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Abstract

Infrastructure, such as roads and skyscrapers are used by everyone in the city. They
enable trade, power businesses, and protect cities from an increasingly unpredictable
natural environment. Most of infrastructure i1s made out of cementitious materials. But
the fact 1s, they all crack, no matter how carefully they are stored or reinforced. Most of

the damaged cementitious structures will end up being replaced and reconstructed.

To address this national critical challenge, nature has always been a source of mspiration
I engineering applications and vascular networks, as in human skin and in a tree leaf,
are one attribute that has received attention in the design of resilient structures. A vascular
system houses healing agent within its interconnected networks which are incorporated
within a cement matrix. It is perhaps the only self-healing approach that has the capability

to address different scales of damage in cementitious materials.

The main aim of the work 1s to develop novel vascular networks inspired by nature for
self-healing in cementitious systems. Thus, the objective of this research 1s to explore the
self-healing plastic-based networks/connected channels and healing mechanisms for both

physically and chemically triggered self-healing in cementitious materials.

T'o achieve this, biomimetic three-dimensional (3D) vascular networks were designed and
generated circulatory fluid volume transfer. The designed structures were constructed
through 3D printing and assessed 1n a cement-based matrix. Mechanical testing assessed
the compatibility of the system with the surrounding matrix as well as the functionality of
the network in delivering and releasing the healing agent at the location of the damage.
This mitial proof of concept work confirmed the ability of the vascular systems to deliver
the healing agent via physical and chemical triggers and demonstrated a significantly

enhanced healing performance.
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Chapter 1 Introduction

Chapter 1

Introduction

The term “biomimetics” 1s derived from the Greek word “biomimesis”, “bios” (life) and
“mimesis” (to imitate). It involves the mterpretation of biological principles and design of

commercial engineered products.

1.1 Motvation and rationale

Biomimicry is the transferal of biological principles to technology, applying concepts that
will help us to go beyond conventional approaches in engineering. Examples of
biomimetic studies include shape of bullet train copied from kingfisher (Hwang et al.,
2015), boat pamt mspired by the scales on sharks (Oeffner and Lauder, 2012), bubble

shaped Chinese national aquatic centre developed from watercube 1in foam (Rao, 2014).

These mventions mspire us to facilitate the 1dea of self-healing into mfrastructure, since
we are facing critical national challenges in the construction field. Cement based
infrastructure deteriorates over time under aggressive conditions (Sangadji, 2017). In the
EU, 209% of all concrete repair works fail in the first 5 years, 559 within the first 10 years
and all within 25 years. This leads to significant maintenance and repairing costs.
Maintenance costs of existing cement-based structures accounts for approximately 45%
of the total expenditure of construction industry, at around 40 billion pounds per year,
i the U.K. (Tilly and Jacobs, 2007). In addition, some environments are inaccessible
and do not lend themselves easily to mspection and repair. The repair methods and
techniques, which have been applied to date, such as resin or grout injection into macro-
cracks, bolting or gluing fibre reinforced strips to the tension face, ‘remove and replace’

techniques for parts of members, or in the most severe cases, replacement of structural
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members in their entirety (Joseph, 2008). Traditional repairing works mostly requires the
workforce to reach the damaged area, which makes it almost impossible to frequently
send labour force to access frastructure such as radioactive disposal containers,

underground space and tunnels.

Self-healing systems from plants or animals has been mimicked to propose a delivery
system to address damage events and enable multiple healing cycles. Recent advances in
smart materials have led to the emergence of the field of self-healing materials and
biomimetic structures in general. In particular, significant advances have been made on
the development of self-healing cementitious systems using a number of different self-

healing techniques generally over the last 20 years.

The healing process in cementitious material 1s divided into two categories: autogenous
healing, which related with intrinsic properties of cementitious materials; and autonomic
healing, which 1s associated with embedding of healing agents in the matrix (De Rooij et
al. 2013). However, autogenous healing and some methods (e.g. microcapsules) in

autonomic healing are limited by crack width - the crack needs to be roughly below 1

mm (Wang et al., 2014).

To pursue a long term and continuous healing process, the vascular network self-healing
system was seen to be one of the most competitive methods, which could address larger
damage and repeated damage. Dry (1992) was the first to demonstrate a vascular self-
healing system m 1992, which was for repairing cracks in concrete and restoring its
mechanical properties. This invention has been adapted mto polymeric materials, such
as fibre-reinforced composites (Bleay et al., 2001), carbon nanotubes (Sinha-Ray et al.,

2012) and PVDF (polyvinylidene fluoride) nanofibres (Kolbasov et al., 2016).

The majority of work to date has focused on developing individual hollow tubes or
gridded two dimensional (2D) networks for self-healing cementitious material and there
has been little focused investigation on the three-dimensional (3D) networks or
biomimetic structures in the cement-based specimens. Manufacture of complex
vasculature has been restricted by small vessel diameters, large network coverage, high
vessel strength and high network interconnectivity (Wang et al., 2015), thereby hmiting
fabrication process. Compared with 1D or 2D vascular structures, 3D or biomimetic
networks have higher tunnel flexibility and more interaction with the cement-based

matrix, so that they are more likely to have higher crack closure rate and better healing
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efficiency. Besides, three dimensional (3D) networks are more complicated and consist
of mterconnected structures, which are capable of transporting healing agent to the

damaged areas across the specimen’s volume.

One worry 1s that the use of non-cementitious complex 3D vascular structures filled with
healing agents would weaken the mechanical properties of cementitious materials. If a
reduction in mechanical properties 1s observed, this must be outweighed by the increase
i performance arising following a healing event. This part will be investigated in my PhD
research as different dimensions of the structures, selected materials and pumping/non-

pumping mode, will also be included as significant factors.

In general, in my PhD research, different vascular systems were developed for treating
damages m terms of cracks triggering types (physical triggering and chemical triggering).
For the physical-triggered approach, plastic based vascular structures were applied in
treating large damage. Their healing performances were then evaluated by specimens’
strength recovery, crack closure rate, bending stiffness and other factors. In addition,
channel creation in the cement matrix using fugitive materials was explored to avoid tube
monitoring. Tests were conducted to mvestigate the feasibility of applying this technology.
When it comes to chemical triggering use cases, an alginate based 1on sensitive material
was synthesised to adapt on vascular systems, with the aim of controlling healing agent

release over time.

1.2 Aims and objectives

The aim of this research project 1s to develop novel vascular networks for self-healing in

cementitious systems. The system will address large damage (crack size >500 um) and

will be able to react with chemical attack and will hence be applicable to relevant scenarios.

Development of vascular self-healing systems in cementitious materials will be the main
focus of my PhD study, which follows a ivestigating process: (1) designing and
manufacturing vascular networks in terms of different use cases; (i) investigating the
properties of fabricated structures; (1) investigating vascular structure integration
behaviours; (iv) characterising specimens mechanical and chemical properties; (v)

validating damage and evaluating healing performance.
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This research project focuses on investigating the use of vascular system in cementitious
materials in terms of different use cases. For the first scenario, PLA (Polylactic acid) was
selected to build up vascular systems due to its brittleness and workability, in reacting to
physical triggered damage 1n the structures. Considering extra maintenance of the plastic
based vascular after being embedded, creating hollow channels within cementitious mix
directly could be a more ideal choose. PVA (Polyvinyl alcohol) was then chosen to act as
a sacrificial material to create interconnected 3D channels in cement, since PVA 1s water
soluble and able to be printed by 3D printers. The overall healing performance of
cementitious materials was a main focus, and the feasibility of using PVA and chemical

triggering vascular system were interests in this study. The objectives are therefore to:
1. Internal PLA vascular networks in cementitious materials for physical triggering
* Design internal 3D PLA printed vascular systems for cementitious materials.

* Characterise 3D printed vascular networks in cementitious materials thereby verifying

their suitability for use in self-healing applications.

e Investigate the self-healing performance of cementitious materials incorporating
vascular systems and healing agents using a series of testing procedures and

microstructural analysis techniques.

2. Feasibility of creating PVA vascular tunnels

* Investigate feasibility of applying PVA as a sacrificial material.

* Lvaluate PVA model survival capability in cementitious material.

* Fabricate and characterise hollow channels in the cementitious materials.
3. Chemical triggering vascular system

* Synthesise and mvestigate the behaviour of chemical triggering materials used n

vascular systems.

* LEvaluate the effects and sensitivity of using chemical triggering materials during

chemical attack events.

* Design and evaluate suitable vascular models for chemical sensitive materials.



Chapter 1 Introduction

1.3 Structure of the report

This report has been divided mto seven chapters. Chapter 1 provides an imtroduction to
the main motivations for choosing this topic, and the aims and objectives of this work. In
Chapter 2, a critical Iiterature review 1s presented, addressing main technologies and
applications for both autogenous healing and autonomic healing processes. This chapter
further discusses detailed classification of circular systems in terms of their dimensions
and various approaches. In particular, biomimetic approaches i fabricating circular
systems are being explained in relevance with their biological background. Chapter 3
describes the materials, experimental and characteristic methods used in producing
vascular structures and analysing healing performance. Chapter 4 presents findings
relating to the design of a biomimetic vasculature and their self-healing performances in
cement and mortar specimens; Chapter 5 presents findings relating to the feasibility of
creating hollow connective tunnels in cement via a water soluble PVA material, while the
results of the coating materials and chemical triggering viability between coating materials
and chloride solution are presented in Chapter 6. Then, conclusions are made in Chapter
7 throughout this work, which follows up with the final recommendations for future

research within this area.
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Chapter 2

Literature Review

This chapter critically reviews the various literature sources relevant to the topic of
vascular-based self-healing. It starts with a brief overview of the sustainability and
durability concerns, challenges outlining the global problems associated with the cement
and concrete industries, and the proposed solutions to tackle these challenges. In reacting
with the challenges of cost-effective, durability and sustainability encountered mn the
construction industry, a review of different categories of the advanced materials and
structures 1s also presented with a particular focus on the engineered self-healing materials.
Before diving further to the details, a data-driven literature analysis on self-healing
research development 1s presented in understating the research development trend in
self-healing. Then, self-healing in the cement-based materials 1s reviewed thoroughly. The
latter mcludes both autogenous and autonomous self-healing concepts, processes and
techniques. Thereafter, the performance of each technique including encapsulation,
vascular system and chemical triggered system was explained and reviewed in detail.

Finally, the chapter concludes the research gaps and rationale behind the research work.

2.1 Global infrastructure challenges and demand

“We shape our buildings and, afterwards, our buildings shape us.”

— Winston Churchill, 1944

Infrastructure 1s the backbone of modern society. They enable trade, power businesses,
connect workers to their jobs, create opportunities for struggling communities and protect

cities from an increasingly unpredictable natural environment. As an industry, demand
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i global mfrastructure 1s increasing over ime. The construction sector accounts for 6%
of global GDP (Gross Domestic Product), with total annual revenues of almost $10
trillion and added value of $3.6 trillion (World Bank, 2014). More specifically, it accounts
for roughly 5% of total GDP in developed countries. While in developing countries, it
tends to account for more than 8% of GDP. The industry 1s expected to grow greatly in
the coming years, to estimated revenues of $15-20 trillion by 2030 (World Economic
Forum, 2016).

The construction industry 1s greatly affected by megatrends i four domains: ‘markets &
customers’, ‘sustainability & resilience’, ‘society & workforce’, and ‘politics & regulation’
(Flyvbjerg et al., 2008). Investment gap, climate change, complex projects and ageing for
mfrastructure from ‘sustamability & resilience’ and ‘market & customers’ metrics have
been presented with both high impact and significance in the global construction industry

(Figure 2.1).

Impact-likelihood matrix of global trends

Extremely
important
Energy & climate change
Demand in developing countries & © ®
globalized markets : :
Ageing & need for infrastructure
Resource scarcity & sustainability requirements @ ® More complex projects
yanizatic & using cri @ -

Important llent shortage @ ® Funding restrictions &

Resilience challenges @ investment gap

Importance

o
Cyberthreats

Somewhat

important
Some Significant Extremely
impact impact high impact

Impact

@ Sustainability and resilience NOT @ Market and customers

Figure 2.1 Global Trends - Their Importance for and Impact on the E&C Industry (diagram
adopted from Future of Construction Survey (World Economic Forum, 2015)), the blue shaded
area highlighted the top 4 driven forces in megatrend.

All four megatrend driven forces are linked with each other: A comprehensive
investment gap of around US$ 1 trillion has been built up each year since the global
demand reached a value of about US$ 3.7 trillion, with only about US$ 2.7 trillion being

physically invested in development each year (BCG, 2014). This financial gap in the

7
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construction industry could be narrowed by (1) reducing demand i new infrastructure
via optimising the maintenance of existing buildings, therefore the age of establishments
were extended; on the other hand, carbon emissions from rebuilding could be therefore
mitigated; (1) creating new establishments with durability performance and extended
lifespans to reduce maintenance costs, and these new durable engineered structures made

it possible to complete sophisticated projects.

In this case, the value, therefore, lies in improving the quality of construction and the
quality of materials used, in contributing to a more durable infrastructure, increasing its
sustainability and reducing its cost (BCG, 2015). Any endeavour towards this goal will

generate welcome benefits.

2.1.1 Challenges 1 existing infrastructure

Developed countries have been typically facing the problem of dealing with ageing
mfrastructure that were established mostly in the second half of the last century (Polder
et al., 2012) while expanding the current infrastructure constitutes a minor portion in

these nations’ construction activity (Figure 2.2).

Technological challenges

(a) Maintaining ageing infrastructures

Mostly in industrialized countries
future

today

design service
life 50 vears
. : Y moderate

conlstr clion ’ | —— > expansion of
e infrastructure
peak ﬂ " .

9 significant
increase
/ in structures
needing repair

(3-6 fold until
2060}

y

1950 2000 challenge

ageing, deteriorating structures — @

stock of HC infrastructures

Figure 2.2 Technological challenges in industrialised countries are mainly challenged to
maintain their stock of existing infrastructure (Adopted from Angst, 2018)
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Cracking 1s the dominant source of damage to existing concrete structures with roughly
90% of all respondents voted in the survey, water ingress and impact damage are also
highly influenced with around 85% respondents voted, (Figure 2.3, Gardener et al., 2018).
Although single crack opening may not hamper the overall safety of structures, the reason
of this iitial brittleness 1s related with steel reinforcement corrosion, early age shrinkage,
brittleness of concrete and loading damage (Safiuddin et al., 2018). Additionally, cracks
also threaten general retaining of infrastructure. For instance, cracks may provide
undesirable paths for fluid ingress (Bentz, 2008), such as water, petroleum, toxic materials
and radioactive leaching to unexpected areas, causing health, economic and ecological
issues. For mstance, Daiichi Nuclear power plant in Fukushima was reported leaking a
few million tons of highly radioactive water ito the sea via cracks in the reactor pit after
seismic damage (Morita et al., 2020), consequently polluting fishery products and

inducing health concerns.

% Respondents
0 10 20 30 40 50 60 70 8 9 100

Cracking :
Poor workmanship leading to cracking
Water ingress
Impact damage
Freeze-thaw damage
Other environmental damage such as carbonation, chloride
Corrosion of the reinforcement

Damage caused during delivery and handling of precast.. 1
Loading damage
Chemical damage

Damage caused by temperature extremes s
¥ Clients (14)

M Design Team Members (16)
Contractors (10)

Friction damage

Other |

Other includes: Expansion due to ASR. Salt damage. Sulphate damage. Fire damage. Concrete specs have been higher than
required which has caused cracking due to brittleness.

Figure 2.3 The main causes of damage in concrete structures (Gardner et al., 2018)

By 2021, the UK committed to an mvestment of £100 billion in infrastructure (UK
Treasury, 2016). Its maintenance costs in existing cement-based structures account for
approximately 45% of the total expenditure of the construction industry, at around 40
billion pounds per year (DTI, 2006). In Europe, similarly, approximately 50% of the
European annual national budget was spent on the repair and maintenance of existing

structures (Sangadji and Schlangen, 2012). Among the many elements of this complex

9
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system, road infrastructure (including bridges) 1s especially important and the most
vulnerable due to aggressive environments (Gardener et al., 2018) such as increasing
traffic volumes and heavier truckloads, (Asakura et al., 1991) which degrade the long-
term performance of road mfrastructure at an alarming rate (Frangopol and Liu, 2007).
Figure 2.4 reveals the annual repair and maintenance cost of road infrastructure in 10
leading countries (data collected from OECD (Organisation for Economic Cooperation
and Development) i 2020). Infrastructure maintenance data covers spending on the
preservation of the existing transport network only via public administrations. As shown
m the figure, developed countries such as the US, Japan, Italy, Canada and the UK
mvested more in annual road infrastructure repair and maintenance than others mainly

due to several major road renovation works undertaken 1n last two decades (Burchell et

al., 2010; Akai, 2016; European Commussion, 2019).

