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Abstract

The intensive use of cement-based building materials is a growing concern in terms of environmental impact,
since they significantly contribute to the global anthropogenic CO2 emissions. The development of self-
sealing cementitious materials could be a possible approach to improve the structural durability and thus
reduce overall cost and environmental impact. In the present work, the efficiency of a self-sealing system
using extruded cementitious capsules was experimentally investigated, and different healing agents were
tested (specifically, a water-repellent agent, a polyurethane precursor and a solution of silica gel immobilized
ureolytic bacteria). The self-sealing efficiency was evaluated in terms of capability to autonomously seal
localized cracks induced in a controlled way. An active crack width control technique was adopted during the
cracking procedure, in order to reduce the variation of the crack width within a series of specimens. Water
permeability and capillary water absorption tests were performed to quantify the crack sealing ability, along
with qualitative visual analysis of the crack faces. Positive results were achieved when using the water-
repellent agent in water absorption tests, the bacterial agent in water-flow tests and the polyurethane precursor
in both cases. This suggests that the proposed self-sealing system is sufficiently versatile to be used with
different healing agents and that it can be effective in prolonging the material functionality by selecting the
most appropriate agent for the real operating conditions.

Keywords: Self-sealing; Extruded cementitious capsules; Polyurethane; Water repellent agent; Bacteria; Durability; Water flow;
Capillary water absorption

1. Introduction

Concrete is the most widely used building material on earth, with an estimated yearly
consumption approaching 30 billion tons [1]. However, the cement manufacturing industry
is currently under scrutiny because of the large volumes of CO. emitted during the
production of Portland cement, since the production of cement contributes about 5-10% to
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the global anthropogenic CO2 emission, through the calcination process of limestone and
combustion of fuels in the kiln [1,2]. In view of this problem, research in the construction
and building materials sector is targeting alternative materials to partly or totally replace the
ordinary Portland cement, such as supplementary cementitious materials derived from
industrial by-products [3-6]. Moreover, the analysis of the carbon footprint of a structure
also involves the estimation of its lifetime and the CO2 emissions associated with its use,
maintenance and repair. Indeed, the proper maintenance of a concrete structure and the
selection of appropriate repair products and techniques is essential to guarantee and extend
the designed lifetime [7], thus limiting the need for demolition and production of new
concrete that would further increase the carbon footprint of the structure. Enhancing the
longevity of the built environment will undoubtedly reduce the impact of human activities

on the stability of the biosphere [8].

In the last decade, significant advancements have been achieved concerning the
enhancement of the longevity of the built environment, by moving from passive repair
approaches, that require an external manual intervention, to active methods that are
incorporated at the construction stage and are regarded as self-sealing or self-healing
techniques [9,10]. The first implies the filling and sealing of the crack, thus mitigating the
ingress of deleterious substances present in the environment, the latter implies the recovery
of the material properties as a consequence of the crack sealing [11,12]. Many different
self-healing or self-sealing strategies for concrete have been developed and studied,
comprising stimulated autogenous healing via use of mineral additives [13-16], crystalline
admixtures [17-21] or superabsorbent polymers [22-27] and the autonomous healing
mechanisms via use of micro-capsules [28-30], macro-capsules [31-38] or vascular
systems [39-43], either using polymers [44-47], minerals [48-51] or bacteria [52-54] as
healing agents. As regards the macro-encapsulation approaches, several types of capsules
were thoroughly investigated by varying their shape, dimension and constituent material.
Several requirements must be fulfilled in order to obtain effective systems: capsules should
be compatible both with concrete and the encapsulated healing agent to protect it for a long
time; they should be crack-responsive and able to release their content in order to fill and
repair the cracks once formed, yet at the same time they should be able to resist the
concrete mixing and casting processes. Finally, they should not affect the concrete
mechanical properties significantly. In many studies, glass capsules were successfully used
[32,35-38,55-59]. However, glass capsules may have a negative effect on concrete
durability because of the possible onset of undesired alkali-silica reactions [9,34]. In
addition, the likeliness that these stay intact during mixing is low unless proper additional
precautions are taken [33,34,60-62]. In previous studies, the use of cementitious hollow
tubes (CHTSs) produced with an extrusion process [63-66] was proven effective in meeting
the above mentioned requirements while presenting an inherent compatibility between the
capsules shell and the cementitious matrix. In fact, although requiring additional
waterproofing coating procedures with respect to the glass capsules, the cementitious tubes
were able to protect and release effectively several types of healing agents (i.e. minerals
and polymers), they showed a flexural strength comparable to that of cementitious mortar
and they exhibited the ability to survive the mixing process. Moreover, they offered good
performance recovery also in the presence of large cracks.
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In this study, further modification to the tubular capsules’ mix design, coating and
sealing techniques were made in order to optimize the extrusion process and to improve the
ability of the capsules to protect different types of healing agents, taking into consideration
their various encapsulation requirements, including the possible need to encapsulate highly
water-reactive substances. Specifically, it was decided to encapsulate one healing agent for
each of the main groups of healing substances, based also on previous successful findings: a
silane-based water repellent agent (WRA) [34] for the group of mineral substances, a one-
component polyurethane (PU) precursor [59] for the group of polymeric substances and a
ureolytic bacterial strain (i.e. Bacillus sphaericus) dispersed in silica sol (BS) and its
deposition medium (DM) [38] for the group of biological substances. The efficiency of the
system was assessed by evaluating the self-sealing of pre-cracked mortar specimens with
embedded cementitious capsules. The sealing efficiency can be classified as recovery in
durability-related properties, since durability can be increased when self-sealing of cracks
results in retrieval of water tightness, thus preventing the penetration of aggressive liquids
along these cracks into the matrix, which could cause further damage [10]. A cement
mortar was used as a cementitious material prototype due to its homogeneity and ability for
fast screening of the proposed self-sealing technology, before upscaling it for use in
concrete [67]. The sealing efficiency was evaluated by means of water permeability and
water absorption tests, in combination with the visual inspection of the cross sections after
final rupture. A novel active crack control technique [67] was implemented in order to
reduce the variability on the crack width obtained during the pre-cracking procedure and
consequently the variability on the water permeability and absorption tests.

