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1
Introduction

 A craftsman who wishes to do his work well
must first sharpen his tools.

Confucius

In this chapter, the research background is briefly introduced. The objec-
tives, scope and outline of this research are described. A summary of all the
chapters is given.
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2 1. Introduction

1.1. Research background

C ementitious materials are the most widely used construction materials in the
world, due to their relatively low price, high reliability, and good compatibility

with other materials such as reinforcing steel. However, they are susceptible to
damage during their service life. Excessive cracking may form a serious threat to
the safety, integrity and durability of concrete structures. In cementitious materi-
als, microcracks develop as a result of mechanical loading, environmental loading
(e.g. freezing and thawing), and volumetric instability (e.g. shrinkage in fresh or
hardened concrete, thermal contraction). The existence of cracks provides access
for harmful elements, such as moisture, chlorides and sulfates, that may cause de-
terioration of concrete structures due to corrosion, sulfate attack and alkali-silica
reaction. Maintenance of buildings and infrastructures has long been an important
issue. Although manual repair can prolong the service life of reinforced concrete
structures, it gives rise to large amounts of rehabilitation work, associated costs
and a waste of resources every year. A recent estimate shows that, in EU, around
50 % of annual construction budget is spent on refurbishment and repair of existing
structures [1]. Even so, according to the data provided by ConRepNet research [2],
20 % of these repairs fail within 5 years. In fact, this number rose to 55 % within 10
years and 90 % within 25 years of service. In view of this, a more efficient way to
reduce the maintenance/repair frequency and improve the service life of concrete
structures is needed.

In recent years, inspired by biological self-recovery phenomena, a new concept
named ”self-healing” showed great potential in cementitious materials. In gen-
eral, two self-healing mechanisms in cementitious materials can be distinguished:
autogenous healing and autonomous healing. Autogenous healing is an intrinsic
self-healing property of cementitious material which comes from the further hydra-
tion of unhydrated cement particles, precipitation of carbonates and crystal growth.
The biggest advantage of autogenous healing is that no additional ingredients are
required to mix with concrete. Therefore, the chemical and mechanical properties
of concrete will not be influenced. On the other hand, there are also numerous limi-
tations to autogenous healing. First, autogenous healing can only happen in narrow
cracks, typically with a crack width less than 0.3 mm [3]. Second, to achieve effec-
tive crack healing, some requirements on the healing conditions such as unhydrate
cement, moisture and the existence of certain ions in the water are required. These
conditions are not always practically available. Therefore, autonomous healing, as
another self-healing mechanism often applied to compensate for drawbacks of au-
togenous healing in cementitious materials, is attracting more and more attention.
For autonomous healing, healing agents are usually first sealed in a protective shell
and then placed in the cementitious materials during the process of concrete mixing.
Once a crack occurs in the structure, the healing agent located along the path of the
crack will be triggered. The self-healing function of cementitious composites can
be achieved through the release and reaction of healing agent in the crack region.
Although the environment in the cementitious materials is quite harsh (i.e very al-
kaline), the reliability over time and triggering sensitivity of shell and healing agent
have not attracted sufficient attention. The application potential of microcapsules
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in cementitious materials has stimulated many investigations. Nevertheless, further
study on developing carriers for healing agent, such as microcapsules, which are
practically applicable for providing long-term self-healing capacity of cementitious
materials, is still necessary.

Furthermore, as an essential step in the self-healing process, triggering of the
healing function plays a decisive role in realizing the self-healing function. For ce-
mentitious materials containing microcapsules requiring a mechanical trigger, it is
generally believed that the bonding strength with the cement matrix, the size and
the mechanical properties (e.g. elastic modulus, strength) of microcapsules are fac-
tors that greatly influence the self-healing performance as well as the mechanical
properties of cementitious composites [3, 4]. Thus, a proper selection and design
of the microcapsules could offer a higher healing efficiency with lower degradation
of mechanical properties of cementitious systems. In general, there are two avail-
able routes to design/prepare the microcapsules with desired properties. The first
route is through experiments. Some experiments including morphology observa-
tion, crack surface inspection and mechanical recovery rate, have been performed
on microcapsule-embedded cementitious materials with embedded microcapsules.
However, experiments provide mostly a “post-mortem” analysis with limited infor-
mation. The second route is predicting the relevant parameters of the microcapsules
by computer simulations. Although most models use a continuum approach to pre-
dict the elastic properties of three-component composites [5, 6], such approaches
experience difficulties when dealing with fracture processes in this type of materi-
als. Moreover, bonding between shell materials and cement paste is often ignored
in simulations resulting in an overestimation of the simulated values. Therefore, a
reliable method for simulation and evaluation the fracture and triggering behaviour
of capsule-based self-healing cementitious materials is needed.

In addition, relatively wide cracks (mm level) also need to be repaired in order
to retain functionality of concrete structures. Unfortunately, most of the efforts in
self-healing concrete focused on micro-scale cracks (< 500 µm). A limited number
of researchers attempted to develop healing strategies for meso-scale cracks (> 500
µm). Thus, studies on developing a solution for these wide cracks is very attractive.

1.2. Objectives of this research

T his thesis aims at developing novel polymer-based healing additives for cemen-
titious materials and evaluating their effectiveness in tackling cracking-related

problems. In order to achieve this goal, the main task can be divided into following
subtasks:

• To synthesize a new type of microcapsule which is able to provide long-term
self-healing capacity for small cracks (< 500 µm) in cementitious materials.

• To adapt and apply a numerical model for simulating the fracture behaviour
and healing efficiency of microcapsule-based self-healing systems.

• To quantify the properties and function of the synthesised microcapsule self-
healing system using appropriate experimental methods.
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• To explore a new healing additive for sealing of wide (> 500 µm) cracks in
concrete structures.

1.3. Scope of this research

D ue to the diverse application purposes and implementation conditions, it is im-
possible to find a universal self-healing solution for all problems in cementitious

materials. Actually, no repair or self-healing mechanism could perform “perfect”
under all circumstances. Therefore, the scope of this research is limited to the
following:

• This research only focuses on self-healing cementitious materials utilizing
polymer materials as healing agent. The term “self-healing” in this thesis
is particularly confined to “autonomous healing” by employing “polymer ma-
terials” as functional additives.

• The cementitious materials investigated in this research are limited to cement
paste or standard mortar prepared according to the EU standard EN196-1 [7].

• In the part of numerical simulation of the capsule-based self-healing system,
the properties of the interface are defined simply as material properties. Other
factors, for example substrate surface roughness, that may also influence the
interface properties were not taken into account in this study.

• Due to the unreliable triggering efficiency of microcapsules, the functionality
of micocapsule-based self-healing systems is only quantified under ideal con-
ditions. This means that an artificial crack was used instead of a real crack
to guarantee that 1) all microcapsules can be ruptured by the crack; 2) the
flowed out healing agent can completely contact with the catalyst. Mean-
while, due to the technical limitation of controlling the volume ratio of healing
agent to crack (less than 100 µm wide), only artificial cracks wider than 200
µm are investigated experimentally.

• The water swelling rubber used in this research is a commercial product.
The difference in swelling effect and kinetics between products from different
companies and batches has not been taken into consideration in this study.

1.4. Outline of this research

T his research can be divided into four parts. Figure 1.1 shows the outline of this
thesis.
In the first part, chapter 1, a brief introduction of the research background,

objectives and corresponding scopes is given. In chapter 2, a review of literature
dealing with self-healing cementitious materials is presented in order to show the
progress of the field and identify the research gaps to be bridged. The progress
in the development of self-healing materials with different healing strategies and
healing agents is introduced. The strengths and weaknesses of each self-healing
method are briefly described.



1.4. Outline of this research

1

5

Figure 1.1: Outline of this thesis
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In the second part, a series of studies towards realizing capsule-based self-
healing cementitious materials for micro-level (< 500 µm) cracks are presented.
Chapter 3 illustrates the synthesis and characterization of a novel polymeric micro-
capsule with PF resin as shell and DCPD as healing agent for self-healing cemen-
titious materials on the micro-scale. In chapter 4, a numerical model is used to
investigate the fracture behaviour and predict the healing effect of the microcap-
sule based self-healing cementitious materials. Chapter 5 shows the crack closing
and sealing function of the microcapsule self-healing system. A simplified testing
method is used to quantify the healing effects.

The third part deals with meso-scale (> 500 µm) crack in cementitious materials.
Chapter 6 presents a study in which water swelling rubber particles (WSRPs) are
used to deal with leakage problems in cracked cementitious materials. The feasibil-
ity of applying WSRPs is proven by using X-ray computed tomography (XCT). The
self-sealing function of WSRPs embedded cementitious materials is evaluated. In
addition, the crack bridging effect of WSRPs is illustrated at the end of this chapter.

The conclusions and recommendations for further research are given in the
fourth part.

References
[1] G. Tilly and J. Jacobs, Concrete repairs: Performance in service and current

practice (IHS BRE Press, 2007).

[2] G. Tilly and J. Jacobs, Concrete repairs: Performance in service and current
practice, ConRepNet Project Report, IHS BRE Press , Watford, UK, Tech.Rep.
(2010).

[3] K. Van Tittelboom and N. De Belie, Self-healing in cementitious materials-a
review, Materials 6, 2182 (2013).

[4] B. A. Young, A. M. K. Fujii, A. M. Thiele, A. Kumar, G. Sant, E. Taciroglu, and
L. Pilon, Effective elastic moduli of core-shell-matrix composites, Mechanics of
Materials 92, 94 (2016).

[5] H. H. Zhu, S. Zhou, Z. G. Yan, J. W. Ju, and Q. Chen, A two-dimensional
micromechanical damage-healing model on microcrack-induced damage for
microcapsule-enabled self-healing cementitious composites under tensile load-
ing, International Journal of Damage Mechanics 24, 95 (2015).

[6] H. H. Zhu, S. Zhou, Z. G. Yan, W. Ju, and Q. Chen, A 3d analytical model for the
probabilistic characteristics of self-healing model for concrete using spherical
microcapsule, Computers and Concrete 15, 37 (2015).

[7] T. EN, 196-1. methods of testing cement–part 1: Determination of strength,
European Committee for standardization 26 (2005).

http://dx.doi.org/10.3390/ma6062182
http://dx.doi.org/10.1016/j.mechmat.2015.09.006
http://dx.doi.org/10.1016/j.mechmat.2015.09.006
http://dx.doi.org/ 10.1177/1056789514522503
<Go to ISI>://WOS:000352071900003


2
Literature review

If you know the enemy and know yourself,
you need not fear the result of a hundred battles.

Sun Zi

This chapter gives a review of self-healing technologies applied in cementi-
tious materials with diverse triggering mechanisms, healing agents and de-
livery methods. The strengths and weaknesses of different healing strategies
are analyzed and discussed.

7
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2.1. Introduction

S ince the concept of self-healing was introduced in the field of cementitious ma-
terials decades ago, the significant potential in extending the service life and

reducing maintenance costs through self-healing has attracted the attention of re-
searchers worldwide. Development of self-healing cementitious materials requires
an inter-disciplinary approach. Figure 2.1 shows the evolution of scientific publica-
tions in the field of self-healing cementitious materials. As can be seen from the
figure, the number of publications related to the term “self-healing cementitious
materials” increased rapidly in the past decades. These works deal with various
self-healing strategies, healing agents, testing methods and numerical models etc.,
and provide researchers with a solid knowledge foundation to approach practical
application of self-healing cementitious materials.

The aim of this chapter is to give a brief overview of the state-of-the art in
self-healing cementitious materials by classifying them based on three criteria:

1. Self-healing mechanisms;

2. Healing agent delivery methods;

3. Triggering mechanisms of the self-healing system.

Figure 2.1: Evolution of the amount of scientific journal publications in the field of self-healing cemen-
titious materials. Results obtained from Scopus database by searching terms: self-healing cementitious
materials.

2.2. Self-healing mechanisms
As introduced in Chapter 1, the self-healing mechanisms in cementitious materials
can be divided in two broad categories: autogenous healing (also known as intrinsic



2.2. Self-healing mechanisms

2

9

healing) and autonomous healing. For autogenous healing, the self-healing effect
is realized by the cementitious material itself. No additional ingredients need to be
added to the mix. However, in order for autogenous healing to occur, certain en-
vironmental and curing conditions are necessary. Autonomous healing is normally
realized by adding an additional ingredient (healing agent), e.g. bacteria beads,
adhesive agent or swelling agent, to the material mix. Depending on the type of
healing agent, self-healing in terms of mechanical properties (i.e. strength regain)
or transport properties (i.e. impermeability) can be achieved. To accomplish sig-
nificant self-healing of cracks in cementitious materials, approaches with different
mechanisms need to be understood and used in accordance with their purpose.

2.2.1. Autogenous healing
Autogenous healing refers to the intrinsic healing ability of the material itself. The
first literature report about this can be traced back to the end of nineteenth century
[1]. Following that, more systematic studies were conducted to investigate the
effect of autogenous healing on various aspects of cementitious materials.

The influence of autogenous healing on water permeability of cementitious ma-
terials has been studied by many researchers [2–5]. The mechanism and the chem-
ical/physical process of autogenous self-healing was investigated theoretically and
experimentally. It was generally believed that the formation of calcite in the crack
is the cause for the autogenous healing. An obvious self-sealing effect can be found
in the cracked cementitious material when it is exposed to water. Furthermore, a
recovery of mechanical properties of cementitious materials due to the autogenous
healing has also been shown. Lauer and Slate first demonstrated that the tensile
strength of cementitious materials can be recovered by the autogenous healing
of cracks [6]. Recently, Yang [7] demonstrated the autogenous healing effect on
Engineered Cementitious Composites (ECC). The result showed that a distinct re-
covery in stiffness can be found on Crack-damaged ECC. Up to 100 % of the tensile
strain capacity can be recovered for specimens pre-loaded up to 3 % tensile strain.
Besides, the reduction of chloride ingress and reinforcement corrosion due to the
autogenous healing was also investigated [8, 9].

According to the literature, the autogenous healing of cementitious materials is
triggered by two mechanisms: 1) further hydration of unhydrated cement clinker
remaining in the matrix [10] and 2) precipitation of calcium carbonate (CaCOኽ)
nearby the crack mouth [3, 11]. Further hydration is considered as the main heal-
ing mechanism in early age concrete. When the concrete is in contact with water,
unhydrated cement particles will continue to hydrate, promoting autogenous heal-
ing. In mature concrete, the amount of unhydrated cement is much lower than at
early age. In this condition, the calcium carbonate precipitation becomes the main
trigger of autogenous healing. It is generally believed that the CaCOኽ precipitation
is formed from the chemical reaction between calcium ions in the cement paste
and carbonates. The carbonates come from the carbonic acid (COኽኼዅ) as a result
of carbon dioxide (COኼ) from the air dissolved in water. Since the concentration of
COኽኼዅ around the crack mouth is higher than inside the crack, the CaCOኽ precipi-
tates at the site of the crack mouth [12]. With the progress of self-healing, more
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COኽኼዅ ions could reach inside the cracks, leading to calcite formation on the crack
surface. Nevertheless, there are limitations to the autogenous healing ability. First,
prolonged immersion of concrete in water is needed for autogenous healing to oc-
cur. In addition, the autogenous healing process can only be effective for healing
narrow cracks (up to 200 µm), depending on the curing conditions [3, 13–15].

2.2.2. Mineral admixture-based self-healing
As mentioned, although autogenous healing processes in cement-based materials
have been investigated for many years, the healing effect is only limited to narrow
cracks with crack widths less than 200 µm. This is because the autogenous healing
mechanism largely depends on further hydration of unhydrated cement particles.
Therefore, for typical hardened concrete, autogenous healing is not very promising
as the amount of undydrated cement is insufficient for complete healing to occur.
To overcome this, adding mineral admixtures in the mix to promote self-healing is
an option. The effect of various mineral additives i.e., silica-based materials [16],
calcium sulfoaluminate based expansive agents [17, 18] and crystalline compo-
nents [12] on promoting autogenous healing of cementitious materials has been
investigated. It was found that the addition of mineral admixtures can promote
autogenous healing in cementitious materials. In addition, it was found that the
healing efficiency of cementitious materials could be further improved by utilizing a
combination of minerals rather than a single mineral [16].

Nevertheless, there are some drawbacks when applying mineral admixtures as
self-healing agent to promote the healing process. Directly adding a mineral admix-
ture to concrete without protection may result in an immediate reaction when the
mineral admixture is in contact water. Moreover, the addition of expansive agents
in the concrete matrix could cause damage of the concrete structure due to its ex-
pansion [19]. And water should always be available in cracks in order to realize an
effective self-healing. Additional healing, autonomous healing, is required.

2.2.3. Polymeric adhesive agent based self-healing
Adhesive agent-based self-healing is one of the earliest autonomous healing con-
cepts in the field of cementitious materials. The objective of applying an healing
agent in cementitious materials is to maintain material and structural durability by
regaining water tightness and mechanical properties in concrete structures. Gen-
erally, there are two types of adhesive agents: one-component agents or two-
component (or multi-component) agents. One-component adhesive agents are an
ideal option for self-healing because their function can be triggered immediately,
while the durability of it can be a big concern. Two-component adhesive agents
have much longer shelf life than one-component agents, however the trigger and
mixing of these two parts is more demanding in terms of design and delivery of
adhesive. In the following, adhesive agents which have been applied in the field of
self-healing cementitious materials are discussed.

𝐶𝑦𝑎𝑛𝑜𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒(𝐶𝐴), also known as superglue, is a type of one-component ad-
hesive. Its characteristics, such as low viscosity, short harding time when exposed
to open air and super strong binding make the CA a very promising adhesive agent.



2.2. Self-healing mechanisms

2

11

Li et al. [20] first introduced the application of CA into the field of self-healing ce-
mentitious materials. After that, many researchers have explored the feasibility of
using CA as adhesive agent for self-healing [21–23]. These studies found that CA
(superglue) is a suitable healing agent since the single-agent adhesive is able to
flow into, and heal, finer cracks. However, its short shelf life and weak resistance
to both water and heat might be a negative factor in practical applications.

𝐸𝑝𝑜𝑥𝑦 is another type of adhesive agent that has already been used in concrete
repair for a long time. In recent years, the application of epoxy in crack sealing and
mechanical repair of concrete has extended to self-healing concrete [24, 25]. Two-
component epoxy repair systems are the most popular adhesive agent systems in
the literature. Low molecular pre-polymer epoxy and its hardener were first en-
capsulated separately in two different carriers and then embedded in cementitious
materials. When the crack intersects the encapsulated epoxy and its hardener, the
epoxy will flow out and be cured by the hardener. In practice, simultaneous trig-
gering and mixing of epoxy and its hardener is a practical barrier to its practical
application. Moreover, the relative high viscosity of epoxy makes it difficult to pen-
etrate into the crack due to the capillary effect. Therefore, one component epoxy
was applied to increase the efficiency of self-healing [26, 27]. Recently, Li et al.
[28] demonstrated the use of one-component epoxy filled microcapsules to achieve
strength regain in cementitious materials. To decrease the viscosity of epoxy, they
proposed using benzylalcohol (BA) as a diluter.

𝑀𝑒𝑡ℎ𝑦𝑙𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒(𝑀𝑀𝐴) was first used in self-healing cementitious mate-
rials by Dry et al [29, 30]. Compared to CA, MMA has longer shelf life, better
resistance to extreme temperatures and lower viscosity, which makes it more suit-
able for self-healing cementitious materials. However, the low viscosity MMA may
be either soaked up by the pores in the cementitious material or leaked out from
the crack, leading to a decrease of the healing effect. To solve this problem, Van
Tittelboom et al. employed poly(methyl methacrylate) (PMMA) as thickening agent
to increase the viscosity of MMA [31]. Yang et al. [32] used oil core/silica gel shell
capsules to deliver the two-component adhesive agent, MMA and triethylborane
(TEB), to the crack.

𝐷𝑖𝑐𝑦𝑐𝑙𝑜𝑝𝑒𝑛𝑡𝑎𝑑𝑖𝑒𝑛𝑒(𝐷𝐶𝑃𝐷) is a new type of healing agent. It was first applied
in self-healing polymers [33], asphalt [34] and then the application was extended
to concrete [35]. When DCPD encounters the Grubbs’ catalyst (CኾኽH዁ኼClኼPኼRu),
a transition metal catalyst, the process of ring opening metathesis polymerization
(ROMP) occurs. Owing to its unique properties, such as low initial viscosity, high
toughness after curing and all-weather applicability, DCPD can pass through and
seal the cracks, thereby reducing the ingress of water and aggressive species into
cementitious materials.

Apart from abovementioned adhesive agents, feasibility of using other adhe-
sives such as acrylate-endcapped, urethane-based precursor [36] and commercially
available healing agent such as MEYCO MP355 1K has also been explored [37].
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2.2.4. Bacteria based self-healing
Inspired by Gollapudi et al. [38] who suggested using bacteria to promote precipi-
tation of calcium carbonate (CaCOኽ) for crack healing, a bacteria based self-healing
system using porous expanded clay particles with immobilized bacteria as biotic
healing agent has been described by Jonkers et al. [39–41]. In this series of stud-
ies, a two-component bio-chemical self-healing agent was used to replace part of
concrete aggregates. Once the crack forms in the matrix of the cementitious mate-
rial, bacterial spores and calcium lactate will be released and activated by the ingress
of water. Cracks up to 0.46 mm wide can be healed in bacterial concrete after 100
days of submersion in water. This is more than double compared to control spec-
imens without bacteria (0.18 mm). Compared to other studies [42–45], the work
of Jonkers et al. seems to be more promising. Since the bacteria and bio-mineral
precursor were both embedded and therefore protected by the expanded clay, the
activity of bacteria and the effectiveness of the bio-chemical self-healing agent be-
came more reliable. Meanwhile, their method excludes the need of urea during the
calcite precipitation process, and is therefore more environmental friendly.

Wang et al. [46, 47] demonstrated the feasibility of using microencapsulated
bacterial spores to heal cracks in cementitious materials. It was found that the
spores were still viable after being immobilized into a melamine-formaldehyde resin
shell. Despite the influence of the mechanical properties of mortar due to the
addition of microencapsulated bacterial spores, a 970 µm wide crack can be healed
in the specimens with bacteria. Therefore, cracks 4 times wider compared to the
control series (i.e. without bacteria) can be healed.

The main drawback for practical application of bacteria-based self-healing con-
crete is that certain environmental conditions are needed for healing to occur. In
fact, cracks need to be exposed to water for bacteria to be active.

2.2.5. Swelling agent-based self-healing
Water swelling materials such as superabsorbent polymer (SAP) [48–51] and polyurethane
(PU) [31, 37] can be used as healing agents targeting the regain of mechanical
strength and the reduction of water permeability. The application of PU-based
healing agent in self-healing cementitious materials was reported by Van Tittelboom
[31]. The healing agent used, MEYCO MP 355 1K (BASF The Chemical Company),
is a commercial PU product. This type PU starts foaming in contact with water.
The foaming reaction may lead to an increase of its volume of up to 25 - 30 times.
Because of this, cracks may be filled up by the swelled PU. In addition, it was found
that autonomous crack healing by means of encapsulated polyurethane also has
a beneficial effect on the resistance of cementitious materials with crack widths
between 100 μm and 300 μm against chloride diffusion [52].

