tests with those obtained through a
tailored inverse analysis procedure of the flexural test results on the
beam tests parent of the DEWS tile samples. It is well known that fibres
mainly align along the mix flow direction [29,31,33]. To further check
and assess the dependence between the fibre alignment and the tensile
behaviour of the material, the specimens were made with a particular
geometry. To this purpose, the notch and groove cutting was performed
in such a way that the resulting ligament cross sections resulted either
parallel or orthogonal to the mix-flow direction. The ligament is going to
be subjected to the pure mode I tensile stress state generated by the test
set-up. Hence, it is expected to respectively yield a tensile strain soft-
ening (fibres parallel to the fracture ligament cross section) or hardening
behaviour (fibres orthogonal to the fracture ligament cross section).

The test was performed in displacement control, at a speed equal to
0.5 pm/s, according to the set-up shown in Fig. 6, where it can be seen
that the crack opening was measured at two positions along the ligament
height on the front face of the specimen and at mid-height of the liga-
ment on the rear. As a whole, twelve DEWS tests were performed, six per
each ligament vs. fibre alignment combination.

All the flexural and indirect tensile tests were performed on speci-
mens having been cured more than 2 months after casting in a moist
room at 95% RH and 20 °C. The whole mechanical characterization
testing activity lasted for about 1 month.

For the self-healing performance assessment both mechanical and
durability tests were performed. For the latter, the influence of the crack
sealing on the water permeability was checked performing water
permeability tests on sound, pre-cracked and healed disks having a
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MECHANICAL CHARACTERIZATION
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Fig. 3. Rationale of the experimental programme: mechanical characterization.

diameter equal to 100 mm and a thickness of 40 mm. Disks were pre-
cracked in splitting, according to the set-up shown in Fig. 7, up to a
maximum crack opening equal to 100 pm, variability into residual crack
opening ranging from 50 pm to 150 pm, with an average value of 105 pm
and a standard deviation equal to 40 pm.

At the end of the pre-cracking the crack was imaged by means of a
digital microscope on both sides of the disk and according to an image
analysis procedure detailed in Ref. [37] both the initial total crack area
Acrack,0 and the initial average crack width weqck o were quantified.

After the pre-cracking, water-flow test was performed according to

the set-up shown in Fig. 8. The quantity of water flowing through the
crack was measured along a time interval of 3 h, at 5 min interval in the
first half hour, every 10 min until the first hour, every 20 min until the
second hour and every half an hour thereafter. From the water flow vs.
time diagrams, a flow rate coefficient Ky was obtained by means of a
suitable fitting. After this, the specimens were kept immersed in
geothermal water at laboratory temperature, whose composition in
shown in Table 5, for healing and permeability tests were performed
again after one, three and size months healing, obtaining the values of
permeability coefficient K; at different scheduled healing times. At the
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Fig. 4. Schematic and 3D rendering of the 4-point bending test set up on 100 mm deep (a) and 25 mm thick (b) prismatic beam specimens (all dimensions in mm).
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Fig. 5. DEWS specimens cutting from thin beams and detailed geometry (dimensions in mm).

same deadlines, visual imaging of the cracks was also performed on
either face of the disk (Fig. 9), obtaining, similarly to what explained
above for the pre-cracking stage, the crack area and the average crack
width at scheduled healing deadlines, Acrqck,r and Werack,: Tespectively,
calculating average values between measurements on the top and bot-
tom face of the disk.

From the crack geometry parameters and permeability test results
measured as above the following indices of crack sealing and perme-
ability healing were calculated:

A‘ C
Index of Crack Sealing ICS = 1 Am‘ kit a
crack,0
- . K,
Index of Permeability Healing IPH = 1 — e @
0

The assessment of the healing performance by means of mechanical

tests and hence through the effects of healing on the recovery of the
mechanical performance was performed as follows, employing twelve
thin beam specimens obtained from the two cast large slabs (1 m x 0.5
m) and not already employed for the mechanical time zero performance
characterization.

