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More than one century after its massive introduction in the building industry, concrete is still the most
popular building material. Nevertheless, several critical infrastructures show severe signs of distress. This
fact fostered, in recent years, the need of rethinking the design process of concrete structures, in view of
reducing maintenance costs and extending their service life. This work has been performed in the frame-
work of the H2020 project ReSHEALience (GA760824). The main idea behind the project is that the long-
term behaviour of structures under extremely aggressive exposure conditions can highly benefit from the
use of high performance materials, in the framework of durability-based design approaches. The project
will tailor the composition of Ultra High Durability Concrete (UHDC), by upgrading the High-Performance
Cementitious Composite/High-Performance Fibre Reinforced Cementitious Composite (HPCC/HPFRCC)
concept through the incorporation of tailored nanoscale constituents focusing, among the others, on
stimulating the autogenous self-healing capacity. This work shows the effectiveness of the aforemen-
tioned concept achieved through the incorporation in a reference HPFRCC of three types of nano-
constituents: alumina nanofibers (0.25% by weight of cement), cellulose nanocrystals (0.15% by weight
of cement) and cellulose nano-fibrils (0.15% by weight of cement). The influence of the nano-
constituents has been analysed in terms of mechanical properties, such as flexural and compressive
strength and on shrinkage and durability properties, analysed by means of sorptivity tests on un-
cracked, cracked and self-healed specimens with reference to selected aggressive exposure scenarios rep-
resentative of intended engineering applications of the investigated materials.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The signature tensile behaviour of High-Performance Fibre
Reinforced Cementitious Composites (HPFRCCs) is characterized
by stable multiple cracking resulting through related stress redis-
tribution into strain-hardening response [1] which is particularly
interesting for the structural service life. This can be obtained
thanks to a tailored material composition, designed according to
a balance between crack-tip toughness and fibre pull-out energy,
which, as widespread demonstrated by the abundant literature
on the topic [2], is characterized, among the others, by (very) high
content of cement and binder and low water-to-binder ratios,
besides volume fractions of fibres usually in some percentage units
range. As a matter of fact, this category of materials if quite often
‘‘labelled” and promoted primarily through high compressive
strength values, with ‘‘customary” requests ranging from 120 to
150 MPa and even more, depending on the standards and jurisdic-
tion [3]. Quantification of tensile mechanical performance in terms
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of strength and ultimate tensile deformation capacity has been so
far provided in much more scattered terms and only recently a
classification has been proposed by related French standards [4]
only based on ultimate to first average and characteristic strength
ratios. The use of aggregates with a very small maximum aggregate
diameter (2–10 mm) favour a high compactness and a very low
porosity of the matrix which confer a very high durability to con-
crete in un-cracked state. As a matter of fact, the same material
composition which is responsible for the high matrix compacted
and for the tensile strain-hardening characterized by the stable for-
mation of multiple tiny cracks is also highly conducive to autoge-
nous healing, primarily due to the delayed and continuous
hydration and hydraulic/pozzolanic reactions of the high amounts
of cement and binders, not reacted with the initially low available
water quantity in the mix [5].

Autogenous self-healing capacity of high performance fibre
reinforced cementitious composites has been extensively studied
by several research groups worldwide [6–10], assessing the role
of the initial crack width, aggressive exposure conditions, age
and repeatability of cracking as well as of sustained through-
crack stress not only of the capacity of the material to seal the
cracks and recovery its ‘‘imperviousness” against different trans-
port phenomena and on the kinetics of the crack-sealing processes,
but also on the level of retention of the tensile load-bearing and
ultimate deformation capacity [11–17]. This last information is,
as a matter of fact, of the utmost importance to incorporate the
effects and benefits of self-healing into a durability-based concep-
tual design approach of structures made of/retrofitted with the cat-
egory of materials investigated in this paper.

The role of different types of fibres has also been investigated,
highlighting, e.g., that natural fibres and super-absorbent polymers
can develop and effective synergy with other types of fibre rein-
forcement, being able to absorb, store and transport water (the
crack-healing agent) to the cracked site, being also instrumental
in improving the repeatability, persistence and robustness of the
healing phenomena [18–24].

Other researchers have also investigated the effects of healing
stimulators, such as crystalline admixtures, when added, at
dosages suitably adapted to the high content of cements of
HPFRCCs, [25–26]. They found, for example, that the somewhat
expansive characteristics of the stimulated healing reactions
occurring at multiple cracking sites may also result into a sort of
‘‘smeared” chemical pre-stressing of the homogeneously dispersed
fibre reinforcement, with systematic enhancement along the heal-
ing time of the mechanical performance of the material.

As a matter of fact, the benefits of materials combining superior
mechanical performance with enhanced long-term durability, fur-
ther empowered by self-healing functionalities, can find their most
relevant and highly rewarding applications in structures subjected
to extremely aggressive environments. The research community
has only recently started to investigate such scenarios and has
mainly focused on chloride attack [16,27]. In this framework, the
ReSHEALience project consortium, funded by the European Com-
mission through the Horizon2020 Research and Innovation Pro-
gramme, has proposed a holistic material and structural concept
and design approach for structures made of/retrofitted with Ultra
High Durability Concrete in aggressive structural service scenarios
which encompass, besides chloride attack, also chemical aggres-
sion, e.g. by sulphates and acids [28]. While structures and infras-
tructures in marine environments including offshore are a clear
example representing of the former scenario, urban sewage net-
works as well as facilities serving geothermal site plants can be
called as representative of the latter, the social and economic val-
ues of all of the cited examples being self-evident.