Superabsorbent polymer (SAP) particles were first used in cementitious materi-
als for prevention of self-desiccation in hardening cement-based materials [53–55].
The pre-embedded SAP particles will lead to the formation of water-filled macro-
pore inclusions in the fresh concrete. Figure 2.2 demonstrates the mechanism of
self-sealing cracks using SAP. As can be seen in the figure 2.2a, during cement
hydration, the SAP will lose water and shrink due to the unbalance of moisture
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Figure 2.2: Schematic showing potential mechanism of self-sealing cracks using SAP [48].

leaving pores and holes in the cement matrix. When a crack occurs, the pores
will act as macro defects and the crack is likely to propagate through them (Fig-
ure 2.2b). Once the cracked cementitious materials are exposed to water, the SAP
will swell immediately. The swollen SAP can fill the crack and decrease or even
stop further water ingress (Figure 2.2c). Despite the influence of SAP inclusion on
the mechanical properties, the re-released water from swollen SAP can be used to
control self-desiccation and to promote internal curing. It was also found that the
application of SAP in cementitious materials can result in a reduction of autoge-
nous shrinkage and cracking [56, 57]. Recently, the potential of applying SAP for
self-healing and self-sealing cracks in cementitious materials has also been investi-
gated. Lee et al. [48] reported that, by incorporating 5 vol. % of SAP, the flow rate
through a 0.3 mm wide crack was reduced substantially. Kim and Schlangen [58]
first demonstrated that using SAP to promote self-healing in Engineered Cementi-
tious Composite (ECC). After that, Snoeck et al. [51] showed that the combined
effect of microfibers and SAP enables the cementitious materials to be healed in an
environment with a relative humidity of about 60 %. They found that incorporation
of 1 % of SAP by cement weight enabled creation of cementitious materials with
superior self-sealing capacity without significantly affecting the strength. A recent
study showed that, compared to control samples with similar crack widths, the peak
flow rate and cumulative flow through SAP embedded samples decreased by up to
85 % and 98 %, respectively [48]. Inevitably, the use of SAP results in a drastic
decrease in strength. For example, the addition of 5-13 % SAP by weight of cement
was found to reduce compressive strength by 80-87 %. That means the use of 1
% SAP will result in 18 % decrease in strength [48].

Recently, in the HEALCON project (HEALCON is a project funded by EU-FP7
and coordinated by Prof. Nele De Belie(Ghent University), attempts are done to
encapsulate SAP so that they do not absorb water during mixing [59]. Then the
sealing capacity of SAP can be fully preserved without leaving extra space of holes
in the cement matrix caused by water taken up by the SAP during mixing. This
improvement not only enhanced the sealing effect of SAP but also increased the
strength of the SAP/cement composite.
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2.3. Healing agent delivery methods
Physical and chemical conditions present in cementitious materials are complicated
and relatively harsh. For instance, the mixing process of cement and aggregate
could produce a strong shear force. Following that, in the initial stage of cement
hydration, large amounts of Ca(OH)ኼ may be generated as a hydration product
of the tricalcium silicate (CኽS). This Ca(OH)ኼ dissolves in water, resulting in a fast
increase of the pH value (pH፦ፚ፱ > 13). Meanwhile, during the curing and hardening
period, water saturated conditions are present. All these factors pose threat to
survival of almost all healing agents described. Therefore, in order to deliver the
healing agent to the crack effectively, the healing agent has to be preserved until it
is needed. Several methods have been developed to protect the healing agent from
the influence of the harsh conditions and to deliver the healing agent to where it is
needed. In the following paragraphs, three types of typical healing agent delivery
methods with their corresponding strengths and weaknesses are presented.

2.3.1. Microencapsulation
Microencapsulation technology has been widely applied in the field of agriculture,
drug manufacturing, food processing etc. In recent years, this technology has
also been introduced in the field of self-healing materials. The first application
of microcapsules as a vessel to protect and deliver the healing agent was in self-
healing polymers. There, microcapsules with urea-formaldehyde (UF) shell contain-
ing dicyclopentadiene (DCPD) were synthesized by the in-situ polymerization tech-
nique [33, 60]. Later, the microcapsule-based self-healing concept also has shown
great application potential in extending the lifetime of cementitious materials. Once
the incorporated microcapsules are ruptured by stimuli such as mechanical stress
[35, 37, 61], ions [62], pH [63, 64], or other, the self-healing is realized through
the release and reaction of repairing chemicals in the region of the crack. Fig-
ure 2.3 shows the schematic of mechanical trigger microcapsule-based self-healing
approach.

Figure 2.3: Schematic of capsule-based self-healing approach [65].

Properties of microcapsules are important in achieving self-healing in cementi-
tious materials. A good design of microcapsules not only directly determines the
self-healing efficiency but also will have a positive influence on the mechanical prop-
erties of the cementitious composite. So far, several types of microcapsules have
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been particularly developed for self-healing of cementitious materials. Depending
on the shell material, the microcapsules for use in self-healing cementitious ma-
terials can be grouped in two categories: polymeric microcapsules and inorganic
microcapsules. Polymeric microcapsules employ organic materials such as urea-
formaldehyde (UF) resin [47], melamine-formaldehyde (MF) resin [66], polystyrene
(PS) [64], or other, as shell materials to protect and deliver the healing agent to
the crack. Microencapsulation techniques, including spray drying, interfacial poly-
merization (also named in-situ porlymerization) and polymer phase separation are
the most commonly used techniques for polymeric microcapsule fabrication. The
benefit of using polymers as shell materials is their ability to seal the healing agent,
which is crucial for most healing agents that would lose effect when they encounter
the high alkaline solution. Inorganic microcapsules are another category of micro-
capsules that use inorganic materials such as silica particles [32] and expanded clay
[41] as shell materials. The advantage of inorganic microcapsules is the relatively
strong bonding between the inorganic shell and the cementitious matrix, which has
an great influence on the trigger efficiency of microcapsules.

In general, microencapsulated healing agents have many advantages for use
in self-healing cementitious materials. Firstly, the microcapsules have a good dis-
persibility in the matrix, which enables the self-healing system to have a homo-
geneous strength and healing effect. Secondly, the round shape of microcapsules
enables it to be triggered by cracks from any direction, making the self-healing
efficient. However, issues such as the limited amount of the healing agent and
sometimes limited triggering efficiency need to be addressed before such systems
are put to practical use. To compensate the limitations, some researchers claim
that cylindrical capsules and/or vascular systems are more effective than spherical
ones. To proof this, a numerical model was built to compare the trigger and healing
efficiency of different shapes of capsule systems [67, 68].

2.3.2. Vascular system
The application of vascular system is the oldest method employed for delivering the
healing agent to the crack in cementitious materials. In 1994, Dry proposed using
hollow fibers containing a chemical healing agent to seal matrix cracks and restore
the strength in damaged areas [69]. The vascular self-healing system is illustrated
in Figure 2.4. Hollow glass fibers were first embedded in the cementitious matrix.
The healing agent and curing agent (only for two channel vascular systems) are
stored or injected separately in different fibers. Once the glass fibers are broken
by the crack, the healing agent will release and seal the crack.

Joseph et al. [21] designed a vascular healing system that uses embedded
borosilicate glass tubes to deliver the healing agent. However, they found that only
a small amount of healing agent flowed into the crack after rupture of tubes. To
increase the transport distance and amount of healing agent, additional healing
agent was provided inside a tank which was connected to the outer end of the hol-
low fiber [70]. There are two main drawbacks of using glass fiber to form a vascular
system. One is the glass fiber may not survive the concrete mixing process. An-
other is alkali-silica reaction may shorten the long term service of the glass vascular
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Figure 2.4: Schematic representation of hollow fibers self-healing concept [73].

system. As a replacement, Pareek et al. [71] designed a container free vascular
system. To introduce hollow ducts in concrete structures, steel bars with smooth
surface were first embedded during casting and then pulled out after the concrete
cured for 24 hours. Recently, Minnebo et al. [72] demonstrated using alternative
brittle materials: polymethyl methacrylate (PMMA), starch, alumina and inorganic
phosphate cement to replace the commonly used vascular material, glass. The re-
sults obtained from mechanical testing showed that self-healing can be realized by
using such vascular networks.

Overall, to design and optimize the vascular system, researchers need to assess
the size (diameter and thickness) of the fiber, in addition to the viscosity and the
polymerization kinetics of the healing agent. Meanwhile, the healing agent should
be selected based on crack widths that need to be repaired.

2.3.3. Porous network
Taking inspiration of fracture healing of creature’s bone, Sangadji and Schlangen
proposed the idea of porous network concrete [74]. In porous network concrete, a
vascular system is designed and installed without additional delivery methods. The
porous network system consists of two parts, the prefabricated porous core and the
concrete main body. The porous concrete is embedded in the normal concrete main
body. The porous core provides means of transporting the healing agent while the
concrete body provides strength and stiffness to the structure. When there is a crack
intersecting the porous network, liquid healing agent can be delivered automatically
through the porous network to the crack. The schematics of the porous network
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Figure 2.5: Schematics of the conceptual working principle of healing agent transport in the porous
network concrete [74].

concrete are shown in Figure 2.5.
Both polymer based healing agents and bacteria based repair solutions were

employed as healing agents in their study. When using low viscosity epoxy as the
healing agent, the crack zone was sealed and the crack faces were glued, showing
a tendency to recover strength and stiffness of cracked specimens. Furthermore, it
was also found that the water leakage through the crack can be completely stopped.
While applying bacteria as repair solution has a limited effect on strength and stiff-
ness recovery, liquid tightness can be achieved in a cracked porous network system.
Still, more research on reusability and upscaling possibility of porous network sys-
tems is needed.

2.4. Triggering mechanisms of self-healing systems
The triggering mechanism is a decisive factor in the design and realization of self-
healing function in cementitious materials. According to the service environment
and possible deterioration mechanisms of cementitious materials, triggering mech-
anisms can be grouped in three categories.

2.4.1. Mechanical trigger
Mechanical trigger is the most commonly used triggering mechanism in self-healing
cementitious materials. As cracking is the main reason for cementitious materials
deterioration, crack propagation provides a force to trigger the self-healing action.
By mixing the healing agent loaded spherical or tubular microcapsules, a self-healing
system can be achieved in cementitious materials.

To practically realize mechanical triggering, two requirements need to be met.
First, the crack needs to hit the container with healing agent. To help design such
systems, several numerical models have been developed to simulate the crack be-
haviour of cementitious materials and to calculate the probability of a crack hitting
the capsules [75, 76]. Zemskov et al. developed a model that allows to analyze
the efficiency of a self-healing material considering the combined influence of crack
length, capsule size, and mean intercapsule distance. Lv et al. [77, 78] employed
computer simulation to calculate and verify the hitting probability depending on
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the dosage, size and shape of capsules. Even though the crack hits the dispersed
caspules, there is still possibility that the self-healing function cannot be triggered as
the crack may go around rather than rupture the capsules. Therefore, the second
requirement is that the container is sensitive to the crack and can be mechani-
cally triggered. At least two factors decide the rupture possibility of healing agent
container, (1) the strength and brittleness of the shell material and (2) the bond
strength between the shell and the matrix [79]. The strength of the shell material
can be controlled by manipulating the preparation conditions or by using different
materials. Su et al. [80] found that by changing the core/shell ratio and stirring rate,
the size and mechanical properties of microcapsules can be adjusted. Hilloulin et al.
[81] presented a healing agent encapsulation method which enables the capsules
to break during cracking, but are able to survive the concrete mixing. Three differ-
ent polymers, poly(lactic acid), polystyrene and poly(methyl methacrylate/n-butyl
methacrylate) with a low glass transition temperature were employed as container
materials. It was found that the polymeric capsules are able to resist the concrete
mixing process and can break when cracks appear.

2.4.2. Chemical trigger system
Although mechanical triggering in self-healing is popular, a significant drawback of
this mechanism is that it is hard to ensure that all healing agent containers could be
triggered by cracks due to complicated conditions involved. Recently, researchers
explored using ions as trigger of the self-healing process. During the service life,
cementitious materials are exposed to different ions from the environment. If self-
healing can be triggered by certain ions, the trigger efficiency and accuracy can be
increased. Xiong et al. developed a novel capsule-based cementitious self-healing
recovery system with a chloride ion trigger [62]. Since sodium alginate can be
crosslinked with many metal ions (such as Caኼዄ) to form a hydrogel, they selected
Agዄ to be coordinated with alginate to form the wall materials of the capsules.
When capsules are in contact with chloride ions, the metal ions, Agዄ, will react with
negative chloride ions and be extracted out to disintegrate the capsules. Dong et
al. [63, 64] developed a pH trigger microcapsule system using polystyrene resin
(PS) as a shell material. The release of the corrosion inhibitor is a function of time
controlled by both pH of the solutions and the thickness of PS shell.

2.4.3. Water and heat trigger system
Some self-healing systems, the healing function can be directly triggered by water
ingression. SAP is one of them. Benefiting from its different swelling behaviour
in water and in pore solution, SAP can swell to a volume much larger than during
the cement hydration process, resulting in almost complete sealing of cracks [82].
Beside the water triggered system, the possibility of heat triggered systems has also
been explored by using ethylene-vinyl acetate (EVA) as a repairing component [83].
Although the addition of EVA will cause some decrease of compressive strength,
the damaged specimens can be effectively repaired by EVA with a repair efficiency
exceeding 100 %.
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2.5. Conclusion
In this chapter, literature about self-healing in cementitious materials with diverse
triggering mechanisms, healing agents and delivery methods is reviewed. The pros
and cons of different healing strategies are analyzed. In general, no healing strategy
can be universally applied. When selecting the healing strategy, the environmental
conditions and functional requirements need to be considered. In addition, de-
pending on the deterioration mechanism, the crack width in cementitious materials
can vary from micro to macro scales. Therefore, to solve the problem as a whole,
cracks need to be tackled at different scales.
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3
Synthesis and

characterization of PF
microcapsules for micro-scale
self-healing in cementitious

materials

A little fire is quickly trodden out.

William Shakespeare

This chapter presents works towards development of a new type of polymeric
microcapsule with phenol–formaldehyde (PF) resin as shell and dicyclopen-
tadiene (DCPD) as healing agent for self-healing microcracks in cementitious
materials. The PF/DCPD microcapsules are synthesized via in-situ polymer-
ization and characterized by means of optical microscope (OM), scanning elec-
tron microscope (SEM) and thermal analysis (TGA). The chemical stability
of synthesized microcapsules and the trigger performance are studied re-
spectively in simulated concrete pore solution and hardened cement paste
specimens. The relationship between the physical properties of the synthe-
sized microcapsules and its micromechanical properties are investigated us-
ing nanoindentation. X-ray computed tomography (XCT) is applied to observe
the status and fracture behaviour of microcapsules inside the cement paste
matrix.

Parts of this chapter have been published in Construction and Building Materials 487, 105 (2016) [1]
and Materials 9, 1025 (2016) [2].
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3. Synthesis and characterization of PF microcapsules for micro-scale

self-healing in cementitious materials

3.1. Introduction

A s described in Chapter 1, cracking related deterioration of cementitious mate-
rials is one of the most serious threats to the safety, integrity and durability

of concrete structures. Once micro-cracks formed in cementitious materials, they
are difficult to detect and repair by conventional methods before they show on the
surface of the structure, which has long been an extremely difficult question to the
maintenance of buildings and infrastructures. Although better structural design,
raw material selection and proportion can help to reduce the probability of crack-
ing, further study in searching for a more efficient and automatic way to reduce the
maintenance/repair frequency and improve the service life of concrete structures is
essentially needed.

In recent years, inspired from biological self-healing phenomena, the microcap-
sule based [3–8] self-healing concept began to show its great application potential
in cementitious materials. Once the incorporated microcapsules are ruptured by
the cracks or other stimuli, self-healing is realised through the release and reaction
of repairing chemicals in the region of damage. As an essential part in self-healing
composites, the properties of the microcapsule (e.g. the shell materials) are be-
lieved to have a great influence on the self-healing performance and the mechanical
properties of the cementitious composite [9, 10]. Up to date, a wide range of ma-
terials have been explored as the shell in microencapsulation [8, 11–13]. Inorganic
compounds such as alginate, silica gel and expanded clay [3, 14, 15] have been de-
scribed to be an effective shell material in fabricating microcapsules for self-healing
cementitious materials. Owing to the similar chemical properties, microcapsules
with an inorganic shell are generally considered more compatible with the cemen-
titious matrix and may produce a stronger bond between the two phases. How-
ever, some of the microcapsules could be ruptured by mechanical mixing during
the preparation of cement mixtures and/or the later curing stage due to the loose
crumb structure of the inorganic shell. Additional concerns could be the leaching
out of healing agent from the mesh structural shell over the long service life of con-
crete structures and consequently the loss of healing effectiveness and the rising
risk of pollution posing on the surrounding environment. Organic compounds such
as polystyrene, polyurethane and urea-formaldehyde resin [4, 8, 16] have also been
used for encapsulating healing agents in the past decade, while the reliability over
time and the trigger sensitivity of capsules have not attracted sufficient attention.
Melamine-based organic compounds have been studied as a promising type of shell
materials to encapsulate bacterial spores for self-healing concrete [17]. It was il-
lustrated that the synthesised microcapsules can survive the mechanical mixing
during the preparation of cement mixtures and the later curing stage. Meanwhile,
the microcapsules were demonstrated to rupture under certain tensile force, while
the probability for practical application was greatly hindered due to the rigorous
requirement for the incubation condition of the bacterial healing agent.

To develop microcapsules which are practically applicable to provide effective
self-healing capacity for cementitous materials, three specific requirements need to
be met:

(1) the microcapsules are chemically stable in the high alkaline environment of
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cement mixtures,
(2) the microcapsules can survive the mechanical mixing while not influencing

the trigger sensitivity to cracking and
(3) the diameter of microcapsules is tunable in order to heal cracks in different

width ranges.
Thanks to its excellent water, thermal and chemical resistance as well as a low

flammability and toxicity, phenol–formaldehyde (PF) resin has been suggested as
an promising component of the polymer-cement composites [18, 19]. Compared
to other commonly used organic shell materials such as urea-formaldehyde (UF)
resin and melamine-formaldehyde (MF) resin, PF resin possesses higher stiffness,
brittleness and better tunability of mechanical properties, which make the capsules
with a PF resin shell have higher possibility to be triggered during crack propagation.

As for the healing agent, it has been reported that dicyclopentadiene (DCPD)
is an effective healing agent for polymers [20] and concrete [21]. When DCPD
encounters the Grubbs’ catalyst, a transition metal catalyst, the process of opening
metathesis polymerization (ROMP) occurs. Owing to its unique properties such as
low initial viscosity, high toughness after curing and all-weather applicability, DCPD
could pass through and seal the cracks, and further restrain the permeation of
external aggressive species with water into cementitious materials [22].

Meanwhile, it is known that the realization of the self-healing function is largely
depending on the trigger mechanism of the microcapsules, which will further in-
fluence the self-healing efficiency of the system [9, 10]. A good understanding of
the mechanical properties of microcapsules is crucial in order to fully understand
the trigger behaviour and their performance in their target service environment.
In previous studies, mechanical characterization of microcapsules is normally per-
formed by using a cone tip or two parallel plates [23–25]. While, in most cases,
microcapsules inside the cement paste are not ruptured by compression stress, but
by the tensile stress which initiates the propagating crack. Thus, the data acquired
by using a flat tip indenter cannot be used to evaluate the mechanical properties
and rupture behaviour of microcapsules that fail due to a mechanical trigger. A
method to mimic and analyse the performance of microcapsules that are hit by a
sharp crack tip is still necessary.

Accordingly, this chapter presents a new type of polymer microcapsules with
excellent chemical/mechanical stability and trigger sensitivity for self-healing of mi-
crocracks in cementitious materials using phenol-formaldehyde resin as shell ma-
terial and dicyclopentadiene (DCPD) as core material (i.e. healing agent). The
microencapsulating process, surface morphology and thermal properties of synthe-
sized capsules were investigated using optical microscope (OM), scanning electron
microscope (SEM) and thermogravimetric analyser (TGA). The diameter of micro-
capsules was successfully controlled and further graded into a multiple distribution
range without overlapping. The chemical stability of synthesized PF/DCPD micro-
capsules and the self-healing performance were investigated respectively in sim-
ulated concrete pore solution and hardened cement paste. Nanoindentation was
applied to measure the micromechanical properties of single microcapsule. In ad-
dition, X-ray Computed Tomography (XCT) was used to visualize the distribution
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and the rupture process of microcapsules. It is expected that the PF/DCPD mi-
crocapsules can provide a new alternative approach for self-healing microcracks in
cementitious materials.

3.2. Materials and experimental methods
3.2.1. Materials
Phenol, formaldehyde (37%) and poly(acrylic acid sodium salt)(PAA-Na) (𝑀፰=1200)
were obtained from Tianjin Damao Co. (China). Dicyclopentadiene (DCPD) used
as the healing agent was purchased from Shanghai Aladdin Co. (China). Sodium
hydroxide (NaOH) and hydrochloric acid (HCl) were provided by Tianjin Forever
Chemical Reagent Co. (China). Deionized water prepared by Milli-Q 185 system
(Millipore, USA) was used for all experiments. All chemicals were of analytical
grade without further purification. An ordinary Portland cement (CEMI 42.5N) was
supplied by ENCI B.V. (The Netherlands).

3.2.2. Synthesis of PF/DCPD microcapsules
The PF/DCPD microcapsules were prepared by an in situ polymerization procedure
following three steps:

(1) Addition reaction of PF prepolymer. 5.0 g phenol and 6.5 g 37 % formalde-
hyde solution were mixed at room temperature in a 100 ml three-necked flask
equipped with a reflux condenser. The three-necked flask was suspended in an oil
bath in which a temperature control probe was set. 5 wt% NaOH was added to
adjust the pH of the solution to be around 9. The solution was then stirred at 90 ∘C
under a stirring rate of 350 rpm for 90 min until a red transparent PF pre-polymer
solution was obtained.

(2) Emulsion and agitation. 7.0 g DCPD was added to 50 g surfactant aqueous
solution containing 7 g PAA-Na under a stirring rate of 1000 rpm. The resulting
suspension was continually agitated at 65 ∘C for 20 min to separate the DCPD from
the water. Upon the completion of emulsion, the PF pre-polymer solution and the
emulsion was transferred to a 250 ml three-necked flask and mixed for 10 min
under a stirring rate of 350 rpm.

(3) Condensation reaction of PF resin. 50 g 2 wt% HCl was added to adjust
the pH of the reaction system to be around 1. Then the system was heated at a
rate of 1 ∘C minዅኻ till it reached the polycondensation temperature of 90 ∘C and
maintained for 3.5 h. After the reaction has completed, the suspension containing
microcapsules was cooled down to room temperature. The microcapsules were then
collected by filtration and dried in air for 5h until obtaining a sand-like free-flowing
powder.

3.2.3. Characterization of PF/DCPD microcapsules
Morphology and shell thickness determination
The morphology and the core/shell structure of the synthesized PF/DCPD microcap-
sules were characterized by an environmental scanning electron microscope (ESEM)
(XL30, Philips, the Netherlands). All imaging were performed in low vacuum. The
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rupture pattern and its trigger behaviour of the PF microcapsules were observed
using an optical stereoscopic microscope (OM) (VHX-600K, Keyence, Japan).

The shell thickness and diameter of microcapsules were determined from the
optical microscope (OM) graphs of the cross-section of microcapsules using a com-
mercial dimensional measurement software. Firstly, the diameter of single micro-
capsule was recorded under the microscope. After that, the microcapsule of which
the diameter has measured in advance was then compressed to rupture between
two glass sheets. The shell thickness of this microcapsule was determined from the
debris of the shell. In this test, a total of 50 microcapsules were randomly selected
and the measurements were performed 2 times on each microcapsule at a different
position.

Size distribution analysis and gradation
The mean size and size distribution of synthesized microcapsules, produced under
different stirring rate, was determined using a laser particle size analyzer (LPSA,
BT-9300ST, Bettersize Instruments Ltd., Dandong, China). Before the test, micro-
capsules were washed with deionized water and then placed in a drying box at 60∘C
for 24 hours. Then 1g microcapsules was dispersed by 50ml deionized water in the
analysis box. The value of volume-based mean diameter (𝐷ኾ,ኽ) and the value of
distribution span (SPAN) were calculated automatically by the instrument. The 𝐷ኾ,ኽ
and SPAN are defined by the following equations:

𝐷ኾ,ኽ =

፧
∑
።዆ኻ
𝑑ኾ።

፧
∑
።዆ኻ
𝑑ኽ።

(3.1)

𝑆𝑃𝐴𝑁 = 𝐷ዃኺ − 𝐷ኻኺ
𝐷኿ኺ

(3.2)

Where 𝐷ዃኺ, 𝐷ኻኺ, 𝐷኿ኺ represent the diameter when the cumulative volume frac-
tion of the measured particles is 90, 10 and 50 %, respectively; 𝑑። is the diameter of
a single microcapsule and 𝑛 is the number of microcapsules which is measured. The
gradation of microcapsules was realized through sieving the microcapsules with dif-
ferent mesh sizes (30, 40 and 70). The size distribution of the microcapsules after
sieving was then measured from the OM images of microcapsules using a com-
mercial dimensional measurement software. For each diameter range, at least 50
samples were randomly recorded.