The twelve specimens were all pre-cracked in four point bending up
to a 250 pm residual crack opening characterization, the target residual
crack opening being quite successfully achieved, with limited vari-
ability, thanks to the unloading stiffness calibration performed as above
(Fig. 10a). At the end of the pre-cracking process, cracks were mapped
with a digital microscope (Fig. 9a), as already explained for the speci-
mens employed for permeability tests, the crack area and the average
crack width were calculated and denoted as A rqck,0 and Werqack,0 as above.
In order to thoroughly and completely map the crack over the whole
specimen width, 90 images were acquired, which were subsequently
analysed and reassembled through the digital analysis imaging software
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Fig. 6. Schematic of the DEWS tests set-up (dimensions in mm).

100=0

(2) g #(b)

Fig. 7. Schematic of the splitting set-up to pre-crack disks for permeability tests
and distribution of obtained residual crack openings (dimensions in mm).

Photoshop ® (Fig. 9b).

The twelve specimens were then cured/healed: six of them in a moist
room at 20 °C and 95% RH and six immersed in the same geothermal
water as above for the water-flow test specimens. At the end of the first
month four specimens, two healed in moist room and two in geothermal
water, were visually observed for crack sealing and then tested to fail-
ure. The remaining eight specimens were once again mapped after three
months healing and for of them were re-cracked up to an additional 250
pm residual COD. Altogether the remaining specimens, four re-cracked
after three months and four keeping the original initial pre-cracking,
were healed up to six months. At the end of this period, all specimens

2 85
— —F
PVC PIPE
S
3 2 WATER
<
SILICONE

T = CONCRETE

104 100

Fig. 8. Schematic and 3D rendering of the water permeability test set-up (di-
mensions in mm).

were visually observed for crack sealing and then tested to failure.

At intermediate re-cracking or failure tests, the mechanical perfor-
mance in terms or load bearing capacity and reloading stiffness was (re)
assessed and healing indices, namely the index of stress capacity re-
covery and the index of stiffness/damage recovery were calculated as
hereafter detailed and also explained in Fig. 11. Through the comparison
between specimens which benefited of an intermediate monitoring
during their healing period and specimens which were only monitored
at the end of it, an assessment of the kinetics of the healing was also
possible, in case as also affected by the intermediate re-cracking.

The aforementioned programme has been complemented with a
thorough micros-structural analysis of the investigated composites.
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Table 5
Composition of the geothermal water employed for specimen curing and healing.
Constituent Al Ca Fe K Mg Na S Si S07 cal
ppm 0.2 4 0.13 19.8 0.3 1243.2 1523.4 0.3 2678 441
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Fig. 9. Visual imaging of the cracks.

Thermogravimetric analysis (TGA) was carried out for the alumina
nano-fibre suspension, as in section 2 as well as to study the changes in
hydration products caused by the presence of alumina nano-fibres and
by the curing condition: climate room (20 °C, 50% RH) and immersion
in geothermal water (GW). Concrete samples were ground using a
mortar and pestle to obtain powdered homogeneous samples; steel fibres
were separated by means of a magnet. Consequently, thermal reduction
properties of the samples were characterized by an SDT Q600 V20.9
Build 20 thermal gravimetric analyser under nitrogen flow at 100 ml/
min. Temperature was elevated at a constant heating rate of 10 °C/min
between 35 and 1450 °C. Temperature was held constant at 105 °C for 2
h to promote elimination of free water.

In this respect, also in order to understand if and how the mix
compositions and the healing/exposure conditions did interact with the
formation of the crystalline structure, SEM/EDS and XRD analyses were
performed on samples both with and without the alumina nano-fibres
and exposed to both geothermal water and laboratory environment.
To this purpose tests were performed on samples after 6 months curing
in climate room (20 °C and 50% RH) and after same time immersion in
geothermal water. XRD test was performed to determine the crystalline
phases. Tests were carried on powdered concrete using a Bruker D8
Advance instrument with Cu-Ka radiation and a nickel filter. The tests
were conducted with a step size of 0.0260° and a counting time of 0.5 s/
step, from 5° to 65° 20.