500E+010 T T T T T T T T T
—=—USA

4.00E+010 A

3.00E+010

2.00E+010

1.00E+010

0.00E+000 {  +——t—sstbi s -

Infrastructure maintenance expenditure (Euro)

T T T T T N T T T T
1995 2000 2005 2010 2015 2020
Year

Figure 2.4 Road infrastructure annual repair and maintenance cost of 10 highlighted countries
S S S
(data collected from OECD (Organisation for Economic Cooperation and Development)/I'TF,

(2020)).

However, it 1s also widely acknowledged that repair works of infrastructure are generally
not very effective (Al-Tabbaa et al., 2018). In the EU, 20% of all concrete repair works
fail in the first 5 years, 559 within the first 10 years and all within 25 years (Tilly and

Jacobs, 2007).
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Most of the damaged cementitious structures will end up with being replaced and
reconstructed, which runs counter to maintaining sustainability. Considering the expected
mncrease i needed repair works over the coming decades (Polder et al., 2012), there 1s

certainly an urgent need in requesting innovative and cost-effective technologies.

2.1.2 Challenges 1n sustainable new infrastructure

In emerging countries, on the other hand, there 1s stll a large need in expanding their
mfrastructure (Schwab, 2017) in line with the economic growth and urbanisation, and

thus their main challenge lies in the design of durable new structures (Figure 2.5).

(b) Designing new, sustainable infrastructures
Mostly in emerging countries future
significant
= .
] expansion of
2 infrastructure
O N 7
_ O0O—0O
conFs)tergEt on durable construction

with low environmental
footprint

W |arge global impact

ﬁgﬁﬁﬁﬁﬁfﬂ\ﬂﬁhé chatnge

19850 2000 2050
| | |

Figure 2.5 Technological challenges in developing countries are mainly challenged to design
sustainable and durable new structures in expanding their infrastructure, where the
everincreasing diversity in construction materials and processes does not anymore permit relying
on empirical long-term experience (Adopted [rom Angst, 2018)

stock of BC infrastructures

=TT

Urban population in developing regions such as China, India, South-Eastern Asia and
Sub-Saharan Africa have grown rapidly since the 1990s (Figure 2.6). Demand for new
mfrastructure 1s also growing. Specifically in China, the number of highway bridges
mcreased from 658,100 m 2016 to 878,300 mn 2019 (Statista, 2019). According to the
forecast from Statista, China was predicted to need over US$ 23.6 trillion, of which 63%

for new infrastructure between 2017 and 2035.

11



12

Chapter 2 Literature Review

I\ 90 N ] v 1 I v | v 1 v I v I M 1 i 1
{ —=— China
80 South-Eastern Asia
India
70 4 —— Sub-Saharan Africa
<
~ 60
Q
©
p= 50
he] .
3407
z i
g 30 -
D
20
10
0 —7I1r - r - r -~ r -~ 1T 1T 1T 1T " 1T
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Year

T r
—=— China

?\? 14 India 7]
- | —— OECD members
% South Asia
&3 12 - —— Sub-Saharan Africa -
[ —— World
a) -4
o
wn 10 -
C
(@]
=
[&]
= T
[4}]
=
S— 6 - -
c
i)
w
2 44 -
£
(]
o 21 .
O
0

T T T T T T T T T T T T
1960 1970 1980 1990 2000 2010 2020
Year
Figure 2.6 Urbanisation rate in developing countries and regions (A, data collected from UN,

‘World Urbanisation Prospects division) and CO. emission (B, data collected from World

Bank)

Emerging countries like China have a massive demand for new infrastructure to fulfil
their need for economic growth and urbanisation. However, construction of new
infrastructure will increase carbon emissions, as most of the infrastructure is made from

cement-based materials (Damtoft et al., 2008). Concrete, as the major infrastructure
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material, embodies anthropogenic carbon emission of about 0.35 kg C/kg (Sangadji,
2017). The production of cement alone, for instance, generates between 5-8% of global
anthropogenic CO. emissions (IPCC, 2004, 2018). The high CO. emission from
concrete can be partitioned into three primary categories: (i) 55 9% to 60 % to the thermal
decomposition of limestone (i.e., to produce lime, the base reagent needed for
production), (1) 30 % to 35 % to energy needs of the process, and () 10 % to

transportation (Ke et al., 2013).

Besides, operating and constructing related activities account for 36% of global final
energy use and 39% of energy-related CO. emissions according to a recent IPCC (2018)
special report. In this context, [IPCC also states that “1.5 °C-consistent pathways require
building emissions to be reduced by 80-909% by 2050, new construction to be fossil-free
and near-zero energy by 2020”. To achieve this goal, a number of countries, mostly in
developed countries, such as the UK, Ireland, Japan etc., have already implemented CO.
taxes that range from $2 (USD) to $168 per equivalent short ton (tCO.e) of CO: produced

(World Bank, 2014) to motivate construction companies in managing CQO: emissions.

In order to mitigate the CO. emission, renewable energy sources could be applied to
minimise CO: burden produced in the transportation process. However, managing the
CO: release associated with limestone decomposition 1s an unresolved challenge. This
might point that cement production will be forced to change due to environmental factors

(Schneider et al.,2011; Biernacki et al., 2017)

Thus, in emerging regions, a huge positive sustaiability impact can potentially be made
if proper construction materials are used, 1.e., by combining low environmental footprint

of the material with long service lives.

2.2 Biomimicry in smart infrastructure

2.2.1Biomimitic cementitious materials
In reacting to the challenges of cost-effectiveness, durability and sustainability
encountered 1in the construction idustry, Flatt et al. (2012) proposed six solutions for

upgrading tomorrow’s materials for the future cementitious-based infrastructure:

L. Partial cement replacement by supplementary cementitious materials;

13
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1. Development of alternative binders;

111. Broader use of concrete mix designs that limit cement content;

. Recycling of demolished concrete in new concretes;

V. Enhancement of durability (designing new infrastructure for longer service life)
V1. Rehabilitation of existing mfrastructure (extending the service life of existing
nfrastructure)

Considering the technological challenges in maintaining existing establishments and
building ‘greener’ new infrastructure, a quest for the design of resilient infrastructure
responding to both mechanical and environmental needs, has led to the development of
biomimetic materials. A few researchers realised that the security and reliability of
structures could be significantly improved if construction materials have the biomimetic
capacities, such as self-sensing, self-adjusting and self-healing, to monitor the potential
defects, and thereby reducing substantial maintenance and enable further sustainability

(Wang et al., 2016).

Materials with the function of sensing & responding to the variation of environment, with
self-sensing, self-healing and self-shaping were defined as intelligent materials (Spillman
et al., 1996). Since then, extensive research on composition, proceeding, property and
mechanism, measurement and application of various mntelligent construction materials
has been conducted via experimental study, theoretical analysis and numerical simulation
(Han et al.,, 2015). Thirteen self-x concrete types were summarised i Figure 2.7,
mtelligent concrete with performances of self-compacting, self-expanding, self-curing,
self-sensing, self-healing, self-adjusting, self-damping, self-heating, self-sacrificing, self-

cleaning, self-shaping, self-draining and self-luminous (Wang et al., 2016).

For mstance, self-shaping concrete (3D printing technology) 1s a new manufacturing
paradigm for the 21st century, which removes many design tethers, reduces material
consumption and the associated labour force (Biernacki et al., 2017). Moreover, it could
get stronger under pressure, mspired specifically by arthropods, whose shells become
stronger when pressure applied (Gu et al., 2016). Self-shaping concrete is already being
demonstrated at moderately large scales in the US, China and Europe in recent years

(Charron, 2015).
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Self-Compacting Concrete
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Figure 2.7 Categories of self-x concrete (Wang et al., 2016)
Self-cleaning concrete 1s another novel biomimetic invention inspired by the Lotus Effect
(Koch et al., 2008), as the leaves of the lotus plant remain clean and free of dirt from
muddy habitats. The durability of self-cleaning concrete can be optimised by the
characteristic of superhydrophobicity to decrease water absorption (Ganesh et al., 2011),
which makes concrete valuable in the long run of construction for reducing the restore

costs (Wang et al., 2016).

Possibly the most significant and transformative technology to emerge 1s self-healing.
Inspired by the nature of blood clotting or remoulding of fractured bones n living things,
the same concept 1s incorporated into the engineering materials by scientists, making
them possess the ability to repair or heal damage by themselves (Dry, 1994). Applying
the concepts of self-healing i cementitious material could increase infrastructure
sustainability and boost biosphere stability, which perfectly fit the requirements of future
cementitious materials. Two full-scale self-healing projects have been trialled successfully
in the UK firstly, a demonstration project on the Welsh Government A465 Heads of the
Valleys Upgrade project (Teall et al., 2016), and secondly, a commercial application on
the new James Dyson Building extension to the Department of Engineering at the

Unuversity of Cambridge - both conducted by the M4L. project team i 2015 (Al-Tabbaa
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et al.,, 2018). Thus, the self-healing technique in cementiious materials showed great

potential benefits and provided confidence that can be expected in the near future.

2.3 Self-healing in cementitious materials

2.3.1 Definition of self-healing

Self-healing 1s a natural process that automatically initiates repair of damage for living
organisms. Inspired by nature, researchers are trying to adopt this special ability into
artificial materials to extend their longevity (Diesendruck et al, 2015). The idea of self-
healing was first introduced i polymeric materials in 1969 (Malinskii et al., 1969). In
1994, Dry was the first one who introduced the self-healing concept mto concrete and

then researchers started to work on this field (Dry, 1994; Dry, 1996).

2.3.2 A scientometric analysis of self-healing development trend

In the past few decades, a large number of papers and scholars have emerged in the self-
healing field, which 1s developing vigorously. This may make it tough to grasp the research
focus and status quo from hundreds of papers. So, before diving further into the details,
a data-driven literature analysis on self-healing research development is presented in this
section with the aim of exhibiting a more intuitive research and development process with

a visualisation tool.

In this section, the focus was on revealing the changes and information dynamics in the
self-healing cementitious field over the time cycle and the literature data were from WoS
(Web of Science). A Java-based visualisation tool CiteSpace 5.7.R1.2020(Chaomei Chen,
Drexel Umniversity, Philadelphia, USA) was employed and could generate literature
keyword networks, citation burst, and so on to determine the internal structure of the
field, knowledgebase, research hotspots, and research frontiers in different time periods

(Chen, 2006).

As the literature related to self-healing concrete included in the WoS started in 1995, the
search time of this article was set from 1995 to 2020. It was shown that there were 1085

documents in the WoS core database (data collected in August 2020).

The size of the circle corresponding to the keywords in Figure 2.8 A 1s proportional to

the co-occurrence frequency of the keywords, and the lines between the circles represent
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the mutual relationship between the keywords (Chen, 2017). On the basis of this network,
summarised keywords shown could provide the research frontier that is constantly

developing n the field.

Aside from self-healing (which 1s the main research question), the most mentioned
category of keywords, such as “cracking”, “crack sealing”, “crack width”, are related to
the cracking 1ssues in cementitious materials (Figure 2.8 C). These terms are in line with
the research priorities in the cracking challenge encountered in construction industry

discussed 1n section 2.1.

w6

The second category of keywords in Figure 2.8 B, such as “protection”, “immobilisation”,
“durability” are related to the behaviours before and after the healing process. The reason
1s that the healing performance affects the general strategy in extending the lifespan of
structures for further sustainability; it runs through the entire testing and trial process and

1s an important part of the research.

The third category of keywords, such as “microcapsules”, “microencapsulation”,
“encapsulation” are related to capsule based self-healing in concrete. This 1s a widely used
self-healing technique that 1s able to deal with cracks generated in cementitious material
(Souza, 2017). Co-occurrence frequency of capsule-based technique implying it has been
a research hotspot in self-healing field, and this technique will be further discussed in the

following sections.

9

The fourth category of keywords, such as “bioconcrete”, “bacillus pasteurn”, “bacterial
biomineralsation”, “bacillus sphaericus” are related to bio-based self-healing concrete.
Jonkers and coworkers applied bacterial spores and nutrients into the fresh concrete mix,
and then the bacteria initiate the production of CaCOs crystals which deposit at the crack
faces (Jonkers, 2007). This category shows bioconcrete have been through detailed

studies and could be a competitive candidate in building up sustainable infrastructure.

Other keywords did not form a systematic category of keywords in scientometric analysis,
which indicated that they were either with relatively lower impact than the ones discussed

above or haven’t transformed into research hotspots yet.
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The co-occurrence network diagram only shows the frequency and their connections,
while cannot be efficiently combined with the time relationship. To discover the research
trend in cementitious self-healing, a imeline diagram was used (Figure 2.9) for delineating
the relationship between clusters and the historical span of a certain cluster keyword. The
historical axis represents time, and the vertical axis on the right represents the name of

each cluster. Top 10 clusters were selected by Citespace corresponding to 10 timelines.

High-frequency keywords appeared mostly before 2016. The clusters in which they
appear are as follows: “3 consolidating concrete”, “4 steel corrosion”, and “5 self-healing
concrete beam”, “6 pH-response gel” and “9 bacteria-based beads”. Concerns of cracking,
concrete permeability and steel corrosion triggered damages among researchers were
emerged firstly in around 2000, thus pH-response gel and consolidating concrete gained
research popularity between 2000 and 2010. Then, following studies paid more attention
to evaluating concrete behaviours after new engineered materials added. Keywords such
as “Ca(OH).”, “crack width”, “ultrasonic test” became the new hotspots after 2010. While
few keywords hotspots were seen from the timeline diagram in all clusters after 2016. It
1s unlikely that the popularity of self-healing in concrete was declined since the
publications in this field have been rising over the past few years, with roughly 180
publications in 2019 and 140 publications in the first half of 2020 according to WoS data.
On the other hand, a more reasonable explanation is that self-healing in concrete has
become a highly differentiated and connected field over the last three decades, multiple
solutions, such as autogenous self-healing, capsule self-healing, bio-based self-healing,
were available in dealing national construction challenge, and still need further research

and development.

Combing both keywords co-occurrence development and publication/citation from WoS,

the entire field of self-healing in concrete could be divided mto mainly three stages:

Emerging stage (1994-2006): At this stage, there were only 27 papers published regarding
to self-healing technique in concrete. Autogenous healing and its water permeability was
mostly studied before the year of 2006, specifically, Edvardsen (1999) and Reinhardt and
Jooss (2003) were the most influential publications with 416 and 267 citations,

respectively. The overall development at this stage was still in its infancy.

Rapid development stage (2007-2015): self-healing in cementitious material developed

rapidly at this stage, with 307 papers published by 2015. Evaluation of concrete
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performance after healing process was intensively studied combining both laboratorial
and numerical investigations. Technological reviews in self-healing materials such as
Hager et al. (2010) and bio-based self-healing review such as de Muynck et al. (2010)
were the most cited articles, with 604 and 462 citations, respectively. Microcapsule (37
articles) and bio-based (27 articles) self-healing were the research hotspots and had been

developed rapidly during this time.

Post-development stage (2016-present): Publication numbers at this stage have been
experiencing continuous growth. 751 papers were published by August 2020 from 2016,
according to the WoS database. The research at this stage, compared with the previous
stage, the overall research direction i self-healing has been further specific, with the
emergence of fast-emerging and highly differentiate research areas, such as vascular based
self-healing (Li et al., 2020), ECC self-healing (Zhang et al., 2019), field trial studies (Al-

Tabbaa et al., 2019) in recent years.

2.3.3 Selt-healing approaches

After understanding the overall trend of self-healing development, a deep-dived review
on detailled approaches 1s followed to parsing down their current challenges and

achievements, thereby revealing the niche for further studies.

For cementitious materials, the mechanisms for achieving self-healing can be classified
broadly into two main categories: Autogenous healing and Autonomic healing, according
to the International Union of Laboratories and Experts in Construction Materials
(RILEM). The first takes advantage of the natural autogenous self-healing properties of
the cementitious matrix, as described m De Rooyj et al. (2013) “The self-healing process
1s autogenic when the recovery process uses materials components that would otherwise
also be present when not specifically designed for self-healing (own generic materials’.
However, the second relies on the use of engineered added in cementitious materials, as
“The self-healing 1s autonomic when the recovery process uses materials components that
would otherwise not be found in the materials (engineered additions).” (De Rooyj et al.,

2013)
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Autogenous healing

Cementitious materials have autogenic abilities to heal their cracks. These can be broadly
classified into three causes, Physical, Chemical and Mechanical Causes, as shown in the

figure below (Figure 2.10).

formation fracture surface | the water

hydration

Physical cause ! Chemical causes Mechanical causes
E E Fine particles:
Swelling | Continued Calcium carbonate E Broken of from | Originally in

Figure 2.10 Mechanisms of autogenous healing in cement (de Roojj et al. 20183)

Autogenous healing i1s mainly attributed to two chemical-based mechanisms (Van
Tittelboom and De Belie, 2013): (1) hydration of the unhydrated cementitious materials;
(1) dissolution and secondary carbonation, such as calclum carbonate or calcium

hydroxide (Edvardsen, 1999).