3.2.4. Stability investigation
Thermal stability
The thermal stability of the synthesized microcapsules as well as the healing agent
(DCPD) and the PF resin shell of the microcapsules were measured using a TGA
analyser (Q50, TA Instruments, USA) under flowing nitrogen (40 ml/min) at a heat-
ing rate of 8 ∘C/min from 25 to 600 ∘C.
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Chemical stability
The chemical stability of the PF/DCPD microcapsules was investigated by exposing
them to simulated concrete pore solution. As described in Reference [26], a satu-
rated Calcium hydroxide solution (pH ≈ 13) was used to simulate the highly alkaline
concrete pore solution. After being immersed in the saturated Calcium hydroxide
solution for 3 h and 48 h, the microcapsules were collected by filtration and washed
thoroughly by de-ionized waster. Afterwards, the microcapsules were put in be-
tween two parallel glass plates and compressed to rupture allowing the release of
the microencapsulated healing agent.

3.2.5. Micromechanical properties of PF microcapsules
Elastic modulus measurement
Nanoindentation was use to obtain the elastic modulus of the shell material and
the mechanical response of microcapsules. For the measurement of pure shell
material, a large block of pure PF resin was made in advance by exactly the same
reaction condition as for the preparation of PF microcapsules. Then the synthesized
PF resin block was placed in microtome to cut into a regular flat piece. Before the
nanoindentation test, the surface of the sample is ground by four different grinding
papers (500#, 800#, 1200#, 4000#). Then the sample was polished by hand on a
lapping table using diamond paste with particle diameter of 6 m, 3 µm, 1 µm and
0.25 µm. During the measurement, a total of 15 points were selected to test and
the indentation depth was set to 2000 nm. The Continuous Stiffness Method was
adopted to run the test [27]. The average elastic modulus was determined in the
displacement range between 1000 and 1800 nm.

Then the punching test was performed on microcapsules by nanoindentation.
Before the test, microcapsules with different diameter were selected and glued
on a glass sheet by a heat-softening glue. To be more specific, the glass slide
was first placed on a heated plate of 70 ∘C. Then the heat-softening glue was
smeared on the glass slide and a blade was used to make a thin and uniform glue
layer. The microcapsules were then carefully scattered on the slide. After the slide
was removed from the heated plate, the glue hardened and the microcapsules
were fixed. A diamond Berkovich tip was used for this nanoindentation test. The
geometrical characteristics can be found from the referred work of Oliver and Pharr
[27]. A quartz standard was indented before and after each test to ensure the
accuracy. In this test, the allowable drift rate was 0.15 nm/s, the surface approach
velocity was 20 nm/s. The indentation depth was 1000 nm. In this study, the
elastic modulus of the shell microcapsule was defined at the linear phase of load-
displacement curve as the mean value in the displacement ranging from 600 to 900
nm.

Rupturing force measurements
In order to investigate the required rupture force of the microcapsules under the
strike of a crack, a diamond Berkovich tip was used here as a mechanical trigger. In
this test, total 50 microcapsules with different size range were selected and fixed on
the sample holder using the aforementioned method. Before the test, each micro-
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Figure 3.1: Dynamic process of a microcapsule under the rupturing-force measurement.

capsule was photographed from the top by the inset camera of the nanoindentation
equipment. The obtained images were used to measure the diameter of each mi-
crocapsule. The indent test was performed at the selected physical centre of the
microcapsules. To ensure the rupture of the microcapsule, the indentation depth
was set to 5000 nm. To visualize the rupture process, a video camera was attached
to the sample holder. After the test, the images of ruptured microcapsules were
taken again from the top. Figure 3.1 shows the rupture process of a microcapsule
under the hit of a Berkovich indenter.

3.2.6. Investigation in cement paste
Sample preparation
The cement paste specimens were prepared with a water-to-cement ratio of 0.4.
In which, 4 % of cement mass was replaced by PF/DCPD microcapsules. The
microcapsules were first dry mixed with cement in a mixer for 1 min, and then
deionized water was added and stirred for one minute to achieve a good workability.
After mixing, the fresh mixture was cast in cylindrical moulds (diameter 6.7 mm
and length 13.4 mm) for XCT imaging. Then they were carefully compacted on a
vibrating table for 30 seconds to reduce the entrapped air. The specimens were
demoulded after curing under room temperature (RT) and local lab environment
for 48 h and cured in a wet chamber at 25 ∘C and 95 % relative humidity. After
curing for 28 days, samples were taken out from the curing room. A notch was
made at half of the hight of sample. The cylinders were fractured by a uniaxial
tension testing machine to generate a crack in the middle of the specimens. To
keep the original position of the fractured sample, before the test, the cylindrical
sample was wrapped by plastic membrane.

Trigger behaviour of microcapsules
X-ray computed tomography (XCT) (Nanotom, GE Inspection Technologies, LP,
Lewistown, USA) was applied to investigate the status of microcapsules within hard-
ened cement paste. The raw XCT images were acquired at an acceleration voltage
of 50 kV with an exposure time of 4 s and X-ray power of 8 W. The resolution of
CT scans is set to 7.5 µm. The final data set of XCT consisted of 720 radiographs
of which each image was acquired with a 0.5 ∘ rotation. Then phase retrieval and
tomographic reconstruction were performed to improve the boundaries and signals
using the software supplied by the manufacturer. A series of reconstructed tomo-
graphic images (X-Z plane) were consequently imported into a commercial software
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Figure 3.2: XCT visualization process of microcapsules’ embedded cement paste cylinder including (a)
volume construction; (b) surface generation; and (c) transparent adjusting. The scale bar is 2 mm for
all three images.

(Avizo 9.0) for segmentation and 3D visualization. The first step of the visualization
involves converting the 2D image into the software and generating a 3D volume
(Figure 3.2a). After that, a surface generation step is performed on the volume
to separate the sample into 2 materials with different color: cement matrix (gray),
microcapsules (yellow) (Figure 3.2b). The cement part was then set as transparent
so that the status of microcapsules can be clearly seen (Figure 3.2c). To calculate
the trigger ratio of microcapsules on the crack surface, the upper half of the crack
zone was manualy isolated from the ROI (region of interest) in the software.

3.3. Results and discussion
3.3.1. Formation mechanism of PF/DCPD microcapsules
The formation process of PF/DCPD microcapsules and relevant chemical reactions
are illustrated in Figure 3.3. Poly(acrylic acid sodium salt) (PAA-Na) is a linear wa-
ter soluble polymer. In this study, low molecular weight PAA-Na (𝑀፰ = 1200) was
applied as an emulsifier to form a stable oil-in-water (O/W,DCPD/water) emulsion.
Due to its special chemical structure, the long carbon chains of PAA-Na tend to ag-
gregate on the surface of oil drops stabilizing the emulsion. This further prevents
the amalgamation of DCPD droplets by forming a colloid film [28]. As shown in
Figure 3.3a, under mechanical stirring, the DCPD core is wrapped by linear PAA-Na
of which the hydrophilic carboxylic groups (–COONa) stretch out as a result of the
effect of ion exclusion. Then PF pre-polymers are added and the PF oligomers are
attracted to the O/W interface via electrostatic force between the methylene group
(–CHኼዅ) of the PF pre-polymer and the carboxylate group of PAA-Na. Upon acidifi-
cation by adding 2 wt% HCl solution, the condensation reaction (i.e., dehydration)
occurs between the methylol groups of PF pre-polymers on the oil surface resulting
in the formation of a hard and brittle PF resin shell. Figure 3.3b describes the pos-
sible mechanism of the interactions between carboxylic group and hydroxymethyl
group and the in situ condensation reaction of PF shell on the surface of emulsified
DCPD oil droplets.
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Figure 3.3: Schematic illustration of (a) the synthesis route of PF shell/DCPD core microcapsules via in
situ polymerization and (b) the possible mechanism of the interactions between the carboxylic group
and hydroxymethyl group and the condensation process of PF resin.
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Figure 3.4: SEM of (a) surface morphology of the microcapsule, (b) ruptured microcapsule and wall
thickness and OM images of (c) a single microcapsule and (d) broken microcapsules compressed by two
parallel glass sheets.

3.3.2. Morphology of PF/DCPD microcapsules
Figure 3.4 shows the typical SEM and OM images of an intact and a ruptured
PF/DCPD microcapsules. As can be seen from Figure 3.4a that the microcapsule
possesses a regular globe shape and smooth surface. Figure 3.4b shows that the
shell of the microcapsules is homogeneous with a brittle rupture pattern. In addi-
tion, a distinctively low shell thickness/diameter ratio of the synthesized microcap-
sules offers an ideal storage capacity for retaining the healing agent. The brittle
rupture pattern and the high storage capacity of the microcapsules are believed
to be of critical importance for self-healing applications in cementitious materials
[9]. The OM images as shown in Figure 3.4c indicate that microcapsules are sep-
arated from each other with limited agglomeration featuring a PF resin shell with
a clear brown color. As shown in Figure 3.4d, the healing agent (DCPD) was de-
tected in the core when the microcapsules were pressed to rupture by compressive
force. The combined information from SEM and OM clearly suggests that the PF
shell/DCPD core microcapsules with regular globe shape and smooth surface have
been successfully synthesized.

3.3.3. Size study
Shell thickness
The shell thickness and diameter of microcapsules were determined from ESEM im-
ages of the cross-sections and then calculated by a commercial dimensional mea-
surement software. Due to the brittle nature of the PF resin, after the microcapsules
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Figure 3.5: Morphology of a ruptured PF microcapsule. Insert is an enlarged image showing the thickness
and structure of the shell of synthesized PF microcapsules.

were ruptured by compression, a clear image of a core-shell structure of the micro-
capsule can be observed under the microscope. A typical morphology of ruptured
microcapsules is shown in Figure 3.5. A distinctively low shell thickness/diameter
ratio of the microcapsules is obtained. This low ratio offers an ideal storage capacity
for the healing agent, which is believed to be a desired feature for self-healing in
cementitious materials. The insert image in Figure 3.5 is a magnified image of the
shell. It shows that the shell thickness of this microcapsule is 29.96 µm. Meanwhile,
it was found that the shell is porous. The pores on the shell are believed to have al-
ready formed during the synthesis process. While, as can been see from the Figure,
the vast majority of these pores are all embedded pores and the size is very small
compared to the thickness. Therefore it will not result in a leakage of healing agent.
Figure 3.6 summarizes the relationship between shell thickness and diameter. The
result demonstrates that, although the shell thickness to diameter ratio does not
show an obvious linear relation and the coefficient of variation is up to 41.24 %,
the distribution interval of shell thickness is still found to have an increasing trend
with the increase of capsule’s diameter. It should be mentioned that, for better
expressing the relationship between the shell thickness and the diameter, those
data points obtained from microcapsules with shell thickness to diameter ratio at
the top or at the bottom 5 % of total data were not included in this calculation.

Size distribution analysis
The size distribution of synthesized microcapsules was measured and analyzed by
a particle size analyzer. The typical size distribution curves of microcapsules pre-
pared at different stirring rates (300, 350, 400 and 500 rpm) is shown in Figure
3.7a. Then the effect of stirring speed in the synthesizing process on the mean size
(𝐷ኾ,ኽ) and size distribution width (SPAN) of the microcapsules prepared at different
stirring rates (300, 350, 400 and 500 rpm) was studied. As can be clearly seen
from Figure 3.7b, with the increase of stirring rate, the volume-based mean diam-
eter (𝐷ኾ,ኽ) of the synthesized microcapsules decreased significantly from 352.2 to
218.5 µm. Simultaneously, the size distribution becomes narrow when the stirring
rate increases, which can be reflected from the decrease of SPAN value from 1.667
to 0.831. These results indicate that the mean diameter and the size distribution of
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Figure 3.6: Relationship between the diameter and shell thickness of microcapsules.

Figure 3.7: Size distribution of PF microcapsules prepared at various stirring rates (300, 350, 400 and
500rpm) (a) and its corresponding ፃᎶ,Ꮅ and SPAN values (b).
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microcapsules can be controlled by varying the stirring speed during the polymer-
ization process. Similar results can also be found in previous report in a literature
by Junfeng et al. [29].

3.3.4. Stability investigation
Thermal stability
The thermal properties of the synthesized microcapsules as well as the shell ma-
terial (PF resin) and core material (i.e. healing agent, DCPD), were investigated
by thermogravimetric analysis (TGA). The thermal stability of the microcapsules
can be reflected from the temperature of decomposition. The measured curves
are represented in Figure 3.8. For synthesized microcapsules (Figure 3.8a), two
major mass losses of 25 % from 125 to 250 ∘C and 35 % beyond 410 ∘C can be
observed. A similar trend of mass loss including two major effects was observed
for the hardened shell material (i.e. polymerized PF resin) (Figure 3.8b). The first
weight loss of 5 % in the range of 125 – 250 ∘C can be attributed to the partial
degradation of the phenolic backbone with the evaporation of residual phenol from
the PF matrix. The second weight loss beyond 408 ∘C corresponds to the complete
decomposition of PF resin. The higher percentage of the first mass loss for micro-
capsules which was about 4 times higher (25 % vs 5 %) with respect to the pure
PF shell material, is attributable to the partial decomposition of PF resin shell and
the subsequently flowing out and evaporation of the encapsulated healing agent
(DCPD). This is further evidenced by the occurrence of several small stepwise mass
losses in the first major mass loss stage of the synthesized microcapsules (Figure
3.8a) and the TGA curve of pure healing agent (DCPD) (Figure 3.8c) which shows
a complete weight loss between 30 and 120 ∘C. Nevertheless, the measured three
TGA curves as show in Figure 3.8 imply that the healing agent (DCPD) has been
successfully encapsulated in the synthesized microcapsules and the thermally stable
temperature of the microcapsules is 125 ∘C, which is much higher than the tem-
perature (80 ∘C) occurred during the cement hydration [30]. Obviously, the high
thermal stability of the PF/DCPD microcapsules essentially ensures their application
in cementitious materials and can properly prevent the leaking of healing agent
from the microcapsules.

Chemical stability
At the initial stage of cement hydration, there is a large amount of Ca(OH)ኼ gener-
ated as a hydration product of the tricalcium silicate (CኽS). The produced Ca(OH)ኼ
can dissolve in the water of cement paste, resulting in a fast increase of the pH
value (pH፦ፚ፱ > 13). Consequently, this high alkalinity of concrete pore solution
could become a threat to the survival of any type of microcapsules that are used
in cementitious materials. In this study, the chemical stability of PF microcapsules
in simulated concrete solution (saturated calcium hydroxide solution) was investi-
gated at ambient temperature. As can been in Figure 3.9a, after 48 h immersion,
the microcapsule maintained its original shape while the surface of the microcap-
sule was covered with a layer of granular substance. The formation of this granular
layer is believed to result from the adsorption of the airborne carbon dioxide by the
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Figure 3.8: TGA curves for (a) synthesized PF/DCPD microcapsules, (b) PF resin and (c) DCPD healing
agent.
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Figure 3.9: SEM images of (a) microcapsule immersed in simulated concrete pore solution for 48 h
and (b) microcapsules washed with deionized water after 48 h immersion in simulated concrete pore
solution.

Figure 3.10: OM images of ruptured PF/DCPD microcapsules after immersed in simulated pore solution
for (a) 3 h and (b) 48 h.

calcium hydroxide in the solution, which consequently produced a layer of calcium
carbonate depositing on the surface of the microcapsule. The microcapsule was
then washed by deionized water. As can be seen from Figure 3.9b, the cleaned mi-
crocapsule maintained its regular round shape indicating that the CaCOኽ deposits
had no negative effect on the microcapsules.

The status and availability of the encapsulated healing agent were investigated
by rupture of the microcapsules through compression. Figure 10a and Figure 10b
give respectively the OM images of the microcapsules ruptured after 3 h and 48 h
immersion in simulated concrete pore solution. As can be seen in these figures, the
shell of the microcapsule was uniform and the healing agent (DCPD) was clearly
detected in the core of the microcapsule. No difference could be found in appear-
ance of microcapsules comparing with fresh prepared microcapsule and apparently
the healing agent was protected properly by the shell material. In summary, the
combined observation from both SEM and OM suggests that the highly alkaline
environment has no or minor influence on the synthesized microcapsules and the
encapsulated healing agent can be released upon rupture of the microcapsules.
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3.3.5. Mechanical properties study of a single microcapsule
For mechanically triggered microcapsules, the understanding of the micromechan-
ical properties of a single microcapsule is a fundamental and crucial aspect. In
previous reports, the parallel plate compression apparatus [31] is commonly used
to investigate the mechanical properties. Parameters about the shell such as elastic
modulus have been calculated using the data obtained by the compression force
profiles with fractional deformation. While in the real case of cementitious mate-
rial cracking, the tip of a crack is normally regarded as a point of concentrated
stress. Therefore, the fracture force (or bursting force) of microcapsules acquired
by parallel plate compression cannot be used to simulate and investigate the trig-
ger behaviour of microcapsules under the strike of a crack. To understand the
mechanical properties and trigger behaviour of microcapsules in a more realistic
way, a Berkovich indenter and nanoindentation technology is used to characterize
the mechanical properties of a single microcapsules in this study. The elastic mod-
ulus of the shell and the rupture force of microcapsules is calculated directly by the
software of the nanoindentation system.

Elastic modulus
The elastic modulus of the shell material and the PF microcapsules was obtained by
performing nanoindentation tests on surface-polished shell material and on a single
microcapsule, respectively. Figure 3.11 shows the mean E modulus of microcap-
sules and shell materials. No relationship was found between the E-modulus of
microcapsules and its diameter. The mean E modulus of microcapsules is 2.2 ± 0.8
GPa which is significantly lower than that of pure shell materials with the value of 5.5
± 0.8 GPa. The possible reason for this difference can be attributed to the deforma-
tion of microcapsules during the measurement and can also be partly attributed to
the microcapsule being pushed into the glue. More information on structural effects
when testing capsules with nanoindentation can be found in reference [32, 33]. In
this test, the Continuous Stiffness Method developed by Oliver and Pharr [27] was
used. The basic idea of this method consists of superimposing small displacement
on the primary loading signal and in real time analyse the response of the system
by using a frequency-specific amplifier. The E modulus is obtained by a continu-
ous measure of contact stiffness (S) as a function of indentation depth (h). While,
when the nanoindentation test performed on the microcapsule, the indent force
which imposed on microcapsules will not only results in the Berkovich tip penetrat-
ing into the surface, but also makes the microcapsule having a deformation, which
will finally increase the indentation depth and further decrease the value of elastic
modulus. The porosity of the shell will also result in differences in properties of the
microcapsules, which is for instance reflected by a scatter in E-modulus. To better
understand the correlation between the E-moduli and the properties of microcap-
sule such as diameter and shell thickness, numerical modeling method will be used
in a later stage.

Rupture force and trigger sensitivity investigation
It is expected that each microcapsule which embedded in self-healing cementi-
tious materials will fracture when a crack encounters that microcapsule. The fact
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Figure 3.11: Elastic modulus of shell material and PF microcapsules, and its relationship with the diam-
eter of the microcapsules.

is that in practice the trigger force which is imposed on the microcapsules can vary
due to the nature and the width of crack. To increase the healing efficiency and
prolong the working life, it is ideal that the microcapsules have a different trig-
ger sensitivity based on the crack width. So that, microcapsules can be triggered
accordingly to cracks with different crack opening. From previous research, it is
known that the bursting force of microcapsules is related to their diameter [31]. In
this respect, to achieve the multi-scale trigger function of cementitious materials,
the application of microcapsules with different diameters is essential. In this study,
a sieve method was used to grade the synthesized microcapsules into several in-
terval scales. Thanks to the excellent dispersibility and mechanical properties of
the synthesized PF microcapsules, a gradation of microcapsules was successfully
achieved. Figure 3.12 shows the size distribution of the PF/DCPD microcapsules
after sieving made at a stirring rate of 400 rpm. As can be seen from the figure
that, by passing the microcapsules through a series of sieves with mesh sizes of
30, 40, 70 (590, 420 and 210 µm in diameter), the particle size of the synthesized
microcapsules ranging from 50 to 550 µm, has been isolated into three intervals,
small size (50-200 µm), medium size (200-400 µm) and large size (400-600 µm),
respectively. Inserts gives the OM images of the sieved microcapsules. They are in
accordance with those three size distribution regions shown below.

For further investigation of the trigger sensitivity of microcapsules at different
size gradation, the rupture force of single microcapsules was measured by nanoin-
dentation. Before the test, the diameter of single microcapsules was measured
under the built-in microscope. Figure 3.13a shows the relationship between the
rupture force and the diameter of microcapsules. Specifically, the mean rupture
force for small size (50-200 µm) microcapsules is 68.5 ± 41.6 mN. This number
goes up to 96.8 ± 23.5 mN for medium size (200-400 µm) microcapsules. With
the increase of diameter to the range of large size (400-600 µm), the rupture force
of microcapsules increased continuously. The mean rupture force of large size mi-
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Figure 3.12: Size distribution of the PF microcapsules screened by sieves with various mesh size (30, 40
and 70).

crocapsules is 198.5 ± 31.6 mN. Despite the scatter, the rupture force shows a
increasing trend with the diameter, a similar behaviour can be found in a previous
study for thin-shell PMMA microcapsules [31].

After the indentation test, the shell thickness of the ruptured capsules was mea-
sured by optical microscopy. Then the relationship between the rupture force and
the shell thickness of microcapsules was determined. Figure 3.13b shows the re-
lationship between the rupture force and the shell thickness. As we can see from
the figure, the rupture force which is required to break the capsules increases with
the capsule shell thickness. In general, it can be concluded that both the increase
of capsule size and shell thickness do have influence on the trigger sensitivity of
microcapsules. The bigger the size or the thicker the shell of the capsule is, the
larger force will be needed to break it. These properties of the synthesized micro-
capsules can be used for self-healing systems, in which the microcapsules can react
according to the strength of the material or the width of the crack.

Finally, the rupture force was tried to correlate with shell thickness/diameter
ratio (Figure 3.13c). Unlike previous research for MF microcapsules [29], a heavily
scattered decreasing trend was observed between the rupture force and shell thick-
ness/diameter ratio. The possible reason for this decrease comes from the different
growth rate of shell thickness and diameter. With the increase of microcapsules
capsule diameter, bigger capsule will normally have a relative low shell/diameter
ratio. As it has been proofed from figure 3.13a that, for this type of microcapsules,
bigger size need a larger force to be ruptured. Therefore, for a microcapsule with
low shell/diameter ratio, it is reasonable to have a higher rupture force and vice
versa.

3.3.6. Investigation in hardened cement paste
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Figure 3.13: The relationship between the rupture force of PF microcapsules and its (a) diameter (b)
shell thickness and (c) thickness/diameter ratio
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Crack-Zone investigation
XCT is a versatile inspection technique which has been widely applied in numer-
ous fields of research [34, 35]. Recently, the application of this technique has
also been extended to the field of civil engineering [36, 37]. As a non-destructive
imaging technique, XCT provides an approach to obtain the internal information
of a material [38]. In this study, the XCT imaging technique combined with data
reconstruction and image segmentation software was used to visualize the trigger
behaviour of the microcapsules incorporated hardened cement paste specimens
which are tested in tension. To investigate the rupture behaviour of microcapsules
along the crack zone, a small region of the cylinder adjacent to the crack was se-
lected as ROI (Region of interest). Then different materials of the reconstructed
segments were color labeled. Figure 3.14a shows the 3D representation of the ROI,
where the microcapsules, the crack and the cement were defined as yellow, blue
and grey color, respectively. The spatial dispersion of microcapsules along the crack
demonstrates that the synthesized PF microcapsules can not only be well dispersed
but also kept stable in cement paste specimens. For further visualizing the crack
surface of the ruptured sample, the upper half of the crack zone was selected form
the ROI. Figure 3.14b shows the top-down view of the segmented crack surface.
As can be seen from the figure that, when the crack goes through, a portion of
the microcapsules was mechanically triggered by the crack. Meanwhile, there are
still a large amount of microcapsules which cannot be triggered, leaving voids and
untriggered microcapsules at the crack. It is believed that the voids come from the
microcapsules which do not break but are pulled out of the matrix, where the crack
goes around rather than through the microcapsules.