In all the aforementioned cases, besides the severity of the envi-
ronmental attack, demands for high mechanical performance also
2

hold, because of, e.g., cyclic wave/water actions and surface wear-
ing/erosion also due to the transport of solid particles by the fluids
the structure interacts with. The solution implemented by the
ReSHEALience consortium has worked, in order to upgrade the cur-
rent HPFRCC concept to that of a Ultra High Durability Concrete
(UHDC), to exploit the synergy between self-healing stimulation
via crystalline admixtures and nano-scale functionalization, in
detail put into effect through alumina nano-fibres and cellulose
nano-fibrils and nano-crystals. The key ideas is that, besides the
usual and well known matrix densification and hydration stimula-
tion roles, the employed nanoparticles can really play an active role
as reinforcement at the very molecular level of the material and
acting in synergy with healing stimulators in governing and mod-
ifying the degradation mechanisms and phenomena since their
very onset and initiation. This with the strategic conceptual vision
of transforming the material from passive provider of protection
against ingress of aggressive species into an active player able to
respond to degradation processes as a function of the performance
demands of the engineering application.

This paper contains the results of a study aimed at preliminarily
assessing the effects of the aforementioned synergy on the
mechanical and healing performance in high performance fibre
reinforced mixes all containing a crystalline healing stimulator
and functionalized with the addition of either alumina nano-
fibres or nano-cellulose fibrils and crystals when exposed, since
their early curing, to conditions represented by water from
geothermal drilling.

The use of alumina nanofibers is quite a novelty in the field of
concrete and cement-based materials technology. In most of the
few related studies [29–32], their beneficial effect, when added
at less than 1% by weight of cement, have been shown on the com-
pressive strength and other specific mechanical properties of a
variety of cementitious materials. These range from HPFRCCs, in
which case also a good interaction with the employed polyethy-
lene or poly-vinyl-alcohol fibre reinforcement was measured
through enhanced flexural deformation capacity, to oil well slur-
ries, for which, besides moderate improvement also in splitting
tensile strength, stability of the rheological performance upon their
incorporation was also studied. Higher dosages, up to several per-
centage units (5–7%) by weight of cement, were used by some
researchers [33–34] to improve freeze and thaw resistance or high
temperature behaviour. The detected improvements common to
all the surveyed investigations have been explained on the one
hand considering that alumina nanofibers, which contain free
hydroxyl groups on their surface, act as nucleation site for hydra-
tion of cement particles. On the other hand, it has been also high-
lighted that, because of their size, aluminium oxide nanofibers can
act as reinforcement of the layered CSH structure thus reducing the
shrinkage deformation and providing a nano-structural toughen-
ing effect. In all cases, the need has been highlighted to provide a
suitably dispersed suspension to be easily handled with the mixing
procedure of cement based materials as well as to likewise suitably
take into account the compatibility with the employed superplas-
ticizer type.

On the other hand, the use of nano-cellulose in cementitious
composites is fairly better documented, as also witnessed by
recently published state of the art review papers on the topic
[35]. Insight has been gained into interaction mechanisms which
cement particles by nano-cellulose ones which, acting as nuclei
for hydration and distributed water reservoirs, affect the hydration
process, accelerating it and stimulating the production of more
portlandite and calcium silicate gel. This also affects the rheologi-
cal properties, generally resulting into a stiffening of the compos-
ites, the volume stability, with consequent reduction of
autogenous shrinkage, and the mechanical properties, with
measured improvements in compression and flexural strength



Table 2
Composition of the employed cement and slag (contents by % weight).

Chemical constituent CEM I Slag

SiO2 38.9 39.2
CaO 59.7 38.9
Al2O3 4.9 10.2
MgO 3.3 6.4
SO3 3.4 1.3
Mn2O3/MnO 0.1 0.3
Fe2O3 3.5 0.4
TiO2 0.2 0.6
K2O 0.2 0.8
Na2O 0.4 0.3
other 0.4 0.3
Loss on ignition at 1000 �C 2.5 1.2
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[36–40]. Also in the case of nano-cellulose products, as common to
alumina nanofibers and all other nanoparticles, the importance has
been highlighted of a proper dispersion, customarily through ultra-
sonication and also an appropriate interaction with the superplas-
ticizer, to obtain a homogenous composite material where the ben-
efits of nano-constituents could be effectively exploited.