As for carbonation process, the reactions take place when calcium oxide leached out
from concrete; the released calcium ions then react with the dissolved CO: thereby

generating secondary minerals to fill the cracks (Edvardsen, 1999):

H,0 + CO, = H,CO0; = HY + HCO3 = 2H™ + CO5~ (2.2)
Ca?t + C03~ = CaCO; (pHygter > 8) (2.3)
Ca**t + HCO3

= CaC05 + HY (7.5 < pHyater < 8) (2.4)

Other mechanisms such as swelling and fine particles blocking could also result in the
autogenic process. Besides, Van Tittelboom and De Belie (2013) pointed out that the

autogenous healing efficiency depends on the age of cementitious materials when
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cracking appears. Hydration precipitation dominates the reactions in young concrete
because 1t has a high proportion of unhydrated cement particles. While, the calcium
carbonate precipitation caused autogenic process, will be the main reason at the later age

(Newlle, 2012).

However, utilizing autogenous healing in cementitious materials 1s mostly restricted by
crack widths. Edvardsen (1999) and Aldea et al. (2000) observed sealed cracks of around
100 pm. Hence, the autogenic self-healing 1s effective within the crack width up to 50-
150 pm (L1 and Yang, 2007). Additionally, water supply and recrystallisation within cracks
are the other two main limitations that determine whether cracks could be healed
successfully or not (Figure 2.11). This 1s because continuing water supply to unreacted
cement particles during the hydration process would boost the autogenous healing of
young concrete. As for recrystallisation, dissolved calcium 1ons could react with carbonate
1ons and form carbonate, which will then precipitate in the cracks, therefore improving

concrete healing capacity.

Figure 2.11 Summary of autogenous healing restriction factors: (A) cracks widths; (B) water

] -

supply; (C) improved hydration and crystallisation (Van Tittelboom and De Belie, 2013)

Autonomic healing

Without further modification or improvement, the efficiency of autogenous healing
activities 1s relatively low. Therefore, autonomic self-healing strategy has been developed
n recent years to improve healing performance. To endow cementitious systems with an
enhanced ability to self-healing larger and more complex damage, that is more
representative of realistic scenarios, functional engineered additions can be developed

and embedded 1n the cementitious matrix.
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Autonomic healing process uses engineered addition of materials or components for
filling gaps that cannot be found in cementitious materials, and this type of healing 1s
widely divided mto mtrinsic healing, capsule-based healing and vascular-based healing

(Souza, 2017; Figure 2.12).

Intrinsic : Capsule Vascular
H : Shape Memory
Polymers

Fibres SAP Minerals Minerals, bacteria i Minerals, bacteria
: : : or polymers i orpolymers

Figure 2.12 A schematic representation of the mechanisms of autonomic self-healing (Souza,

2017)
Intrinsic Healing

Intrinsic healing 1s a physical triggered healing process, and it commonly applies fibres,
polymers and minerals into cementitious materials to improve the autogenous healing
process and alleviate the three limitations (width of the crack, water supply and

recrystallisation) listed i the previous autogenous section.

Applying steel cords (SC), polyethylene (PE) fibres, poly vinyl alcohol (PVA) fibres and
polypropylene (PP) fibres (Nishiwaki et al., 2014) directly into cementitious materials
would be the most direct way to restrict and control cracks width. PVA was examined by
Nishiwaki et al. (2014) to have the highest healing efficiency as the hydroxyl groups on
PVA fibres could improve the deposition of certain minerals by attracting cations
(especially for Ca”). However, SC fibres showed that the steel began to corrode within
the cracks, thereby having the lowest healing efficiency amongst the above (Homma et
al., 2009). Jefferson et al. (2010) and Issacs et al. (2013) in Cardiff University developed
a shape memory polymers (SMP) system for healing cracks in cementitious materials,
which are shrinkable polyethylene terephthalate (PET) tendons with superelastic

behaviour. Crack closure can then be achieved by thermally activating the shrinkage
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mechanism of the restrained tendons after the cement-based material has undergone

mitial curing, therefore enhancing the autogenous self-healing process in concrete.

Other researchers such as Snoeck et al. (2012, 2016) introduced additional water
suppliers to promote autogenic healing, called super absorbent polymers (SAPs). SAPs
are cross-linked polymers that have the capability to absorb and retain the amount of
water up to 500 times their weight (Jensen and Hansen, 2001; 2002). When cracks appear,
water will travel into the cracks; and surrounding SAPs will absorb ingressing water and
swell, thereby blocking the cracks from further ingress and stimulating autogenous healing
by later release of retained water (Snoeck et al., 2012; Mignon et al., 2017). The main
concern raised by Lopez-tendero et al. (2011) and Mignon et al. (2017) of using SAPs 1s
that the swelling of SAPs may generate unexpected pores and reduce the strength of the

concrete matrix.

Promoting deposition of crystals within cracks i1s another approach of stimulating
autogenous healing method. Pozzolanic materials such as Fly ash (Sahmaran et al., 2014),
blast furnace slag (Liu and Zuo, 2011) are being added into cement to promote the
healing process. Ahn and Kishi (2010) proposed an optimum mixing ratio for healing 1s
to replace 10% of cement with expansive agents or geo-based materials. Qureshi and Al-
Tabbaa (2016) added MgO, which promoted the autogenous drying shrinkage crack self-
healing capacity of cement. Similar agents were mvestigated by Jiang et al. (2015) and Ahn
et al. (2016) when water travelled into cracks, those agents expand, swell or causes crystals

precipitation, thereby improving the healing process.

2.4 Capsule based self-healing system

Capsule based self-healing systems have become increasingly popular over the past
decade and originated from the research conducted m polymer composite by White et
al. in 2001. It is a successful healing case based on healing agents being released from
discrete microcapsules (White et al., 2001; Brown et al., 2004). Regarding feasibility,
capsule-based self-healing allows the easy addition during the mixing of concrete,
followed by controlled release of the healing agent upon damage (Souza, 2017).
Compared with autogenous healing, the capsule-based system mainly targets cracks that
are larger than 200 um; while autogenic healing only focuses on healing cracks with a

width within 150 pm (Van Tittelboom et al., 2013).
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2.4.1 Healing mechanism of capsule based system

Mechanisms of capsule-based self-healing are various, and the healing agents released
and (1) react with air or being activated by heat (Van Tittelboom and De Belie, 2010; Sun
etal., 2011; Dry, 2000). Dry (1994) developed cylindrical PP capsules filled with methyl
methacrylate (MMA) and coated with wax, which was able to release the agent when the
wax coating was heated. Another study from Dry’s group switched healing agents ito
cyanoacrylate (CA), which cured upon contact with air when being triggered by physical
cracks (Dry, 1999). Instead of using CA, Pang et al. (2009) selected a less reactive one-
part epoxy to mitigate hardening mside the capsules occurred in CA cases before crack
appearance. (1) Agent release 1s achieved via interacting with cementitious materials and
form stable products to heal the cracks according to Huang and Ye (2011) and Pelletier
et al. (2011). In their studies, sodium silicate (SS) was encapsulated into capsules, which
1s then reacted with Ca(OH). from concrete, forming a calctum silicate hydrate (CSH)
product with good compatibility in a cementitious matrix. Kanellopoulos et al. (2015) in
Cambridge assessed the efficacy of four mineral healing agents (colloidal silica (CS),
sodium silicate (SS), tetraethyl orthosilicate (TEOS) and magnesium oxide (MgQ))
encapsulated in cylindrical glass capsules. The increased performance was observed in
all mineral agents, specifically, in the samples with SS and CS. Both flexural strength
recovery and sorptivity presented a significant positive performance i crack healing
compared with controlled samples, making them 1deal candidates in mineral-based
healing. (1) Healing agents are released and able to react with additional materials and
capsules (different types with the released agents, could be additional catalysts) in the
matrix (Mihashi et al., 2000; Wang et al.,2012b; Van Tittelboom et al., 2011a; Van
Tittelboom et al., 2011b). For instance, two-part epoxy was encapsulated separately and
mixed in the cementitious mixture, where healing could be achieved when cracks
mitialled both types of capsules (Feng et al.). However, researchers raise concerns on
difficulties for the two-component epoxy to harden due to insufficient mixing of both

components in the crack, which is still an unsolved problem (Van Tittelboom et al., 2013).

All different types of mechanism in encapsulation systems equipped with common
functions i protecting the healing agent from the external cementitious environment,
and allowing healing agent escape only when damage occurs to trigger self-healing. This
requires capsules should be rupture as soon as cracks appear, and release healing agents

immediately and sufficiently for target cracks (Van Tittelboom and de Belie, 2013).
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Therefore, high brittleness and geometry parameters are necessary for qualified capsules

(Xue et al., 2016).

2.4.2 Transitional cylindrical capsules -- from capsule to vascular

Spherical capsules (Sisomphon et al. 2011; Alghamri and Al-Tabbaa 2016; Souza, 2017,
also see Table 2.1) have been widely used and investigated because they (1) can provide
a controlled and (1) enhanced release of the healing agent; (1) and could also reduce the

stress concentrations from empty capsules (Schlangen and Joseph, 2009).

In terms of healing efficiency, crack healing 1s largely related with and time available for
the healing process and the amount of cargo capsules provided. Mookhoek et al. (2009)
mvestigated and revealed that the amount of healing agents spherical capsules deliver
scales linearly with their diameter, dosage as well as healing efficiency. Fang et al. (2018)
applied capsules with 300-400 um in diameter containing calcium sulfoaluminate cement
(CSA), and observed the initial volume of cracks and pores 1s around 1.63%. After 21,
42, 63, 84 and 105 days of healing, the total volume fraction drops to 1.119%, 0.78%,
0.48%, 0.29% and 0.28%, respectively (Figure 2.13). Longer healing period significantly
reduced the volume fraction, from 1.63% to 0.28% after 105 days of healing. However,
discrete distribution of capsules and limited amount of healing agent carried restrict the

crack healing, leaving discrete crack sections in the matrix (Figure 2.13).

Intending to overcome the limits above, tubular/cylindrical capsules/fibres shape (Thao,
2011, Van Tittelboom et al. 2016; Hilloulin et al. 2015; Formuia et al. 2015. see Figure
2.14) caught more attention recently since (1) they have a relatively larger internal area of
influence for the same volume of healing agent compared with spherical capsules, (1) the
advantage of being able to store a larger amount of repairing agent, and (i) have a
stronger bond between capsules and cement matrix in ensuring that cracks are able to
propagate through the capsules (Maes et al., 2014), therefore potentially achieve multiple
healings (de Belie et al., 2018), together to prevent adhesive degradation over time. As
with spherical capsules, healing agents in tubular/cylindrical capsules were activated and

released due to the shell breaking with crack formation.
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Figure 2.13 Computed tomography reconstructed mmage of mortar with spherical capsules
embedded (A, B); general information of the specimen, yellow parts representing pores and
cracks (C); cracks and pores distribution, 0 day after cracking (D)), 42 days after cracking (k) and
84 days alter cracking (F) (Fang et al., 2018).

Classification of the early individual hollow glass fibres (HGFs) approaches is not yet in
agreement, due to their shapes. Giannaros (2017) included early works, such as Dry
(1994), Bleay et al. (2001) and Thao (2011), into elongated capsule class. While Wang
et al. (2015), Blaiszik et al. (2010), Patrick et al. (2017) and Van Tittelboom et al. (2013)
considered their works mto one-dimensional (1D) vascular networks. Here we define

HGFs as still in the class of cylindrical capsules since no external linked tubes, pumps



Capsule based self-healing system 31

and healing agent reservoirs were adopted in these structures. Individual channels with
external tubing systems will be considered as the 1D vascular system, which will be

discussed in the following section.

2 mm

R L o P

R e S e g

Figure 2.14 Different shapes of microcapsules, (A) spherical capsules containing sodium silicate
as core (Souza, 2017); (B) impregnated LWAs coated with PC (Sisomphon et al., 2011); (C)
hollow pasta like tubes made with cement paste and acrylic resin with Smm diameter; 10mm
diameter; and 10mm diameter coated with sand on the surface (Formia et al., 2015); (D) glass
capsules with protective spiral wire coated with 3.5 mm-thick mortar layer (Thao, 2011).

Glass cylindrical capsules have been predominately applied in the cementitious matrix
due to their brittleness in reacting to cracks and flexibility in shapes. According to Table
2.1, glass cylindrical capsules normally have inner diameters of 0.8 mm to 6.15 mm, and
with the length between 50 and 250 mm. Li et al. (1998) used hollow glass capsules
(hbres), with 0.8 mm mner diameter and 100 mm n length, that were filled with ethyl
cyanoacrylate, which showed an improved recovery of stiffness capacity after repairing.
Aside from polymer-based agents, multiple expansive minerals were also enveloped in
glass cylindrical capsules in Qureshi’s studies (Qureshi et al., 2015). Results showed a
significant sealing efficiency improved up to 95%, and with 25% of strength recovery after
28 days. Among all the developed encapsulating materials, glass-based capsules have
gained the highest preference in laboratory-scale tests (Xue et al., 2018). However, glass

capsules are usually not able to survive the aggressive mixing and compaction process in
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producing concrete, thus the glass capsules were normally pre-embedded into the

cementitious matrix or are protected using an extra protective coating.

To protect glass capsules i the cementitious matrix, Thao (2011) applied protective
mesh and spiral wires upon cylindrical capsules (Figure 2.14 D) and found the
combination of both mesh and spiral wires received the best performance to avoid early
breakage. Besides, another concern in using glass capsules 1s the potential onset of
undesired alkali-silica reactions in the cementitious environment (de Belie et al., 2018).
To avoid this drawback, cementitious and ceramic capsules were mvestigated. Formia et
al. (2015) produced ‘pasta’ shaped cementitious hollow capsules different internal
diameters (2 and 7.5 mm) and a length of 40-50 mm (Figure 2.14 C) consisting of acrylic
resin as core material coated with wax before adopting to cement paste, presented

mcreasing survivability with the thickness increases.
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Table 2.1 Summary of spherical and cylindrical capsules reported in the literature.

Spherical Capsules
Shell material Cargo material Mixing rate Diameter(mm) Reference
PC LMA (SMF) 1.086% (Cement weight) D0<4.000 Sisomphon et al,, 2011
PC/Pozzolans 7.8-12.5% (Sand weight) / Hung and Kishi, 2013
PVA MgO 10% (LWA Replacement) 1.000<D¢<2.000 Alghamri and Al-Tabbaa, 2016
LWA 100% (LWA Replacement) 4.000<Do=<8.000 Alghamri et al,, 2016
MMA 5%(Cement weight) 0.300x10-3 Litina et al., 2014
PU Water 2% (water volume) 0.040<D0<:0.800 Pelletier et al,, 2011
CS 1%, 5% (Cement weight) 0.030<D0<0.060
MMA 5%(Cement weight) 0.035 (Average) Litina et al., 2014
Silica Epoxy 5% (Cement weight) 0.07 (Average) Perez and Erkizia et al,, 2015
Epoxy 10%(Cement weight) 0.005<D0<0.180 Perez and Erkizia et al.,, 2015
3%, 6%, 9% (Cement weight) 0.166 Wang etal.,, 2013
2%, 4%, 6%, 8% (Cement weight) 0.100<D0<0.250 Dongetal, 2018
Epoxy 3%, 6%, 9% (Cement weight) 0.122 Wang etal,, 2017
2%, 4%, 6%, 8% (Cement weight) 0.132<<D0p=<0.180 Dong et al.,, 2018
3%, 6%, 9% (Cement weight) 0.122 Wangetal,, 2017
0, 0, 0, 0,
UF s 0-5%, 1%, 2.5%, 5% (Cement 0.081<Do<0.701 Gilford et al, 2014
weight)
DCPD 0.25% (Cement weight) 0.289<D0<0.987 Gilford et al,, 2014
0, 0, 0, 0,
Calcium nitrate 0.25%, 0.5%, 1 %, 2% (Cement D0<:0.100 Hassan et al,, 2016
weight)
0, 0, 0, 0,
Calcium nitrate 0.5%, 0.75%, 1 /.0' 1.25% (Cement 0.070 Al-Ansari et al., 2017
weight)
PUF Epoxy 1%, 2%, 4% (Cement weight) 0.100 Lietal, 2017
PUrea SS 0.8% (Cement weight) 0.130 Giannaros etal,, 2016
MF Epoxy 1%, 2%, 4% (Cement weight) 0.010<<Dp<1.000 Lietal, 2016
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Cylindrical Capsules (transitional vascular)
Wall material Cargo material Length (mm) Inner Diameter (mm) Reference
SS
€3 50 6.15 Qureshi etal., 2016
TEOS ’
MgO
Epoxy 250 3.00 Thao etal,, 2009
20<<L<80 2.00<D0=<3.00 Van Tittelboom et al.,, 2011
PU 50 3 Maes etal,, 2014
50 3.35 Van Tittelboom et al.,, 2016
100 0.80 Lietal, 1998
CA 200 3.20 Sun etal, 2011
20-80 2.00=<D0o<3.00 .
Class PA 50-80 5 00=De=300 Van Tittelboom et al., 2011
Bacteria 20-80 2.00<D0=<3.00 Wang etal., 2012
TEOS 50 6.15
gg gg 212 Kanellopoulos et al.,, 2015
MgO 50 6.15
MgO/water 50 11.40/6.15
PC/water 50 11.40/6.15
Bentonite/water 50 11.40/6.15
CaO/water 50 11.40/6.15 Qureshi etal,, 2016
MgO, CaO, bentonite /water 50 11.40/6.15
PC, MgO, Cao0,
Bentonite/water >0 1140/6.15
PLA/PMMA/PS PU 50 1.10<<D0<3.20 Hilloulin et al., 2015
c Na/ K silicate 50<L<60 2.00<<Do<7.50 Formia et al,, 2015, 2016
ement acrylic resin 50<<L<<60 2.00<<Dp<7.50 Formia etal,, 2015
Ceramics PU 15<L<50 2.50<Dp<3.50 Van Tittelboom et al.,, 2011

LMA: Lauryl methacrylate; LWA: Lightweight aggregate; SS: sodium silicate (NaS103); CS: colloidal silica; UF: urea formaldehyde; PUF: poly urea-
formaldehyde; PUrea: polyurea; CSA: calcium sulfoaluminate; DCPD: dicyclopentadiene; MF: melamine formaldehyde; PS: polystyrene; PU:
polyurethane; PMMA: Poly-methyl methacrylate; TEOS: Tetraethyl orthosilicate; PLLA: Poly(lactic acid); CA: Cyanoacrylate
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Mineral-based core materials, such as sodium silicate and potassium silicate were also
examined in shaped cementitious hollow capsules, and received load recovery indices up

to around 70% and stiffness recovery of 509% in healing large cracks (> 1mm) (Formia et

al., 2016).