Figure 3.14: 3D reconstructed images of the segmented raw data showing the crack(blue), microcap-
sules(yellow) and cement(grey); (a) a selected section of fractured cement paste in the vicinity of the
crack (b) a top-down view of crack surface. Ruptured microcapsules are indicated by black square box.
The scale bar is 1 mm for both images.

By inspecting the crack surface of XCT reconstructed samples containing (1)
large size (400-600 µm), (2) medium size (200-400 µm) and (3) small size (50-
200 µm) microcapsules, the number the triggered, untriggered microcapsules (MC)
and the voids were counted manually and the statistic results were shown in ta-
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Table 3.1: Trigger ratio microcapsules along the crack of cement paste with a diameter (1) 400-600, (2)
200-400 and (3) 50-200 µm

Sample No. Ruptured MC Unruptured MC + Voids

1 8.6% 91.4%
2 20.7% 79.3%
3 34.7% 65.3%

ble 3.1. It was found from the table that, for large size microcapsules (400-600
µm) embedded in cement paste samples, only 8.4 % of those microcapsules were
triggered on the path of the crack. With the decreasing of diameter from large
size to medium size (200-400 µm), the trigger ratio of microcapsules increased
sharply from 8.4 % to 20.7 %. This number goes up to 34.7 % when the size of
embedded microcapsules decreases from 200-400 µm to 50-200 µm. This results
together with the relationship between rupture force and diameter obtained above
demonstrates that, the size distribution of microcapsules will influence the trigger
efficiency of capsule-based self-healing systems. Smaller size of the synthesized PF
microcapsules (50-200 µm) tend to be easier to be ruptured by the crack in cement
paste.

Fracture surface investigation
The self-healing function of mechanical trigger microcapsules in cementitious mate-
rials is finally realized through the rupture of microcapsules followed by the release
of healing agent to the cracks. OM image of a ruptured microcapsule captured
on the fracture surface of the paste specimen was shown in Figure 3.15. It can
be clearly seen from this image that the microcapsules was ruptured by the crack
with the rest of this microcapsules tightly embedded in paste matrix. This image
indicates that the synthesized PF/DCPD microcapsules are able to be mechanically
triggered by cracking.

For further examination of the feasibility of the synthesised PF/DCPD micro-
capsule, a preliminary test was carried out to testify the release behaviour of the
healing agent (i.e., DCPD) in cement paste. To do this, a microcapsule containing
cement paste specimen was bent to fracture and subjected to 30 ∘C heating in or-
der to speed up the visualization of the flowing of DCPD out of the microcapsules.
The newly formed fracture surface with the ruptured microcapsules of this cement
paste sample was recorded immediately by OM. As can be observed in Figure 3.16a,
the healing agent indeed flew out of the microcapsules around which a dark area
was clearly noted. This cement paste sample was then kept heated for ten more
minutes and the OM image was recorded again as shown in Figure 3.16b. It was
noted that there was an obvious contrast between the rupture surface before and
after the sample was kept heated for 10 min featuring the gradual disappearance
of the surrounding dark (Figure 3.16b). The main reason for this phenomenon
can be attributed to either the absorption of DCPD by the cement matrix or the
evaporation of DCPD into the air. This result together with information obtained in
Figure 3.14 revealed that the self-healing function of the embedded PF/DCPD mi-
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Figure 3.15: OM image of fracture surface with a ruptured microcapsule triggered by crack propagation.

Figure 3.16: OM images of fractured surface of a cement paste specimen incorporated with PF/DCPD
microcapsules (a) upon heating at 30°C and (b) after 10 min heating at 30°C. The scale bar is 250 µm
for both images.

crocapsules could be triggered by cracking and the healing agent could be released
simultaneously to heal the cracks.

3.4. Conclusion
In this chapter, a new type of phenol-formaldehyde resin (PF resin) shell / dicy-
clopentadiene (DCPD) core microcapsule for self-healing microcracks in cementi-
tious materials was synthesized via in situ polymerization. The microencapsulating
process, surface morphology and shell thickness of synthesized capsules were in-
vestigated using optical microscope (OM) and scanning electron microscope (SEM).
Thermogravimetric analysis was employed to study the thermal property of the syn-
thesized PF/DCPD microcapsules. The chemical stability of PF/DCPD microcapsules
was studied in saturated calcium hydroxide solution. The relationship between the
physical properties of the synthesized microcapsules and its micromechanical prop-
erties were investigated using nanoindentation. A berkovich tip was used to mimic
the behaviour of cracking to get the rupture force of PF microcapsules. The trigger
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behaviour of the PF microcapsules was observed and analyzed using XCT based on
a microcapsule-embedded cement paste sample. Finally, the crack surface of the
sample was inspected by OM. Based on the above findings, the following conclusion
can be drawn:

• The synthesized microcapsules possess a regular spherical shape and smooth
surface with a distinctively shell thickness/diameter ratio.

• The mean diameter and the distribution of microcapsules could be controlled
through adjusting the agitation rate during the synthesis.

• Thermogravimetric analysis showed that the microcapsules had a high thermal
stability against the heat that can be generated during cement hydration.

• The chemical stability results revealed that the PF/DCPD microcapsules exhib-
ited excellent stability in both simulated pore solution and real cement environment.

• The mechanical result shows that with the increase of the mean size of micro-
capsules and the decrease of shell thickness, the mechanical force which is required
to trigger the breakage of the microcapsules increased correspondingly.

• Segmentation and 3D rendering of the reconstructed data obtained from XCT
showed that the microcapsules had a good dispersibility and could be triggered by
the crack. The result demonstrated that smaller sized PF microcapsules tend to be
more easily triggered by the crack.

• The OM investigation of a fractured surface of a cement paste incorporated
with microcapsules confirms the result of XCT demonstrating that the self-healing
function of the incorporated microcapsules could be triggered by cracking and the
healing agent could be released.

This study sheds light on the feasibility of self-healing cementitious compos-
ites using a new type of synthesized polymeric microcapsule and contributes to
search for effective measures to reduce microcrack-induced damage of cement-
based structures. Meanwhile, with the data obtained above, a numerical simula-
tion of the failure mechanism will be adopted to give more insight into the relation
between rupture force, capsule diameter and shell thickness.
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4
Experimental and numerical
study of microcapsule-based

self-healing cementitious
materials

A road of a thousand miles begins with one step.

Lao Zi

A 2D lattice model is constructed to simulate the crack process of the shell-
interlayer-cement paste (SIC) zone at the microscale. The simulated tensile
strength was validated by an experimental uniaxial tensile test and used as
an input for the 3D lattice fracture model. A 3D lattice model is constructed to
perform mechanical analysis based on a series of XCT images. The fracture
behaviour of the 3D lattice model with assigned mechanical properties shows
a similar crack pattern and tensile strength compared to the real cementi-
tious structure. This study provides a feasible approach for simulating and
evaluating the fracture and trigger behaviour of capsule-based self-healing
cementitious material.

Parts of this chapter have been published in Construction and Building Materials 219, 156 (2017) [1].
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4. Experimental and numerical study of microcapsule-based self-healing

cementitious materials

4.1. Introduction

A s an essential step in the self-healing process, the crack-induced rupture be-
haviour of microcapsules plays a decisive role in realizing the self-healing func-

tion. It is generally believed that the bond strength, the size parameter and the
mechanical properties (e.g. elastic modulus, strength) of microcapsule are among
the important factors greatly influencing the self-healing performance as well as the
mechanical properties of cementitious composites [2, 3]. Thus, a proper selection
and design of the microcapsules could offer a higher healing efficiency with lower
degradation of mechanical properties of the cementitious systems.

In general, there are two available routes to design/optimize the synthesis pro-
cess of microcapsules with desired properties. The first route is using an exper-
imental method. Some experimental methods including morphology observation,
crack surface inspection and mechanical recover rate calculation, have been per-
formed on microcapsule-embedded cementitious materials [4–6]. Microcapsules
with desired chemical and physical properties could be obtained in such a way on
the basis of the experimental results. However, the analysis based on the the ex-
perimental data can sometimes only provides limited information. It cannot give an
indication on what properties the microcapsules should have in order to be prone
to rupture by concrete cracking and to further predict how the embedded micro-
capsules will influence the self-healing behaviour in a broader sense. The second
route is predicting the relevant parameters of the microcapsules through simula-
tion approaches. There already exists a wide range of micromechanical models for
predicting the optimal dosage and parameters of the microcapsules as well as the
mechanical properties of the cementitious composites. Most of these models use a
continuum approach to predict the elastic properties of this three-component com-
posite [7, 8], it is inherently incapable when dealing with fracture process for this
type of materials. Moreover, the bond strength between shell materials and cement
paste is often ignored resulting in an overestimation of the simulated values.

In order to simulate the fracture behaviour of microcapsule-embedded cemen-
titious materials in a more realistic way, two points should be considered: The first
point is related to obtaining the mechanical parameters of the components of the
self-healing composite, corresponding to the shell, cementitious matrix and inter-
layer, respectively. These data can be used directly as input for the 3D modelling of
the self-healing system. Similar to the fact that the interfacial transition zone (ITZ)
in concrete has a great influence on the mechanical properties of concrete [9],
the interlayer properties between shell materials of microcapsules and the cemen-
titious matrix also significantly affect the stability of the microcapsules, the poten-
tial self-healing efficiency and the mechanical properties of cementitious structure.
However, studies regarding micromechanical properties of the interlayer between
microcapsules and matrix such as bond strength and elastic modulus are very lim-
ited. In this context, fundamental and practical research is essentially needed for
the application of capsule-based self-healing cementitious materials. The second
point is obtaining a real 3D microstructure of microcapsule-embedded cementitious
materials, in which the shell thickness, particle size and distribution of microcap-
sules should be correlated with the real situation. Micro X-ray computed tomogra-
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phy (XCT) offers a non-destructive experimental technique, which has already been
used to collect the microstructure information of cement paste in terms of digitized
voxels [10]. By segmenting the phases and defining the local mechanical properties
to individual phases, a 3D lattice model can be formed [11].

In this study, the nanoindentation method was used for mapping the mechanical
properties of complex surfaces of shell-interlayer-matrix. The measured properties
were directly applied as input for constructing a 2D numerical model. A direct
tension test was simulated and the bond strength and the elastic modulus of the
interlayer between shell and matrix were obtained based on the 2D model. The
XCT technology was further used to get the 3D volume images of an actual ce-
mentitious material in which capsules were incorporated. Based on these images
and the mechanical information obtained from the 2D model, a 3D lattice model of
a capsule-based self-healing cementitious material was formed. The crack pattern
and the self-healing behaviour of the microcapsule-based self-healing cementitious
materials were discussed accordingly.

4.2. Materials and methods
4.2.1. Materials
CEM I 42.5N Portland cement in accordance with the European standard EN-197-
1 and deionized water were used. The phenol-formaldehyde (PF) microcapsules
(mean diameter 201 µm) were prepared and graded according to our previous
study [12].

4.2.2. Sample preparation
Sample preparation for 2D shell-interlayer-cement (SIC) zone study
The shell material i.e., PF resin as shown in Figure 4.1a, was synthesized under
the same condition as that of the microcapsules. After that, the PF resin bulk was
cut into small pieces of 10 × 10 × 3 mm. Cement paste with water-to-cement
ratio of 0.4 was prepared and cast into 10 × 10 × 10 mm prismatic mould. Then
a piece of shell material (10 × 10 × 3 mm) was placed on top of fresh cement
paste. A vibration plate was used to minimize the amount of entrapped air in the
cement paste and the area between cement paste and PF piece and to maximize
the contact area between the two materials. After curing at room temperature in
the lab for 24 h, the specimens were moved to a curing room at 23 ∘C and over 95%
relative humidity. After curing for 28 days, the samples were taken out from the
fog room and demoulded. Four samples were prepared in total, in which 3 samples
were prepared for tensile testing and the one was sealed by epoxy resin for nanoin-
dentation to obtain the local mechanical properties of shell-interlayer-cement paste
(SIC) zone. One of the side surfaces of the epoxy sealed sample containing both
shell material and cement paste was then ground with No. 2000 and 4000 emery
paper and subsequently polished with 6 µm, 1 µm and 0.25 µm diameter paste on
a lapping table. The samples were further cleaned in an ultrasonic bath to remove
any residues. Figure 4.1b shows the prepared specimen for the nanoindentation
test.
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Figure 4.1: Samples used for the shell-interlayer-cement paste (SIC) zone study. (a) Synthesized PF
resin – shell material of microcapsules (left) and (a) specimen of SIC zone for nanoindentation (right).

Sample preparation for 3D crack behaviour study
The microcapsules-embedded cement paste specimens for the XCT study were pre-
pared with a water-to-cement ratio of 0.4 and contained 4% PF/DCPD microcap-
sules (mean diameter 201 µm) of cement mass. The microcapsules were blended
with cement and deionized water and mixed for 1 min to achieve a good workability.
After mixing, the fresh mixture was cast into a plastic cylindrical mould (6.7 hight
with a diameter of 13.4 mm). Then they were carefully compacted on a vibrating
table to reduce the entrapped air. The specimens were demoulded after curing at
room temperature (RT) and local lab environment for 48 h. Then they were cured
in a wet chamber at 23 ∘C and over 95% relative humidity. After curing for 28
days, samples were taken out from the curing room. Four samples were prepared
in total, in which three samples for tensile test and one sample for XCT scanning.
Figure 4.2 shows an optical microscopy images of the microcapsules used in this
study.

Figure 4.2: OM image showing PF microcapsules which were used in this study.

4.2.3. Test methods
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Nanoindentation
Nanoindentation tests were performed to obtain the local micromechanical proper-
ties of SIC complex using an Agilent Nano Indenter (G200, Keysight, USA) with a
diamond Berkovich tip. The continuous stiffness method (CSM) developed by Oliver
and Pharr [13] was used in this study. By using this method, a small oscillation is
imposed on the primary loading signal and the response of the system is analysed
by means of a frequency-specific amplifier, so that a continuous measure of contact
stiffness as a function of indentation depth can be achieved. Therefore, the E mod-
ulus and hardness are obtained as a continuous function of the depth of surface
penetration. Before each of the tests, quartz standard was indented to ensure the
accuracy of the measurement. The indentation depth was defined at 1000 nm, the
allowable drift rate was 0.25 nm/s and the surface approach velocity was 10 nm/s.
Due to the scatter of results at low indentation depths, the E modulus and hardness
were determined from the indentation depths range between 600-1000 nm. Then
a tightly spaced matrix of 20 × 20 indents was taken randomly crossing the area
from shell material to cement paste, spacing of 10 µm on both parallel and perpen-
dicular direction to the interface. Due to the large heterogeneity of cement paste
on the microscale, in this preliminary research, the minimum sampling number for
statistical confidence of results was not considered. After the nanoindentation test,
the surface of sample was examined with optical microscope (Leitz DMRXP, Leica,
Germany).

Tensile test
In order to compare the numerical tensile strength result with the experimental
result, a direct tensile test was performed respectively on the SIC zone specimens
prepared and the capsule-embedded cementitious material specimen prepared as
described in section 4.2.2. A meso-scale mechanical test apparatus (developed
by Kammrath & Weiss, Germany), as shown in Figure 4.3, was used to impose a
tensile load on the shell end and cement end of the SIC specimen and two ends
of cylinder specimen of capsule-embedded cementitious material. Before the test,
two component instant adhesive, Plex 7742 and Pleximon 801 (Evonik Rohm GmbH,
Darmstadt, Germany), was used to glue the sample on the holder of the apparatus.
The tensile test was performed under deformation control with a step speed of 0.01-
mm/s. The load and displacement are recorded by inset software automatically.

XCT scanning
XCT images used as the input for the 3D simulation were obtained by XCT scan-
ning (Nanotom, GE Inspection Technologies, Lewistown, LP, USA). In this study,
a capsule-embedded paste cylinder was scanned by XCT before and after it was
fractured, so that the rupture behaviour could be observed. Upon finishing prior-
fracture XCT scanning, the cement cylinders were glued in an Axial Tension-Compression
Systems (8872, Instron, High Wycombe, UK) to generate a crack in the middle of the
specimens. The loading speed was set to 0.01 mm/s. The load-displacement curve
was recorded by an in-set software. Then the fractured two cylinder-ends were
wrapped together by plastic tape with their original position for the after-fracture
XCT scanning. The raw XCT images were acquired at an acceleration voltage of
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Figure 4.3: Meso-scale compression-tension test setup.

50 kV with an exposure time of 4s and X-ray power of 8W. The final data set of
XCT consisted of 1440 images of which each image was acquired with a 0.25∘ ro-
tation. Then phase retrieval and tomographic reconstruction were performed on
the obtained raw data to improve the boundaries and signals using the software
supplied by the manufacturer. A commercial software was used to segment and
visualize the 3D structure based on a series of reconstructed tomographic images
(X-Z plane).

4.2.4. Modelling procedure
The fracture process of microcapsule-embedded cementitious materials can be sim-
ulated by a lattice model [14, 15]. In this study, the lattice model which developed
by our lab was first used to investigate the tensile strength of the interlayer based
on the 2D mechanical map of SIC zone. After that, the fracture behaviour of 3D
capsule-embedded paste cylinders was studied by the lattice model under the same
principles. In this model, the material is schematized as a mesh of beam elements
which connected at the ends and all individual elements are defined having linear
elastic behaviour. To achieve crack growth, unit prescribed displacement is imposed
on the lattice system and only one element with the highest stress/strength ratio
is removed from the mesh at every loading step. As this method can express the
physical process of fracture behaviour, a realistic crack pattern as well as the stress-
strain response will be obtained. The uniaxial tensile simulation test was achieved
by applying uniform displacement at one side of the specimens and restraining the
movement and rotation of the opposite edge. The lattice element can only fail in
tension.

The procedure of 3D spatial discretization of the cylindrical domain is performed
as follows: first, a cubic domain (1.5 × 1.5 × 1.5 mm) is divided into a cubic
grid with a cell size of 30 µmኽ. Then, a sub-cell can be defined within each cell
in which a node is randomly placed. The ratio between the length of the sub-
cell and the cell is defined as randomness. Since the simulated crack patterns are
highly influenced by the orientation of meshes, the choice of randomness affects
the simulation for the fracture behaviour of materials. More information about
the influence of randomness can be found elsewhere [16]. In order to avoid big
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variations in the length of elements and geometry disorder of material texture, a
randomness of 0.5 is adopted. The next step is to erase the nodes outside the
cylinder. Afterwards, Delaunay triangulation is performed to connect the 4 nodes
which are closest to each other with lattice elements.

The heterogeneity is realized by employing the overlay procedure. In this pro-
cedure, different mechanical properties are assigned to different phases. For this
purpose, the material structure obtained by XCT scanning is used here. In order
to reduce the computing time and to avoid the possible wall effect, a cylindrical
region of interest (ROI) with a diameter of 1500 µm and thickness of 1500 µm at
a resolution of 30 µm is extracted from the center of the 3D volume where the
capsule-based cementitious material is considered to be the most homogeneous.
Each beam is assigned mechanical properties depending on its location. What has
to be noted here is the elements that connect both shell material and paste ma-
trix are regarded as the interface element. The properties of these elements are
derived from 2D fracture simulation of the interface zone.

The mesh method also works for 2D simulation of the SIC zone. In this thesis,
the interface properties are defined as material properties. While since local mi-
cromechanical properties of the interface performance and bulk materials obtained
by nanoindentation do not provide any information about the interface performance
and its strength, they need to be linked in a structure where all the individual local
tests are assembled. By overlapping the measured properties on a 2D lattice mesh,
their spatial distribution was used as input for numerical modelling. In the 2D lat-
tice fracture model, a square with a side of length 200 µm is meshed into a lattice
network. A 1.0 µm square cell size and a randomness of 0.5 are applied in this step.
Unlike 3D lattice simulation, the heterogeneity is taken into account by overlapping
the mechanical properties of nanoindentation results on top of nodes which belong
to corresponding indented locations. The properties of elements are ascribed with
mean values from these two nodes. The overlapped elastic modulus is considered
equal to the measured modulus of elasticity. Meanwhile, a value of 300 times lower
than the hardness is taken as an approximation of the tensile strength, since no
data from literature was found defining this ratio in cement-based material.

4.3. Results and discussion
4.3.1. Local mechanical properties of the SIC zone
The mechanical properties of SIC zone including the shell material, cement paste
and the interlayer in between were measured by nanoindentation. Figure 4.4a
shows the image of the prepared SIC sample for SIC zone study, as descried in
4.2.2. The morphology of the tested area was imaged by optical microscope (Figure
4.4b) and then correlated to the results of micromechanical measurement which is
measured by nanoindentation (Figure 4.4c). The hardness distribution among the
shell material, cement paste and interlayer in between can be clearly seen from
this image. According to the study carried out by Lukovic et al. [16], the interface
properties are defined as materials properties. To visually represent the different
phases, the hardness of the different phases was defined by colour ranging from
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Figure 4.4: Photomicrographs of the (a) prepared SIC zone specimen, (b) test area of nanoindenta-
tion(left) and (c) the corresponding hardness (right).

below 0.2 GPa (navy) to above 1.2 GPa (red). As we can see that the upper area
of the map has a blue and navy colour, representing that the hardness of the shell
materials is lower than 0.6 GPa. The cement paste at lower part of this figure shows
a more complicated mechanical distribution likely due to the heterogeneous nature
and different mechanical properties of the phases in the cement paste, especially
at the contact area with the interlayer.

4.3.2. 2D Modelling of interfacial zone
Upon completion of the micromechanical properties evaluation, the fracture be-
haviour and tensile strength at the SIC zone were investigated on a 2D lattice
model. In a simulated uniaxial tensile test, the micromechanical response of this
2D lattice model, made as described in section 4.2.4, can be indirectly evaluated.
This enables the assessment of the fracture properties of the interfacial zone at the
microscale, while taking into account its intrinsic heterogeneity.

The 2D lattice mesh with assigned properties and boundary conditions is pre-
sented in Figure 4.5. Those locations of which the mechanical properties could not
be obtained were regarded as pores. Accordingly, the elements which belong to
these pores in the lattice model were removed. In order to check the influence
of the adopted randomness and cell size on simulated results, the meshes were
generated 5 times. The simulated load-displacement diagrams are shown in Figure
4.6. Since the simulated load-displacement diagrams are similar, a cell size of 1
µm and randomness of 0.5 were selected to study the fracture behaviour of the
simulated interlayer zone.

Figure 4.7 illustrates the crack development of the simulated SIC zone. The
snapshots a, b and c correspond to the points a, b and c which are represented
in the simulated load-displacement curves in Figure 4.6. As can be seen from Fig-
ure 4.7a, due to the nature of heterogeneity in the SIC zone, the existence of
pores would introduce stress concentration to the microstructure. When the uni-
axial tensile force was applied on the simulated model, the stress concentration in
the microstructure produced a localization of the cracks before the load reached
the peak. Then, with the increase of displacement, those microcracks started to
propagate at certain points, and this led to the softening post-peak behaviour (Fig-
ure 4.7b). By connecting its way through the nearby weak spots, a critical crack
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Figure 4.5: The applied lattice mesh with assigned properties and boundary conditions.

formed which is located across the interlayer and cement paste zone, resulting in
a so-called crack-face bridge which is still capable of carrying some limited load
(Figure 4.7c).

