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The ability to control self-healing of cement by using nanoparticles was investigated in the present work.
The physico-mechanical properties, the mineralogical composition and the microstructure observation
were tested before cracking at 28 days. After the formation of cracks the healing capability under water
immersion was detected by optical observation. The self-healing was supported by porosity reduction,
new formed materials’ formation in micropores and cracks’ width elimination in the pastes. The addition
of 1.5%wt nano-calcium oxide (NC) healed the cracks by 100% on some areas and by 61% in other areas,
based to the crack width measurement. The combination of NC and nanosilica (NS) by 1.5%wt respec-
tively, led to crack width decrease, through the formation of efflorescence-like crystals. Overall, the
use of nanoparticles in low proportions is proposed for self-healing properties promotion in cement
pastes.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
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1. Introduction

Despite their many advantages, cement-based materials remain
vulnerable to cracking. Ageing, ambient conditions, heat and
humidity changes and volume changes are some of the destructive
causes [1]. Oxidation of the reinforcement is one of the main issues
that occur due to the cracking of concrete. Cracks not only limit the
applicability of the cement-based materials but also, they restrain
their durability. Thus, the need to prevent cracking arises. Inter-
vention and repair that are subsequently required, increase the
construction cost. Towards this direction, in recent years, there
has been an ongoing effort to develop advanced materials with
increased lifespan through the ability of materials to self-heal their
deficiencies (cracking) mainly when these flaws are first formed.

Mineral admixtures that are added in the production step, can
offer self-healing. The mechanism for self-healing is based on the
interaction or bonding of water molecules when water enters the
crack. An advantage of mineral admixtures’ addition is that self-
healing could start immediately, as they are added during produc-
tion, and they are well dispersed in the matrix, and as a result, they
stop cracks propagation [2]. Additionally, it has been found that
mineral admixtures (like sodium carbonate and calcium sulfoalu-
minate) addition can contribute in calcite precipitation [3]. Water
immersion is the most effective curing condition, although, in
some cases, wet-dry cycles allowed healing too [4,5]. Nevertheless,
it has been recently demonstrated that gas permeability can also
have a very positive outcome on healing [3]. Calcium oxide, cal-
cium hydroxide, and lime-based materials have been used for heal-
ing means [6–8], due to their ability to capture atmospheric carbon
dioxide and form calcite [6,9]. The precipitation of calcite ensures
the healing of the cracks.

In addition to the above, a possible beneficial approach to assist
healing is the introduction of nano-sized admixtures into the
material. NC has been proved to promote calcite precipitation. In
the literature, there are not many reports suggesting the use of
nanoparticles in order to offer self-healing properties in cement-
based materials. The addition of 5%wt NC augmented the re-
crystallization rate in the cracks’ areas and pores of cement-
based mortars [10]. Cracks were filled with newly formed material;
portlandite that prevailed in the structure, and C-S-H crystals. The
formation of these new materials has reduced the porosity of the
mortars, thus supporting the healing process. Also, NC vitally and
favourably worked in cement pastes healing and has been demon-
strated by secondary calcite formations recording at the very early
age of 7 days [10]. SEM pictures unveiled secondary crystals filling
small and bridging larger cracks in lime-cement pastes with NC-NS
incorporation.

The present research work aims to study the use of nanoparti-
cles for the control of cement paste healing phenomena. It was
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decided to study the healing progress in pastes, in order to focus on
the microstructure and exclude the interference of aggregates.
When small cracks were formed, the influence of nanoparticles,
NC 1.5%wt alone and NC combined with NS by 1.5%wt respectively,
was determined. The controlled fracture (pre-cracking) was per-
formed using the 3-point bending technique, according to previous
experience [10,11] and literature [2,12]. The specimens were cured
under water, while at the age of 28 days, the mechanical, miner-
alogical, and microstructure properties were recorded. The results
indicated improved compressive strength and porosity, while the
densification of the microstructure with new material formations
was observed in nano-modifies samples. Added to that, significant
crack width reduction was recorded in those samples. Smart mate-
rials that can heal their flaws due to the presence of a small per-
centage of nanoparticles is a promising advantage in the
construction sector.
2. Materials and methods