Alternatively, brittle thermoplastics with a relatively low glass transition temperature, such
as PLA (poly lactic acid), PMMA (poly methyl methacrylate) and PS (polystyrene) were
applied to develop cylindrical capsules in the research from Hilloulin et al. (2015). These
capsules were able to survive 1 minute of the concrete mixing process. However, a major
drawback of using discrete plastic-based capsules 1s that the capsules tended to float and

present a less uniformed distribution in the concrete beam compared with glass capsules

(Aragjo et al., 2018).

To date, capsule-based system 1s a promising method that could deal with larger cracks
and maintain the strength of cementitious materials. In the case of cylindrical capsules,
the main advantage in using them 1s that they have a relatively larger internal area of
influence for the same volume of healing agent and being able to store a larger amount
of repairing agent compared with spherical capsules (de Belie et al., 2018). However, this
icreased area of influence 1s hindered by the inferior release, particularly in the
occurrence of multiple cracks around one capsule (Joseph, 2008). To improve agent
release, cylindrical capsules should be designed to have diameters ranging from 0.8 to 5
mm, which are wider than crack width of the matrix. This will enable that both the
capillary attractive force of the crack and the gravitational force on the fluid mass 1s
sufficient to overcome the capillary resistive force of the cylindrical capsules and the
negative pressure forces caused by the sealed ends (Li et al., 1998, Hilloulin et al., 2015,

Joseph, 2008).

The key points for the success of capsule-based system are; (1) capsules should be
adequately mixed with cementitious material, (i) must carry sufficient cargo to heal cracks
when they are triggered (Van Tittelboom and De Belie, 2013), (i1) be able to overcome
both negative pressure and capillary force to achieve agent release (Li et al., 1998,
Hilloulin et al., 2015, Joseph, 2008). However, neither spherical capsules nor cylindrical-
shaped capsules can provide unlimited healing agents for long term repairing damage n
the cementitious matrix. Damage scenarios require larger volumes of healing agents and

the capability of dealing with repeated damage, therefore larger reservoirs are needed.
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2.5 Vascular based self-healing system

Vasculature from plants or animals has been mimicked to propose a delivery system to
address damage events and enable multiple healing cycles. Recently, self-healing via
vascular networks 1s becoming an active topic (Williams et al., 2007) and 1s the only type
of self-healing methods that has the capability to address all sorts of cracks in cementitious
materials (Table 2.2; Gardner et al., 2018). Similarly, vascular systems house the healing
agents in hollow channels that allows a healing agent to be distributed from a reservoir
throughout a structure so that damage can be completely infiltrated with the healing agent

was 1dentified as an advance for liquid-based healing approaches (Trask et al. 2007a,

Williams et al., 2008)

The major advantage in using vascular based system compared with the encapsulation
approach 1s that the healing agent can be continually supplied. Moreover, different
healing agents can also be switched anytime during the healing process to treat various
types of damages in concrete, since the healing agent reservoirs were designed externally.
With a circulation system, healing agents could be recycled and refined, which provide a
continuous healing agent delivery process (Blaiszik et al., 2010), theoretically, no limit to

the volume of damaged material 1s repaired.

Furthermore, a vascular based self-healing system 1s able to overcome difficulties in
msufficient agent release from the capsule-based system resulted by negative pressure and
capillary force. The healing agent instead can be supplied under pressure to ensure that

it reaches the required damage zones (Davis et al., 2015).
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Table 2.2 Summary of self-healing technologies (Adopted from Gradner et al., 2018)

Technology

Crack Scale

Form of Technology

Healing action

Construction requirements

Microcapsules randomly distributed

Microcapsule 1s ruptured via propagation

Inclusion of microcapsules as a

Microcapsules Nano/Micro . . of a crack. Release of healing agent into standard component of the concrete
throughout cementitious matrix .
crack plane matrix
Bacterial spores and nutrient sources Exposure of spores to water and nutrient Inclusion of bacterial spores and
Bacteria Micro/Meso randomly distributed throughout source 1n favourable conditions. Bacteria nutrients as a standard component
cementitious matrix deposit calctum carbonate on crack surface | of the concrete matrix
Small diameter hollow network formed in  Cracks in concrete will rupture the flow
cementitious matrix. Tubes filled with network allowing the release of healing Placement of network in concrete
Flow networks All . . . . ; .
healing agent. Potential for pressurisation agent into crack plane. Network allows for = prior to casting
of system repeated damage/healing events.
Standard of PET (polyethylene
terephthalate) in tendon format anchored Cracks are closed to a level in which either
Shape memory Meso/Marco in the matrix. Similar in nature to post- natural autogenic healing can occur, or one | Placement in concrete moulds

polymers

tensioning strands. Heat activation via an
electric current. PET shrinkage cause post
tensioning effect

of the other healing technologies directed
at nano/micro scale healing

similar to a post-tensioning system
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2.5.1 Vascular self-healing in polymer composite

Dry (1992) was the first one who demonstrated a vascular self-healing system in 1992,
which was for repairing cracks in concrete and restoring its mechanical properties. This
mvention has been adopted mto polymeric materials, such as fibre-reinforced composites
(Bleay et al., 2001), carbon nanotubes (Sinha-Ray et al., 2012) and PVDF (polyvinylidene
fluoride) nanofibres (Kolbasov et al., 2016).

Farly pilot studies were mainly one-dimensional vessels embedded in the composites
directly. Bleay et al. (2001) proposed a method of filling micro-diameter hollow fibres
(external diameter 15 pm; internal diameter 5 pm) with healing agent to come up with a
self-healing fibre laminate composite. Surprisingly, compressive strength of the damaged
specimen after healing was 109 higher than that of the controlled specimen (without
treatment). Pang & Bond (2005) fabricated 60 -um -diameter vessels for more effective
fluid filling and incorporated into a hybrid laminate and tested a two-part epoxy resin

system.

1D 2-part epoxy

adhesive bondlines

N /

0.5mm thick [0,90]s E-glass epoxy laminates

\
1}‘ }l \\f

Figure 2.15 (A) Schematic view of vascular hierarchy (One-dimensional (1D) straight channels;
Two-dimensional (2D) segregated channels, 2D coplanar interconnected networks; Three-

dimensional (3D) interpenetrating channels and 3D spatial interconnected networks) (Patrick et
al., 2017); (B) vascular sandwich panels (Willhiams et al., 2007b); (C) Hierarchical 2D woven (k-
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glass) reinforcement with stitched (through-thickness) sacrificial PLA fibers that are solvent-
welded to planar branched network templates (Patrick et al., 2017); (D) Delivery via branched
(redundant) networks circumvents damage and provides fluid access to the entire {racture plane
(scale bars = 10 mm); (Patrick et al., 2017); () Network for the delivery of a two-part healing
agent, with different parts marked as red and blue tubes (Toohey et al., 2009).

Then, Bond and co-workers further improved this structure and created millimetre-scale
vascular networks as sandwich structures (Figure 2.15 B) for self-healing composites by
placing parallel polyvinyl chloride vessels along the central plane of the core and drilling
vertical risers through the thickness of the material followed by the application of the
surface skins. Samples achieved good resin/hardener mixing and showed full recovery of
compression strength after impact (Williams et al., 2007, 2008b). Although self-healing
networks made from these mdividual vessels enjoy several advantages in terms of

practicality, they are restricted to 1D connectivity.

Discrete 1D structures are imited by the difficulty in replacing fluid to depleted channels.
The need for each channel to fill specific damage volumes for complete healing process
places constraints on how sparsely the channels can be distributed, which affects the
healing efficiency. Creating interconnected networks reduces that constraint while
opening up alternative applications for the network that takes advantage of fluid flow.
Later studies followed up and developed two-dimensional (2D) and three-dimensional

(8D) structures, since those interconnected networks may act as useful intermediates

between discrete channels and increased degree of interconnectivity (Blaiszik et al., 2010).

A 2D woven, glass-fibre composite preform (Patrick et al., 2017) was developed by hand
stitching melt-spun and drawn sacrificial PLLA fibres (300 Im) in a parallel undulating
configuration. Sacrificial PLLA was then removed after a post-cure treatment at 200°C,
forming a 2D interconnected microvascular network within the composite laminate
(Figure 2.15 C). Dyed liquids were used in demonstrating redundant flow capabilities
(Figure 2.15 D), and showed that delivery limits fluid access to only four vascular openings
at the crack (delamination) front, indicating efficient self-healing requires a more
mterconnected structure and the access to the external intervention (liquid pumping or

mechanical cycling).

Then three-dimensional gridded vasculatures were developed by Illinois group since
2007 (Toohey et al., 2007) to enhance healing efficiency and enable cyclic healing. 3D
Network in Toohey and his co-workers (Toohey et al., 2007, 2009) was formed of two
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circuits via direct ink printing technique, with a two-part healing agent that hardened on

contact with each other (Figure 3.15, D).

This system achieved an astonishing healing performance over 16 damage cycles under
two parts healing agent system, and 7 damage cycles under one-part, with a strength
recovery 1009% (Toohey et al., 2009). In Hamilton’s work, this system achieved 13
cracking cycles and the researchers discovered that the tubes pinned and hence halted
the advancement of the cracks, allowing the cracks to be filled with the healing agent
(Hamuilton et al., 2010). And in Hansen et al. (2009), they achieved greater control over
network architecture through the use of a dual ink writing method to make complex,
1solated interpenetrating networks i order to optimise stoichiometry and to improve
mixing for a two-part epoxy healing system and have achieved more than 30 repeated

healing cycles.

The results of these studies on the recovery of self-healing composites after mechanical
damage are summarised in Table 2.3. Over the last 20 years, different types of self-healing
composites based on vascular systems with 1D, 2D and 3D structures. In most of these
studies, two-part epoxies were used as the healing agent, and most of them were

confirmed successful healing and impressive healing efficiency over a few cycles.
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Table 2.3 Vascular self-healing polymer composites with 11D/2D/3D structures

Dimension

Vascular type

Healing agent types

Performance

hollow glass vessels

60-pm-diameter vessels

Two-part epoxy

Two-part epoxy

| compressive strength 109 higher than
controlled samples

regain of 109 1n frexural strength than
controlled groups, 97% in healing efficiency

Bleay et al., 2001

Pang and Bond, 2005a

hollow glass vessels Two-part epoxy achieve 93% of healing efficiency Pang and Bond, 2005b
hollow glass vessels Two-part epoxy achieve ~85% of healing efficiency Trask and Bond, 2006
1D hollow glass vessels Two-part epoxy achieve 87% of healing efficiency Trask and Bond, 2007
sandwich structure, PVC
vessels Two-part epoxy full recovery of compression strength Williams et al., 2007
hollow glass vessels Two-part epoxy achieve 87% of healing efficiency Zanuddin et al., 2014
hollow glass vessels Two-part epoxy achieve 178% of healing efficiency Kling and Czigany, 2014
Co-electrospinning fibres PDMS (polydimethylsiloxane) | regain 125-140% of healing efficiency Lee etal., 2015a
Co-electrospinning fibres PDMS (polydimethylsiloxane) | achieve 110% of healing efficiency Lee etal., 2015b
flow capabilities, delivery limits fluid access to
2D woven glass-fiber composite only four vascular openings at the crack

(PLA removed)

\(dyed hquids)

(delamination) front

Patrick et al., 2017
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projection-based 3D printing
(UV), hydrogel
poly(ethylene
glycol)diacrylate (PEGDA)

\(dyed hquids)

/(successtully developed for tissue
engineering)

Xue et al., 2018

3D

3D grid network of micro-
channels (~200 pm),coating
with Grubbs’ catalyst

direct write assembly
gridded microvascular

direct write assembly
gridded microvascular

direct write assembly
gridded microvascular

microvascular networks
within poly(methyl
methacrylate) and poly(lactic
acid) blocks

Sacrificial wire removed
channels

Sacrificial wire removed
channels

Sacrificial wire removed
channels

direct write 3D Microfluidic
Networks

DCPD (dicyclopentadiene)
monomer healing
agent

Two-part epoxy

Two-part epoxy

Two-part epoxy

Two-part epoxy

Two-part epoxy

Two-part epoxy

achieve 33-70% of healing efficiency in 7
cycles

achieve 89% of healing efficiency in 23 cycles

achieve ~50% of healing efficiency in 30
cycles

achieve 30-86% of healing efficiency in 13
cycles

degree of branching and the number and
location of entry and exit points can be loosely
controlled

achieve 99% of healing efficiency

achieve 1009% of healing efficiency

achieve 2609% of healing efficiency

distribution of carbon nano tubes

Toohey et al., 2007

Toohey et al., 2009

Hanson et al., 2009

Hamilton et al., 2010

Huang et al., 2009

Norris et al., 201 1a

Norris et al., 2011b

Norris et al., 2011c¢

Dermanaki-Farahani et al.,
2014
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2.5.2 Vascular self-healing in cementiious materials

Various forms of vascular networks have been recently applied in concrete and gained
mcreasing popularity in the last 2 years. Physical cracking of cementitious matrix causes
the brittle vascular branches to rupture, and then the healing agent 1s released into crack
faces for repairing under the action of capillary force, gravity, surface tension and negative

pressure force (Joseph et al., 2010; Gardener et al., 2014).

Similar to the vascular system mn a polymer composite, types of vascular structures can

also be widely classified into three categories in terms of their dimensions (Table 2.4).

The simplest vasculature comprises a 1D individual channel, of which both ends can be
either accessed from the concrete surface or encapsulated within the cementitious
materials (Dry, 2001; Joseph et al., 2010; Selvarajoo et al., 2020a). 1D vascular (hollow
porous polypropylene tubes coated in wax embedded mto concrete beams) was mitially
used in cementitious materials (Dry 1994), with successful agent release when triggered
by heat. The disadvantage of this release mechanism was that it i1s not autonomous and

required external human intervention.

More recently, further research and simple designs for self-healing in cementitious
systems continued to consider the use of mdividual long hollow tubes of different
materials (Joseph et al., 2010; Selvarajoo et al., 2020a, 2020b). Joseph et al (2010) used
extended hollow glass tubes to create a passive healing mechanism using air-curing
cyanoacrylate (CA) aided by negative pressure force (Fig 4C). Results from this study
indicated that the test beams peak load was 20% greater than the controls and implied
mitial cracks were healed under multiple reloading tests. While a drawback of using glass
tubes 1s that they are vulnerable during the casting process. In Selvarajoo et al. (2020)’s
study, mstead of glass tubes, 4 mm diameter flexible polyurethane terephthalate (PET)
tubes were applied to improve its survivability during casting. Moreover, an external
tubing system was introduced i providing healing agents when needed. This system
achieved significant healing index up to 108% in cracks with 0.2 mm i width, and 100%

mn all the cracks with 0.15 mm in width, with a healing process in 3 mins.

More complex 2D networks, such as parallel tubes (Heywood, 2016; Minnebo et al.,
2017) and gridded networks in square slabs (600 mm by 600 mm, Davis et al., 2015) and
real-size concrete slab (4.0 m x 1.0 m x 0.20 m, Tsangouri et al., 2019), have been created

i concrete to provide multiple and alternative paths for healing agents to be delivered to
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damaged zones. 2D structures have advantages in terms of geometry than 1D vessels in
avoiding blockage, as they provided extensive redundancy of flow paths to maintain
supply to the critical region (Williams et al., 2008). Glass was barely used in 2D systems
due to networks comprise brittle individual glass capillary tubes, which tend to break
during mixing and casting (Davis et al., 2015). In this case, glass was gradually replaced
by plastics, such as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), which

are light weighted and less fragile.