To calculate the required mechanical properties such as tensile strength and
E modulus of this zone, the peak load in Figure 4.6 and the initial slope of the
curve are used. The calculated results are listed in Table 4.1. It was found that
the simulated tensile strength, 0.125 ± 0.009 MPa, is consistent with the tensile
strength value obtained experimentally by meso-scale tensile test as described in
chapter 4.2.3, 0.091 ± 0.006 MPa. The result demonstrates that the used method
of obtaining the mechanical properties of SIC zone and the formulated lattice model
can be used to simulate the mechanical properties of SIC zone. On the other hand,
due to the limitation of measuring device in the experiment, the displacement of
the interface zone cannot be measured accurately, which means that the obtained
modulus of elasticity cannot be verified in this test. Therefore, the simulated results
of the mechanical properties of SIC zone will be used as the input for 3D modelling
in the following section to represent the bond element between the shell material
and the matrix of cement paste.

4.3.3. 3D modelling of cracking behaviour
The mechanical properties of different phases which were used as input for the
structure-informed lattice model are listed in Table 4.2. According to a previous
study, the tensile strength (𝑓፭) and Young’s modulus of cement paste are taken as
3 Mpa and 16 Gpa [17]. The E modulus of the shell material was derived from
the mean value of the nanoindentation measurements on the shell side of the SIC
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Figure 4.6: The simulated load-displacement curves for five different meshes (cell size 1 µm).

Figure 4.7: Cracking history of the SIC specimen in the simulated direct tensile test.

Table 4.1: Simulated results of the tensile strength and E modulus of the simulated SIC zone

Mesh number Tensile strength (MPa) E modulus (GPa)

1 0.116 4.77
2 0.135 4.72
3 0.116 4.76
4 0.130 4.73
5 0.130 4.76

Mean value 0.125 ± 0.009 4.75 ± 0.02
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Table 4.2: Mechanical properties of different phases

Phases E modulus (GPa) ፟ᑥ (GPa)
Paste matrix 16.0 3.00
Shell material 5.5 1.10
Interlayer 4.75 0.12

zone while the tensile strength (𝑓፭) was defined as three hundredths of the mea-
sured hardness value. The properties of interlayer elements which connect the
shell material and the cement matrix were obtained from the 2D simulation re-
sults in section 4.3.2. Based on these abovementioned data, a 3D lattice cylinder
(1.5 mm long with a diameter of 1.5 mm) consisting of 98057 nodes and 738640
beam elements was generated from a selected volume within the reconstructed
XCT images. Figure 4.8a shows the numerically simulated specimen in which the
cement paste, shell material and the interlayer are defined as grey, red and purple
respectively. Then the simulated uniaxial tensile test was performed by applying
a uniform displacement on top of the round surface in the direction perpendicular
to the loading surface. The final cracked specimen is presented in Figure 4.8b. As
can be seen from the figure that a critical crack (in black) goes through the middle
of the cylindrical specimen. To observe the main crack surface more clearly, the
crack surface in the middle of the specimen is given in Figure 4.8c. It can be seen
that microcapsules along the crack were partly triggered, leaving a cloud with a few
spherical shell elements (in red) in paste matrix.

Figure 4.8: The initial state (a) and final fracture pattern (b) of the generated 3D lattice mesh under
uniform tensile test and the corresponding crack surface (c). The grey elements are defined as the
cement paste matrix, the red elements are defined as the shell material and the purple elements are
defined as the interlayer.

To further investigate the cracking behaviour of the microcapsules-containing
cement paste, the simulated stress-strain curve and crack evolution history are
shown in Figure 4.9 and Figure 4.10, respectively. Each snapshot in Figure 4.10
corresponds to the points (a, b, c and d) which are indicated in the stress-strain
curve (Figure 4.9). Only cracked elements are shown in these snapshots. As we can
see from Figure 4.10a that, due to the relatively lower tensile strength of the inter-
layer, partial microcracks were firstly initiated at the interlayer around the capsules.
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Figure 4.9: Stress-strain diagram of the lattice mesh sample under tension.

Once the fracture zone nucleated from the weakest spots along the circumference,
the stiffness of the simulated ‘specimen’ decreased, which resulted in a softening
post-peak regime of the stress-strain curve. During this period, microcapsules in the
vicinity of the crack tip are “triggered” (Figure 4.10b and c). Based on this simulated
load displacement curve, the tensile strength and E modulus are evaluated as 1.25-
MPa and 14.9 GPa, respectively. Comparing with numerical simulation results, the
experimental results of tensile strength (1.05 ± 0.15 MPa) obtained from larger size
cylinder specimens prepared as described in section 4.2.2 shows a slightly lower
value while in the same range. A possible explanation of this difference is that no
initial defect is considered in this simulation. However, initial defects are inherent
to cement based material, which have a great influence on the strength of such
materials [18]. In addition, size effect cannot be avoided in which the theoretical
strength of a quasi-brittle material increases as the sample size decreases [19].

4.3.4. Parametric analysis
It is known that a proper design of the properties of microcapsules could offer
a higher trigger efficiency of microcapsules with lower degradation of mechanical
properties of microcapsules-embedded cementitious materials [8, 20]. To provide a
good instruction for synthesizing microcapsules, the influence of interlayer strength
and shell strength were studied based on the proposed numerical lattice model.
Then two specimens acquired at different locations in the volume of XCT images
were used to validate this model. Only one variable is changed for each parametric
study and other parameters are kept unchanged. Table 4.3 shows the studied
specimens with different input parameters. Here, ‘H’ stands for 5 time higher and ‘L’
stands for 5 times lower than the ‘Standard’ value. The prefix ‘inter’ and ‘shell’ refer
to the variables, interlayer and shell, going to be changed. P-1 and P-2 represent
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Figure 4.10: Cracking evolution of the microcapsules-embedded cement paste specimen in a simulated
direct tensile test. The grey elements are defined as the ruptured cement paste matrix, the red elements
are defined as the ruptured shell material and the purple elements are defined as the ruptured interlayer.
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Table 4.3: Input parameters of the simulated microcapsule - embedded paste specimens.

Specimen Interlayer strength (MPa) Shell strength (MPa)

Standard 0.12 1.10
H-inter 0.60 1.10
L-inter 0.024 1.10
H-shell 0.12 5.50
L-shell 0.12 0.22
P-1 0.12 0.22
P-2 0.12 0.22

another two locations selected randomly within the volume of XCT images.

Influence of interlayer strength
By varying the interlayer strength from 5 times higher (1.2 MPa, H-inter) to 5 times
lower (0.05 MPa, L-inter) than the data (0.24 MPa, Standard) obtained from real
experiments, the influence of the interlayer strength on the mechanical proper-
ties and trigger efficiency were studied. The stress-strain curve under different
interlayer strengths are shown in Figure 4.11. As can be seen from the figure, the
H-inter specimen yields a higher load response and becomes stiffer in the ascending
branch. While no obvious variation is observed between the L-inter and standard
specimens. The corresponding crack pattern of the microcapsules-embedded ce-
ment paste specimen with different interlayer strength are shown in Figure 4.12. As
can be seen from Figure 4.12a that, when the interlayer strength of the specimen
is 5 times higher than the standard specimen, only very few elements of interlayer
were fractured. It is suggested that higher interlayer strength could confer the
microcapsules a better bond with the paste matrix. Meanwhile, compared to the
standard specimen in Figure 4.12b, the H-inter specimen has more shell material
elements (in red) that cracked in the tensile test. Since the cracking of shell mate-
rial element can be recognized as the breaking of microcapsules, the more cracked
shell elements means the more microcapsules were ruptured. Macroscopically, the
main crack goes through the shell material and triggers the microcapsules. As the
strength of the interlayer is adjusted to a value that is 5 times lower than the ex-
perimental result, more cracked interlayer elements and less cracked shell material
can be found (Figure 4.12c). At this condition, it is easier for shell to detach the
shell from the paste matrix under the tensile loading. The results illustrate that
the strength of the interlayer plays a very important role in controlling the trigger
efficiency of microcapsules.

Influence of shell strength
It is known that the strength of the shell is the property of the microcapsule that can
be manipulated by adjusting the synthesis process [8, 21]. Many studies have sug-
gested that the trigger efficiency has a close relation with the mechanical properties
of shell material [2]. Thus, a good understanding of the influence of shell prop-
erties on the self-healing system is another important task. In this thesis, based
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Figure 4.11: Stress-strain diagram of the paste specimens with different interlayer strength.

Figure 4.12: Crack pattern of the microcapsules-embedded cement paste specimen with different inter-
layer strength, (a) H-inter, (b) standard and (c) L-inter. The grey elements are defined as the ruptured
cement paste matrix, the red elements are defined as the ruptured shell material and the purple elements
are defined as the ruptured interlayer.

on the formulated lattice model, the self-healing specimen with three different shell
strengths was investigated. Figure 4.13 shows the influence of shell strength on the
load-displacement curve of the self-healing system. As can be seen in Figure 4.13,
although the influence of shell strength on the simulated stress-strain response is
very small, the H-shell specimen with higher shell strength (5.5 MPa) has a more
stable softening regime. On the other hand, the L-shell specimen with the lower
shell strength (0.22 MPa) yields a lower peak load compared to the other two spec-
imens. The final crack patterns of the systems are shown in Figure 4.14. It is clear
that, when the shell strength is 5 times higher than the standard value, almost no
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shell element (in red) was found to be cracked. However, as the strength of shell
material decreased to the standard value (1.1 MPa), some of the cracked elements
along the main crack are of the shell material. With the continuous decrease of
shell strength from 1.1 MPa to 0.22 MPa, more cracked elements were found not
only at the main crack but also throughout the specimen.

Figure 4.13: Stress-strain diagram of the specimens with different strength of shell material.

Influence of composite structure
To further prove the function and the validity of the proposed model, another two
positions (P-1 and P-2) with different composite structure were selected in the vol-
ume of XCT images of capsule-embedded cement paste. Low shell strength (0.22
MPa) and normal interlayer strength (0.24 MPa) were assigned to the model. The
stress-strain diagram in Figure 4.15 demonstrates that choosing a different location
for the microcapsule-embedded cement paste, has a big difference on the stress-
strain curve, mainly in the softening regime. The possible reason for this can be
attributed to the diverse distribution and content of microcapsules in the selected
specimens. Meanwhile, based on the crack pinning and crack deflection mech-
anisms, the presence of microcapsules and their rupture behaviour will decrease
the coalescence of the initial crack and increase the energy for crack development,
which will finally influence the propagation of the crack. This can be seen from the
different crack patterns in Figure 4.15 b and c, which correspond to the curve of
specimens P-1 and P-2 in Figure 4.15a.

Trigger efficiency study and healable volume
Finally, the trigger efficiency of embedded microcapsules in the simulated cement
paste specimen under different strength of interlayer and shell materials were in-
vestigated. The cracked and uncracked microcapsules of the simulated specimens
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Figure 4.14: Crack patterns of the microcapsule-embedded cement paste specimen with different
strength of shell material, (a) H-shell, (b) standard and (c) L-shell. The grey elements are defined
as the ruptured cement paste matrix, the red elements are defined as the ruptured shell material and
the purple elements are defined as the ruptured interlayer.

were observed and recorded using the software (Paraview 5.2.0). The cracked mi-
crocapsules can be recognized as a cloud of red spherical elements in the simulated
specimen. The trigger efficiency is defined as the shell cracked microcapsules di-
vided by all the microcapsules which contact with the main crack of the specimen.
Based on the results of the trigger efficiency, the available volume of healing agent
that can be used to fill a crack and the healable crack width are predicted. In a
previous chapter, it was found that there exists a certain relationship between the
size and shell thickness of microcapsules. In this study, microcapsules with mean
size of 201 µm and shell thickness of 18 µm were embedded in the specimen. The
volume of available healing agent (𝑉፡) can be defined as the number of ruptured
microcapsules multipling by the average volume of healing agent (Eq (1)). The
healable crack width (𝑊፡) can be defined as available healing agent (𝑉፡) divided by
the area of crack surface (Eq(2)):

𝑉፡ =
4
3𝜋(𝑅፜ፚ፩፬፮፥፞ − 𝑇፬፡፞፥፥)

ኽ ⋅ 𝑛 (4.1)

𝑊፡ =
𝑉፡

𝑆፜፫ፚ፜፤
(4.2)

where 𝑛 is the number of cracked microcapsules; 𝑆፜፫ፚ፜፤ represent the calculate
area of crack surface; 𝑅፜ፚ፩፬፮፥፞ and 𝑇፬፡፞፥፥ are the radius and shell thickness of
microcapsule, respectively.

As can be seen from Tables 4.4 that, both interlayer strength and shell strength
can influence the trigger efficiency of microcapsule-embedded self-healing systems.
When the interlayer strength increased from 0.05 to 1.2 MPa, the trigger efficiency
rose from 30% to 61%. And the healable volume and crack width increased ac-
cordingly from 0.023 to 0.046 mmኽ and from 3.3 to 6.5 µm respectively. Compared
to the interlayer strength, the trigger efficiency seems to be more sensitive to shell
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Figure 4.15: Simulated stress-strain diagrams (a) and crack pattern (b,c) of specimens at different
locations in the volume of reconstructed XCT images of microcapsule-embedded cement paste. The
grey elements are defined as the ruptured cement paste matrix, the red elements are defined as the
ruptured shell material and the purple elements are defined as the ruptured interlayer.
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strength. No microcapsules were found to be triggered with a shell strength of
5.5 MPa, while, 100% of microcapsules were triggered by a crack when the shell
strength decreased 5 times lower than the standard value obtained from the real ex-
periment. The results can also suggest that, under the condition that cement paste
contains 4% microcapsules (𝑅፜ፚ፩፬፮፥፞ = 125 µm and 𝑇፬፡፞፥፥ = 18 µm) and 100% of
these microcapsules can be triggered by the crack, a maximum crack width of 10.6-
µm can be healed completely.

Table 4.4: Results of the parametric analysis of the simulated microcapsules-embedded cementitious
specimens

Specimen Trigger efficiency Healable healing agent Healable crack width

Standard 42 % 0.031 ፦፦Ꮅ 4.5 ᎙፦
H-inter 61 % 0.046 ፦፦Ꮅ 6.5 ᎙፦
L-inter 30 % 0.023 ፦፦Ꮅ 3.3 ᎙፦
H-shell 0 % 0.000 ፦፦Ꮅ 0.0 ᎙፦
L-shell 100 % 0.075 ፦፦Ꮅ 10.6 ᎙፦
P-1 100 % 0.072 ፦፦Ꮅ 10.2 ᎙፦
P-2 100 % 0.060 ፦፦Ꮅ 8.6 ᎙፦

4.4. Conclusion
In this chapter, a feasible approach was developed for simulating and evaluat-
ing of the fracture and trigger behaviour of a microcapsule-based self-healing ce-
mentitious material. It provides a promising method for guiding the design of
microcapsule-based self-healing cementitious composites towards an ideal self-
healing performance.

• A 2D lattice fracture model was built to simulate the fracture performance and
to obtain the tensile strength of the SIC zone.

• The tensile strength of the SIC zone which was obtained from the 2D simu-
lation, 0.125 ± 0.009 MPa, is consistent with the tensile strength value which was
obtained by the experiment, 0.091 ± 0.006 MPa.

• The 3D lattice network which was used for the numerical simulation of the
crack behaviour of microcapsule-based self-healing system is constructed based on
the XCT microstructure.

• The parametric study of the constructed 3D model shows that both interlayer
strength and shell strength can influence the trigger efficiency of microcapsule-
embedded self-healing systems.

• When the interlayer strength increased from 0.05 to 1.2 MPa, the trigger
efficiency rose from 30% to 61%. The healable volume and crack width increased
accordingly from 0.023 to 0.046 mmኽ and from 3.3 to 6.5 µm, respectively.

• Comparing to the interlayer strength, the trigger efficiency of microcapsules
seems to be more easily affected by the shell strength.
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Some improvements to the proposed study are still needed. Firstly, a better
procedure for accurate measurement of bond strength should be developed. The
boundary conditions of the tensile test should be well controlled. A LVDT module
can be used to record the displacement precisely. In addition, because the ratio
between the measured hardness and the tensile strength of cement paste is only an
assumed value in this study, further effort will be given to establish an appropriate
relationship between local hardness and the fracture strength of the cement paste.
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Quantification of the healing

potential of PF
microcapsule-based two

component healing system

Learn to be what you are,
and learn to resign with a good grace all that you are not.

Henri-Frédéric Amiel

The self-healing potential of the PF capsule-based self-healing system in
terms of permeability reduction and mechanical recovery is evaluated un-
der an ideal condition. The healing function and reaction product are char-
acterized by ESEM, EDS and TGA.The water permeability test is employed
to characterize the influence of the self-healing system on the reduction of
water transportation. The self-healing potential of PF/DCPD capsule-based
self-healing system in mechanical regain is measured by means of 3-point
bending test, wherein bonding strength is provided by the reacted healing
agent.
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5.1. Introduction

I n chapter 3, PF microcapsules incorporating DCPD healing agent have been syn-thesized by the in-situ polymerization method. The results showed that the heal-
ing agent has been successfully microencapsulated in the PF shell. Synthesized PF
microcapsules have a clear shell/core structure and can be partly triggered by the
propagation of cracks. The related mechanical properties and the trigger ability
of the synthesised microcapsules have also been investigated. Based on that, a
numerical model for simulating the crack behaviour of microcapsule-embedded ce-
mentitious materials has been proposed. This numerical model helps to understand
and design capsule-based self-healing cementitious materials.

Understanding of the optimal healing effect is crucial in designing a self-healing
system, as it can provide a prediction to the full potential of the proposed sys-
tem. Many studies have shown that self-healing can be realized in cementitious
materials by incorporating microencapsulated healing agent [1–6]. However, due
to the complicated triggering and healing process, the healing function induced by
a capsule-based self-healing system has not been characterized clearly in cemen-
titious materials. Furthermore, as the stability of the triggering and mixing of the
system is not easy to control, it is difficult to quantitatively evaluate the potential
of the capsule-based self-healing system at the moment.

It is known that microcapsule-based self-healing can only be fully realized if
both the microcapsules and the catalyst can be triggered and mixed properly. In
this chapter, to provide a better way to practically assess the functionality of the
synthesised capsule-based self-healing system, a standardized method which can
quantitatively evaluate the healing efficiency is developed. A cement paste with
an artificial planar crack was used to simulate a cracked specimen. Microcapsules
containing the healing agent and catalyst were delivered manually between two ce-
ment surfaces with controlled width. Since the healing system is a two-component
system, wax protected Grubbs’ catalyst was prepared based on an improved proce-
dure reported in [7]. The self-healing potential of the PF capsule-based self-healing
system in terms of permeability reduction and mechanical recovery was evaluated
under an ideal condition wherein all capsules can be triggered and mixed prop-
erly with catalyst. TGA was used to characterize the polymerization of the healing
agent. The morphology of the reacted healing agent was observed by environmen-
tal scanning electron microscope (ESEM) and the chemical elements were detected
by energy dispersive spectroscopy (EDS). Finally, a water permeability test was
employed to characterize the efficiency of the self-healing system on the reduction
of water transportation. The self-healing potential of the PF/DCPD capsule-based
self-healing system in mechanical regain was measured by means of a 3-point bend-
ing test, where the bond strength between two halves of the beam specimen was
provided purely by the reacted healing agent.



5.2. Materials and experimental procedures

5

77

5.2. Materials and experimental procedures
5.2.1. Materials
Ordinary Portland cement, CEM I 52.5 N supplied by ENCI B.V. (The Netherlands)
was used for preparation of test samples. Deionized water was used as mixing
water. The water to cement ratio was 0.4. Millimeter level PF/DCPD microcapsules
with diameter of 618 ± 38 µm and shell thickness of 40 µm were synthesized and
screened according to the procedure described in Chapter 3.

Paraffin wax and 1፬፭ generation Grubbs’ catalyst purchased from Aldrich Co.
(UK) were used to synthesize the wax protected catalyst. Poly(acrylic acid sodium
salt) (Mw=1200)(PAA-Na) obtained from Aldrich Co. (UK) was used to enhance
and keep the dispersibility of wax drops in the water. Details about the synthesis
process of wax-protected catalyst will be given in 5.2.3.

5.2.2. Sample preparation
The healing function of the two component system was quantified by means of
visual observation, healing product analysis, mechanical bond measurement and
permeability testing. The methods to prepare the test samples are described in the
following sections.

Quantification of healing agent delivered by microcapsules
To quantitatively study the crack healing and sealing provided by the microcapsule-
based two component system, the amount of healing agent in the crack delivered
by the microcapsules is a critical factor. In chapter 3, it has been found that there
is a certain relationship between the size and the shell thickness of microcapsules.
It is meant that, the average shell thickness can be estimated by understanding the
mean diameter of the microcapsules. Therefore, the average amount of healing
agent (𝐴፡) delivered by a single microcapsule can be defined with the following
equation:

𝐴፡ =
4
3𝜋(𝑅፜ፚ፩፬፮፥፞ − 𝑇፬፡፞፥፥)

ኽ (5.1)

Based on this definition, the number of capsules (𝑁፜) required for delivering the
healing agent to a crack with certain width (𝑊፡) can be defined as:

𝑁፜ =
𝑊፡ � 𝑆፜፫ፚ፜፤

𝐴፡
� 𝑉 (5.2)

where 𝑉 [mmኽ] is the assumed filling fraction of crack volume by the healing agent;
𝑆፜፫ፚ፜፤ [mmኼ] represents the calculated area of crack surface; 𝑅፜ፚ፩፬፮፥፞ and 𝑇፬፡፞፥፥
[mm] are the average radius and shell thickness of the microcapsules, respectively.
The above mentioned equations mean that, by understanding the average radius
of capsules and the corresponding shell thickness and crack volume, the number of
capsules required to partially or completely heal a crack can be calculated. In this
calculation, it is assume that the microcapsules were completely filled with healing
agent.

In the previous chapter, simulation results showed that, for microcapsules with
an average diameter of 125 µm, 4 % addition to the cementitious material can
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result in complete filling by healing agent of a 4.5 µm crack. The potential of
capsule-based healing system should be evaluated on the same scale. However, in
laboratory conditions, it is difficult to quantitatively evaluate the healing at such a
length scale, as it is difficult to manipulate cracks with a calculated number of micro-
size microcapsules. In addition, a certain amount of healing agent can be absorbed
by the porous cementitious material within a short time. Therefore, in this part of
the study, to practically investigate the healing potential of the capsule-based seal-
healing system, millimeter level of PF/DCPD microcapsules (𝑅፜ፚ፩፬፮፥፞: 618 ± 38 µm
and 𝑇፬፡፞፥፥: 40 µm) were employed to investigate the healing potential of artificial
planar crack with controllable width (200 and 400 µm). The assumed fraction of
the crack volume filled by healing agent was selected as 30, 60 and 100 %.

Sample preparation for water permeability tests
For the water permeability test, cylinders with a diameter of 25mm and thickness of
10mm were cast and then cut into two semi-cylinders using a thin section machine.
The cut surfaces of the specimens were carefully ground using sand paper P500,
P1200 and P4000. An artificial crack was simulated by putting the ground cutting
surfaces of those two semi-circular columns together.

Figure 5.1 shows the schematic of the sample preparation and the test setup. In
the first step, to control the crack width, double-faced adhesive tape with different
thickness was applied at the ends of the crack as a spacer. Then, PF/DCPD micro-
capsules with corresponding ratio of catalyst were placed between the two semi-
circular samples (Figure 5.1a). After the microcapsules and catalyst were triggered
by pressing those two semi-circular columns together to the required crack width,
the healing agent was released and healed in a fast curing environment at 60 ∘C for
10 mins (Figure 5.1b). Then, samples were placed at room temperature for 24 h
for a complete polymerization of the healing agent (Figure 5.1c). The water sealing
potential of the prepared specimens with different crack width and volume filling
fraction was investigated by the water permeability test (Figure 5.1d).

Figure 5.1: Schematic of the sample preparation process (a - c) and the water permeability test (d).

Table 5.1 describes the samples used in the permeability test. The sample name



5.2. Materials and experimental procedures

5

79

Table 5.1: Samples used for permeability test.

