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Abstract This work reports on the self-healing
capabilities of mortar specimens with polyurethane
encapsulated in two types of cementitious macro-
capsules, by comparison with the performance of
mortar specimens using the same healing agent
encapsulated in glass capsules, as tested in an inter-
laboratory testing campaign following a pre-standard
procedure. This comparison was performed with a
twofold objective of checking the robustness of such
pre-standard procedure for varying types of capsules
and testing the effectiveness of a new type of
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cementitious capsule that has never been used before
in durability tests. The testing procedure was devel-
oped in the framework of the EU COST Action
SARCOS. First, the specimens were pre-cracked via
three-point bending followed by an active crack width
control technique. Then, the self-healing effect was
characterised in terms of water permeability reduction.
The cementitious capsules offered equivalent or better
performance compared to the glass capsules used in
the inter-laboratory testing. The average sealing
efficiency for the specimens containing cementitious
capsules ranged from 54 to 74%, while for glass
macro-capsules it was equal to 56%. It was also
observed that when applying the pre-standard proce-
dure to test specimens containing capsules with
comparable size and geometric arrangement, the same
results were obtained in different repetitions of the
test. The results obtained confirmed the possibility to
use the cementitious capsules as a valid macro-
encapsulation system, offering additional advantages
compared to glass capsules. The repeatability of the
results corroborated the robustness of the adopted
testing procedure, highlighting its potential for further
standardisation.
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1 Introduction

Self-healing materials are man-made materials, which
have the built-in capability to repair structural damage
autogenously due to their composition, autonomously
by embedding unconventional engineered additions in
their matrix, or with the minimal help of an external
stimulus [1-4]. In the past decades, different types of
self-healing materials were investigated for different
applications, such as polymers [5-7], ceramics [8, 9],
metals [10], or soft materials [11, 12]. For what
concerns civil engineering applications, the two main
materials that are thoroughly investigated to build-in
or improve the self-healing capabilities are cementi-
tious materials [2, 3, 13] and asphalt materials
[4, 14-16]. Cement is the second most used substance
in the world after water and cement-based materials
make up a substantial proportion of the built environ-
ment [17]. From this consideration follows the
importance of improving the durability of cementi-
tious materials, to guarantee high safety standards to
their final users and reduce the high costs connected to
their maintenance and repair. Moreover, the construc-
tion sector has major impacts on the environment,
which comprise the consumption of raw materials and
the emission of greenhouse gas during construction,
maintenance, and renovation [18]. Consequently, self-
healing cementitious materials could help to reduce
this environmental footprint by granting a longer
service life with less maintenance interventions [19],
thus allowing a higher sustainability for concrete
structures and infrastructures.

Accordingly, many different self-healing tech-
niques have been developed and investigated in the
last decades, such as the stimulation of their intrinsic
autogenous healing capabilities through the mechan-
ical limitation and control of the crack width [20-23]
or through the use of crystalline admixtures [24-27],
mineral additives [28-30], or superabsorbent poly-
mers [31-35]. Another promising strategy is the
application of an autonomous healing mechanism
via micro-encapsulation [36—41], macro-encapsula-
tion [42—46], or vascular systems [47-51]. Many
different healing agents were used, either polymeric
[52-55], mineral [56-59], or bacterial [60-62].

Several test methods [63, 64] and numerical models
[65] were developed and used to study the effective-
ness of self-healing cementitious materials. Moreover,
the advances in the research and development of self-

healing cementitious materials are supported by the
progressive creation of pilot projects to test their
effectiveness on-site [66—70]. However, the lack of
standardised test methods for self-healing cementi-
tious materials hinders the comparison between
different studies and it hampers commercialisation
since the construction sector is used to a strictly
regulated concrete production [71].

To solve this issue, six different inter-laboratory
testing programs have been established within the
framework of the EU COST Action CA 15,202
SARCOS (Self-healing As preventive Repair of
COncrete Structures) to evaluate test methods to
assess the efficiency of self-healing cementitious
materials, and provide inputs for their subsequent
standardisation. The results of two of the six inter-
laboratory testing programs are already available in
literature [71, 72] and their data are completely
accessible by the scientific community [73, 74].
Among them, one was dedicated to the evaluation of
test methods to assess the efficiency of pre-placed
macro-capsules containing polymeric healing agent
and was tested by six European universities [71], using
mortar and concrete specimens. Hereafter, it will be
referred to as the SARCOS protocol, for the sake of
brevity.

