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Summary

Concrete is the most widely used building material on earth. However, concrete
structures present several issues that threaten their durability and consequently the
safety of their users. One of the major hindrances to the durability of concrete is its
susceptibility to cracking. Cracking leads to the reduction of mechanical properties
and contributes to create pathways for the penetration of aggressive agents into the
bulk material. In order to avoid major durability problems, concrete structures need
to be repaired, but repair works can present several issues such as the individuation
and access to the damaged zones, the direct cost to realize them, the indirect cost
connected to the loss of serviceability, and the environmental impact in terms of
carbon dioxide emissions for the production of new cement.

In the last decade, significant advancements have been achieved concerning
the enhancement of the longevity of the cementitious structures using preventive
repair methods defined as self-healing techniques. These techniques may be imple-
mented based on the autogenous healing mechanisms naturally present in cemen-
t-based materials and through strategies aimed to improve it or to built-in new
autonomous healing properties. Among these technologies, capsule-based self-heal-
ing using macro-encapsulation is being increasingly acknowledged as a promising
strategy to improve the durability and resilience of concrete structures.

The focus of this dissertation was the development and characterization of an
efficient self-healing system using cementitious capsules filled with a suitable heal-
ing agent. The system should be able to provide repair directly at the damage
location upon crack occurrence and achieve recovery in both durability-related and
mechanical properties, also in presence of large cracks.

The research activities led to the development of a new manufacturing technique,
which allowed to produce cementitious capsules with controlled and customizable
dimensions using a polymer-modified cement paste. Moreover, the adopted coating
and sealing procedures allowed the encapsulation of highly moisture-reactive heal-
ing agents. The capsules were used to successfully encapsulate and release several
types of healing agents from the main types commonly used for self-healing appli-
cations: namely, sodium silicate solutions and water-repellent agents (minerals),
highly moisture-reactive polyurethane precursors (polymers), and ureolytic bacte-
rial strain Bacillus sphaericus able to precipitate calcium carbonate (bacteria). The
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investigation and comparison of the performances of the different healing agents al-
lowed to select the polyurethane precursors as the most promising to realize the
desired self-healing system.

Moreover, the cementitious capsules were proven effective in resisting the mixing
procedure. This characteristic, combined with their inherent compatibility with
the cementitious matrix and the easy customization of the capsules size and shape,
makes cementitious capsules equivalent to enhanced aggregates that could be used
in the ordinary construction processes.

The development of the final system followed several steps, with the aim to
progressively improve it through the inputs offered by the characterization of inter-
mediate tentative systems.

For what concerns the characterization in terms of recovery of durability-related
properties, the sealing efficiency was assessed through the reduction of capillary wa-
ter absorption and water permeability offered by the autonomous healing system.
The tests were conducted using both testing techniques present in the relevant lit-
erature and novel techniques developed in the frame of this doctoral study. Specifi-
cally, a newly developed water permeability test allowed to characterize the system
efficiency using stricter testing conditions.

As regards the recovery of the mechanical properties, this was first investigated
via three-point bending test in order to apply indirect tensile stresses in static load-
ing conditions, as in most of the scientific literature. Furthermore, the mechanical
behavior was also tested in repeated cyclic loading conditions until rupture in order
to obtain insights regarding the seldom studied fatigue performance of the self-heal-
ing systems. In fact, this is an aspect of paramount importance to develop a reliable
autonomous repair system that can be used in real field conditions.

The performances of the self-healing system using cementitious capsules were
also compared with those of a system using glass capsules, which is an encapsulation
technique thoroughly studied by several research groups and that served as a bench-
mark for the newly developed system. This comparison was obtained through the
application of a test protocol developed in the framework of a European inter-lab-
oratory testing. This allowed also to prove the protocol applicability to different
self-healing cementitious materials based on the use of macro-capsules.

Visual analyses of the crack faces were also carried out to estimate the spreading
of the healing agent in order to complement the previous characterizations.

In conclusion, the main objective set for this doctoral thesis was achieved,
namely the development and characterization of an efficient self-healing system
for cementitious materials based on the encapsulation of polyurethane in newly-de-
signed cementitious capsules. The final self-healing system allowed to obtain almost
full recovery in both durability-related and mechanical properties after damage oc-
currence, proving that the system is able to improve the durability of cementitious
structures and has a good potential for future scale-up.
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Chapter 1

Introduction

1.1 Background and problem statement

Concrete is the most widely used building material on earth, with an estimated
yearly consumption approaching 30 billion tons [1]. However, the cement manu-
facturing 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 the global anthropogenic CO, 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 target-
ing 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 CO, emissions associated with its use, main-
tenance, and repair. Furthermore, repair works have also a big economic impact,
other than environmental. Just in Europe, it is estimated that around half of annual
construction budget is spent on rehabilitation and repair [7]. Moreover, indirect
costs due to loss in productivity can be much higher than the direct costs involved
in maintenance and repair [8].

Indeed, the proper maintenance of a concrete structure and the selection of ap-
propriate repair products and techniques is essential to guarantee and extend the
designed lifetime [9], thus limiting the need for demolition and production of new
concrete that would further increase the carbon footprint of the structure. Enhanc-
ing the longevity of the built environment will undoubtedly reduce the impact of
human activities on the stability of the biosphere [10].

One of the major hindrances to the durability of concrete structures is their
susceptibility to cracking. It is well-known that all cementitious materials tend
to have defects, resulting from incorrect mix design or execution, shrinkage, and
other causes. Their low tensile strength, in combination with the presence of such
defects, makes them prone to cracking. Cracks can occur all along the service life,

1



Introduction

even in the earliest stages, due to several mechanisms, such as plastic and/or drying
shrinkage, temperature changes, alkali-silica reaction (ASR), freeze-thaw damage,
or structural loading. Because of the possible concurrent or subsequent action of
cyclic loading, even micro-cracks can propagate and coalesce into macro-cracks, ul-
timately leading to a reduction of durability or even collapse [11]. This is especially
true for the infrastructure sector, where several bridges and viaducts are at risk
due to the severe conditions caused by the increasing demand of traffic volumes
[12-14].

Even though cracking is required in order to engage the tensile capacity of the
rebars in reinforced concrete, the presence of cracks, along with the intrinsic inter-
connected porosity of concrete, contributes to create pathways for the penetration
of aggressive agents into the bulk material. Therefore, durability is strongly depen-
dent on the ease with which fluids and fluid-borne aggressive substances penetrate
through cracks and diffuse into the cementitious matrix. Water is one of the main
vehicles for several detrimental substances that may attack either the concrete or
the rebars, hence reducing the water ingress, especially from the cracks, will be
reflected in a durability improvement of the material.

In order to avoid major durability problems, concrete structures need to be re-
paired. However, cracks in structures can be almost invisible or inaccessible, which
makes repair works very difficult [15], especially when manual repair is involved.

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 [16, 17]. 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 [18, 19]. Several self-healing approaches are under study by the scien-
tific community, such as the autogenous or intrinsic healing of traditional concrete,
the stimulated autogenous healing via use of mineral additives, crystalline admix-
tures, or (superabsorbent) polymers, and the autonomous self-healing mechanisms
through the application of micro-, macro-, or vascular encapsulated polymers, min-
erals, or bacteria [16].

1.2 Objectives

Capsule-based self-healing has been proposed as a promising strategy to im-
prove the durability and resilience of reinforced concrete infrastructures [16-18,
20-24]. As regards the macro-encapsulation approaches, several types of capsules
were thoroughly investigated [20, 25-31] by varying their shape, dimension, and con-
stituent material. Several requirements must be fulfilled in order to obtain effective
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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 [20-22, 26, 29-34]. However,
glass capsules may have a negative effect on concrete durability because of the pos-
sible onset of undesired alkali-silica reactions [16, 28]. In addition, the likeliness
that these stay intact during mixing is low unless proper additional precautions
are taken [27, 28, 35-37|. In previous studies, the use of cementitious hollow tubes
(CHTs) produced with an extrusion process [38-40] was proven effective in meet-
ing the above-mentioned requirements while presenting an inherent compatibility
between the capsules shell and the cementitious matrix.

The extrusion process of a tailor-made polymer-modified cement paste was de-
veloped at Politecnico di Torino during the project “DualCEM: Development of
self-healing cementitious materials with high durability” (2012-2014). The Du-
alCEM project was financed by Regione Piemonte and was carried out through
the cooperation between Politecnico di Torino, as an academic subject, and sev-
eral companies as additional Research & Development subjects or end-users (Buzzi
Unicem S.p.A., NovaRes s.r.l.; ARIA s.r.l., Varnish Tech s.r.l., Silvateam S.p.a.).
The project aimed to investigate two key technological factors of a self-healing con-
crete system: on one side the efficiency of different healing agents and, on the other
side, the potential of different encapsulation technology approaches [40].

The good results of the project led to another project on these themes at Po-
litecnico di Torino, namely the research project “SHEcrete: Development of ad-
vanced Self HEaling concrete systems with improved reliability and durability”
(2015-2017), financed by Politecnico di Torino and Fondazione CRT and that was
the starting point of this thesis work. The research was based on a multidisciplinary
approach, that took its starting point from the study and selection of the optimal
healing agents, alongside with the development of a production technology for cap-
sules suitable to store such healing agents and release them at damage occurrence,
in order to finally get to the production and physical-mechanical characterization
of some prototypes of self-healing cementitious systems, with different performance
levels.

Starting from what was done in the framework of these projects and after the
complete review of the different strategies adopted in literature to obtain self-heal-
ing cementitious materials (as described in Chapter 2), it was decided to focus this
doctoral study on the cementitious macro-capsule technology as autonomous heal-
ing mechanism. Specifically, the goal of the research was to improve the existing
technology in order to obtain a self-healing cementitious system that could allow a
high degree of recovery in both durability-related and mechanical properties after
damage occurrence. In order to obtain the desired outcome, several intermediate
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objectives must be fulfilled.

The first concerns the manufacturing of the self-healing system. Namely, it was
necessary to further improve the cementitious capsule technology to allow its use
for different manufacturing techniques other than the extrusion, in order to exert
a higher control over the capsule final dimensions. Moreover, it was necessary to
make the cementitious capsules suitable for the encapsulation of highly reactive
healing agents, which require high standards in terms of tightness stability.

Then, the next intermediate objective was to assess the capability of the ce-
mentitious capsules to correctly protect and release the healing agents. Following
this, it was necessary to assess the efficiency of different types of healing agents in
correctly sealing the controlled cracks that were introduced to simulate the damage
occurrence. This is an aspect of paramount importance to prevent the ingress of
deleterious substances through the crack. Moreover, this allowed to highlight the
different healing agents’ advantages and disadvantages, in order to select the most
suitable type to pursue the development of the final self-healing system.

Once that the most suitable healing agent was selected in order to guarantee a
satisfactory self-sealing performance, the next intermediate objective was to test the
mechanical recovery that can be offered by its use. This aspect was tested not only
in static loading conditions as in most of the literature, but also investigating the
seldom studied field of fatigue in self-healing cementitious systems. This represents
an important aspect to be studied in order to decide if the system could be used in
real field conditions.

The following intermediate objective was to compare the performances of the
newly developed system based on cementitious capsules with those of another self-
-healing system based on the use of macro-capsules, namely glass capsules. This
choice was done since this system was thoroughly studied in the past decades by
several research groups with positive results, representing a good benchmark for a
newly developed self-healing system.

Once that all these objectives were fulfilled, it was possible to bring together
all the positive results obtained, in order to realize and test the final self-healing
system and check if it could be capable of restoring most of the mechanical and
durability-related properties of the damaged system.

In order to pursue these objectives, cement mortar prisms either with or without
capsules were used. Cement mortar was selected as a prototypal cementitious
material instead of concrete for several reasons. First, the healing agents’ reactions
usually do not depend on the mortar fraction and the aggregate-cement ratio, hence
it is easier to evaluate their effect in a more homogenous matrix as the one offered
by mortar. In addition to the fact that mortar is more homogenous with respect to
concrete, the main reason for its use is the possibility to do a fast and cost-effective
screening of different self-healing techniques before upscaling for use in concrete
[41]. For this reason, cementitious mortar is commonly used in the literature on
self-healing cementitious materials and consequently using it allows comparability
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1. Introduction

nt the motivations and the ctive of the study: defining a
self-healing system with good durability and mechanical performances

2. Literature review on self-healing cementitious materials

Review the different technologies to choose the most suitable
one for both durability-related and mechanical properties

3. Cementitious capsules

Improve the design and production technology to encapsulate
highly moisture-reactive healing agents for enhanced durability

Characterization
4. Preliminary study on the compatibility between cementitious
capsule and healing agents

ss the versatility in encapsulating different healing agents

5. Sealing efficiency with different healing agents

s the sealing efficiency and choose the most suitable
healing agent for the purpose of durability

Recovery of 6. Mechanical behavior under quasi-static and cyclic loading Recovery of

Assess the mechanical performances as a function of
the selected healing agent

7. Evaluation of the sealing efficiency with a shared inter-
laboratory testing procedure

Compare the performances of the cementitious and glass capsules

8. Self-healing efficiency: recovery of durability
and mechanical properties

Characterize the performances of the final self-healing system

9. Conclusions and future perspectives

Summarize the main findings of the thesis and suggest
future research perspectives

Figure 1.1: Outline of the thesis.

with other techniques and testing methods.

1.3 Outline of the thesis

The thesis is divided into nine chapters, which are organized as in Figure 1.1
and reflect the main objectives set in the previous section. The content of each
chapter can be summarized as follows:

Chapter 1 In this first introductory chapter, the motivations and objectives of the
research were stated. Moreover, the outline of this thesis is presented here.
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Chapter 2 In this chapter, a literature review of the state-of-the-art on the devel-
opment of self-healing cementitious materials is given, presenting the different
self-healing technologies, encapsulation techniques, and healing agents. The
analysis of the advantages and limitations of each self-healing technique al-
lowed to select the macro-encapsulation based on the use of cementitious
capsules as focus of this thesis.

Chapter 3 This chapter reports on the improvement of the autonomous healing
mechanism based on the use of cementitious macro-capsules. The procedures
that were developed in order to achieve a functional encapsulation system
comprised the manufacturing techniques of the cementitious shell, its mix
design, and the coating and sealing techniques to guarantee the correct tight-
ness of the capsules. Moreover, a description of the healing agents that were
selected for the study is provided.

Chapter 4 In order to start the characterization of the proposed autonomous heal-
ing technology, some preliminary studies were conducted on the compatibility
of the cementitious capsules with various types of healing agents, which are
presented in this chapter. These preliminary studies provided indications for
the further investigation described in the thesis. In particular, it was observed
that the cementitious capsules were able to effectively store and release differ-
ent liquids regardless their chemical nature and reaction mechanisms. There-
fore, they offered a high versatility for the purposes of self-healing since they
do not impose specific technological limitations on the selection of the healing
agent.

Chapter 5 The research activities described in this chapter were focused on the
self-sealing capacity, hence the recovery of durability-related properties. For
this purpose and to further highlight the flexibility of the encapsulation tech-
nique, healing agents from the three main types commonly used for self-heal-
ing applications (i.e. minerals, polymers, and bacteria) were encapsulated.
The self-sealing capacity was investigated through water flow test, capillary
water absorption test, and the visual analysis of the crack faces. This allowed
to select the type of healing agent which seemed to be the most promising
in counteracting the potential threats offered by the ingress of water and
detrimental substances.

Chapter 6 After selecting the most promising healing agent, the research activi-
ties described in this chapter investigated the mechanical behavior that could
be obtained by encapsulating such a healing agent inside cementitious cap-
sules. This was first investigated via three-point bending test to apply indirect
tensile stresses in static loading conditions, as in most of the scientific litera-
ture. Furthermore, the mechanical behavior was also tested in cyclic loading
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conditions until rupture in order to obtain insights regarding the seldom stud-
ied fatigue performance of the self-healing systems. In fact, this is an aspect
of paramount importance to develop a reliable autonomous repair system that
can be used in real field conditions.

Chapter 7 The objective of the research activities presented in this chapter was
to compare the performances of the self-healing system developed so far with
those of the system using glass capsules, which is an encapsulation technique
thoroughly studied by several research groups. This comparison was obtained
through the application of an inter-laboratory testing procedure developed in
the framework of the EU COST Action SARCOS. The aim of such procedure
was filling the lack of standardized test methods and obtain sound and compar-
ative characterization techniques for performance verification of self-healing
cementitious materials. The inter-laboratory test protocol was applied to mor-
tar specimens containing either cementitious or glass capsules filled with the
same healing agent, in order to test the effectiveness of the self-healing system
here proposed with a shared good-practice and also to prove the SARCOS
protocol applicability to different self-healing cementitious materials based on
the use of macro-capsules.

Chapter 8 Based on the inputs provided by the intermediate steps of the research,
as reported in the previous chapters, the activities described in this chapter
concerned the definition of a final self-healing system and the demonstration
of its full self-healing capacity. Hence, the final outcome of the thesis was
a self-healing system that could provide a good recovery of both durabili-
ty-related properties and mechanical performances after damage occurrence.
For the purpose of characterizing the recovery of durability-related proper-
ties, the final system was first pre-cracked and then investigated through two
types of water flow tests after autonomous healing. The first water flow test
is well-established in literature and was used also in the previous chapters.
The second one was developed during the study to provide stricter testing
conditions and check the system performance in comparison with the previ-
ous water permeability test. Subsequently, the mechanical recovery offered by
the final system was investigated through static reloading of the healed sys-
tem. A visual analysis of the crack faces was also carried out to estimate the
spreading of the healing agent on the crack faces to complement the previous
characterizations.

Chapter 9 To conclude, in this chapter the main research findings of the study
are summarized and perspectives for further research are suggested.






Chapter 2

Literature review on self-healing
cementitious materials

Natural materials are remarkably efficient and, for this reason, new material
development is increasingly being inspired by the emulation of Nature, following
a biomimetic approach. Among the properties of natural materials that would be
highly beneficial for man-made materials, one of the most fascinating is the self-
-repair, inspired by biological systems in which damage triggers a healing response
[42]. Some materials able to achieve some degree of autogenous healing properties
already exist, such as the reoxidation in air of damaged oxide films that provide
the corrosion resistance of aluminum, titanium, and stainless steel [42], the recrys-
tallization of metals to restore the pre-deformed properties [42-44], and, of great
interest for the construction sector, cementitious materials.

Autogenous self-healing of cement-based materials was noticed since 1836, when
the French Academy of Science reported self-healing effect in water retaining struc-
tures, culverts, and pipes [18, 45, 46]. However, autogenous healing of cementitious
materials has limited capacity, being restricted to small cracks and being effective
when water is available [47]. For this reason, in the last decades the scientific com-
munity involved in the research of construction material showed increasing interest
in developing innovative cementitious materials with built-in improved self-healing
properties, with the aim of increasing the durability of this type of materials.

In the last decade, several detailed reviews were produced in order to classify and
keep track of the progress in the development of self-healing cementitious materials
[16, 18, 46-49]. In this chapter, an overview of the state-of-the-art there presented
is given with the inclusion of recent works and examples of real scale applications,
starting from the autogenous healing mechanisms and then moving to the strategies
aimed to improve it or to built-in new autonomous healing properties.
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Figure 2.1: Main mechanisms causing autogenous self-healing of cementitious ma-
terials. Redrafted after De Rooij et al. (2013) [18] and De Belie et al. (2018)
[16].

2.1 Autogenous healing

Autogenous healing of cementitious materials is the basic phenomenon that the
intrinsic self-healing capability of cement-based materials [16]. It is considered one
of the main reasons of the life extension of ancient structures, such as those built
during the Roman Empire [42, 50, 51].

In the last century, research activity established that the autogenous self-healing
phenomena are mainly related to physical, mechanical, and chemical mechanisms
developing within the cementitious matrix [16, 18, 47, 48, 52|, which are summa-
rized in Figure 2.1 and can be classified in:

o Physical processes:
— Matrix swelling.
o Chemical processes:

— Continuing hydration of unhydrated cement grains;

— Precipitation of calcium carbonate crystals (CaCOj;) on the crack faces,
which can be produced by the chemical reactions between the calcium
ions Ca®" present in the concrete matrix with the carbonate ions CO,>~
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available in the water, or with carbon dioxide CO, available in the air
entering the crack.

e Mechanical processes:

— Clogging of the crack by small particles, either produced by the cracking
process or debris present in the water, bridging the crack surfaces.

The two most important mechanisms providing the autogenous healing of ce-
mentitious materials are the chemical processes. Continuing hydration is beneficial
for regaining the mechanical properties [16, 53, 54|, since these new hydration
products have a strength similar to that of the calcium silicate hydrate (CSH) gels.
These products are superior to the CaCOj4 precipitation products, however it is to
be pointed out that products formed at the crack faces are different from those
formed inside the matrix. On the other hand, carbonation was proven to be the
most efficient in terms of crack sealing and self-healing performances [16, 18, 46,
47].

Studies aimed at investigating the autogenous healing efficiency [16, 18, 19, 46,
47, 52, 54, 55|, defined that the main factors governing it are the availability of
water, the age and composition of the cementitious material, and the width and
shape of the cracks.

Water is an essential factor governing the autogenous healing, since its presence
is necessary to allow the chemical reactions and the transport of fine particles caus-
ing the clogging mechanisms, while autogenous healing is limited in air exposure.
Also, water temperature, pressure, and pressure gradient can influence the extent
of the autogenous healing. Some authors found a better healing in wet—dry cycles
compared to water immersion condition, probably due to easier calcium carbonate
formation due to the availability of CO, in air during the dry phases. High pH
environment favors the process of CaCO;4 formation, while water hardness is not
relevant for the autogenous healing efficiency [55-58].

Regarding the composition, cement type does not have a major importance [56,
59] while the clinker content determines the Ca*" ions content and consequently the
ability to develop CaCOj, precipitation [16]. Silicate additions have effects related
to the development of their pozzolanic reactions and consumption of Ca(OH),,
which affect the duration of healing mechanisms. Then, a low water to cement
ratio (w/c) causes the increase of unhydrated cement grains, which can cause the
development of new CSH products due to the ongoing hydration [54]. For what
concerns the aggregate type, they have an indirect effect on the healing process by
determining the cracking pattern. The age of the cementitious material is an aspect
of paramount importance for to the healing mechanism: early age was proven as
the most prolific in terms of healing [45, 54, 56, 60-64] due to the higher content
of unhydrated binder particles which can develop new CSH gel, while at later ages
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CaCO, deposits are the main cause for crack closing [54]. Also the age of first
cracking is an important factor for the autogenous healing [61, 65-67].

Finally, cracks geometry determines the autogenous healing through their width,
length, depth, and pattern. Narrower cracks result in more efficient autogenous
healing. As a matter of fact, autogenous healing mechanisms were proven effec-
tive only for small cracks in the order of 10-100 pm, sometimes up to 200-300
nm in the presence of water [18, 19, 46, 47, 52, 54, 55|. Consequently, a way
of improving the intrinsic healing potential is by limiting the crack width, which
can be obtained through the addition of fibers in fiber-reinforced concrete (FRC)
and high-performance fiber reinforced cementitious composites (HPFRCCs) [55,
68-72]. The addition of natural vegetable fibers, other than contributing to control
the crack width, acted also as water reservoirs, absorbing it and releasing it later

during dry periods, activating the continuing hydration and carbonation reactions
(73, 74].

2.2 Stimulated autogenous healing

From what was discussed in Section 2.1, it is clear that the autogenous healing
caused by the intrinsic properties of cementitious materials is rather limited, since
cracks must be narrow and the presence of water is essential. For these reasons,
methods to improve the autogenous healing by limiting the crack width, providing
water, or enhancing hydration or crystallization were developed and are defined as
stimulated autogenous healing.

2.2.1 Mineral additions

The use of mineral additions affects the autogenous self-healing through the
modification of the hydration kinetics and the material properties. A positive as-
pect on their use is that many of these additions are already being used in the
construction sector due to the growing attention on the use of supplementary ce-
mentitious materials (SCMs) to reduce the cement content of cementitious compos-
ites, limiting the material costs and its environmental impact related to the carbon
dioxide emitted in the production of cement [75, 76].

The main mineral additions studied for their effects on self-healing are blast-fur-
nace slag (BFS) and fly ash (FA). Since these additions remain unhydrated even at
later age and thanks to the pozzolanic reaction, they promote autogenous healing
due to continuing hydration [53, 77, 78]. It has to be pointed out that a minimum
calcium hydroxide content is necessary to allow further reaction of BFS and FA dur-
ing the healing process [79]. More evident self-healing products have been observed
when incorporating BF'S, since slag has a mixed cementitious and pozzolanic activ-
ity and can undergo delayed hydration reactions in the presence of low Ca(OH),
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unlike pozzolans [75].

However, since the involved hydration kinetics are slow [80], methods have been
studied to stimulate the healing process, such as the application of alkaline solutions
[53, 81-83], higher curing temperature [84] or blending of different mineral additions
[85-87].

Other mineral additions studied for their effect on the autogenous healing in-
cludes metakaolin [88], palm oil fuel ash [89] and expansive minerals such as mag-
nesium oxide (MgO), bentonite, and quicklime (CaO) [90, 91]. For what concern
the effect of these expansive additions, magnesium oxide stimulated the formation
of brucite (Mg(OH),), bentonite influenced the formation of ettringite and layered
microstructures, while quicklime allowed the production of additional portlandite
(Ca(OH),), calcite (CaCO,) and calcium-based hydration products [90].

2.2.2 Crystalline admixtures

The term crystalline admixtures (CA) derives from commercially available prod-
ucts whose constituents are generally not disclosed, consequently it does not reflect
their functionality or molecular structure, and ongoing investigation are still car-
ried in order to define what should be named crystalline admixture, based on their
composition and their action [16]. In order to distinguish commercial crystalline
admixtures from supplementary cementitious materials, it is possible to refer to
their admixture dosage, which is typically 1% by cement weight for crystalline ad-
mixtures and higher than 5% for SCMs [16]. They share the same advantage of
SCMs of being already a common admixture in the construction sector [92, 93].

Crystalline admixtures are classified as a special type of permeability reducing
admixtures (PRA), namely among those that are capable to function under hydro-
static pressures (PRAH) [94, 95]. As a product of their reaction and depending on
the crystalline promoter, CAs form modified CSH and a precipitate formed from
calcium and water molecules. While some studies report that the matrix compo-
nent that reacts is the tricalcium silicate [94], other studies indicate that crystalline
admixtures react with portlandite [93, 96].

For what concern the self-healing efficiency related to the use of CAs, recovery
of mechanical properties were proved through their addition to normal strength con-
crete [92], strain-hardening cementitious composites in combination with a calcium
sulfoaluminate expansive agent [96], lime mortars [97] and in High Performance
Fiber Reinforced Concrete (HPFRC) [93], where the synergy with the crack-re-
straining action of the fibers improved their performances. Improved performances
were also obtained under exposure to chlorides, probably due the contribution of
CAs to chloride binding [98-100]. Also their effectiveness under repeated cracking
and healing cycles up to 1 year was tested [101-103].

Other than their mechanical performances, also the healing efficiency in terms of
water permeability at high pressure and with visual inspection of the crack closure
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was studied [104, 105], but did not show a substantial improvement compared with
the control specimens without CAs.

Their efficiency in real scale application is currently under study in a prototype
water basin realized in Italy close to an operating geothermal power plant by Enel
Green Power in collaboration with Politecnico di Milano, in the framework of the
EU H2020 project ReSHEALience [106].

2.2.3 Superabsorbent Polymers

Superabsorbent polymers (SAPs) are natural or synthetic 3D cross-linked ho-
mopolymers or copolymers with a high capacity to absorb fluids, with a swelling
capacity that depends on the nature of the monomers and the cross-linking density
[107] and an absorption behavior that is strongly conditioned by the ionic strength
of the swollen medium [71, 108, 109].

The use of SAPs addition in cementitious materials is increasingly being stud-
ied, for example as internal curing agents in presence of a low water-to-binder ratio
to reduce self-desiccation shrinkage during hardening and to mitigate autogenous
shrinkage [110] or to increase the freeze-thaw resistance [111]. As regards their con-
tribution to self-healing of cementitious materials, their addition produces several
effects on this aspect.

A first effect caused by SAPs addition to the fresh matrix is the formation of
macro-pores, caused by their swelling caused by their absorption of mixing water
and successive shrink upon hardening of the matrix [112]. These macro-pores at-
tracts [113] and stimulates multiple cracking [71, 114], acting as weak points in the
matrix: these effects facilitate the crack healing since SAPs macro-pores will be
crossed by multiple narrow cracks [72], easier to be cured by the internal curing
action of the SAPs [115] acting as source of water and stimulus for continuing hy-
dration [116, 117]. However, since macro-pores formation may have a detrimental
effect on the mechanical properties [118], ways of reducing the swelling at the upon
mixing were studied, either based on coating of the SAPs [119] or the development
of synthetic pH-sensitive SAPs [114, 120, 121].

Another important effect of SAPs for the crack sealing and healing is their
ability to swell and blocking the cracks upon ingress of liquid substances [113, 122,
123]. A good water permeability reduction due to the sealing effect was proven for
cracks up to 150 mu [120, 124].

The efficiency of the SAPs addition was also tested with good results in a large
scale lab test conducted by Ghent University on real scale concrete beams [21].

Due to the concern regarding the use of sustainable materials to reduce the
impact on the environment, there has been a growing interest in developing natural
and semi-synthetic SAPs [125, 126] to substitute the synthetic SAPs, which are
mainly made of petroleum-based monomers and synthetic cross linkers [16].
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2.2.4 Polymer Additions

Polymer-modified concrete (PMC) or polymer Portland cement concrete (PPCC)
are a combination of cement and aggregate mixed with organic polymers, which
causes upon hydration a coalescence of the polymer and the formation of a co-ma-
trix of hydrated cement and polymer film [127]. The healing effect caused by the
polymer addition is similar to the continuing hydration of normal cementitious ma-
terials, but with an extension in time due to the effect of coating of cement grains
caused by the polymer films [127].