2. Materials
2.1. Healing agents

As mentioned in the previous section, three different healing agents were encapsulated.

The first, denoted as WRA, is a commercially available water-repellent agent
(Sikagard®-705 L, Sika, Switzerland). It is a 1-component silane-based and solvent-free
reactive water repellent, with an approximate viscosity of 1.9 mPas at 25 °C. The product is
commonly used in the construction sector as a water-repellent penetrating sealer for
hydrophobic treatment of concrete and cementitious substrates. The WRA cures upon
penetration in the substrates through chemical reactions that form covalent bonds with the
minerals naturally present in the substrate.

The second healing agent, denoted as PU, is a commercially available polyurethane
precursor (HA Flex SLV AF, De Neef Conchem, Belgium). It is a 1-component methylene
diphenyl diisocyanate (MDI) and polyether-polyol-based prepolymer, which contains inert
hydrophobic compounds that control the viscosity and rheological behavior, with an
approximate viscosity of 200 mPas at 25 °C. The product is commonly used in the
construction sector for grouting joints or stopping water leaks in concrete structures, which
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are subject to settlement and movement, and for stopping water leaks through joints
between tunnel segments. The PU precursor cures upon contact with moisture to a tough,
flexible, closed-cell polyurethane foam.

The last healing agent consists of a ureolytic bacterial strain denoted as BS (Bacillus
sphaericus LMG,22257, Belgian coordinated collection of microorganisms, Ghent),
coupled with a suitable deposition medium, referred to as DM. In previous research, B.
sphaericus was found to be able to precipitate calcium carbonate (CaCOz) on its cell
constituents and in its micro-environment by decomposition of urea (CO(NH.)2) into
ammonium (NHs*) and carbonate (COs®) ions. The latter subsequently promotes the
microbial deposition of CaCOz in a calcium-rich environment. While the previous healing
agents result in almost immediate crack sealing after release and curing, in this case the
sealing needs some time and it is obtained through submersion in water, which will cause
the activation of the bacteria and the subsequent precipitation of CaCOs. This strain has a
high urease activity (40 mM urea hydrolyzed. OD* h'!), long survival time and can produce
CaCOz in a simple and controllable way [38]. Bacterial cells were used as a first proof of
their compatibility with the extruded cementitious capsules, although it has to be remarked
that the cells cannot remain viable for a long time inside the capsules and therefore spores
(dormant bacteria) should be used to heal cracks appearing at a later age. The medium used
to grow B. sphaericus consisted of yeast extract and urea. The yeast extract medium was
first autoclaved for 20 min at 120 °C and the urea solution was added, which was sterilized
by means of filtration through a sterile 0.22 um Millipore filter (Millipore, USA). The final
concentrations of yeast extract and urea were 20 g/L. Cultures were incubated at 28 °C on a
shaker at 100 rpm for 24 h. Bacterial cells were harvested by centrifuging (7000 rpm, 7
min, Eppendorf MiniSpin, Hamburg, Germany) the 24 hours-old grown culture and the
cells were resuspended in saline solution (NaCl, 8.5 g/L). The concentration of bacterial
cells in the bacterial suspension (BS) was 10° cells/mL, determined by flowcytometry
(Accuri C6, BD Biosciences, USA). In order to provide a suitable carrier to immobilize
bacteria and to protect them from the harsh environment in concrete, before encapsulation,
the BS was mixed (volume ratio 1:1) with a colloidal silica-sol (Levasil® CS30-316P,
Obermeier, Germany) with a viscosity lower than 20 mPas at 20 °C. Additionally, a
deposition medium (DM) consisting of 20 g/L urea and 79 g/L Ca(NO3)2-4H,O was
provided separately, in order to allow the carbonate precipitation induced by the urease
activity. The BS mixed with silica-sol and the DM were provided in separate capsules, as
explained in the following Sections.

2.2. Extruded Cementitious Capsules

Cementitious tubular capsules were used as protecting and releasing carrier for the
healing agents. They were produced in accordance with previous research [63,64], with
some modification to the mix design of the cement paste and to the capsule coating and
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sealing, aimed to improve the extrusion process and the protection/release behavior of the
healing agents.

In order to reach a good workability and to avoid the collapse of the fresh extruded
elements, several compounds were added to the cement paste [68,69]. The mix design
included:

e Ordinary Portland cement (CEM | 52.5 R, Buzzi Unicem, Italy);

e Demineralized water;

e Copolymer of ethyl acrylate and MMA (Primal B60A, Sinopia s.a.s., Italy);

e Polyethylene glycol (PEG, Sigma Aldrich, Italy);

Hydroxypropyl methylcellulose (HPMC, Sigma Aldrich, Italy);

Calcium carbonate (CaCOs, Sinopia s.a.s., Italy);

Metakaolin (halloysite from Applied Minerals Inc., USA, calcined at 650°C for 3
h)

First, all liquids were mixed together with an overhead stirrer (RW 20, Janke and Kunkel
IKA, Germany); then, cement was added progressively, as well as the other powder
compounds. Whenever necessary, to produce tubes free of defects, small quantities of
cement, metakaolin and demineralized water were added during the extrusion procedure to
adjust the workability of the paste, since the process is rather sensitive to the ambient
temperature and relative humidity (RH). The mix design of the polymer-modified cement
paste is detailed in Table 1.