The technological interest in developing (and
subsequently in characterizing) macro-capsule based
self-healing systems lies in several factors. In fact,
while other encapsulated self-healing systems such as
micro-capsules can be uniformly distributed in the
mix, thus facilitating the casting operations, macro-
capsules can be placed ad hoc at specific locations
(e.g., close to the reinforcement, where cracks are
expected to cause potential rebar corrosion issues). In
this way, they can provide a more localized repairing
effect. By creating relatively weak points in the
mechanical structure, they can also increase the
probability to be crossed by cracks, thus triggering
the self-healing mechanism. In addition, macro-cap-
sules can store a higher quantity of healing agents with
respect to micro-capsules and consequently they can
be suitable to repair larger cracks.

The macro-capsules that were used in the inter-
laboratory testing program were tubular glass capsules
filled with polyurethane. Glass capsules were chosen
due to the extensive reports available in literature that
showed positive results in using this technology for
encapsulation of healing agents in cementitious
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materials as a proof-of-concept [42, 44, 54, 75-77].
Nevertheless, different materials were proposed in
literature as valid alternatives to glass capsules, also
because of possible adverse characteristics of the
latter, such as their high brittleness which could result
in fracture during concrete mixing and the possibility
to trigger alkali-silica reactions in the cementitious
matrix [78]. These alternatives include ceramic cap-
sules [45], polymeric capsules obtained either by
extrusion [46, 78-80] or additive manufacturing
[81, 82], and cementitious capsules [43, 83]. Cemen-
titious capsules were proven effective in encapsulating
different types of healing agents [84] including
polyurethane healing agents similar to the one used
in the inter-laboratory testing. While being less brittle
than the glass ones, the cementitious capsules are still
efficient for repairing small cracks that could be
considered harmful for the durability of concrete
structures since their crack occurrence was detected in
a previous study for crack mouth opening displace-
ments not exceeding 240 um during pre-cracking
[85], hence for smaller crack widths at the level of the
capsules. They also offered good recovery both in
terms of mechanical properties [85] and durability-
related properties through crack sealing [84]. More-
over, cementitious capsules present an inherent com-
patibility between the capsules’ shell and the
cementitious matrix while showing the ability to
survive the concrete mixing process.

In this study, the self-healing performances offered
by the use of cementitious capsules were compared
with those obtained with the glass capsules used in the
abovementioned inter-laboratory testing campaign
[71, 73] under the same protocol. The aim of such
comparison was twofold: on one hand, a first goal was
to test the effectiveness of the cementitious capsules
with a pre-standard method, as a function of different
settings and manufacturing procedures, some of which
were investigated here for the first time; on the other
hand, an additional goal was to prove the SARCOS
protocol robustness and applicability to different self-
healing cementitious materials based on the use of
macro-capsules with polymeric healing agents.

The adopted testing protocol started with pre-
cracking the specimens, after the application of a
carbon fibre reinforced polymer strip on top of them.
Immediately after pre-cracking, the crack width was
reduced to a target value using an active crack width
control technique [84, 86—88] in order to reduce the

crack width variability between specimens. Finally,
once the crack width was controlled, and the healing
agent reaction occurred and stabilised, all the speci-
mens were subjected to a water permeability test
[63, 89, 90] to assess the sealing efficiency.

2 Materials
2.1 Cementitious capsules

Cementitious capsules were produced using a poly-
mer-modified cement paste in accordance with the mix
design used in [85] and reported in Table 1. The
ingredients of the paste were:

o Portland cement (CEM I 52.5 R, Buzzi Unicem
S.p.A., Italy);

e Calcium carbonate (CaCOj3;, Sinopia s.a.s., Italy),
which was added as a superfine aggregate to reduce
the capsules porosity and avoid the collapse of the
capsules immediately after production;

e Metakaolin (halloysite from Applied Minerals
Inc., NY, USA, calcined at 650 °C for 3 h), added
for its high pozzolanic activity;

e Hydroxypropyl methylcellulose (HPMC, Sigma
Aldrich, Italy) which was added to control the
structural breakdown and reconstruction phenom-
ena during the moulding process and to retard the
paste setting;

e Demineralised water;

e Copolymer of ethyl acrylate (EA) and methyl
methacrylate (MMA) (Primal B60A, Sinopias.a.s.,
Italy), which was added to reduce the water/cement
ratio and improve the workability of the paste;

e Polyethylene glycol (PEG, Sigma Aldrich, Italy),
which was added to reduce the paste shrinkage.