Various polymers were studied for self-healing application [128], due to this
improvement in the delayed hydration and to add other effects to further improve
the healing of cracks. For example, some researchers studied the use of epoxy resin,
founding that their cross-linking is possible in the environment of cement paste
without the presence of hardener due to availability of calcium hydroxide, causing
the healing of cracks due to the resin that can remain unhardened in the pores
[129-131]. Other researchers studied the use of elastomers to make oil well cements
watertight without requiring contact with any type of fluid [132]. A further example
of this type of additions is the use of ethylene vinyl acetate (EVA) to fill the cracks
upon heating up to 150 °C [133]. Then, another use of the combination of polymers
and heating is represented by bitumen-coated steel fibers, which have the twofold
effect of restraining the cracks and being able to fill them with melted bitumen
upon induction heating [134].

A different use of polymeric materials for self-healing applications is represented
by shape memory polymer (SMP) tendons, which are a type of material able to
recover their original shape after deformation [135] and that were used to mechani-
cally close cracks [136, 137]. This is obtained by casting the tendons into structural
clements and electrically activating them after cracking [138]. The shrinkage of
the drawn PET tendons tends to close the cracks crossing them, also causing an
increased potential of autogenous healing. The ability of the tendons to maintain
the necessary post-activation crack closure force in the long-term was proved by
Hazelwood et al. [139]. This technology was further improved by developing a new
type of tendons formed from multiple drawn SMP filaments with higher restrained
shrinkage potential and is currently being studied in a large scale application us-
ing site trial panels realized in the United Kingdom by the collaboration of the
Universities of Cardiff, Bath, and Cambridge, in the framework of the EPSRC
funded Materials for Life (M4L) project [140]. Another possible technology based
on this concept is a hybrid system combining the shape memory properties of the
polyethylene terephthalate (PET) with a pre-stressed Kevlar rope [141].
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Figure 2.2: Encapsulated autonomous healing systems in intact, damaged, and
healed state: (a) micro-encapsulation; (b) macro-encapsulation; (c) vascular net-
work.
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2.3 Encapsulated autonomous self-healing

Autonomous self-healing is based on the concept of embedding unconventional
engineered additions in the cementitious matrix to provide self-healing functions
[16]. Encapsulation has been widely studied in order to provide a direct delivery
of healing agents at the location of crack occurrence. The main types of encap-
sulation technologies under study for self-healing cementitious materials and that
will be described in the following sections are micro-encapsulation (Figure 2.2a),
macro-encapsulation (Figure 2.2b), and vascular networks (Figure 2.2¢), used in
order to store and deliver the appropriate healing agents at the crack site allowing
the self-healing effect. The macro-encapsulation is also the technology on which
this thesis is focused.

The main triggering mechanism of encapsulated systems is their rupture upon
crack occurrence, with the subsequent release and reaction of the healing agent in
the region of damage (Figure 2.2). Healing agents react in different ways: some
react upon contact with moisture, air or due to heating, others upon contact with
the cementitious matrix, while other agents react when making contact with a
second component that can be present in the matrix or provided by additional
capsules or channels of the vascular network [47].

2.3.1 Micro-encapsulation

Micro-encapsulation is based on the use of healing agents stored in capsules
with a maximum diameter of 1 mm [16]. A great number of shell compositions,
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properties, production techniques, and healing agents have been researched [16].

For what concern the shell composition and properties, a key factor for to be
functional for self-healing application is the durability of both the micro-capsules
and their content, which led for example to the development of double-walled shells
combining polyurea-urea-formaldehyde [142] or thermally stable polyurea for their
use in elevated temperature environments [143]. A great concern when using micro-
capsules is their resistance to mixing procedures, hence micro-capsules with switch-
able mechanical properties were developed in order to exhibit a ductile behavior
during mixing and a brittle behavior in the later phase in order to be ruptured
and release the healing agent [144-146]. Another aspect of great importance to
correctly triggering the rupture and releasing of the agents from the capsules is
their bonding with the surrounding matrix, consequently several studies focused
on the surface modification of the shell [24, 147, 148] or the use of shell materials
(mainly silica-based) able to bond with the hydration products [149-155]. Other
than the mechanical trigger caused by the capsules’ breakage, the release of the
healing agents can be chemically triggered. This is an interesting aspect, since
damage is directly connected to decrease of pH, which also causes the depassiva-
tion of the steel reinforcement bars with the consequence of making them prone
to corrosion caused by the ingress of chlorides. Consequently, pH-sensitive shell
materials and chloride binding shell and cargo materials were developed to target
the important matter of corrosion-induced damage [156-161].

Many production techniques were proposed in literature, such as emulsion poly-
merization [161-164], sol-gel reaction [150-155], complex coacervation [145, 146],
extrusion [156-159, 165], spray drying [166] or microfluidics [24, 148, 167]. A more
complete review is offered in De Belie et al. [16].

For what concern the healing agents, several types were tested, such as the use
of adhesive two-part systems which requires the presence of a catalyst within the
matrix [164, 167], polymeric agents such as epoxy [151-154] or methyl methacrylate
(MMA) [168], or healing agents showing a natural compatibility with the mineral
substrate of the cementitious matrix such as encapsulated bacterial strains [165,
169], described also in Sections 2.4 and 3.4.3, or mineral healing agents such as
colloidal silica and sodium silicate [142, 143, 145, 146, 170-174]. The reaction
mechanisms of the latter are described in depth in Section 3.4.1.

Several healing properties were tested with promising results, comprising the
recovery of mechanical properties such as stiffness moduli, fracture energy or com-
pressive and flexural strength, and improvement of durability parameters such as
gas and water permeability, chloride diffusion, surface resistivity, and capillary ab-
sorption [16].

The use of microcapsules with a polymeric shell made of cross-linked gelatin
and acacia gum containing an emulsion of sodium silicate in mineral oil is currently
being studied in a large scale application using site trial panels realized in the United
Kingdom by the collaboration of the Universities of Cardiff, Bath, and Cambridge,
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in the framework of the EPSRC funded Materials for Life (M4L) project [140].

2.3.2 Macro-encapsulation

Since the volume of healing agent provided by micro-encapsulation can be too
low to fill large cracks, a possible solution to overcome this issue is the use of
macro-capsules. In fact, these types of capsules offer the possibility to store a
larger amount of healing agent, which can fill larger cracks while virtually offering
multiple healing effects with a single capsule.

Many types of macro-capsules were thoroughly studied by several researchers in
the last decades by varying their shape, constitutive materials, and cargo healing
agents. The earliest studies involving the use of macro-encapsulation were carried
out in the '90s by Dry using polypropylene and glass fibers filled with mono- or
multi-component MMA [25, 175]. Other examples on the use of glass capillaries for
macro-encapsulation are represented by the studies on hollow glass fibers (0.8 mm
inner diameter and 100 mm in length) [176] or long glass capillaries (either 1.5 or
3 mm inner diameter and 100 mm in length) [177] filled with cyanoacrylates.

In many studies, glass capsules with diameters varying from 0.8 to 4 mm were
successfully used [20-22, 26, 29-34, 178]. Several healing agents were successfully
encapsulated and used for self-healing applications such as polyurethane precursors
[21, 26, 29, 30, 32-35, 37, 179-181], (described in Sections 3.4.2), water-repellent
agents [15, 17, 182, 183] and other liquid minerals [20] (described in Sections 3.4.1),
bacterial agents [31, 182] (described in Sections 2.4 and 3.4.3) or expansive minerals
[22]. Positive results were obtained on the recovery of both mechanical properties
and durability-related properties. The efficiency of the use of glass capsules filled
with polyurethane precursor was also tested with good results in a large scale lab
test conducted by Ghent University on real scale concrete beams [21].

However, glass capsules may have a negative effect on concrete durability be-
cause of the possible onset of undesired alkali-silica reactions [16, 28]. In addition,
the probability that these stay intact during mixing is low unless proper additional
precautions are taken [27, 28, 35-37]. A possible alternative to solve these issues
was studied using ceramic [26, 32, 182] or polymeric capsules, the latter obtained
either by extrusion [27, 28, 36, 184] or additive manufacturing [185, 186]. In order
to address the issues connected to the necessity of having a ductile behavior during
mixing and a brittle behavior later to trigger the healing mechanism, polymeric
capsules with evolving brittleness were produced and studied [36].

Another possible alternative to solve the issues of glass capsules described above
was the development of cementitious hollow tubes (CHTS) produced with the ex-
trusion of a polymer-modified cement paste [38, 39]. The capsules, filled either
with sodium or potassium silicate solutions showed a good recovery of mechanical
properties, hence were proven effective in meeting the requirements of a macro-en-
capsulation system while presenting an inherent compatibility between the capsules
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shell and the cementitious matrix. This type of encapsulation was the starting point
for the development of this thesis and is further described in Chapter 3 with the
modification of the system that was tested throughout this research study.

A last type of macro-encapsulation is based on the use of lightweight aggre-
gates (LWAs) as container to host self-healing agents by replacement of part of the
aggregates. LWAs were either impregnated with a sodium-monofluorophosphate
solution under vacuum, covered with cement paste and used in blast-furnace slag
cement mortars [187], impregnated with a sodium silicate solution and covered with
a polyvinyl alcohol (PVA) solution and used in lightweight concrete [188] or impreg-
nated with bacterial spores and their nutrients and mixed with cement mortar [189]
(see also Section 2.4).

2.3.3 Vascular healing

The concept of vascular healing is the clearest example of the biomimetic ap-
proach applied to self-healing. Indeed, the majority of natural materials obtain self-
-healing through some form of vascular networks, such as the human cardiovascular
system that transports blood or the plant vascular tissue system that transports
food, water, and minerals [16]. Based on the example given by the Nature, vascular
self-healing networks can deliver healing agents to damage sites in order to repair
them. Moreover, since healing agents are supplied by an external source, healing
agents can be continuously supplied and replenished, thus overcoming the issues of
micro- and macro-encapsulation related to the stability of the healing agents over
time and their limited capacity to allow self-healing [16, 18, 47, 190]. Several re-
searchers focused on the use of this type of biomimetic systems and on solving the
issues connected to the scale-up of this method in real structures. Various forms
of vascular networks have been used in concrete, ranging from 1D channel to more
complex 3D networks.

The early studies made by Dry in the '90s used long thin glass channels [175],
which were used also in a trial bridge deck [191]. Other studies focused on the
use of glass brittle channels to realize vascular systems than could be externally
replenished [177, 192, 193]. An important drawback of the use of glass tubes to
realize networks is the brittle nature of these channels, which makes difficult their
practical implementation during casting procedures.

Several possible alternatives were proposed by using inorganic phosphate cement
(IPC) or alumina tubes [194], by creating channels through embedding and then
removing polyurethane terephthalate (PET) tubes [140, 195] or metal rods [196],
by the introduction of networks of porous concrete [197] or using more complex 3D
printed networks [194, 198, 199].

Vascular networks were also used in combination with another interesting biomi-
metic approach, namely a self-sensing system, in the study of Nishiwaki et al. [200].
This system was created by the combination of an organic thermoplastic film pipe
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used as channel to supply the healing agent and a self-diagnosis composite made
of ceramic fibers and a conductive matrix. Upon crack occurrence, the self-sensing
system reduces the conductive path and in turn increases its electric resistance, con-
sequently heating the damaged zone. Therefore, the surface of the organic film pipe
melts as result of the increased temperature, releasing, and repairing the damaged
zone.

The use of 3D printed polylactic acid (PLA) joints was used in combination
with the abovementioned removal of PET tubes to obtain 2D networks [140]. This
system is currently being studied in a large scale application using site trial panels
realized in the United Kingdom by the collaboration of the Universities of Cardiff,
Bath, and Cambridge, in the framework of the EPSRC funded Materials for Life
(M4L) project [140].

2.4 Bacterial self-healing

Microbially induced calcite precipitation (MICP) has been proposed as environ-
mentally-friendly repairing agent due to its inherent compatibility with the cemen-
titious matrix. MICP was successfully used for the consolidation of sand columns
[201] or the surface treatment of limestone [202] and concrete [203]. In 2007, Jonkers
and Schlangen [204] started to investigate the possibility to use bacterial CaCOj for
autonomous crack healing, consequently providing all necessary components within
the cementitious matrix. The mechanism of bacterial self-healing is similar to that
of autogenous healing due to carbonation, since it is based on the precipitation of
calcite (CaCO,) to fill the cracks.

Many bacteria can induce the precipitation of CaCO;, in suitable conditions
[205], however different bacteria follow different metabolic pathways to cause the
precipitation of calcite.

One possibility to obtain CaCOg precipitation is through the metabolic conver-
sion of organic compounds by microorganisms under aerobic conditions, which is
mainly governed by the chemistry of the environment in which the microorganisms
are in. Typical requirement for CaCO, precipitation is that the ion concentration
of calcium and carbonate exceeds the solubility product of calcium carbonate [16,
206]. Aerobic degradation of organic compounds does not have a direct effect on the
concentration of calcium ions, but it increases the dissolved inorganic carbon con-
centration (DIC: CO,+HCO, +CO,* ) and, especially in alkaline conditions, the
carbonate ion concentration. Therefore, in presence of calcium ions, metabolic con-
version of organic compounds in alkaline environment will allow calcium carbonate
precipitation [207].

These aspects were studied by Jonkers et al. since 2006 [204], leading to the
development of a bacterial spore and an organic compound—based healing agent to
allow autonomous self-healing of cementitious materials under aerobic conditions
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[165, 189, 208-213)].

The bacteria, in the form of spores, are alkali-resistant members of the genus
Bacillus such as Bacillus cohnii or Bacillus pseudofirmus, while the organic com-
pounds consist in calcium salts of fatty acids such as calcium formate, calcium ac-
etate, calcium glutamate, calcium propionate and calcium lactate or lactate deriva-
tives [16].

Upon crack occurrence, the water ingress activates the spores causing their
germination and the organic compounds can be metabolically converted to calcium
carbonate and carbon dioxide (Equation 2.1) [214].

CaCyH, 04 + 6 0, — CaCO, + 5CO, + 5H,0 (2.1)

Moreover, the metabolically produced CO, can further react calcium hydroxide
naturally present in the cementitious matrix and produce more CaCO; (Equation
2.2) [214]

5C0, + 5 Ca(OH), — 5CaCO; + 5H,0 (2.2)

Since microorganisms cause consumption of oxygen [208, 213], a positive side
effect could be the reduction of the risk of corrosion in steel reinforcing bars due to
their presence.

Another example is given by the alkali-tolerant ureolytic strains, which are com-
monly been used for application in cementitious materials and to allow self-healing
effects [31, 49, 144, 157, 182, 202, 203, 215-218]. Examples of strains belonging to
this group are Sporosarcina pasteurii (also named Bacillus pasteurii), Sporosarcina
ureae , Bacillus sphaericus and Bacillus megaterium. These bacteria can decom-
pose urea (CH,N,O) into ammonia (NH;) and carbonate ions (CO,>"), which is
able to react in presence of sufficient Ca*" ions to form CaCO,. The reactions are
summarized in Equation 2.3, 2.4 and discussed in depth in Section 3.4.3.

CO(NH,), -+ 2H,0 feceriaturesse, o N + 4 CO,2~ (2.3)
Ca®t + CO,*” — CaCO,

MICP can be achieved also through nitrate reduction by different strains. Exam-
ples of strains belonging to this group are Pseudomonas denitrificans, Castellaniella
denitrificans, Diaphorobacter nitroreducens or Pseudomonas aeruginosa [218-223].
Denitrifiers have been used for self-healing applications due to their ability to func-
tion under oxygen limited conditions [221], which is a positive aspect to cure deep
crack. In fact in these conditions, denitrifiers can use nitrate (NO5 ) for oxida-
tion of organic carbon and generate HCO,  and CO,*" ions (Equation 2.5), which
further react to generate CaCOj; as discussed above (Equation 2.4).

5HCOO™ +2NO;” — N, + 3HCO,™ +2CO,*” + H,0 (2.5)
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Another positive aspect of nitrate reduction is that it can also lead to the
production of NO, , which is a corrosion inhibitor (Equation 2.6), making the
denitrifiers an optimal solution to counteract corrosion in reinforced concrete [222,
224).

2HCOO™ +2NO,~ + 2H" — 2C0, + 2H,0 + 2NO,~ (2.6)

The use of axenic cultures in which only a single strain is present, hence re-
quiring sterile production conditions, has the drawback of high production costs
[225]. In order to resolve this issue, it was developed a process aimed to obtain
an efficient nonaxenic ureolytic microbial community, starting from a side stream
of vegetable processing [226]. This mixed culture was defined either “Cyclic En-
Riched Ureolytic Powder” (CERUP) or simply Mixed Ureolytic Culture (MUC), it
presented high reduction in the production cost while maintaining MICP properties
similar to that of axenic B. sphaericus and with the additional effect of being able
to protect itself from harsh conditions. A similar concept was developed by Ersan
et al. by cultivating granules called “activated compact denitrifying core” (ACDC)
[223, 227]. ACDC granules were made by denitrifying microbial community pro-
tected by various bacterial partners and it was possible to use them as addition in
cementitious materials without further protection, granting good results in terms
of self-healing properties while presenting also in this case a low cost compared
with axenic cultures. Another example of the use of microbial consortia capable of
MICP and showing good results in terms of healing was developed by Zhang et al.
[228].

Apart the case of self-protected mixed cultures, the direct addition of bacterial
strain to cementitious materials presents several issues. In fact, when bacteria are
used to heal cracks in concrete, the major hindering factor is the high pH, which
may restrict the growth of the bacteria [182]. Moreover, bacteria need to remain
active until the moment when cracks appear. Therefore, in order to be suitable for
autonomous healing applications, bacterial strains need to be able to form spores.
Spores are viable but dormant cells that are able to resist high mechanically and
chemically induced stresses and remain viable for periods up to 50 years. However,
also bacterial spores added directly to the concrete mixture are subjected to a
decrease in lifetime due to the hydration process which causes cell collapse [229].
Therefore, most strains require immobilization of the bacterial cells and protection
from the alkaline environment and the reduction in porosity caused by the hydration
process. For this reason, several protection strategies were studied in order to
introduce in the cementitious matrix both bacteria and the nutrients needed to
allow the carbonate precipitation.

Several protection techniques that were used were already discussed in the pre-
vious sections, such as micro-encapsulation [144, 230, 231], macro-encapsulation
[31, 182] or vascular networks [140].
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Many studies focused on the immobilization of bacterial strains such as B.
sphaericus, B. subtillis, S. pasteurii, D. nitroreducens or B. pseudofirmus and their
nutrients through the impregnation of many types of lightweight aggregates, such
as diatomaceous earth, biochar, metakaolin, expanded clay, expanded perlite, ex-
panded shale, granular activated carbon, ceramsite or zeolite [140, 189, 208, 232—
239]. Also magnetic iron oxide nanoparticles were proposed for the protection of
bacterial healing agents [240, 241].

Mors and Jonkers recently used a lactate derivative, namely polylactic acid
(PLA), to contain bacteria and activation nutrients for self-healing purposes [213,
242]. The effects caused by their addition on the properties of the surrounding
matrix, both in terms of chemical reactions and mechanical properties, are currently
under study [243, 244].

A last protection strategy is represented by the use of biohydrogels, consisting
of hydrophilic polymer gels, that were formed by incorporating a spore suspension
into the polymer solution prior to synthesis [169, 217, 245]. Palin et al. applied
alginate beads for spores encapsulation [165] and this system was proven effective
even in low-temperature marine environments [246], which naturally represent a
challenging environment for the use of bacterial self-healing due to the reduction
of microbial processes at low temperatures.

Several full-scale demonstrator projects were carried out by several universities
using bacterial self-healing cementitious materials.

The research group working at Delft University of Technology realized four full-s-
cale projects situated in different cities of the Netherlands, aimed at demonstrating
the performances of bacteria-based self-healing repair mortar and bacteria-based
self-healing concrete [247]. The two projects regarding the self-healing repair mor-
tar involved the reparation of the concrete cover of damaged steel reinforced con-
crete columns of a chemical plant in Limburg and repair of a cracked and leaking
parking garage basement walls in Groningen. The two projects regarding the self-
-healing concrete involved the construction of a wastewater purification tank made
of precast concrete elements in Limburg and an in situ cast rectangular concrete
water reservoir in Hoogvliet.

The use of Bacillus pseudofirmus DSM 8715 infused into lightweight perlite
aggregate particles, with yeast extract and calcium acetate infused in separate
particles as nutrients, is currently being studied in a large scale application using site
trial panels realized in the United Kingdom by the collaboration of the Universities
of Cardiff, Bath, and Cambridge, in the framework of the EPSRC funded Materials
for Life (M4L) project [140]. A vascular flow network is also provided to supply
additional nutrients at later age.

The use of a bacterial mixture called MUC+, made out of the abovementioned
Mixed Ureolytic Culture together with anaerobic granular bacteria is currently
being studied by Ghent University in a large scale application using the roof slab
of an inspection pit realized in Belgium [248, 249].
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2.5 Conclusions

The main mechanisms and strategies to obtain self-healing cementitious ma-
terials were presented, describing the basic concept for each of these self-healing
techniques and highlighting their advantages and limitations.

First, the autogenous healing of cementitious materials was introduced, which is
the basic phenomenon that grants the intrinsic self-healing ability of cement-based
materials, followed by stimulated autogenous healing that can be obtained through
the use of mineral additions, crystalline admixtures, or polymers. Despite the easy
applicability of these solutions and the fact that many are already being used in
the construction sector also for other purposes, their main limitation is constituted
by the reduced crack widths that can be healed, up to 100-150 pm. Moreover, their
action is often slow and conditioned by the presence of water.

Subsequently, the autonomous self-healing mechanisms were introduced, which
are based on the concept of embedding engineered additions in the cementitious ma-
trix to provide self-healing capabilities. Autonomous self-healing can be obtained
through the application of several encapsulation strategies, namely micro-encapsu-
lation, macro-encapsulation, or vascular networks. Encapsulation allows to provide
a direct delivery of healing agents at the location of crack occurrence. These healing
agents can be polymers, minerals, or bacteria that can allow microbially induced
calcite precipitation. Autonomous self-healing mechanisms make it possible to over-
come the limitations of autogenous healing and to heal cracks widths of 300 pm
or even larger. Moreover, they usually act faster than autogenous healing. On the
other hand, the main limitations of the autonomous self-healing technologies are
constituted by the additional work, measures, and cost to implement them in the
ordinary construction process.

Taking into consideration the advantages and limitations of each self-healing
technique, the macro-encapsulation was selected as the focus of this thesis. This
choice was made due to several benefits offered by this technology. First, the
possibility to provide direct delivery of healing agents at the crack location. While
this is a common aspect in self-healing technologies, the macro-encapsulation also
allows to heal larger crack widths than other strategies, which consents to offer
autonomous repair also in case of cracks that exceed those normally allowed by
Model Codes. Moreover, the healing effect can be achieved in a short time selecting
the appropriate healing agents. Even though the vascular networks could grant the
same advantages, the macro-encapsulation does not present the same complexity in
the arrangements of the networks inside a structural element. In addition, the use
of macro-capsules with a cementitious shell could provide further advantages such
as their inherent compatibility with the surrounding cementitious matrix and the
possibility to use them in the ordinary construction process in a straightforward
manner.
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Chapter 3

Cementitious capsules

The extrusion process of a tailor-made polymer-modified cement paste was de-
veloped at Politecnico di Torino during the project “Dual CEM: Development of self-
-healing cementitious materials with high durability” (2012-2014). The DualCEM
project was financed by Regione Piemonte and was carried out through the cooper-
ation between Politecnico di Torino, as an academic subject, and several companies
as additional Research & Development subjects or end-users (Buzzi Unicem S.p.A.,
NovaRes s.r.l., ARIA s.r.l., Varnish Tech s.r.1., Silvateam S.p.a.). The project aimed
to investigate two key technological factors of a self-healing concrete system: on one
side the efficiency of different healing agents and, on the other side, the potential
of different encapsulation technology approaches [40].

Part of the work described in this chapter has been previously published in:

[250] G. Anglani, P. Antonaci, G. Idone, and J.-M. Tulliani. “Self-healing of cementitious mate-
rials via embedded macro-capsules”. In: Proceedings of the 4th International Conference
on Service Life Design for Infrastructures (SLD4). Ed. by G. Ye, Y. Yuan, C. Romero Ro-
driguez, H. Zhang, and B. Savija. Delft, the Netherlands: RILEM Publications S.A.R.L.,
2018, pp. 385388

[251] G. Anglani, P. Antonaci, J.-M. Tulliani, K. Van Tittelboom, J. Wang, and N. De Belie.
“Self-healing efficiency of cement-based materials containing extruded cementitious hollow
tubes filled with bacterial healing agent”. In: Final Conference of RILEM TC 253-MCI:
Microorganisms-Cementitious Materials Interactions. Ed. by A. Bertron and H. Jonkers.
Toulouse, France: RILEM Publications S.A.R.L., 2018, pp. 425-431

[252] G. Anglani, J.-M. Tulliani, and P. Antonaci. “Behaviour of Pre-Cracked Self-Healing Ce-
mentitious Materials under Static and Cyclic Loading”. Materials 13.5 (2020), p. 1149.
DOI: 10.3390/MA13051149

[253] G. Anglani, T. Van Mullem, X. Zhu, J. Wang, P. Antonaci, N. De Belie, J. M. Tulliani,
and K. Van Tittelboom. “Sealing efficiency of cement-based materials containing extruded
cementitious capsules”. Construction and Building Materials 251 (2020), p. 119039. DOI:
10.1016/j.conbuildmat.2020.119039
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Cementitious capsules

The cementitious hollow tubes (CHTSs) produced with the extrusion process [38—
40] were proven effective in meeting the requirements to obtain effective encapsu-
lation system for self-healing purposes, while presenting an inherent compatibility
between the capsules shell and the cementitious matrix. In fact, the cementitious
tubes were able to protect and release effectively several types of silicate solutions
used as healing agents, they showed a flexural strength comparable to that of ce-
mentitious mortar and they exhibited the ability to survive the mixing process.
Moreover, they offered good performance recovery also in the presence of large
cracks (up 800 pm).

Starting from the positive results obtained in the development of the cementi-
tious capsules technology, the aim was to further improve the technology in order
to allow its use for different manufacturing techniques other than the extrusion and
in order to make it suitable for the encapsulation of highly reactive healing agents,
which require high standards in term of tightness stability. In the following Sec-
tions, the mix designs, manufacturing techniques, coating, and sealing techniques
are described. Moreover, a description of the healing agents that were successfully
encapsulated is provided.

The resulting encapsulation system was later used in the experiments performed
throughout this research study, in order to characterize the performances of the
autonomous self-healing cementitious material realized through its implementation.

3.1 Manufacturing of the shell

3.1.1 Mix design

Cementitious tubular capsules were produced in accordance with previous re-
searches [38—40] using a polymer-modified cement paste, with some modification to
the mix design aimed to further improve the workability of the paste. Hence, the
powder compounds of the paste were:

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

o Calcium carbonate (CaCOj,, Sinopia s.a.s., Italy): added as a superfine ag-
gregate in the mixture. Cement containing limestone demands less water
and exhibits higher early strength [254, 255]. Calcite functions as an active
participant in the hydration process, reducing porosity and permeability of
hardened cement pastes, and as a filler [256]. Therefore, calcium carbonate is
used to increase the stiffness of the cementitious matrix during the extrusion
process, avoiding the collapse of the fresh element.

« Hydroxypropyl methylcellulose (HPMC, Sigma Aldrich, Italy): added to re-
duce segregation amongst the components, to improve homogeneity, workabil-
ity, and the hardened product characteristics [257]. It has a strong influence
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on the structural breakdown and reconstruction phenomena during the ex-
trusion process [258, 259]. Also, HPMC exerts a retarding action on setting
[257].

with the addition also of:

« Metakaolin (MK, halloysite from Applied Minerals Inc., NY, USA, calcined
at 650 °C for 3 hours): MK reacts chemically with hydrating cement to form a
modified paste microstructure, improving workability, mechanical properties,
and durability of the paste [260].

The liquid compounds of the paste were:

¢ Demineralized water.

« Copolymer of ethyl acrylate (EA) and methyl methacrylate (MMA) (Primal
B60A, Sinopia s.a.s., Italy): added to reduce the water to cement ratio, since
its addition enhances the workability of the paste [261, 262]. The better
flow is due to the presence of surfactants in the polymers and the lower
surface tension of polymer molecules. This facilitates a better flow of the
mix at the same water content [261, 262]. Moreover, in the case of air-cured
samples, the strength is enhanced [262]. Besides enhancing strength, polymer
modifications can significantly improve toughness [262]. This is useful to
improve the survivability of the capsules during mechanical mixing.

o Polyethylene glycol (PEG, Sigma Aldrich, Italy): glycol compounds possess
surface-tension reducing properties, consequently they reduce the shrinkage
with a minimal effect on strength [263]. This feature is important since the
amount of aggregates in the mixes is very low.

It was chosen to not use superplasticizer as in the previous works [38, 39].

The compounds quantities followed two mix designs: the first, summarized in
Table 3.1, was used to extrude the capsules used in Chapter 4-5 and required some
adjustment to the workability through small quantities of cement, metakaolin, and
demineralized water during the extrusion procedure, since the process is rather
sensitive to the ambient temperature and relative humidity (RH). The second mix
design, summarized in Table 3.2, was slightly modified with respect to the previous
one in order to accommodate both the extrusion process and the new manufacturing
procedure described in Section 3.1.2. This mix design was used to produce the
capsules used in Chapters 6-8.
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Table 3.1: Mix design 1 of the polymer-modified cement paste.

Cement Water w/c CaCO,; Metakaolin HPMC EA/MMA PEG
(wt%) (wt%) () (wt%) (Wt%) (wt%)  (wt%)  (wt%)
42.5 19.6 0.46 19.6 0.3 0.7 15.7 1.6

Table 3.2: Mix design 2 of the polymer-modified cement paste.