Sample ID Crack width (ፖᑙ) Volume fraction (ፕᑗ) Number of capsules (ፍᑔ)
S-0.2-0 0.2 mm 0 % 0
S-0.2-30 0.2 mm 30 % 16
S-0.2-60 0.2 mm 60 % 32
S-0.2-100 0.2 mm 100 % 52
S-0.4-0 0.4 mm 0 % 0
S-0.4-30 0.4 mm 30 % 32
S-0.4-60 0.4 mm 60 % 64
S-0.4-100 0.4 mm 100 % 106

(ID), crack width (𝑊፡), the assumed filling fraction of crack volume by healing agent
(𝑉 ) and the number of capsules (𝑁፜) used to prepare samples for healing potential
investigation are listed. The catalyst to capsule ratio was constant at 0.2.

Sample preparation for mechanical bond measurement
For bond strength measurement, prisms with a size of (10 × 10 × 50 mm) were
cast and then cut into two half prisms (10 × 10 × 25 mm) using a thin section
machine. The cut surface of the specimens were carefully ground using sand paper
P500, P1200 and P4000. An artificial crack (planar crack) was simulated by putting
the grounded cutting surfaces of those two half prisms together.

To control the crack width, a simple device was designed, as shown in Figure
5.2a. Figure 5.2b demonstrates the process of sample preparation for the mechan-
ical regain test. In the first step, two half prisms were put together into the mould
leaving no space in between. To label the initial position, two limiters were stuck on
both sides of the upper prism using double-sided adhesive tape with the bottom of
limiter attached on the mould (Figure 5.2a). In the second step, after the limiters
were fixed, a certain amount of capsules and wax-protected catalyst were placed
in the artificial crack. Spacers (double-sided adhesive tape) with certain thickness
were placed on the wall of mould (Figure 5.2b(a)). In the third step, the healing
process was simulated as the microcapsules and catalyst were triggered by com-
pressing the two half prisms (Figure 5.2b(b)). After the samples were cured at 60
∘C for 10 min, the “healed” prism was taken out from the mould ((Figure 5.2b(c)).
The mechanical healing potential which was realized by the bond strength of poly-
merized healing agent was tested using a meso-scale mechanical testing machine
with 3-point-bending setup (developed by Kammrath & Weiss, Germany).

The sample name (ID), crack width (𝑊፡), the assumed filling fraction of crack
volume by healing agent (𝑉 ) and the number of capsules (𝑁፜) used to prepare
the samples for healing potential investigation are list in table 5.2. The catalyst to
capsules ratio was constant at 0.2.

5.2.3. Preparation of wax-protected catalyst
The wax-protected catalyst microspheres were synthesised according to the work
of Rule et al. [7]. In a nitrogen protection glovebox, 10 g of paraffin wax (melting
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Figure 5.2: Schematic of (a) the device and (b) the process of sample preparation.
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Table 5.2: Mixture of samples for mechanical test.

Sample ID Crack width (ፖᑙ) Volume fraction (ፕᑗ) Applied capsules (ፍᑔ)
S-0.2-0 0.2 mm 0 % 0
S-0.2-30 0.2 mm 30 % 8
S-0.2-60 0.2 mm 60 % 16
S-0.2-100 0.2 mm 100 % 26
S-0.4-0 0.4 mm 0 % 0
S-0.4-30 0.4 mm 30 % 16
S-0.4-60 0.4 mm 60 % 32
S-0.4-100 0.4 mm 100 % 53

point = 58-60 ∘C) and 500 mg of 1፬፭ generation Grubbs’ catalyst were poured and
sealed in a 20ml glass vial. Then the vial was taken out from the glove box and
submerged in a thermostatic water bath at 80 ∘C. A solution consisting of 250 g
water and 1 g Poly(acrylic acid sodium salt) (Mw=1200)(PAA-Na) was mixed in a
1L beaker and heated in the same thermostatic water bath at 80 ∘C. After 10 min
(until the wax has melted), the vial was shaken to disperse the catalyst into the
melted wax. Then the vial was opened and the catalyst containing the wax was
poured immediately into a heated water solution (65-70 ∘C) while being stirred at
900 rpm. After stirring for 2 min, 600 ml freezing water (0 ∘C) was quickly poured
into the beaker and the stirring machine was stopped at the same time. The final
product was sieved by a sieve (D = 1 mm) to screen out big particles and then
dried at room temperature.

5.2.4. Characterization of polymerized healing agent
The morphology of the reacted healing agent was observed using an ESEM (FEI
XL35, Philips, The Netherlands) and the chemical composition was detected by the
built-in EDS. Thermal properties of the polymerized healing agent were studied
using a TGA analyzer (STA 449, NETZSCH, Germany) under flowing nitrogen (40-
ml/min) at a heating rate of 10 ∘C/min from 40 to 600 ∘C.

5.2.5. Water permeability test
The water permeability was tested using a self-made permeability test setup. Figure
5.3 shows an overview of the setup. The permeability cells were first attached to
the bottom of the permeability setup. Then water was poured into reservoirs at the
top of the setup. To provide a constant water pressure of 0.1 bar, the water level
of each permeability setup was manually controlled to a height of 1 meter from
the top of water surface to the bottom of the permeability cell. To start the test,
the switch of the reservoirs was turned on and timing was started simultaneously.
Water flowing through the cracks was collected separately by buckets underneath
the testing setups. The weight of the water in the buckets was weighted and
recorded two times at two continuous 1 minutes. Permeability of the sample is
defined as the water flow per second (𝑐𝑚ኽ ⋅ 𝑠ዅኻ).
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Figure 5.3: Images of the water permeability test setup (a), the permeability cells (b) and the bottom
view of the test sample (c).

5.2.6. Three point bending test
The mechanical regain provided by the polymerized healing agent was tested us-
ing a meso-scale mechanical testing apparatus (developed by Kammrath & Weiss,
Germany) with a three points bending test module, as shown in Figure 5.4. Before
the test, the sample was placed in the middle between the two supports with the
crack facing the top support. Then the bending test is performed under deforma-
tion control with a speed of 0.01mm/s. The load and displacement are recorded by
the software automatically.

5.3. Results and discussion
5.3.1. Wax-protected Grubbs’ catalyst
The environment in cementitious materials at the early age of hydration is harsh
for the survival of sensitive additives. The pH value can rise up to 13. The moisture
and air can also destructively influence the activity of sensitive catalyst. To protect
the catalyst from being attacked by the harsh environment, paraffin wax is used as
a shell to protect the activity of the sensitive Grubbs’ catalyst from being influenced
by the environment. A series of granular wax-protected catalyst is prepared.

Morphology
Figure 5.5 shows the morphology of the wax-protected Grubbs’ catalyst prepared
at different stirring rates, 1000 (a), 600 (b) and 400 (c) rpm, respectively. It was
found that the stirring rate has a great influence on the size and shape of the par-
ticles. With the stirring rate of 1000 rpm, the particles show a regular spherical
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Figure 5.4: Meso-scale mechanical test machine with the 3-point bending test module.

shape. The average diameter of collected wax microspheres was around 115 µm.
The majority of catalyst particles seem not be wrapped by wax microspheres prop-
erly. As the stirring rate decreased to 600 rpm, the size of the particles increases
and agglomeration can be observed. However, the catalyst still has not been prop-
erly wrapped by wax. When the stirring rate decreased to 400 rpm, the size of
wax granules increased. The shape of wax particles changed from round shape
to granular shape. Despite the non-spherical shape, optical micrographs show that
catalyst particles are suspended in the colorless wax, giving the granules a speckled
appearance. Therefore, to guarantee a maximum healing performance, the wax-
protect catalyst prepared at 400 rpm was selected for application in the following
study.

Activity of the wax-protected catalyst
Following the successful preparation of wax-protected catalyst particles, the activity
of the product in polymerization of DCPD was demonstrated through a simple proof
of concept test. The test is shown in Figure 5.6. In this test, the weight ratio of
catalyst particles to capsule is set as 0.2. When picking up the sample, it was found
the that the glass sheet and cement sheet have been glued together (Figure 5.6d).
This preliminary test demonstrates that the prepared wax-protected catalyst can be
used to catalyze the microencapsulated healing agent, DCPD.

5.3.2. Identification of polymerized healing agent
The morphology of the healed surface is shown in Figure 5.7. This ESEM image
illustrates that the capsules were ruptured by the compressive force and the healing
agent flaw out and was polymerized by the catalyst. In order to test the chemical
composition of different materials in this image, three different areas were selected
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Figure 5.5: Morphology of wax-protected Grubbs’ catalyst prepared at different stirring rate, (a) 1000,
(b) 600 and (c) 400 rpm.

Figure 5.6: Preliminary test of the activity of the wax-protected Grubbs’ catalyst. (a) Microcapsules and
wax-protected Grubbs’ catalyst were first dispersed on a glass sheet. (b) A cement sheet was placed on
the capsule/catalyst mixture and a compressive force was imposed on the cement sheet to mechanically
trigger the capsules. (c) Heat the sample on a heating plate at 60 ∘C for 10 min and keep it at room
temperature for another 10 min. (d) The sample was left up to check the activity of the catalyst.

to perform EDS scanning. Corresponding EDS results and chemical composition
are shown in Figure 5.8 and table 3. The EDS results demonstrate that, in area 1,
despite a very weak calcium peak, only carbon can be found. This agrees well with
the hydrocarbon chemical structure of the poly(DCPD), which consists of carbon
and hydrogen. Since hydrogen cannot be detected by EDS, only the carbon peak
can be observed. The energy spectrum of area 2 (Figure 5.8b) shows that, despite
the strong peak of carbon, around 22 % of the total volume consists of oxygen. It
is estimated that oxygen and carbon can be identified as the oxhydryl group of the
phenol-formaldehyde resin. Remaining energy peaks such as calcium and silicon
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Figure 5.7: ESEM image shows that morphology of three different materials, poly-DCPD, shell and
cement respectively. The inset circle areas 1, 2 and 3 are corresponding to the EDS result in Figure 5.8.

Table 5.3: Weight composition of the EDS scanned area. ፀ፫፞ፚᎳ, ፀ፫፞ፚᎴ and ፀ፫፞ፚᎵ corresponding to
the area 1, 2 and 3 in Figure 5.7.

might be attributed to the pollution from the cement paste. The energy spectrum
of area 3 (Figure 5.8c) is a standard spectrum of cementitious materials.

However, ESEM images and EDS analysis alone do not ensure that the product on
the cement surface is the polymerized healing agent, poly-DCPD. To further identify
this, the reaction product was then scratch off from the cement surface and ther-
mogravimetry analysis (TGA) was employed to investigate the thermal behaviour
of the reaction product. The TGA result of the reaction product was compared with
the pure mono-DCPD. As shown in Figure 5.9, two major thermal degradations
were observed on the TG curve of the reaction product. In the temperature range
between 135 to 280 ∘C, the weight loss in the first stage was attributed to the
decomposition of hydrocarbon compounds of the paraffin wax. The second weight
loss of 40% in the range of 375 - 425 ∘C corresponded to gradual decomposition
of the rigid cyclopentyl backbone of poly-DCPD. This result is consistent with the
previous report for paraffin wax [8] and poly-DCPD [9]. On the contrary, the TGA
curve of the pure healing agent (mono-DCPD) (in dashed line) only shows a steady
weight loss between 30 and 120 ∘C. Obviously, the measured TGA curve implies
that reaction product consist of paraffin wax and the polymerized healing agent,
poly-DCPD. To be more specific, the healing agent, DCPD, has been polymerized
by the wax-protected catalyst.



5

86
5. Quantification of the healing potential of PF microcapsule-based two

component healing system

Figure 5.8: EDS results of (a) polymerized healing agent, (b) shell material (crosslinked PF resin and (c)
cement paste.

Figure 5.9: TGA results of the assumed reaction product (poly-DCPD) and mono-DCPD.
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5.3.3. Quantification of self-healing potential in water blocking
The self-healing potential of the PF capsule-based healing system was first evalu-
ated by means of a water permeability test. Each data point and its deviation is
obtained from 3 samples. Figure 5.10 shows the result of samples with two differ-
ent crack widths and 4 different crack filling fractions by the encapsulated healing
agent. As can be seen from the water permeability result in Figure 5.10a, with
the increase of volume fraction of healing agent delivered by capsules in the crack
space, the permeability of the artificial crack of samples decreases steadily from 7.6
to 0.26 𝑐𝑚ኽ ⋅ 𝑠ዅኻ for 0.4 mm width cracks and from 5.5 to 0.17 𝑐𝑚ኽ ⋅ 𝑠ዅኻ for 0.2
mm cracks.

Based on the result of the water permeability test, the effect of water blocking
as a function of volume filling fraction by the healing agent can be calculated as:

𝑒 = (1 −
𝑝(፯)
𝑝ኺ
) ⋅ 100% (5.3)

where 𝑝(፯) [𝑐𝑚ኽ ⋅ 𝑠ዅኻ] is the water permeability after the crack has been filled by
𝑣 [%] of healing agent and 𝑝(ኺ) [𝑐𝑚ኽ ⋅ 𝑠ዅኻ] is the permeability of the sample of
which the artificial crack has not been filled by the healing agent. Figure 5.10b
shows the potential self-healing efficiency of the PF capsule-based healing system
in terms of water permeability calculated using the above equation. The result
shows that the self-healing potential increased with the increase of volume fraction
filled by the healing agent. A wide deviation in calculated healing efficiency can
be found when the volume fraction of the healing agent is 30 %. This can be
attributed to the heterogeneous distribution of capsules on the crack surface. This
deviation is narrower when the filling fraction increased from 30 % to 60 % and
even narrower when the filling fraction rose to 100 %. This suggests that, to
have a stable self-sealing efficiency of the capsule-based self-healing system, the
density and the distribution of capsules on the crack surface is a crucial factor. The
figure also demonstrates that, if the crack space can be filled with the same volume
of microencapsulated healing agent, more than 96% permeability reduction can
be achieved after in-situ polymerization of the healing agent. So, for randomly
distributed PF/DCPD capsules, to achieve a complete and stable sealing of a crack,
the volume of healing agent which is deliver by capsules has to be equal to the
volume of crack space under the condition that all healing agent can be released
and polymerized. Additionally, no significant difference in healing efficiency was
found with the same volume fraction of healing agent with a different crack width.
It means, to achieve the water blocking function of the capsule-based self-healing
system, the volume of the healing agent which can be delivered to the crack is a
key factor.

5.3.4. Quantification of healing potential in mechanical regain
Following the water permeability test, the self-healing potential of the PF/DCPD
capsule-based system was evaluated in mechanical regain. Meso-scale three-point
bending tests were employed to impose a bending force on samples prepared as
described in section 5.2.2. Figure 5.11a shows typical load-displacement curves
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Figure 5.10: The self-sealing potential of the PF capsule-based self-healing system in water blocking.
Figure (a) shows the water permeability of artificial cracked sample after the healing process and Figure
(b) shows the potential healing efficiency calculated from the water permeability data with equation 5.3.

of representative blank cement sample and capsule healed sample with an artifi-
cial crack. It can be seen from the curve that, the peak load of the blank cement
sample is much higher than the healed one. Moreover, the healed sample exhib-
ited a nonlinear elastic behaviour. The nonlinearity is assumed to result from the
poly-(DCPD) being plasticized by the paraffin wax which was applied to protect the
Grubbs’ catalyst.

The self-healing potential of the PF capsule-based self-healing system in me-
chanical regain is shown in Figure 5.11b. The self-healing potential is defined in
the current work as the peak of healed sample divided by the peak load of the
blank cement paste sample. Experimental results show that a maximum of 6%
of the mechanical strength can be regained by applying the PF/DCPD self-healing
system on an artificial crack. A wide deviation can be found on the result for each
series of samples. Meanwhile, unlike the water permeability test, no obvious in-
crease in the mechanical regain can be found with increases in the volume fraction
filled with healing agent. This can be partly attributed to the increase of wax vol-
ume with proportional increasing of wax-protected catalyst on the spot of healing
agent polymerization that detriment the bonding function of poly-(DCPD). The result
demonstrate that, even through under the ideal condition that all healing agent can
be released and be polymerized by the catalyst, very limited mechanical regain can
be achieved on cementitious materials using the proposed capsule-based healing
system.

5.3.5. Crack surface observation
Finally, the healed crack surface was investigated. An ESEM image of the crack
surface can be found in Figure 5.12. The image shows that the microcapsules has
ruptured and encapsulated healing agent has flown out. Moreover, as can be seen
from the magnified figure on the right, the healed surface shows a polymer film on
the crack plane with a high surface roughness. It is estimated that the high surface
roughness allows for some mechanical bonding between the cement matrix and the
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Figure 5.11: The self-healing potential of the PF capsule-based self-healing system in mechanical regain.
(a) Typical load-displacement curves of representative blank cement sample and healed sample with
artificial crack. (b) The self-healing potential of the PF capsule-based self-healing system in mechanical
regain.

Figure 5.12: Morphology of healed cement surface showing (a) the ruptured microcapsules and (b) the
polymerized healing agent.

polymerized healing agent.

5.4. Conclusion
In this chapter, the self-healing potential of the proposed two-component poly-
meric capsule-based self-healing system is explored and quantified. Granular wax-
protected Grubbs’ catalyst has been prepared and successfully catalysed the poly-
merization of DCPD which has been encapsulated in PF capsules. This result con-
firms that the PF/DCPD capsules and wax-protected catalyst particles system is
functional under the condition that the microencapsulated healing agent can flow
out and mix properly with catalyst. A series of cement paste samples with artificial
planar cracks were used to explore and quantify the self-healing potential in water
blocking and mechanical regain. Based on the presented study, the following con-
clusions can be drawn:

• The prepared granular wax-protected catalyst can be used to catalyze the
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microencapsulated healing agent (DCPD).
• Results of the permeability test demonstrate that more than 96% water block-

ing can be achieved when the volume of available healing agent is equal to the
volume of the crack.

• The potential of the self-healing system in mechanical regain is not very
promising. A maximum of only 6% strength regain was observed.

The results suggest that the capsule-based self-healing system with PF/DCPD
microcapsules and wax-protected catalyst particles have a great potential for crack
sealing while they can do very little in terms of mechanical strength regain.
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6
Self-sealing concrete by using

water-swelling rubber
particles

An ant hole can cause a collapse of a great dike.

Han Feizi

In this study, the application of water-swelling rubber particles for providing
the cracked concrete a self-sealing function is developed. The feasibility of
applying water-swelling rubber particles and the influence of incorporating
water-swelling rubber particles on the mechanical properties of concrete is
investigated. The self-sealing efficiency of water-swelling rubber particles
embedded cementitious material with different content and particle size is
quantified through a permeability test. The sealing effect of samples with
water swelling rubber particles is monitored by X-ray Computed Tomography
(XCT).

Parts of this chapter have been published in Materials 10, 979 (2017) [1].
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6.1. Introduction

C racks on meso-scale level can cause water leakage, then reducing the func-
tionality of civil structures such as dams, retaining walls, tunnels. Cracks also

allow transport aggressive agents by water migration through the crack, which is
often detrimental to the service life of reinforced concrete structures. Furthermore,
when the ingress of aggressive agents leads to corrosion of the reinforcement, it
can even pose a threat to the safety of the structure. Therefore, for meso-scale
cracks, they also need a more efficient and automatic way to reduce the hazardous
effect it brings.

Up to now, several routes were studied targeting to reduce the permeability of
concrete automatically. Polymer water-swelling materials such as superabsorbent
polymers (SAP) are found to be a new type of self-healing materials that hold a
potential in crack self-sealing [2–5]. The result shows that the application of SAP
can provide up to 85 % and 98 % decrease of the peak flow and cumulative flow,
leading to the complete sealing of a 0.3 mm crack. However, practical application of
SAP in civil engineering structures was rather limited due to its detrimental effect on
compressive strength. Recent results show that the addition of 5 % SAP by weight
of cement will lead to a reduction of 80 % of compressive strength of mortar [2].

To find a material which is practically applicable of providing a long-term seal-
ing capacity of concrete structures, three requirements should be satisfied: (1) the
materials can survive in and have a good bonding with concrete structure; (2) the
sealing function of the selected material can be triggered automatically upon water
ingress or other stimuli without or with less human intervention; (3) the incorpo-
ration of the material should have only limited negative effect on the mechanical
properties of concrete, and if possible, even enhance it. Previously, the possibil-
ity of applying rubber phases as partial replacement of sand in concrete has been
investigated towards making the concrete, a traditional building material, embrace
more versatile performances such as higher energy dissipation, ductility, durability,
damping ratio, impact resistance and toughness [6–9]. The results of these studies
show that waste tire rubber reinforced concrete (RRC) could be an ideal ecological
component of concrete when it was applied as a replacement of aggregates and
subjected to dynamic loading conditions. While, to our knowledge, no research can
be found on the application of rubber with water swelling function to provide the
concrete with a combined self-sealing and crack bridging function.

Water swelling rubber is a new type of construction material which has been
widely used for sealing of pre-cast concrete elements (e.g. man holes), shaft rings
and pipe lead-throughs etc. The matrix of water swelling rubber is butyl rubber, a
copolymer of isobutylene with isoprene, also known as Isoprene Isobutylene Rubber
(IIR). The expanding property of water swelling rubber results from the irrevocable
bonding of polyurethane-based water-expanding polymer resin which has been pre-
mixed in the IIR during the fabrication process. Comparing with instant swelling
SAP, the benefit of water swelling rubber is that, there will be a swelling delay when
it first mixes with water. This is means that only limited volume of can swell up
within 24 h. This 24 h swelling delay provides a precious time for the mortar to be
hardened. The reason for this delay can be attributed to the IIR rubber prolonging
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Figure 6.1: Schematic showing the mechanism of self-sealing cracks using WSRPs.

the time for the pre-mixed polyurethane-based water-expanding polymer resin in it
from swelling by water. After 7 days contact with water, the water swelling rubber
can finally swell up to 250 % of its original volume. Meanwhile, due to the sticky
texture and strong surface bond strength of water swelling rubber to cementitious
materials, it is expected that the expanded rubber could have a good adhesion to
the crack faces, provide some crack bridging effect and keep the cracked pieces
together.

Accordingly, the core concept of this work is to utilize water swelling rubber par-
ticles (WSRPs) as a new ingredient of cementitious materials to enable the ability
of cracked concrete to reduce its permeability and partially regain its deteriorated
mechanical properties. Once cracks have formed in the concrete structure and wa-
ter penetrates, the rubber may swell gradually, expand along the crack and partly
seal the crack. Subsequently, the embedded rubber particles can also act as rein-
forcing particles that provide an extra bond strength and prolong the serviceability
of cracked concrete. In this study, the feasibility of applying WSRPs in crack self-
sealing was proven by both a simulated crack and XCT technology. The influence
of incorporation of WSRPs on the mechanical properties was investigated. Water
permeability tests were carried out on a series of WSRPs embedded mortar spec-
imens to study the influence of WSRPs size and content, and crack width on the
self-sealing effect. Finally, the capability of crack bridging to the cracked mortar,
provided by the embedded WSRPs, was characterized. Figure 6.1 schematically
shows the concept.

6.2. Experimental study
6.2.1. Materials
Water swelling rubber (AQUA TACKSEAL) was provided by TPH Bausysteme GmbH,
Norderstedt, Germany. To obtain the water swelling rubber particles (WSRPs), the
as received materials were first frozen by liquid nitrogen and then crushed imme-
diately in a grinder by hand. Before the mass water swelling rubber was crushed
into smaller particles, cement powder was added in the grinder. This cement pow-
der acted as desiccant, sticking on the new formed surface of WSRPs to prevent
the new formed particles from sticking together. After that, the crushed WSRPs
were screened by a sieve with mesh diameter of 0.5 mm, 1 mm, 2 mm and 4 mm,
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Figure 6.2: Images of WSRP with size range of (a) 0.5-1 mm, (b) 1-2 mm and (c) 2-4 mm.

respectively. Figure 6.2 shows the images of granular WSRPs used in this study
highlighting the difference in particle size, (a) S size, (b) M size and (c) L size.

Ordinary Portland cement, CEM I 52.5 N and CEN standard sand was used for
the preparation of mortar samples. The grading of the sand is given in Table 6.1,
which complies with the requirements of EN 196-1 ( § 5) and ISO 679: 2009 ( §
5). Deionized water was used as batch water.