The mixing was also performed in accordance with
[85], using an overhead stirrer (RW 20, IKA,
Germany). After mixing, the fresh cement paste was
used to produce cementitious tubes according to two
different manufacturing processes: the first consisted
in rolling the fresh paste around an oiled bar with a
circular cross-section which was later removed,
obtaining a smooth cementitious tube with a hollow
circular cross-section (external diameter: ®.yicrnal
= 8 mm; internal diameter: ®;,crm, = 5 mm) [85].
The second manufacturing process was extrusion
[43, 83-85, 91], which allowed to obtain ridged tubes
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Table 1 Mix design of the

- Components
polymer-modified cement

Percentage by mass (wt%)

paste Cement CEM I 52.5 R 46.2
Demineralised water 12.8
Calcium carbonate 21.3
Copolymer of ethyl acrylate and methyl methacrylate 17.0
Polyethylene glycol 1.7
Hydroxypropyl methylcellulose 0.7
Metakaolin 0.3

with a hollow ovoid cross-section (®eyerna = 10 mm,
Dinternal = 7.5 mm, on average). In both cases, the
cementitious tubes were left for 7 days in a moist
environment (T = 20 °C and relative humidity
(RH) > 95%) and subsequently exposed to air (T =
20 °C, ~ 60% RH) for complete curing over 28 days.
Afterwards, they were further cut with a saw into
smaller tubes. After preparing the surfaces of the tubes
by immersion in a primer (Primer AQ, API SpA,
Italy), an epoxy coating (Plastigel, API SpA, Italy)
was applied to the internal surface of the tubes, with a
thickness of about 1 mm, which reduced the internal
diameter to 3 mm for the rolled capsules and 5.5 mm
for the extruded capsules. The epoxy coating was
needed to guarantee an adequate waterproofing of the
capsule, and hence to avoid that any moisture present
in the fresh mortar mix could be transferred to the core
of the capsule through the pores of its cementitious
shell during the casting operations. The lengths of the
cementitious capsules were set to 60 and 45 mm,
respectively. These length values were chosen in such
a way to contain an equal or double net volume of
encapsulated healing agent with respect to the glass
capsules (that measured 3 mm in the internal diame-
ter, 3.35 mm in the external diameter and 55 mm in
overall length, thus allowing to introduce &~ 0.3 mL of
healing agent). In fact, the effective length of the
cementitious capsules was reduced due to the sealing
of the ends (which was done with a two-component
epoxy plaster, Stucco K, API SpA, Italy). A small
amount of air was also inevitably entrapped in the
capsules, so that eventually a volume of approx.
0.3 mL of healing agent was encapsulated in the rolled
capsules (the same as for the glass capsules), while
double of this volume was encapsulated in the
extruded capsules (=~ 0.6 mL).

The polymeric healing agent which was used in this
work to fill the capsules was the same one-component

commercially available polyurethane (PU) precursor
(HA Flex SLV AF, GCP Applied Technologies,
Belgium) that was used in the inter-laboratory study.
The precursor is characterised by a low viscosity
(<250 mPa.s at 25 °C) and it polymerises upon
contact with moisture. To highlight the leakage of
PU, a small amount of fluorescent powder dye
(EpoDye, Struers, the Netherlands) was mixed into
the precursor.

Figure 1 shows the capsules after coating, filling,
and sealing: on the left side of the picture, it is possible
to see the capsules obtained by rolling with a small
diameter (Fig. la, ¢, CEM_S capsules), and on the
right side those extruded and with a relatively larger
diameter (Fig. 1b, d, CEM_L capsules). The cemen-
titious capsules produced by rolling were investigated
here for the first time in terms of their effectiveness in
allowing the recovery of durability-related properties.

The main characteristics of the cementitious cap-
sules used in this study are summarised in Table 2.