Cement Water w/c CaCO,; Metakaolin HPMC EA/MMA PEG
(wt%) (wt%) () (wt%) (Wt%) (wt%)  (wt%)  (wt%)
46.2 128 028 213 0.3 0.7 17.0 1.7

3.1.2 Manufacturing techniques

In order to produce the polymer-modified paste, first all solid compounds were
manually mixed, while all liquid compounds were separately mixed together with an
overhead stirrer (RW 20, IKA, Staufen, Germany). Then, the mixed powder com-
pounds were added progressively to the homogeneously mixed liquid compounds.

The fresh polymer-modified cement paste was used to produce cementitious
tubes according to two different manufacturing processes.

In the first manufacturing process, already used in previous works [38, 39], the
fresh cement paste was manually extruded (Figure 3.1a) using a low-cost device
normally used to prepare fresh homemade pasta (Regina Wellness, Marcato, Italy).
The device is composed of a screw extruder having a cylindrical barrel 130 mm long
with a diameter equal to 40 mm and replaceable nozzles. The used nozzle allowed
to obtain ridged tubes of variable length with a hollow ovoid cross section (external
diameter of 10 mm and internal diameter of 7.5 mm). The ovoid cross section is
due to the setting of the paste under its own weight.

They were left for 7 days in a moist environment (with temperature T =~ 20
°C and relative humidity (RH) >95%) and subsequently in air (T ~ 20 °C, RH =~
60%) for complete curing over 28 days, since it is reported in the literature that
water curing degrades the mechanical strength of polymer-modified cementitious
mortars [262]. The obtained cementitious tubes can be further cut with a saw into
smaller tubes of the desired length (Figure 3.2a).

In the second manufacturing process, the fresh cement paste was rolled around
an oiled bar with a circular cross section of the desired diameter, until obtaining
a smooth cementitious tube with a shell thickness of approximately 1.5 mm (Fig-
ure 3.1b). The bar was removed only after setting and first hardening of the cement
paste, i.e., after 24 hours storage in a moist environment with T ~ 20 °C and RH
> 95%. This allowed to keep a perfectly cylindrical shape of the tubes, unlike the
extruded ones in which deformation of the cross section occurred during the first
stages of curing because of their own weight. The total duration of curing in moist
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Figure 3.1: Manufacturing techniques used to produce the cementitious tubes: (a)
extrusion (b) rolling.

(a) (b)

Figure 3.2: Cementitious tubular shells produced by extrusion (a) and by rolling

(b).

environment was of 7 days, after which curing was completed in air (T ~ 20 °C,
RH =~ 60%) over 28 days for the motivation reported above. Also in this case,
the tubes can be further cut with a saw into smaller portions of the desired length
(Figure 3.2b).
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(a)

Figure 3.3: Premature reaction of the polyurethane core in capsules coated with
sodium silicate: (a) inside the capsule; (b) embedded in a cement mortar.

3.2 Coating and sealing

In order to obtain waterproof capsules able to protect the healing agents, the
surfaces of the cementitious tubes must be further coated. The application of
the coating is necessary because the cement paste cannot guarantee a sufficient
protection, since the water is a small molecule that can diffuse through the acrylic
macromolecules network of the polymer-modified cement paste and, thus, can enter
the shell compromising the healing agent. Similarly, the healing agents could leak
from the shell. The coating material must possess an adequate viscosity to be
applied and create a film that is brittle and resistant in an alkaline environment. In
the previous works [38, 39], sodium silicate and polyester resin cured in the presence
of 2% of methyl-ethyl ketone peroxide was used successfully to obtain cementitious
capsules capable of protecting different types of silicate solutions as healing agent.
However, the sodium silicate coating was proven not effective when using highly
reactive healing agents, such as polyurethane precursors (Section 3.4.2). These
types of healing agents are highly moisture-reactive and, when encapsulated in
cementitious capsules coated with sodium silicate, they reacted prematurely in
the capsules, especially when embedded in the moist cementitious environment
(Figure 3.3).

In order to overcome this issue, it was decided to move from sodium silicate
coating to epoxy coating, which has been demonstrated to be one of the most
effective materials to guarantee high standard of sealing and waterproofing [28,
262, 264, 265].

First, a layer of a two-component epoxy primer (Primer AQ, API SpA, Italy)
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Figure 3.4: Premature reaction of the polyurethane core in capsules coated with
epoxy resin and sealed with methyl methacrylate glue: (a) capsules after sealing;
(b-¢) premature reaction of the core when embedded in a cement mortar.

was applied by complete immersion of the tubes to prepare the surfaces of the
tubes. Subsequently, a coating layer was applied by using a two-component epoxy
resin (Plastigel, API SpA, Italy). This layer (thickness &~ 1 mm) was applied in two
ways to the tubes, thus obtaining two types of capsules’ shells presenting either an:

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.

Other than the coating, also the sealing of the capsules end must guarantee the
correct tightness of the capsules. Again, the wax sealing used in previous works [38,
39] was found effective to seal capsules containing silicate solutions but not highly
reactive polyurethane precursors. The same can be said when methyl methacrylate
glue was selected (Schnellklebstoff X60, HBM, Germany) for its rapid curing time
and used to seal the capsules coated with epoxy resin, as it can be seen in Figure 3.4.

Also in this case it was decided to an epoxy sealing, namely an epoxy-based two-
component thixotropic plaster (Stucco K, API SpA, Italy) which was subsequently
coated with the epoxy used for the coating.

In order to produce the cementitious macro-capsules, one end of the coated
tube (either internally or externally), was sealed using the epoxy-based plaster and
subsequently coated with Plastigel. At this stage, the healing agents were injected
with a syringe until complete filling and taking care to limit the amount of entrained
air. Finally, the second end of the tube was sealed in the same way as the other,

31



Cementitious capsules

(b) ()

Figure 3.5: Cementitious capsules after coating, filling, and sealing: (a) extruded
capsules with internal epoxy coating; (b) extruded capsules with external epoxy
coating; (c) rolled capsules with internal epoxy coating.

(b)

Figure 3.6: Cementitious capsules coupled to encapsulate two-component healing
agents, before and after filling and sealing: (a) extruded capsules with internal
epoxy coating; (b) extruded capsules with external epoxy coating.

eventually generating a cementitious tubular capsule. In some cases, both ends or
the entire length of the capsules were covered with sand in order to improve their
bonding with the surrounding matrix.

Figure 3.5 shows an example of the capsules with their different types of coatings
and their cross sections.

In order to make the capsules suitable to encapsulate two-component healing
agents (e.g. the bacterial healing agent described in Section 3.4.3), some coated
tubes were glued together with cyanoacrylate before filling and sealing (Figure 3.6).
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3.3 Resistance to mixing procedure

One of the most challenging issues posed by encapsulation is to find capsules
which can be added to fresh concrete during mixing, making them able to withstand
the mechanical action of the mixing process, while at the same time being able to be
ruptured upon crack occurrence. This is a feature that would be highly beneficial,
since capsules could be used in the same way as aggregates and admixtures by
adding them during mixing, making them compatible with field practice and the
industrial production of concrete.

Most of the existing studies had been performed on proof-of-concept, small scale
specimens, using pre-placed capsules and careful molding of specimens [37], mainly
using glass capsules. The likeliness that these stay intact during mixing is low
unless proper additional precautions are taken [27, 28, 35-37]. For example, Van
Tittelboom et al. [35] tried protecting the capsules by embedding them in thicker
cement paste bars, but still they did not resist mechanical mixing. Regarding the
possibility of using glass capsules during the mixing process, Feiteira [37] showed
that this can be obtained by increasing the thicker of the shell (0.80-1.5 mm).
Other authors have attempted to develop polymeric capsules, trying also to obtain
switchable mechanical properties, so that they could resist the mixing forces while
breaking upon crack formation [27, 28, 36].

In order to test the resistance to mixing procedure, cementitious capsules were
produced using the rolling procedure (Section 3.1.2). An internal diameter of 12
mm was used and the tubes were cut to a length of 20 mm (Figure 3.7a). These
dimensions were selected in order to make the tubes similar to aggregates, having in
mind the idea of developing a sort of enhanced aggregate. For the sake of simplicity,
the epoxy coating was realized by immersion, obtaining tubes with both an internal
and external diameter (Figures 3.7b, 3.7c). The capsules were sealed with epoxy
using the same procedures described in Section 3.2 and filled with red food dye, in
order to detect its release in case of capsule breakage. Finally, the capsules were
rolled in sand (Figure 3.7d).

The resistance of the cementitious capsules was tested by directly adding 24
capsules to the fresh concrete (maximum aggregate equal to 8 mm) in the electrical
mixer (Figure 3.8a). After some minutes of mixing, water was added to dilute the
mixture before casting it into a large plastic container under the mixer (Figure 3.8b).

Then, the capsules were manually searched in order to retrieve them and count-
ing the intact and broken capsules. The survival rate under mixing was defined as
the ratio between the intact capsules and the total number of capsules. Extremely
positive results were obtained, since all 24 capsules were retrieved intact in the
mixture (Figure 3.9), representing a 100% survival rate and the confirmation of
the suitability of this configuration of cementitious capsules to be used as addition
during the mixing process.
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Figure 3.7: Cementitious capsules used to test the resistance to mixing: (a) cemen-
titious shell; (b) preparation of the surface with epoxy primer; (c) epoxy coating;
(d) capsules after filling, sealing and rolling in the sand.

3.4 Healing agents

The healing agent needs to fulfill several requirements in order to be suitable for
application in self-healing concrete. They should present an adequate viscosity and
thixotropy. The viscosity should not be too high in order to be able to easily flow
out of the capsules and inside the cracks, but at the same time not too low since
this could cause leakage of the agent out of the crack or absorption of by the cement
matrix. The healing agent should not react too fast upon crack occurrence so that it
has the time to flow into the crack before hardening, but fast enough to physically
block the crack against penetration of aggressive substances as soon as possible.
Moreover, healing agents should be able to remain stable in the capsules until the
moment of crack appearance [15]. Finally, also the mechanical properties of the
healing agent are very important. The agent should be flexible enough to follow
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Figure 3.8: Resistance to mixing test: (a) capsules inside the mixer; (b) mix poured
in a plastic container in order to retrieve intact and broken capsules.

Figure 3.9: Intact capsules after the concrete mixing.

crack movements [37], especially when cracks are expected to open and close due
to dynamic loading. Moreover, it is very important to have an adequate adhesive
bond strength between the healing agent and the cementitious matrix and that
the bond properties remain stable over time, especially in presence of degradation
mechanisms such as freeze and thaw cycles, frost scaling, or thermal gradients.

In the following, the main features of the healing agents used throughout this
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research study are presented, chosen from the main types commonly used for self-
-sealing applications (minerals, polymers, and bacteria).

3.4.1 Mineral healing agents
Sodium silicate

Sodium silicate solution (Na,O 10.6 wt%, SiO, 26.5 wt%, and H,O 62.9 wt%,
Sigma Aldrich, Italy) was selected considering its low dynamic viscosity (0.141 Pa-s)
and its good compatibility with cementitious materials.

Several researchers investigated the application of liquid silicate solutions as
mono-component healing agents, such as sodium silicate solution [38, 39, 143, 170,
171, 173, 188] or potassium silicate solution [38, 39]. These healing agents react
with the cementitious matrix and promising results were achieved in terms of regain
of mechanical properties of a cracked specimen after a healing period. However,
their reaction with the cementitious matrix and their healing mechanism show some
complexity because these reactions do not develop in a stoichiometrically controlled
environment.

Within the cement and concrete industry, soluble silicates, in particular sodium
silicate also known as “waterglass”, have different uses.

They are used as integral admixtures for construction. An excellent example
of this use is shotcreting, raising the pH hence further accelerating hydration and
significantly decreasing set time [266].

Another possible use is their incorporation into cementitious waste forms. These
stabilization systems are used with a wide range of hazardous materials from heavy
metals, organic to nuclear wastes. The objectives of these solidification and sta-
bilization systems are to eliminate all free liquids, improve handling and physical
properties of the wastes, reduce mobility, toxicity, and leachability of the hazardous
components [266].

They serve also as moisture reducers in the wet kiln process of clinker produc-
tion [267], as binder for cold consolidation of silica-based aggregates [268], as soil
stabilizers [269, 270] or for innovative alkali-activated materials [6, 271, 272].

Finally, one of the foremost uses of soluble sodium silicate is as a concrete sealer.
Unlike other sealants, which either repel water (e.g., silanes, silicones, stearates)
or function as a physical barrier coating (e.g., epoxies, polyesters, vinyls), soluble
silicate sinks into the concrete surface and, theoretically, reacts with portlandite
to form C—S—H gel. As a result, the surface has enhanced properties such as
decreased permeability, increased hardness, and overall increased durability [267].
In literature, various authors agree that silicate-based concrete sealants do not offer
a complete waterproofing protection, but more a densifying action that reduces
the porosity of the concrete. Therefore, silicate solutions are generally viewed as
pore-blockers.
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Sodium silicate is unique in that it can undergo different chemical reactions.
For concrete applications, that represent a well-known alkaline environment, it
is possible to consider negligible the gelation/polymerization reactions that occur
rapidly when the pH of liquid silicate falls below 10.7 and silicate species begin
crosslinking to form polymers [273]. Despite the degree of water resistance of the
bond formed by the polymerized silicate, it is not desirable for self-healing concrete
purposes due to its low strength.

The exact mechanisms by which the silicates act to improve the performance
of concretes is unclear. One argument is that sodium silicates are effective and
efficient sealers because SiO, precipitates in the pores [274]. Another theory is
that the active silicates react with excess portlandite (Ca(OH),) or calcium hy-
droxide (CH) near the concrete surface to yield relatively insoluble calcium silicate
hydrates (C—S—H gels). The reaction of silicate-based compound in concrete can
be described, as reported in literature [267, 275-277], by the following chemical
equation (3.1):

Na,SiO5 + y H,O + 2 Ca(OH), — 2 Ca0-Si0,-y H,O + 2 NaOH (3.1)

A third standpoint is that the silicates form an expansive gel similar to that
formed during alkali silicate reactions to fill the concrete voids by swelling [267,
277).

Various authors agree that the main mechanism of self-healing by sodium silicate
solution is the reaction with calcium hydroxide in excess, that is a product of cement
hydration, to form C—S—H gels, a binding material natural to concrete [39, 170,
171], as reported in Equation (3.1). Calcium silicate hydrate is the main product
of the hydration of Portland cement and is primarily responsible for the strength
in cement-based materials, due to the dense network of its microcrystals [278].

Another formulation of the relevant chemical reactions is shown below [171]:

Na,-SiO, + Ca(OH), — x (Ca0-Si0O,)-H,0 + Na,O (3.2)
z (Ca0-5i0,)-H,0 + Na,O 4+ CO, — CaCO4 + SiO, + 2NaOH (3.3)

In the first reaction (Equation (3.2)) is considered that the product forms
rapidly, while the second reaction (Equation (3.3)) is based on a much longer
time scale (years). Also sodium-silica-hydrate (N—S—H) is observed in concrete
as a result of the reaction between sodium hydroxide and silica [279]. N—S—H is
thought to be analogous to C—S—H but has not been well characterized. While the
long-term products initiated by the presence of sodium silicate can still be helpful
to the integrity of the concrete, it is the newly formed C—S—H gel that will act
as a binder and healer in cracks and pores, bridging the gaps in the material and
ultimately improving its strength [171].
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Moreover, by reacting and reducing the amount of available calcium hydrox-
ide, silicate solutions further improve the acid and sulfate resistance of concrete.
Calcium hydroxide tends to crystallize as hexagonal platelets near the cement
paste/aggregate interface, resulting in poorly packed and weak areas with high
propensity to chemical attacks. Thus, its consumption by sodium silicate is not
only beneficial in terms of filling in porosity and cracks with C—S—H gel, reduc-
ing the permeability, increasing the hardness and strength of concrete, but also
increasing the concrete resistance to acid and other chemical attacks [276].

Another key observation concerning the improved durability that was found in
literature [171] is a significant retardation in steel corrosion in samples containing
capsules filled with sodium silicate solutions. Two mechanisms for corrosion inhibi-
tion were proposed. The first involves the formation of a passive layer to protect
the metal. In the second, the ruptured capsule would fill the cracks and reduce
porosity and interconnectivity to decrease the solution of sodium chloride imbibi-
tion rate. The solution was used to represent the ingress of chlorides to the steel
reinforcement bars in concrete.

Some authors conducted ESEM observations and EDS tests on samples with
capsules filled with sodium silicate solutions [170]. ESEM images of self-healing
behaviors in cracks obviously showed solid phases. Some microcracks form in the
healing products during the vacuuming. From EDS analysis, the main chemical
elements of the healing products are Si, O, Ca, and Na. What should be mentioned
is that there is no Ca in the sodium silicate solution. Since soluble silicates react
almost instantaneously with multivalent metal cations to form the corresponding
insoluble metal silicate, the chemical element Ca in the healing products reveals
that the calcium cations from the matrix react with the sodium silicate solution
and thus the C-S—H is formed in the cracks. However, there are not sufficient cal-
cium cations to replace all the sodium cations in the solution. The still available
sodium silicate crystallizes when the water of the solution evaporates or transports
into the matrixes. As water is removed from liquid silicate, the silicate undergoes
the dehydration reaction and progressively becomes tackier and more viscous. The
removal of a relatively small amount of water will render the liquid silicate a glassy
film [273] with a brittle and fragile nature. Therefore, it can be concluded that
the healing products in the cracks are the composites of C—S—-H and sodium sili-
cate. The fraction of crystallized sodium silicate in the healing products rises with
increasing the concentration of sodium silicate solution and the high fraction of
crystallized sodium silicate is able to increase the possibility of propagation of new
microcracks in the healing products, which show negative effects on the durability
and the recovery of mechanical properties.

The interaction between cement matrix and the sodium silicate solution was
investigated during the evolution of the repair through ultrasonic methods [280—
282], which highlighted different time scales for the recovery of the linear and the
nonlinear elastic properties, further confirming the presence of different ongoing
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Figure 3.10: Production of silane [283].

mechanisms (i.e. the crystallization of the sodium silicate inside the crack and its
reactions with the surrounding matrix).

Water repellent agent

The second healing agent from the mineral group 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 99% active compounds,
with an approximate viscosity of 9 mm?/s at 25 °C. The water repellent agent
(WRA) cures upon penetration in the substrates through chemical reactions that
form covalent bonds with the minerals naturally present in the substrate.

In Figure 3.10, the production route of silanes is summarized.

A silane-based agent carries hydrophobic alkyl chains and hydrophilic Si—OCHj,
groups. The hydrophobicity mainly depends on the length of the alkyl group.
When applied to a substrate, the alkoxy groups of these products react with water
or humidity to form a non-stable silanol intermediate which will spontaneously
polycondensate to form a hydrophobic film (Figure 3.11). As such, the reactive
OH-groups from the silanols can form irreversible bonds with the mineral substrate
[283].

The product is commonly used in the construction sector as a water-repellent
penetrating sealer for hydrophobic treatment of concrete and cementitious sub-
strates [9, 284-286] and was used also for the treatment of natural fibers to be used
in the construction sector [287-289]. This product has been also tested before for
its efficiency for self-healing cementitious materials based on encapsulated systems
[15, 17, 28, 183]. It is important to point out that the WRA is mainly absorbed by
the cementitious 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 healing
mechanism, working mainly on the reduction of the water absorption.

3.4.2 Polymeric healing agents

Polyurethane (PU) precursors have been extensively investigated as possible
core agents because of their ability to polymerize rapidly in the presence of humidity.
Their ability to restore good water impermeability performances has been widely
established in literature [21, 26, 29, 30, 33-35, 37, 179]. In addition, their capability
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Figure 3.11: Reaction of a silane with a substrate surface [15].

to provide also a mechanical recovery has been highlighted in few studies, mostly
under static conditions [26, 29, 32, 37], but also under repeated cracking and healing
cycles[29, 37, 181] and cyclic flexural loading [37, 180].

Polyurethanes are sometimes also called “isocyanate polymers” and are charac-
terized by the urethane linkage. The urethane linkages can be produced in polymers
by several different routes, which the most common ones are through reactions of
the isocyanate groups with compounds bearing hydroxyl groups, such as glycols,
dihydroxy-terminated polyethers or polyesters, and others [290].

An example of the reaction between methylene diphenyl diisocyanate (MDI)
and a polyether polyol to form a polyurethane precursor is reported in Figure 3.12.

The polyurethane precursors have an excess of isocyanate groups that can
cross-link with atmospheric moisture to form insoluble polyurethane. This process
is also called the curing of the polyurethane. In the case of polyurethane foams,
which are the case of the selected healing agents, gas evolution during the reactions
take place simultaneously with chain lengthening and cross-linking, resulting in the
formation of cellular structures. The degree of cross-linking determines to a great
extent the rigidity of the foam: linear or only slightly branched polymers produce
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Figure 3.12: Chemical reaction between a MDI and a diol to form a polyurethane
precursor [15].

flexible foams, while more highly branched polymers form rigid ones [290]. The
healing agents react upon contact with moisture in the matrix and the reaction
causes foaming due to the release of CO, which causes expansion of the healing
agent inside the crack (Equation 3.4).

R-NCO + H,0 ——~ R-NH, + CO,
R-NH, + R-NCO —- R-NH-CO-NH-R

Two polyurethane precursors yielding to polyurethane foams upon contact with
moisture were selected for this research study and described below.

(3.4)

Highly expansive polyurethane precursor (Carbostop U)

The first polymeric healing agent was a commercially available polyurethane
precursor (CarboStop U, Minova CarboTech GmbH Branch Italy, Milan, Italy). It
is a single-component resin that consists of modified polyisocyanates with additives
that rapidly cures by reaction with ambient water yielding a polyurethane/polyurea
foam. The precursor is free of chlorofluorocarbons (CFCs) and phthalate plasticiz-
ers. Its expansion rate depends on the backpressure exerted by the propagation of
the resin into the structure to be sealed: wide cracks result in a high foaming factor,
while narrow cracks in a low expansion rate and higher strength. At 25 °C and in
presence of 10% of water, it starts foaming in (20+5) seconds and end foaming in
(120+15) seconds. The polyurethane precursor is characterized by high expansion
rate, with a foam factor in the range of 30-60, measured on the free rise of the
precursor mixed with the addition of 10% water to the freshly prepared blend. In
Figure 3.13 it is shown an example of the free rise of the polyurethane foam after
contact of the precursor with water.

Its viscosity range at 25 °C is 270-1,000 mPa-s. The product is commonly used
in the construction sector for stopping water inflow, water ingress in cracks, and
sealing of tunnel construction or of drill holes.
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(a) (b)

Figure 3.13: Free rise of the polyurethane foam obtained after 24 hours of curing
in air: (a) water added to the precursor and mixed (1:1 ratio); (b) water added to
the precursor without mixing (1:1 ratio)

Low viscosity polyurethane precursor (HA Flex SLV AF)

The second healing agent was a commercially available polyurethane precur-
sor (HA Flex SLV AF, De Neef Conchem, Belgium). It is a 1-component methy-
lene 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 mPa-s at 25 °C, which makes it
characterized by its low viscosity among the studied polymeric healing agents. The
healing agent is free of volatile organic compounds, does not contain catalysts or
any water-soluble products.

The product is commonly used in the construction sector for grouting joints or
stopping water leaks in concrete structures, which are subject to settlement and
movement, and for stopping water leaks through joints between tunnel segments.
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This PU precursor cures upon contact with moisture to a tough, flexible, closed-
cell polyurethane foam. The expansion rate, which is the volume of finished foam
divided by the initial volume of precursor, ranges between 12 and 18, depending on
temperature and the amount of accelerator if present. This product has been tested
before for its efficiency for self-healing cementitious materials based on encapsulated
systems [15, 29, 30, 34, 37, 179-181].

3.4.3 Bacterial healing agents
Ureolytic bacterial strain (Bacillus Sphaericus)

Bacterially induced calcium carbonate (CaCQOj) precipitation has been widely
proposed as environmentally-friendly repairing agent due to its inherent compati-
bility with the cementitious matrix. Gollapudi et al. [201] were the first that, in
1995, introduced this novel biological crack repair technique.

Microbial CaCQOj4 precipitation can be caused by different metabolic pathways
among which the hydrolysis of urea. The precipitation is determined by several fac-
tors: the concentration of dissolved inorganic carbon, the pH and the concentration
of calcium ions are provided by the metabolism of the bacteria, and the presence
of nucleation sites which are constituted by the cell wall of the bacteria [291].

The advantage of urea hydrolysis is that this process is easily regulated and
the process results in the production of large amounts of CaCO; in a short time
span [182]. According to literature [202], ureolytic micro-organisms produce urease
which catalyzes the hydrolysis of urea (CO(NH,),) into ammonium (NH,%) and
carbonate (CO,*). First, 1 mole of urea is hydrolyzed intracellular to 1 mole
of carbamate and 1 mole of ammonia (Equation 3.5). Carbamate spontaneously
hydrolyzes to form additionally 1 mole of ammonia and carbonic acid (Equation
3.6). These products subsequently form 1 mole of bicarbonate and 2 moles of
ammonium and hydroxide ions (Equations 3.7, 3.8). The last 2 reactions give rise
to a pH increase, which in turn shifts the bicarbonate equilibrium, resulting in the
formation of carbonate ions (Equation 3.9).

CO(NH,), + H,O — NH,COOH + NH,
NH,COOH + H,0 — NH, + H,CO,
H,CO, —— HCO,” +HT

2NH; + 2H,0 «—— 2NH," +20H"
HCO; + H" +2NH,* +20H™ «— CO,*” +2NH," + 2H,0 (3.

N /N /N o/~
W w W w
0 ~1 O

5)
.0)
7)
8)
9)

Since the cell wall of the bacteria is negatively charged, the bacteria draw cations
from the environment, including calcium ions (Ca*"), to deposit on their cell sur-
face. The Ca*" ions subsequently react with the C0327 ions, leading to the precipi-
tation of CaCO, at the cell surface that serves as a nucleation site (Equations 3.10,
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3.11).

Ca’" + Cell — Cell—Ca*" (3.10)
Cell-Ca*" + CO;*” —— Cell—CaCO, (3.11)

Microbial CaCOj, precipitation was successfully used for the consolidation of
sand columns [201] or the surface treatment of limestone [202] and concrete [203].
In 2007, Jonkers and Schlangen [204] started to investigate the possibility to use
bacterial CaCQ, for autonomous crack healing, consequently providing all necessary
components within the cementitious matrix.

When bacteria are used to heal cracks in concrete, the major hindering factor
is the high pH, which may restrict the growth of the bacteria [182]. Moreover,
bacteria need to remain active until the moment when cracks appear. Therefore, in
order to be suitable for autonomous healing applications, bacterial strains need to
be able to form spores. Spores are viable but dormant cells that are able to resist
high mechanically and chemically induced stresses and remain viable for periods up
to 50 years. However, also bacterial spores added directly to the concrete mixture
are subjected to a decrease in lifetime due to the hydration process which causes
cell collapse [229]. Therefore, most strains require immobilization of the bacterial
cells and protection from the alkaline environment and the reduction in porosity
caused by the hydration process. For this reason, encapsulation is necessary.

The bacterial healing agent used in this research study consists of an ureolytic
bacterial strain, namely Bacillus Sphaericus (Bacillus sphaericus LMG 22257, Bel-
gian coordinated collection of microorganisms, Ghent), coupled with a suitable
deposition medium, referred to as DM, in order to allow the hydrolysis of urea.
The sealing promoted by the microbially CaCO; needs some time and it is ob-
tained through the activation of the bacteria with water. This strain has a high
urease activity (40 mM urea hydrolyzed. OD;h;), long survival time, and can
produce CaCOjy in a simple and controllable way [31]. Bacterial cells were used as
a first proof of their compatibility with the extruded cementitious capsules instead
of spores. 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 pm 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 109 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 of
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the cementitious matrix, following previous works [31, 182], the BS was mixed be-
fore encapsulation (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(NO;), -4 H,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 which were coupled as explained in Section 3.2.

3.5 Conclusions

The manufacturing of the cementitious shell of the capsules was made possible
through the development of a polymer-modified cement paste, which allowed the
shaping of cementitious tubes that can be cut at different lengths. Two manufactur-
ing techniques were investigated in order to shape the tubes. The first was based
on an extrusion process, which allowed to obtain ridged tubes with an ovoid hollow
cross section. The ridged surface has the potential to increase the bond between
the capsule and the surrounding matrix. However, the setting of the paste under
its own weight causes a variability in the dimensions of the cross section of the
capsules. The second manufacturing technique was based on the manual shaping
of the tubes by rolling the polymer-modified cement paste around an oiled bar with
a circular cross section of the desired diameter. In this way, the setting of the paste
on the bar allows to obtain a higher control over the dimensions of the cross section.
Both procedures were manually realized in the laboratory but have good potential
to be scaled-up through the use of industrial procedures.

Another aspect of paramount importance to obtain an efficient encapsulation
system was the coating and subsequent sealing of the capsules. Epoxy resin was
selected after several unsuccessful trials to encapsulate highly moisture-reactive
healing agents, which could easily react prematurely inside the capsules if the lat-
ter do not present high standards of waterproofing and tightness. Two types of
coating procedures were studied in order to cover the shell either externally or in-
ternally. The external coating procedure allows to isolate both the core and the
cementitious shell. On the other hand, the internal coating allows to protect the
core while maintaining the contact between the cement matrix and the cementitious
shell, which are inherently compatible. The proper functioning of the two different
coating procedures and their effect on the healing agents’ protection and release is
further studied in Chapters 4 and 5. Finally, epoxy was also successfully used to
seal the capsules ends.