Table 1. Mix design of the cement paste for the extrusion of the capsules’ shell.

Water/cement ratio Cement Water Primal PEG HPMC CaCOs Metakaolin
() (Wt%)  (wt%) (wt%) (wt%o) (wt%)  (wi%) (wt%)
0.46 425 19.6 15.7 1.6 0.7 19.6 0.3

The fresh cement paste was extruded by using a low-pressure device composed of a
screw extruder and replaceable dies [63,64]. The die had a ridged ring shape, with an
external diameter of 10 mm and an internal diameter of 7.5 mm. After extrusion, the fresh
cementitious elements, in the shape of hollow cylinders, were left in a moist environment
(T=20 °C, RH>95%) for 7 days and later in air (T=20 °C, RH~=60%) for complete curing
(t>28 days), as suggested in the literature for polymer-modified cementitious mortars [70].
The cylinders were further cut with a saw into tubes measuring about 5 cm in length.

In order to improve the conservation of the healing agents and the shock resistance of the
capsules’ shell, the tubes were further coated. First, a layer of a two-component epoxy
primer (Primer AQ, API SpA, Italy) was applied by complete immersion of the tubes.
Subsequently, a coating layer was applied by using a two-component epoxy resin (Plastigel,
API SpA, ltaly). This layer (thickness~1 mm) was applied in two ways to the tubes, thus
obtaining two types of capsules’ shells presenting either an:
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1. Internal coating: the epoxy resin was applied only to the internal surface by
injection;

2. External coating: the epoxy resin was applied only to the exterior surface with a
brush.

The application of an internal coating resulted in the reduction of the internal volume of
the capsules, and hence in a reduction in the storable healing agent. Namely, the capsules
with the external coating contained about 50% more healing agent with respect to the
internally coated ones. However, it was chosen not to increase the length of the internally
coated capsules in order not to increase their encumbrance and the capillary actions exerted
during the agents’ release, which were already higher due to the smaller internal radius.

Some tubes of both types were glued together with cyanoacrylate, in order to make them
suitable to encapsulate two-component healing agents (i.e. the bacterial healing agent, see
Section 2.1). Then, one end of the tube, either for single or coupled capsules, was sealed
using an epoxy-based two-component thixotropic plaster (Stucco K, APl SpA, Italy) and
subsequent coating with Plastigel. At this stage, the healing agents were injected with a
syringe until complete filling. Finally, the second end of the tube was sealed in the same
way as the other, eventually generating a cementitious tubular capsule. Fig. 1 shows an
example of the extruded capsules with their different types of coatings.

Fig. 1. Extruded cementitious capsules with (a) internal and (b) external epoxy coating (outside view and
Cross section).

2.3. Mortar specimens

The self-sealing efficiency of the different healing agents encapsulated in the
cementitious capsules was evaluated by using mortar specimens. The mortar was made with
a water-to-cement ratio of 0.5 and a sand-to-cement ratio of 3, by using tap water,
standardized sand (grading 0/2, DIN EN 196-1) and ordinary Portland cement (CEM | 52.5
N, Holcim, Belgium). The mixing procedure was in accordance with EN 196-1. The fresh
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conglomerate was used to fill prismatic molds covered with demolding oil (40 by 40 by
160 mm?®), which contained the capsules and a smooth steel bar (diameter of 5 mm) also
covered with demolding oil. The bar was positioned centrally, with its center at 12.5 mm
from the top side of the specimen, and it was covered with demolding oil in order to ensure
its easy removal after casting, in such a way to create a longitudinal hole in the specimen.
The capsules were placed at 7.5 mm from the bottom side of the specimens by gluing them
on two thin nylon threads connected to the lateral side of the molds, to fix their position

(Fig. 2).

Fig. 2. Cementitious capsule fixed at its position at the bottom of the molds with nylon threads before the
positioning of the oiled bar and casting (cross section in Fig. 3).

After the specimens were cast, they were covered with plastic foil and stored in an air-
conditioned room at a temperature of (20 + 2) °C. The day after casting, the steel bar was
removed from the specimens when they were demolded. The specimens were then wrapped
again in plastic foil and stored at (20 + 2) °C until the age of 7 days.

Four different series were made: two series containing a single capsule filled with the
water-repellent agent (WRA series) or the PU precursor (PUR series); one series containing
two coupled capsules, one filled with the bacterial suspension and silica-sol mix and the
other capsule filled with the deposition medium as mentioned in Section 2.1 and Section
2.2 (BAC series); one final series consisting of reference specimens without
capsules/healing agent (REF series). Each series containing capsules consisted of 8
specimens, 4 of which had capsules with external coating and 4 with internal coating (see
Section 2.2, Figure 1), while the REF series consisted of 6 specimens. Table 2 summarizes
the test series, while Fig. 3 shows the schematic cross section of all the prepared specimens.

Table 2. Test series used to evaluate the self-sealing efficiency.