2.2 Mortar specimens

Unreinforced mortar prisms (40 x 40 x 160 mm3)
were cast using a standardised mortar mix composi-
tion, as described in EN 196-1. Portland cement (CEM
I 42.5 N, Buzzi Unicem S.p.A., Italy), normalised
sand (grading 0-2 mm, DIN EN 196-1), and tap water
were used. The water to cement ratio was 0.50, the
sand to cement ratio was 3. By comparison, the mortar
composition used in the inter-laboratory study was
slightly different in terms of sand to cement ratio, and
it was also added with a limestone filler and a
superplasticiser, as reported in [71]. Concerning the
mixing procedure of the mortar used in this study,
cement and water were first mixed at low speed for
30 s (Hobart Mixer Model N-5, Hobart, US), after
which the sand was added for the next 30 s at the same
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(a)

(b)

(c)

(d)

Fig. 1 Small-diameter capsules (CEM_S capsules) and large-diameter capsules (CEM_L capsules), respectively before coating (a,

b) and after coating, filling, and sealing (c, d)

speed. The mixing operation continued for another
minute with increased speed. The mixer was stopped
and any mortar sticking to the sides of the mixing bowl
was manually scraped off in 30 s, then the mixture was
left to rest for one minute. Finally, the mortar was
mixed for an additional minute at high speed. The
casting was done in accordance with EN 196-1, hence
the moulds were filled in two layers and every layer
was compacted on a jolting table by 60 jolts. The
moulds were covered in plastic foils until demoulding.

The self-healing specimens used in the inter-
laboratory test [71] were also mortar prisms of the
same dimensions and contained two glass capsules
each, summing up to a total amount of healing agent of

~ 0.6 mL. They will be hereafter referred to as
GLASS series.

In a similar way as the GLASS series, two self-
healing series of specimens with cementitious cap-
sules were produced: one containing two rolled
capsules (CEM_S series, 6 specimens), one containing
one extruded capsule (CEM_L series, 6 specimens).
The capsules were fixed in position by glueing them on
top of two thin nylon threads previously mounted in
the moulds at a height of 3 mm above the bottom side
of the specimen so that, taking into account the shell
and coating thicknesses, the vertical distance between
the internal lower edge of the capsules and the bottom
side of the specimen was approximately equal to that

of the glass capsules (~ 5 mm, see Fig. 2).
F;EIII
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Table 2 Summary of the characteristics of capsules used for the different series

GLASS CEM_S CEM_L
Manufacturing process Extrusion Rolling Extrusion
Tubular shell material Borosilicate Polymer-modified cement Polymer-modified cement
glass paste paste
Average internal diameter of the tubular  (mm) 3 5 7.5
shell
Average external diameter of the tubular (mm) 3.35 8 10
shell
Average length of the capsule (mm) 55 60 45
Average thickness of the epoxy coating (mm) - 1 1
Average internal diameter after epoxy (mm) - 3 55
coating
Net volume of encapsulated healing agent (mL) = 0.3 ~ 03 ~ 0.6
GLASS CEM_S CEM_L
— CFRP strip
CFRP strip Epoxy glue Epoxy glue
Cast-in-hole (®=5 mm)
Cast-in hole Cast-in hole (®=5 mm)
(®=5 mm)
\ \. Cementitious
=13 mm =13 mm
‘ S BN 0 & ' | shel
4 mm I ) I 4mm__—— > ’
15 mm & O 15|mm i
[| i I Glass capsules Is T . Epoxy coating _
(a) (b)

Fig. 2 Self-healing mortar specimens: a series used in the inter-laboratory study containing glass capsules (GLASS series) [71];
b series used in the present study containing cementitious capsules (CEM_S and CEM_L series)

The specimens were provided with a cast-in hole to
perform the water flow test. The longitudinal cast-in
hole was obtained by placing in the mould a smooth
steel bar (diameter of 5 mm) covered with demoulding
oil, which was removed upon demoulding. The cast-in
hole was located with its centre at 15 mm from the
bottom side of the specimens in the case of the CEM_S
series, in accordance with the geometric settings and
testing conditions of the inter-laboratory study. Con-
versely, in the case of the CEM_L series, it was
necessary to move the cast-in hole upwards to a height
of 20 mm from the bottom, because of the cross-
section size of the extruded capsules (see Fig. 2). This
height was chosen also in order to keep the length of
the segments connecting the centre of the capsules and

the centre of the cast-in hole constant in all the series
(see Fig. 2). To take into account the influence of the
different position of the cast-in hole, two series of
reference mortar specimens without capsules were
produced to be compared with their respective self-
healing series: one with the lower cast-in hole (REF_S
series, 6 specimens) and one with the higher cast-in
hole (REF_L series, 6 specimens). The companion
series of the GLASS series, which was tested in the
inter-laboratory study, will be hereafter referred to as
REF_G series. While presenting the same configura-
tion as the REF_S series in terms of cast-in hole
position, this series had a slightly different mortar
composition, as previously mentioned. Therefore, it
was decided to include it in this study in addition to the
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REF_S series for the sake of comparison with the
GLASS series, which in fact was produced with the
same mix composition and casting conditions as
REF_G.