The capsules produced in accordance to the above-mentioned procedures al-
lowed to encapsulate several healing agents from the main types commonly used
for self-healing encapsulated systems, namely minerals (sodium silicate solutions
and water repellent agents), polymers (two highly moisture-reactive polyurethane
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precursors), and bacteria (alkali-tolerant ureolytic bacterial strain Bacillus Sphaer-
icus). Moreover, the system was proven effective in resisting the mixing procedure.
This characteristic, combined with their inherent compatibility with the cemen-
titious matrix and the easy customization of the capsules size and shape, makes
cementitious capsules equivalent to enhanced aggregates that can be perspectively
used in the ordinary construction processes.
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Chapter 4

Preliminary study on the
compatibility between
cementitious capsule and healing
agents

The research activities described in this chapter concern preliminary studies
conducted on the compatibility of the cementitious capsules produced with the new
mix design, coating, and sealing procedures with various types of healing agents.

For reasons of continuity with the previous studies on the extruded cementitious
capsules [38, 39], a sodium silicate solution was selected from the mineral healing
agent type in order to test the compatibility of the capsules with very low viscosity
healing agents, which can easily flow out from capsules without the necessary wa-
terproofing. The expansive polyurethane precursor was selected from the polymer
healing agent type in order to test the compatibility of the capsules with highly
moisture-reactive healing agents, which is a challenging issue for the encapsulation

Part of the work described in this chapter has been previously published in:

[250] G. Anglani, P. Antonaci, G. Idone, and J.-M. Tulliani. “Self-healing of cementitious mate-
rials via embedded macro-capsules”. In: Proceedings of the 4th International Conference
on Service Life Design for Infrastructures (SLD/). Ed. by G. Ye, Y. Yuan, C. Romero Ro-
driguez, H. Zhang, and B. Savija. Delft, the Netherlands: RILEM Publications S.A.R.L.,
2018, pp. 385-388

[251] G. Anglani, P. Antonaci, J.-M. Tulliani, K. Van Tittelboom, J. Wang, and N. De Belie.
“Self-healing efficiency of cement-based materials containing extruded cementitious hollow
tubes filled with bacterial healing agent”. In: Final Conference of RILEM TC 253-MCI:
Microorganisms-Cementitious Materials Interactions. Ed. by A. Bertron and H. Jonkers.
Toulouse, France: RILEM Publications S.A.R.L., 2018, pp. 425431

47



Preliminary study on the compatibility between cementitious capsule and healing agents

system. In fact, while for the low viscosity healing agents the problem is the leak-
age of the agent from the capsule, in this case the main issue is to prevent the
ingress of moisture that could cause a premature reaction of the agent inside the
capsule. Finally, a bacterial strain was selected in order to test the compatibility
of the cementitious capsules with this type of bio-based healing agents and in order
to assess the positive effect of the addition of the bacterial strain to its carrier (i.e.
a silica solution), which could cause healing effects also in absence of the strain.
Moreover, the different curing condition effect on the efficiency was investigated.

These tests are considered as preliminary studies mainly due to the small num-
ber of specimens on which they were performed, not allowing to have statistically
significant results, but provided indications for the further investigation described
in this thesis.

4.1 Compatibility with mineral and polymeric heal-
ing agents

4.1.1 Mortar prisms

Mortar prisms (40 mm x 40 mm x 160 mm) were made by using ordinary
Portland cement CEM 1 52.5 N, tap water, and normalized sand (0-2 mm grading),
with a water to cement ratio of 0.5 and a sand to cement ratio of 3, in accordance
with the standard UNI EN 196-1.

Extruded cementitious macro-capsules, produced as described in Chapter 3 (Mix
design 1) were produced to carry the healing agents, namely the sodium silicate
solution (Na,O 10.6 wt%, SiO, 26.5 wt%, and H,O 62.9 wt%, Sigma Aldrich, Italy)
and the highly expansive polyurethane precursor (CarboStop U, Orica) described
respectively in Section 3.4.1 and 3.4.2. The capsules had a length of 5 cm, were
externally coated (Section 3.2), and were rolled into sand all along their length
to improve the bonding with the surrounding mortar matrix. The capsules were
manually embedded in the middle of the specimens during casting, without any
additional device to fix their position. Both self-healing mortar prisms, either with
the encapsulated sodium silicate solution (SSL series) or the highly expansive poly-
urethane precursor (EPU series), and reference mortars prisms without capsules
(REF series), were produced. Upon casting, specimens were covered with plastic
foils. After 24 hours, specimens were demolded and stored in water for 28 days,
a curing condition representing a hard challenge for the stability of the capsules,
especially those containing the highly reactive PU precursor.
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Figure 4.1: Visual observation of the leakage of the polyurethane precursor, causing
the formation of hardened polyurethane foam.

4.1.2 Crack creation and curing

At an age of 28 days, a discrete crack was created in the middle of the spec-
imens by a three-point bending test, using a 250 kN closed-loop servo-controlled
hydraulic press (MTS Systems Corporation, USA) in crack mouth opening displace-
ment (CMOD) control mode, with a constant rate of 1.5 pm/s and a loading span
of 100 mm. Tests were performed at room temperature (= 23 °C). A clip-on gauge
was used to measure the displacement at the notch during loading, limiting the
crack mouth aperture to 800 pm. A U-shaped notch was created a day before
cracking by wet saw-cutting, measuring 4 mm in width and 5 mm in height.

During the cracking process, it was possible to observe the leakage of the healing
agents from the cracked specimens, especially in the case of the EPU series were
the yellow foam formation was clearly visible from the crack mouth (see Figure 4.1)
apart one case (specimen EPU_4).

Figure 4.2 shows some of the load versus CMOD curves recorded during the
crack creation for the different series.

It should be pointed out that during the crack creation, the presence of the
cementitious capsules did not have a substantial detrimental effect on the peak
load that the specimens could withstand. Furthermore, the capsule breakage was
accompanied by an audible sound and could be related to the observed drop in
loads that happened for CMOD lower than 250 pm (Figure 4.2). As for the leakage
of PU foam, no load drops were detected for the specimen EPU_ 4.

To allow proper curing of the healing agents, all specimens were stored in
the lab at about 20 °C before testing for mechanical regain and water permeabil-
ity /absorption, for a time well beyond the curing time of the healing agents: 5 weeks
for the sodium silicate and 10 days for the polyurethane (which has a foaming time
lower than 5 minutes with 10% of water respect with its volume).
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Figure 4.2: Load versus CMOD curves during the pre-cracking for the different
series.

4.1.3 Evaluation of the healing process
Mechanical recovery

After the curing of the healing agents, specimens from each series were stati-
cally reloaded following the same procedure used for pre-cracking. This allowed to
evaluate the mechanical recovery through a load recovery index (LRI) [19, 26, 38,
39, 57, 92] as described in Chapter 6. The LRI was expressed as a function of the
maximum load-bearing capacity of the specimens during pre-cracking (Lpeqr) and
reloading (L eoaq) and as a function of the residual load-bearing capacity at the
end of pre-cracking (Lynioaq). Its definition is reported in Equation (4.1):

Lreoa _Lunoa
LRI(%) = —reloed toad (4.1)

)
Lpeak - Lunload

Figure 4.3 shows the load versus CMOD curves recorded during the pre-cracking
and the static reloading for the different series.

Good and repeatable results were obtained on the reloaded specimens. The
specimen EPU_ 4 which did not show any PU release did not show any recovery,
as it was expected. The average LRI of the self-healing specimens were (39 =+
10)% for the six specimens of the SSL series and (42 4+ 14)% for the five specimens
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Figure 4.3: Load versus CMOD curves during the pre-cracking (dashed line) and
the subsequent static reloading (continuous line) for the different series.

of the EPU series, while the reference plain mortar specimens did not show any
mechanical recovery.

Splitting the specimen SSL_ 1 after reloading, it was noticed that not all the
sodium silicate was released, most likely due to the large volume of the cementitious
capsules. Since some silicate could have been released during the reloading, after 8
months the other 5 specimens of the SSL series were reloaded (see Figure 4.4).

A second healing effect was detected, with an increase of the maximum load-
-bearing capacity with respect to the residual load-bearing capacity at the end of
the first reloading. This new load bearing capacity was on the average equal to the
(27 £ 4)% of the maximum load bearing capacity L;joqq measured during the first
reloading, meaning that multiple healing could be possible due to the presence of
unreacted healing agent inside the capsules.

Durability recovery

Since the ability of polyurethane healing agents to restore good water imperme-
ability performances has been widely established in literature [21, 26, 29, 30, 33-35,
37, 179], the EPU series was tested in order to have an indication of its self-sealing
efficiency.
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Figure 4.4: Load versus CMOD curves during the pre-cracking (dashed line), the
first static reloading (dotted line) and the second static reloading (continuous line)
for the SSL series.

Figure 4.5: Setup of the water permeability test.

The sealing efficiency during water permeability tests was evaluated with a pro-
cedure analogous to the one adapted from the Japanese standard JIS A 6909 for
water permeability through coating materials for textured finishing of buildings and
other adopted in literature to measure the reduction of water ingress through realis-
tic cracks in self-healing cementitious systems [21, 200, 292] and sharing similarities
with the RILEM Test Method I1.4 for water absorption under low pressure.

The testing method consisted in monitoring in time the water leakage from a
pipette (50 mL capacity) with a funnel with a progressive smaller diameter. The
pipette was positioned above the crack on the lateral face of the specimens and the
funnel was sealed with silicone to avoid lateral leakage (Figure 4.5).

In Figure 4.6, it is possible to see the water leakage in terms of water content
of the pipette in time.

A substantial tightness recovery of the self-healing mortar specimens was ob-
served, since the cracked REF specimen allowed a complete leakage of the pipette
content during the first minutes of the test, while the EPU series did not show a
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Figure 4.6: Pipette water content versus time.

complete water leakage after 48 hours.

The sealing efficiency was also evaluated via gravimetrical water absorption tests
[15, 18, 20, 29, 34]. The specimens were dried at 40 °C and then stored for one day
at around 20 °C and 40% RH in the laboratory. Subsequently, they were sealed
with adhesive aluminum foil (except the zone of 4 mm x 40 mm in the middle of the
specimen, i.e. the notch) and weighed. The test procedure is based on the method
described in EN 13057 and consists of bringing the cracked face of the specimens
into contact with water (up to 5 mm, i.e. the tip of the notch) and monitoring the

mass of absorbed water. The percent change in mass due to the absorbed water
(PCy) is defined as:

PC, (%) = 2w~ 100 (4.2)

mq

where m,, is the mass of the specimen absorbing water (g) and mg is the mass
of the dry specimen (g). In Figure 4.7 the percent change in mass PC,, is plotted
in time.

It is possible to see that after 48 hours of immersion, the mass increase of the
REF series was higher than that of the EPU series. In order to evaluate the sealing
efficiency with respect to the reference specimens, the percent change of mass during
the water absorption tests after 48 hours of immersion was considered to define a
sealing efficiency index (SEyq):

PCy rer — PCy.epu )
PCy rEF

The sealing efficiency resulted in an average value of (53 + 11)%.

SEwa =

100 (4.3)
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Figure 4.7: Percent change in mass due to the absorbed water PC,, versus time

4.2 Compatibility with bacterial healing agents

4.2.1 Mortar prisms

In order to test the self-healing efficiency of the bacteria-incorporated specimens
(dimensions: 40 mm x 40 mm x 160 mm) were produced by using ordinary Portland
cement CEM I 52.5 N, tap water, and normalized sand (0-2 mm grading), with a
water to cement ratio of 0.5 and a sand to cement ratio of 3, in accordance with
the standard UNI EN 196-1.

Extruded cementitious macro-capsules, were produced as described in Chap-
ter 3 (Mix design 1)to carry the healing agent, namely the ureolytic bacterial strain
Bacillus Sphaericus (Bacillus sphaericus LMG 22257, Belgian coordinated collec-
tion of microorganisms, Ghent), mixed before encapsulation (volume ratio 1:1) with
a colloidal silica~sol (Levasil®CS30-316P, Obermeier, Germany) and provided with
a deposition medium (DM) consisting of 20 g/L urea and 79 g/L Ca(NO,), -4 H,O,
as described in Section 3.4.3. The capsules had a length of 5 cm and were either
externally or internally coated (Section 3.2) and were not rolled into sand. The BS
mixed with silica-sol and the DM were provided in separate capsules which were
coupled as explained in Section 3.2 (Figure ).

In order to demonstrate the improvement in the sealing performances due to
the presence of the bacterial strain with respect to the effect exerted by the use of
the only silica-sol, capsules were produced with only silica-sol without bacteria. A
total of 8 mortar prisms were produced:

o 2 with BS mixed with silica-sol and DM, externally coated (BAC_EXT se-
ries);
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Figure 4.8: Capsules after filling and sealing, either with external or internal coat-
ing.

2 with BS mixed with silica-sol and DM, internally coated (BAC_INT series);
2 with silica-sol and DM, externally coated (SIL_EXT series);

« 2 with silica-sol and DM, internally coated (SIL_INT series).

The capsules were manually embedded in the middle of the specimens during
casting, without any additional device to fix their position. After 24 hours from
casting, they were demolded and cured in water for one week.

4.2.2 Crack creation and curing

At an age of 7 days, a discrete crack was created in the middle of the specimens
by a three-point bending test, using a 100 kN closed-loop servo-controlled hydraulic
press (MTS Systems Corporation) in crack mouth opening displacement (CMOD)
control mode, with a constant rate of 1.5 ym/s and a loading span of 100 mm.
Tests were performed at room temperature (= 23 °C). A clip-on gauge was used
to measure the displacement at the notch during loading, limiting the crack mouth
aperture to 400 pm. In all samples a U-shaped notch was created one day before
cracking by wet saw-cutting, measuring approximately 4 mm in width and 6 mm
in height.

Figure 4.9 shows some of the load versus CMOD curves recorded during the
crack creation for the different series.

The residual CMOD, as detected by the displacement sensor upon complete un-
loading was about 383 pm on average. It has to be noted that specimen SIL_INT 2
underwent a smaller crack opening with respect to the other samples, due to an
accident which occurred during the cracking procedure (maximum CMOD equal to
273 pm, residual CMOD equal to 271 pm, Figure 4.9).

During the cracking process, it was possible to observe the leakage of the healing
agent up to the external surfaces of the specimens (see Figure 4.10).

After crack creation, half of the specimens were cured for a week in demineralized
water, the other half in a solution (UYE solution) of demineralized water, urea (12
g/L), and yeast extract (2 g/L) (see Table 4.1).
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Figure 4.10: Visual observation of the agent leakage during crack creation.
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Table 4.1: Curing conditions after cracking.

Demineralized water UYE solution

(H,O+urea+yeast)
BAC_EXT 1 BAC_EXT_ 2
BAC INT 1 BAC INT 2
SIL EXT 1 SIL EXT 2
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Figure 4.11: Water uptake of each series plotted in time.

4.2.3 Evaluation of the healing process
Water absorption

Water absorption was evaluated via gravimetrical water absorption tests [15,
18, 20, 29, 34]. After curing, the specimens were dried at 40°C for 10 days, until
constant mass was achieved (i.e. mass change less than 0.1% in 24 h). Before the
test started, the specimens were stored for one day at around 20°C and 60% RH in
the laboratory, subsequently sealed with adhesive aluminum foil (except the zone
of 4 mm X 40 mm in the middle of the specimen, i.e. the notch) and weighed.
The test procedure is based on the method described in EN 13057 and consists of
bringing the cracked face of the specimens into contact with water (in this case,
up to the tip of the notch) and monitoring the mass of absorbed water (M,,). In
Figure 4.11 the mass of absorbed water M,, is plotted in time.

Based on the data of water absorbed after 1 hour and 24 hours of immersion
(M 1n and My, 245, respectively) it is possible to calculate a sorptivity index (.5, in
g/+/ h), as defined in Equation 4.4:
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Accordingly, the results of the water absorption tests performed on the different
specimens are shown in Figure 4.12.

Overall, the water absorption test did not show remarkable differences among
the specimens with incorporated bacteria, though the evidence has low statistical
significance due to the limited number of samples per coating and curing condition.
As expected, the uptake of water is higher in the specimens with just silica-sol than
in the bacterial ones, indicating that bacteria were able to precipitate CaCO, that
had positive effect on decreasing the water absorption. To quantify this effect, the

bacterial efficiency in reducing the water absorption was calculated with Equation
4.5:

S =

(4.4)

BE,o (%) = — SBACS;I_L L 100 (4.5)

Here, the quantity BE,,, is defined as the decrease of the sorptivity coefficients
in the bacterial self-healing specimens (Spac ;) with respect to the silica-sol ones
(Ssrz). For the sake of comparison, the term Ss;; was set as the average of the
results obtained for all the specimens containing only silica-sol. The minus sign
in Equation 4.5 was introduced to obtain positive performance indexes when there
were improvements with respect to the silica-sol specimens’ performance (i.e. re-
duction of the S). Results are reported in Table 4.2, showing the positive effect of

58




4.2 — Compatibility with bacterial healing agents

Table 4.2: Bacteria efficiency on the water absorption reduction.

Specimen BE,. (%)
BAC_EXT 1 +20.23
BAC_INT 1 +13.71
BAC_EXT 2 +15.22
BAC_INT 2 +17.39

Figure 4.13: Setup of the water permeability test.

the addition of the bacterial strain.

Water permeability

The sealing efficiency during water permeability tests was evaluated with a pro-
cedure analogous to the one adapted from the Japanese standard JIS A 6909 for
water permeability through coating materials for textured finishing of buildings and
other adopted in literature to measure the reduction of water ingress through realis-
tic cracks in self-healing cementitious systems [21, 200, 292] and sharing similarities
with the RILEM Test Method I1.4 for water absorption under low pressure.

The testing method consisted in monitoring the water leakage from a pipette
(50 mL capacity) with a funnel with a progressive smaller diameter, positioned
above the crack on the lateral face of the specimens. The interface gap between
the funnel and the specimens was sealed with a methyl methacrylate resin (X60,
HBM) (see Figure 4.13).

The test was carried out until penetration of a water volume of 50 mL through
the crack, detecting the elapsed time. The test was performed twice, respectively on
specimens in a dry state (same conditioning as the previous water absorption test)
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Figure 4.14: Time required for a total leakage of 50 mL to occur for the different
specimens.

and on specimens in saturated condition (after four days of immersion in water).

In Figure 4.14, results for the water permeability test are reported in terms of
time required for a total leakage of 50 mL to occur on the different specimens.

It is important to point out the unexpected behavior observed in the specimen
SIL_INT2. Here, a much longer time was detected for a complete leakage, meaning
that the permeability performance was superior with respect to the other samples,
either with bacteria or not. This may depend on the smaller residual crack opening
(see Figure 4.9) that, further than reducing the leakage rate, can enhance the
autogenous healing promoted by the humid environment.

The bacterial efficiency on the water permeability (increase of time required for
total leakage, BE,,,) was calculated with Equation 4.6:

tr ot BAC — tLto
BE., (%) = L’“B:fttsji’”m-loo (4.6)

For the sake of comparison, the normalization factor in the denominators was
set as the average of the results obtained for all the silica-sol specimens in the same
state (t1t0t511), except for the results obtained for specimen SIL INT2 that were
considered anomalous. Results are reported in Table 4.3. All the tests conducted in
dry state showed the positive effect of the bacterial strain on the water permeability
reduction.
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Table 4.3: Bacteria efficiency on the water permeability reduction.

Specimen BE.p.d4ry (%) BE., saturatea (%)
BAC EXT 1 +32.13 +114.73
BAC INT 1 +27.45 -1.55
BAC EXT 2 +60.91 -8.1
BAC INT 2 +63.84 +46.96

4.3 Conclusions

The cementitious capsules, either with external or internal coating, appear to
be suitable to contain and release several types of healing agents, also the highly
moisture-reactive ones, as shown by the occurrence of visible leakage during crack
creation. The effect of the different coating configuration on the recovery efficiency
will be further investigated in Chapter 5.

The potential self-healing effect in the preliminary configuration studied in this
chapter was evaluated in terms of sealing efficiency during water permeability and
absorption tests, and in terms of strength regain after reloading in three-point-bend-
ing. Promising results were achieved: a substantial tightness and strength recovery
was observed, even in specimens presenting large crack widths. In the case of the
silicate solution, the high internal volume of the cementitious capsules allowed to
obtain a second healing effect. For what concerns the bacterial healing agent, the
addition of the bacterial strain to the silica sol improved the sealing efficiency of the
system. Moreover, the curing condition in the urea and yeast extract did not show
a remarkable increase in the sealing efficiency, proving that the system can work
simply in presence of water and that the nutrients provided inside the capsules are
enough to allow the microbial precipitation of calcium carbonate.

These promising results served as a basis to further assess the effectiveness
of cementitious capsules, by expanding the statistical sample and using different
testing protocols as it will be shown in the next chapters.
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Chapter 5

Sealing efficiency with different
healing agents

The main focus of the research activities explained in this chapter was the
investigation of the self-sealing capability provided by the use of cementitious cap-
sules filled with different healing agents. 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 pen-
etration of aggressive liquids along these cracks into the matrix, which could cause
further damage [47].

Based on the preliminary successful findings, it was decided to encapsulate one
healing agent for each of the main groups of healing substances in order to inves-
tigate their different effect of the sealing efficiency: namely, a silane-based water
repellent agent (WRA) [28] for the group of mineral substances, a one-component
polyurethane (PU) precursor [34] for the group of polymeric substances and a ure-
olytic bacterial strain (i.e. Bacillus sphaericus) dispersed in silica sol (BS) and
its deposition medium (DM) [31] for the group of biological substances. Different
coating configurations were used.

The efficiency was assessed by evaluating the self-sealing of pre-cracked mortar
specimens with the embedded cementitious capsules. The sealing efficiency was eval-
uated 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 [41] was implemented in order to reduce the variability on

Part of the work described in this chapter has been previously published in:

[253] G. Anglani, T. Van Mullem, X. Zhu, J. Wang, P. Antonaci, N. De Belie, J. M. Tulliani,
and K. Van Tittelboom. “Sealing efficiency of cement-based materials containing extruded
cementitious capsules”. Construction and Building Materials 251 (2020), p. 119039. DOI:
10.1016/j.conbuildmat.2020.119039
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Figure 5.1: 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 Figure 5.2).

the crack width obtained during the pre-cracking procedure and consequently the
variability on the water permeability and absorption tests, which are highly affected
by this geometrical parameter [56].

5.1 Materials and methods

5.1.1 Mortar prisms

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 I 52.5 N, Holcim, Belgium). The mixing procedure was in accordance
with EN 196-1. The fresh 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.

Extruded cementitious macro-capsules, produced as described in Chapter 3 (Mix
design 1) were produced to carry the healing agents, either with internal or external
epoxy coating (see Section 3.2). The capsules had a length of 5 cm and were not
rolled into sand. 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 (Figure 5.1).
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Table 5.1: Summary of the characteristics of capsules used for the different series.

Series INT Series EXT

Manufacturing process Extrusion Extrusion
Mix design Mix design 1~ Mix design 1
Surface of the tubular shell coated with Internal External
epoxy

Average internal diameter of the tubu-

lar Shgﬂ (mm) 7.5 7.5
Average external diameter of the tubu-

lar shgll (mm) 10 10
Average length of the capsule (mm) 50 50
Average thickness of the epoxy coating (mm) 1 1
Average internal diameter after epoxy (mm) 55 75
coating ' )
Volume of cargo healing agent (mL) ~1 ~1.5

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 (Sikagard®-705 L, Sika, Switzerland) described in
Section 3.4.1 (WRA series) or the low viscosity PU precursor (HA Flex SLV AF,
De Neef Conchem, Belgium) described in Section 3.4.2 (PUR series); one series
containing two coupled capsules, one filled with the bacterial suspension and sili-
ca-sol mix and the other capsule filled with the deposition medium as described in
Section 3.4.3 (BAC series); one final series consisting of reference specimens with-
out 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 3.2), while the REF series consisted of 6 specimens.

The main characteristics of the cementitious capsules used are summarized in
Table 5.1.

Table 5.2 summarizes the test series, while Figure 5.2 shows the schematic cross
section of all the prepared specimens.

5.1.2 Crack creation and crack width control technique

In order to evaluate the sealing efficiency provided by the use of cementitious
capsules filled with different healing agents, a preliminary cracking has first to be
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Table 5.2: Test series used to evaluate the self-sealing efficiency.

Number of Capsule Number of

Series Healing agent capsul.es per ting specimens
specimen

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 in silica-sol ~ Two coupled Internal 4
+ Deposition Medium capsules External 4

®) o
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40
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Coupled capsules
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Figure 5.2: 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.

induced in the specimens [19]. In the attempt to reduce the variability of the crack
widths produced by pre-cracking in 3-point bending, and consequently the variabil-
ity on the sealing results, a novel active crack width control technique was adopted
[41]. 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 adhe-
sive (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 speci-
mens 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
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£l

Figure 5.3: 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).

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 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
pm. The crack width was determined using an optical stereo microscope (Leica
S8APO mounted with a DFC295 camera). Along the length of the crack 3 loca-
tions were chosen randomly. For each location, the crack width was determined by
4 to 5 measurements. The reported crack width w (pm) is the average of all the
measurements of the three locations (in total 12-15 measurements). Fig. 5.3 shows
a specimen restrained with the active crack control technique.

Minimally 3 hours after crack creation, the cracks at the sides of the speci-
mens were sealed with a methyl methacrylate glue (Schnellklebstoff X60, HBM,
Germany) in order to subsequently perform the water flow and capillary water ab-
sorption tests (see Section 5.1.4). 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.
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5.1.3 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 com-
pletion of the sealing efficiency testing (see Sections 5.1.4 and 5.1.4), the samples
were split at the location of the crack in order to evaluate the healing agent cov-
erage on the crack faces [15, 29, 30, 39, 293]. 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.

5.1.4 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 [19, 120, 189]. 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. Ome 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 Figure 5.4).

The water flow test was carried out one time on each specimen at a temperature
of (20 £ 2) °C and a relative humidity of (60 + 5)%. The amount of leaked
water was recorded over time for a minimum of 5 minutes on a scale with an
automated registration system. However, the first 30 s of testing were not recorded
to ensure that the error induced by the initial presence of air bubbles was removed
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500 mm

o

Figure 5.4: Test setup for the water flow test: (1) water reservoir, (2) plastic tube,
(3) silicone sealing, (4) scale, (5) sealing with methyl methacrylate glue, (6) CFRP
strip, (7) screw jacks.

by the flow of water through the crack and only a stable fully developed flow (i.e.
linearly dependent on time) was studied. Out of this data, the flow rate q (g/min)
was calculated. The sealing efficiency of a certain type of self-sealing specimens,
containing the extruded cementitious capsules, was calculated with respect to the
reference specimens, without capsules, using Equation 5.1:

SEup (%) = TREE i o 09, (5.1)
qREF

where SE, s is the sealing efficiency assessed through the water flow test, qrpr
the average water flow rate (g/min) of the reference specimens (REF, 6 specimens),
and ¢; the average water flow rate (g/min) 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)).

5.1.5 Water absorption test

Measuring the capillary water absorption for cracked specimens with and with-
out sealing can also be used to evaluate the crack sealing efficiency [15, 18, 20,
29, 34]. To this aim, the specimens previously used for the water flow test were
first placed in an oven at 40 °C to remove moisture (6 reference specimens, 4 spec-
imens 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
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Aluminun/:l-butyl tape

-

(b)

Figure 5.5: Test setup for the water absorption test: (a) schematic illustration; (b)
surface exposed to water (20x40 mm?).

screw jacks used for the active crack width control technique (Section 5.1.2) 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-adhe-
sive 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.

The test was carried out at a temperature of (20 + 2) °C and a relative hu-
midity of (60 £ 5)%. The cumulative absorbed volume of water per unit area ¢
(mm?/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 spec-
imen (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 ¢ (seconds), highlighting the lack of lin-
earity that is often found using it [294]. 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 (Equation 5.2). This model was
adopted also in this study.

70



5.2 — Crack creation and crack width control technique

i=9 "% (5.2)

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 5.3:

SREF - Sz

SREF

S B (%) = x 100, (5.3)

where SFE,, 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)).

5.2 Crack creation and crack width control tech-
nique

Figure 5.6 shows the average crack width w (pm) 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).

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 5.3 summarizes the average crack width w, the standard deviation o,
and the resulting coefficient of variation C'V' 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 [295], while ranges of variation up
to 40 pm on the average crack width were measured on prismatic specimens cracked
by using a crack-width controlled 3-point bending test [120].

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 [56] 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 [19, 41].
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Figure 5.6: Average crack width w of each series after the active crack width control
(error bars refer to + one standard deviation).

Table 5.3: Overview of average crack width w, standard deviation o,, and coefficient
of variation C'V of each series after the active crack width control.

Series Coating w (pm) o (pnm) CcV (-)
REF - 300 11 4%
WRA INT 315 13 4%
EXT 302 9 3%
PUR INT 300 21 %
EXT 295 17 6%
BAC INT 305 13 4%
EXT 309 7 2%

5.3 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. Figure 5.7
shows a comparison between the crack mouth at one fixed location for each series,
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After curing and testing
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Figure 5.7: Visualization of the crack mouths filled with the different healing agents,
after crack creation, and after curing and testing, for some of the best cases ob-
served.

immediately after crack creation and after curing and testing.

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 open. On the contrary, the PU and the silica gel with the
subsequent precipitation of CaCO4 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,
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Figure 5.8: Visualization of the spreading region of the healing agents in the crack
for mortar prisms containing capsules with internal or external coating.

the specimens were split at the location of the crack, after performing the test de-
scribed in Section 5.1.4 and Section 5.1.5. 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. Figure 5.8
shows some representative crack faces and spread regions for each series containing
capsules, while Figure 5.9 shows the average surface coverage (%).

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 5.1.1). Best spread over the crack faces was obtained when
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Figure 5.9: Average surface coverage of the healing agent on the crack faces for
each series containing capsules (error bars refer to 4+ one standard deviation).

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 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
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Figure 5.10: Water flow rate g of each series: individual samples results (symbols)
and mean value of the series (solid line, error is + one standard deviation).

surface coverage, the spreading area consisted of a thick white gel that filled the
zone adjacent to the crack mouth along its length.