Series Healing agent Number of capsules per Capsule Number of
specimen coating specimens
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REF None None - 6
WRA Water-repellent agent One capsule Internal 4
External 4
PUR Polyurethane precursor One capsule Internal 4
External 4
BAC  B. Sphaericus mixed with silica- Two coupled capsules Internal 4
sol + Deposition Medium External 4
A b
(a) (b) (c)
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Fig. 3. Schematic cross section of the specimen containing either (a) one capsule (WRA and PUR series), (b)
two coupled capsules (BAC series) or (c) no capsules (REF series). Dimensions expressed in mm.

3. Methods

3.1. Crack creation and crack width control technique

In order to evaluate the sealing efficiency of the proposed system, a preliminary cracking
has first to be induced in the specimens [12]. In the attempt to reduce the variability of the
crack widths produced by pre-cracking in 3-point bending, and consequently the variability
on the sealing results, a novel active crack width control technique was adopted [67]. A
Carbon Fiber Reinforced Polymer (CFRP) strip (PC® CARBOCOMP UNI, TRADECC,
Belgium) with dimensions of 40 mm by 160 mm was glued on the top side of the mortar
specimens a day before pre-cracking by using an epoxy adhesive (Sikadur®-30, Sika,
Switzerland). The CFRP strip consisted of unidirectional carbon fibers embedded in epoxy
resin. At the age of 7 days from casting, the specimens were cracked until failure in a 3-
point bending test setup with a span of 10 cm and at a load rate of 50 N/s. Due to the
presence of the CFRP strip, both halves of the mortar specimens divided by the through-
going crack created via the 3-point bending test remained connected on top by the laminate,
presenting however a large crack between them. As a result of the stiffness of the CFRP,
the two halves could only move with one degree of freedom, that was the rotation around
the line on top of the through-going crack connected by the laminate. Hence, the crack
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could be narrowed but the two halves could not rotate relative to each other around their
longitudinal axis. Immediately after cracking, the specimens were placed with their crack
face upwards and the crack width was restrained using screw jacks using an iterative
procedure of measuring and restraining until a desired crack width of 300 um. The crack
width was determined using an optical stereo microscope (Leica SSBAPO mounted with a
DFC295 camera). Along the length of the crack 3 locations were chosen randomly. For
each location the crack width was determined by 4 to 5 measurements. The reported crack
width w (um) is the average of all the measurements of the three locations (in total 12-15
measurements). Fig. 4 shows a specimen restrained with the active crack control technique.

D e/

Fig. 4. Typical sample for which the crack width was controlled using the active crack width control
technique. In the figure it is possible to see the healing agent released from the ruptured capsule and spread
around the crack mouth (dark colored zone)

Minimally 3 hours after crack creation, the cracks at the sides of the specimens were
sealed with a methyl methacrylate glue (Schnellklebstoff X60, HBM, Germany) in order to
subsequently perform the water flow and capillary water absorption tests (see Section 3.3).
Specimens were then placed for one day in a curing room (at 20 + 2 °C, >95% RH) so as
not to affect the curing of the healing agents in the first 24 h; subsequently they were
immersed in demineralized water for 6 days. The one-day storage at 20 + 2 °C and >95%
RH was done in order to avoid either washing away the uncured water-repelling agent
(WRA series) or, on the contrary, facilitating the reaction of the unpolymerized
polyurethane (PUR series) upon continuous contact with water, which could result in an
additional filling of the crack. The specimens of the BAC series were directly immersed in
demineralized water 5 hours after crack creation for 7 days.

3.2. Visual examination of the healing agents in the crack

After the crack creation and at different times after curing and testing, pictures of the
crack mouths were taken using the optical stereo microscope. After completion of the
sealing efficiency testing (see Sections 3.3 and 3.4), the samples were split at the location
of the crack in order to evaluate the healing agent coverage on the crack faces [36,37,64].
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This visual evaluation allowed to gain qualitative information on the ability of the healing
agents to fill the cracks. In order to quantitatively determine the surface area of the spread
region of the healing agents inside the crack, the crack faces of each sample were placed
next to each other and a picture of the total crack surface was taken. For each of the crack
faces, the area covered by the healing agent was determined using the photo editing
software GIMP. The ratio between the crack faces covered by the healing agent and the
total crack faces area was then denoted as the surface coverage of the crack faces.

3.3. Water flow test

Before crack creation, one side of the specimens was provided with a plastic tube (with
external diameter of 6 mm) in order to connect the specimen to the water flow setup. In
order to do this, the diameter of the cast-in hole was enlarged over a length of (25+5) mm
using a drill. The tube was inserted in the hole and a watertight connection was ensured by
using silicone. At the other side of the specimens, the cast-in hole was sealed using the
same silicone. Seven days after crack creation, the sealing efficiency of the self-sealing
mortar was first assessed by measuring the water flow passing through the specimen, using
a test procedure developed in the European project HEALCON [12,24,71]. The test
requires the use of specimens which have to be saturated for at least 2 days by water
submersion, in order to remove as much air bubbles out of the crack as possible and to
prevent water absorption through the pores of the mortar matrix during testing. This
requirement was fulfilled due to the curing of the specimens in demineralized water for 6 or
7 days after crack creation. One side of the specimen was connected with a plastic tube to a
water reservoir at a height of 500 mm with respect to the cast-in hole, while the other side
of the specimen was completely sealed with silicone and the crack was sealed at the side
surfaces with methyl methacrylate glue (Schnellklebstoff X60, HBM, Germany) after crack
creation, so that the water could only leak out from the bottom of the crack (see Fig. 5).
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322 Fig. 5. Test setup for the water flow test: (1) water reservoir, (2) plastic tube, (3) silicone sealing, (4) scale, (5)
323 sealing with methyl methacrylate glue, (6) CFRP strip, (7) screw jacks.