After demoulding, the specimens were sealed in
plastic foil in groups of 3 to maintain the same curing
condition as for the series used in the inter-laboratory
study.

3 Methods
3.1 Crack creation and active crack width control

Before crack creation, a carbon fibre reinforced
polymer (CFRP) strip (Sika® CarboDur®, Sika Italia,
Italy) with comparable characteristics to the CFRP
strips used in the inter-laboratory test and with the
same dimensions (40 x 160 mm?) was glued on top of
the specimens using an epoxy resin (Sikadur®-30,
Sika Italia, Italy) (see Fig. 2). At an age of 7 days, the
specimens were cracked in a three-point bending test
with a span of 100 mm and a loading rate of 50 N/s.
Since there was no tensile reinforcement in the
specimens, they failed suddenly; however, both halves
remained connected due to the CFRP, which allowed
to widen or close the cracks arbitrarily to apply the
active crack width control [86, 87]. Immediately after
cracking, the specimens were placed with their crack
mouth facing upwards and the crack width was
restrained using screw jacks under an optical micro-
scope using an iterative procedure of measuring and
restraining until the average crack width fell within a
desired crack width range of 290-310 um. This range
was chosen because cracks presenting a width of
300 pm are the most addressed in the studies con-
cerning self-healing cementitious materials, in con-
sideration of the serviceability limit state design in the
Eurocodes [92, 93].

Along the crack path, three different locations were
chosen to measure the crack width. The locations were
not fixed, as indicated in the guidelines provided in the
inter-laboratory testing [73], in order to avoid the risk
of studying a location with a defect (e.g., a missing
aggregate or sand particle, (semi) loose particles,
missing pieces of the cementitious matrix, parallel
cracks, etc.), resulting in the measurement of a local
phenomenon, instead of a global description of the
crack [71]. Consequently, the operator chose locations

representative of the crack, preventing overlap and
striving towards a uniform distribution of the three
measurement locations along the crack length. In each
location, the crack width was measured 5 times.
Hence, the average crack width was calculated as the
average of the 15 crack width measurements.

The active crack width control was executed in less
than 30 min. Finally, the specimens were turned so
that the crack mouth would be facing downwards
again.

3.2 Water permeability

The water permeability of the cracked specimens was
measured using a water flow test [63, 89, 90]. Prior to
executing the test, the specimens were stored in an air-
conditioned room (T = 20 °C, 60% RH) with their
crack facing downwards for at least 1 day after crack
creation, to allow the PU to polymerise by contact with
humid air. Subsequently, the specimens were sub-
merged in demineralised water for 24-48 h to prevent
the influence of water absorption by the matrix on the
water flow test results. Afterwards, the specimens
were taken out of the water and were surface-dried. To
allow the connection of the specimens to the water
flow setup, the cast-in hole was enlarged on one side to
adiameter of 6 mm over a length of 25 £+ 5 mm using
a drill before cracking. A short plastic tube (Iength of
~ 60 mm, Qcyiera = 6 mm, iy =4 mm) was
then inserted in the enlarged cast-in hole and leakages
were prevented using silicone. The other side of the
cast-in hole was sealed completely with silicone. The
plastic tube was then connected to a tube in contact
with an open water reservoir. The water head,
measured from the centre of the cast-in hole up to
the water level, was kept constant throughout the test
at 50 + 2 cm by topping up with demineralised water,
in order to maintain a constant pressure (& 0.05 bar).
In order to measure only the water leaking out of the
crack mouth, the sides of the specimens (at the
location of the crack) were sealed prior to saturation by
using viscous methyl methacrylate glue (Schnellkleb-
stoff X60, HBM, Germany), allowing water to only
leak out of the bottom side of the specimens, see
Fig. 3a. The first 60 s of water leakage were not
recorded in order to measure only a fully developed
flow and to allow the removal of water bubbles from
the system. Subsequently, the weight of the water
which leaked from the crack was recorded for a
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50 cm

é

Automatic scale

(a)

Fig. 3 Water flow test setup: a graphical scheme; b actual setup

minimum of 6 min. Figure 3 shows the water flow test
setup used to evaluate the water permeability.