4. Experimental results

4.1. Mechanical behaviour and identification of the stress vs. crack-
opening relationship

Nominal flexural stress vs. Crack Opening Displacement (COD)
curves as obtained from 4-point bending tests on both 100 mm deep and
25 mm thick beams are shown in Fig. 12 a-b respectively. A wider
scattering of the performance in the latter case can be observed, also
confirming findings of previous related studies [30] which can be
explained due to the fact that the thin beams have been obtained from
larger slabs and that the local fibre dispersion, and hence the resulting
mechanical performance, may have been affected by local flow turbu-
lences and hindrances as due to the pouring of the mix and boundary
conditions. Thickness of the specimens have also an obvious effect in
forcing planar orientation of the fibres rather than random 3D orienta-
tion, in thin vs. deep beams respectively, which also resulted, in the
former case as compared to the latter, in a higher (about 10%) peak
flexural strength and higher deformation capacity (thin beams: 6, max =
19 CODgn,max = 8.5, deep beams 6 max = 17 CODgp,max = 8).

The well-known effects of the orientation of the fibres on tensile
behaviour of the material, as also affected by the position of the speci-
mens with respect to the geometrical characteristics of the casting flow,
has been also confirmed by the results of DEWS tests, shown in Fig. 13.

It is worth remarking that, as already explained above, when pre-
ordaining through notch and groove cutting the fracture plan in the
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Fig. 10. Pre-cracking flexural nominal stress vs. COD curves (a) and procedure for crack mapping over the width of pre-cracked flexural specimens (b).

DEWS specimens, it was arranged in such a way to have the same
fracture plane resulting either parallel or orthogonal to the most likely
preferential alignment of the fibres, as driven by the casting flow.

As a matter of fact, the results confirm that in the latter case (i.e.
fibres orthogonal to the fracture plane) a better tensile response, with
higher strength and some kind of strain hardening characteristics, has
been obtained, as compared to the former case (i.e. fibres parallel to the
fracture plane) where a clear strain softening behaviour has been mostly
obtained, with far lower strength capacity. Moreover, by relating the
measured DEWS test response with the position of the specimen in the
original larger cast slab (it is once again worth remarking that DEWS
specimens were obtained from the undamaged edge parts of thin beams
after having tested them in 4-point bending) the behaviour of specimens
“extracted” from those parts of the slab undergoing un undisturbed
casting flow always had, in their respective subgroup, a more clear
behaviour whether it is a better hardening of a steeper softening.

From the results of DEWS tests a multilinear tensile stress vs. strain
constitutive relationship was obtained, as from assumptions shown in
Fig. 14, and used as input, through a planar cross-section approach
based on force and moment equilibrium equations, to simulate the
measured flexural response for both 100 mm deep and 25 mm think
beams, whose results shown in Fig. 15 confirm:

— the reliability of the DEWS tests to yield straightforwardly the
“constitutive” tensile vs crack-opening response of the investigated
category of materials [29];

—the constitutive law obtained from DEWS tests provides a
remarkably good prediction of the flexural response of the tested thin
beam specimens, throughout the whole load path. On the other hand,
the prediction of the response of 100 mm deep beams is good up to

the peak flexural stress but results higher than the experimentally
measured one in the post-peak regime. As already explained in
Ref. [30] and as also remarked above, the 3D random dispersion of
fibres which is likely to be obtained in 100 mm deep beams results
into a performance somewhat poorer than the one governed by the
planar dispersion of fibres that the 25 mm thickness forces for the 20
mm long fibres in thin beams, and which characterized DEWS
specimens as well, which from 25 mm thick beams were obtained.