Besides, the use of plastics made it possible to fabricate complicated 2D networks using
a 3D printing technique. Heywood (2014) developed 3D printed 2D networks (Fig 4E),
which were manufactured from PLA using colloidal silica as healing agents. A maximum
load recovery of 31% and stiffness recovery of 47% was achieved after 28 days healing.
The Davies et al (2015) had a 2D network design of orthogonal tubes of 4mm diameter
made from polyurethane with bespoke PLA connections (Fig 4F). This pressurising 2D
network enhances the flow of healing agents, which almost permeated a 0.2mm crack in
a 3-point bending test. Their study revealed that pressurising the healing agent fluid led
to the improved filling of the crack and this type of network can be used with different
healing agents and 1s re-usable, enhancing the ability to promote multi-scale healing.
Minnebo’s work added 3D printed ABS distribution element for the individual inorganic
phosphate cement (IPC) tubes (Fig 4D), providing the tubes with the outside connection.
The study showed a recovery in mechanical properties was observed, and multiple
healing cycles were achieved. However, the presence of the 3D printed distribution parts
had a negative impact on the mechanical behaviour of the samples in both the pre-peak

and post-peak loading regime.
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bottom
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Figure 2.16 Examples of 1D (A-B), 2D (C-F) and 3D (G-I) cementitious vascular systems
investigated (A) specimens with individual tubes connected to the external environment
(Selvarajoo et al., 2020a) and (B) (Joseph et al., 2010), (C) 2D gridded polyurethane network with
PLA connections in specimens and (D) in trials (Davis et al., 2015); (E) layout of a 2D network
printed by PLA and ABS (Heywood, 2015); (F) 3D printed ABS distribution with individual
morganic phosphate cement (IPC) tubes (Minnebo et al., 2017); (G) Individual 3D network
fabricated by PLA (Kimber, 2014) ; (H) 3D hierarchical structure (Harrop, 2018); (I) 3D TET
unit for encapsulated vascular self-healing (de Nardi et al., 2020)

Networks with 2D structures act as intermediates between individual channels and three
dimensional interconnected networks. Specifically, 2D structures have limitations in

icreasing vessel density, making them msufficient for addressing the failure to bleed. For
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mstance, Tsangouri et al. (2019) stated that its 2D vascular slab repair was limited for
larger cracks with widths over 0.5 mm, and only limited sealing and almost no mechanical
restoration are measured. Therefore, the vascular network should be tuned to a more

mterconnected, sensitive, and able to provide sufficient over time.

A 3D interconnected network i1s a more 1deal choice in dealing with both blockage and
failure to bleed, as it 1s consisting of alternative routes for healing agent flow, and 1s able
to ensure rupturing with vessels covered i a three dimensional way. Compared with 1D
and 2D vascular structures, 3D or biomimetic networks have higher tunnel flexibility and
allow for greater interaction with the cement-based matrix, so that they are more likely to
exhibit better healing performance. However, there has been little focused mvestigation
on 3D networks or biomimetic structures in cement-based systems. Studies on self-
healing composites (Bejan et al. 2006; Wang et al. 2006; Toohey et al. 2007) applied 3D
gridded channels which provide alternative flow paths and high vessel coverage, whereas
joint turbulence and blockage become the main concerns in rectangular bend tunnels.
To minimise turbulent flow at junctions while also maximizing the volume, researchers
such as Justin et al. (2016) investigated a biomimetic vessel structure in cellularised
hydrogels following Murray’s Law. This provides ispirations for designing
interconnected networks in self-healing cementitious materials. Kimber (2014)
mvestigated a biomimetic 3D vascular network in cement pastes. The progression of the
network design 1s shown in Figure 2.16 G. Strength recovery was found to be 72% after
a curing time of 48 hours using cyanoacrylate-based adhesives. Harrop (2008) developed
hieratical structures via 3D printing technique, which achieved up to 100% crack width
closure, 48% and 34.59% more healing compared with controlled groups. On the other
hand, de Nardi et al. (2020) created mini-vascular networks (MVNs) that were 3D printed
tetrahedral units of interconnected hollow ligaments that have a characteristic dimension.
These MVNs were placed in the centre of specimens where prepared for three-point
bending tests. Positive healing results were confirmed in that encapsulated mim
connective vasculars were able to heal multiple occurrences of damage with strength and
stiffness healing recoveries of 11% and 40% respectively for the second loading cycles.
However, for this approach, the functionality of MVNs was more close to capsule based
self-healing since the healing agents were sealed in a limited tetrahedral unit, and 1its

healing performance was largely influenced by the number of MVNSs placed, which 1s
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similar with the capsule system. To be specific, this approach would be more suitable as

an interconnected capsule type.

The choice of healing agent to be used in a vascular network 1s important and was
discussed 1 the past researches (De Rooyj et al., 2013, Xue et al., 2018; Gardner et al.,
20145 De Nardi et al., 2020). Intially, selection of desirable healing agents need to
consider the key requirements in the vascular system: (1) with relatively low viscosity to be
transported in vessels and reach the damaged zones; (i1) able to achieve target water/gas
permeability and improvement in mechanical performance; (i) agents are able to be
flushed out to enable multiple uses of the system. A summary of current agents used in

the vascular system 1s shown in Table 2.5.

47



48 Chapter 2 Literature Review

Table 2.4 Vascular networks types and performance in cementitious materials

Pumping

Dimension Vascular type system | Healing agent types Performance
hollow porous polypropylene tubes coated | Methylmethacrylate Dry, 2000,
i wax No (MMA) Successfully released 92001
1D Individual hollow glass tubes No cyanoacrylate (CA) 1:\)316:‘7% 20% greater than the controls in 2 JQ(())SIC é)h etal,
. . achieve healing index of 30 to 108% ( 0.2 mm Selvarajoo et
4 mm diameter flexible polyurethane . . o
terephthalate (PET) tubes No cyanoacrylate (CA) .cracks) 2 heah'ng al., 2020a,
mdex exceeding 1009 (0.15 mm cracks) 2020b
3D printing, PLA, 4 mm internal diameter i T cracks closure 96% after 10 days; load recovery | Heywood,
and 1 mm wall thickness Yes colloidal silica (CS) of 319 and stiffness recovery of 47% 2014
4mm diameter made from polyurethane i ) . . ) o Davis et al.,
with PLA (polylactic acid) connections Yes cyanoacrylate (CA) permeate the majority of a 0.2mm crack 9015
4mm diameter made from polyurethane ! e Scale up trial (visible healing over a six month Davis et al.,
2D with PLA (polylactic acid) connections Yes cyanoacrylate (CA) period) 2015
3D printed ABS distribution element with No aghleve 83% of str.ength recovery and 101% of Minnebo et
inorganic phosphate cement (IPC) (gravity polyurethane (PU) stiffness (1st cy.cle), 46% of strength recovery Al 9017
flow) and 108% of stiflness (2nd cycle) v
hollow tubes with outer diameter of Yes Polyurethane resin stiffness recovery receive 53% and 50% at the Tsangouri et
10.6 mm ) (PU) second and third loading cycle al., 2019
. ) strength recovery regain up to 72%, stiffness Kimber,
3D printed PLA and ABS structure Yes cyanoacrylate (CA) recovery up to 7096; 1009 crack coverage 92014
achieve up to 100% crack width closure, 48%
3D 3D printed PLA structure Yes sodium silicate (SS) and 34.5% more healing compared with Harrop, 2018
controlled groups
Nofenca strength and stiffness recoveries of 20%, 80% de Nardi et
3D printed PLA tetrahedral units sulated) P sodium silicate (SS) (Ist loading); 1196, 409%(2nd loading); 0%, AL 9090

59%(3rd loading)




Table 2.5 Summary of healing agents used n vascular systems for self-healing of cementitious matrixes.

Healing agents

Sodium silicate (SS)

Mechanism

reacts with the calcium hydroxide
In cementitious materials and
produces calcium silicate

hydrates (C-S-H) gels

Test results

desirable strength
recovery and stiffness
regain

Advantages

provides long-term compatibility
with cementitious matrix; slow
reaction rate and stability

Disadvantages

not suitable for short
term
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Ref

de Nardi et
al., 2020;
Harrop, 2018

reacts with the calcium hydroxide

desirable strength

provides long-term compatibility

Colloidal silicate (CS) m cementltloqs maFe.rlals and recovery and stiffness with cementitious matrix; slow not suitable for short He}ZWOOd et
produces calcium silicate regain reaction rate and stability term al., 2014
hydrates (C-S-H) gels

) . less strain concentration, remain controversial, | Minnebo et
accomplishes crack-healing process : S . ;
) . . desirable strength expansion 1s suitable for larger variation al., 2017;
polyurethane (PU) by foaming and expanding chemical . . .
reaction recovery and stiffness cracks of the regained Tsangouri et
regain mechanical strength al., 2019

one-part healing agents, superglue to

desirable strength

low controllability

Selvarajoo et

cyanoacrylate (CA) | seal cracks for recovery and stiffness fast reaction and can be sohdified ;B’Qf)g%(gévis
cementitious material regain within the structures OnT -
etal., 2015
Methylmethacrylate one-part healing agents. seal cracks Slzrt?iia?fllergf\l/tehnf:r?tleigt desirable results in the water and low rupture Dry, 2000,
(MMA) P § agents, » 1P gas permeability probability 2001

the gas permeability
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Cyanoacrylates (superglues) are acidic solutions and hence cure rapidly when they come
mto contact with concrete. It 1s able to form robust adhesion within one minute at room
temperature and especially suitable i structures rapid closure. This type of healing agent
was mostly used mn the vascular system, especially in 1D systems. This fast curing had
advantageous for cyclical loading applications and achieved good strength and stiffness
recovery 1n previous studies (Selvarajoo et al., 2020a, 2020b), and provided 1deal healing
models 1in predicting healing behaviour for numerical modelling (Joseph et al., 2010;
Freeman and Jefferson, 2020). However, concerns raise in handling the rapid reaction
agent since this may set before full crack penetration is achieved (Schlangen and Joseph,

2009).

Similarly, polymer-based healing agents such as polyurethane (PU) and
Methylmethacrylate (MMA) were also considered in previous studies. Dry (2000)
observed the successful release of MMA from fibres into cement during heating and
obtained desirable results in the water permeability test. Minnebo et al., (2017) employed
PU as a healing agent in their 2D vascular system, and regained stiffness at 1089 and 469%
of strength recovery during the second loading cycle. The variation of the regained
mechanical strength and regained stiffness among different researches made it a

controversial healing agent (Xue et al., 2018).

Mineral compounds such as sodium silicate (SS) and colloidal silicate (CS) were widely
used 1n the vascular system (Heywood, 2014; Davis et al., 2018; Harrop, 2018; De Nardi
et al., 2020) as 1t reacts with the calcilum hydroxide present in cementitious materials and
produces C-S-H gel. It has nice long-term compatibility with the cementitious matrix due
to its ability to react chemically with the products of cement hydration (De Nardi et al.,
2020), and could achieve desirable mechanical properties of concrete as it binds together
cement particles into a cohesive whole (Heywood, 2014). Most immportantly they
represent far less of a hazard when pressurised m a vascular network as they are
significantly less harmful than both types of glue mentioned above (Ma et al., 2015).
Moreover, both SS and CS have relatively slower reaction process than other healing
agents mtroduced. In this case, this slow reaction rate and stability make 1t a promising

healing agent candidate for the pumping and delivering process in vascular channels.

To date, vascular self-healing in cementitious materials was demonstrated mostly

laboratory-scale tests. It was proved an 1deal solution to the most difficult challenges of
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overcoming water ingress and cracking prevalent in long-term period (De Belie et al.,
2018; Gardener et al., 2018). In 2015, M4L project undertook site trials on a live
construction project on the A465 Heads of the Valleys (HoV) in South Wales, UK, and
firstly applied 2D vascular flow structures in real-sized panels (Dawis et al., 2015, 2018).
In-situ panels with vascular structures exhibited a reduction in cracks over a 6 six-month
period, which successfully demonstrated vascular systems are capable of repeatedly

distributing healing agents and repairing damaged zones.

While further follow up large scale trials related to the vascular system haven’t been
conducted yet. This 1s because for this system, it recently has been gaining increasing
popularity among researchers. More laboratory-scale tests and experimental data were

required 1n mvestigating repeated healing ability, delivery systems, large scale

manufacture, and methods for remotely activating vascular network (De Belie et al., 2018).

This highlighted the needs in developing vascular based system designs and

manufacturing techniques for commercial trials.

2.5.3 Biomimetic network design for fluid transport

The design of self-healing vasculature plays a significant role in efficiently diagnosing
damages m the environment and ensuring the healing agents delivery and reaches the
damaged zones. To achieve swift diagnoses i reacting to cracks, vascular channels should
reach sufficient coverage in the matrix, while avoiding weakening general structure (Li et
al., 2020). Successful delivery can be ensured by avoiding blockage (Williams et al., 2008)
and reducing resistance m channels. It 1s also critical to understand how the flow may
change around these branched networks and how the vascular system can be designed to
reduce the global resistance to flow, thereby adopting this mechanism mto vascular

manufacture process (Qamar et al., 2020).

Vascular inspired by nature

Nature has always been a source of spiration for ideas in addressing engineering
materials challenges given that natural materials can be flexible, strong and lightweight
and many are able to self-heal. Marrying natural structures with the wide range of synthetic
materials could develop and deliver cutting-edge materials, which will extend current
applications and break existing limitations in terms of weight, toughness, strength and
environmental resistance (Wegst et al., 2014). Wood and bone are prime examples of

fibre composites with a hierarchical structure (Figure 2.17). Wood is composed of
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cellulose microfibrils, transporting mineral solutions via conduction to store food in the
form of carbohydrates (Gibson, 2012). Their exceptional mechanical properties are
believed to have high damage tolerance, able to provide paths for transporting fluid and
could repeatedly self-heal without external stimuli due to a functional adaptation of the
structure at all levels of hierarchy (Fratzl and Weinkamer, 2007; Wegst et al., 2014). Self-
healing 1s a common phenomenon that has evolved naturally in plants and animals (Price
et al., 2013; Sanchez et al., 2005). It 1s the high-efficiency of the 3D hierarchical
mterconnected network system beneath the skin that promptly delivers blood platelets,
or other healing agents, that enable the efficient repair of wounds (Martha et al. 2005).
These natural vascular systems have been an inspiration in the development of similar
self-healing systems i polymer-based structural composites and more recently cement-

based mfrastructure and construction material systems.
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Figure 2.17 Natural hierarchical structures (Wegst et al, 2014) (A) of bone and (B) of bamboo.

In this section, an analysis of biomimetic systems has been undertaken to identify how
they are optimised for agent transport and evaluated their potential limitations that may

occur when implementing these designs into self-healing systems.
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Biomimicy of Bone

Previously, an innovative method developed by Sangadji and Schlangen (2011) for
creating an interconnected network within concrete specimens was inspired by the
healing process of bones. They created a porous network system in concrete by placing
porous concrete cores in a concrete structure. This design mimics the cortical (compact)
and trabecular (spongious) constituents of human bone and can transport healing agents
through the interconnected pores to damage zones (Figure 2.18). Results of these systems
achieved desirable performance and showed it was able to heal both micro and macro

cracks.

Concrete

I (2 2
Crack(s) 12{
Porous coficrete v
layer Injection
connector

4
L Reba

Figure 2.18 Outer compact bone and inner cancellous (spongy) bone (left, Balbas, 2010); Scheme
of porous network in concrete (right) (Sangadj and Schlangen, 2011)

Biomimicy of Vascular

Vascular structure in human is one of the most distinctive features for the branching
system. For instance, human skin could repetitively repair the same place; also skin has
a protective coating, preventing the wound from being infected and settling a set of
effective microvascular network, named capillaries. Capillaries link with larger vessels,
and then with the main veins and arteries, distributing oxygen, nutrition and blood

platelets for healing cracks.
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Figure 2.19 Bleeding-based healing mechanisms (Martha et al. 2005)

It 1s the high-efficiency of the interconnected network system beneath the skin that could
deliver blood platelets soon, thereby repairing wounds in a short period (Figure 2.19).
Analogous to vessels in the human body, artificial channels are able to transport healing
agents mto the cementitious materials and specifically to crack locations. To build up a
circulatory system for cementitious material, a biomimetic vascular structure 1s needed to

sense cracks and deliver ‘blood cells’ to the right place.