The sealing efficiency SE,; of each self-healing
specimen was calculated with respect to the corre-
sponding reference specimens, without capsules,
using Eq. (1):

SEqp(%) = TREEL 1 100 (1)
9REF_i
where grgr ; is the average water flow rate (g/min) of
the reference specimens of each series (REF_i could
either correspond to REF_G, REF_S, or REF_L) and
g; the water flow rate (g/min) of each self-healing
specimen (j could either correspond to GLASS,
CEM_S, or CEM_L).

In addition to this, in the inter-laboratory study, the
spread of polyurethane on the crack surfaces of mortar
specimens was quantified using segmentation tech-
niques [32, 94, 95]. However, since it was concluded
that there is no strong relationship between the surface
coverage and the measured water flow [71], this
analysis was not considered relevant for the present
work.

4 Results and discussion
4.1 Crack creation and active crack width control

Figure 4 shows the average crack width w (um) and
the related standard deviation measured for the
different series. For all the series containing cemen-
titious capsules and their related reference compan-
ions, 6 specimens were produced and tested, with the
only exception of the CEM_S series, for which one

350 L ! L I L I

300

m

N

a

o
1

200

150

100

Average crack width (um)

50

Fig. 4 Average crack width w of each series after the active
crack width control. Error bars represent the standard deviation

specimen was accidentally broken during crack cre-
ation; therefore only 5 specimens were available for
the crack width measuring and further testing of this
series. The results for the REF_G and GLASS series
comprise the results obtained by each laboratory
involved in the inter-laboratory testing, all grouped
together respectively [71, 73]. In fact, the crack width
of the specimens of all labs involved in the inter-
laboratory study could be assumed to be statistically
equal, with only a minor difference between two of the
six laboratories (Tamhane’s T2 post hoc test, level of
significance = 0.05, p = 0.028).

Overall, the application of the active crack width
control technique was successful for obtaining an
average crack width within the desired range of
290-310 pm. All six series were statistically com-
pared. Equality of variances could not be assumed
based on a Levene’s test (level of significance = 0.05,
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p = 0.003). A one-way analysis of variance (ANOVA)
with a Welch test showed no statistical difference with
respect to the means of the six series (level of
significance = 0.05, p = 0.931). The difference in
terms of group sizes between the series must be
pointed out, anyway. A separate equality of means
analysis on only the four series produced for this study
(REF_S, CEM_S, REF_L, and CEM_L series)
resulted in a higher p-value.

Both reference series (REF_S and REF_L) were
characterised by a very low variability in crack width,
combined with a clean appearance, with very few
ramifications or loose particles (Fig. 5a, c). For the
series with embedded cementitious capsules (CEM_S
and CEM_L), the influence of the capsule stiffness
caused crack toughening mechanisms such as bifur-
cation or deviation of the crack path (visible in Fig. 5b,
d, e), resulting in a higher variability of the crack
widths. It is important to highlight that the young age
of the mortar matrix of the specimens (7 days) in
comparison to the older capsule shells (28 days) may
have played a role in the onset of such a mechanism,
and that the cementitious capsules are much closer to
concrete aggregates, rather than sand grains, both for
their size and mechanical properties. Hence, it can be
expected that they should work better when added to a
concrete mix, rather than to a mortar mix.

In the case of the small-diameter cementitious
capsules, the released polyurethane was not clearly
visible over the crack mouth (Fig. 5b), presumably
due to capillary resistive forces exerted by the capsule.
It is also important to highlight the influence over the
polyurethane’s release mechanism exerted by the

(d)

Fig. 5 Crack mouths after the active crack width control technique: a REF_S series; b CEM_S series; ¢ REF_L series; d—f CEM_L

selected crack creation method, which induced a
brittle crack formation with a large crack width
appearing suddenly. If cracks were slowly created,
the capillary suction forces in the early-stage small
cracks would have been able to overcome the capillary
resistive forces in the small diameter cementitious
capsules, allowing a better release of the polyurethane.