Table 6.1: The Grading of Standard CEN Sand

Square mesh size (mm) 2 1.6 1 0.5 0.16 0.08

Cumulative ( %) retained 0 7 33 67 87 99

6.2.2. Sample preparation
According to the EU standard EN 196-1 [10], the amount of cement was kept con-
stant at 450 g, water to cement ratio was selected as 0.5, and 1350 g filler (standard
sand + WSRPs) was used as fine aggregate. Mortar was chosen as a representative
material for concrete. The mixture contents of cement mortar are shown in Table
6.2. Four series of specimens including S, M, L, and B were made. For those WSRPs
incorporated cement mortar, series S, M and L represent the size of incorporated
WSRPs, ranging 0.5–1 mm, 1–2 mm and 2–4 mm. The following numbers 1, 3 and
6 stand for the volume ratio of sand replaced by WSRPs. Series B, as reference,
is pure mortar without WSRPs. To avoid any interference and complication in the
results, superplasticizer was not used. Mortar mixtures were mixed in a Hobart
mixer by a certain order. In the first step, cement, sand and WSRPs were put in
the mixer and mixed thoroughly at low gear (60 rpm) for 60 s. Water was then
added in the mixer and mixed at low gear (60 rpm) for another 60 s. After the
mixing, the mortar mixtures were cast into standard prismatic moulds (40 × 40 ×
160 mmኽ) and cylindrical moulds (60 mm long and with a diameter of 33.5 mm).
Following the work of Palin et al. [11], the cylinder mould has two opposite notches
on both side along the height (2 mm wide and 3 mm deep). The casted moulds
were then vibrated on a shaking table to remove the voids. All the specimens were
de-moulded after 24 hours and then cured in a fog room at normal curing condition
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(20 ∘C, >95 % RH) for 28 days. For each mix (with different ID) , 6 standard prisms
and 9 cylinders were casted. Figure 6.3 illustrates images of the mixture prepared
for mixing procedure (a), the prisms for mechanical test (b) and the cylinder with
notches for water permeability test (c).

Table 6.2: Mix content of cement mortar

Series ID Water (g) Cement (g) Sand (g) WSRPs (g) WSRPs/Sand

S1 225 450 1338.9 11.1 1 vol. %
S S3 225 450 1309.5 33.0 3 vol. %

S6 225 450 1285.7 64.3 6 vol. %

M1 225 450 1338.9 11.1 1 vol. %
M M3 225 450 1309.5 33.0 3 vol. %

M6 225 450 1285.7 64.3 6 vol. %

L1 225 450 1338.9 11.1 1 vol. %
L L3 225 450 1309.5 33.0 3 vol. %

L6 225 450 1285.7 64.3 6 vol. %

B B 225 450 1350 0 0 vol. %

Figure 6.3: Images of (a) the mixture prepared for mixing procedure, (b) prisms for mechanical test
and (c) cylinder with notches for water permeability test

6.2.3. Morphology of WSRPs in mortar
The morphology of cement mortar containing L and M sized WSRPs was imaged by
a digital camera. The size of specimens that was used for the observations is a 40 ×
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40 × 5 mm piece obtained from prism. The microstructure of the WSRP embedded
mortar was characterized by environmental scanning electron microscope (ESEM)
(XL30, Philips, Amsterdam, The Netherlands). All imaging was performed under
low vacuum. Before the test, the surface of the sample is ground by four different
grinding papers (500#, 800#, 1200#, 4000#). Then, the sample was polished by
hand on a lapping table using diamond paste with particle diameter of 6, 3, 1 and
0.25 μm. The polishing time is 5 min for each step.

6.2.4. Feasibility of applying WSRP in concrete — proof of con-
cept

Swelling effect of WSRPs in simulated crack
The swelling effect of WSRPs in concrete was first investigated using a simulated
crack. To clearly see the swelling effect, a glass sheet was used to cover the cross
section of WSRPs containing mortar sample. In order to ensure the crack width, a
double sided plastic tape with a thickness of 0.8 mm was inserted in between the
glass sheet and the section surface of the sample to control the simulated crack
width to 0.8 mm. Nomal plastic tape was used to prevent the glass debond from
the double side plastic tape by wraping the two end of glass sheet. The swelling
effect of the WSRPs was recorded by acquiring images with a digital camera after
0, 3, 7 days of immersion in deionized water.

Sealing effect of WSRP in mortar
XCT (Nanotom, GE Inspection Technologies, Lewistown, LP, USA) was applied to
proof the swelling and sealing function of WSRPs within hardened mortar. As a
non-destructive imaging technique, XCT provides an approach to obtain internal in-
formation of (cementitious) materials [12]. To visualize the sealing effect of WSRP
in mortar, the WSRP embedded mortar cylinder was subjected to XCT twice, before
and after the sealing process. In between, the cylinder was immersed in deionized
water for 7 days. In this study, the raw XCT images were acquired at an acceler-
ation voltage of 120 kV with an exposure time of 4s and X-ray power of 8 W. The
resolution of CT scans was set to 20 μm. The final data set of XCT consisted of 1440
radiographs of which each image was acquired with a 0.25 ∘ rotation. Then, phase
retrieval and tomographic reconstruction were performed to improve the bound-
aries and signals using the software supplied by the manufacturer. A series of
reconstructed tomographic images (X–Z plane) were consequently imported into a
commercial software (VGStudio MAX 3.0, Volume Graphics GmbH, Heidelberg, Ger-
many) for segmentation and 3D visualization. Section images of the reconstructed
3D volume containing information of the crack and WSRP were compared. The
crack self-sealing effect was quantified via an additional analysis of the 3D vol-
ume by comparing the volume fraction of WSRP and crack in regions around the
healed crack, before and after the healing process. Figure 6.4 shows the setup for
non-destructive observation of the self-sealing effect using XCT.
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Figure 6.4: XCT setup for the evaluation of sealing effect of WSRP in mortar.

6.2.5. Influence of the WSRP on the mechanical properties of
mortar

The flexural and compressive strength of the WSRP embedded cement mortar was
measured according to TS EN 1015–11 (2000) [13]. In order to obtain the flexural
strength of the mortars, 40 × 40 × 160 mm specimens were used. The specimens
were tested after 28 days curing for flexural strength under three-point loading
with the span between supports being of 100 mm. The average of results obtained
from three prismatic specimens was reported as flexural strength. The two broken
parts of the 40 × 40 × 160 mm retained after the flexural strength test were used
for determination of the compressive strength. The loading area was 40 × 40 mm.
The average of results obtained from six broken pieces was reported as compressive
strength. The loading rate was 500 N/s for both flexural and compressive strength
test. To investigate the influence of aging on the mechanical properties, the same
test was conducted again on the rest three specimens which were stored in lab
environment for 28 days after the first 28 days of hydration.

6.2.6. Evaluation of self-sealing ability
Crack calibration
A crack with a certain width was induced on the cylindrical specimens for the eval-
uation of the water sealing effect. Before the test, a steel rod was placed on above
of the upper side of the notch (Figure 6.5a). Then an Instron 8872 servohydraulic
testing machine (Instron Corp., Canton, MA, USA) was used to apply a compressive
load on the steel rods until the cylinder split diametrically. Spacers with a width
of 2.4, 2.7 and 3.0 mm were placed thoroughly in the notches. Since the width
of notches is 2 mm, therefore by placing spacers with a width of 2.4, 2.7 and 3.0-
mm, cracks widths of 0.4, 0.7 and 1.0 mm can be achieved. Then the spacers
were moved to half way of the notches, and a two-component adhesive, Plex 7742
and Pleximon 801 (Evonik Rohm GmbH, Darmstadt, Germany), was mixed and ap-
plied on the space of notches. After the adhesive had hardened, the spacers were
removed and the rest space of notches was completely filled by adhesive. A wa-
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Figure 6.5: Images of (a) test setup for crack calibration and (b) watertight permeability cell.

tertight permeability cell was used to seal the cylinder specimens and to connect
them with the permeability test setup (Figure 6.5b). To prevent the water leakage
from pores or defects of cylinders during the permeability test, before the cylinder
was placed into the cell, rubber rings were attached on both ends of the cylinder
specimen. In the end, stereomicroscope analysis was applied to measure the ac-
tual widths of cracks. A tolerable variation was set for those samples with a crack
variable higher than a given criteria to be screened out from the permeability test.
For the 0.4 mm crack sample, the tolerable variation is 0.05 mm, for 0.7 mm crack
sample, the tolerable variation is 0.07 mm and for 1.0 mm crack sample, the tol-
erable variation is 0.1 mm. This means the variable of those tested sample within
the tolerable variation was regarded as and reflected on the standard deviation of
water permeability.

Water permeability
The water permeability was tested according to the work of Palin et al. [11]. Briefly,
the permeability cells were first attached to the bottom of the permeability setup.
Water was then poured into reservoirs at the top of each setup. To provide an almost
constant water pressure of 0.1 bar, the water level of each permeability setup was
manually controlled to a height of 1 meter from the top of the water surface to
the bottom of the permeability cell. To start the test, taps of the reservoirs were
released. Water was flowing through the cracks and was collected separately by
buckets beneath the testing setups. The weight of the water in the buckets was
weighted and recorded two times at two continuous 5 minutes. The permeability
test was performed after 0 and 7 days submersion of the crack-induced specimens
in tap water. The permeability (cmኽ·sዅኻ) is simply defined as the volume of flowed
out water from the crack (cmኽ) divided by the recorded time (s). For each data
point, 3 replicate samples were tested. The image of the permeability setup is
shown in Figure 6.5.
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6.2.7. Visual Assessment of reinforcement function of WSRPs
The crack bridging function is a unique characteristic of WSRPs which can prevent
the crack from fully separating the specimens in two pieces. To visualize the func-
tion, a mortar prism with WSRPs embedded was fractured by tensile force using
Axial Tension-Compression Systems (8872, Instron Corp., Canton, MA, USA). Then
the tensile force was removed, the cracked area of WSRPs embedded mortar was
recorded by a digital camera.

6.3. Results and discussion
6.3.1. Morphology of WSRP in mortar
The morphology of mortar with embedded WSRPs is shown in Figure 6.6, highlight-
ing the dispersibility, size and shape of the embedded WSRPs. As can be seen from
the figure that both large size and medium size WSRPs (blue) are well dispersed in
mortar. No obvious voids can be found around the WSRP, demonstrating that the
quartz shape WSRPs have a good connection with the mortar matrix, reminiscent of
aggregates. For better understanding the influence of WSRPs on the surrounding
microstructure of mortar, the interface zone between WSRPs and mortar matrix at
the age of 28 days of the sample was investigated by ESEM. It can be clearly seen
from Figure 6.7a that no macro or micro-cracks were found due to the incorpora-
tion of WSRPs. Meanwhile, the magnified image in Figure 6.7b tends to show that
WSRPs have an effective adhesion with cement paste. All the above-mentioned
phenomena suggest that the embedded WSRPs do not change evidently during the
process of hydration and the existence of WSRPs will not influence the microstruc-
ture of the surrounding mortar.

Figure 6.6: Images of the cross section of mortar specimen with WSRPs embedded (a) L series (particle
size: 2-4 mm); (b) M series (particle size: 1-2 mm). The length of scale bar in images is 10 mm.

6.3.2. Proof of concept
Swelling effect of WSRPs at simulated crack
The self-sealing function of the WSRPs in cementitious materials is realized through
swelling of WSRPs and expanding into the cracks. To proof the feasibility of apply-
ing WSRPs in mortar to reduce the volume of the crack and further decrease the
permeability, a preliminary test was carried out. In order to have a direct view of
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Figure 6.7: ESEM microstructure morphologies of the interface zone between WSRP and mortar matrix
at the age of 28 days: (a) (1) the aggregate particles, (2) hydrated and unhydrated cement paste,
(3) WSRPs and cement paste interface and (4) embedded WSRPs, and (b) an enlarged view of the
microstructure of the interface.

the swelling process of WSRPs, a glass sheet was used as one side of the crack,
covering a slice of WSRPs embedded mortar. Figure 6.8 shows the swelling pro-
cess of WSRP in the simulated crack. As can be seen from the figure, at the initial
stage (0 day), the WSRPs (blue) keep their original shape (Figure 6.8a). After 3
days of immersion in water, the embedded WSRPs begin to swell and expand in
the crack space in which some of them join together which partly blocks the crack
space (Figure 6.8b). As the immersion time goes to 7 days, the WSRPs expand only
a little bit more (Figure 6.8c). The results demonstrate that the self-sealing action
of WSRPs can be activated and reach its maximum function within 7 days.

Figure 6.8: Swelling effect of WSR particle in a simulated crack with a crack width of 0.8 mm at (a) 0
day, (b) 3 days and (c) 7 days of the specimens being immersed in water. The length of scale bar in
images is 10 mm for all images.

Self-sealing effect of WSRPs in mortar
In this study, XCT was used to study the self-sealing effect of WSRPs on cracks in the
hardened mortar specimens. In the first step, the reconstructed 3D volumes of the
cracked mortar samples, before and after the water healing process, were coupled
by selecting the same rotation angle (Figure 6.9a). In the second step, tomographic
slices of a longitudinal cross-section of the reconstructed 3D volumes were selected
and compared in detail (Figure 6.9b). Finally, various phases of composite material
are differentiated and colored based on the principle of different grey value (result
from different molecular weight and density of phases) under the X-Ray. Therefore,
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Figure 6.9: Reconstructed XCT images of (a) samples with WSRPs embedded cement mortar and (b)
samples before and after sealing of the crack by WSRPs (blue particles). The length of scale bar in
images is 10 mm.

those materials with the same density can be selected. Since the rubber is basically
a polymer which has much less density than the cementitious material, all grey
value falling into a certain band of grey value chart should be the phase of rubber.
So the material within this grey value was selected and then labeled with a blue
color. It can be clearly seen that, before the water healing process, the crack runs
through the entire specimen. This means that the water can permeate through the
crack directly without any obstacle. While, after the healing process, WSRPs (blue)
which are located along the crack were swollen in response to water absorption and
partially blocked the crack, as can be seen in the white boxed areas. This result
revealed that the WSRPs hold a potential to be applied for self-sealing cracks in
mortar with the water swelling function.

6.3.3. Influence of WSRPs on themechanical properties of mor-
tar

It is known that the use of 1 % superabsorbent polymer (SAP) will result in an
around 18 % decrease in strength [2, 14]. Similarly, a significant decrease in con-
crete compressive strength with increasing amount of rubber phase in the mixture
can always be detected regardless the different nature, size and composition of
tyre rubber [6, 15]. The result shows that the compressive strength of rubberised
concrete decreased 20, 28 and 64 % by adding 2, 3 and 6 % of tyre rubber in
concrete [16]. In this study, the influence of incorporating 1, 3 and 6 % of WSRPs
on the mechanical properties of mortar was evaluated systematically. For each mix
3 replicate prisms were cast. Mortar with 10 % of WSRPs incorporation has also
been tried. While since it detrimentally influence on the mechanical properties of
mortar, the results have not taken into consideration in this study.

Figure 6.10a shows the relationship between the flexural strength and content
of WSRPs. The error bar represents the standard deviation of the test results. It
is clear that the addition of WSRPs has a negative effect of the flexural strength
of the specimens. For the L series specimens, the flexural strength was decreased
by values ranging from 10.5 to 20 % with increasing content of WSRPs from 1
to 6 %. The flexural strength of M series specimens decreased up to 18 % for
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Figure 6.10: Influence of WSRPs incorporation on the flexural strength (a) and compressive strength
(b) of the specimens (with different additions of WSRPs, 0 % (series B), 1 %, 3 %, 6 % of sand by
volume percentage, respectively) at the age of 28 days of hydration.

those specimens containing 6 % WSRP. The addition of S size WSRPs has the least
influence on the flexural strength. It only decreased 6 % of its flexural strength
for a dosage of 6 % WSRPs. As expected, the incorporation of WSRPs also had a
negative effect on the compressive strength of the specimens. As shown in Figure
6.10b, by incorporation of 1, 3 and 6 % of WSRPs, the compressive strength for S,
M and L series specimens reduced by 0-10 %, 8-18 % and 20-26 %, respectively.

As it is expected that the addition of WSRPs will have a long-term effect on
the internal strength and humidity, the mechanical properties of the specimens at
a later age (28 days of hydration and then 28 days stored in laboratory environ-
ment) were investigated on the L series specimens. The results are shown in Figure
6.11. According to the results, a significant increase was observed for both flexural
and compressive strength in each series of specimens. For the flexural strength,
a maximum of 38.7 % increase was found for specimens containing 6 % of large
size WSRPs at the age of 56 days compared to 28 days. Regarding the compres-
sive strength, an obvious increase was noticed for the R and L1 specimens while
only slight increase was found on L3 and L6. It can be seen that longer storage
time can enhance the mechanical properties for both of the specimens with and
without WSRPs. The main reason for this can be attributed to the further hydra-
tion of those unhydrated cement powder. Meanwhile, it is noteworthy that after a
28 days storage in laboratory environment, both flexural strength and compressive
strength of WSRPs containing specimens were even higher or similar to the refer-
ence specimens with 0 % of WSRP at 28 days of hydration. The possible reason
for this enhancement can be partly attributed to the fact that, after a 28 days stor-
age in laboratory environment, the WSRPs in specimens has less swelling pressure
than the specimens which were just taken out from the fog room at 28 days of
hydration. This will result in a lower stress concentration in the specimens and,
therefore, a higher mechanical strength of specimens. Another explanation for this
phenomenon is that the absorbed water in WSRPs promoted a further hydration of
the cement matrix by yielding their absorbed water into the surrounding cement
matrix for the formation of new C–S–H crystals after 28 days of hydration. This
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Figure 6.11: Comparison of mechanical properties of WSRPs embedded specimens at different ages
(28days of hydration and 28 days storage at lab environment after 28 days of hydration) .

can be deduced from the obviously slightly higher increase of flexural strength in
the specimens with WSRPs than the reference specimen with 0 % of WSRPs after
a 28 days storage in laboratory environment. While the details of further hydration
function is beyond the scope of this thesis and will be analyzed and described in
the future.

6.3.4. Self-sealing effect
The permeability of specimens before and after the healing process was measured
and plotted. Figure 6.12 shows the data of the permeability tests with different
content of WSRPs (0 % (R), 1 %, 3 %, 6 % of sand by volume percentage) and
different sample crack widths (0.4, 0.7 and 1.0 mm).

For 0.4 mm crack width samples, the permeability decreased within the range
of 13 - 27 % with the addition of 1 - 6 % of small size rubber filler (S series). In this
particular experimental setup, reductions caused by 1 % concentration of medium
size (M) and large size (L) rubber fillers were negligible. However, the performance
of specimens containing 3 - 6 % of both medium (M) and large (L) size rubber fillers
were more advanced compared to the small size particles (S) series with 18 - 42
% and 38 - 45 % reduction in permeability, respectively. Despite the permeability
reductions due to the addition of WSRPs, only few percentage points of self-sealing
capability can be found on most of the 0.4 mm crack width samples by comparing
the permeability before and after the healing process. For 0.7 mm crack width
samples, the S series still shows limited effect with only maximum 18 % decrease
of permeability. While medium size (M) and large size (L) rubber systems showed
much better performance in permeability reductions, ranging from 17 - 56 % and
16 - 64 % consecutively for WSRPs concentrations of 1 - 6 %. Although the value
of the flow rate is much higher than for samples with 0.4 and 0.7 mm cracks,
samples with 1.0 mm crack width had a similar trend of permeability reductions. A
permeability reduction of 22 - 58 % and 23 - 61 % can be found for the medium
size (M) and large size (L) rubber systems with 1.0 mm crack width. While there is
no significant decrease of permeability for the small size (S) rubber system.

Moreover, a noticeable improvement could be found by comparing the perme-
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Figure 6.12: Data of permeability test of series S, M, L and B comparing the permeability at 0 day and
after 7 days of water healing process in the form of 9 bar chart graphs. Graphs a, d and g show the
permeability data of S series samples with different crack width (0.4, 0.7 and 1.0 mm). Graphs b, e
and h show the permeability data of M series samples with different crack width (0.4, 0.7 and 1.0 mm).
Graphs c, f and i show the permeability data of L series samples with different crack width (0.4, 0.7 and
1.0 mm).
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ability decreases before and after the rubber was allowed to swell for 7 days of
immersion (self-sealing process). This self-sealing effect became more prominent
for the samples with crack widths of 0.7 mm and 1 mm as they showed relatively
steeper decrease in permeability. In general, samples which were prepared with
higher concentration and larger particles size seemed to show more significant fur-
ther permeability reduction by the self-sealing effect of WSRPs. For 0.7 mm crack
width samples, the swollen rubber for medium series (M) samples could lower the
permeability to about 6 - 12 % compared to the sample before immersion. While,
the swollen rubber of large series (L) rubber could generate further reduction of
about 3 - 20 % with the rubber concentration of 1 - 6 %. In addition, in 1.0 mm
crack width samples the permeability can be further lowered in the range of 3 - 22
% and 12 - 24 %, respectively for both medium (M) and large (L) particles.

In general, based on the results of water permeability test of the mortar spec-
imens, the reduction in water permeability in this study can be attributed to two
reasons. The first reason that the existance of WSRPs on the crack partly block
the path of water flow. This can be reflected from the immediate decrease of per-
meability for those “before healing” sample with WSRPs embedded. The second
reason is that the swelling effect of WSRPs further enlarge the volume of WSRPs
which block the crack that enable the permeability to further decrease. This can be
reflected by the further decrease of permeability after 7 days water immersion heal-
ing process. Meanwhile, the large series (L) samples performed almost similar to
the medium series (M) samples for both 0.7 mm and 1 mm crack widths. These oc-
currences can be attributed to the balance between limitations of rubber expansion
and the spatial availability within the cracked sample. This means that the swelling
of large size particles is more difficult since the dimensions of the spaces in which
it has to squeeze through are smaller in comparison. Another matter to consider
is the significantly higher scatter in the data collected for the large particles series
(L) compared to the medium particle samples (M) due to the lower probability of
particle homogenisation. Since, comparing with small and medium particles, less
number of large particles are needed to keep the the same volumetric ratio, which
causes uneven particle distribution within the mortar samples. Then it ultimately
causes L series particles to have a lower probability to be homogenously present in
the crack path. Therefore, although L and M size particles may seem to produce
the same average permeability reduction in this study, there are chances in which
the self-sealing function of L series samples may be underestimated because of the
inferior particle distribution.

6.3.5. Visual assessment of the reinforcement function of WS-
RPs

The crack bridging function is a unique characteristic of WSRPs. The embedded
WSRPs can provide the concrete with a bridging effect to prevent the crack from
fully separating the specimen. Typical images of the crack area of the WSRPs
embedded samples were examined by a digital camera and are shown in Figure
6.13. As can be seen from Figure 6.13a, after the tensile load was first imposed and
then removed from the cracked sample loaded with 4 % of WSRPs, the blue rubber
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Figure 6.13: Typical images showing the crack bridging function function of WSRPs in mortar. Figure
(a) shows the cracked sample under a tensile strengh, Figure (b) shows the prism sample ruptured by
fracture strength test and Figure (c) is an enlarged image showing the crack surface and the bridging
function of the WSRPs

particles become visible inside the crack. It is clear that the cracked specimen halves
were kept together by the WSRPs and the specimen is not separated into two parts.
This phenomenon indicates that the embedded rubber has the ability to bridge the
cracked faces of the specimen. Figure 6.13b and c shows the internal crack surface
of a sample with only 1 % of WSRPs. It can be seen that, even if the specimen
was completely broken, the remnant of rubber particles were still binding to the
mortar and the original grainy rubber was stretched into a fiber-like structure. This
observation demonstrates that the rubber has a good bonding strength with the
mortar matrix, which corresponds well with the result of the microstructure study
by ESEM in Section 6.3.1.