Cement I42.5 was supplied from a local plant. Table 1 shows the
chemical composition of cement given in oxides (X-Ray Fluores-
cence, S8 Tiger, Bruker Instruments), and Table 2 shows the gran-
ulometry (according to particle size analyzer Mastersizer 2000,
Malvern Instruments) (Fig.1) and the density (ASTM-C188-95) of
the cement. Nano-calcium oxide and nano-silica (0.007 lm) were
supplied from Sigma-Aldrich, and their mineralogical response is
given in Fig. 2.

Analytical balance AB204-S/FACT, Mettler Toledo (220,0 ± 0.00
01 g) was used for the weight of the nanoparticles and a balance
Kern PCB 4000–2 (max capacity 4000 ± 0.01 g) was used to weight
cement.

Compressive strength (loading rate: 0.5KN/sec) was tested at
28 days (based on EN 196–3:2005), on (25x25x50)mm specimens,
using a Technik ToniNorm device and the mean value of six mea-
surements was calculated. Open porosity was tested at 28 days
according to RILEM CPC 11.3 method, in water under vacuum
[13]. The specimens were added in water tank and the water was
forced to entry to the open pores by using negative pressure
1 bar. The specimens were weight and the calculations were made
according to the respective standard. The observation of
microstructure was performed at 28 days on dried specimens using
Scanning Electron Microscopy, Jeol JSM-6390LV, Oxford Instru-
ments. The mineralogical composition of raw materials and sam-
ples was determined by using X-Ray Diffractometer, at 30 kV and
10 mA, Cu(Ni), Brucker Instruments at 28 days.

The formation of the cracks was performed by using the ‘‘3-
point bending method” with very low displacement rate
(0.3 mm/min) until the crack was formed. Specimens
(40x40x160)mm were marked and notched in the middle of their
length and they were cracked at 28 days. The target of the cracking
Table 1
Chemical composition of cement powder (mg/L) and Loss of Ignition.

Binder Na2O K2O CaO MgO

Cement I42.5Ν 0.02 1.10 61.70 1.20

Table 2
Granulometry and density (g/m3).

Binder d(0.1) (lm) d(0.5) (l

Cement I42.5 N 1.275 4.667
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is to create controlled cracks of less than 0.5 mm width. The crack
width, was observed by using a Dino-Lite2 microscope and was
measured by using DinoCapture2.0 software. The captions of the
cracks were taken before healing and seven days after the water
immersion. The comparison of the captions and the crack width
modification were used for the evaluation of healing at 7 days heal-
ing process.
3. Preparation of cement pastes

The composition of mixtures is given in Table 3. Low propor-
tions of nanoparticles were added and the amount was selected
according to previous studies [14,15]. Nano-particles were added
in water and were subjected to ultrasonication for 30 min. The sus-
pensions were directly added to the cement powder and stirred up
to homogenization. Consistency was determined using a Vicat
apparatus (EN 196–3:2005). Superplasticizer (SP) was used in
nanomodified mixtures in order to maintain the consistency of
the systems. Pastes were cast in (25x25x50)mmmolds for the test-
ing of mechanical properties and (40x40x160)mm molds for the
three-point bending test. Specimens were cured under water until
the conduction of the tests.
4. Results and discussion

4.1. Compressive strength and open porosity

Fig. 3 displays the compressive strength and open porosity val-
ues of cement paste at 28 days. The addition of calcium oxide
nanoparticles(NC) benefited the compressive strength and con-
tributed positively to the open porosity, in agreement to previous
studies of cement pastes modified with NC [10]. Consequently, it
could be claimed that the mechanical properties of cement pastes
are positively affected due to the formation of a denser structure,
when NC is incorporated. On the other hand, the combination of
NC and NS did not significantly modify compressive strength. It
has been displayed that NC-NS addition in air lime pastes hindered
the compressive strength evolution at 28 and 90 days [16]. Also, in
this case, the addition of NC-NS in cement-lime pastes hampered
compressive strength at 28 and 90 days.