As already stated above, the aim of the present investigation,
conceived and performed in the framework of the ReSHEALience
project, is to assess the influence of alumina nano-fibres and
nano-cellulose fibrils and crystals, on the evolution of the mechan-
ical properties (compressive and flexural strength, flexural tough-
ness) of high performance fibre reinforced cementitious
composites exposed since their very early ages (one day after cast-
ing) to aggressive waters such as those from drilling operations in
geothermal power plants (containing both chlorides and sul-
phates). Moreover, the synergy has been assessed of the aforemen-
tioned nano-constituents with crystalline admixtures in
stimulating the autogenous healing of the same composites, when
exposed to the same scenario, and the related recovery of the
imperviousness, as measured by means of through-crack capillary
water absorption.

Such a synergy, as stated above, is meant to provide experimen-
tal evidence to the Ultra High Durability Concrete material concept
on which the ReSHEALience project is working, and which aims,
rightly through ‘‘nano-engineering” of the material composition,
to enforce a conceptual paradigm shift into the design approach
to durability of high performance cement-based materials and
related structural applications: the material has not to be regarded
any more as a mere provider of passive protection against the
ingress of aggressive species into the structural element but is able
to actively self-govern its intrinsic structure evolution under the
anticipated aggressive structural service scenario, being thus able
to provide an evolution of its ‘‘in-structure” performance coherent
with the demand all along the structure service life.
2. Materials

The reference mix for the study reported in this paper is a High
Performance Fibre Reinforced Cementitious Composite, whose
composition is detailed in Table 1 under the XA-CA-REF acronym.
Starting from a typical HPFRCC mix already extensively studied
by the authors [6,7,41,42], appropriately conceived also to be
employed in acid attack environment (high replacement of cement
type I with slag), it has been further added with Penetron Admix �

Crystalline Admixture (CA) as a stimulator of the autogenous self-
healing capacity. Table 2 reports the properties of the employed
cement and slag.
Table 1
Mix-composition of investigated HPFRCCs/UHDCs (in kg/m3 if not otherwise specified).

Constituents XA-CA REF XA-CA CEMIII

CEM I 52,5 R 600 –
CEM III – 600
Slag 500 500
Water 200 200
Steel fibers �

Azichem Readymesh 200
120 120

Sand 0–2 mm 982 982
Superplasticizer
Glenium ACE 300 �

33 33

Crystalline Admixture 4.8 4.8
Alumina nanofibers* – –
Cellulose nanocrystals* – –
Cellulose nanofibrils* – –

* % by weight of cement.
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As well known, crystalline admixtures are proprietary mixtures
of active chemicals in a carrier of cement and sand, which are able
to react with either cement particles or cement hydration products,
or both, and produce modified calcium silicate hydrate products.
Crystalline admixtures are characterized by particles of irregular
shape ranging from 1 to 20 mm with presence of calcium, oxygen,
silicon, magnesium, aluminium and potassium [43]. These, besides
refining the pore structure and hence enhancing the durability of
the admixture cementitious composite in the un-cracked state,
are also able, where produced at a cracked site and precipitating
onto cracked surfaces, to promote a faster sealing of the same
cracks. Moreover, the employed crystalline admixture, whose mor-
phological and chemical characteristics have been already
described by [43–46] has been already employed by the authors
as an autogenous healing stimulator in conventional plain and
fibre-reinforced concrete [47] and in HPFRCCs [25]. The authors
highlighted an interesting synergy with the dispersed fibre rein-
forcement resulting into enhanced capacity of retaining, if not
improving along the healing time, the mechanical performance of
the composites thanks to a sort of chemical fibre pre-stressing
action, which is likely to be activated exactly at the cracked-
healing sites by the healing products. These, in fact, besides sealing
the cracks, and hence reconstituting the through crack continuity
of the cementitious matrix, also act at the fibre–matrix interface
level, enhancing the fibre–matrix bond through deposition of heal-
ing products along the same interface. In view of these previous
findings, the CA above has been employed as a reference con-
stituent throughout this investigation in synergic combination
with selected nanoparticles. Its dosage has been set at 0.8% by
weight of cement, considering the high cement content which
the composition of HPFRCCs normally feature, whereas the recom-
mended dosage in the case of conventional concrete ranges from
1.0 to 1.5% by weight of cement.
XA-CA + ANF XA-CA +CNC XA-CA + CNF

600 600 600
– – –
500 500 500
200 200 200
120 120 120

982 982 982
33 33 33

4.8 4.8 4.8
0.25 – –
– 0.15 –
– – 0.15



Fig. 1. Microscope images of employed alumina NAFEN � nanofibers (courtesy of dr. Aleksej Tretjakov and Dennis Lizunov NAFEN �).

Fig. 2. Microscope images of employed cellulose nanofibrils (a) and nanocrystals (b).

Table 3
Grain size distribution of employed sand.

Sieve diameter (mm) % passing Cumulative passing (%)

0 0 0
0.2 14.6 14.6
0.35 9.7 24.3
0.45 9.7 34
0.6 9.7 43.7
1.0 19.7 63.4
1.5 18.3 81.7
2.0 18.3 100
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Aluminium oxide nanofibers employed in this investigation
(NAFEN �) have a length ranging between 100 and 900 nm and a
diameter of 4–11 nm, with a surface area of 155 m2/g (Fig. 1). They
have been provided in a suspension at 10% nanofiber concentra-
tion, developed through a tailored ultrasonic dispersion and disin-
tegration multi-stage treatment process, and stabilized also
through the use of a poly-carboxylate sodium salt admixture. As
from mix optimization studies performed in the framework of
the project activities, alumina nanofibers have been added to the
mix at a dosage equal to 0.25% by weight of cement (referred to
the effective fibre content), as specified in Table 1 under the XA-
CA-ANF acronym.