6.4. Conclusions
In this chapter, granulated water swelling rubber (WSRP) was used for reducing the
permeability of meso-scale cracks (width: 0.4 to 1 mm) through volume blocking
and volume expansion triggered by water absorption. The sealing function of WS-
RPs in mortar was studied for cracks of 0.4 mm, 0.7 mm and 1.0 mm wide. Based
on the result described above, the following conclusions can be drawn:

• The XCT result shows that the WSRPs have an obvious self-sealing effect in
the cracked mortar.

• The incorporation of WSRPs into the system lowered the compressive strength
by maximum of 19 % with addition of 6 % of large size WSRPs, and the flexural
strength by maximum of 20 % with incorporation of 6 % large size WSRPs.

• The addition of WSRPs in mortar was able to partially lower the permeability,
which was decreased even further after the samples were immersed in water for 7
days.

• The degree of permeability reduction increases with higher concentration of
WSRPs. Larger particles show higher effect of the self-sealing function. The data
collected from the permeability test suggest that medium (M) and large (L) par-
ticles showed more or less similar impact on permeability decrease. A maximum
permeability reduction of 58 % and 64 % can be found for the medium size (M)
and large size (L) rubber systems with WSRPs concentration of 6 %.
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• In addition, a reinforcement function of WSRPs that can bridge the cracked
mortar and prevent the two halves from completely separating was discovered.

This work contributes to the search for an effective material to completely or
partially decrease the permeability of cementitious materials with less influence on
mechanical properties. Comparing with previous study, the novel preparation and
application of WSRPs give the cement mortar, a traditional construction material,
a self-sealing ability with less sacrificing the mechanical properties. However, as a
new self-sealing agent, some improvements to the proposed study are still needed.
Firstly, water swelling rubber particles with less initial swelling at the hydration stage
and with higher swelling pressure at the self-sealing period should be developed.
Meanwhile it was found that the swelling capacity of WSRPs is highly influenced
by the crack size and particle sizes. Therefore optimization procedures of size and
concentration of WSRPs to increase the distribution probabilities and improve self-
sealing performance should be developed. In addition, in preparing for practical
application, further focus needed to be given to an accurate measurement of the
potential of the crack bridging function of the WSRPs in cementitious materials.
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7
Conclusions and prospects

If you come up with something new, give it a go and look what happens.

Michael Dell

In this chapter, the main results of this research project are summarized.
Contributions of this work to science and engineering application are con-
cluded. Suggestions and recommendations for future research in improving
the self-healing of cementitious materials are outlined.
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7.1. Conclusions

I n this study, novel routes towards realizing self-healing in cementitious materi-als are explored. Two types of polymer-based healing agent were prepared and
characterized. The capsule-based system is designed for micro-scale self-healing
while the WSRPs system is prepared for meso-scale self-healing. A numerical lattice
model was established to simulate crack formation and estimate the healing effi-
ciency of the capsule-based self-healing system. The self-healing potential of the
capsule-based system in terms of permeability and mechanical regain was evalu-
ated. The water blocking and crack bridging function of WSRPs was demonstrated
clearly using several advanced tools. Based on the research presented and the
results, the following general conclusions can be drawn:

1. Capsule-based self-healing system formicro-scale crack self-healing
in cementitious materials

• A new type of phenol-formaldehyde resin (PF resin) shell / dicyclopenta-
diene (DCPD) core microcapsules for self-healing microcracks in cemen-
titious materials was synthesized via in situ polymerization. The synthe-
sized microcapsules possess a regular globe shape and smooth surface
with a distinctively shell thickness/diameter ratio. The mean diameter
and distribution of microcapsules could be controlled through adjusting
the agitation rate during the synthesis. The microcapsules exhibited an
excellent thermal stability and chemical resistance in the cementitious
environment. XCT results showed that the microcapsules had a good
dispersibility in the cement matrix and could be partially triggered by
the crack. The OM investigation of the crack surface confirms the result
of XCT that the self-healing function of the incorporated microcapsules
could be partially triggered by cracking and the healing agent could be
released simultaneously to heal the cracks.

• A feasible numerical model was developed for simulating and evaluating
fracture and trigger behaviour of capsule-based self-healing cementitious
material. A 2D lattice fracture model was built to simulate the fracture
performance and to obtain the tensile strength of the SIC zone. The ten-
sile strength of the SIC zone which was obtained from the 2D simulation,
0.125 ± 0.009 MPa, is consistent with the tensile strength value which
was obtained by the experiment, 0.091 ± 0.006 MPa. After that, a 3D
lattice network which was used for numerical simulation of the crack be-
haviour of microcapsule-based self-healing system is constructed based
on XCT microstructure. The parametric study on the constructed 3D
model shows that both interlayer strength and shell strength can influ-
ence the trigger efficiency of microcapsules embedded self-healing sys-
tems. When the interlayer strength increased from 0.05 to 1.2 MPa, the
trigger efficiency rose from 30 % to 61 %. The healable volume and
crack width increased accordingly from 0.023 to 0.046 mm and from 3.3
to 6.5 μm, respectively. Compared to the interlayer strength, the trigger
efficiency seems to be more sensitive than the shell strength.
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• The self-healing potential in cementitious materials by applying the pro-
posed two-component polymeric capsule-based self-healing system is
explored and quantified through a simplified test. It was found that the
successfully prepared granular wax-protected catalyst can be used to
catalyze the microencapsulated healing agent, DCPD. The results of the
permeability test demonstrate that, more than 96 % water blocking can
be achieved when the volume of available healing agent is equal to the
volume of crack space. While only a maximum of 6 % of mechanical re-
gain can be observed under an ideal condition. The result suggests that
the capsule-based self-healing system holds a great application potential
in crack sealing, although there is little chance in realizing a completely
mechanical regain of cracked cementitious materials in a real practice.

2. WSRPs-based self-healing system for meso-scale crack self-healing
in cementitious materials

• Granulated WSRPs were prepared and applied for reducing permeability
of meso-scale cracks (width: 0.4 to 1 mm). The XCT result shows that
the WSRPs have an obvious self-sealing effect in the cracked mortar.
The incorporation of WSRPs into the system lowered the compressive
strength by a maximum of 19%with addition of 6% of large size WSRPs,
and the flexural strength by a maximum of 20 % with incorporation of 6
% large size WSRPs.

• The addition of WSRPs in mortar was able to reduce the permeability of
cementitious materials, which decreased even further after the samples
were immersed in water for another 7 days. The degree of permeability
reduction increases with higher concentration of WSRPs. Larger particles
show higher effect of the self-sealing function. The data collected from
the permeability test suggests that medium (M) and large (L) particles
showedmore or less similar impact in permeability decrease. A maximum
permeability reduction of 58 % and 64 % can be found for the medium
size (M) and large size (L) rubber systems with WSRPs concentration of
6 %.

• Although the incorporation of WSRPs into the system lowered the com-
pressive strength by a maximum of 19 % with addition of 6 % of large
size WSRPs, and the flexural strength by a maximum of 20 % with incor-
poration of 6 % large size WSRPs, a reinforcement function of WSRPs
that can bridge the cracked mortar and prevent the two halves from
completely separating was observed.

7.2. Contribution to science and engineering
• Owing to its good dispersibility and stability, the novel PF/DCPD microcapsules
developed in this work provide a promising carrier for healing agent to be
applied in, but not limited to, self-healing cementitious materials.
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• The established numerical model offers a approach for researchers in the field
of microcapsule-based self-healing materials to predict and evaluate the crack
behaviour and healing efficiency of microcapsule-based systems. Meanwhile,
the application of XCT technology makes the simulated condition more close
to the reality and, therefore, makes the simulation result more reliable.

• It is the first time that granulated WSRPs are used as healing agent to realize
a crack sealing and bridging function in cementitious materials. It is a novel
application of this type of water swelling rubber. The experimental results
showed that the WSRPs can be directly used in cementitious materials as
an additive to reduce the permeability and lower the harmful risk coming
from crack propagation in concrete structures. The outstanding crack sealing
and bridging function induced by WSRPs broadens the field of self-healing
cementitious materials.

7.3. Prospects
This thesis mainly focuses on exploring new healing additives for autonomous heal-
ing of cementitious materials. Although many efforts have been made to achieve
the objectives of this research project, further research is required to realize the
self-healing function of cementitious materials. The following paragraphs propose
some prospections and suggestions for the future.

• The trigger sensitivity of the synthesized PF/DCPD microcapsules is not yet
stable enough and satisfying in order to realize a complete release of heal-
ing agent from the microcapsules to the crack. In the future, it is necessary
to strengthen the bond between the shell material of microcapsules and ce-
ment matrix. Physically increasing the roughness or chemically modifying the
functional group of the surface of microcapsules can be good solutions.

• In this thesis, the reaction of healing agent can only be ignited by heating the
sample as the wax that was used to protect the catalyst has to melt to allow
the catalyst to encounter with the healing agent. It is interesting to make a
2-in-1 microcapsules by attaching the catalyst on or embedding the catalyst
in the shell of microcapsules.

• Some improvements of the experimental procedure to the proposed crack
behaviour simulation method of capsule-based self-healing system are still
needed. Firstly, a better procedure for accurate measurement of bond strength
should be developed. The boundary conditions of the tensile test should be
well controlled. In addition, since the ratio between the measured hardness
and the tensile strength of cement paste is only an assumed value in this
study, further work will be needed to establish an appropriate relationship
between local hardness and the fracture strength of the cement paste.

• The quantification results of self-healing effect suggested that, for the sys-
tem developed in this thesis, it is still difficult for microcapsules to realize a
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profound mechanical healing of the crack without human intervention. In the
future, microcapsules with particularly designed healing agent that could me-
chanically repair cracks at micro-level and stop cracks from growing bigger
has to be invented.

• Despite the less efficient mechanical healing effect, the crack blocking effect,
as the main application of the capsule-based system developed in this the-
sis, is still very promising. It contributes towards building a multi-scale self-
healing cementitious system. Further study involves exploring more economic
catalyst alternatives to replace present relatively expensive one and gradually
decreasing the degree of human intervention during the healing process.

• For meso-scale self-healing cementitious materials that uses WSRPs as addi-
tives, WSRPs which are particularly applicable to our application have to be
developed. It means that the WSRPs should have less initial swelling at the
hydration stage and higher swelling pressure at the self-sealing period.

• In addition, although the crack bridging function has been visually observed in
the lab by using WSRPs, further focus will be given to accurate measuring the
bridging effect provided by theWSRPs. Combined numerical and experimental
methods will be applied to evaluate the potential of the crack bridging function
of the WSRPs in a large scale.

• The influence of the addition of WSRPs on ductility and fatigue resistance
of cementitious materials is interesting as it has the possibility to make the
WSRPs to be a suitable additive for concrete applied in seismic environment.





Summary

Cementitious materials are the most widely used construction materials on this
planet. However, due to its heterogeneous and quasi-brittle nature, they are
susceptible to many sources of damage during their entire service life. Although
man-made repair can prolong the service life of reinforced concrete structures, it
gives rise to large amounts of rehabilitation work, associated costs and waste of
resources.

To decrease the frequency of maintenance and prolong the life-span of con-
crete structure, the self-healing concept was introduced to cementitious materials
and has already shown its great application potential in the past decade. In this
concept, self-healing additives are first blended with fresh mortar. When the cracks
encounter the additives, the self-healing additives will be triggered and then react
to the environmental change accordingly.

However, up to date, the available self-healing additives for cementitious ma-
terials are not able to deal sufficiently enough with all the diverse situations. The
self-healing potential that the self-healing agent brings is not very clear. The size
of cracks can vary from the micrometer to millimeter level in real situations. Nev-
ertheless, strategies for multi-scale crack healing are still lacking. Based on these
problems, in this thesis, two different types of self-healing additives, microencap-
sulated adhesive and water swelling rubber particles (WSRPs) were designed and
prepared particularly for micro-scale (<500µm) and meso-scale (>500µm) cracks
in cementitious materials. The healing effect and potential of using microcapsule-
based self-healing system was evaluated and predicted through both experimental
and numerical methods. The water sealing function to meso-scale cracks by ap-
plying WSRPs was characterized and monitored using X-ray Computed Tomography
(XCT) technology and a water flow rate recording device. It is believed that this
work can give insight into the future implementation of self-healing strategies in
practical cementitious materials application.

Capsule-based self-healing system for micro-scale crack self-healing in
cementitious materials

In Chapter 3, novel PF/DCPD microcapsules were synthesized via in situ poly-
merization. The synthesized microcapsules possess a regular globe shape and
smooth surface with a distinctively shell thickness/diameter ratio. The synthezied
microcapsules have an ideal thermal stability against the hydration heat and excel-
lent chemical resistance in both simulated pore solution and real cement environ-
ment. Micro-mechanical test shows that with the increase of the mean size and de-
crease of shell thickness of microcapsules, the mechanical force which is required to
trigger the microcapsules increased correspondingly. The optical microscope (OM)

115



7

116 Summary

observation and XCT results suggested that the microcapsules could be triggered
by the crack and had a good dispersibility in cementitious materials.

In Chapter 4, a feasible approach was developed for simulating and evaluating
of the fracture and trigger behaviour of capsule-based self-healing cementitious
material. A 2D lattice fracture model was built to simulate the fracture performance
and to obtain the tensile strength of the shell-interlayer-cement (SIC) zone. Sub-
sequently, a 3D lattice network for numerical simulation of the crack behaviour of
microcapsule-based self-healing cementitious system is constructed based on XCT
images. The parametric study of the constructed 3D model shows that both inter-
layer strength and shell strength can influence the trigger efficiency of microcapsule
embedded self-healing systems. When the interlayer strength increased from 0.05
to 1.2 MPa, the trigger efficiency rose from 30 % to 61 %. The healable volume
and crack width increased accordingly from 0.023 to 0.046 mm and from 3.3 to 6.5
μm respectively. Comparing to the interlayer strength, the trigger efficiency seems
to be more sensitive than the shell strength.

In Chapter 5, the self-healing potential in the cementitious matrix of the above
proposed two-component polymeric capsule-based self-healing system is explored
and quantified. Granular wax-protected Grubbs’ catalyst was prepared and suc-
cessfully catalyzed the polymerization of DCPD. The permeability test demonstrates
that, more than 96 % water blocking can be achieved when the volume of available
healing agent is equal to the volume of crack space. However, the potential of the
self-healing system in mechanical regain is not very promising. Only a maximum 6
% of mechanical healing can be observed under an ideal condition. The results sug-
gest that the capsule-based self-healing system holds a great application potential
in sealing cracks while there is little chance that it can help in realizing mechanical
regain in a real application.

WSRPs-based self-healing system formeso-scale crack self-healing in ce-
mentitious materials

In Chapter 6, the application of WSRPs for providing the cracked concrete with
a self-sealing function was developed. The feasibility of applying WSRPs and the
influence of incorporating WSRPs on the mechanical properties of concrete was
investigated. The self-sealing efficiency of WSRPs incorporated in concrete with
different content and particle size was quantified through a permeability test. The
sealing effect of WSRPs was monitored by XCT. The XCT result shows that the
WSRPs has an obvious self-sealing effect in the cracked mortar. The incorporation
of MSRPs lowered the compressive strength by a maximum of 19 % with addition
of 6 % of large size WSRPs, and the flexural strength by a maximum of 20 % with
incorporation of 6 % large size WSRPs. The water sealing test demonstrates that
the addition of WSRPs in mortar was able to partially lower the permeability. Larger
particles shows higher effect of the self-sealing function. The degree of permeability
reductions increases with higher concentration of WSRPs. The data collected from
permeability test suggests that medium (M) and large (L) particles showed more
or less similar impact in permeability decrease. A maximum permeability reduction
of 58 % and 64 % can be found for the medium size (M) and large size (L) rubber
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systems with WSRPs concentration of 6 %. In addition, a reinforcement function
of WSRPs that can bridge the cracked mortar and prevent the two halves from
completely separating was observed.

This work contributes to searching for an effective additive to decreases the
permeability of cracked cementitious materials. Comparing with previous studies,
the novel preparation and application of WSRPs give the cementitious material,
which is a traditional construction material, self-sealing ability with limited sacrificing
the mechanical properties.





Samenvatting

Cementgebonden materialen zijn de meest gebruikte bouwmaterialen op deze pla-
neet. Vanwege de heterogene en quasi-brosse aard ervan zijn ze echter gedurende
hun gehele levensduur gevoelig voor vele bronnen van schade. Hoewel door de
mens gemaakte reparaties de levensduur van gewapende betonconstructies kunnen
verlengen, leidt dit tot grote hoeveelheden renovatiewerkzaamheden, bijkomende
kosten en verspilling van middelen.

Om de onderhoudsfrequentie te verlagen en de levensduur van de betoncon-
structie te verlengen, werd het zelfherstellende concept geïntroduceerd in cement-
gebonden materialen. Dit concept heeft in de afgelopen tien jaar al een groot
toepassingspotentieel getoond. In dit concept worden zelfherstellende additieven
eerst gemengd met verse mortel. Wanneer de scheuren op de additieven bereiken,
worden de zelfherstellende additieven geactiveerd en reageren deze vervolgens op
de omgevingsverandering.

De beschikbare zelfherstellende additieven voor cementgebonden materialen
zijn echter niet in staat om voldoende om te gaan met alle uiteenlopende situaties.
Het zelfherstellend vermogen dat het zelfgenezende middel met zich meebrengt,
is niet erg duidelijk. De grootte van scheuren kan variëren van het micrometer-
tot millimeterniveau in praktijksituaties. Desalniettemin ontbreken er nog steeds
strategieën voor multi-schaal scheurherstel. Op basis van deze problemen werden
in dit proefschrift twee verschillende soorten zelfherstellende additieven, micro-
ingekapselde kleefmiddelen en water-zwellende rubberdeeltjes (water swelling rub-
ber particles, WSRP’s) ontworpen en vervaardigd, met name voor microschaal (<
500 μm) en meso-schaal (> 500 μm) scheuren in cementgebonden materialen.
Het genezende effect en het potentieel van het gebruik van een op microcapsu-
les gebaseerd zelfherstellend systeem werd geëvalueerd en voorspeld door middel
van zowel experimentele als numerieke methoden. De waterafdichtende functie
voor scheurtjes op mesoschaal door toepassing van WSRP’s werd gekarakteriseerd
en gevolgd met behulp van X-ray Computed Tomography (XCT) technologie en een
waterpermeabiliteitopstelling. Er wordt aangenomen dat dit werk inzicht kan geven
in de toekomstige implementatie van zelfhelende strategieën in praktische toepas-
singen van cementgebonden materialen.

Op capsules gebaseerd zelfherstellend systeem voor zelfheling op micro-
schaal in cementgebonden material

In Hoofdstuk 3 werden nieuwe PF/DCPD-microcapsules gesynthetiseerd via in
situ polymerisatie. De gesynthetiseerde microcapsules bezitten een gelijkmatige
bolvorm en een glad oppervlak met een kenmerkende schaaldikte / diameterver-
houding. De microcapsules hebben een ideale thermische stabiliteit tegen de hydra-
tatiewarmte en uitstekende chemische weerstand in zowel gesimuleerde poriënop-
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lossing als echte cementomgeving. Micro-mechanische testen onen aan dat met de
toename van de gemiddelde afmeting en afname van de dikte van de schaal van
microcapsules, de mechanische kracht die vereist is om de microcapsules te active-
ren dienovereenkomstig toeneemt. De optische microscoop (OM) waarnemingen
en XCT-resultaten suggereerden dat de microcapsules door de scheur konden wor-
den getriggerd en een goede dispergeerbaarheid in cementgebonden materialen
hadden.

In Hoofdstuk 4 is een haalbare aanpak ontwikkeld voor het simuleren en eva-
lueren van het breuk- en trigger-gedrag van op capsules gebaseerd zelfherstellend
cementachtig materiaal. Een 2D-roosternetwerk werd gebouwd om de breukpres-
taties te simuleren en om de treksterkte van de shell-interlayer-cement (SIC) zone te
bepalen. Vervolgens wordt op basis van XCT-afbeeldingen een 3D-roosternetwerk
opgebouwd voor numerieke simulatie van het scheurgedrag van het op microcap-
sules gebaseerd zelfherstellend cementachtig systeem. De parametrische studie
van het geconstrueerde 3D-model toont aan dat zowel de sterkte tussen de lagen
als de sterkte van de schaal de trigger-efficiëntie van microcapsule ingebedde zelf-
herstellende systemen kan beïnvloeden. Toen de sterkte van de tussenlaag steeg
van 0,05 naar 1,2 MPa, steeg het triggerrendement van 30 % tot 61 %. Het te
herstellen volume en de scheurwijdte namen dienovereenkomstig toe van respec-
tievelijk 0,023 tot 0,046 mm en van 3,3 tot 6,5 μm. In vergelijking met de sterkte
tussen de lagen lijkt de trigger-efficiëntie gevoeliger dan de schaalsterkte.

In hoofdstuk 5 wordt het zelfherstellend vermogen in de cementgebonden ma-
trix van het hierboven voorgestelde, uit twee polymeercomponenten bestaande,
op een capsule gebaseerde zelfgenezingssysteem onderzocht en gekwantificeerd.
Een granulaire met was beschermde Grubbs-katalysator werd bereid en heeft met
succes de polymerisatie van DCPD gekatalyseerd. De permeabiliteitstest toont aan
dat meer dan 96 % waterblokkering kan worden bereikt wanneer het volume van
beschikbaar zelfgenezend middel gelijk is aan het volume van de scheurruimte. Het
potentieel van het zelfherstellende systeem voor mechanische erstel is echter niet
erg veelbelovend. Hooguit kan 6 % mechanische herstel worden waargenomen on-
der een ideale conditie. De resultaten suggereren dat het op capsules gebaseerde
zelfherstellend systeem een groot toepassingspotentieel biedt bij het afdichten van
scheuren, terwijl er weinig kans is dat het kan helpen bij het verkrijgen van mecha-
nisch herstel in een echte toepassing.

OpWSRP’s gebaseerd zelfherstellend systeemvoor zelfherstel van scheu-
ren op mesoschaal in cementgebonden materialmen

In hoofdstuk 6 is een toepassing van WSRP’s ontwikkeld als zelfafdichtende
functie voor escheurd beton. De haalbaarheid van het toepassen van WSRP’s en de
invloed van het opnemen van WSRP’s op de mechanische eigenschappen van beton
werd onderzocht. De zelfdichtende efficiëntie van WSRP’s ingebouwd in beton met
verschillende hoeveelheid en deeltjesgrootte werd gekwantificeerd door middel van
een permeabiliteitstest. Het afdichtende effect van WSRP’s werd gevolgd door XCT.
Het XCT-resultaat laat zien dat de WSRP’s een duidelijk zelfdichtend effect hebben
in de gescheurde mortel. De integratie van MSRP’s verlaagde de druksterkte met
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maximaal 19 % met toevoeging van 6 % WSRP’s van grote afmetingen en de buig-
sterkte met maximaal 20 % met de toevoeging van 6 % WSRP’s van groot formaat.
De waterdichtheidstest toont aan dat de toevoeging van WSRP’s in mortel in staat
was om de permeabiliteit gedeeltelijk te verlagen. Grotere deeltjes vertonen een
hoger effect van de zelfafdichtende functie. De mate van doorlaatbaarheidsvermin-
dering neemt toe met een hogere concentratie van WSRP’s. De gegevens verzameld
uit de permeabiliteitstest suggereren dat medium (M) en grote (L) deeltjes een min
of meer vergelijkbare invloed vertoonden in de permeabiliteitsafname. Een maxi-
male permeabiliteitsvermindering van 58 % en 64 % kan worden gevonden voor
de middelgrote (M) en grote maat (L) rubbersystemen met een WSRP-concentratie
van 6 %. Daarnaast werd een versterkende functie van WSRP’s waargenomen
waar deze de gescheurde mortel kunnen overbruggen en zo voorkomen dat de
twee helften volledig worden gescheiden.

Dit werk draagt bij aan het zoeken naar een effectief additief om de doorlaat-
baarheid van gescheurde cementgebonden materialen te verminderen. In verge-
lijking met eerdere studies, levert de nieuwe bereiding en toepassing van WSRP’s
het cementgebonden materiaal, dat een traditioneel constructiemateriaal is, zelf-
dichtend vermogen met beperkte opoffering van de mechanische eigenschappen…
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