Open porosity of C-NC-NS was reduced to a higher degree com-
paring C and C-NC. In the previous work [10], NC-NS combination
offered alike behaviour of open porosity. The nanoparticles con-
tribute to the open porosity reduction. Specifically, the open poros-
ity was changed by �18.58% in NC and by �55.75% in C-NC-NS.
Specifically, it has been displayed before that NC addition has
reduced the open porosity of lime-pozzolan pastes at 7 and 28 days,
by 37% and 22% [17] and that of cement pastes by 55% and 42% at 7
and 28 days [10].
Fe2O3 Al2O3 SiO2 SO3 L.I.%

3.07 3.14 15.01 3.34 2.81

m) d(0.9) (lm) Density (g/m3)

222.03 3.105



Fig. 1. Particle size distribution of cement I42.5 N.

Fig. 2. Diffractograms of NC (red line) and NS particles (black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Composition of cement pastes.

Acronym Cement I42.5 (%) NC %wt NS %wt Vicat (mm) W/B SP %wt

C 100 – – 6 0.23 1.5
C-NC 100 1.5 – 6 0.23 1.5
C-NC-NS 100 1.5 1.5 18 0.30 1.5
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Fig. 3. Compressive strength and open porosity values of reference cement pastes
(C) and nanomodified systems with 1.5%wt NC (C-NC) and combination of 1.5%wt
NC and 1.5%wt NS (C-NC-NS), at 28 days.
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4.2. Mineralogical composition

Fig. 4 shows the mineralogical composition of cement pastes
at 28 days. Portlandite, calcite, alite, ettringite, and quartz
responses, were detected in all systems. The differences in miner-
alogical composition that were observed are related to the inten-
sity of the peaks of the minerals. In C-NC, ettringite diffraction is
reduced, and instead, AFM compounds formation is favored, as
depicted between 10 and 13�. The high specific surface of NC,
which allows greater interactivity could be connected to the latter
outcome.

Furthermore, the effect of nanoparticles in cement hydration
and calcite proportion were recorded. The promotion of cement
hydration due to NS addition has been denoted in many reports
[18–20]. As it is shown in Fig. 5, the presence of NC increased
the calcite response, and both nanomodified systems presented
lower intensity of alite peaks, comparing to the reference. This
phenomenon could be an indication of the contribution of
nanoparticles to cement hydration.
24



Fig. 4. Mineralogical composition of nanomodified cement pastes at 28 days.

Fig. 5. X-ray diffractograms of nanomodified cement pastes at 28 days.

Fig. 6. SEM-micrograph of cement paste at 28 days.

Fig. 7. SEM-micrograph of NC-modified cement paste at 28 days.
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4.3. Microstructure observation

The microstructure of neat cement pastes is given in Fig. 6. The
typical cement structure was found dense, and large pores attribu-
ted to open porosity were observed. These pores were found free of
material, despite the fact that the specimens were cured in water.
Also, micro-cracks and discontinuities were absent.

In SEM-micrograph of C-NC a denser structure with few large
pores was obtained, compared to the reference. The pores con-
tained newly formed crystallized material that was probably
deposited and formed due to the humid environment. Fig. 7 dis-
plays this new formed crystallized material that has its own
micro-porosity and is marked in red cycles. It can be distinguished
that the new materials’ microstructure is not alike cements’
microstructure. It seems that it has smaller density and looks more
porous than cement. The cohesion between the new material and
cement pore edge is strong. All these, indicate the filling of the
structure attributed to NC. In combination with calcite precipira-
tion increase given in diffraction patterns of C-NC (Fig. 5), the
new formed material could be connected to the calcite precipita-
25



Fig. 8. SEM-micrograph of NC-NS- modified cement paste at 28 days.
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tion [15]. Added to that, the dense and compact microstructure
explains also the increased compressive strength mentioned
earlier.