5.4 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 5.1.4. Figure 5.10 shows
the flow rate ¢ (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).

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 - 107%). 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
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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 indistinguishable. 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
SE,r (Eq. 5.1), 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 5.3, 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 3.4.1.

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 mech-
anism is most relevant due to the presence of unhydrated binder particles and to
the ongoing development of new CSH gels [16, 45, 56, 60, 64, 296]. 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 hydra-
tion of unhydrated cement grains, hence the autogenous self-sealing, that might
have been higher in the REF series, as it is suggested by Figure 5.7 comparing
the microscopic images of the crack mouths of these two series immediately after
healing.

Table 5.4 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 (SE, s = 79%) and the BAC series with external coating (SE, s = 78%).
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Table 5.4: Overview of average water flow rate ¢, standard deviation o, and average
sealing efficiency SE, s of each series after the water flow test.

Series Coating q (g/min) (g/or-r?lin) SE,s (-)
REF - 16 5 -
WRA INT 35 1 -117%
EXT 28 9 -70%
PUR INT 3 3 79%
EXT 12 ) 28%
BAC INT 6 6 64%
EXT 4 ) 78%

5.5 Water absorption test

After complete oven drying (T=40 °C), the specimens were subjected to a water
absorption test, as reported in Section 5.1.5. Figure 5.11 shows the weight gained
due to water uptake plotted versus the fourth root of time for each series.

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, show-
ing 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 behav-
ior, characterized by a low water uptake and a small scattering between different
specimens.

The sorptivity index S (mm/s was calculated using Eq. 5.2, considering
the cumulative absorbed volume of water per unit area ¢ (mm?/mm?) between 5
minutes and 8 hours of water absorption. Figure 5.12 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).

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 signifi-
cant 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 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 (Sec-
tion 5.4). Indeed, a very slow absorption rate was detected, with almost perfect
repeatability on each specimen of the series. This excellent performance can be

0.25)
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Figure 5.11: Average water uptake of each series plotted versus the fourth square
of time (error bars refer 4+ one standard deviation).

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 (Figure 5.13a).
This allowed to obtain an almost perfect protection against the water 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 (Figure 5.13b).

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
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Figure 5.12: Mean sorptivity index S of each series (error is £ one standard devia-
tion).

Figure 5.13: 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.

water uptake compared to an unhealed crack [19, 41]. 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
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Figure 5.14: 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.

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 Figure 5.14).

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 [297, 298|.
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 5.5 summarizes the results of the water absorption test, showing the
best recovery for the series that used the WRA as healing agent (SE,, = 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 5.5: Overview of average sorptivity index S, standard deviation og and
average sealing efficiency SFE,,, of each series after the water absorption test.

S s

Series Coating (mm/s%25)  (mm /s%25) SEyua (-)
REF - 0.26 0.07 -
WRA INT 0.02 0.01 92%
EXT 0.02 0 92%
PUR INT 0.15 0.04 41%
EXT 0.2 0.03 20%
BAC INT 0.46 0.06 -81%
EXT 0.63 0.22 -145%

5.6 Conclusions

Extruded cementitious capsules with two different coating configurations were
used to encapsulate different healing agents, with the aim of deepening the anal-
ysis and expanding the statistical sample with respect to the preliminary study
reported in Chapter 4. The used healing agents were chosen again 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 threat for the
healing agents retention. Therefore, applying it either to the internal or the external
surfaces of the tubes did not significantly change its performance and allowed to
provide a good barrier between the healing agents and the harsh environment of
the matrix.

As regards the sealing efficiency evaluated with water permeability and water
absorption, good results were obtained in both tests using the polyurethane pre-
cursor. When water-repellent agent was used, excellent results were obtained in

82



5.6 — Conclusions

preventing the water absorption, while detrimental effects were shown against wa-
ter permeability. On the contrary, silica gel immobilized B. Sphaericus 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
polyurethane precursor is well suited in mitigating both mechanisms, the water
repellent agent 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. For instance, this
is the case of submerged structures, water tanks, or tunnel segments.

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. Nevertheless, it has to be underlined that the polyurethane
precursor allowed to obtain always positive results both in terms of reduction of
water permeability and water absorption, never showing detrimental effects such as
in the case of the other type of healing agents. Moreover, the polyurethane allows
a very fast curing in presence of humidity, without requiring high quantity of water
as for the bacterial healing agents. In addition, several types of polyurethane
precursors can cause the formation of expansive foam, allowing the autonomous
repair of larger cracks. Due to these positive aspects, this type of healing agent
was selected as the most promising to obtain the desired self-healing system and it
was decided to focus the subsequent study presented in the following chapters on
its use.
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Chapter 6

Mechanical behavior under
quasi-static and cyclic loading

The capability of the self-healing cementitious materials to provide a mechanical
recovery has been highlighted in a many studies, mostly under static conditions [26,
29, 32, 38, 39, 57, 92]. Also, the effectiveness of different self-healing techniques
under repeated cracking and healing cycles has been analyzed in several studies
[29, 101, 103, 181, 289, 299, 300]. However, as far as cyclic loading and fatigue
performances are concerned, the mechanical behavior of these materials has not
been fully reported in the scientific literature, apart from few studies regarding
self-healing systems under cyclic flexural loading [180] or under cyclic compressive
loading [301]. Yet, the response to cyclic loading is particularly relevant from
the mechanical point of view especially for the infrastructure sector, hence the
importance of improving the behavior of the materials commonly used in the sector,
for example by adding different types of fibers [69, 302, 303] that can increase their
performances in the event of cyclic loads [304-306]. In fact, the main sources
of stress on infrastructures can be ascribed to dynamic actions, almost cyclically
repeated over short periods of time, or occurring with increasing intensity over
longer periods of time. Moreover, cyclic loading can cause additional detrimental
effects on self-healing cementitious materials. Specifically, the cyclic actions cause
the continuous opening and closing of healed and unhealed cracks. In the case of
healed cracks, the composite materials formed by the cementitious matrix and the
repairing agent is subjected to strains that could cause not only damages in the
matrix or in the repairing material, but also debonding between these two different

Part of the work described in this chapter has been previously published in:

[252] G. Anglani, J.-M. Tulliani, and P. Antonaci. “Behaviour of Pre-Cracked Self-Healing Ce-
mentitious Materials under Static and Cyclic Loading”. Materials 13.5 (2020), p. 1149.
DOI: 10.3390/MA13051149
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materials. For this reason, it is of great importance to fill this knowledge gap
by deepening the study of the behavior of self-healing cementitious materials with
respect to cyclic loading and fatigue. This is an issue of fundamental importance
for understanding and characterizing the behavior of these materials in real field
conditions, and consequently allowing their use by ensuring the structural safety.

Based on the above considerations, the objective of the activities carried out and
explained in this chapter was to investigate the mechanical behavior that could be
obtained by encapsulating the polyurethane precursor (as selected in the previous
chapter) inside cementitious capsules. This aspect was investigated, after pre-crack-
ing, under both static and cyclic flexural loading, and allowed also to evaluate the
influence of some capsule parameters and specimen configurations on the mechani-
cal behavior.

The mechanical behavior was investigated via three-point bending test in order
to test the system under indirect tensile stresses and for the sake of comparison with
the existing literature, since it has been, so far, the most commonly employed test
to assess the healing capacity of cementitious composites through the recovery of
mechanical properties [19] under static loading conditions. Furthermore, the force-
controlled three-point bending test conducted by using a sinusoidal loading made it
possible to investigate the mechanical behavior until rupture of the pre-cracked and
subsequently healed system in dynamic condition. This allowed to obtain useful
insights regarding the seldom studied fatigue performance of the self-healing sys-
tems, which is an aspect of paramount importance to develop a reliable autonomous
repair system that can be used in field conditions.

6.1 Materials and Methods

6.1.1 Mortar prisms

Mortar prisms, with a volume of 40 by 40 by 160 mm?, were produced according
to standard UNI EN 196-1. Ordinary Portland cement (CEM I 42.5 N, Buzzi
Unicem S.p.A., Ttaly), tap water, and normalized sand (grain size between 0.08
and 2.00 mm) were used, with a water-to-cement ratio of 0.5 and a sand-to-cement
ratio of 3.

Both rolled cementitious macro-capsules (Mix design 2), characterized by a rel-
atively smaller diameter, with a length of 60 mm and with internal coating or
extruded cementitious macro-capsules (Mix design 2), characterized by a relatively
larger diameter, with a length of 45 mm, either with internal or external epoxy coat-
ing, were produced accordingly to what was described in Chapter 3. Capsules ends
were rolled into sand to improve their bonding with the surrounding matrix. The
highly expansive PU precursor (CarboStop U, Minova CarboTech GmbH Branch
Italy, Milan, Italy) described in Section 3.4.2 was selected as healing agent.
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Figure 6.1: Mold used to produce the self-healing mortar prisms, before casting:
(a) Bottom-up view of the capsules glued on the nylon threads with a methyl
methacrylate (MMA) glue (X60, HBM, Darmstadt, Germany); (b) assembled and

oiled mold with capsules in fixed position.

Reference specimens with no capsules (REF series) were produced along with
self-healing specimens, in which the capsules filled with the PU precursor were
embedded manually before casting, in fixed positions. Accurate control of the
capsules position was achieved by gluing them on top of two thin nylon threads
passing through the lateral faces of the mold, at a height of 10 mm from the
bottom side of the specimen (see Figure 6.1).

Different series of self-healing specimens were produced: the CEM_SI series
contained two small-diameter capsules with internal epoxy coating, the CEM_ LI
series contained one large-diameter capsule with internal epoxy coating, and finally,
the CEM__LE series contained one large-diameter capsule with external epoxy coat-
ing. CEM_ ST and CEM__ LI specimens contained the same volume of healing agent
(~ 0.6 mL) but had different geometric configurations since the healing agent was
distributed in two capsules or concentrated in one capsule, respectively. Conversely,
CEM_ LI and CEM_LE specimens had the same geometric configuration, with a
single capsule horizontally centered in the specimen cross-section, but contained a
different amount of healing agent (~ 0.6 mL and ~ 0.9 mL, respectively). For each
series, 12 specimens were produced, for a total of 48 specimens.

The main characteristics of the cementitious capsules used are summarized in
Table 6.1.

After casting, the molds were covered with plastic foils to maintain a humid
environment (T ~ 20 °C). The samples were demolded after 24 hours from casting
and cured for two weeks still wrapped in plastic foils (T & 20 °C). Then, a U-shaped
notch (width = 4 mm, height = 4 mm) was created by means of wet sawing.
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Table 6.1: Summary of the characteristics of capsules used for the different series.

CEM__SI CEM_ LI CEM_ LE

Manufacturing process Rolling Extrusion Extrusion
Mix design Mix design 2 Mix design 2 Mix design 2
Surface O.f the tubular shell Internal Internal External
coated with epoxy

Average internal diameter

of the tubular shell (mm) g [ [
Average external diameter

of the tubular shell (mm) 8 10 10
Average length of the cap- (mm) 60 15 15
sule

Average thlckness of the (mm) 1 1 .
epoxy coating

Average mternal' diameter (mm) 3 55 75
after epoxy coating

Volume of cargo healing (mL) ~0.3 ~0.6 ~0.9

agent

Figure 6.2 shows the schematic cross section of all the series.

6.1.2 Pre-cracking

In order to evaluate the effectiveness of the autonomous self-healing system,
a controlled localized crack was first induced in the specimens using a mechani-
cal pre-cracking procedure. At an age of 14 days from casting, all the specimens
were pre-cracked via a crack-width controlled three-point bending test with a span
of 10 cm using a 250 kN closed-loop servo-controlled MTS hydraulic press (MTS
810, MTS Systems Corporation, USA) equipped with a digital controller (Flex-
Test®40, MTS Systems Corporation, USA). It was possible to control the crack
mouth opening displacement (CMOD) by using a strain-gauge-based displacement
transducer (DD1, range + 2.5 mm, HBM, Germany) mounted on the bottom face
of the specimen upon the notch. Figure 6.3 shows the setup of the pre-cracking
procedure.

The test was conducted by imposing a CMOD rate of 1.5 pm/s. Upon reaching
a maximum value of 800 pm, the specimens were unloaded at the same CMOD
rate. The target value for the maximum CMOD was set at 800 pm in order to test
the ability of the system to heal large cracks and in order to inhibit the influence of
the autogenous healing, that could be significant for smaller cracks because of the
young age of the specimens at pre-cracking. The CMOD and load were recorded
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Figure 6.2: Schematic cross section of the specimens: (a) without capsules, REF
series; (b) with two small-diameter capsules, CEM__SI series; (¢) with one large-
diameter capsule with internal epoxy coating, CEM__ LI series; (d) with one-large
diameter capsule with external epoxy coating, CEM__LE series.

throughout the execution of the test.

Immediately after pre-cracking, the specimens were stored in a curing cabinet
(T =20 °C, 60% RH) for one week and then in the lab, with no temperature and
humidity control, for another week. Two supports with a span of 10 cm allowed
to keep the specimens in the same geometric configuration during pre-cracking,
with their bottom face pointing downward. The duration of the curing cabinet
conditioning definitely exceeded the time required for the PU to react with air
humidity and form a rigid foam (normally ranging from less than one hour up to
a few hours, depending on ambient conditions). This ensured that the healing
agent released from the capsules during pre-cracking was fully cured at the time of
successive testing.

6.1.3 Quasi-static reloading

After 2 weeks from pre-cracking, the recovery of the mechanical properties was
first evaluated by assessing the load-bearing capacity under static conditions.

Half of the specimens from each series were statically reloaded following the
same procedure described in Section 6.1.2 for pre-cracking.

This allowed to evaluate the mechanical recovery through a load recovery in-
dex in accordance with common approaches reported in literature [19, 26, 38, 39,
57, 92, 250]. The load recovery index (LRI) was expressed as a function of the
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Figure 6.3: Setup of the pre-cracking procedure.

maximum load-bearing capacity of the specimens during pre-cracking (Lyeq.;) and
reloading (L eoaq) and as a function of the residual load-bearing capacity at the
end of pre-cracking (Lynioaq). Its definition is reported in Equation (6.1):

Lreload - Lunload
LRI(%) = : 6.1
( O) Lpeak - Lunload ( )

The static reloading allowed also to subsequently define the parameters to per-
form the cyclic reloading procedure (Section 6.1.4).

Figure 6.4 reports the setup for the static reloading procedure and a graphical il-
lustration of how the maximum and residual load-bearing capacities were calculated
for the purposes of LRI determination.

6.1.4 Cyclic reloading

After the static reloading of half of the pre-cracked specimens (Section 6.1.3),
the mechanical behavior under cyclic flexural loading was evaluated.

In order to investigate the behavior in cyclic conditions, the remaining speci-
mens were reloaded through a force-controlled three-point bending test with the
same span used for the pre-cracking and static reloading (10 cm) and using the
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Load

Figure 6.4: (a) Experimental setup for the static reloading procedure; (b) schematic
load versus crack mouth opening displacement (CMOD) curves related to pre-crack-
ing and reloading, with indication of maximum and residual load-bearing capacities.

same closed-loop servo-controlled hydraulic press. In order to measure the dam-
age evolution during the cyclic loading in terms of increment of crack opening
displacement (COD), an inductive displacement transducer (WI, range 0-5 mm,
HBM, Germany), connected to the digital controller through a measuring amplifier
(SCOUTH5, HBM, Germany), was mounted on the lateral surface of the tested spec-
imen, just above the tip of the notch. It was not possible to mount the WI displace-
ment transducer on the bottom face to measure the CMOD as in the pre-cracking
and reloading setup because of the lack of space between the supports.

The force-controlled three-point bending test was conducted by first reloading
the specimens up to a maximum load value L,,,, with a load rate of 50 N/s. Upon
reaching L., a sinusoidal loading with a frequency of 4 Hz was applied, where
the peaks were set to L4 and the valleys to a lower load value L,,;,.

Figure 6.5 reports the experimental setup and a graphical illustration of the
loading procedure used for the cyclic reloading.

The limits L,,;, and L,,., of the cyclic reloading were defined as a fraction of
the average load-bearing capacity L,¢oq.q Obtained during static reloading for each
series. Specifically, Ly, and Ly,,, were set according to Equation (6.2):

6.2
Lmax =5- Lreload ( )

where the value of S was initially set to 0.7 for the first 10,000 cycles; if the
specimen did not fail within the first 10,000 cycles, then the value of S was increased
in steps of 0.05 for additional reloading series of 10,000 cycles each, until eventual

{Lmin =0.1- Lreload
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 Sinusoidal Loading, Frequency =4 Hz

Time
(a) (b)

Figure 6.5: Cyclic reloading procedure: (a) experimental setup; (b) graphical illus-
tration of the loading procedure for the cyclic reloading.

failure of all the specimens.

Such settings were adopted in order to impose a high stress, equal to or higher
than 70% of the expected strength of the healed material. Indeed, after release and
curing of the PU in the crack, the material properties changed in correspondence of
the most stressed cross-section with respect to their initial values. They depended
not only on the mechanical characteristics of the hardened PU, but also on its crack
filling ratio and interaction with the surrounding cementitious matrix. The flexural
strength of the healed material could only be estimated experimentally based on
the load-bearing capacity L,coqq Obtained during static reloading. Testing the
specimens cyclically with a cyclic peak value close to L,¢oeq Was meant to check
their performances under severe conditions, in such a way to provide a first feedback
on how this type of self-healing materials could behave during their remaining
service life after they have produced their autonomous repair action. The number
of cycles sustained until failure as a function of the maximum force applied during
cyclic reloading was analyzed as a representative parameter to describe their cyclic
behavior.

6.2 Pre-cracking

All specimens from each series (REF, CEM_SI;, CEM_ LI, and CEM_LE),
namely 12 specimens per series for a total of 48 specimens, were pre-cracked at
an age of 14 days via a controlled three-point-bending test as described in Sec-
tion 6.1.2.

Figure 6.6 shows some of the load versus CMOD curves recorded during the
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Figure 6.6: Load versus CMOD curves due to pre-cracking: (a) REF series; (b)
CEM__SI series; (¢) CEM__LI series; (d) CEM__LE series. The specimens are dis-
tinguished by different color lines.

tests for the different series. For the sake of clarity, only the curves related to
the specimens that were later subjected to static reloading (see Section 6.3) are
displayed.

During the controlled crack formation, first the load increased until reaching
the peak value with a very low increase in terms of displacement because of the
high stiffness of the intact material. After reaching the peak load, crack formation
and subsequent propagation occurred, with progressive load decrease as a function
of increasing CMOD due to the material post-peak softening behavior. The speci-
mens were unloaded upon reaching a CMOD of 800 pm, with a consequent small
CMOD decrease due to recovery of the elastic deformation. While for the series
without capsules (REF series) the softening phase had a continuous and gradual
advancement, the self-healing series showed sudden load drops during this phase.
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These drops are attributable to the breakage of the capsules upon crack creation,
being these drops accompanied with an audible acoustic energy release. These re-
sults are confirmed in literature, where the same behavior was shown during crack
creation using glass capsules [26, 32, 307].

In all the specimens of the CEM__LI series, the drop was highly repeatable at
a CMOD around 135 pm. In the case of the CEM _SI series, which contained two
capsules per specimen, there were usually double load drops due to non-simulta-
neous breakage of the capsules. The first drop was always detected for a CMOD
smaller than 215 pm. The highest scattering in the CMOD value corresponding
to the load drop was shown by the CEM_LE series, for which such CMOD value
did not exceed 240 pm on average: the higher scattering could be attributed to a
higher variability in the coating thickness due to its manual application over the
ridged surface of the capsule.

It is worth recalling here that the capsules were positioned 10 mm above the bot-
tom face of the specimens, while the CMOD measuring points were situated some
millimeters below it because of the experimental setup adopted. Therefore, the
actual crack opening at the capsule level in correspondence of the aforementioned
load drops was surely lower than the corresponding CMOD value experimentally
detected. This results in the possibility of using the cementitious capsules to trigger
the healing also for cracks smaller than 135-240 pm. This range of crack size is
particularly relevant from a durability point of view, as confirmed by the structural
design codes, where the limit for the maximum acceptable crack width is fixed to
no more than 400 pm, depending on the exposure conditions [39, 184, 308|.

A further evidence of the relationship between the load drops, the acoustic
emission, and the breakage of the capsules was that they were followed by leakage
of the foaming polyurethane released by the capsules in the crack (see Figure 6.7).

The expansive foaming reaction is triggered by the capsule breakage, which
makes it possible for the polyurethane precursor to get in contact with the humid-
ity present in the air at the crack site and to start its polymerization reaction.
Such reaction induces gas formation and consequent expansion of the polyurethane
precursor, that progressively passes from a viscous fluid state to a plastic foam and
then hardened foam state. For equal conditions in terms of humidity, amount of
reagent, and relative contact surface, the expansion is governed by the crack width.
It was possible to notice that in the case of the CEM _SI series containing two
capsules, the PU leakage was most often visible both on the lateral faces and at
the crack mouth, covering nearly the entire notch area. Despite that the amount of
healing agent was the same, in the case of the CEM__LI series the PU leakage was
mainly visible at the crack mouth, concentrated in the central part of the notch area
in correspondence of the single capsule position. The CEM __LE series, containing
50% more healing agent with respect to the other two series, showed a behavior in
between, with the expansion zone mainly concentrated in the central part of the
notch area in correspondence of the single capsule position, but with some visible
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Figure 6.7: Leakage of polyurethane upon capsule breakage during pre-cracking:
(a) Polyurethane (PU) visible both at the crack mouth inside the notch and on the
lateral faces for a CEM__SI specimen; (b) PU visible at the crack mouth inside the
notch for a CEM__LI specimen; (c¢) PU visible both at the crack mouth inside the
notch and to a lesser extent on the lateral faces for a CEM LE specimen.

leakage also from the lateral face. This releasing mechanism had consequences on
the mechanical performance recovery which are dealt with in the following sections.

Considering the peak load Lyeqx, it should be pointed out that the presence of the
cementitious capsules did not have a strong detrimental effect on the load-bearing
capacity that the specimens could withstand. It is possible to assess the reduction
of the load-bearing capacity L, cquction Of the self-healing specimens with respect to
the plain mortar specimens without capsules as:

I . Lpeak,REF - Lpeak,i
reduction — I ) (63)
peak,REF

where Lyeqr, rer is the average load-bearing capacity Lyeq; calculated over the
12 specimens of the REF series and Ly, is the average load-bearing capacity
Lpear calculated over the 12 specimens of each self-healing series. Respectively,
the percentage reductions were equal to 8% for the CEM__SI series, 13% for the
CEM LI series and 6% for the CEM LE series. This result showed that the
flexural strength is not significantly influenced by the presence of the cementitious
capsules, at least for the capsule proportion here used.

Table 6.2 summarizes the results of the pre-cracking phase, with the average
values and standard deviation of Lpe.r and Lypi0aq Per each series and the percentage
load reduction L,equction Of each self-healing series with respect to the reference
series.
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Table 6.2: Overview of the average Lycqr and Lyyjoqq (With respective standard devi-
ation) and Leguction for each series (12 specimens per series) after the pre-cracking
procedure.

Series Lpeak: (N) Lunload (N) Lreduction (%)

REF 1844 + 140 14 +£5 -
CEM_SI 1694 £ 86 88 + 24 8
CEM_ LI 1611 + 147 59 + 15 13
CEM_ LE 1737 £ 125 143 + 58 6

6.3 Quasi-static reloading

After the pre-cracking and the complete curing of the PU in a controlled envi-
ronment (T = 20 °C, 60% RH), half of the specimens (6 per series, for a total of
24 specimens) were selected to be reloaded in static condition to evaluate the self-
-healing efficiency in terms of strength regain. The specimens were selected based
on a visual inspection in order to always have another specimen with a comparable
PU release to be tested later in cyclic condition (Section 6.4).

Figure 6.8 shows the load versus CMOD curves recorded during the pre-cracking
and the static reloading for the different series. It is important to point out that the
curves for the CEM__SI series are 5 because one specimen was accidentally broken
during the positioning operations.

Upon reloading, the reference specimens without capsules could only reach at
max the residual load-bearing capacity after pre-cracking (L ejoad < Lunioad) and
then kept following the same softening branch of the pre-cracking phase. Con-
versely, the autonomously healed specimens showed a higher maximum load com-
pared to the residual load-bearing capacity before healing (L, eioad > Lunioad). The
load versus CMOD curves were sufficiently repeatable and highlighted a slightly
less brittle behavior if compared to the intact specimen behavior. The possibility
to improve the ductility as a side effect of the self-healing through polyurethanic
agents is a positive aspect in order to prevent brittle failure in the remaining life
and to sustain higher deformation in service conditions.

The maximum load obtained during reloading was used to set the cyclic loading
limits, as anticipated in Section 6.1.4, and to assess the load recovery in static con-
dition according to the load recovery index definition reported in Equation (6.1).
The reference specimens had negligible healing, in some cases even negative perfor-
mance. On the contrary, the self-healing specimens from all the series had satisfac-
tory healing performances, with average LRI of about 36% for the CEM __SI series,
31% for the CEM LI series, and the best result of about 47% for the CEM_ LE se-
ries (see Table 6.3 for a detailed overview). This positive result is in good agreement
with literature data concerning the use of cementitious capsules.
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Figure 6.8: Load versus CMOD curves during the pre-cracking (dashed line) and
the subsequent static reloading (continuous line) for the different series: (a) REF
series; (b) CEM__SI series; (¢c) CEM__ LI series; (d) CEM__LE series. The specimens
are distinguished by different color lines.

Table 6.3: Overview of Lpeqr and Lynieaa (average values and standard deviations
over 12 specimens per series), Lynioaq and LRI (average values and standard devi-
ations over six specimens per series apart CEM_SI').

Series Lpeak (N) Lunload (N) Lreload (N) LRI (%)
REF 1844 + 140 14 £5 15£+9 0.1+04
CEM_ SI 1694 + 86 88 £ 24 659 + 1371 35.9 £ 17.4
CEM LI 1611 = 147 59 £ 15 547 £ 105 30.8 £ 6.7
CEM _LE 1737 £ 125 143 £ 58 869 £ 57 46.5 £ 3.6

Estimated on five reloaded samples.
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The manufacturing procedure of the cementitious capsule shells does not seem
to influence the overall outcome of the system, since the load reduction during
pre-cracking was negligible for all cases, as reported in Section 6.2. Also, the
capsule breakage mechanism, with consequent polyurethane release, occurred in
similar ways for either the capsules produced by extrusion or by rolling.

Similarly, applying the epoxy coating to the internal or to the external surface of
the tubular capsules does not appear to be a relevant factor of influence, considering
that in both cases it allowed adequate waterproofing of the capsules and protection
of the moisture-reactive healing agent, as confirmed by the abundant release of
polyurethane during the pre-cracking stage for all the self-healing series.

The volume proportion of healing agent seems to be correlated to the mechanical
recovery under static condition, since better results were observed for the CEM__LE
series, which contained 50% more polyurethane with respect to the other series.
However, the increase in mechanical performance recovery is not directly propor-
tional to the increase in healing agent volume, probably because in reality not all
the polyurethane contained in the capsules reacted with ambient moisture upon
crack formation, as it will be further discussed and exemplified in the following.
Therefore, the increase in the mechanical performance recovery could be correlated
to the internal diameter of the capsule more than to the overall internal volume. A
larger internal diameter could be responsible for a better release in the cracked cross-
section due to a more favorable ratio between capsule area and capsule perimeter,
considering that the walls of the capsule inevitably cause a retaining action over
the polyurethane.

For equal cumulative volume of healing agent, even if the capsule internal diam-
eter is slightly smaller, the distribution of the capsules inside the specimen plays a
more prominent role. Specifically, the use of more capsules increases the number
of points from which the PU can be released and from which is allowed to expand,
hence allowing a more even spreading of the PU over the crack surfaces, rather
than a concentrated release in the central part of the section. This mechanism
improves the overall crack filling and consequently should be reflected on the me-
chanical recovery during static reloading. This could explain the slightly superior
performance of the CEM__SI series with respect to the CEM__LI series, although
such conclusion needs to be further confirmed from a statistical point of view.

To conclude the analysis of the static behavior, one interesting case to be pointed
out concerns one specimen of the series containing one large-diameter capsule with
external epoxy coating, namely the specimen labeled as CEM__LE_ 9. Upon reload-
ing, a hardening behavior was detected after the peak value L4, followed by a
second load drop and a further polyurethane release. This event could be possibly
ascribed to a self-protecting action of the polyurethane that sealed both the crack
and the core of the capsule, protecting the unpolymerized precursor and allowing
a second healing effect.

In order to analyze this second healing, after complete curing of the PU the
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Figure 6.9: Load versus CMOD curves for the specimen CEM_LE 9 during the
pre-cracking (CMOD up to 800 pm), the first static reloading in which there was
a drop in load followed by a new PU release and the subsequent second static
reloading after PU curing.

specimen was further reloaded following the same procedure used for the pre-crack-
ing. Figure 6.9 shows the load versus CMOD curves acquired for the pre-cracking,
first reloading, and second reloading procedures. It is to be pointed out that soon
after reaching the new maximum load, the specimen was unloaded due to a mal-
functioning in the control system of the testing machine.

Surprisingly, the new maximum load L,¢,.q Was higher than the one obtained
in the previous reloading. It is possible to compare the two successive reloading in
terms of LRI, comparing their maximum load with the peak load obtained during
pre-cracking:

Lreload 1= Lunload
LRI, (%) = ’ Z 6.4
1( O) Lpeak - Lunload,p ( )

Lreload 2 = Lunload 1
LRI (%) = : = 6.5
2( O) Lpeak - Lunload,l ( )

where Ly, is the load-bearing capacity obtained during pre-cracking, Lynioad,p
the residual bearing capacity after unloading during the pre-cracking, Ly joaq1 the
maximum load carrying capacity obtained during the first static reloading, Lynioad,1
the residual bearing capacity after unloading during the first static reloading and
Lireioad,2 the maximum load carrying capacity obtained during the second static
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Table 6.4: Overview of the parameters characterizing the static flexural behavior
of the CEM LE 9.