For the specimens with extruded capsules, it was
possible to notice an abundant release of polyurethane,
that was clearly visible over the crack mouth (Fig. 5d—
f). In some cases, the amount of polyurethane leaked
out from the crack mouth was such that it did not even
allow to choose well-spaced locations to measure the
crack width. This different release behaviour can be
ascribed to the larger diameter of the capsules (i.e., a
reduced capillary resistive action) and the fact that the
healing agent was concentrated in a single capsule,
rather than divided over two smaller capsules.

Considering the coefficient of variation (CV) of
each series’ crack width after the active crack width
control, the highlighted variations were quite small,
confirming the efficacy of the active crack width
control technique. Namely, the CV was equal to 7%
for CEM_S series, 5% for CEM_L series, and 3% or
less for the other series.

4.2 Water permeability

After the healing agent polymerisation and subsequent
submersion in demineralised water for 1-2 days, the
pre-cracked specimens were subjected to the water
flow test. Figure 6 shows the flow rate g (g/min)
measured for the different series. The results for the

series. The locations used for the crack width measurements are indicated by red lines
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Fig. 6 Water flow rate g of each series: individual sample
results (symbols) and mean value g of the series (solid line).
Error bars represent the standard deviation

REF_G and GLASS series comprise the results
obtained by each laboratory involved in the inter-
laboratory test, all grouped together respectively
[71, 73], the same way as it was done for the analysis
of the crack widths.

The CEM_S and CEM_L series obtained the same
coefficients of variation for the water flow (i.e., 52%);
similarly, all the reference series obtained comparable
coefficients of variation (i.e., 33% for the REF_G
series, 30% for the REF_S series, and 21% for the
REF_L series). The highest CV was calculated for the
GLASS series (i.e., 82%). Comparing the coefficients
of variation on the crack width (Sect. 4.1) and on the
water flow, it is possible to notice that even with low
variability on the crack width, the variation on the
water flow is almost an order of magnitude higher, as
reported in literature [86]. Indeed, Edvardsen [96]
stated that the permeability of a crack is related to the
third power of the crack width, hence even a small
variation on the crack width will result in a higher
variation on the permeability. Moreover, permeability
is strongly affected by the internal geometry of the
crack, on which no control can be exerted [63, 86].

A one-way ANOVA was performed for all six
series after testing for equal variances (Levene’s test,
level of significance = 0.05, p = 0.122). The series
showed a statistically significant difference (level of
significance = 0.05, p < 0.001). It is interesting to
point out that a subsequent Student—-Newman—Keuls
post hoc test (Ievel of significance = 0.05) showed that
all the self-healing series were statistically different
from their reference series (p < 0.001 for GLASS and
REF_G series, p = 0.005 for CEM_S and REF_S
series, p = 0.016 for CEM_L and REF_L series).
Also, the water flow measured for REF_S and REF_L

series resulted statistically different (p = 0.041), while
for REF_S and REF_G, which had the same cast-in
hole position, no significant difference was found
(p = 0.075). Also the self-healing series did not show
a significant difference (p = 0.162 for CEM_L and
CEM_S series, p = 0.428 for CEM_S and GLASS
series, p = 0.099 for CEM_L and GLASS series).

When considering the self-healing specimens with
two small-diameter cementitious capsules and their
companion reference specimens, a steady and high
flow was detected for the REF_S series and, con-
versely, for the majority of the self-healing specimens
of the CEM_S series, just a constant slow dripping was
visible.

Consequently, a satisfactory average sealing effi-
ciency was assessed for the self-healing CEM_S
specimens. Namely, a reduction of 54% of the water
flow with respect to the flow measured on the
reference samples without capsules (REF_S series)
was calculated according to Eq. (1). A similar average
sealing efficiency was obtained for the GLASS series
(i.e., SEw=56%), which was tested with the same
setup (i.e., with equal position of the cast-in hole and
of the capsules). This similarity was also highlighted
by the ANOVA analysis previously presented. These
comparable results are most likely dependent on the
similarities of the two self-healing systems, in terms of
number of capsules, internal diameter, length, and net
volume of encapsulated healing agent, resulting in
similar release mechanisms and consequently sealing
efficiency. Hence, it can be deduced that cementitious
and glass shells are substantially equivalent from the
point of view of the self-sealing effect, if the other
capsule parameters are the same. In general, it can be
expected that the differences in the capsule shell do
not affect the release mechanism and the resulting
sealing efficiency itself (for equal other settings),
provided that the embedded capsules can be broken
upon crack occurrence in the cementitious matrix.
Therefore, the selection of the encapsulation sys-
tem/capsule shell material can be made on the basis of
other criteria, depending on the specific applications.