Nano-cellulose has been employed in this study in two different
forms of fibrils and crystals. The employed nano-fibrils have
dimensions ranging from 5 to 20 nm in diameter and from 50 to
>2000 nm in length, whereas the nanocrystals, with an average
diameter of 5 nm, have lengths from 50 to 500 nm (Fig. 2a-b). An
extensive characterization of the microstructure of the employed
nano-cellulose products has been performed in [48] highlighting
high crystallinity index (>97%).

Also in this case, based on mix composition and mixing protocol
optimization studies, both cellulose nanofibrils and nanocrystals
have been added into the cementitious composite mix at a dosage
4

equal to 0.15% by weight of cement, always referred to the effective
fibre content (see in Table 1 under the labels XA-CA-CNF and XA-
CA-CNC). It is also worth here remarking that both nanocellulose
products (AVAP �) were supplied in the form of an aqueous sus-
pension at 10% solid concentration, specifically design for the pur-
poses of the ReSHEALIence project activities and applications. A
predilution at 6% concentration was recommendedly performed
before adding them into the mix.

Besides the mixes described above, a further mix was produces
replacing CEM type I, employed in all mixes, with CEM type III



Table 4
Composition of the geothermal water employed for specimen curing and healing.

Constituent Al Ca Fe K Mg Na S Si SO4
2� Cl

ppm 0.2 4 0.13 19.8 0.3 1243.2 1523.4 0.3 2678 441

Table 5
Experimental program.

Test Number of
specimens / mix

Test details

Compressive and flexural tests
according to EN 1015

9 Compressive and flexural strength specimens cured in moist room (20 �C, 95% RH) and tested at: 28 days (3
specimens/mix), 56 days (3 specimens/mix), 84 days (3 specimens/mix).

9 Compressive and flexural strength specimens immersed in geothermal water and tested at: 28 days (3
specimens/mix), 56 days (3 specimens/mix), 84 days (3 specimens/mix).

Total (drying) and autogenous
shrinkage tests

3 Total (drying) shrinkage tests on specimens cured in climate room (20 �C, 50% RH).
3 Autogenous shrinkage tests on specimens cured in climate room (20 �C, 50% RH).

Sorptivity tests and visual crack
observations

6 Subjected to sorptivity tests according to the following scheme: Specimens were pre-cracked and subjected to
sorptivity tests and visual crack observations with optical microscope. Subjected to wet/dry cycles (3
specimens/mix) and immersed in geothermal water (3 specimens/mix). After 1 month they were subjected to
sorptivity tests and visual crack observations. Then they were re-cracked and subjected to sorptivity tests and
visual crack observations. Same procedure was repeated after 3 and 6 months.

6 Subjected to sorptivity tests according to the following scheme: Specimens were pre-cracked and subjected to
sorptivity tests and visual crack observations with optical microscope. Subjected to wet/dry cycles (3
specimens/mix) and immersed in geothermal water (3 specimens/mix). After 1 month they were subjected to
sorptivity tests and visual crack observations. Same procedure was repeated after 3 and 6 months.

Mercury porosimetry test (MIP) 1 Specimen cured in moist room (20 �C, 95% RH) was subjected to MIP test.
1 Specimen immersed in geothermal water was subjected to MIP test.

Thermogravimetric analysis
(TGA)

1 Specimen cured in climate room (20 �C, 50% RH) was subjected to TGA.
1 Specimen immersed in geothermal water was subjected to TGA.
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(whose characteristics and properties, as from X-ray fluorescence,
are reported in Table 2). This, besides the needs dictated by the
acid attack scenario, was also meant to check the long term
mechanical and durability performance of a HPFRCC with low clin-
ker and high slag content. As a matter of fact, the performance of
the mix may on the one hand be favoured by the delayed and
Fig. 3. Schematic of the s

5

latent hydraulic activity of the slag, which, on the other hand,
may be poorly activated by the low content of clinker and hence
by the low and slow production of calcium hydroxide.

As can be also seen in Table 1, all mixes contained sand with
2 mm maximum aggregate size, with grain size distribution
reported in Table 3, and were reinforced with 120 kg/m3
orptivity test set-up.