The parameters of the tensile constitutive law obtained for the ma-
terial investigated in this study are shown in Table 6 and also compared
with the ones proposed in Ref. [30], who also proposed the analysis
methodology herein employed, testing a parent mix having an equal
composition to the one herein investigated but for the addition of
nano-fibres. In the same table typical crack pattern obtained from beams
specimens are also shown, together with the average number of cracks
are also shown. The effects of a planar 2D dispersion of the fibres in thin
beams on the mechanical performance are evident from both the higher
peak stress and higher number of cracks, as a result of a more effective
stress redistribution action played by the fibres better matching with the
stress field.

4.2. Pre-cracking of specimens

Fig. 16 shows the response of the beam specimens when undergoing
pre-cracking: a good repeatability is highlighted with average residual
cumulative Crack Opening Displacement equal to 0.27 mm, which,
given the counted average number of cracks equal to 12, corresponds to
an average individual crack width equal to 11.4 pm.
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Table 6

Experimental average, max and min values of mechanical properties of the mix, and typical cracking patterns in both deep (DB) and thin beams (TB).

parameters specimens avg max min crack pattern at the bottom face
6. [MPa] DEWS Parallel 3.5 4.1 2.5 DB

f. [MPa] DEWS Orthogonal 6.5 9 4.4

6pn,max [MPa] Deep Beams 17.1 23.6 15.2

On,max [MPa] Thin Beams 19 30 10.1

crack number Deep Beams 7 8 6

crack number Thin Beams 12 15 9 TB

R. [MPa] Cubes 136 158 125
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Fig. 16. Pre-cracking nominal flexural stress vs COD curves.

4.3. Crack sealing capacity

The values of the Index of Crack Sealing for the all the tested spec-
imens healed up to two months in the two different aforementioned
curing environments is shown in Fig. 17. Interestingly it can be observed
that immersion in geothermal water favoured the healing with marginal
improvement over the immersion time, which may also be an indicator

11

of the fact that the self-closure of the cracks may effectively counteract
any likely degradation mechanism induced by the aggressive substances
present in the water, sulphate ions primarily. On the other hand, healing
in moist room resulted into lightly worse performance, especially for
cracks wider than 15 pm, for which an evident decrease of the crack
closure efficiency has been recorded, no matter the duration of the
exposure.
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As a matter of fact, looking into the kinetics of the indices of crack
sealing it appears that the closure of the cracks is quite fast, completing
its largest share already after one-month exposure (Fig. 18). As already
observed by several other authors [35], it is likely that the initial faster
healing, by closing down the cracks to a few microns width, prevents any
further water or moisture ingress into the same cracks and hence any
further progress of the sealing and healing phenomena.

4.4. Self-healing capacity

4.4.1. Recovery of mechanical properties
After three and six months healing the specimens were tested to
failure. In this was it was also possible to compare the mechanical
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performance along the pre-cracking/healing/re-cracking cycles with
that of undamaged specimens undergoing the same history (a scaling/
homogenization with respect to the first cracking was performed to
enable consistent comparison). This comparison allowed the healing
induced recovery of the mechanical performance through the calcula-
tion of the Indices of Strength Recovery (ISR) and of stiffness/damage
recovery (IDaR) calculated as detailed in section 3 and Fig. 11. The
calculated values of the ISR shown in Fig. 19 highlight a trend similar to
the one already discussed above for the crack sealing. Interestingly,
those specimens which after an initial healing period of three months
were re-cracked before healing for three further months featured the
highest recovery, no matter whether healing occurred under geothermal
water or in moist room. This further supports the assumption made
above with reference to an initial faster crack-sealing which, closing the
crack at the surface level, prevents further ingress of water/moisture
inside the specimens which could promote further healing. On the other



E. Cuenca et al.

100% v ‘o

= o 1 Month

> 80% ° -

b3 Immersion in

% e Geothermal Water

o 60%

£ @ 3 Months

E A6 % Immersion in

5 ° o o Geothermal Water

% ® 6 Months

o 20% o i

'g Immersion in

- % Geothermal Water
0

0 25 50 75 100 125 150 175 200
Crack Width [um]

. 22. Index of Permeability Recovery vs. crack width along the healing time.