Murray’s law mn vascular design

For the vascular networks of blood vessels, Murray (1926a, 1926b) developed the
principle of a relationship between the optimum parameters (diameter, length and
splitting angle) of daughter branches and parent branches in order to mimimise work
required for blood transport. He highlighted that the two energy terms contribute to the
cost required to maintain blood flow within a vessel: (1) the work required to overcome
the viscous drag of the system, and (1) the cost of metabolically maintaining the blood
and the vessel tissue involved. Meanwhile, larger diameter blood vessels require more
energy to metabolically maintain the blood as a living fluid (Williams et al., 2008). Thus,
greater pumping power 1s required for smaller blood vessels due to friction losses,
whereas larger blood vessels require greater power to maintain the increased volume of
blood. Therefore, the optimum radius for subdividing branches resulting in minimum
work required for transport can be obtained from Murray’s Law. The law states that when
a parent blood vessel branches into daughter vessels, the cube of the radius of the parent

vessel 1s equal to the sum of the cubes of the radii of daughter blood vessels (Figure 2.20).
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i=0 i=n

Figure 2.20 Vascular network obeying Murray’s law (Miguel, 2016)
Numerical and engineered vascular design

Murray’s law has been widely adopted into numerical and engineered designs containing
microvascular networks, such as self-healing materials (Bejan, 2000; Wang et al., 20006,
2007), mternally cooled materials (Dong et al., 2012; Cetkin et al., 2011) and tissue

engineering (Justin et al., 2014).

For mstance, Bejan (Wang et al., 2009; Bejan, 2000) applied Murray’s law and
considered to introduce vasculature into a self-healing composite with a swift diagnose
function. Optimised channel sizes following Murray’s law 1s half of the resistance of a
corresponding grid with one channel size (Wang et al., 2006), by increasing the number
of optimised channel diameters. In their later research, they modelled the crack as a
circular defect in a round 2D space and suggested that the network should take the form
of a grid, rather than a tree (figure 2.21). Gridded network n this 2D space exhibited
better coverage, although tree-based networks provide maximum access from an area to
a point. This 1s because damages are pretty much uncertain in real scenarios, so it 1s
unlikely the crack would trigger targeted areas. The fluid must have the ability to flow into
each and every crack, wherever they may form (Wang et al., 2007). However, tree-
shaped architectures are more ideal when the locations of the cracks are known in

advance.
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Figure 2.21 Comparison between grids (a) and trees (b) on discs with one sink in the centre
(Wamg et al., 2007)

Williams et al. (2008) presented an analysis that was particularly useful and could be a
key design driver in high-performance applications when combined with
mterconnections since it encompassed the complete design space between the
minimum mass furcating network, the power to manage leakage failures offered by a
fully segregated network and negating the effect of blockage using an interconnected
grid. The concepts fit within a design triangle as shown n Figure 2.22, which balances

reliability against leakage and blockage with the overall driver for minimum system

system mass

branching networks

segregated networks

iy

leakage failure blockage failure

grid networks

mass.
Figure 2.22 Design triangle for reliability driven network configuration (Williams et al., 2008)

They conclude that (1) in an application where leakage 1s highly improbable, a highly

mterconnected network with locally redundant paths would be desirable in mitigating
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blockage, and in the extreme case, this would favour an interconnected grid arrangement;
(1) while 1n the application that failure by leakage 1s highly possible and critical, a highly

segregated network would be the most suitable selection.

Besides, Aragon et al. (2008) mtroduced a scheme for designing 3D networks in terms
of channel diameter and channel volume by using NSGA II software. By considering a
number of parameters related with functions and constraints (Figure 2.23 A), they
mvestigated the effect of network redundancy, template geometry and diameters of the
channels generated by this algorithm and implemented the results within self-healing
coating experiments to ensure uniform healing agent distribution with minimum energy

cost (Figure 2.23 B).

Figure 2.23 NSGA-II results for a 3D optimisation and selected networks through a genetic
algorithm for flow elficiency and reduced volume fraction (A); and 3D network optimatisation
for sell-healing coaitng experiments, based on healing agent distribution to the Pareto-optimal
surface for structures. (Aragon et al., 2008)

These studies revealed that optimal solution for microvascular network designs highly
depended on parameters, required functions and potential constraints. It 1s theoretically
possible to design a vascular system that could efficiently deliver healing agents to crack
zones with low energy cost and minimised mmpact on structural mtegrity. However,
challenges faced in vascular design were most rooted from practice concerns, ranging

from insufficient support from manufacturing technique, the finical cost in prototype
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development to the uncertainty of the currently available materials (Qamar et al., 2020).
All these challenges could impose critical influence on the design of vascular networks

for their intended application.

2.5.4 Methods 1n fabricating vascular networks
Tube removing and directly apply

There are two main ways of creating simple vascular structures in cementitious materials:
(1) by remaining glass/plastic tubes in-situ, so the non-cementitious materials will
permanently stay in cementitious bulk; (i1) by removing the none-cementitious tubes after
pastes being cured, then the cementitious bulk will have a tube-shaped channel. For the
first approach, simple structures such as 1D and some of the 2D tubing networks were
directly embedded mn a targeted matrix. Tubes were required to be strong enough to
withstand mixing and casting but brittle enough to fracture when the concrete cracks (Dry,
2001; Joseph et al., 2010). Early researches such as Dry (1992, 2000) and her co-workers
mainly focused on the first approach. Later researchers such as Joseph (2010) further

developed one dimensional (1D) glass tubes with outputs opening to the air.

For the second method, instead of heaving tubes inside the matrix, channels can be made
by placing solid bars in moulds or shutters prior to casting and then removing them after
the concrete has set to leave hollow space within the matrix. This approach avoids long
term tube monitoring and enables multi-scale healing over time. Davis et al. (2015)
applied shrinkable polyolefin tubes or polyurethane tubes in the mould, and then plastic
tubes were removed after casting. A few joints were added in their study, which allowed
a crossing matrix of tubes, upon removal of tubes, to leave a 2D interconnected vascular
network in a 600 mm square slab. This system 1s able to allow the healing agent to migrate
to all regions of the network via its connected channels. And it provided flexibility in
planning and shaping channels together with the reinforcement, which is able to achieve
a degree of complexity (limited m 2D) in building up connected hollow networks.
Moreover, this removable 2D PU structure provided a way of maintaining multi-use
networks that can be re-used over the lifetime of a cementitious structure to enhance and
enable multi-scale healing. However, this approach is unlikely to create sophisticated
structures 1 various shapes, leading researchers to pursue more advanced network

manufacturing techniques.
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On the other hand, three dimensional (3D) networks are more complicated and consist
of mterconnected structures, which are capable of transporting healing agent to the
damaged areas across the specimen’s volume. However, it 1s also hard for 3D vascular
structures to monitor glass/plastic tubes after several healing cycles. Removable PU tubes
can only be used 1n simple structures like single channels or 2D grid structures. This 1s
because they cannot be bent to a high curvature to create complex or biomimetic
structures. Besides, such complicated structures would make it even harder for pulling

PU tubes out after pastes are cured.
Obtaming natural vascular shapes

Directly embedding and tube removal methods could hardly achieve a more complicated
network. Fabricating biomimetic shaped vascular networks in 3D seems a mission

mmpossible.

Currently, only a few techniques were feasible for manufacturing networks with natural
vascular shapes m polymer composites. These include soft lithography, electrostatic
discharge and 3D printing sacrificial materials as fugitive ink. Leaf venation was directly
copied and transformed into hydrogel using soft lithography to develop mside vasculature

(He et al., 2013, Figure 2.24 C).

HCT Angiography and
Volumetric Extraction !

Figure 2.24 Different approaches of vascular structure by (A) printing of scaled-up mouse liver
vasculature derived from a pCT angiography scan (Kinstlinger et al., 2016); (B) applying
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electrostatic discharge to fabricate vascular patterns (Huang et al., 2009) and (C) using soft
lithography for building micro-fluidics devices (He et al., 2013)

Huang et al. (2009) applied electric charges to create a tree-shape branched microvascular
network in polymethylmethacrylate (PMMA) block. Fabricating vascular networks
directly from nature would inherit biological structures and maximise fluid transferring
efficiency. However, the flexibility of soft lithography and electrostatic discharge 1s limited
mn terms of coverage area and branching diameters in real applications due to the limited

number of real vasculature samples and uncontrollability of electrostatic discharge.

These problems could be solved by using sacrificial materials combing 3D printing
technique as coverage area and branching diameters are depending on designing models,

which can be fully controlled by developers.
Design + Addiive Manufacture

Another way of creating complex vasculature 1s by understanding abstract laws of nature
and then utilizing the laws into vascular designs, then generating workable network
models. This 1s a modified method to create vascular-shape structure with high

controllability compared with the methods mentioned above.

In recent years, emerged manufacturing technology and material developments made it
possible for them to be adopted in various research fields and industry, with drastic
improvement in speed, accuracy and material properties (Guo and Leu, et al., 2014).
Interest among scientists has stemmed from the desire to minimise assembly stages, the
need to produce more complex parts that incorporate additional functionality, and the

ability to create high-end and/or low-volume ‘niche’ objects (Campbell et al., 2012).

For self-healing networks, accomplishing swift diagnose and efficient delivery of fluid to
damaged zones were main design requirements, which can be fulfilled by additive
manufacturing due to their abilities in dealing with high degrees of geometrical complexity
and enabling a reduction in the total number of manufacturing steps required to produce
a self-healing material (Campbell et al., 2012; Conner et al., 2014). Current available
additive manufacturing technique for producing complex structures mainly includes:
direct ink writing (DIW), material extrusion (FDM 3D printing), and stereolithography
(SLA) (Gibson et al., 2015; Wang et al., 2017).
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Figure 2.25 Schematic representation of a typical (A) FDM setup; (B) SLA setup; (C) direct ink
writing (Wang et al., 2017)

Direct ink writing

DIW has been used to create 31D microvascular networks within epoxy-based materials
for the transportation of healing agents to cracks sites. It is based on extruding a viscous
material, such as colloid-, nanoparticle-, or organic-based inks, from a pressurised syringe
to create the 3D shape of materials, as shown i Figure 2.25 C. Structures are created by
depositing ks layer-by-layer, either through a droplet-based or continuous filament-
based approach (Wang et al., 2017), then the curing process can be performed under
heat or UV light. Normally, temporary, sacrificial materials are needed in supporting the
printed structure to avoid the collapse of complex structures. Therriault et al. (2005) used
a dispending robot to print paratfin-based fugitive scaffold in epoxy composites. The
sacrificial scaffold was then liquefied, leaving hollow 3D complex channels within the
composites. Similar sacrificial materials were reported to build up hollow vasculature,

such as microcrystalline wax combined with petroleum jelly (Toohey et al., 2007), and
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polylactic  acid  gasified at high temperature (Guo et al, 2013).

Figure 2.26 Schematic setup of the fabrication procedure for 3D microvascular via DIW (fugitive
mk in colour blue, and hollow channels in light blue) with the optical image of a 104-layer
microvascular network enclosed in clear epoxy matrix (Therriault et al., 2005)

Stereolithography (SLA)

A UV-laser was used as a ‘drawing pen’, which controlled in the desired path to shoot in
the resin reservoir, and the photocurable resin will polymerise into a 2D patterned layer.
After each layer is cured, the platform lowers, and another layer of uncured resin 1s then
ready to be patterned. Typical polymer materials used in SLLA are acrylic and epoxy resins,
which can be cured by UV laser (Melchels et al., 2010). This method eliminates the
problems associated with structural support and nozzle clogging while having the
capability to print at high resolution and accuracy. Meyer et al. (2012) fabricated branched
vascular networks via stereolithography from photo-cross-linkable biopolymers and
achieved structures in the 10-100 pum range (Figure 2.27). However, SLA is mostly
limited by the minimum structure size, nozzle size, scattering of the equipment, printing

material types.
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Figure 2.27 SEM 1mmages of a branched structure generated via two-photon polymerisation
Stereolithography (SLA) (Meyer et al., 2012)

3D Printing (Fused deposition modelling, FIDM)

Fused deposition modelling (FDM) 3D printing is the most commonly used in fabricating
controlled shaped polymer composites. In FDM printers, thermoplastic filaments, such
as PLA, ABS, and slurry polymer gels were heated mto a semi-liquid state and extruded
from the nozzle and deposited layer by layer onto the build platform where layers are
fused and solidified, locking the deposited material in place (Dizon et al., 2018). The
quality of prints 1s controlled by altering parameters in printer-related software, such as
layer thickness, printing orientation, raster width, raster angle, supports and air gap (Sood
et al., 2010; Wang et al., 2017). Several different components for the vascular network
have been prototyped using 3D printing. Recent investigations by De Nardi et al. (2020)
developed PLA printed MVNs in self-healing concrete. And Minnebo et al. (2017)
explored the use of morganic phosphate cement together with 3D printed PLA
distributive parts in fabricating self-healing vascular systems. The 3D printed distribution
piece which allowed one inlet to be connected to several channels embedded in the

concrete, which was formerly discussed in the previous section.

Similar to SLLA, printing resolution 1s largely depended on additive manufacturing, which
affects and limit the accuracy, layer thickness, and surface smoothness of the printed
network, therefore minimum wall thicknesses are currently restricted to the millimetre
scale. Common drawbacks of FDM 3D printing are that (1) imitation in size; (1) usable
material is lmited to thermoplastic polymers with suitable melt viscosity; (1) harness in

the removal of the support structure used during printing.
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However, advantages in using FDM 3D printing are also promising, (i) low cost, (1) high
speed, (1) simplicity, and enable multiple extrusions (Dizon et al., 2018). Low financial
mvestment and high producing efficiency made the use of FDM 3D printing a high-value

candidate 1n fabricating vascular networks for self-healing materials.

2.5.5 Challenges in manufacturing vascular networks for self-
healing

With the aim of elevating self-healing vascular system to be more resilient and intelligent,
Qamar et al. (2020) summarised eight grand breakthroughs in fabricating self-healing
vascular networks that might fundamentally change the future in three aspects: Vascular

design, Additive manufacturing and Healing chemuistry, (as illustrated in Figure 2.28).
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Figure 2.28 Grand breakthroughs in the design and manufacture of self-healing vascular networks
in the future (Qamar et al., 2020)

In the vascular design section, four main challenges were 1dentified including integrated
healing and sensing, resilient network design, simulation, and remodelling of healing
chemistry. More specifically, to promote durability and sensitivity of a vascular system,
the design should be able to deliver healing potential without fracturing, or has built-in

redundancy, thus maintaining its structural and flow continuity throughout the damage
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event-healing cycle. However, in most of the cases (Joseph et al., 2010; Selvarajoo et al.,
2020a; Harrop, 2018; De Nardi et al., 2020), healing events were mostly triggered by
physical cracks, which would result m variation of the vascular structures. Thus,
connectivity and alternatively in designing vascular channels need to be considered to
avoid potential blockages and leakages (Williams et al., 2008) in physical triggering
systems. Simulations would also be needed to confirm its workability by mimicking flow
within the network, flow mto the damage, the changing cure kinetics, the change in
mechanical performance locally and the restoration of the structural performance when
subjected to the matrix. Other approaches also need to be investigated i terms of
avoiding monitoring of vascular structures and potentially switching to a non-fracturing
triggering system such as chemical triggering (This will be mentioned in the following
section). More importantly, the design should ideally provide the designer/operator with
direct feedback on the state of the structure’s performance before, during and after self-
healing. This may require other techniques such as sensing to be able to equip the

vascular systems with remote monitoring function.

When it comes to manufacturing, the main challenges are (i) feasibility of achieving
desirable vascular designs and (1) availability of techniques. One of the biggest problems
1s scaling up since current additive manufacturing devices are hmited by its enclosed
printing workplace. Harrop (2018) and Li et al. (2020) overcame this by assembled
vascular structure segments after being printed separately in FDM 3D printers. In this
approach, connective joints required carefully designs to ensure sufficient flow delivery.
Alternatively, manufacture outreach is an ideal option for massive production considering

the time required for fabrication, and less size restriction in commercial scaled machines.

As for healing chemistry part, healing under load requires the structure to have the ability
to heal under a static or cyclic load (which has caused the original fracture/failure) is the
ultimate challenge for the self-healing community. Researches such as Joseph et al. (2010),
Tsangour et al. (2019) and De Nardi et al. (2020) examined vascular self-healing systems
under cyclic loading and achieved impressive mechanical recovery after a few cycles of
loading. Besides, to ensure full functionally of s vascular system, wall materials in vascular
structures could autonomously adjust, remodel and monitor the structures to ensure
entire structural fracture 1s avoided, before returning subsequently to full load-carrying
capability. This request the next generation of the self-healing vascular system to equip

with multiple functions and impart the restoration of both primary and secondary
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structural functionality simultaneously, e.g. strength promotion and energy disruption
would be for contrition materials; toughness and transparency would be required for glass
screens; high conductivity and structural repairs will be needed for self-healing batteries,

solar cells, flexible electronics and energy storage devices.

2.6 Chemical triggered self-healing system

The durability of concrete 1s one of the greatest challenges in the construction industry,
and 1t 1s largely depending on the exposed environment. Corrosion has been identified
as one of the key factors that would determine the durability and mtegrity of a concrete
structure (Hoff, 1991; Taheri et al., 2020). Environments such as oil platforms,
underground tunnel structures, marine and hydraulic structures are among the most
critical infrastructure assets for modern urban societies and are highly affected by

concrete corrosion (Wiener et al., 2005).