324 The water flow test was carried out one time on each specimen at a temperature of (20 +
325  2) °C and a relative humidity of (60 £ 5)%. The amount of leaked water was recorded over
326  time for a minimum of 5 minutes on a scale with an automated registration system.
327  However, the first 30 s of testing were not recorded to ensure that the error induced by the
328 initial presence of air bubbles was removed by the flow of water through the crack and only
329  astable fully developed flow (i.e. linearly dependent on time) was studied. Out of this data,
330 the flow rate g (g/min) was calculated. The sealing efficiency of a certain type of self-
331  sealing specimens, containing the extruded cementitious capsules, was calculated with
332 respect to the reference specimens, without capsules, using Equation 1:

333 SEy (%) = % X 100 (1)

334  where SEws is the sealing efficiency assessed through the water flow test, grer the average
335  water flow rate (g/min) of the reference specimens (REF, 6 specimens) and ¢; the average
336 water flow rate (g/min) of the self-sealing specimens containing capsules (4 specimens per
337  series, distinguished according to the different healing agent used (WRA, PUR or BAC)
338 and capsule coating (INT or EXT)).

339  3.4. Water absorption test

340 Measuring the capillary water absorption for cracked specimens with and without sealing
341  can also be used to evaluate the crack sealing efficiency [11,35,36,64]. To this aim, the
342 specimens previously used for the water flow test were first placed in an oven at 40 °C to
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remove moisture (6 reference specimens, 4 specimens for the different self-sealing series
distinguished according to the different healing agent used and capsule coating). Specimens
were dried until constant mass (mass change less than 0.1% in 24 h) was achieved. After
the drying period, the specimens were stored at (20 £ 2) °C and (60 + 5)% RH for 24 h.
Then, the screw jacks used for the active crack width control technique (Section 3.1) were
removed. The removal did not significantly affect the crack width and was done in order to
cover the sides of the specimens over a height of 15 mm with a self-adhesive aluminum-
butyl tape so that the water could only enter the samples through a predefined test surface
around the crack. The bottom surface was also covered with the aluminum-butyl tape so
that only a 20 mm wide zone around the crack was exposed to water during the absorption
test (Fig. 6). The specimens were weighed and then placed on two rigid non-porous
supports in a container with demineralized water and with only the lower 5 mm of the
specimens immersed in water. After the start of the water absorption test, the specimens
were all removed at the same time and then weighed at 5 min interval for the first half an
hour, then at 30 min intervals until 4 h and every hour until 8 h, following the removal of
the excess of water on their faces with absorbing paper. Time correction due to the removal
was taken into account, stopping the time at each removal for the duration of the weighing

procedures.
CFRP strip Demineralized water

(@)

(b)

Fig. 6. Test setup for the water absorption test: (a) schematic illustration; (b) surface exposed to water
(20x40 mm?)

The test was carried out at a temperature of (20 £ 2) °C and a relative humidity of (60 +
5)%. The cumulative absorbed volume of water per unit area i (mm3/mm?), defined as the
change in mass (mg) divided by the density of water at the recorded temperature (mg/mm?)
and by the water exposed area of the specimen (mm?), is generally plotted against the
square root of time. The slope of the obtained line gives the sorptivity index S (mm/s®®°) of
the specimen. However, recent studies questioned the calculation of the sorptivity index of
cementitious materials by using the square root of time t (seconds), highlighting the lack of
linearity that is often found using it [72]. The use of the fourth root of time was then
demonstrated to be more effective in showing a linear evolution in the water uptake of non-
cracked mortars due to the hygroscopicity of cementitious materials and swelling caused by
the interaction with water (Eq. 2). This model was adopted also in this study.
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The sealing efficiency of the self-sealing specimens, containing the extruded
cementitious capsules, was calculated as a reduction of sorptivity with respect to the
cracked reference specimens, without capsules, using Equation 3:

SE (%) = % x 100 3)

where SEwa is the sealing efficiency assessed through the water absorption test, Srer the
average sorptivity index (mm/s®®) of the reference specimens (REF, 6 specimens) and S
the sorptivity index (mm/s®®) of the self-sealing specimens containing capsules (4
specimens per series, distinguished according to the different healing agent used (WRA,
PUR or BAC) and capsule coating (INT or EXT)).

4. Results and discussion
4.1. Crack creation and crack width control technique

Fig. 7 shows the average crack width w (um) and the related standard deviation bars
measured for the different series, distinguished according to the different healing agent used
(REF, WRA, PUR and BAC) and the capsule coating (INT or EXT).
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Fig. 7. Average crack width w of each series after the active crack width control (error bars refer to + one
standard deviation)

An analysis of variance (ANOVA) test was applied and it showed that the mean crack
widths of the different test series were not significantly different from each other (level of
significance=0.05, p=0.45), making them comparable in terms of crack width.

Table 3 summarizes the average crack width w, the standard deviation ow and the
resulting coefficient of variation CV of each series after the active crack width control. The
highlighted variations are quite small if compared with the literature where other crack
control techniques were used. For instance, coefficients of variation ranging from 6% to
20% were obtained for cylinders cracked through their depth and tied back together with
spacers [73], while ranges of variation up to 40 um on the average crack width were
measured on prismatic specimens cracked by using a crack-width controlled 3-point
bending test [24].

Table 3. Overview of average crack width w, standard deviation oy and coefficient of variation CV of each
series after the active crack width control.