Series No. Lpeak Lunload,p Lreload,l LRII Lunload,l Lreload,2 LRI2
™ ™ @™ B N @O %)
CEM_LE 9 1531 258 896 50 165 1280 82

reloading. The self-healing efficiency in terms of load carrying capacity regain
increased in the second reloading to 82%, while in the first was equal to 50%.

Table 6.4 summarizes these results regarding the static flexural behavior of the
specimen CEM__LE_ 9 during the pre-cracking and the successive two reloading
stages.

6.4 Cyclic reloading

After defining the limits of the cyclic flexural load as a function of the average
load carrying capacity upon reloading L,eload per each series, the cyclic reloading
itself was performed, in accordance with the procedure reported in Section 6.1.4.

As expected, it was not possible to test the specimens without capsules under
cyclic conditions. This was due to the fact that the selected pre-cracking procedure
was used to simulate a severe condition of damage, resulting in a residual load car-
rying capacity after pre-cracking substantially nil for all the specimens. The plain
mortar specimens without reinforcement of the REF series could not sustain any
further load after pre-cracking because the contribution of the autogenous healing
was insufficient to restore an adequate load carrying capacity, so that they failed
immediately before the beginning of the actual cyclic test, during the positioning
operations. On the contrary, the autonomous repair action provided by the poly-
urethane in the self-healing series allowed to perform the cyclic reloading in most
cases. Specifically, all the specimens of the CEM LI series were tested, (six in
total) while in the case of the CEM_SI and CEM__LE series respectively three
and two specimens failed in the initial part of the procedure, before reaching the
prescribed cyclic peak load. It is worth reminding that the latter was defined as
70% of their estimated load-bearing capacity after healing. Clearly, the estimation
based on the results of the static reloading test was not very accurate in these cases.

For all the self-healing specimens that could undergo the cyclic reloading, a
three-stage curve was detected. A typical example of it is reported in Figure 6.10,
where the evolution of the crack opening at the peak of each cycle (i.e., at maximum
load Lj,4) is reported for the specimen CEM_ ST 4.

This three-stage behavior is typically observed in plain or fiber-reinforced con-
crete under compressive, tensile, and flexural fatigue loading [304, 309-314].
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Figure 6.10: Three-stage fatigue evolution of the peak crack opening with increasing
number of cycles.

After an almost instantaneous crack opening displacement increase upon load-
ing, there was a first rapid development denoted as flaw initiation, or Stage (I).
In concrete, this stage involves the defects within the matrix; in the case of the
self-healing system here studied, it most likely involved the defects at the interface
between the PU and the crack faces and inside the PU foam, rather than the de-
fects in the mortar matrix surrounding the crack, though it cannot be excluded
that they also provided a contribution. It is worth noting that, in literature, tests
conducted over pre-cracked fiber reinforced concrete under flexure lacked this stage,
because the initial loading already caused the opening of the crack [315]. So, the
experimental evidence of Stage (I) in cementitious mortar autonomously healed by
PU is a further confirmation of the important role of the presence of the healing
agent in restoring a behavior similar to the one of an intact material.

The Stage (II) is a stable development stage that involves slow and progressive
growth of damage, most likely concentrated in the bonding interface formed by the
PU, and the progressive elongation and rupture of the foam cells. By comparison,
in fiber-reinforced concrete this phase is mainly associated to the fiber /matrix bond
deterioration [82, 316] and fiber rupture [317].

Finally, the Stage (III) is the failure stage, in which damage develops unsteadily
until fatigue failure occurs, with a complete failure of the bonding PU interface and
detachment of the crack faces.

Figure 6.11 shows the curves that represent the relationship between the crack
opening measured at the maximum load with the increasing of number of cycles
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Figure 6.11: Peak crack opening versus number of cycles until complete failure,
which occurred at different load level S among the specimens.

Table 6.5: Number of cycles sustained by the specimens at each load level S.

Load Level S 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05
Series  No. Number of cycles N
REF all 0 - - - - - - -
CEM_SI 9 1177 - - - - - - -
4 7881 - - - - - - -
6 10000 10000 7625 - - - - -
CEM_LI 5 381 - - - - - - -
7 8138 - - - - - - -
11 10000 3557 - - - - - -
12 10000 10000 10000 2141 - - - -
1 10000 10000 10000 10000 10000 2940 - -
8 10000 10000 10000 10000 10000 10000 10000 7797
CEM_LE 2 2732 - - - - - - -
11 5503 - - - - - - -
1 10000 816 - - - - - -
12 10000 921 - - - - - -

N until complete failure, that occurred at different load level S, while Table 6.5
summarizes the number of cycles sustained by each specimen at a given load level S.
The self-healing specimens were able to sustain a satisfactory amount of cycles
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Table 6.6: Comparison between the load-bearing capacity of the intact self-heal-
ing specimens and their residual load-bearing capacity after pre-cracking with the
applied maximum load in cyclic condition.

Load Level S
Series 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05
CEM_SI 13 14 15 - - - - -
% CEM_ LI 6.5 7 7.5 8 8.5 9 9.5 10
CEM_LE 4.5 5 - - - - - -
CEM_SI 027 029 0.31 - - - - -
ﬁ CEM_ LI 024 025 027 029 031 032 034 0.36
CEM LE 0.35 0.38 - - - - - -

before failure, both for the lower and the higher load levels. This result, compared
to the performance of the reference specimens, strongly underlines the contribution
of the autonomous self-healing system in restoring the mechanical properties of the
damaged cementitious materials, especially in severe conditions of damage and also
when cyclic loads are involved, improving the resilience of the system during its
remaining service life.

In terms of number of cycles and maximum load level, the best performance
was expressed by the CEM LI series. On the other hand, it is important to point
out that this result deeply depends on the estimation of the load-bearing capacity
after self-healing that was made based on the static reloading data (Section 6.3).

Comparing the initial load-bearing capacity of the intact self-healing specimens
and their residual load-bearing capacity after pre-cracking with the applied maxi-
mum load in cyclic condition, it is possible to see that the specimens sustained a
maximum load in cyclic condition much higher than the residual bearing capacity
after unloading in the pre-cracking phase (Lynjoqq): up to 15 times this residual
capacity for the CEM__SI series, 10 times for the CEM__LI series and 5 times for
the CEM__LE series (see Table 6.6).

The comparison with the peak load of the intact specimens indicates that the
system possesses a good recovery ability under cyclic conditions, being able to
sustain cyclic loads up to 31% of the intact load-bearing capacity for the CEM__SI
series, up to 36% for the CEM_ LI series and up to 38% for the CEM__LE series
(see Table 6.6). This is in good agreement with the performance regain observed
under static conditions, where the values of the load recovery indexes were approx.
36%, 31% and 47% respectively.

As a general tendency, looking at Table 6.5 it is possible to notice an overall
decrease in the number of cycles to failure with increasing load levels. Figure 6.12
shows the relationship between the evolution of the crack opening at the maximum
load with increasing number of cycles N, at each load level S at which they were
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Mechanical behavior under quasi-static and cyclic loading
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Figure 6.12: Evolution of the crack opening displacement at the maximum load
with increasing number of cycles N with increasing load level S: (a) CEM_SI_ 6;
(b) CEM_LI 1; (¢c) CEM_LI 8;(d) CEM_LE 12.

tested before complete failure. In the figure, four of seven specimens that underwent
the cyclic testing at increasing load levels are displayed, as a way of example.
Looking in detail at these curves, it is possible to notice that with increasing S
an increase of the slope in the Stage (II) curves occurs and a progressive deviation
from linearity as a function of the number of cycles is displayed. The latter is
a typical feature of the Stage (III) and is evidenced for example in Figure 6.12b
for S = 0.90, after about 7000 cycles. This feature is directly correlated to a
faster increase in the damage rate evolution. Further studies would be needed to
better investigate this change of slope in correlation with the load level S, for the
purpose of characterizing the fatigue life of the self-healing cementitious materials,
in comparison with ordinary and fiber reinforced concrete. Nevertheless, these
results represent a step forward with respect to the limited literature concerning the
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fatigue performances of self-healing cementitious systems, which is an important
knowledge gap that needs to be filled in order to ensure the reliability of these
systems in real field conditions.

6.5 Conclusions

Self-healing mortars were produced adding cementitious tubular capsules filled
with a polyurethane precursor in the mortar mix. The capsules were manufactured
according to the two different procedures described in Section 3.1.2, and were also
characterized by different waterproofing coating configurations, size, and distribu-
tion within the mortar specimens. Their self-healing effect was evaluated in terms
of mechanical recovery under static flexural loading and number of cycles to failure
under repeated cyclic flexural loading.

The results were not significantly affected by the capsule manufacturing proce-
dure and by the sequence of application of the epoxy coating layers as highlighted in
Chapter 5; conversely, the internal diameter of the capsules and their distribution
within the specimen may have influenced the release of the polyurethane precursor
upon pre-cracking and hence the final mechanical performance.

In all cases, the mechanical regain was very satisfactory in comparison with
the behavior of reference plain mortars, both under static and cyclic loading. A
maximum load recovery index in static condition of more than 40% and a maxi-
mum number of cycles to failure of more than 70000 were observed, confirming the
potential of the proposed capsule-based self-healing system for the purposes of im-
proving the structures durability and mechanical performances also when subjected
to dynamic actions.
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Chapter 7

Evaluation of the sealing efficiency
with a shared inter-laboratory
testing procedure

The critical nature of the increasing sustainability and safety requirements of
structures is pointed out by their inclusion as priority challenges in the European
Research Program. In this context, the growing importance of research on self-heal-
ing cementitious materials has been highlighted in the last decade by the funding
of several FP7 and Horizon 2020 projects concerning the use of these technologies,
such as the HEALCON project! (2013 - 2016), the SHeMat project? (2012 - 2015),
the EnCoRe project® (2012 - 2014), the CAPDESIGN project* (2013 - 2017), the
LORCENIS project® (2016 - 2020), the ReSHEALience project® (2018 - 2022) or
the SMARTINCS project” (2019 - 2023).

Within the projects concerning self-healing funded by the European Union,
there is also the COST Action SARCOS (Self-healing As preventive Repair of COn-
crete Structures) CA15202°% (2016 - 2021). The project is funded by the European
Cooperation in Science and Technology (COST), which is a funding organization

'HEALCON: https://cordis.europa.eu/project/id /309451
2SHeMat: https://cordis.europa.eu/project/id /290308
3EnCoRe: https://cordis.europa.eu/project/id/295283

4CAPDESIGN:  https://www.era-learn.eu/network-information /networks /m-era-net /m-era-
net-joint-call-2012 /encapsulation-of-polymeric-healing-agents-in-self-healing-concrete-capsule-
design

SLORCENIS: https://cordis.europa.eu/project /id /685445

SReSHEALience: https://cordis.europa.eu/project /id /760824

TSMARTINCS: https://cordis.europa.eu/project /id /860006

8SARCOS: https://www.cost.eu/actions/CA15202/, https://www.sarcos.eng.cam.ac.uk/
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Evaluation of the sealing efficiency with a shared inter-laboratory testing procedure

for the creation of research networks (COST Actions). These networks offer an open
space for collaboration among scientists across Europe (and beyond) and thereby
give impetus to research advancements and innovation.

The first focus of the SARCOS COST Action is to compare the use of self-
-healing capabilities of concrete [16] with the use of external healing methods [9]
for repairing existing concrete elements. Despite the promising potential of the de-
veloped healing technologies, they will be real competitive alternatives only when
sound and comparative characterization techniques [19] for performance verification
are developed, being this SARCOS’s second focus. The third focus deals with mod-
eling the healing mechanisms taking place [318] for the different designs and with
predicting the service life increase achieved by these methods. In order to achieve
these objectives, SARCOS brings together researchers from academia, industry,
and regulators from 31 countries, including EU, Near Neighbor and International
Partner Countries.

With the aim of achieving the second focus of SARCOS of filling the lack of
standardized test methods and develop sound and comparative characterization
techniques, six different inter-laboratory tests are running to evaluate test methods
to assess the efficiency of self-healing cementitious materials. Each test focuses on
a different healing technology.

One of the inter-laboratory tests in which the research group of Politecnico
di Torino is involved and which is in close relation to the topic here described
focuses on self-healing mortar and concrete with macro-capsules, filled with poly-
meric healing agents [319]. Glass capsules were chosen due to their well-documented
successful use throughout the last decade [20-22, 26, 29-34], and considered as rep-
resentative also for other types of brittle capsules. Six laboratories participated in
this inter-laboratory test:

e Ghent University,

e Politecnico di Torino,

e Riga Technical University,

o Cracow University of Technology,
o Cambridge University,

o KU Leuven (Ghent Technology Campus).

For the inter-laboratory test program, two different tests are under evaluation:
a water permeability test and a capillary water absorption test. To execute the
water permeability test, mortar specimens were cast, and concrete specimens were
cast to perform the water absorption test. All specimens were produced by Ghent
University and then shipped to the participating laboratories.
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7.1 = SARCOS Inter-laboratory test protocol

Following the opportunity to participate in this inter-laboratory testing, it was
decided to use the results obtained for the glass capsules as a benchmark to compare
the performances of the newly developed cementitious capsules filled with polyu-
rethane precursor. This allowed to fulfill an important objective of the research
activities, namely to compare the cementitious capsules with another macro-encap-
sulation technology that obtained positive results through the last decades in its
applications by several research groups. This also allowed to prove the SARCOS
protocol applicability to different self-healing cementitious materials based on the
use of macro-capsules.

7.1 SARCOS Inter-laboratory test protocol

7.1.1 Mortar prisms with glass capsules
Specimens preparation

Unreinforced mortar prisms (40x40x160 mm?) were cast using a mortar mix
composition deduced from the concrete composition (concrete equivalent mortar).
Ordinary Portland cement (CEM I 42.5 N, ENCI, the Netherlands), sieved sand
(grading 0-2 mm), limestone filler, and tap water were used. The water to cement
ratio was 0.50. Superplasticizer was added in a dosage of 0.16 m% relative to
the weight of cement. For each laboratory, a separate batch was made to cast all
specimens.

The mortar prisms remained unreinforced. Yet, the specimens were provided
with a cast-in-hole in order to perform the water flow test (as in Section 5.1.4).
This cast-in-hole was created by placing an oiled smooth steel bar (® 5 mm) along
the length of the molds. When the specimens were demolded, the day after casting,
the steel bar was pulled out of the mortar prisms, creating a hollow core along the
longitudinal axis of the specimens. The cast-in hole was located with its center at
15 mm from the bottom side of the specimens (Figure 7.1). After demolding, the
specimens were sealed in plastic foil in groups of 3 to prepare them for shipping (6
specimens per series, for a total of 12 specimens).

For the self-healing specimens, two capsules were placed at a height of 5 mm
above the bottom side of the specimen so that the vertical distance between the
cast-in hole and the capsule, and the distance between the capsule and the bottom
side of the specimen was approximately equal. The macro-capsules were made from
borosilicate glass (®.;; =3.35 mm, ®;,;, =3 mm). The length of the capsules used
for the mortar prisms was equal to 55 mm. To estimate the volume of healing agent
in a capsule, an effective length of the capsule 5 mm shorter than the total length
was assumed (i.e. 50 mm). This was done to account for a small amount of air
in the capsule, as well as the sealing of the capsules with a two-component epoxy
glue (PC 5800, Tradecc, Belgium). One side of the glass capsules was first sealed
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Figure 7.1: Specimens containing glass capsules.

with epoxy glue. Subsequently, the capsules were filled with the low viscosity PU
healing agent described in 3.4.2 (HA Flex SLV AF, GCP Construction Products
N.V., Belgium) using a syringe with needle. Care was taken to limit the amount
of entrained air. To make the leakage of PU from the cracked specimens more
visible, a small amount of bright yellow fluorescent powder dye (EpoDye, Struers,
the Netherlands) was mixed into the PU prior to filling the capsules. After filling
the capsules with PU, the open side of the capsules were also sealed using epoxy
glue.

Specimens which contained glass capsules are denoted in this chapter as GLASS
specimens, as opposed to their reference specimens without capsules which are
denoted as REF G specimens.

Test procedure

The test procedure shares similarities with the tests described in Chapter 5. It
is reported below and summarized in Figure 7.2. Some results of the test performed
on the specimens at Politecnico di Torino in the framework of the inter-laboratory
testing will be used as comparison for the results using cementitious capsules.

Crack creation and active crack width control Prior to shipping, a carbon
fiber reinforced polymer (CFRP) strip (PC®Carbocomp UNI, Tradecc, Belgium)
with dimensions 40x 160 mm?® was glued on the top of the specimens using an epoxy
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Figure 7.2: Summarization of the SARCOS inter-laboratory test protocol.

resin (Sikadur®-30, Sika, Belgium) (see Figure 7.1). At an age of 14 days, the spec-
imens were cracked in a three-point bending test with a span of 100 mm and a
loading rate of 50 N/s (similar to the bending test prescribed by EN 196-1). Due
to the fact that there was no tensile reinforcement in the specimens, they failed sud-
denly; however, both halves remained connected due to the CFRP, which allowed
to widen or close the cracks and to apply the active crack width control [41, 124,
179] (as described in Section 5.1.2). Immediately after cracking the specimens were
placed with their crack mouth facing upwards and the crack width was restrained
using screw jacks (shipped by Ghent University) to a nominal value of 400 pm.
The crack width was then further restrained under an optical microscope using an
iterative procedure of measuring and restraining until the average crack width fell
within the desired crack width range of 290 to 310 pnm.

Along the crack path, three different locations were chosen to measure the crack
width. The locations were not fixed to avoid the risk of studying a location with a de-
fect (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. Consequently,
the operator chose locations representative of the crack, taking into account to
avoid borders and spread equally the 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 specimens were then turned so that the crack mouth was facing downwards
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(i.e. CFRP facing upwards), in order to limit the influence of the specimen orien-
tation on the outflow of PU from the capsules. The active crack width control was
executed in less than 30 minutes.

Water flow test to assess sealing efficiency The water permeability of the
specimens was measured using a water flow test [19, 120, 189] (as in Section 5.1.4).
Prior to executing the test, specimens were stored in an indoor climate with their
crack facing downwards for at least 1 day, to allow the PU to polymerize. Afterward,
specimens were submersed in demineralized water for 24 to 48 h to prevent the
influence of water absorption by the matrix on the results. The specimens were
then taken out of the water and were surface dried. To connect the specimens to
the water flow setup, the cast-in hole was enlarged to a diameter of 6 mm over
a length of 25 £ 5 mm using a drill. This was done prior to cracking to prevent
the vibrations from influencing the crack. A short plastic tube (length of +60
mm, Peprernar 6 mm, Pyierna 4 mm) was then inserted in the cast-in hole and
sealed using silicone. Also the other side of the cast-in hole was sealed completely
with silicone (see Figure 7.3). The inserted tube was then connected to a tube in
contact with an open water reservoir. The water head, measured from the tube
in the specimens up to the water level, was kept constant throughout the test at
50+ 2 cm by topping up with demineralized 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 were sealed prior to saturation. Sealing could
be achieved by the different laboratories using aluminum tape, silicon sealant, or a
viscous glue. In the case of our laboratory, viscous methyl methacrylate glue was
used (Schnellklebstoff X60, HBM, Germany). The first 60 seconds of water leakage
was 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 minimum of 6 minutes.

The sealing efficiency SE, s of the self-healing specimens containing the glass
capsules was calculated with respect to the reference specimens, without capsules,
using Equation 7.1:

SEus (%) = QREFjG’ — derass 100, (7.1)
4rREF G

where qppp ¢ the average water flow rate (g/min) of the reference specimens
and g asg the average water flow rate (g/min) of the self-healing specimens con-
taining glass capsules.

Visual examination of healing agent on the crack surfaces After perform-
ing the water permeability test, the GLASS specimens were split at the location
of the crack to determine the healing agent coverage [15, 29, 30, 39, 293]. Pic-
tures were taken from both crack faces of each specimen. The PU spread was
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determined via machine learning by using the Trainable Weka Segmentation [320]
plugin in the open source software ImageJ, distribution Fiji (version 1.52) [321].
After manually training the machine learning algorithm, it was able to produce a
pixel-based segmentation of the zones with and without PU. The segmented images
were then filtered to remove outliers, after which the images were manually checked
for misidentified zones (e.g. a sand particle being identified as PU due to similar
color). The application of the Trainable Weka Segmentation to analyze images has
also been used for self-healing applications to segment swollen SAP particles in
tomography images of cracked mortar [322, 323]. The surface coverage was defined
as the quotient of the area with PU over the total area and reported as the average
from both crack faces of a specimen, as it was noted that the spread was similar
on each crack face.

7.1.2 DMortar prisms with cementitious capsules
Specimens preparation

Unreinforced mortar prisms (40x40x160 mm?) were cast using standardized
mortar mix composition, as described in EN 196-1. Ordinary Portland cement
(CEM I 42.5 N, Buzzi Unicem S.p.A., Italy), normalized 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.

In this case, for the self-healing specimens, cementitious capsules were used. It
was decided to manufacture two series of specimens using either extruded (®e,y =10
mm, $;,; =7.5 mm) or rolled (®.,y =8 mm, ®;,; =5 mm) cementitious capsules,
manufactured as described in Chapter 3. An epoxy coating was applied only in-
ternally (see Section 3.2), with a thickness of about 1 mm, reducing the internal
diameter of the capsules to 5.5 mm for the extruded capsules and 3 mm (as the
glass capsules) for the rolled capsules. For this reason, the lengths of the capsules
were chosen respectively equal to 45 mm and 60 mm. The reason for these lengths
was that, taking into account the reduction of the effective length due to the seal-
ing with a two-component epoxy plaster (Stucco K, API SpA, Italy) and a small
amount of air in the capsules, it was possible to encapsulate in the rolled capsules
the same volume of healing agent of the glass capsules, while double of this volume
in the extruded capsules.

Taking this into account and in order to have the same amount of healing agent
as in the case of glass capsules, two self-healing series of specimens were produced:
one containing one extruded capsule (CEM__L series, 6 specimens), one containing
two rolled capsules (CEM__S series, 6 specimens). The capsules were filled with the
same PU healing agent modified with the fluorescent dye described in Section 7.1.1,
using a syringe with needle and limiting the amount of entrained air.

The main characteristics of the cementitious capsules used are summarized in
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Table 7.1: Summary of the characteristics of capsules used for the different series.

CEM_ L CEM_S

Manufacturing process Extrusion Rolling
Mix design Mix design 2 Mix design 2
Surface of the tubular shell coated with Internal Internal
epoxy
Average internal diameter of the tubular
<hell (mm) 7.5 5
Average external diameter of the tubular
<hell (mm) 10 8
Average length of the capsule (mm) 45 60
Average thickness of the epoxy coating (mm) 1 1
Average internal diameter after epoxy (mm) 55 3
coating
Volume of cargo healing agent (mL) ~0.6 ~0.3

+— CFRP strip

Epoxy glue

Cast-in-hole (®=5 mm)
Cast-in-hole (®=5 mm)

Cementitious

|_— shell ~

Y

4

20 mm| ™
m

15 m|

|_Epoxy coating_]

Figure 7.3: Specimens containing cementitious capsules.

Table 7.1.

The capsules were placed at a height of 3 mm above the bottom side of the
specimen (Figure 7.3) so that, taking into account the shell and coating thicknesses,
the vertical distance between the internal core of healing agent and the bottom side
of the specimen was approximately equal to that of the glass capsules (=5 mm).

Also in this case, the specimens were provided with a cast-in-hole in order to
perform the water flow test. The cast-in hole was located with its center at 15 mm
from the bottom side of the specimens in the case of the CEM __S series, keeping the
testing conditions of the inter-laboratory testing. However, due to the dimension of
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Figure 7.4: Summarization of the test protocol used for the self-healing specimens
containing cementitious capsules.

the extruded capsules, it was necessary to move upwards the cast-in-hole to a height
of 20 mm (see Figure 7.3). This height was chosen also in order to keep constant in
the two series the distance between the center of the capsules and of the cast-in-hole.
To take into account the influence 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 higher cast-in-hole (REF_L series,
6 specimens) and one with the lower cast-in-hole (REF _S series, specimens).

After demolding, the specimens were sealed in plastic foil in groups of 3 to
maintain the same curing condition of the GLASS series.

Test procedure

The test procedure for the self-healing specimens containing cementitious cap-
sules is summarized in Figure 7.2. The procedure was the same as described in
Section 7.1.1, apart the differences reported below.

Crack creation and active crack width control Also in this case, a carbon
fiber reinforced polymer (CFRP) strip (Sika CarboDur®, Sika, Italy) with dimen-
sions 40x 160 mm?® was glued on the top of the specimens using an epoxy resin
(Sikadur®-30, Sika, Belgium) (see Figure 7.3). At an age of 7 days, instead of 14
days due to technical organization reasons, the specimens were cracked in a three-
point bending test with a span of 100 mm and a loading rate of 50 N/s. The same
active crack width control technique described in Section 7.1.1 was applied.
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Water flow test to assess sealing efficiency The water permeability of the
specimens was measured using the same water flow test and the same procedures
described in Section 7.1.1.

The sealing efficiency SE,, ;s of each series of self-healing specimens containing ce-
mentitious capsules was calculated with respect to the reference specimens, without
capsules and with the same cast-in-hole configuration, using Equation 7.2:

SEus (%) = QREFti —4dcEM i % 100, (7.2)
4REF i
where Gppp ; the average water flow rate (g/min) of the reference specimens and
Jopm . the average water flow rate (g/min) of the self-healing specimens containing
glass capsules. i indicates either the L or S that identifies the type of capsules and
the position of the cast-in-hole.

Visual examination of healing agent on the crack surfaces After perform-
ing the water permeability test, the self-healing specimens were split at the location
of the crack to determine the healing agent coverage [15, 29, 30, 39, 293]. Pictures
were taken from both crack faces of each specimen. Prior to the segmentation of
the zones with and without PU, the crack faces were overlapped using the open
source software GIMP [324]. One crack face was flipped horizontally, overlapped to
the other face in order to have a correct matching of the side of the crack faces and
the cast-in-hole. Taking into account that the pixels corresponding to PU have a
higher pixel value (i.e. higher brightness) than those of the matrix, the two faces
were merged comparing each single pixel in the same position composing the two
faces:

Pmerged - max(Pl, P2) (73)

where Pcrgeq is the final pixel value after merging, while P, and P, are the
pixel value of the two crack faces in the same position after overlapping.

The PU spread was then determined via machine learning as described in Sec-
tion 7.1.1 by using the Trainable Weka Segmentation [320] plugin and filtering the
outliers and misidentified zones. The surface coverage was defined as the quotient
of the area with PU over the total area on the final merged image.

7.2 Crack creation and active crack width control

Figure 7.5 shows the average crack width w (pm) and the related standard
deviation bars measured for the different series. It has to be noted that for all
series, 6 specimens were produced and tested. However, for the CEM S series, one
specimen was erroneously broken during the crack creation and for this reason only
5 specimens were available for the crack width measuring and further testing.
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Figure 7.5: Average crack width w of each series after the active crack width control
(error bars refer to + one standard deviation).

Overall, the application of the active crack width control technique was success-
ful for obtaining crack widths within the desired range of 290-310 pm. A one-way
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=0.98), making them comparable in terms of crack
width. The same is true considering in the ANOVA test the results of the REF__G
and GLASS series (level of significance=0.05, p=0.96), making the 6 series compa-
rable.

Both the reference series were characterized by a very low variability in the crack
widths, combined with a clean appearance, that is without many ramifications or
loose particles (Figure 7.6a, 7.6e). For the specimen with embedded extruded
capsules, it was possible to notice an abundant release of PU, that was clearly
visible over the crack mouth (Figures 7.6b). However, the influence of the capsule
stiffness caused crack toughening mechanisms such as bifurcation or deviation of the
crack path (Figures 7.6¢, 7.6d), resulting in a higher variability of the crack widths.
It is important to highlight that the young age of the mortar in comparison to
the already hardened capsules played an important role and that the cementitious
capsules, both for their size and mechanical properties, are much closer to a concrete
aggregate, rather than a mortar grain. Hence, it has to expect that it should
work better when upscaled to a concrete mix. In the case of the small diameter
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Figure 7.6: Crack mouths after the active crack width control technique: (a)
REF L series; (b-d) CEM__L series; (e) REF_S series; (f) CEM__S series. The
locations used for the crack width measuring are visible.

Table 7.2: Overview of average crack width w, standard deviation o,, and coefficient
of variation C'V,, of each series after the active crack width control.

Series w (pm) 0w (nm) CVy (-)
REF_G 302 5 2%
GLASS 304 2 1%
REF_L 301 5 2%
CEM_ L 300 15 5%
REF_S 300 4 1%
CEM_S 303 20 %

cementitious capsules, there were again similar issues in the crack development and
hence its variability. However, this time it was not possible to observe an external
release of polyurethane (Figure 7.6f), presumably due to the smaller quantity of
healing agent for each capsule and the higher capillary forces exerted by the capsule.

Table 7.2 summarizes the average crack width w, the standard deviation o,, and
the resulting coefficient of variation C'V' of each series after the active crack width
control. The highlighted variations are quite small, confirming the efficacy of the
active crack width control technique as stated in Chapter 5.
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Figure 7.7: Water flow rate ¢ of each series: individual samples results (symbols)
and mean value g of the series (solid line).

7.3 Water flow test to assess sealing efficiency

After submersion in demineralized water for 1-2 days, the pre-cracked specimens
were subjected to the water flow test. Figure 7.7 shows the flow rate ¢ (g/min)
measured for the different series.