100% .

1 Month
80% + Lo

Y/ Immersion in
Geothermal Water
3 Months

Immersion in

60%

40%
° { ° Geothermal Water

— / e 6 Months
° / Immersion in

Index of Permeability [-]
N

0% y ‘ Geothermal Water
(] T T
0% 20% 40% 60% 80% 100%

Index of Crack Sealing [-]
0,
150% . o 3+3 Months
1 Moist Room +
120% - ® o Moist Room
'] ®6 Months
Moist Room
© 3+3 Months
Immersion in
Geothermal Water +
Moist Room
@ 3 Months
Immersion in
Geothermal Water
6 Months
Immersion in
Geothermal Water

90% .

60%

30%

Index of Strength Recovery [-]

0%

0% 20% 40% 60% 80% 100%
Index of Crack Sealing [-]
(W]

120% | @343 Months

1 Moist Room +
100% / Moist Room
/ e 6 Months
/ Moist Room
© 3+3 Months
/ Immersion in
Geothermal Water +
Moist Room
/e ©3 Months
7/ Immersion in
° Geothermal Water
® 6 Months
Immersion in
Geothermal Water

80% °
60% -
40%

20%

Index of Damage Recovery [-]

0% ‘==
0% 20% 40% 60% 80% 100%

Index of Crack Sealing [-]
(©)

Fig. 23. Correlation between Indices of Recovery of Permeability (a), Strength
(b) and Stiffness (c) vs. Index of Crack Sealing.

hand, an intermediate re-cracking, further reopening the partially closed
crack, opens the possibility to the healing agent to re-enter the cracked
volume and reach deeper freshly cracked surfaces, richer in un-hydrated
binder which can thus undergo further delayed hydration.
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Results quite similar have been obtained for the recovery of the
stiffness (Fig. 20), which, in the one hand, proceeded slower than the
recovery of the load bearing capacity, coherently also with what
observed in other previous studies [30]. Moreover, it seems that this
recovery, at least in the case of immersion in water, continued with the
immersion time, most likely being also affected by a bulk prolonged
hydration of the material throughout the specimen.

4.4.2. Recovery of (im)permeability

As said above, specimens for permeability tests were pre-cracked in
splitting; visual inspection of cracks after one, three and six months
healing in geothermal water resulted into crack sealing shown in Fig. 21,
highlighting similar performance as shown and discussed above for
specimens employed for the analysis of recovery of mechanical
properties.

Results of water flow tests, performed before and after the healing
and elaborated in terms of flow rate vs. initial crack opening, as shown in
Fig. 22, confirming the known cubic relationship between the two
quantities [38]. The change in shape parameters of the correlation curve
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before and after the healing for the same crack width brings further
support to the assumption that material performance healing is also
positively affected by the internal healing of the crack, which obviously
a surface microscope inspection does not capture.

The trend of recovery in permeability is shown in Fig. 23, high-
lighting that a kind of 50 pm threshold for initial crack opening does
exist, below which complex 3D sealing of the crack, both at the surface
and internally, a complete recovery of the permeability performance can
be guaranteed upon short healing time, whereas longer continued
healing is needed to heal the material performance in the case of larger
cracks.

4.5. Correlation between crack sealing and material performance healing
and comparison with other experimental campaigns

In Fig. 23 the Indices of Recovery of mechanical and durability
performance are correlated with the crack sealing performance. A good
correlation between recovery of (im)permeability and crack sealing
confirms the reliability of the measurements.