Series  Coating W ow Ccv
(um) (Lm) ()




406
407
408
409
410
411
412

413

414
415
416
417

15

REF - 300 11 4%

WRA INT 315 13 4%
EXT 302 9 3%
PUR INT 300 21 7%
EXT 295 17 6%
BAC INT 305 13 4%
EXT 309 7 2%

These findings indicate that the active crack control technique can effectively reduce the
variability of the crack width, which is a very important parameter when specimens should
be subjected to permeability tests. Indeed, Edvardsen [74] stated that the permeability of a
crack is related to the third power of the crack width. Nevertheless, it should be noted that
permeability and absorption are strongly affected also by the internal geometry of the crack,
on which no control can be exerted [12,67].

4.2. Visual examination of the healing agents in the crack

After the crack creation and at different times after curing and testing, pictures of the
crack mouth were taken using an optical stereo microscope. Fig. 8 shows a comparison
between the crack mouth at one fixed location for each series, immediately after crack
creation and after curing and testing.
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419 Fig. 8. Visualization of the crack mouths filled with the different healing agents, after crack creation, and after
420  curing and testing, for some of the best cases observed.
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It should be noted that also for the REF series, a crack sealing due to autogenous healing
was identifiable at the crack mouth. The WRA was mainly absorbed by the matrix due to its
low viscosity and was not able to grant a real crack filling, leaving the crack mouth opened.
On the contrary, the PU and the silica gel with the subsequent precipitation of CaCO3
provided a good crack filling, creating a barrier of healing agent that sealed the crack along
its length, in some case completely.

To complement the information gained from the micrographs of the crack mouth, the
specimens were split at the location of the crack, after performing the test described in
Section 3.3 and Section 3.4. The crack faces were then placed next to each other and a
picture of the crack faces was taken. The total area covered by the healing agents was
determined using a photo editing software. The ratio between the area of the crack faces
covered by the healing agents and the total area was then denoted as the surface coverage of
the crack faces, so to determine the spreading region of the healing agents inside the crack.
The area of the capsules was taken into account for the calculation of the total area of the
crack faces. Fig. 9 shows some representative crack faces and spread regions for each series
containing capsules, while Fig. 10 shows the average surface coverage (%).

Internal coating External coating

WRA

PUR

BAC

Fig. 9. Visualization of the spreading region of the healing agents in the crack for mortar prisms containing
capsules with internal or external coating.
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Fig. 10. Average surface coverage of the healing agent on the crack faces for each series containing capsules
(error bars refer to + one standard deviation)

As it can be expected and preferred for sealing purposes, the portion of the crack faces
that was mainly covered by the healing agents was the bottom part, above the crack mouth.
In general, for a given healing agent, a slightly higher surface coverage was detected in the
case of the specimens containing the capsules with the external coating, most likely due to
the higher amount of healing agent carried by these capsules (see Section 2.2). Best spread
over the crack faces was obtained when the PU precursor was used. Crack filling was also
noticeable due to the presence of a thick PU foam over the crack faces. Moreover, the PU
was able in most of the cases to seal also the cavity left by the capsules. The WRA series
also showed a good spread over the crack faces, even if part of the water-repellent agent
was lost during the pre-cracking procedure due to the very low viscosity of the healing
agent. It is most likely that a large part of the WRA was absorbed by the mortar substrate at
the crack faces due to its low viscosity, resulting in a hydrophobation of the crack faces
rather than an actual crack filling, as already mentioned. In fact, it should be pointed out
that the WRA was commercially designed to work as a cementitious substrate sealer by
being absorbed in the superficial part of the matrix. The results of the BAC series showed a
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higher dispersion. This can be ascribed to the fact that the BAC series is based on a two-
component healing agent. Hence, while in some cases an even distribution of the silica gel
that immobilized the bacteria was recognizable, in other cases there was a clear separation
of the portion covered by the gel and the portion covered by the deposition medium. Just
the surface portion that presented the silica gel was taken in consideration for assessing the
surface coverage. Last, it is to be underlined that, even though the BAC series with the
capsules with an internal coating were those with the smaller surface coverage, the
spreading area consisted of a thick white gel that filled the zone adjacent to the crack mouth
along its length.

4.3. Water flow test

After curing in demineralized water for 7 days, the pre-cracked specimens were
subjected to the water flow test, as reported in Section 3.3. Fig. 11 shows the flow rate q
(g/min) measured for the different series, distinguished according to the different healing
agent used (REF, WRA, PUR and BAC) and the capsule coating (INT or EXT).

45 o
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= <
10 -
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! I I I T I !
REF WRA_INT WRA_EXT PUR_INT PUR_EXT BAC_INT BAC_EXT

Fig. 11. Water flow rate g of each series: individual samples results (symbols) and mean value of the series
(solid line, error is + one standard deviation)
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An analysis of variance (ANOVA) test was applied and it showed that the mean values
of the water flows of the different test series were significantly different from each other
(level of significance=0.05, p=1.52-10%). After normality was assumed by means of a
Shapiro-Wilk test (p=0.977) and homogeneity of variance was assumed by means of a
Levene’s test (level of significance=0.01, p=0.26), a Tukey test (level of significance=0.05)
was used as post-hoc test in order to highlight which series were statistically different or
equal in terms of water flow. When comparing two series with the same healing agent but
different coating, the difference of their means was never significant at the 0.05 level of
significance. Moreover, the test highlighted that the REF and WRA series (either with
internal or external coating), being the series with the worst results in terms of water flow
(high flow rate), were not significantly different from each other. Similarly, the PUR and
BAC series (either with internal or external coating), being the series with the best results
(low flow rate), turned out to be statistically undistinguishable. In fact, some specimens
from these two series showed outstanding results, since absent or negligible water flow was
detected, consequently presenting a 100% sealing efficiency SEws (Eq. 1), compared to the
average flow rate of the REF series. Namely, 3 specimens from the BAC series showed a
100% sealing efficiency (1 with internal and 2 with external coating), while for the PUR
series one specimen showed a 100% and one specimen a 95% sealing efficiency (both with
internal coating).