Chemical 10ns attack and acid attack have been the most reasons for inducing corrosion
n concrete structures. Saline water or seawater environment tends to increase the risk of
corrosion when the structure 1s exposed to air. The most damaging effect of saline or
seawater on concrete structures arises from the attack of chloride since steel bars in
reinforcement concrete are prone to corrosion induced by chloride 10ons (Zeng and Song,
2013). The Cl 1ons are able to penetrate through massive concrete bulk and reach the
steel/concrete interface, therefore inducing corrosion. When the Cl 1ons concentration
exceeds a threshold, the surface protective passive layer of steel could be destroyed and
comes vulnerable under the threat of Cl ions. The protection of reinforced concrete will
be significant by lowering the Cl concentration, which provides a key design parameter

for corrosion reduction (Soylev and Richardson, 2008).

Besides, acid attack, a form of the chemical attack on concrete subjected to low pH
environments, causes microstructural changes in concrete due to the dissolution and
leaching of acid-susceptible elements from the cement paste (Erbektas et al., 2020;
Allahverdi & Skvira, 2000). Acid attack on concrete structures might occur on the surface
and inside structures such as slabs, floors and concrete overlays, 1s mainly exposure to
acidic rainwater in that the dissolution of CO., SO. and NOXx 1n rainwater reduces the pH

to 4-5 (Sersale et al., 1998).
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Intending to deal with the damage resulted by corrosion, various studies have mvestigated
the use of self-healing materials based on encapsulation technique (Pelletier et al., 2011,
Hilloulin et al., 2015), which were mechanically triggered by the cracks when damage
appears. The healing agent, such as sodium silicate, 1s released when the capsule was
triggered by physical cracks, and deposits on the metal reinforcement bars, forming a
passive film on the surface of the metal to protect it from further corrosion (Pelletier et
al., 2011). However, it 1s unlikely that this mechanical triggered system 1s able to respond
to early corrosion when Cl concentration increases or the pH 1 the cementitious matrix
goes down (Liang et al., 2018). Therefore, an effective encapsulation of repairing
materials 1s required to control the release, enabling early response to potential damage.
The common mechanism 1s that the shell material is triggered by chemical changes in
the matrix inducing the disassembly of the shell (De Belie et al., 2018). Thus, the key

mvestigation in a controlled release system focuses on chemical sensitive shell materials.

2.6.1 pH sensitive material for chemical triggering

Recent investigations on the chemical triggering system have been focused on
mvestigating of pH-sensitive shell materials since there 1s a particular matter of concern
for concrete 1s the decrease of alkalinity caused by the acid attack (Sersale et al., 1998,

Erbektas et al., 2020).

Currently, pH-sensitive materials, such as the hydrogel, degrading polymers, were widely
mvestigated m drug delivery systems in reacting to various pH environments in human
body (Rizwan et al., 2017). Amongst the pH-responsive materials, hydrogels are the most
studied. This 1s because collapse and swelling are the abrupt changes that occur when
pH-sensitive hydrogels are exposed to a certain working pH range, leading to volume

phase transition and disassembly (Buenger et al., 2012).
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Figure 2.29 pH sensitive polymers and their working pH range (summarised from literatures:
Rizwan et al., 2017; Risbud et al., 2000; Vibhooti et al., 2013; Schmaljohann, 2006; Liu et al.,
2017)

Most of the cationic hydrogels swell at lower pH (2.0-5.3) due to protonation of
amino/imine groups (Figure 2.29). The protonated positively charged moieties on the
polymer chains cause repulsion and hence are responsible for swelling (Schmaljohann,
2006), which 1s normally used in drug (antibiotic) delivery to the stomach. The anionic
hydrogel, such as hyaluronic acid, similarly, swells at acid-medium pH (around 5.7-6.9)
due to 1onisation of the acidic groups (Du et al., 2015). However, for cementitious
materials, the low pH trigger threshold made 1t hard to be adopted n responding to early

acid attack.

On the other hand, composite hydrogels with other synthetic materials could achieve
successful sensitivity in an alkaline environment, at around and even above pH 7. For
mstance, Lim et al. (2015) synthesised a cellulose nanocrystals/poly(acrylamide) hydrogel
that started swelling at pH 7, and Zhou et al. (2014) created a cellulose-based composite
and showed swelling at pH 7.4. In cementitious material, Xing and his co-worker from

Shenzhen University (Wang et al. 2016; Hong et al., 2019) fabricated self-immunity ethyl
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cellulose (EC) shelled microcapsule which can be triggered at pH 10 by the low
concentration of hydroxide in the solution. Higher pH response threshold related to
higher sensitivity i responding to the acid attack m an alkaline environment
(cementitious materials, pH=13). Their pH-sensitive EC shell successfully designed to
achieve and prevent corrosion in concrete reinforcing bars by responding to early pH

changes.
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Figure 2.30 OH-regulated intelligent microcapsules for the corrosion protection of the reinforcing
bar in reinforced concrete (Hong et al., 2019)

2.6.2 Ton sensitive material for chemical triggering

Another concern for concrete 1s the damage causing by depassivation of steel
reinforcement, which 1s related to the ingress of 10ns, specifically chloride. pH-sensitive
materials, however, could hardly cover this type of damage. And it 1s difficult to adjust
local pH or mitiate cracking under saline and seawater environment. Thus, the release of
corrosion healing agents triggered by CI 10ons 1s highly desirable because it 1s the most

abundant anion in the saline water and seawater (Liang et al., 2018).
Polyol coated fibre

Dry and her coworkers mvented a world first time-controlled release in responding to
chemical 1ons in 1996 (Dry & Corsaw, 1998; Dry & McMillan, 1996). In their
experiments, the time of corrosion onset could be mmproved by the release of
anticorrosion agents from hollow porous polypropylene or fibreglass fibres. These fibres
were coated with a polyol, which dissolves in saltwater. The encapsulated chemical 1s
released onto the metal rebar when the saltwater dissolves the coating. The results showed

concrete samples contaming either no protection or the conventional freely mixed
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calcium nitrite, this system of internal release form fibres performed well in a series of
tests (Figure 2.31). And more impressively, this delayed the onset of corrosion by at least
three weeks, in the laboratory specimens, and reduced the amount of total corrosion by
more than half (Dry, 2015). To follow this technique, however, needs further
mvestigation since polyol 1s a very broad concept, and the reaction mechanism of

chemical trigger in Dry’s work hadn’t been revealed clearly.
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Figure 2.31 Comparison of onset and severity of corrosion, for fibres containing anticorrosion
chemical on the right, versus those without, on the left (Dry, 2015)

Tonic hquids (ILs) shell

Recently, the 10nic iquids (ILs) have attracted increasing research attention due to their
high 10nic conductivity, chemical stability and flame resistance capabilities (Lv et al.,

2016; Liang et al., 2018).

—fCH—CH - —~{CH—CH -
® ®
Cee e
| |
CHs C,Hg

4V i § ¥ g
Ca(OH), g tng:;:ﬁ» ; Ca(OH), g
? pyi> 2 g %

hydrophobic hydrophilic Ca(OH),

Tl

Figure 2.32 Schematic illustration of the release process of Ca(OH). from the microcapsules
triggered by CI 1ons. (Liang et al., 2018)
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As shown in Figure 2.32, the anions of ILs can be exchanged with other anions, such as
the CI 1ons, which enable the ILs to convert from hydrophobic to hydrophilic (Lv et al.,
2016). With the responsiveness to Cl, ILs gained considerable attention in being used as
the CI responsive shell (Liang et al., 2018). Agents with low water solubility, such as
Ca(OH): could gradually permeate outside through ILs shell. In the work of Liang et al.
(2018), they applied ILs i protecting rebar from corrosion; the steel was severely
corroded m NaCl solution without micocapsules, while for the samples with ILs shelled
capsules achieved promising results (Figure 2.33). The success of the ILs in this research
demonstrated that ILs 1s able to improve the durability of reinforced concrete structures,
and potentially being adapted for a wide range of applications. However, the supply of
this specific type of ILs 1s restricted geographically, and synthesising process requires
complex fabricating procedure and purification process (Marcilla et al.,, 2004;

Detrembleur et al., 2011), which created high barriers in applying this technique.

Figure 2.33 The digital photograph of the steel samples with different contents of IRs shelled
coating in simulated seawater after 60 days, a-Og; b-0.5g; c-1g; d-1.5g. (Liang et al., 2018)

Algimate based shell

In the 10n attack scenario, chloride 1ons are stable triggers in developing corrosion.
Another facile method in responding to chloride ions is to generate shell materials that
are able to react with chloride 1ons, such as metal 10ns, and thereby decomposing the
shell materials. When these smart responsive shell materials contact with chloride 1ons,
the metal 10ns will be extracted out to disintegrate the capsules and precipitated (Xiong

etal., 2015).
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Figure 2.34 Schematic of capsules triggered by chloride 1ons and the reaction with metal cations

(Xiong et al., 2015)

Xiong et al. (2015) selected sodium alginate as raw materials since it can be crosslinked
with many metal 1ons to form the hydrogel. Ag" was chosen to be coordinated with
alginate to form the wall materials of capsules, silver alginate (Ag-alg) can also form a
charactenistic “egg-box” structure (Paques et al., 2014). Each alginate molecular chain can
be linked with other chains, causing the formation of a three-dimension gel network,
which has enough strength to form the shell (Xiong et al., 2015). In their work, they
successfully fabricated smart chloride 1ons responsive shell, silver alginate, and first
introduce them into cementitious materials. As shown in Figure 2.35, shell materials were
broken and successfully released agent core, and prove the capsules still can be triggered
by chloride 10ons at low concentration of chloride ions, (seawater 3.5 wt%) in the concrete

matrix.
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Figure 2.35 X-ray CT images of concrete specimen and X-ray CT test: without NaCl (a,c) and
with NaCl (b,d)(Xiong et al., 2015)

This new method of self-recovery system is able to reduce the deleterious effect of
chloride-attack and possesses high broken efficiency and sensitivity advantages. This 1s
because chemical responsive shells can contact chloride 10ns, all shells will be broken.
This can overcome the drawback i the mechanical triggered system, since it 1s difficult
to ensure the shell can be broken under mechanical stress (Xiong et al., 2015). The
second benefit of using a chemical triggered system 1s that chloride 10ons can penetrate
mto the concrete matrix through nano cracks and channels without micro-cracks
formation, which had been proved by Xiong et al., the smart capsules can still be
responsive to chloride 1ons without relying on cracks. These advantages made chemical

triggered system an impressive candidate in responding to early-stage attacks.

In general, algiate-based chemical triggering from (Xiong et al., 2015) 1s by far the most

promising technique due to the low entry barriers of fabrication compared with 1Ls
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technique used by Liang and his co-worker, and with clear mechanism revealed. Polyols
from Dry’s work, however, has no followed up studies in recent years, which 1s mainly

due to the uncertainty of polyol types she used in the 1990s.

2.7 Healing performance evaluation

The self-healing performance in cementitious material 1s primarily evaluated from the
mitiation of the self-healing process by the creation of cracks to characterise their
performances after the healing process (Ferrara et al., 2018). Previous studies had
adopted several methods and tests to describe the self-healing process and behaviour.
The characterisation for self-healing systems 1s conducted for evaluating both healing
efficiency and system rehability. Methods summarised by Van Tittelboom and De Belle
for describing healing effectiveness and rehability could be broadly classified to three
categories: (1) visualisation and determination, (i1) mechanical properties recovery and (1)
durability regaining. The related test approaches are listed in Table 2.6, which could
cover the mnitiation of self-healing reaction, evaluation of self-healing efficiency, and

monitoring of the healing process.

Self-healing mechanical performance 1s measured when the self-healing process mnitiated
after a certain period of time. Specimens are normally reloaded to measure the strength,
stiffness based on the stress-strain relations or force-displacement curves by three or four-
point bending tests. Mechanical healing recovery can be evaluated by comparing the
loading curves of untreated, and autonomously healing methods (Van Tittelboom et al.,
2013). The peak load and the slope of the force-displacement curve are corresponding

to strength and stiffness indications, respectively.

Three-point bending tests were mostly mtroduced to initiate a more controllable and
comparable cracking event, which could create the preoriented crack in specimens,
simultaneously monitor the self-healing process, and provide constant experimental
results for numerical modelling (Selvarajoo et al., 2020a, 2020b; Joseph et al., 2010;
Freeman and Jefferson, 2020). Three-point bending test 1s usually conducted with linear
variable differential transformer (LVDT), which 1s attached at the bottom of the specimen
to measure the crack width (Selvarajoo et al., 2020a, 2020b). Commonly, in order to
control the crack propagation, a notch of the specimen was prepared before testing. On

the other hand, four-point bending tests are able to induce multiple, random cracking
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events, which could simulate real behaviour of a material used in a technical application
(Sun et al., 2011; Harrop, 2018; Li et al., 2020). Since multiple cracks in the beam are
normally induced by four-point bending tests, the width of each individual crack is
approximately calculated though dividing the LVDT value by the total amount of cracks,

when the elongation of the specimen 1s ignored (Van Tittelboom et al., 2016).

Digital image correlation (DIC) works together with Three-point bending/Four-point
bending tests, by taking multiple images of the crack generation process, was used to
measure the deformation of beams under load via tracking grey value patterns. However,
this technique 1s greatly affected by resolution restriction, and its precision heavily
depends on the camera and calibration analysis. Acoustic emission (ALE) is another
effective tool that 1s used to provide real-ime cracking records in the matrix and was
employed in determining self-healing performance (Van Tittelboom et al., 2012). This 1s
a non-conductive method that collects the waves, ranging from a number of hits,
amplitudes, velocity, frequency, to AE energy produced by and emitted within the

material (Grosse and Ohtsu, 2008), thereby being recorded as AE signal.

Durability 1s one of the greatest challenges encountering by self-healing materials and
promoting durability has become the primary goal. Water tightness 1s a direct way of
evaluating and predicting the service life of cementitious materials and has become a
typical durability test that 1s widely used by researchers (Van Tittelboom et al., 2015).
Capillary absorption coefficient could provide accurate results to evaluate the durability
of crack-healed specimens with single cracks (Van Belleghem et al., 2016). However, for
the tests with multiple cracks, it 1s hard to evaluate the healing efficiency only based on
sorptivity tests, and the water permeability of each crack is also difficult to be measured
(Van Tittelboom et al., 2015; Van Tittelboom et al., 2016). In this case, visualised tools
have been introduced to aid. Van Tittelboom et al. (2015) employed X-ray computed
tomography and neutron radiography and firstly reported and analysed water

absorption/distribution in self-healing samples.

Moreover, the visual observation was the most direct way to determine the width of sealed
cracks. Microscopy techniques are usually employed to quantitatively analyse the width
of the crack and wvisualise the distribution of the healing agent. Scanning electron
microscopy (SEM) 1s also the commonly applied techniques to visualise the deposition

and crystallinity of secondary crystal emerged in the cracks while requiring complex
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preparation for testing (Alghamri et al, 2016; Formia et al, 2016). Emerging methods such
as computed tomography (CT), could directly reflect the distribution of networks and
cracks, will also be considered to be applied in the later stages (Fang et al., 2018). Similar
to DIC, this technique 1s greatly affected by resolution restriction, so that Micro-CT was
mostly applied to obtain relatively higher resolution images. However, visualised tools
could only provide healing progression. It is worth remarking that understanding healing
mechanism by introducing chemical and mineralogical characterisaion methods 1s
significantly meaningful in promoting self-healing performance (Ferrara et al., 2018).
Powder X-ray Diffraction (p-XRD; Maes et al, 2016; Kanellopoulos et al, 2015; Qureshi
et al., 2016), Infrared Spectroscopy (Alghamri et al, 2016; Qureshi et al., 2016) and
Thermogravimetric Analysis ('GA; Van Tittelboom et al., 2010; Qureshi et al., 2016)

were employed and suggested insights n selecting promoters for the healing process.

To conclude, methodologies mtroduced to assess the performance of self-healing
technologies make 1t possible to provide a unified framework in conducting comparative
studies among various research groups and also pave the way towards consistent
mcorporation of self-healing concepts to provide a feasible and rehable evaluation in

analysing the life cycle of self-healing systems.
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Table 2.6 Summary of tests for evaluation of self-healing performance (Ferrara et al., 2018; Van Tittelboom and De Belle, 2013; Xue et al., 2018)

Technique

Application

Limitation
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Visualisation
and
determinati
on

Optical microscopy and image
analysis

Digital image correlation (DIC)

Scanning electron microscopy
(SEM)

Environmental scanning
electron microscopy (ESEM)

X-ray tomography (CT)

X-ray diffraction analysis
(XRD)

Raman spectroscopy

Infrared analysis

Chloride diffusion and
penetration

Visualisation crystal deposition and
determination healing rate

Crack patterns and strain distribution

Visualisation crystal deposition

Visualisation breakage of partially embedded
capsule

Visualisation of release of encapsulated agent
from embedded capsule in 3D

Determination of crystalline materials

Determination chemical composition

Determination of precipitated products

Measurement of resistance against
Chloride penetration; applicable for coastal
structures or structures exposed to de-icing
salts.