Fig. 8, shows the filled pore of the C-NC-NS sample. The round
shape pores have been modified, due to crystallized deposits in
them. The pore edges have lost the round shape due to the recrys-
tallized deposits. The new formed material looks more compact
than that of C-NC, but it is not cohesively attached to the inner sur-
face of the pore.
Fig. 9. Microscope pictures of cement pa

26
4.4. Observation of healing

At the age of 28 days, the cracked specimens were subjected to
water immersion in order to trigger the healing according to previ-
ous findings [4,5]. The pictures captured at 28 days right after
cracking and the pictures captured at 7 days immersion (C’, C-
NC’, C-NC-NS’), are given in Fig. 9.

Cement are capable of autogenous healing. According to the lit-
erature some unhydrated cement particles can hydrate on the
cracks’ area surface and aid to the width reduction, but also the
produced portlandite from cement hydration interaction is adding
to this effort [12,21]. The hydration of cement particles is the main
mechanism of healing at early age and narrow cracks are more
likely to be healed [22]. Additionally it has been demonstrated that
the addition of NC in cement pastes, even in low proportions could
result to aragonite or calcite precipitation and crack width elimina-
tion, under the respective curing regime [15]. As a result, the diam-
eter decrease that was detected in some areas of the crack and
approaches 37.5%, is ought to the autogenous healing. On the other
hand, some areas of the crack remained unaffected in C’.

The crack width elimination in the case of C-NC’ approaches
100% on healed areas and 61% on other measured areas. It is clear
that the new formed material is oriented to the internal surface of
the crack, so as the addition of NC worked favorably on the 7 days
self-healing effort. The bridge like crystals that merge the cracks
edges may service extra formation of crystals, in the case of time
extended water immersion. Taking into account the calcite precip-
itation that the NC-cement paste presented, the system is favored
due to NC addition.

In C-NC-NS’, the crack diameter decrease reached 75% at some
points, which is encouraging for the results of the combination of
NC and NS in cement pastes. Though, the formed crystals were
stes after 7 days subjected to water.
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not developed indefinitely in the crack filling and they spread out
towards the external surface of the specimen like ‘‘efflorescence”.
As a result, NC-NS combination has a potential to favor healing
under water immersion.
5. Conclusions

The present research work studied the potential of triggering
self-healing properties to cement pastes by using nanoparticles.
As it was illustrated in the results, the modified micro-properties
improved the macro-properties and assisted the cracks’ healing.
Nevertheless, the kind of nanoparticle had specific influences on
the healing of each mixture.

Nano-calcium oxide addition triggered the healing of the cracks
in just seven days due to crystals’ precipitation. This new formed
material mainly developed in micro-pores according to SEM find-
ings and on the surface of the cracks, according to optical micro-
scopy findings. Bridge-like and oriented in the crack crystals
verified the healing under water immersion. Most importantly,
the observation of completely healed areas on the crack ensured
the potential of nano-calcium oxide action.

The combination of NC and NS behaved differently. Denser
material than in NC cement paste, was formed in the micro-
pores and showed filling of the structure. Though, the crystals were
formed indefinitely and partially healed the cracks after 7 days
water immersion.

Withal, the open porosity reduction, the filled microstructure
pores, and the cracks width elimination in nanomodified systems
were crucial evidences, indicating that nanoparticles can be used
in low proportions for self-healing purposes. However, the chemi-
cal composition of the formed crystals to ensure the precipitation
origin and the influence of other curing conditions are vital for
the comprehension of the mechanism.
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