The good release of PU from the specimens containing extruded capsules (Fig-
ure 7.6) resulted in a low measured water flow, as opposed to the higher water
flow measured on their corresponding reference specimens. While for the latter a
steady and heavy flow was detected once that the specimens were connected to
the reservoir, in the majority of the self-healing specimens just a constant slow
dripping was visible (Figure 7.8a). As might be expected, the dripping was visible
just from the zone of the crack that was not covered by the PU (Figure 7.8b).
Consequently, a good sealing efficiency was obtained of about 74% with respect
to the corresponding reference specimens. It is interesting to point out the close
value of sealing efficiency measured in Section 5.4 using also in that case extruded
cementitious capsules with internal coating, the low viscosity PU as healing agent
and similar procedures for testing (SE,; = 79%). This result further underlines
the importance of repeatable procedures to obtain repeatable results.

In the case of the specimens with the cast-in holes in a lower position, the
water flow was overall higher than that of the previous configuration and showed
a higher variability. The self-healing specimens containing small capsules showed
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(b)
Figure 7.8: Leakage : (a,b) CEM_L series; (c) CEM__S series
Table 7.3: Overview of average water flow rate g, standard deviation o4, coefficient

of variation C'V,, average sealing efficiency SE,; and standard deviation osg,, of
each series after the water flow test.

Series (g/glin) (g/‘:ﬁin) CV,(-) SEu; (-) osg,, (-)
REF G 108 19 18% - -
GLASS 54 42 78% 50% 39%
REF L 59 12 21% - -
CEM_L 15 8 52% 74% 14%
REF S 94 28 30% - -
CEM_S 43 22 52% 54% 24%

also in this case a water flow lower than that of the corresponding reference spec-
imens and a dripping behavior (Figure 7.8c), compared with the steady flow of
the reference specimens. A satisfactory sealing efficiency was assessed, but lower if
compared to that of the large capsule specimens. This could be possibly ascribed
to a lower release of healing agent, later confirmed by the splitting of the speci-
mens (Section 7.4). Comparing the water flow measured on the specimens of the
CEM__L and CEM__S series through a one-way ANOVA test, it was showed that
the means of the two test series were significantly different from each other (level
of significance=0.05, p=0.02).

Table 7.3 summarizes the results of the water flow test, including both the results
using glass and cementitious capsules with their respective reference specimens.

Comparable coefficients of variation for the CEM_L and CEM__S series were
obtained, as well as those of their reference specimens. Comparing the coefficients
of variation on the crack width (Table 7.2) and on the water flow (Table 7.3) it is
possible to notice that even with low variability on the crack width, the variation
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on water flow is almost an order of magnitude higher, as reported in literature [41].
Indeed, Edvardsen [56] stated that the permeability of a crack is related to the
third power of the crack width, hence also small variability on the crack width will
result in higher variability on the permeability. Moreover, permeability is strongly
affected also by the internal geometry of the crack, on which no control can be
exerted [19, 41].

The best results were obtained using the extruded cementitious capsules (CEM__ L
series), which also present the lower variability in terms of sealing efficiency.

Similar to the consideration of the comparable results between the use of ex-
truded cementitious capsules in the present Section and in Section 5.4, the same
can be said for the CEM_S (SE,; = 54%) and GLASS (SE,; = 50% series,
which were tested with the same setup (i.e. position of the cast-in-hole and of
the capsules). This was confirmed by applying a one-way ANOVA test on the two
series, which showed that the mean water flows of the different test series were not
significantly different from each other (level of significance=0.05, p=0.60). These
similar results are most likely dependent from the similarities of the two self-heal-
ing systems, which presented comparable internal diameter, length, and volume
of cargo healing agent, resulting in similar release mechanisms and consequently
sealing efficiency.

7.4 Visual examination of healing agent on the
crack surfaces

After performing the water permeability test, the specimens were split at the
location of the crack to analyze the spread of the healing agent. Figure 7.9 shows the
example of two specimens from the two self-healing series (CEM__L and CEM__S)
after splitting and segmentation of the PU to identify the spreading of the healing
agent on the crack faces.

After binarization, the area covered by PU was compared to the total area of
the crack face, including the area occupied by the capsules and the hole for the
water flow test. An average surface coverage of 13.1% for the CEM__L series and
of just 2.4% for the CEM__S series was obtained. For what concern the surface
coverage obtained for the GLASS series using the procedure described in 7.1.1, an
average surface coverage of 47.2% was calculated.

From the visual observation of the crack faces and the result obtained in the
surface coverage of the CEM__S series, it is clear that they suffered from a high
capillary action that did not allow a good releasing of healing agent. This is a
useful indication for the improvement of the system, that will probably benefit
from a slightly change in the capsules dimensions. Moreover, when using small
diameter cementitious capsules, the use of a polyurethane precursor with a higher
expansion rate of the foam, hence a higher production of CO,, would further help to
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Figure 7.9: Process of segmentation of one specimen from the CEM_L (a-c) and
the CEM__S (d-f) series: (a,d) overlay of the two crack faces; (b,e) picture after
segmentation, binarization and removal of the outliers; (c,f) area of the spread PU
overlapped on the crack face.
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boost the healing-agent release. A clear example of this was provided in Chapter 6
where the use of a highly expansive polyurethane precursor allowed a visible leakage
of PU.

Another aspect to be pointed out is that, while the sealing efficiency measured
through water flow test for the CEM__L series and the PUR, INT series in Chapter 5
were similar (respectively 74% and 79%), the average surface coverage was different
(respectively 13.1% and 36%). The same can be said for the CEM__S series and
the GLASS series, which also presented similar sealing efficiency (respectively 54%
and 50%) with a striking difference in the average surface coverage (respectively
2.4% and 47.2%).

Consequently, it can be concluded that a higher surface coverage does not nec-
essarily translate into a better sealing efficiency. This can be seen for example in
Figure 7.10 where it is possible to observe the crack faces of a specimen from the
GLASS series. Even though the spreading of the PU on the crack faces is visible,
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Figure 7.10: Crack faces after splitting of a specimen from the GLASS series.

it is possible to observe an empty zone below the cast-in hole that should have
allowed the leakage of water from the crack mouth.

Therefore, unless the healing agent provided is sufficient to seal the crack mouth
or to seal all the possible paths for the water to leak out of the specimen, the water
flow will be possibly slowed down but not stopped. This highlights the importance
of how the healing agent is spread, other than the area covered by the polyurethane
itself.

7.5 Conclusions

In this chapter, the self-healing performances obtained with cementitious cap-
sules filled with a polyurethane precursor were compared with those obtained using
glass capsules filled with the same healing agent. This comparison was performed
by applying an inter-laboratory testing procedure developed in the framework of
the EU COST Action SARCOS, which involved six European Universities including
Politecnico di Torino. The use of such testing procedure offered the advantage of
adopting a shared good practice and consequently making the results easily com-
parable and reproducible.

Two series of self-healing mortar prisms were produced: one with a single large
capsule manufactured by extrusion and comparable to those used in Chapter 5, the
other with two smaller capsules manufactured with the rolling procedure developed
in the framework of this thesis. The latter were comparable with the glass capsules
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used in the inter-laboratory testing in terms of internal diameter and volume of
cargo healing agent.

The application of the active crack width control technique allowed the reduction
of variability in the crack width, as already mentioned in Chapter 5. The water
flow testing showed positive results in terms of sealing efficiency for both the series.
The best average result was shown by the use of the specimens containing a single
cementitious capsule, which allowed to obtain a reduction of 74% in terms of water
flow rate with respect to the average water flow measured on the reference series
without capsules. Positive results were obtained also for the series using the smaller
diameter capsules, with an average reduction in the order of 54%. In general,
cementitious capsules offered comparable or better performance with respect to
glass capsules, for the same healing agent type and content. Specifically, the average
sealing efficiency for the glass macro-capsules was equal to 50%.

The analysis of the spreading region of the healing agent on the crack surfaces
did not show a strong relationship between the surface coverage and the water flow
rate, highlighting that a high surface coverage does not guarantee a crack sealing
as long as the possible pathways for the water leakage are stopped by the healing
agent. Moreover, the visual inspection suggested that a higher capillary action was
exerted by the smaller diameter capsules on the release of the healing agent. This is
a useful indication to design the system modifying its dimensions (i.e., length and
internal diameter) to allow a reduction in the capillary action. Moreover, using
healing agents with a lower viscosity, or with a higher expansion in the case of
foaming agents, would improve their release and filling of the crack.

Finally, it can be observed that when applying the SARCOS protocol to test
specimens with a single macro-capsule containing the same amount of polyurethane,
substantially the same results are obtained in different repetitions of the test. In-
deed, the results shown in this chapter and in Chapter 5 highlighted an average
sealing efficiency respectively of 74% and 79% for comparable capsule configura-
tions. This result further contributes to validate the robustness of the SARCOS
protocol.
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Chapter 8

Self-healing efficiency: durability
and mechanical properties
recovery

The activities described in this chapter concerned the definition of the final
self-healing system and the demonstration of its full self-healing capacity, hence
the possibility to obtain the recovery of both durability-related and mechanical
properties.

The self-healing system was manufactured taking in consideration the inputs
provided by the intermediate steps of the research, which are reported in the previ-
ous chapters. For this reason, it was decided to use the newly manufactured rolled
capsules, which allows a higher control over the capsule dimensions (Chapter 3), by
increasing their internal diameter after the evidence of capillary action in Chapter 7.
As it was decided in Chapter 5, it was decided to use a polyurethane precursor for
the good sealing efficiency offered by this type of healing agents (Chapters 4, 5 and
7). Namely, it was decided to use the highly expansive polyurethane precursor for
its good tested performances (Chapters 4 and 6) and to boost the release of the
healing agent.

For the purpose of characterizing the recovery of durability-related properties,
the final system was first pre-cracked and then investigated through two types of
water flow tests after autonomous healing. The first water flow test is well-estab-
lished in literature and was used also in the previous chapters. The second one
was developed during this study to provide stricter testing conditions and check
the system performance in comparison with the previous water permeability test.
Subsequently, the mechanical recovery offered by the final system was investigated
through static reloading of the healed system. A visual analysis of the crack faces
was also carried out to estimate the spreading of the healing agent on the crack
faces to complement the previous characterizations.
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Table 8.1: Summary of the characteristics of capsules used for the different series.

CEM_A & CEM_B

Manufacturing process Rolling
Mix design Mix design 2
Surface of the tubular shell coated with epoxy Internal
Average internal diameter of the tubular shell (mm) 6
Average external diameter of the tubular shell (mm) 8.5
Average length of the capsule (mm) 50
Average thickness of the epoxy coating (mm) 1
Average internal diameter after epoxy coating (mm) 4
Volume of cargo healing agent (mL) ~0.7

8.1 Materials and Methods

8.1.1 Mortar prisms

Unreinforced mortar prisms (40x40x160 mm?3) were cast using standardized
mortar mix composition, as described in EN 196-1. Ordinary Portland cement
(CEM I 42.5 N, Buzzi Unicem S.p.A., Italy), normalized 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.

Cementitious capsules were used, manufactured using the rolling procedure
(Perr =8.5 mm, ¥, =6 mm) as described in Chapter 3. The internal diame-
ter was slightly incremented to reduce the capillary action exerted by the capsule,
as described in Chapter 7. An epoxy coating was applied only internally (see Sec-
tion 3.2), with a thickness of about 1 mm, reducing the internal diameter of the
capsules to 4 mm. The length of the capsules was chosen equal to 50 mm. The
capsules were filled with a syringe with the highly expansive polyurethane precur-
sor (CarboStop U, Orica), described in Section 3.4.2 and used in Chapters 4 and
6, limiting the amount of entrained air. After sealing, the capsules were further
coated with sand to improve the bonding with the surrounding matrix. The main
characteristics of the cementitious capsules are summarized in Table 8.1.

Two self-healing series of specimens were produced, both containing two capsules
at a height of 10 mm above the bottom side of the specimen (Figure 8.1): one
was provided with the cast-in-hole required for the water flow test described in
Sections 5 and 7 at a depth of 15 mm from the top side of the specimen (CEM__A
series, 6 specimens, Figure 8.1a), one without the cast-in-hole (CEM_B series,
6 specimens, Figure 8.1c). Reference specimens without capsules were produced
for both the series (REF__A series, 6 specimens, Figure 8.1b; REF B series, 6
specimens, Figure 8.1d). For all the specimens, a cast-in U-shaped notch measuring
4 mm in width and 4 mm in height was provided in the molds.
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Figure 8.1: Schematic cross section of the specimens: (a) without capsules and
with cast-in-hole, REF__A series; (b) with two rolled capsules and with cast-in-hole,
CEM__A series; (c¢) without capsules and no cast-in-hole, REF B series; (d) with
two rolled capsules and no cast-in-hole, CEM__B series.

Upon casting, the specimens were covered with plastic foil. After 24 hours, the
specimens were demolded, the oiled bars used to obtain the cast-in-hole removed,
and the specimens were wrapped in plastic foils for 14 days.

8.1.2 Pre-cracking

In order to evaluate the effectiveness of the autonomous self-healing system, a
controlled localized crack was first induced in the specimens using a mechanical
pre-cracking procedure as in Chapter 6. It was decided to not use the active crack
control technique used in Chapters 5 and 7, since the experiences with the use of
the highly expansive PU precursor (Chapters 4 and 6) suggested that it would have
posed some issues, such as the fast coverage of the crack mouth by the expansion of
the PU foam that would not allow the iterative measurement and restriction, and
the risk to cause a too high expansion of the foam during the sudden crack creation
due to the back-pressure (see Section 3.4.2).

At an age of 14 days from casting, all the specimens were pre-cracked via a
crack-width controlled three-point bending test with a span of 10 cm using a 250
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kN closed-loop servo-controlled MTS hydraulic press (MTS 810, MTS Systems
Corporation, USA) equipped with a digital controller (FlexTest®40, MTS Systems
Corporation, USA). It was possible to control the crack mouth opening displace-
ment (CMOD) by using a strain-gauge-based displacement transducer (DD1, range
+ 2.5 mm, HBM, Germany) mounted on the bottom face of the specimen upon the
notch.

The test was conducted by imposing a CMOD rate of 1.5 pm/s. Upon reaching
a maximum value of 800 pm, the specimens were unloaded at the same CMOD
rate. The target value for the maximum CMOD was set at 800 pm in order to test
the ability of the system to heal large cracks. The CMOD and load were recorded
throughout the execution of the test.

Immediately after pre-cracking, the specimens were stored in a curing cabinet
(T =20 °C, 60% RH) for three weeks. Two supports with a span of 10 cm allowed
to keep the specimens in the same geometric configuration during pre-cracking,
with their bottom face pointing downward. The duration of the curing cabinet
conditioning definitely exceeded the time required for the PU to react with air
humidity and form a rigid foam, ensuring that the healing agent released from the
capsules during pre-cracking was fully cured.

8.1.3 Water flow tests
Water flow via cast-in-hole

The water permeability of the series CEM__A was measured using the same
water flow test and the same procedures described in Chapters 5 and 7. To connect
the specimens to the water flow setup, the cast-in hole was enlarged to a diameter
of 6 mm over a length of 25 + 5 mm using a drill. This was done prior to cracking
to prevent the vibrations from influencing the crack. A short plastic tube (length of
+60 mm, Peprerng 6 mm, Pypperng 4 mm) was then inserted in the cast-in hole and
sealed using silicone. Also the other side of the cast-in hole was sealed completely
with silicone. Before testing, specimens were submersed in demineralized water for
24 hours to prevent the influence of water absorption by the matrix on the results.
In order to measure only the water leaking out of the crack mouth, the sides of the
specimens were sealed prior to saturation using silicon sealant. Figure 8.2 shows
the test setup for the water flow test.

The first 60 seconds 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 minimum of 6 minutes.

The sealing efficiency SE,; of the self-healing specimens containing cemen-
titious capsules and the cast-in-hole was calculated with respect to the reference
specimens, without capsules and with the same cast-in-hole configuration, using
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Figure 8.2: Test setup for the water flow test using the cast-in-hole.
Equation 8.1:
SEypp (%) = TREEAZICEM A 0 (8.1)

drREF A

where Grpp 4 is the average water flow rate (g/min) of the reference specimens
and Gopy 4 is the average water flow rate (g/min) of the self-healing specimens.

Water flow via funnel

Other than the water flow test widely used throughout this research study, other
permeability tests aimed at investigating the amount of water passing through a
crack in order to assess the healing efficiency using water pressure as driving force
were developed during years. Some were based on measuring the water drop in a
reservoir connected to the crack [21, 57, 71, 200, 292, 325, 326], other researchers
determined the permeability by monitoring the weight of the leaked water instead of
the water drop, keeping the hydraulic water head constant (i.e. constant pressure)
[83, 295] or through pressurized water ingress [104, 120, 327].

Drawing inspiration from the literature and the quick water permeability as-
sessment test described in Chapter 4, a new testing procedure is here presented.
The idea behind the development of a new water permeability test was to provide
comparisons to other types of water permeability tests by using stricter testing
conditions that could confirm or disprove results that could depend on the testing
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Figure 8.3: Test setup for the water flow test using the laterally glued funnel.

condition rather than the effective sealing. At the same time, the developed test
should be easily applicable to commonly used specimens.

It was chosen to develop a constant head test to be applied on prismatic spec-
imens in order to compare the procedure with the results obtained by the water
flow test using the cast-in-hole, which is a test that was thoroughly investigated
during this research activity and in literature [41, 120, 124, 189]. Moreover, the
constant head test has been often applied for specimens having a relatively large
crack width [295, 328], which is the crack width investigated throughout this study
and usually addressed by autonomous encapsulated systems.

After crack creation and the healing agent curing, the prismatic specimens were
turned by 90 degrees. A plastic funnel with an internal diameter of 32 mm was
positioned on the lateral surface of the specimen, tangent to the notch tip, so that
all the crack on the lateral face was contained in the funnel area. The interface
between the funnel side and the surface of the specimen was sealed with silicone,
as well as the first 5 mm of the crack mouth below the funnel. This was done to
prevent edge effects. The funnel was then connected to a tube in contact with an
open water reservoir. The water head, measured from the base of the funnel up to
the water level, was kept constant throughout the test at 50 £ 2 ¢cm by topping up
with demineralized water, in order to maintain a constant pressure (=~ 0.05 bar)
equal to the one used for the previous water flow test. Figure 8.3 shows the test
setup used for the water flow test.

Before testing, specimens were submersed in demineralized water for 24 hours
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to prevent the influence of water absorption by the matrix on the results. Also
in this case, the first 60 seconds 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 minimum of 6 minutes.

The stricter condition of the testing is represented by the fact that the water
could leak from different directions, namely from the crack mouth or from the
lateral side of the crack opposite to the one with the funnel, requiring a sealing
that could stop the leakage from both directions.

The sealing efficiency SE, ; of the self-healing specimens containing cementi-
tious capsules and the sealed funnel was calculated with respect to the reference
specimens, without capsules and with the same configuration, using Equation 8.2:

SEuys (%) = CIREFiB —4ceEM_B % 100, (8.2)
4REF B
where qrpp p is the average water flow rate (g/min) of the reference specimens
and Gopy p is the average water flow rate (g/min) of the self-healing specimens.

8.1.4 Quasi-static reloading

After the water flow test, the silicone used to seal the lateral side of the speci-
mens (CEM A series) or the funnel side (CEM B series) was completely removed
and the recovery of the mechanical properties was evaluated by assessing the load-
-bearing capacity under static conditions as in Chapters 4 and 6.

The specimens from each series were statically reloaded following the same pro-
cedure described in Section 8.1.2 for pre-cracking.

The mechanical recovery was evaluated through a load recovery index (LRI),
expressed as a function of the maximum load-bearing capacity of the specimens
during pre-cracking (Lpeqar) and reloading (Lyeoqd) and as a function of the residual
load-bearing capacity at the end of pre-cracking (Lypnioqq)- Its definition is reported
in Equation (8.3):

Lreload - Lunload
LRI(%) = , 8.3
( O) Lpeak - Lunload ( )

8.1.5 Visual examination of the healing agents in the crack

After reloading, the self-healing specimens were split at the location of the crack
to determine the healing agent coverage [15, 29, 30, 39, 293]. Pictures were taken
from both crack faces of each specimen. The crack faces were overlapped using the
open source software GIMP [324] and the open source software ImagelJ, distribution
Fiji (version 1.52) [321]. One crack face was flipped horizontally and overlapped to
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the other face to have a correct matching of the side of the crack faces and, for the
CEM __A series, the cast-in-hole.

The PU spread was then determined via machine learning as described in Sec-
tion 7.1.1 by using the Trainable Weka Segmentation [320] plugin and filtering the
outliers and misidentified zones using MATLAB.

The surface coverage was defined as the quotient of the area with PU over the
total area on the final merged image. Also, the moment of inertia of the area
covered by polyurethane was defined using a MATLAB algorithm to define the
horizontal centroidal axis of the section and to divide the entire area covered with
PU in n sub-areas a; (mm?). The moment of inertia I (mm?) was then defined as:

i=1
where y; (mm) is the distance between the sub-areas a; and the horizontal
centroidal axis.

8.2 Pre-cracking

At an age of 14 days, all specimens from each series (REF_A, CEM__A, REF_B,
and CEM__B), namely 6 specimens per series for a total of 24 specimens, were
pre-cracked via the controlled three-point-bending test described in Section 8.1.2.

Figure 8.4 shows the load versus CMOD curves recorded during the tests for
the different series.

The specimens were unloaded upon reaching a CMOD of 800 pm as it was
done in Chapter 6, with a small CMOD decrease due to recovery of the elastic
deformation. The series without capsules showed a repeatable behavior, apart
some difference for the specimen REF B 6 (Figure 8.4c) which presented some
damages in the demolding phase. Moreover, the maximum bearing capacity of the
REF B series was slightly higher, due to the fact that the cross section of the
REF __A series was reduced by the presence of the cast-in hole.

While both the reference series showed a continuous and gradual advancement
during the softening phase, the self-healing series showed sudden load drops during
this phase. As mentioned in Chapter 6, these drops are caused by the capsules
breakage and were accompanied by an audible acoustic energy release, as shown
also in literature [26, 32, 307].

For the series CEM A these drops were more scattered, while the CEM_B
series showed a more repeatable mechanical behavior and the drops were detected
for a CMOD smaller than 160 pm. A further evidence of the relationship between
the load drops, the audible sound, and the capsules breakage was that they were
followed by leakage of the foaming polyurethane in the crack, apart the case of the
specimen CEM__B_ 6 which showed just a small trace of PU from one lateral side
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Figure 8.4: Load versus CMOD curves due to pre-cracking: (a) REF__A series; (b)
CEM__A series; (c) REF__B series; (d) CEM__B series.

of the specimen. Moreover, also its mechanical behavior and the load drops differed
from the other specimens, as showed in Figure 8.4d.

In order to assess the effect of the presence of the capsules on the maximum load
bearing capacity, the peak load L,.; of the specimens with and without capsules
in the same configuration (with or without cast-in hole) were compared and the
reduction of the load-bearing capacity L cguction Was defined as:

Lpeak,REFii - Lpeak,C’EMii

Lreduction —

, (8.5)
Lpeak,REFii

where ipeak, rEF i is the average load-bearing capacity Lyeq; calculated over the

6 specimens of each reference series without capsules and Epeahc pM i is the average
load-bearing capacity Lye. calculated over the 6 specimens of each self-healing
series. 7 indicates either the A or B that identifies the specimen configuration. The
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Table 8.2: Overview of the average Lycqr and Lypioqaqd (With respective standard de-
viation) and L, equction for each series (6 specimens per series) after the pre-cracking
procedure.

Series Lpeak: (N) Lunload (N) Lreduction (%)
REF_A 1535 £ 99 17 £ 12 -
CEM_A 1420 £ 99 88 £ 23 7.5

REF B 1886 &+ 99 18+ 14 -
CEM_B 1536 &+ 83 91 £ 20 18.5

percentage reductions were equal to 7.5% for the CEM__A series and slightly higher
for CEM__ B series, where it was equal to 18.5%.

Table 8.2 summarizes the results of the pre-cracking phase.

Immediately after pre-cracking, the specimens were stored in a curing cabinet
(T = 20 °C, 60% RH) for three weeks. During this time, when the PU foam was
hardened, the pictures of the crack mouths of all the specimens were acquired with
a stereo microscope (Nikon SMZ18, Nikon, Japan) in order to define their width.
The pictures of all the specimens’ crack mouths of the series REF A and CEM__A
are shown in Figure 8.5 while those of the series REF B and CEM__B are shown
in Figure 8.6.

From the picture it was clear that the crack mouths of the self-healing speci-
mens were well sealed by the hardened PU foam, apart the specimen CEM_B_ 6
(Figure 8.61), which did not show a good release of PU as mentioned above.

The crack width of the REF specimens was measured using the open source soft-
ware ImageJ, distribution Fiji (version 1.52) [321], and was defined as the average
of 16 linear measurements equally spread across the entire length. On the contrary,
due to the presence of the PU, it was impossible to measure the crack width of
the CEM series, apart for the above-mentioned specimen that did not show PU
leakage and a small visible zone of the specimen CEM A 2 (Figure 8.5h). The
results of the crack width measurements on the reference series with their standard
deviations are reported in Figure 8.7.

The specimen REF__B_ 2 showed a much higher value and variability along the
crack if compared to the other specimens. This caused effects that will be discussed
in the following Section. Excluding this unusual value, the two series showed an
average crack width of (322 £ 44) pm for the REF A series and (311 £ 42) um for
the REF B series. The measurement on the CEM_ A 2 and CEM_ B 6 resulted
in values equal to (513 £ 23) pm and (563 £ 14) um, respectively. This difference
in term of crack width was most likely caused by the fact that, while the reference
series could recover some elastic deformation while being unloaded since they did
not have any reinforcement, the presence of the capsules and the PU foam should
have caused some locking effect that maintained the cracks more open.
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Figure 8.5: Crack mouth of the all specimens acquired through the stereo micro-
scope: (a-f) REF__A series; (g-1) CEM__A series.

8.3 Water flow tests

Before submerging the specimens in demineralized water, the pre-cracked speci-
mens were prepared for the test. The lateral sides of the specimen with the cast-in
hole were sealed with silicone, while for the series without it, the funnel was glued
on one of the lateral faces using silicone, as can be seen in Figure 8.8.

After preparing the specimens, pictures of the lateral faces opposite to the ones
with the funnel were acquired using the stereo microscope (Figure 8.9).

The specimen REF_B_ 2 presented a much larger crack width (Figure 8.9b) as
already mentioned for the crack mouth. However, it was decided to test it. Also,
the lateral view of the CEM__B_ 6 did not show any PU leakage (Figure 8.91). The
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Figure 8.6: Crack mouth of the all specimens acquired through the stereo micro-
scope: (a-f) REF_B series; (g-1) CEM__B series.

pictures of the lateral crack were not used to measure the width since it changes
along the height of the specimen. However, they served to confirm that the crack
height was comparable to the funnel diameter and that the specimens were kept
together just by a small ligament.

After 24 hours of submersion in demineralized water to exclude the matrix
absorption contribution, the excess water on the surface was wiped with a wet cloth
and the specimens were connected to the setup through the tube in the cast-in hole
or the plastic funnel as in Figure 8.10.

After the first 60 seconds from the connection to the water reservoir, the next
6 minutes of water leakage were recorded with the automatic scale and used to
calculate the water flow rate of each specimen. Figure 8.11 shows the results in
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Figure 8.7: Average crack width of each specimen of the REF A and REF B series
(error bars refer to £ one standard deviation).

(b)

Figure 8.8: Specimens prepared for the water flow test using the funnel: (a) refer-
ence specimen without capsules (REF__B series); self-healing specimen with visible
PU foam leakage (CEM__ B series).

terms of water flow rate of each specimen overlapped by the box plots of each series.
The limits of the box represent the 25th and 75th percentile while the line inside
the box represents the 50th percentile. The whiskers extend up to the value not
considered as outliers (Upper Limit = 75th Percentile + Interquartile Range; Lower
Limit = 25th Percentile - Interquartile Range). Both the results of the series with
the cast-in hole setup and the funnel setup are shown in the Figure.

Three values were considered outliers. Two outlier values were already expected,
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(i) j (1)
Figure 8.9: Lateral cracked face opposite to funnel acquired through the stereo
microscope: (a-f) REF B series; (g-1) CEM B series.

Figure 8.10: Specimen connected to the water flow setup using the funnel.
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Figure 8.11: Water flow rate g of each specimens (dots) with the box plot of each
series, measured with the two water flow setups.

namely the one that was caused by the higher and not comparable crack width of
the specimen REF_B_ 2 (Figure 8.7) and one by the specimen CEM__ B_ 6 that did
not show PU release. Another outlier was caused by the specimen REF A 5 that
presented an unexpected leakage also from the top face, due to the small ligament
that was most likely damaged during the positioning of the specimen. However, it
is to be considered that disregard the highest value of water flow in the reference
specimen is a condition that has a negative effect in the calculation of the sealing
efficiency, hence it is a safe condition to apply in the assessment of the self-healing
performance.

The average water flow rate of the REF__A series was equal to (44 + 34) g/min,
while for the REF__B series tested with the novel water flow testing was equal to (80
+ 26) g/min. As it was expected, the stricter condition of the new water flow test
was reflected by this higher water flow rate. For what concerns the performance of
the self-healing specimens, the results were highly positive even if they presented a
higher crack width as evidenced by the visual examination of the crack mouths. The
self-healing specimens tested with the setup presenting the cast-in hole (CEM__A)
showed outstanding results since all the specimens did not show any water leakage,
meaning a perfect sealing efficiency of 100% for all the series. The specimens tested
with the funnel showed as well highly positive results, since apart the specimen
that did not show any PU leakage and was disregarded (128 g/min), the specimens
showed an efficiency close to the complete sealing. Specifically, the water flows
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measured on the other five specimens were equal to 0.1 g/min, 0.3 g/min for two
specimens, 3.7 g/min, and a perfect sealing with no water leakage for one specimen.
This resulted in an average water flow rate gogy, p of 1 g/min for the series and a
sealing efficiency SE, ¢ of 99%.