With reference to the Indices of recovery of mechanical performance,
the detected trends are in line with similar findings by the authors’
group in previous similar investigations, which highlight as damage
recovery needs a crack sealing of at least 60% to start being appreciable,
proceeding quite faster for higher sealing rates henceforth. On the other
hand, recovery of load bearing capacity, since the pre-cracking and re-
cracking occurred in the pre-peak deflection hardening regime, holds
stable upon progressive re-closure of the cracks, being also dependent on
the crack-sewing effect of the dispersed fibre reinforcement.

The role of alumina nano-fibres can be appreciated by comparing the
healing performance as measured in this study and discussed above,
with the one measured according to exactly the same methodology on a
parent mix equal to the one shown in Table 1 but for the presence of
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alumina nano-fibres and in case of crystalline admixture. The compar-
ison, shown in Fig. 24, highlights the role of the alumina nano-fibres in
promoting a better sealing and even a better healing of the mechanical
performance but, most of all, it guarantees that, in the pre-cracking
stage, cracks remain within a very narrow opening range. This, as it
will also be further elucidated in the next section of this paper, can be
due to the synergy between the nano-reinforcement effect provided by
the alumina nano-fibres but also by the hydrophilic nature of the same
nano-fibres, due to the presence of hydroxyl groups on their surface,
which may also make them act as seeds of healing reactions.

4.6. Microstructural analysis

The analysis of the surface morphology was performed with a high-
resolution scanning electron microscope (HR-SEM Zeiss Merlin).
Measurements were made at an operating voltage of 15 kV. In Fig. 25
SEM images of the micro-structure of the investigated composites after
84 days curing in both environments are shown. The presence of the
filaments of alumina nano-fibres is clearly highlighted by the SEM
images where their function of reinforcement among the elementary
crystal aggregated of the material microstructure is also evident.
The influence of continuous availability of water in the geothermal
immersion curing environment is evident from a much neater formation
of crystals with larger crystals covered by smaller ones, denoting likely
continuing development of hydration reactions. This is confirmed by
analogue SEM images taken on reference samples made with parent mix
without alumina nano-fibres and undergoing the same curing history.

The TG (thermogravimetric) and DTG (Derivative thermogravi-
metric) curves, shown in Fig. 26, confirm the substantial coincided of
the phases of investigated cementitious composites, i.e. portlandite,
calcium silicate hydrates and carbonates. The higher peak of carbonate
for the mix with alumina nano-fibres, as compared to the parent
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reference one, is evident for samples cured in climate room and may be
due on the one hand to the availability of carbon dioxide in the air but
also to the higher portlandite content available to react with it, due to
the hydration fostering reaction role played by the same alumina nano-
fibres thanks to their well assessed hydrophilic characteristics [11,25,
26].

Fig. 27 shows the TG and DTA curves. The thermograms or Differ-
ential Thermal Analysis (DTA curves) represent the temperature dif-
ference (in °C/mg) versus temperature (in °C). It should be noted that no
exothermic peaks (due to the presence of organic material) were
detected in the DTA curves. All the phenomena identified were endo-
thermic due to evaporation or decomposition of the various molecules
making up the cementitious composites. Specifically, the endothermic
phenomena are clearly visible in the analysed samples and correspond to
the weight losses recorded in the TG curves. In particular, there is a
strong endotherm at about 100 °C in correspondence with the evapo-
ration of the water and another endotherm, clearly visible, at about
400 °C in correspondence with the decomposition of hydroxides. The
endotherm at higher temperatures (700 °C decomposition of carbonates
and 1200 °C decomposition of sulphates) are less intense as they are
partially covered by an intense phenomenon at about 1000 °C that could
be due to the melting of the sample (or part of it) or to a transition.

The X-ray diffraction patterns of the analysed concrete samples are
reported in Fig. 28. A qualitative analysis shows the presence of the
usual concrete composites such as quartz, ettringite, calcite portlandite,
albite and other silicates. Similar crystalline phases have been detected
for both mixes, with and without alumina nano-fibres (ANF) and for
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Fig. 27. TG-DTA curves of investigated cured in different regimes: a) 50% RH
climate room and b) geothermal water.