On the contrary, as mentioned above, poor results in terms of water flow (high flow rate)
were obtained when the water-repellent agent was used. In fact, the use of this healing
agent showed even detrimental effects on the performance of the series, with an average
flow rate higher than that of the REF series. As already stated in Section 4.2, the WRA was
most likely able to spread over the crack faces rather than fill the crack. In addition, for the
WRA series the capsules were empty after releasing the low viscosity water repellent agent,
contrary to what happened for the PUR series where also the cavities created by the
capsules where sealed. The result was just the hydrophobation of the crack faces due to the
curing mechanism of the WRA described in Section 2.1.

The effect of such hydrophobation is essentially to prevent the water absorption at low
pressure, rather than stop a pressurized water leakage, as in the case of the water flow test.
Hence, the water could leak downwards through the open crack during the water flow test
without a substantial impediment.

This could have led to a further issue: it shall be considered that the specimens were pre-
cracked at an early age (i.e. 7 days), when the autogenous healing mechanism is most
relevant due to the presence of unhydrated binder particles and to the ongoing development
of new CSH gels [9,74-78]. Water is an essential factor for autogenous healing and the
water immersion has been reported as the best exposure for this type of self-sealing effect.
Thus, by reducing the water absorption on the crack faces, the WRA could have reduced
the continued hydration of unhydrated cement grains, hence the autogenous self-sealing,
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that might have been higher in the REF series, as it is suggested by Fig. 8 comparing the
microscopic images of the crack mouths of these two series immediately after healing.

Table 4 summarizes the results of the water flow test, showing the best recovery for the
series that used the PU as healing agent and the internal coating of the capsules (SEw=79%)
and the BAC series with external coating (SEw=78%).

Table 4. Overview of average water flow rate g, standard deviation o4 and average sealing efficiency SEws of
each series after the water flow test.

Series  Coating q oq SEwp
(g/min)  (g/min) )
REF - 16 5 -
WRA INT 35 1 -117%
EXT 28 9 -70%
PUR INT 3 3 79%
EXT 12 5 28%
BAC INT 6 6 64%
EXT 4 5 78%

4.4. Water absorption test

After complete oven drying (T=40 °C), the specimens were subjected to a water
absorption test, as reported in Section 3.4. Fig. 12 shows the weight gained due to water
uptake plotted versus the fourth root of time for each series.
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—m— REF (6 specimens)
—&— WRA_INT (4 specimens)
7 —4&— WRA_EXT (4 specimens)
PUR_INT (4 specimens)
PUR_EXT (4 specimens)
—&— BAC_INT (4 specimens)
—{— BAC_EXT (4 specimens)

Water uptake (mg/mm?)

Time (s**°)

Fig. 12. Average water uptake of each series plotted versus the fourth square of time (error bars refer + one
standard deviation).

For each series, the coefficients of determination R? by using linear regression were
respectively 0.9963, 0.9564, 0.9449, 0.9943, 0.9978, 0.9901 and 0.9904, showing that the
linear regression fits the data very well. It is possible to notice that the WRA series with
internal and external coating showed an almost identical behavior, characterized by a low
water uptake and a small scattering between different specimens.

The sorptivity index S (mm/s®?) was calculated using Eq. 2, considering the cumulative
absorbed volume of water per unit area i (mm®/mm?) between 5 minutes and 8 hours of
water absorption. Fig. 13 shows the S values measured for the different series, distinguished
according to the different healing agent used (REF, WRA, PUR and BAC) and the capsule
coating (INT or EXT).
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Fig. 13. Mean sorptivity index S of each series (error is + one standard deviation).

From the moment that it was not possible to assume normality by means of a Shapiro-
Wilk test (p=0.977), a One Way ANOVA on Ranks by means of a Kruskal-Wallis test was
applied and it showed that there was a statistically significant difference between the
different test series medians (p<0.001). A Dunn’s test (level of significance=0.05) was used
as a post-hoc test in order to highlight which series were statistically different or equal in
terms of sorptivity. Again, when comparing two series with the same healing agent but
different coating, the difference was never significant at the 0.05 level of significance.

Positive results were obtained using the PU and the WRA. The WRA showed
outstanding results, contrary to those obtained during the water flow test (Section 4.3).
Indeed, a very slow absorption rate was detected, with almost perfect repeatability on each
specimen of the series. This excellent performance can be explained by the water-repellent
agent characteristics, since it is designed exactly with the aim of reducing the water
absorption of cementitious substrates. Moreover, during the pre-cracking procedure, the
WRA was spread both on the crack faces, thus penetrating in the mortar matrix, and also on
the area adjacent to the crack mouth, which was the area in contact with water during the
test (Fig. 14). This allowed to obtain an almost perfect protection against the water
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absorption. The PUR series showed good results because of the good filling of the crack
offered by the closed cell PU foam. However, a larger contribution of the matrix absorption
rate can reasonably be considered for this series, because the healing agents did not cover
the complete area adjacent to the crack as in the previous case (Fig. 14).

:"" :
7

Fig. 14. Spread of the healing agent on the area adjacent to the crack mouth for (a) WRA and (b) PUR series
after crack creation. The water-repellent agent covered the complete area in contact with water during the
water absorption test.