Fig. 4. Graphical explanation of the procedure for crack sealing evaluation and calculation of Index of Crack Sealing ICS.
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(Vf = 1.5%) straight steel fibres, 20 mm long and with a 0.22 mm
diameter (aspect ratio ffi 90), such a dosage having being chosen,
also on the basis of previous optimization studies, to cope with
the strain hardening tensile deformability requirements dictated
by the intended application [49].
3. Experimental program

With each and all the mixes described in Table 1, 40 � 40 � 160
mm beams were cast which were employed for the experimental
program detailed hereafter:
6

- 3-point flexural tests performed in displacement control at a
0.5 lm/sec speed; an 8 mm deep notch was cut at mid-span
of the specimens to localize the fracture and ease the measure-
ment of a Crack Mouth Opening Displacement (CMOD). Flexural
tests were performed at 28, 56 and 84 days on specimens which
were cured either in a climate room at 20 �C and 95%RH or
immersed in geothermal water since one day after casting.
The water was directly obtained from cooling water basing in
the geothermal power plant operated by the ReSHEALience pro-
ject partner Enel Green Power (EGP) in Chiusdino, Italy. Its com-
position is shown in Table 4 and highlights high concentration



Fig. 5. Compressive strength vs. time for investigated cementitious composites in
different curing environments.

Fig. 6. Flexural strength vs. time for investigated cementitious composites in
different curing environments.
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of both sulphur and sulphate ions besides sodium and chloride
ions, aggressive for both the cementitious matrix and the steel
fibre reinforcement respectively. For each curing condition
and each testing age, three nominally identical specimens were
tested.

- Compressive strength tests were performed according to the
Standard EN 1015-11-1999. To this purpose, the specimen
halves obtained by breaking the specimens by flexure
(40 � 40 � 80mm samples) were used and the force was
Fig. 7. MIP test results for investigated cementitious composites cure

7

applied by two plates 40� 40mm long and 10mm thick as indi-
cated in the Standard EN 1015-11-1999. Testing ages and cur-
ing conditions were the same as for flexural tests.
Consistently, six specimens were tested in compression for each
curing condition and testing age.

- Total (drying) and autogenous shrinkage tests: three specimens
for each mix and each shrinkage type measurement were
employed; specimens were stored in a climate room at 20 �C
and 50% RH.

- Self-healing tests via sorptivity measurements after immersion
and/or wet-and-dry cycles in the same geothermal water
described in Table 4. In total twelve specimens per each mixed
were used for this part of the investigation, six being kept com-
pletely immersed in the water and six subjected to wet and dry
cycles. Sorptivity tests were first performed, according to the
methodology based on EN 13057 which will be hereafter
described in detail. Then all specimens were pre-cracked at an
age of at least 56 days up to a nominal CMOD of 150 lm. The
hydration should also proceed after the 56 days due to the for-
mation of the crack. In fact, the crack is a new path that appear
in the concrete matrix allowing further hydration reactions of
cement particles and hence promoting healing reactions [27].
After the pre-cracking all cracks were mapped with a digital
microscope and sorptivity tests were performed once again to
mark the difference in water capillary absorption immediately
before and after the cracking. The healing procedure then
started, via immersion in geothermal water, permanent or
alternating three days in water and four days in a climate room
at 50% RH and 20 �C. After one month the specimens were taken
out of the healing environment and cracks were mapped once
again via the digital microscope image acquisition. Sorptivity
tests were performed once again as well. Before performing
the sorptivity test the specimens were dried in an oven at
40 �C until a constant weight was achieved and then kept in
the climate room (20 �C, 50% RH) for 24 h. At the end of the first
scheduled deadline, half of the specimens for each mix contin-
ued to do the healing procedure as such (either immersed or
subjected to wet and dry cycles) whereas the other half, before
going back to the healing environment were re-cracked up to a
further nominal crack opening of 150 lm. The same procedure
was repeated after three and six months from first pre-cracking.

A synopsis of the experimental program as a whole is provided
in Table 5.

For the sorptivity tests, the specimens were put on two sup-
ports into a layer of water so to have a 5 mm water height above
the notch tip (Fig. 3). In order to limit the water uptake only
through the crack, a layer of silicone was applied all along the bot-
d in 20 �C-90%RH climate room (a) and in geothermal water (b).



Fig. 8. SEM images of microstructure of investigated cementitious composites reinforced with alumina nanofibers (a – also courtesy of dr. Aleksej Tretjakov and Dennis
Lizunov NAFEN � and prof. Olga Volobujeva – Tallin University of Technology) and nanocellulose fibrils (b) (also courtesy of dr. Evangelia Enteze and Stamatina Sideri, API
Europe �).
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tom half of the specimen outer surface so to leave free only a
20 mmwide zone across the crack and the notch. The silicone layer
was renovated at each time. As remarked above, specimens were
dried in the oven at 40 �C and then kept in the dry room for 24 h
at each testing deadline before performing the sorptivity measure-
ments. For the latter, water uptake was measured by weighing the
specimens 15 min, 30 min, 1 h and then at 1 h intervals after put-
ting them in the water and up to 8 h.

Evaluation of the healing was performed via both visual assess-
ment of crack closure and recovery of water permeability as
assessed in the sorptivity tests performed as above.