XRD analysis for the UHDC mixes with and without ANF
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Fig. 28. XRD analysis for the UHDC samples with and without alumina
nano-fibres.

both curing conditions (climate room and immersion in geothermal
water). The diffraction peaks of portlandite (18°, 34.3° and 47°) and
residual ettringite (E) were similar for all the studied cases as can be
observed in Fig. 28. It was also detected the presence of quartz and
albite, due to the aggregate and slag. The presence of alumina nano-
fibres (ANF) does not affect the stability of the hydrated phases since
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analogous phases where detected in all the studied diffractograms. Only
small differences were observed, for instance the diffraction peaks of
ettringite (24.7°) and hatrurite (29.5°) were higher for the samples
cured in climate room regardless of the presence of ANF. Moreover, the
diffraction peaks of zeolite (12°) and albite (14°) were lower for the
sample without ANF immersed in GW. Finally, a diffraction peak of
hatrurite at 10.5° and a diffraction peak of mica (59.4°) were only
detected for the mix with ANF cured in climate room.

5. Conclusions

The mechanical performance and the autogenous self-healing ca-
pacity of an ultra-high performance fibre reinforced cementitious com-
posite, containing alumina nano-fibres and crystalline admixture as self-
healing stimulator have been investigated in this paper. The study is
meant as a comprehensive study to validate the performance of the mix
to be used in one of the pilots of the H2020 ReSHEALience project, i.e. a
basin for highly chemically aggressive water servicing cooling towers in
geothermal power plants. Both flexural and indirect tensile tests have
been employed to characterize the mechanical behaviour of the com-
posites, whereas the self-healing performance has been investigated
with reference to the recovery of both mechanical performance and
water permeability, as indicators of the durability in the cracked state.
This latter is meant in a broad sense as the ability of the material to
retain its intended level of performance throughout the specified
structure service life time-frame.

The main outcomes of this study can be summarized as follows:

- With reference to the tensile and flexural mechanical behaviour

The Double Edge Wedge Splitting, employed as an indirect tensile
test methodology, is able to yield in a straightforward manner the
“constitutive” tensile stress vs. crack opening response of the investi-
gated category of cementitious composites, being further able to
discriminate between strain-hardening vs. softening response, as also
affected by the flow-induced alignment of the fibres.

- With reference to the self-healing performance

The employed multi-test experimental characterization methodology
yields consistent results, as shown by the correlation between the re-
covery of both mechanical and durability properties with the closure of
the cracks. Such a cross-comparison of data among different tests is
deemed as essential for the definition and calculation of crack-sealing
and performance healing indices which can be instrumental to the
incorporation of self-healing outcomes into code design provisions in the
framework of durability-based design approaches.

- With reference to the effects of alumina nano-fibres on the overall
behaviour of the UHPFRC

The addition of alumina nano-fibres in the mix, made possible by
tailored preparation procedure to achieve the appropriate concentration
in the suspension, is likely to yield to a better stress redistribution ca-
pacity in the cracked state, as also witnessed by the higher number and
thinner width of the cracks which form during the pre-peak stable
propagation phase. This, together with the hydrophilic nature of the
same fibres which is likely to foster delayed binder hydration reactions,
also results into a better and faster healing, in terms of both crack sealing
and recovery of mechanical properties, even under exposure to
extremely aggressive conditions, like the geothermal water, rich in
chlorides and sulphates, investigated in this paper.

The aforementioned findings, while corroborating to enrich the
database related to each and all the single topics they refer to, as
highlighted in the conclusions, also contribute to validate one of the
main assumptions of the overall ReSHEALience project concept, which is
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the possibility to upgrade, through the pursued “nano-functionaliza-
tion”, the “conventional” UHPFRC concept to the one of a Ultra High
Durability Concrete, durability being intended as the capacity of the
material and of the structures made of/retrofitted with it, to retain the
intended and design-anticipated level of performance throughout the
specified structure service life time-frame.
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