The good release of polyurethane from the speci-
mens of the CEM_L series containing one extruded
capsule (see Fig. 5 as an example) resulted in an even
lower measured water flow, which was significantly
lower than in their reference counterparts (REF_L
series). Note that the mean flow rate of the REF_L
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series was lower than that of the REF_S series, most
likely due to the higher position of the cast-in hole in
combination with the mode-I crack opening configu-
ration achieved through the three-point-bending test.
This configuration created a crack that can be assumed
to be in the shape of an inverted V, if the tortuosity of
the crack is not taken into account. Consequently, the
fact that the cast-in hole was positioned higher for the
REF_L and CEM_L series also influenced the crack
width at the position of the hole. The crack width
would be about 20% narrower than that at the lower
cast-in hole position (REF_S and CEM_S series), if
assuming a perfect V-shape of the crack ranging from
300 um at the bottom of the specimen to zero at the
top, thus influencing the test results and underlining
the importance of testing self-healing and reference
specimens with the same cast-in hole position. The
self-healing specimens of the CEM_L series showed
also a slow dripping behaviour, compared with the
high flow of their reference specimens. As it might be
expected, the dripping was visible just from the zone
of the crack that was not covered by the PU.
Consequently, a good average sealing efficiency was
obtained, with a reduction of the water flow of 74%
with respect to the corresponding reference speci-
mens. This represented the best result both in
comparison with the small-diameter cementitious
capsules and the glass capsules, while also showing
the lower variability in terms of sealing efficiency. It is
interesting to point out that a similar sealing efficiency
(i.e., SEut = 79%) was measured by the authors in a
previous work [84] by using also in that case extruded
cementitious capsules with internal coating, the same
PU precursor as healing agent, and a similar testing
procedure. This result further underlines the impor-
tance of repeatable and robust procedures to obtain

repeatable and comparable test results. Finally, Table 3
summarizes the results obtained for each series in
terms of mean crack width, water flow and the
resulting sealing efficiency.

5 Conclusions

In this work, the self-healing performances obtained
with cementitious capsules filled with a polyurethane
precursor were compared with the results from an
inter-laboratory study investigating glass capsules
filled with the same healing agent. The testing protocol
followed in the inter-laboratory study is here referred
to as SARCOS protocol.

Two series of self-healing mortar prisms were
produced: one with two small-diameter capsules, the
other with a single larger-diameter capsule. The first
type was comparable with the glass capsules used in
the inter-laboratory testing in terms of internal diam-
eter and volume of net encapsulated healing agent, and
geometric arrangement within the specimen.

The following conclusions can be drawn from the
results presented in the paper:

e The application of the active crack width control
technique allowed the reduction of variability in
the crack width.

e The sealing efficiency was satisfactory for both
series containing cementitious capsules. Reduc-
tions of 74% and 54% in the water flow rate were
achieved with respect to the reference series
without capsules. Concentrating the total amount
of healing agent in a single capsule positively
affected the final self-sealing performance.

e In general, the addition of cementitious capsules
produced comparable or better performance with

Table 3 Summary of the results for each series in terms of mean crack width and water flow, with their respective standard

deviation, and the resulting sealing efficiency

Crack width (um)

Water flow (g/min) Sealing efficiency (%)

REF_G 298 + 8
GLASS 300 &£ 8
REF_S 300 + 4
CEM_S 303 £ 20
REF_L 301 £ 5
CEM_L 300 £ 15

74 £ 24 -
33 +£27 56
94 £+ 28 -
43 £ 22 54
59 £ 12 -
15 £38 74
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respect to the glass capsules used in the inter-
laboratory testing, for the same healing agent type
and content. This result confirmed the possibility to
use the cementitious capsules as a valid macro-
encapsulation system, offering additional advan-
tages such as reduced brittleness, reduced risk of
alkali-silica reaction, and higher compatibility
with the surrounding matrix.

e When applying the SARCOS protocol to test
specimens containing macro-capsules with com-
parable geometric characteristics and identical
arrangement within the specimens, substantially
the same results are obtained in different repeti-
tions of the test. This result contributes to validate
the robustness of the SARCOS protocol for macro-
capsule based self-healing systems, hence high-
lighting its potential for further standardisation.
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