For the former, by means of suitable image processing of the
crack images acquired after pre-cracking and after scheduled
healing/re-cracking steps, the total area of the crack was calculated
[46] and crack sealing was quantified by means of the following:

Crack Sealing Index

ICS ¼ 1� Acrack; after healing

Acrack; after 1st pre�cracking

according to the procedure graphically explained in Fig. 4.
For the latter, by plotting the water uptake measurements vs.

the square root of the time, the sorptivity coefficients was first
obtained as the slope of the thus plotted water uptake curve in
the stable regime. Then, by comparing the values of the sorptivity
coefficient calculated as above immediately after pre-cracking and
after scheduled healing times, an Index of Sorptivity Healing, also
meant as an Index of material performance healing, was calculated
as follows:

Sorptivity Healing Index

ISH ¼ 1� Sorptivity coefficientafter healing

Sorptiv ity coefficientafter 1st pre�cracking

Macroscopic material performance healing observations were
complemented with the following microstructural investigation
tests:

� Mercury Intrusion Porosimetry (MIP) test was performed by
means of a Micromeritics AutoPore IV 9500 series mercury
intrusion porosimeter.
8

� Thermal Gravimetric Analysis (TGA) was carried out to study
the thermal reduction properties of the samples by means of
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.

� Scanning Electron Microscope (SEM) observations were per-
formed by means of a ZEISS scanning electron microscope
equipped with an energy dispersive analyser with a 15 kV accel-
erating voltage.

Moreover, during the re-cracking stages performed for half of
the healing specimens, the load and CMOD data where acquired
and related curves, referring to each single pre-cracking/re-
cracking event, plotted in series, were also compared to the mono-
tonic flexural toughness curves obtained by testing the specimens
in 3-point bending at different ages listed above. Though the exact
correspondence may be questioned because of not exactly match-
ing testing ages, the comparison can always provide an insight into
the evolution of the mechanical properties of the material, as due
to concurrent aging and healing in the intended scenarios.
4. Experimental results

4.1. Compressive and flexural strength and pore structure

The results of compressive strength tests along time can be
observed in Fig. 5, together with related experimental scattering
as from the six nominally identical tests performed per each mix
and at each testing age. As a general trend it can be first of all
observed that all the composites were able, irrespective of the cur-
ing, to develop an average compressive strength in the 120–
160 MPa range at 28 days, complying with their high performance
denomination with a coefficient of variation (CoV) ranging from 3
to 10% for each mix. Slight improvements were observed for curing
times longer than 28 days; the limitedness of the measured long
term strength increase can be explained both considering the rapid
hardening cement type employed as well as the low water-binder



Fig. 9. Average nominal flexural stress vs. CMOD curves for investigated cementitious composites cured in 20 �C-90%RH climate room (a) and in geothermal water (b).
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ratio which, limiting from a certain point onward the hydration of
cement, is also likely to hinder the long-term hydraulic activity of
the slag, which requires calcium hydroxide produced by cement
hydration as an activator. Interestingly, curing under water, though
containing aggressive species, resulted into somewhat higher
strength, likely for the larger availability of the water itself. Effects
of nanoparticles are also evident in promoting moderately higher
strength, likely due to the aforementioned effects of nuclei of
cement hydration, these effects slightly vanishing for longer curing
times. It is likely that the water retaining capacity and hydrophilic
features of the employed nano-constituents by promoting faster
hydration can shadow in the long term the effects of larger water
availability.
9

Fig. 6 shows the flexural strength values along time for which
CoV ranged from 6 to 19% for each mix. Moreover, similar state-
ments than for compressive strength hold for flexural strength, in
which case it has to be by the way remarked that the improvement
provided by nano-constituents is systematically higher when cur-
ing under geothermal water and remains basically unchanged
along the curing time, whereas the improvements on compressive
strength tended to vanish along curing time (Fig. 6). This difference
can be explained considering that the improvement in compressive
strength can be primarily attributed to matrix densification and
pore structure refinement. MIP tests performed on specimens after
three month exposure to both the investigated curing conditions
confirmed some slight refinement of the pore structure due to



Fig. 11. Index of Crack Sealing (ICS) for investigated cementitious composites cured in wet/dry cycles (a) and in geothermal water (b).

Fig. 10. Total and autogenous shrinkage for investigated cementitious composites.
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the presence of nano-constituents (Fig. 7). Hence, this pore refine-
ment structure, may, as detected, asymptotically converge to a
common bound, evenly smoothing any further improvement in
compressive strength.
10
On the other hand, in flexural behaviour, this same matrix
densification effects, which can be also held as responsible of
improvements of the fibre–matrix interface, can be hypothesized
as acting in synergy with a nano- and micro-scale reinforcement



Fig. 12. Crack sealing and initial crack width for investigated cementitious composites cured in wet/dry cycles (a) and in geothermal water (b).
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effect provided by the nano-constituents. This improvement is pri-
marily evident in the case of cellulose nano-fibrils, which feature
the highest length and aspect ratio among all the nano-
constituents employed in the present investigation and hence are
likely to better profit and exploit of an improvement at the fibre–
matrix interface level.

This assumption is likely to be supported also by SEM images,
where the nano-filaments of both cellulose and alumina are
11
clearly seen as reinforcing the crystalline structure of the
hydrated composites (Fig. 8). It is furthermore worth remarking,
to provide further support to the hypotheses above, that the
same aforesaid trends of flexural strength also hold with refer-
ence to the whole flexural behaviour, as from the average nom-
inal flexural stress vs. CMOD curves shown in Fig. 9, which also
testify the deflection hardening behaviour of all the investigated
composites.