On the other hand, poor results were obtained for the BAC series. In fact, the use of this
healing agent showed even detrimental effects on the performance of the series, with a
sorptivity index more than double of that of the REF series. This behavior could be
attributed to several causes. The first cause could be ascribed to an intrinsic drawback of
the water absorption used on self-sealing systems that is often debated. For instance, a
partially healed crack could have a smaller crack width and thus a higher capillary force,
resulting in a possible larger amount of water uptake compared to an unhealed crack
[12,67]. This could be the case for the BAC series, were the partially closed crack could
promote higher capillary forces if compared with the crack sealed just by the contribution
of autogenous healing in the REF series. This partial closure and the opposite results if
considering the good behavior showed by the BAC series during the water flow test, could
be partially attributed to the drying procedure, that could have caused the shrinkage of the
silica gel and partial detachment from the crack faces and internal damage in the sealing
material (see Fig. 15).
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Fig. 15. Visualization of one fixed crack mouth location filled with the silica-sol of the BAC series: (a) after
crack creation and (b) after the drying process, where it is possible to notice partial detachment and damaged
zone that could have caused a partial re-opening of the crack before the water absorption test.

Lastly, it should be noted that the cementitious capsules act in a way similar to the
aggregates in concrete, therefore it is reasonable to consider the existence of an interfacial
transition zone (ITZ) between the capsules and the surrounding matrix. This zone leads to a
local increase in porosity, with microcracking, that may appear at the interface due to
shrinkage or mechanical loading [79,80]. Therefore, microcracking can be expected for the
BAC series in contrast to the REF series, also due to the mechanical action exerted by the
capsule breakage. For the sake of completeness, it should be noted also that in the case of
the BAC series the silica gel immobilized bacteria were not spread extensively on the area
adjacent to the crack mouth, similarly to the PUR series, while the deposition medium was
spread on the adjacent area, similarly to the WRA series.

Table 5 summarizes the results of the water absorption test, showing the best recovery
for the series that used the WRA as healing agent (SEwa=92%), regardless the coating of the
capsules. It has to be noted that the sealing efficiency was calculated just as a reduction in
terms of sorptivity with respect to a cracked plain mortar matrix, without taking in
consideration uncracked reference specimens in order to neutralize the intrinsic matrix
sorptivity. It has to be expected that, taking it into account, the behavior of the WRA series
would be even better than that of the pristine mortar specimens in terms of absorption
properties.
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Table 5. Overview of average sorptivity index S, standard deviation o4 and average sealing efficiency SEwa of
each series after the water absorption test.

Series  Coating S os SEwa
(mm/s®2%)  (mm/s®%) ()
REF - 0.26 0.07 -
WRA INT 0.02 0.01 92%
EXT 0.02 0.00 92%
PUR INT 0.15 0.04 41%
EXT 0.20 0.03 20%
BAC INT 0.46 0.06 -81%
EXT 0.63 0.22 -145%

5. Conclusions

In this paper, extruded cementitious capsules with two different coating configurations
were used to encapsulate different healing agents, with the aim of achieving a self-sealing
system that can increase the durability of newly constructed concrete structures. The used
healing agents were chosen from the main types commonly used for self-sealing
applications, namely a water-repellent agent, a polyurethane precursor and a solution of
silica gel immobilized bacteria.

The cementitious capsules were successfully able to sequester and release the healing
agents with both coating configurations, showing no substantial differences in the
performance of the healing system for a given healing agent. In fact, the findings obtained
throughout the investigation were not significantly affected by the different configurations
of the position of the epoxy coating layer (i.e. applied to the internal or external surface of
the tubular capsule). The reason for that should rely on the cementitious shell preparation
and coating procedure. In fact, the primer applied both to the internal and the external
surfaces of the tubes was sufficient to isolate the healing agents from contact with the
hardened capsule shell, and hence with the low residual humidity that might be present in it.
The primary function of the epoxy coating was to offer protection solely against the high
humidity and high alkalinity of the fresh mortar mix, which represents a major treat for the
healing agents retention. Therefore, applying it either to the internal or the external surfaces
of the tubes did not change significantly its performance and allowed to provide a good
barrier between the healing agents and the harsh environment of the matrix.

The active crack width control technique was proven to be effective in reducing the
variability of the crack induced during the pre-cracking procedure, an aspect of paramount
importance to improve repeatability of the results and to allow comparison between
different self-sealing systems, especially when analyzing durability-related properties.

As regards the sealing efficiency evaluated with water permeability and water
absorption, good results were obtained in both tests using the polyurethane precursor (PUR
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series). When water-repellent agent (WRA series) was used, excellent results were obtained
in preventing the water absorption, while detrimental effects were shown against water
permeability. On the contrary, silica gel immobilized B. Sphaericus (BAC series) showed
the inverse behavior, with good results against water permeability and bad results during
water absorption. It can be assumed from these results that, while the PU precursor is well
suited in mitigating both mechanisms, the WRA is well suited when the self-sealing
structure will mainly be exposed to the ingress of deleterious substances governed by
capillary forces, but not when the pressure is the driving force. On the other end, the
bacterial healing agent seems more suited when the water leakage, also in pressure, could
be the cause of the ingress of deleterious substances and losses of serviceability. In light of
these considerations, it can be concluded that the self-sealing systems should be tailor-made
for the real operating conditions that the structure will meet during its service life, by
choosing the correct healing agent, the correct location for the self-sealing system and by
taking advantage of the synergy between different self-sealing mechanisms.
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