The sealing efficiency results with both testing configuration were in good accor-
dance with each other, highlighting the good performance of the proposed system
with a well-established technique and also with the novel technique which presented
stricter testing conditions.

8.4 Quasi-static reloading

After the water flow testing that assessed the positive self-sealing efficiency of
the self-healing series, the specimens were reloaded in static condition to evaluate
the self-healing efficiency in terms of strength regain. It was not possible to reload
all the reference specimens since two specimens per series (REF A and REF B)
were broken during the removal of the silicone. This was the consequence of the
severe damage introduced in the specimens, which were unreinforced and presented
just a small ligament as active resistant section.

Figure 8.12 shows the load versus CMOD curves recorded during the pre-crack-
ing and the static reloading for the different series.

Upon reloading, the reference specimens were only able to reach a bearing capac-
ity close to the residual load-bearing capacity after pre-cracking (L ejoad < Lunioad)-
Consequently, they had negligible healing, in some cases even negative performance.
On the contrary, the autonomously healed specimens showed an increase of load
bearing capacity after healing (Lyeioad > Lunioad). The load versus CMOD curves
were sufficiently repeatable and, as pointed out in Chapter 6, showed a more ductile
behavior if compared to the intact specimen behavior, with a residual load bearing
capacity upon unloading, after reaching an increase of other 800 mu, higher than
the one after pre-cracking. The most noticeable results were shown by the specimen
of the CEM__A series, in which three specimens reached a maximum loading close
and even slightly higher than the one obtained during the pre-cracking. In Fig-
ure 8.13 the LRI calculated for each specimen using Equation 8.3 are summarized,
overlapped by the box plots of each series. The limits of the box represent the 25th
and 75th percentile while the line inside the box represents the 50th percentile. The
whiskers extend up to the value not considered as outliers (Upper Limit = 75th
Percentile + Interquartile Range; Lower Limit = 25th Percentile - Interquartile
Range).

Also in this case, the specimen CEM_B_6 which did not show a good PU
leakage was disregarded as an outlier. However, even if low, a load recovery was
detected with a LRI equal to 17%, while both the REF series did not show any
recovery as mentioned above.
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Figure 8.12: Load versus CMOD curves during the pre-cracking (continuous line)
and the subsequent static reloading (dashed line) for the different series: (a)

REF_A series; (b) CEM__A series; (¢) REF_B series; (d) CEM__B series.

The most outstanding results were shown by the CEM_ A series, with three
specimens showing a LRI of 96%, 101%, and 102%, meaning that the mechanical
behavior was even better than the intact specimen, as a sort of super healing [329—
331]. In this case, this result was probably caused by the combined effect of the
mechanical resistance offered by the bonding action exerted on the crack faces by
the polyurethane with the increase of the resisting section, since a large portion of
the notch was filled and bonded by the PU foam after expansion. Most likely, the
same can be said for the zone of the cast-in-hole and later confirmed by the visual
inspection of the crack faces (see Section 8.5). The average LRI of the series was
equal to (86 + 16)%.

Positive results were obtained also by the CEM B series, where it was measured
an average LRI of (70 £ 13)%. This result showed an improvement in the behavior
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Figure 8.13: Load Recovery Indexes LRI of each specimens (dots) with the box
plot of each series.

Table 8.3: Overview of Lpeq, and Lynieaa (average values and standard deviations
over 6 specimens per series), Lynioaq and LRI (average values and standard devia-
tions over six specimens per series apart specified cases.

Series Lpeak (N) Lunload (N) Lreload (N) LRI (%)
REF A 1535 £ 99 17 £ 12 25 + & 0*
CEM_A 1420 £ 99 88 £+ 23 1232 £ 196 86 £ 16
REF B 1886 £ 99 18 £ 14 21 £ 13* 0*
CEM B 1536 &= 83 91 =+ 20 1090 + 204° 70 £ 13P

2Estimated on four reloaded samples since two could not be reloaded.
bEstimated on five reloaded samples after disregarding one outlier.

of the series when compared with the CEM__SI series used in Chapter 6, which had
a similar specimen configuration and the same healing agent. In that case, the
average LRI was equal to (35.9 + 17.4)%, showing that the slight modification of
the capsules used in the CEM B series (shorter length, slightly higher diameter)
resulted in a better release of the same polyurethane agent.

Table 8.3 summarizes the results obtained in the mechanical recovery.
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Figure 8.14: Crack faces after splitting: (a) CEM_A 1; (b) CEM B 4.

8.5 Visual examination of the healing agents in
the crack

After performing the mechanical reloading, the specimens were split at the
location of the crack to analyze the spread of the healing agent. From a first visual
observation, it is clear that both series presented a very good release of polyurethane
on the crack faces and along the crack mouth (Figure 8.14).

In the case of the CEM__A series, other than the spreading over the crack faces
and the crack mouth, it was possible to also observe the sealing of the hole. These
three aspects explain the perfect sealing observed during the water flow test. Also
the CEM__B series showed a very good spreading of the healing agent on the lower
half of the specimen with the inclusion of the crack mouth. This means that the
water could flow just from the upper part of the cracked cross section, if finding a
pathway to flow from there. However, the upper part presents the narrower part of
the crack due to the method used to introduce it, which created a V-shaped bending
crack varying from the crack mouth (larger width) to the crack tip, explaining the
good behavior in terms of water flow reduction.

From the splitting of the CEM__B_ 6 specimens, which did not show a visible
PU leakage and presented values that differed from those of the series both in terms
of water flow and mechanical recovery, it was possible to assess the motivation of
this unusual behavior. After splitting, it was possible to observe only few traces
of PU above the crack faces. Moreover, upon splitting, there was a small foaming
action from one of the capsules as highlighted in Figure 8.15. These effects could
be probably addressed to a bad filling and/or sealing of the capsules used for this
specimen, which caused a premature reaction inside the capsules and the polymer-
ization just when the unreacted core had a sufficiently back-pressure and there was
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Figure 8.15: Crack faces after splitting of the specimen CEM__B_ 6. The PU inside
the red circle was released after splitting.

(®) (b) 9@

Figure 8.16: Segmentation process: (a) crack faces with enhanced contrast, the right
face was flipped horizontally; (b) crack face after overlay; (c¢) picture segmented with
Trainable Weka Segmentation; (d) outliers removal and binarization.

contact between the environment humidity and the precursor.

Also in this case, the pictures were analyzed in order to segment the areas
with and without polyurethane, using the softwares GIMP, Fiji, and MATLAB.
An example of the segmentation process is reported in Figure 8.16.

After the binarization, the area covered by PU was compared to the total area of
the crack face, including the area occupied by the capsules and the hole in the case
of the CEM__A series. An average surface coverage of 62% for the CEM__A series
and of 61% for the CEM__B series (without taking in consideration the specimen
CEM__B_ 6) was calculated. These were the best results in terms of surface coverage
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Figure 8.17: Load bearing capacity during reloading plotted against the calculated
moment of inertia of the covered area.

obtained throughout the investigation conducted for the research study. Following
the consideration in Chapter 7, these surface coverages were not put in correlation
with the results of the water flow tests since the correlation between these values
is not straightforward.

For what concern the effect of the spreading of the healing agent on the mechan-
ical performances, the first consideration that can be done was already mentioned
in Section 8.4: the PU foam, other than bridging the crack faces, increased the
resistant section by filling the notch and the hole in the case of CEM__A series. A
second consideration comes from Figure 8.17, where the load bearing capacity after
reloading L,e.qq Of the different specimens is plotted in function of the moment of
inertia of the PU area calculated as reported in Section 8.1.5.

From Figure 8.17 it is not possible to find a straightforward relation between
these two values, however it is noticeable a trend showing an increase in the L, ¢jouq
with the moment of inertia I. This result would confirm the importance also for the
mechanical regain of how the healing agent is spread, other than the area covered
by the polyurethane itself.

8.6 Conclusions

The activities described in this chapter were the last research activities of the
experimental campaign on cementitious capsules carried out in the framework of
this doctoral research. The positive and negative aspects highlighted throughout
the campaign were taken as basis for the further improvement and testing of the
final autonomous self-healing system.
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The cementitious capsules were manufactured using the rolling procedure devel-
oped in order to achieve a controllable internal and external diameter. In order to
reduce the effect of capillary action that was highlighted in Chapter 7, the dimen-
sions of the capsules were modified. Namely, shorter capsules (50 mm versus 60
mm) with a slightly larger diameter (6 mm versus 5 mm before coating) were used.
Moreover, the highly expansive polyurethane precursor described in Section 3.4.2
was selected in order to boost the release of the healing agent due to its expansive
action. Further reasons for selecting such a healing agent are the good results ob-
tained in Chapters 4 and 6 in terms of durability-related and mechanical properties.

In order to characterize the self-healing performances of the system, first a
controlled pre-cracking method in CMOD control was adopted. It was decided not
to adopt the active crack control technique used in Chapters 5 and 7 for different
reasons. The first is that the fast coverage of the crack mouth caused by the
expansion of the PU foam would hinder the iterative measurement and restriction;
the second is that an excessive foam expansion could be caused by the sudden crack
creation due to the back-pressure, which would not be sufficiently representative of
realistic release conditions. The capsule breakage was clearly identifiable by load
drops and visual PU leakage for CMOD inferior to 160 mu.

The durability improvement against the ingress of fluid-borne substances was
investigated through two types of water flow tests. The first is well-established in
literature and was used in the previous chapters (Chapters 5 and 7). The second
one was developed during this thesis to provide stricter testing conditions and check
the system performance in comparison with the previous water permeability test.
The results with both testing configurations were highly positive and comparable,
since an average sealing efficiency of 100% and 99% were obtained in the two
configurations, showing a perfect sealing offered by the polyurethane.

Subsequently, the mechanical recovery was investigated through the quasi-static
reloading of the healed system. Also in this case, the results were positive, showing
in some cases a complete recovery of the mechanical properties, with load-bearing
capacity even slightly higher than that of the intact system. Average Load Re-
covery Indexes LRI of 86% and 70% were obtained for the self-healing specimen
configurations adopted for the two water flow tests mentioned above.

An analysis of the spread of the polyurethane on the crack surfaces was also
performed, showing a high surface coverage and suggesting that a connection exists
between the healing performances and the way in which the healing agent is spread,
other than the quantity of spread healing agent itself.

These positive results mark the achievement of the desired outcome, namely
the development of an autonomous repair system for cementitious materials ob-
tained through the encapsulation of polyurethane in newly-designed cementitious
capsules. The final system allowed to obtain a high degree of recovery in both
durability-related and mechanical properties after damage occurrence.
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Chapter 9

Conclusions and future
perspectives

9.1 Conclusions

The use of cementitious macro-capsules to develop autonomous self-healing ce-
ment-based materials was investigated in this thesis.

This was done since capsule-based self-healing has been proposed as a promis-
ing strategy to improve the durability and resilience of cementitious structures,
which constitute the vast majority of the built environment. This choice was also
supported by a thorough review of the existing self-healing technologies for cemen-
titious materials. Taking into consideration the advantages and limitations of each
self-healing technique, the macro-encapsulation was selected as the focus of this the-
sis due to several benefits offered by this technology. First, the possibility to provide
direct delivery of healing agents at the crack location. While this is a common as-
pect in self-healing technologies, the macro-encapsulation also allows to heal larger
crack widths than other strategies, which consents to offer autonomous repair also
in case of cracks that exceed those normally allowed by Model Codes. Moreover,
the healing effect can be achieved in a short time selecting the appropriate healing
agents. Even though the vascular networks could grant the same advantages, the
macro-encapsulation does not present the same complexity in the arrangements of
the networks inside a structural element. In addition, the use of macro-capsules
with a cementitious shell could provide further advantages such as their inherent
compatibility with the surrounding cementitious matrix and the possibility to use
them in the ordinary construction process in a straightforward manner.

Based on these premises, the objective was to improve the cementitious capsule
technology in such a way to develop a novel self-healing cementitious system that
could allow a high degree of recovery in both durability-related and mechanical
properties after damage occurrence. In order to reach this goal, several interme-
diate objectives had to be fulfilled, as stated in Chapter 1. The outcomes of the
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1. Introduction

Present the motivations and the objective of the study: defining a
If-healing system with good durability and mechanical performances

2. Literature review on self-healing cementitious materials

Review the different technologies to choose the most suitable
one for both durability-related and mechanical properties

3. Cementitious capsules

Improve the design and production technology to encapsulate
highly moisture-reactive healing agents for enhanced durability

4. Preliminary study on the compatibility between cementitious
capsule and healing agents

Assess the versatility in encapsulating different healing agents

Identification of the main issues connected to the loss
of durability of concrete structures, with consequent

decision to address them through the development of a
self-healing cementitious system

Complete literature review of the existing self-
healing technologies and their advantages and
limitations, which led to focus the study on the use o
the macro-encapsulation based on cementitious capsules

New manufacturing technique (i.e., rolling

to achieve better control over the capsule dimensions
New coating (internal or external) and sealing procedure
to protect highly moisture-reactive healing agents
The capsules sur 1 procedure

The cementitious capsules are able to efficiently store
and release mineral, polymeric, and bacterial agents

The high internal volume of the capsules allows to

obtain a second healing effect
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The encapsulated PU allows positive mechanical
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and cyclic reloading (more than 70000 cycles to failure)

6. Mechanical behavior under quasi-static and cyclic loading

mechanical performances as a function of

the selected healing agent Evidence of a

7. Evaluation of the sealing efficiency with a shared inter- The cementitio s can be a good alternative to the
laboratory testing procedure glass capsules when comparing their water flow
reduction (74% or 54% for the different cementitious
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Compare the performances of the cementitious and glass capsules capsule configurations, 50% for the glass capsules)

Development of the final self-healing system using the
rolling procedure, the internal coating, and a highly
expansive polyurethane. The system is able to allow a
water flow reduction close to 100% and LRI over 70%

8. Self-healing efficiency: recovery of durability
and mechanical properties
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9. Conclusions and future perspectives Summary of the results obtained in the study
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Figure 9.1: Objectives and main outcomes of the research steps described in each
chapter of the dissertation.

different research steps that comprise this dissertation contributed in meeting these
objectives and in defining the resulting final self-healing system, as outlined in Fig-
ure 9.1.

The improvement of the production of the cementitious capsules concerned the
mix design, the manufacturing techniques of the cementitious shell, and the further
coating, filling, and sealing.

The mix design of the polymer-modified cement paste was kept very similar
in terms of components to the original mix design proposed in literature to allow
the extrusion of cementitious capsules. The main changes regarded the proportion
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of these components, in order to improve the workability and make the modified
cement paste suitable also for manufacturing by rolling. This latter manufacturing
procedure allowed to solve the issues connected to the uncontrolled deformation of
the cementitious capsules realized by extrusion, with the consequent possibility to
achieve a better control over the final dimensions of the capsules. Both procedures
were manually realized in the laboratory but have good potential to be scaled-up
through the use of industrial procedures.

Concerning the coating, epoxy resin was selected after several unsuccessful trials
to encapsulate highly moisture-reactive healing agents. Indeed, some of the most
effective healing agents show a high reactivity in the presence of humidity. On
one hand, this makes them suitable to be activated fast by crack occurrence, thus
preventing the further ingress of water. On the other hand, this makes them also
susceptible to premature hardening inside the capsules, if the latter do not present
high standards of waterproofing and tightness. To deal with this issue, two types
of coating procedures were studied in order to cover the shell either externally or
internally. The external coating procedure allows to isolate both the core and the
cementitious shell. On the other hand, the internal coating allows to protect the
core while maintaining the contact between the cement matrix and the cementitious
shell, which are inherently compatible. Finally, epoxy was also successfully used to
seal the capsules ends.

The capsules allowed to encapsulate several healing agents from the main types
commonly used for self-healing systems, namely minerals (sodium silicate solutions
and water repellent agents), polymers (two highly moisture-reactive polyurethane
precursors), and bacteria (alkali-tolerant ureolytic bacterial strain Bacillus Sphaer-
icus). Moreover, the system was proven effective in resisting the mizing procedure.
This characteristic, combined with the inherent compatibility with the cementitious
matrix and the easy customization of the capsules size and shape, makes cementi-
tious capsules equivalent to enhanced aggregates that can be used in the ordinary
construction processes.

Some preliminary studies were conducted in order to prove the possibility to fill
the capsules with the above-mentioned healing agents. The cementitious capsules
either with external or internal coating, appeared to be suitable to contain and
release several types of healing agents, also the highly moisture-reactive ones, as
shown by the occurrence of visible leakage during crack creation. The potential
self-healing effect in the preliminary configuration was evaluated in terms of sealing
efficiency during water permeability and absorption tests, and in terms of strength
regain after reloading in three-point-bending. Promising results were achieved,
showing a substantial tightness and strength recovery, even in specimens with large
crack widths. Moreover, the high internal volume of the cementitious capsules
allowed to obtain a second healing effect. However, these promising results needed
to be expanded, further validated, and corroborated by using a more significant
statistical sample.
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To do so, several self-healing cement mortar prisms were produced and tested
according to the objectives that were set for this study and following the advance-
ments of the research steps. Their performances were compared with those of
reference plain mortar prisms. An overview of the main characteristics of each self-
-healing series that was tested during the study and of the results obtained during
their characterization is shown in Table 9.1.

It was confirmed that the cementitious capsules were successfully able to se-
quester and release different healing agents. The findings obtained throughout the
investigation were not significantly affected by the different configurations 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 epoxy 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 threat for the healing agents’ retention. Therefore,
applying it either to the internal or the external surfaces of the capsule did not sig-
nificantly change its performance and allowed to provide a good barrier between the
healing agents and the harsh environment of the matrix. As regards the sealing ef-
ficiency evaluated with water permeability and water absorption, good results were
obtained in both tests using the polyurethane precursor, with sealing efficiency up to
79% and 41%, respectively. When water-repellent agent was used, excellent results
were obtained in preventing the water absorption (namely, a sealing efficiency up to
92%), while detrimental effects were shown against water permeability (namely, a
negative sealing efficiency up to -117%). On the contrary, silica gel immobilized B.
Sphaericus showed the inverse behavior, with good results against water permeabil-
ity (namely, a sealing efficiency up to 78%) and bad results during water absorption
(namely, a negative sealing efficiency up to -145%). It can be assumed from these
results that, while the PU precursor is well suited in mitigating both mechanisms,
the water-repellent agent 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. For
instance, this is the case of submerged structures, water tanks, or tunnel segments.
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. Nevertheless, it has to be underlined that the polyurethane

150



9.1 — Conclusions

'GL'0=S [9A97] PROTT WNWIXBIN ® 3V, (G0 'T=G [9A97] PROTT WNWIXBN © W q {08°0=S [0A9] PROTT WNWIXRIN ® 3V,
‘(ehgody) 24p 1opmod jueosarony jo uonppy  {(N doigoqiey) rosinosid sueyreinkiod oarsuedxo \ﬁ:wmmm {(AV ATS X914 VH) Iosinoaxd sueyjraanijod £31soosia Moy
*

%0L

%66

%19

00g<

%98 - -

%00T %Vs %YL

%S9 %7 %ET

00g< £0€ 00§

512601

%LV

qLBLLL

%1e

«S9C9LC

%9¢€

%SV1-

79°0

%8L

%9¢

60€

%18~

970

%Vv9

%LT

Ga0e

%02

020

%8¢T

[4qs

%LV

96C

%1V %26 %6

a1’o 200

%6.L %0L- YLIT-

%LE %0V %9¢€

0o¢ c0¢ gare

200 (ggrgS/mru)

(@)

(/%)

aanjyrej

01 S9[24AD JO IoquInN
[e10], WNWIXN .
xopuj K10

-A0D9Y pPROT] 98RIOAY e

(uoy

-di0sqp 423DM) AdouULIOY
-jo Sulpeeg oSeIoAy e
xXopur

Ag1a13diog o3eioAy e
(fizzqo

-owuad 423pm) AKousIoy
-jo Suleeg o3rIoAy e

MOY] I97BAN\ 9SRISAY e

o3eio
-A0D 90RJING 03RVIOAY o

(edoosoid
-t ySnoayy painsesaur)
YIPIM SoRI)) o8eIoAy e

SLINSHY

L0

0g

9’8

rewraguy
z0d

¢ XIN

Sutioy

0g 09 oy
g'8 8 028
9 g gL

rewajuy Teurajuy Tewraguy

0d L10d L10d

¢ XIN ¢ XIN ¢ XIN

Surjoy Sur[oy uorsnIIXy

6°0

GL

i

(028

aL

[euwIIXy

nd

¢ XIN

uorsnIIxXs

90

a'g

v

(028

aL

rewraguy

nd

¢ XIN

uoISNIIXH

€0

09

Teurajuy

nd

¢ XIN

Suroy

G'L

0¢g

028

gL

[ewIa)XH

Na+sg

T XIN

G'g

0g

(028

[

rewrIaguy

Wa-+sd

T XIIN

UOISNIIXY UOISNIIXH

Gl

0¢

(028

9L
[eUIo)xXG

1nd

T XIN

q'g G'L G'g

0g 0¢g 0g
(028 028 (028
gL Gl aL

[eUILjuU]  [RWIIXH Tewraguy

nd Vam Vdam

T XIN T XIN T XIIN

UOISNIIXAG UOISNIIXG UOISNIIXS UOISNIIXH

uswroads 1od
so[nsdeo jo IsqunpN e
quede uieay

031ed JO OWN[OA e

8urjeoO I193je I9jowIe
-Ip [eUIL)Ul oFRIOAY
Burjeoo Axode oy

JO ssouydIY} 98RISAY
omsdeo

279 JO 13uo] 03RvIOAY

[1°YS @Y} jo Iajowre
-Ip [RUI9IXS 9FRISAY e
1[eYs oy} jo Iojoure

-Ip [eUIojUl 98RIOAY e
Axode Y31m pajyeod
1[°Ys 9y3 JO 2o0®jIng e
quode Jul[esl e

93sed juowed s J[oYS
oy} jo ulisep XIN o
eys

somsdes oy} jo ss90
-oxd Sunnjoejnuey e

SOILLSTHHLOVYVHD

8 L L

199dey)

Q
&
N

'SoLIaS wgzﬂwwﬂlﬁww o3 YUim pourelqo Sjusad MQSQQOQ@@.H.HOO o[} pue SOMISLILIdRIRYD JUSIIP 9} JO %M@EES@ T°6 °219%],

151



Conclusions and future perspectives

precursor allowed to obtain always positive results both in terms of reduction of wa-
ter permeability and water absorption, never showing detrimental effects such as
in the case of the other type of healing agents. Moreover, the polyurethane allows
a very fast curing in presence of humidity, without requiring high quantity of wa-
ter as for the bacterial healing agents. In addition, several types of polyurethane
precursors can cause the formation of expansive foam, allowing the autonomous
repair of larger cracks. Due to these positive aspects, this type of healing agent was
selected as the most promising to obtain the desired self-healing system and it was
decided to focus the subsequent study on its use.

The investigation of the self-healing performances concerned not only the recov-
ery in terms of durability, but also in terms of mechanical behavior. This aspect
was studied through the use of the cementitious capsules produced either by extru-
sion or by rolling and filled with a highly expansive polyurethane precursor. Their
self-healing effect was evaluated in terms of mechanical recovery under static flexu-
ral loading and number of cycles to failure under cyclic flexural loading. This was
an aspect of novelty since the fatigue behavior of cementitious self-healing systems
is a seldom studied aspect. However, cyclic loadings can cause additional detri-
mental effects on self-healing cementitious materials with the continuous opening
and closing of healed cracks, subjecting the composite materials formed by the
cementitious matrix and the repairing agent to strains that could cause not only
damages in the matrix or in the repairing material, but also debonding between
these two different materials. This is an issue of fundamental importance for under-
standing and characterizing the behavior of these materials in real field conditions,
and consequently allowing their use by ensuring the structural safety. The results
were not significantly affected by the capsule manufacturing procedure (nor by the
sequence of application of the epoxy coating layers as already previously ascer-
tained); conversely, the internal diameter of the capsules and the overall amount of
cargo healing agent may have influenced the release of the polyurethane precursor
upon pre-cracking and hence the final mechanical performances, that were very
satisfactory in any case. In general, bigger internal diameter and higher volume
of cargo healing agent fostered the mechanical recovery, providing inputs for the
development of the final self-healing system.

Once that the efficiency in recovery of both durability-related and mechanical
properties was assessed, the self-healing performances obtained with cementitious
capsules filled with a polyurethane precursor were compared with those obtained
using glass capsules filled with the same healing agent. This comparison was per-
formed by applying an inter-laboratory testing procedure developed in the frame-
work of the EU COST Action SARCOS. Two series of self-healing mortar prisms
were produced: one with a single large capsule manufactured by extrusion, the
other with two smaller capsules manufactured with the rolling procedure developed
in the framework of this thesis. The latter were comparable with the glass capsules
used in the inter-laboratory testing in terms of internal diameter and volume of
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cargo healing agent. In general, cementitious capsules offered comparable or better
performance with respect to glass capsules, for the same healing agent type and
content. This result confirmed the possibility to use the cementitious capsules as a
valid alternative, offering additional advantages such as reduced fragility, reduced
risk of alkali-silica reaction, and higher compatibility with the surrounding matrix.

Finally, the positive and negative aspects highlighted throughout the campaign
were taken as basis for the improvement and testing of the final autonomous self-
healing system based on the use of cementitious capsules.

The capsules for the final self-healing system were manufactured using the
rolling procedure in such a way to achieve a better control over the capsule di-
ameter. In fact, in order to reduce the effect of capillary action, the dimensions of
the capsules were modified: namely, shorter capsules (50 mm versus 60 mm) with a
slightly larger internal diameter (6 mm versus 5 mm) were produced. Moreover, the
highly expansive polyurethane precursor was selected in order to boost the release
of the healing agent due to its expansive action and for the good results obtained
in the preliminary studies and in the study regarding the mechanical behavior of
the system.

In order to characterize the self-healing performances of the system, first a con-
trolled pre-cracking method in CMOD control was adopted. The capsule breakage
was clearly identifiable by load drops and visual polyurethane leakage for CMOD
inferior to 160 mu.

The durability improvement against the ingress of fluid-borne substances was
investigated through two types of water flow tests: one well-established in literature
and already used in the previous steps of the research, and one developed during
this last part of the research. This novel water flow test was developed to provide a
comparison with the other water permeability test under stricter testing conditions.
The results with both testing configurations were highly positive and comparable,
since an average sealing efficiency of 100% and 99% were obtained respectively,
showing a perfect sealing offered by the polyurethane.

Subsequently, the mechanical recovery was investigated through the quasi-static
reloading of the healed system. Also in this case, the results were highly positive,
showing in some cases a complete recovery of the mechanical properties, with load-
bearing capacity even slightly higher than that of the intact system. Average Load
Recovery Indexes LRI of 86% and 70% were obtained for the self-healing specimen
configurations adopted for the two water flow tests mentioned above.

In conclusion, the main objective set for this doctoral thesis was achieved,
namely the development and characterization of an efficient self-healing system
for cementitious materials based on the encapsulation of polyurethane in newly-de-
signed cementitious capsules. Such system allowed to obtain almost full recovery in
both durability-related and mechanical properties after damage occurrence, proving
that the system is mature to be upscaled in real concrete structures.
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9.2 Future perspectives

Even though the system allowed to obtain good recovery performances both on
the mechanical and durability-related properties, further research is needed to meet
the remaining challenges to implement the system in practice.

First, all the tests were performed using cement mortar specimens as a prototy-
pal cementitious material instead of concrete. Due to the positive results obtained
throughout the study, the next natural development step will be to test the effi-
ciency of the system in concrete. It would be of particular relevance to test the
system in full-scale reinforced concrete elements. In fact, this would represent the
final condition in which the system should work and the presence of structural rein-
forcement could have an effect on the crack development, with consequent different
behavior of the healing agent release and effect inside the cracks.

Another aspect of paramount importance is the stability in time of the healing
agent, both inside the capsule and once released in the crack. Specifically, it is
important to guarantee the protection and efficacy of the healing agent until crack
occurrence. The crack occurrence could happen even after years, especially the large
cracks addressed by the macro-encapsulation system, while the healing agents’ shelf
life is often much shorter. Other than the stability of the healing agent before its
release, another aspect that requires more research is the stability and durability of
the bonding between the agent and the cementitious matrix, which can be degraded
by several actions during a real structure service life. For example, a first attempt
in this direction was described in Chapter 6, where the behavior of a pre-cracked
and autonomously healed cementitious prototype subjected to dynamic loading
was studied. Further research is needed on this aspect and on other degradation
mechanisms such as freeze and thaw cycles, thermal cycles, impacts, resistance to
chloride diffusion and carbonation, etc.

Since the tests were performed on small scale specimens, a limited number of
capsules (i.e. one or two per specimen) was adopted. However, another important
aspect is the correct dosage and distribution of the capsules in a real structural
element. It was demonstrated that the cementitious capsules can be added directly
in the mixer without premature breakage of the capsules when subjected to the
mixing loading action. Nevertheless, the limitations related to the random orien-
tation of the macro-capsules in the concrete mix when added during the casting
and the consequent effect on the healing performances should be addressed in the
future. Also, the overall efficiency of the random capsule distribution during mixing
should be compared with that of pre-placing before casting, in order to assess the
most suitable way of application for this type of macro-capsules. Moreover, when
macro-capsules are embedded into the concrete matrix, it is important to take into
account the possible reduction of the mechanical properties of the element, hence
to define the correct dosage to have a good balance between possible mechanical
loss, durability increase, and overall cost. The latter should include not only the
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cost of the material but also the cost related to the increase of service life and re-
duction of maintenance of the structure, following a life cycle assessment approach.
Consequently, it is important to develop design criteria to take into account the
addition of the capsules in the structural elements.

Finally, to effectively realize the scale-up of the system, a last aspect to be
taken into account should be the industrialization of the processes involved in the
production of the cementitious capsules and their coating, filling, and sealing.
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