Fig. 13. Typical water uptake vs. square root of time curves for the reference mix (a) and for the mix containing nano-cellulose fibrils (b), for the different healing scenarios
and deadlines.
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4.2. Autogenous and drying shrinkage

Effects of nanoparticles on matrix densification and pore struc-
ture refinement, thanks to aforementioned promotion of material
hydration, are also confirmed by the measured development, up
to eight months, of total drying and autogenous shrinkage
(Fig. 10). Fig. 10 shows the average curves for each 3 identical
mixes. For autogenous shrinkage test results at 100 days, the CoV
for each mix was up to 1.05% for XA-CEM I, 4.39% for XA-CEM III,
1.99% for XA-CEM I + ANF, 3.54% for XA-CEM I + CNC and 1.02%
for XA-CEM I + CNF.

For drying (total) shrinkage test results at 100 days, the CoV for
each mix was up to 4.92% for XA-CEM I, 1.83% for XA-CEM III, 4.83%
for XA-CEM I + ANF, 2.41% for XA-CEM I + CNC and 4.55% for XA-
CEM I + CNF.

All the investigated nano-constituents have similar (about 20%)
reduction effect on autogenous shrinkage development which, as a
matter of fact, accounts for up to more than 80% of the total shrink-
age deformation. Different efficacy on the total drying shrinkage
have been measured, cellulose nano-fibrils providing the most sig-
nificant reduction also in this case.

The results are coherent with previous literature findings about
the efficacy of nano-cellulose products in acting as effective inter-
nal curing promoters in HPFRCCs [40].

4.3. Crack sealing

Visual inspection of the cracks and image analysis of the evolu-
tion of their total area and width along the healing period (see
Fig. 4) constitutes the first step in the assessment of crack self-
sealing and material self-healing capacity [50]. It is well-known
12
that self-sealing and self-healing results have a strong dependency
with the crack width and the internal crack geometry [51].

Effects of the employed nano-constituents on the crack-sealing
capacity (Index of Crack Sealing calculated as explained in Sec-
tion 3) clearly appear since the earlier curing times and continues
to develop along it up to the investigated six-month deadline.
Significantly, it can be observed that in the presence of nano-
constituent, the same rack sealing capacity was measured for
both immersed specimens as well as for samples subjected to
wet-and-dry cycles (Fig. 11). Moreover, considering the experi-
mental scattering, the crack-sealing performance turned out to
be scantly sensitive to the initial crack opening, which anyway
in all the investigated mixes, remained below 0.1 mm in almost
all the cases, and in most of them in the range of few tens of
microns (Fig. 12).

Experimental results also demonstrated the repeatability of the
crack-sealing capacity in the case of re-cracking after one and three
months healing deadlines and significantly, both in the case of the
crystalline admixture alone, for which this specific feature was
already highlighted by [46,47] and in the case of synergy action
with each and all of the investigated nano-constituents.

As a matter of fact, specimens which underwent an intermedi-
ate re-cracking after one month, retained 70–80% of their crack
sealing capacity at the three-month deadline, as compared to spec-
imens continue to healing undisturbedly immersed for three
months, and a somewhat lower 60–70% of this capacity if healing
occurred under wet-and-dry cycles. The same healing capacity
continued to be retained by the same specimens after having
undergone a further re-cracking after three months healing and
when checked at six-month deadline, as compared to specimens
undergoing continuous healing undisturbed for six months.



Fig. 15. DTGA curves of samples extracted in the vicinity of cracks healed in
different regimes: a) geothermal water and b) 50%RH.
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4.4. Sorptivity tests and healing-induced recovery of durability
performance

Fig. 13 show typical water uptake vs. square root of time curves
for the reference mix specimens and for samples made with the
mix containing nano-cellulose fibrils, for the different healing sce-
narios and deadlines. Similar trends also hold for all other investi-
gated cementitious composites reinforced with the different
employed nano-constituents.

The effects of crack-sealing on the progressive recovery of
water-tightness vs capillary absorption are clearly evident and
have been furthermore confirmed by the elaboration of data refer-
ring to the calculation of the sorptivity coefficient and related
Index of Sorptivity Healing, as defined in Section 3. Data shown
in Fig. 14 confirm the same trends already highlighted before with
reference to the Index of Crack Sealing, i.e.:

- Nano-constituents, in synergy with the crystalline admixture,
promote a more effective and faster healing already after one
month and almost irrespective of the healing scenario, though
they seem to perform slightly better under wet-and-dry cycles.
Though added at a very low dosage, it can be likely guessed that
their activity is favoured when the water absorbed during the
wet period is allowed to be released and distributed throughout
the bulk material during the drying stage, thus also renovating
their capacity.

- The repeatability and persistence of the healing capacity after
repeated cycles of cracking and healing is confirmed also with
reference to the water-tightness vs capillary water absorption.
Fig. 14. Index of Sorptivity Healing (ISH) for investigated cementitious composites cured in wet/dry cycles (a) and in geothermal water (b).
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Fig. 16. Index of material durability-performance healing vs. Index of Crack Sealing.

E. Cuenca, A. Mezzena and L. Ferrara Construction and Building Materials 266 (2021) 121447
In this case the predominant effect seems to be due to the crys-
talline admixture which, e.g., in the case of specimens repeat-
edly cracking after one month and three months healing is
able to guarantee, at the six-months cumulative deadline, more
than 70% of the healing capacity of companion specimens
14
undergoing an as much as long continuous undisturbed heal-
ing, both under continuous immersion and exposure to wet-
and-dry cycles. Such a retaining capacity is slightly lower with
the further presence of nano-additions, in the 60–70% range,
and always somewhat better under the wet-and-dry cycle
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exposure, confirming the aforesaid assumption. The hydrophilic
properties of the nano-constituents can be claimed to justify
this data.

The beneficial effects of the nano-constituents appear to be con-
nected to the nano- and micro-structure reinforcement effect as
well as to their internal curing effectiveness. This is further con-
firmed by the TGA/DTGA analyses of samples extracted in the
vicinity of the healed cracks, which showed, for all the investigated
mixes, absolutely similar trends, highlighting delayed hydration
(CSH peak) and carbonation (CaCO3 peak) as the main reactions
responsible of healing (Fig. 15).

4.5. Material performance healing vs. crack sealing

The coherence of the whole garnered and analysed set of data is
further confirmed by the plots of the material durability
performance healing index as a function of the crack sealing effec-
tiveness, which appear to be strongly correlated to each other
(Fig. 16).

Though all data fall in a very narrow experimental scattering, it
is interesting to observe that data of the reference mix are likely to
show a durability performance healing index higher than the crack
sealing index proportionality, the opposite occurring for all the mix
with nano-constituents. This can be once again explained consider-
ing the hydrophilic features of the employed nano-particles, which,
though through a healed and healing crack, continuous to be active
fostering some higher absorption of water.
5. Concluding remarks

In this study the healing capacity in aggressive scenarios
(geothermal water) has been studied of High Performance Fibre
Reinforced Cementitious Composites, as stimulated by crystalline
admixturesand furtherenhancedby the synergyactionofeither alu-
mina nanofibers or nano-cellulose fibrils and crystals. The persis-
tence and repeatability of such a capacity has been also checked in
frontof cyclesof crackingandhealingbothunderpermanent immer-
sion or exposure towet anddry cycles in geothermalwater obtained
from cooling tower basins in a geothermal power plant operated by
Enel Green Power in Tuscany. The healing performance has been
assessed by both visual crack inspection and recovery of the
water-tightness vs. water capillary absorption with the purpose of
validating an innovative concept of Ultra High Durability Concrete
to be employed into novel design and construction concept of water
basins and mud tanks servicing the same geothermal plants.

From the experimental results presented and discussed in this
paper the following conclusions hold:

- Employed nano-constituents are able to induce and improve-
ment of the mechanical performance of the investigated Ultra
High Performance Cementitious Composites, especially when
cured, since immediately after casting, under the aforesaid
aggressive scenario. This effect is due to a synergy between pore
refinement and matrix densification functionalities, further
confirmed by reduction in autogenous shrinkage, which
remarks the internal curing capacity of the employed nano-
additions, with a reinforcement effect provided at the very crys-
talline structure level, already highlighted by some literature
studies and further confirmed by SEM imaging in the present
work.

- Thanks to the same aforementioned effects, nano-constituents
enhance and accelerate the autogenous healing capacity of the
investigated cementitious composites, as stimulated by the
15
employed crystalline admixture. The hydrophilic action of the
nano-constituents appears to be better effective under wet
and dry cycles exposure, since, reasonably, the absorbed water
needs to be released throughout the bulk material and at the
healed cracked sites in order to continue being effective. On
the other hand, continuous immersion may rapidly saturate
the aforementioned capacity.

- The crystalline admixture provides its most significant effect in
guaranteeing the highest persistence and repeatability of the
healing capacity after repeated cracking and healing cycles. At
six months healing schedule, it guarantees the permanence of
70% of the healing capacity in specimens undergoing two re-
cracking after one and three months as compared to specimens
experiencing continuous six months healing.

- Correlation of performance healing (recovery of water-tightness
vs. capillary water absorption) vs. crack sealing efficiency con-
firmed the robustness and consistency of the whole set of data
produced and discussed in the present investigation. Interest-
ingly, while for the reference mix fell above the y = x correlation
line, all data for the mixes with nano-constituents fall below it,
likely because of the same hydrophilic features which contin-
ued to be active also through the healing and healed cracks.

- TGA/DTGA analyses confirmed for all the investigated cementi-
tious composites delayed hydration and carbonation as the
healing mechanisms, the latter prevailing under wet and dry
cycles exposure.

This study hence provides a solid database for the validation of
the Ultra High Durability Concrete concept the H2020 project
ReSHEALience consortium is currently working on. This aims to
produce a breakthrough paradigm shift in the durability-based
conceptual design of cement based construction materials, from
mere providers of passive protection against the ingress of aggres-
sive species in the structure to active players able to govern the
evolution of their performance under the intended aggressive
structural service scenarios.
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