Precision and efficiency depending on the
microscope resolution

Precision relies the camera and calibration
analysis

Expensive, only in grey scale depending on the
atomic number of the element.

unsuitable for fragile and large specimens, high
cost

Extremely expensive, time consuming, with
limited resolution

Complex preparation

Complex preparation, highly depending on the
spots detected

Complex preparation and suitability of samples,
moisture decreasing the accuracy; unavailable
for minor deposition

Rapid chloride ion permeability so far
demonstrated only for specimens with w/c
higher than 0.40
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Durability
Regaining

Mechanical

property
recovery

Sorptivity

Water permeability

Air permeability

Ultrasonic pulse velocity
(UPV)

Tensile test
Three-point bending

Four-point bending

Capillary water uptake by (healed) crack

Water permeability coefficient can be
determined by flow of water through healed
cracks

Flow rate of air after healing has occurred
measures the resistance against
moisture/foreign substance penetration
through (healed) cracks.

Continuity of material

Regain in strength, stiffness and/or energy
obtained when reloading healing specimen;
formation of new cracks versus reopening of
old cracks

Precision and efficiency depending on the crack
states

Effectiveness is dependent on how the cracks
were introduced

Very sensitive to the specimen composition:
methanol can dissolve organic polymers used as
healing agents.

Precision and efficiency depending affected by
metal reinforcement and transducer spacing

Low accuracy, Influenced by parameters and
curing condition of samples
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2.8 Concluding remarks

Cement-based materials, the foundation of modern infrastructure, require improvements

i enhancing durability without the need for repetitive and intensive maintenance work.

As discussed in section 2.1, durability and sustainability challenges in developed and
emerging countries are still remaining. The value, therefore, lies in improving the quality
of construction and the quality of materials used, in contributing to a more durable
mfrastructure, increasing its sustainability and reducing its cost. In reacting with the
challenges of cost-effective, durability and sustainability encountered in the construction
idustry, it 1s necessary to continuously develop smart construction materials to be able
to retain and repair the existing infrastructure and bring further sustainability to the next
generation buildings. Thus, the i1dea of self-healing was facilitated into frastructure,
making cementitious materials that can heal themselves autonomously like our skin. As
detailed in section 2.3, cementitious materials do possess some inherent autogenous self-
healing capability due to the chemical contributions of continued hydration and
carbonate formation. However, for effective autogenous healing, crack widths have a limit
of 0.15>mm and preferably are less than 0.05mm. Another approach is by autonomic
healing. Researchers have been explored the use of engineered additions to further
promote healing performance. To date, successful self-healing systems in cementitious
materials had been based on the release of the imited amount of housed healing agents
from microcapsules (Pelletier et al., 2011; Litina et al., 2014; Alghamr and Al-Tabbaa,
2016; Souza, 2017) as discussed in section 2.4. However, neither spherical capsules nor
cylindrical-shaped capsules can provide unlimited healing agents for long-term repairing
damage n the cementitious matrix. Damage scenarios require larger volumes of healing
agents and the capability of dealing with repeated damage, therefore larger reservoirs are
needed. A vascular system was therefore introduced in section 2.5. Since the vascular
allows healing agents to be distributed from the healing agent reservoir throughout its
structure to the damaged place. This process could continuously deliver healing agents
and achieve repetitive repair, which is generally the most promising system that will help
us go beyond conventional approaches to sustainable design to achieve resilient
mfrastructure. Applications of vascular networks m both polymer composites to

cementitious materials were discussed, which had received promising results, especially

79



80

Chapter 2 Literature Review

i more connected channel systems. Strategies of manufacturing vascular systems were
discussed n section 2.5.3, which stated various approaches in creating complex channels
i the matrix and their feasibilities. Finally, in section 2.6, chemical triggered shell
materials were discussed in delaying the onset of corrosion and reducing the amount of
total corrosion 1n saltwater environment. The relative novelty of chemical triggered self-

healing cementitious materials only recently have self-healing concrete tests taken place.

In general, the main challenge mn self-healing cementitious materials 1s efficiency and
sustainability. Efficiency of self-healing 1s related with the position of the cracks and the
size of the cracks. Most of the current solution such as intrinsic self-healing and capsule-
based self-healing have been struggling in dealing with the large damage. The discrete
distribution of self-healing capsules also limited the capability of diagnosing the cracks, in
some cases, the cracks often went around the capsules instead of penetrating them. As
for sustainability challenge, this 1s linked with long term performance after the self-healing
materials being added. The amount of healing agent retained in cement or contained n
capsules made 1t difficult for cementitious materials to heal multiple times, and some are

unable to heal the damage a second time.

In reacting to these challenges, the vascular-based self-healing system was proposed to be
the potential solution that 1s able to conquer the challenges, since it 1s a both
mterconnected and cyclic system. Interconnected structures have a great advantage over
discrete capsule-based solutions in diagnosing cracks, which will drastically enhance their
healing efficiency. Secondly, a vascular system also contains a healing agent reservorr,
which enable it to continuously provide healing agents to the damage area, thereby

achieving long-term healing.

However, to design and fabricate vascular-based self-healing system, there are technical
challenges. More specifically, to promote the diagnose sensitivity of a vascular system, the
design should be able to deliver healing potential without fracturing, or have built-in
redundancy, thus maintaining its structural and flow continuity throughout the damage
event-healing cycle. But in current designs (Joseph et al., 2010; Selvarajoo et al., 2020a;
Harrop, 2018; De Nardi et al., 2020), the healing events were only triggered by physical
cracks. Thus, connectivity and alternatively in designing vascular channels need to be
considered to avoid potential blockages and leakages (Williams et al., 2008) in physical

triggering systems. Other trigger mechanisms can be also considered to adapting in
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vascular self-healing. When it comes to manufacturing, one of the biggest problems is
scaling up since current additive manufacturing devices are limited by their enclosed
printing workplace. This requires the next generation of the self-healing vascular system
to equip with multiple functions and mmpart the restoration of both primary and

secondary structural functionality simultaneously.

Overall, this literature review shows the significant progress made in self-healing
cementitious materials field over the last two decades. The potential to use biomimetic
vascular networks i this field has not yet been figured out, in terms of healing efficiency,

failure mode and structure efficacy. So that, my PhD research aims to utilise biological

principles to design biomimetic vascular structures for self-healing cementitious materials.

Then, analyse the performance of this system by linking the findings from previous

msightful studies.
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Chapter 3

Methodology

This chapter mtroduces detailed description of the materials selected for study, sample
preparation and experimental procedures associated with this research project. The
chapter starts with presenting details of the various 3D printing and cementitious
materials used followed by the materials preparations, testing techniques and procedures

including both mechanical and microstructural as well as characterisation tests.

3.1 Matenals
3.1.1 3D Printing Materials
Polylactic Acid (PLA)

PLA (polylactic acid, provided by Ultimaker®) was applied for generating vascular

network using 3D printers. PLA filament technical information 1s given in Table 3.1.

Table 3.1 Polylactic Acid (PLLA) Technical properties

Mechanical properties Typical value Test method
Tensile modulus 2,346.5 MPa ISO 527 (1 mm/min)
Tensile stress at yield 49.5 MPa 1SO 527 (50 mm/min)
Tensile stress at break 45.6 MPa 1SO 527 (50 mm/min)
Flexural strength 103 MPa 1SO 178

Flexural modulus 3,150 MPa I1SO 178

Thermal properties Typical value Test method

Melt mass-flow rate (MFR) 6.09 g/10 min ISO 1133 (210 °C, 2.16 kg)
Melting temperature 145 - 160 °C ISO 11357
Diameter 2.85 + 0.10 mm

Max roundness deviation 0.10 mm

* Data obtained from Ultimaker PLA TDS
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Polyvinyl Alcohol (PVA)

PVA (polyvinyl alcohol, provided by Ultimaker®) 1s a water-soluble support material
for multiextrusion 3D printing, with a good thermal stability. PVA in this work was
used for creating hollow vascular network within cementitious materials, by utilising its

water-soluble property. PLLA filament technical information 1s given in Table 3.2.

Table 3.2 Polyvinyl Alcohol (PVA) Technical properties

Thermal properties Typical value Test method
Melting point / range 163 °C ISO 11357
Thermal decomposition > 210 °C /

Melt mass-flow rate (MFR) 17 - 21 g/10 min ISO 1133 (190 °C, 2.16 kg)
Ignition temperature 440 °C /

Other properties Typical value/Description Test method
Density 1.23 g/em3 /

Solubility in water ves /

Solubility in Dimethyl sulfoxide (DMSO) yes /

Diameter 2.85 + 0.10 mm

Max roundness deviation 0.10 mm

* Data obtained from Ultimaker PVA TDS

3.1.2 Cementitious materials

This work mcluded the testing of cement paste, mortar and concrete. High Strength
Portland Cement (provided by Hanson®, CEM-I, 52.5) with a particle density of 2.7-
3.2g/cm’ and a specific surface area of 0.30-0.40m’/g, was selected to conduct all the
experiments in this project, complying with the requirements of BS EN 197-1. The

chemical composition of the cement 1s presented in Table 3.3.

Table 3.3 Chemical composition of CEM-I cement
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Composition (%)

Materials CaO SiOy ALO; FeyO MgO SO, LOI
Cement 63.60 19.50 4.90 3.10 0.90 3.30 2.10

* Data obtained from Hanson; LOI: loss on ignition

In the mortar and concrete mixes, the sand and gravel were obtained from Ridgeons
Ltd, Cambridge, UK. Fine sand with a maximum particle size of 2mm was utilised. The
gravel used 1n all concrete mixes had a maximum particle size of around 10mm. The

particle size distribution (PSD) of both sand and gravel are given in Figure 3.1.
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Figure 3.1 Particle size distributions of sand (A) and gravel (B) used in mortar and concrete

mixes

3.1.3 Self-healing agents
Sodium Silicate (SS, Na.S10:)

Healing agent Sodium Silicate was used during experiments for conducing self-healing

tests, and this was obtained from Fisher Scientific®. Table 3.4 presents its physical and

chemical properties.

Table 3.4 The chemical and physical characteristics of the Sodium Silicate

Properties
Materials Formula " A Density Viscosity pH )
(gmol”)  (20°C, g/mL) (20°C, cps) Melting point (°C)
Sodium Silicate  NayO(SiOg)x: XH,O  19.50 1.39 60.00 12.50 -1.00

* Data obtained from Fisher Scientific SDS
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Tung O1l

Tung oil 1s a drying oil obtained from Tung tree (provided by Rustins®, density 0.932-
0.937g/mL). Tung oil has been shown to reduce water sorption on concrete surfaces.

So the Tung o1l was use as sealing materials in this work.

3.1.4 Chemical triggering media materials

Sodium Alginate

To create a coating that can be triggered by certain chemicals, such as chloride 1ons,
sodium silicate was used as a media material to be transferred into a chemical sensible
coating. The sodium algiate was provided by Sigma-Aldrich®, UK.

Silver Nitrate Liquid (0.1M, AgNOs e H.O)

Silver nitrate was used to replace the sodium cations from sodium alginate by silver
cations, and then form the chemical triggering coating. This was also purchased from

Fisher Scientific®. Table 3.5 presents its physical and chemical properties.

Table 3.5 The chemical and physical characteristics of the Silver Nitrate

Properties
: Molecula . V. Pres:
Materials Formula \%zlcglll 1:r Solubility pH ap(();oorg; e
Silver Nitrate AgNO3*Hy,O 169.87 Miscible 6.00 14 mmHg

* Data obtained from Fisher Scientific SDS

3.2 Vascular network fabrication

The vascular networks were designed in AutoCAD® and Creo® (Figure 3.2 A), then
the designs were printed using Ultimaker® 3 Extended 3D printer (Fused deposition
modelling system, FDM;) and Cura® software (Setting details: Nozzel type, 0.4 AA
(for PLA) and 0.4 BB (for PVA); Cura input format, stl.; Layer resolution: 0.1 mm;
Operational extruder temperature, 220°C; Operational bed temperature, 50-70°C;
Print speed, 40mm/s; Travel speed, 120mm/s; Support, touching build plate, 25%
density; Figure 3.2 B).
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Figure 3.2 Vascular networks designed in AutoCAD (A) and prepared for printing (B) in Cura
FDM 3D printing 1s an additive manufacturing technique in which successive layers of
print material are deposited on top of one another in order to create a 3D object (Sachs
etal, 1995). The resulting layered print file was then transferred to the printer and used
to direct the print head as to where to deposit a material layer of constant thickness in
the x-y plane. Once a layer has been deposited the print bed moves down a distance
equal to the material layer thickness and the next layer 1s deposited. Thus, a three-
dimensional object was built up over time. Different 3D printed vascular structures
were designed and fabricated using 3D printers. The design of vascular networks will

be discussed in Chapter 4.

Ultimaker ‘o

Ultimaker ‘-

e om0
\ 4

Figure 3.3 PVA vascular networks being printed in Ultimaker® 3D printer

3.3 Design, casting and curing of cementitious samples

3.3.1 General sample designs

Samples were designed for testing the feasibility of using PLA and PVA tunnel in

cementitious materials. Then, healing behaviours and performance were evaluated by a
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few measures such as crack closure tracking, water tightness and load recovery etc. To
achieve this, standardised specimens were planned and conducted as shown in the Figure

3.4 below.

Both mortar and cement samples were considered in testing PLLA vascular network for
physical triggering use cases. Cementitious specimens were designed to test the behaviour
and healing performance of 3D printed vascular networks in infrastructure. Cement and
mortar-based beams were considered in this work to reflect the real structures. Concrete
samples were not planned, since the current size of 3D prints would limit the dispersion
of aggregate. Prismatic cement specimens were prepared for testing the viability of the
3D printed vasculature within cement matrix. The cement pastes were prepared use
Ordinary Portland Cement (PC) (CEM-I, 52.5, supplied by Hanson) and water in a 0.4:1
ratio by weight. Mortar specimens were prepared for testing the survivability and healing
behaviour of 3D printed vasculature within mortar matrix. The mortar mix was
composed of water, sand and Ordinary Portland Cement (OPC) (CEM-I, 52.5 by
Hanson) in a ratio of 0.4 :1.5: 1 by weight, in accordance with BE EN 196-1:2005.

Detailed samples and designs can be found in Table 3.6.

System Types Schematic diagrams
1D system + wires 2D system + wires 3D system + wires
Internal PLA vascular
For physical triggering 1D'systeinsKrebars 2D system + rebars 3D system + rebars

PLA Vascular for Pore Size A Pore Size B Pore Size C
chemical triggering :

wl/c 0.25 wic 0.3 wic 0.4

PVA vascular tunnels
wic 0.5 w/c 0.6

Figure 3.4 A schematic diagrams of different vascular specimens in this work
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As for the vascular for chemical triggering, only cement paste was considered, with the
aim of reducing the complexity of chemical composition. Specimens with Ordinary
Portland Cement (PC) (CEM-I, 52.5 by Hanson) and water at water/cement (w/c) ratio
of 0.4 were prepared. A similar set up was applied to polyvinyl alcohol (PVA) tunnel
specimens due to the same reason. Prismatic specimens were prepared for testing the
viability and performance of the 3D printed PVA vasculature within a cement matrix.
The cement paste mix was prepared with Ordinary Portland Cement (PC) (CEM-I, 52.5
by Hanson) and water at water/cement (w/c) ratio of 0.25, 0.3, 0.4, 0.5 and 0.6 as the
flowability of the cementiious mix will play an important role in the appropriate

formation of the cement around the vascular structure.



Table 3.6 Summary of different types of samples conducted for internal PLA vascular systems

Design, casting and curing of cementitious samples

Test type Sample type Systems f;eisallel fﬁéﬁg;ﬁlga?er d Mould type (mm)  Curing condition Healing condition
Cement beams Plain 3 \ 80X 80X 300 28 days \
Compatibility Cement beams 1D/2D/3D 3 \ 80 X80 X300 28 days \
Cement beams 1D/2D/3D+wires 3 \ 80X 80X 300 28 days \
Cement beams 1D+wires 3 Pumping 80 X80 X300 28 days 7 days
Healing time Cement beams 9D+wires 3 Pumping 80X 80X 300 28 days 7 days
Cement beams 3D+wires 8 Pumping 80X 80X 300 28 days 7 days
Cement beams 1D+wires 3 Pumping 80 X80X 300 28 days 28 days
Healing time/type  Cement beams 2D+wires 3 Pumping 80X 80X 300 28 days 28 days
Cement beams 3D+wires 3 Pumping 80 X80 X300 28 days 28 days
Mortar beams Plain 3 \ 80 X80 X300 28 days \
Compatibility Mortar beams 3D 3 \ 80X 80X 300 28 days \
Mortar beams 3D+rebars 3 \ 80X 80X 300 28 days \
Mortar beams 3D+rebars 3 Pumping 80X 80X 300 7 days 28 days
Healing type/time  Mortar beams 3D-+rebars 3 encapsulated 80X 80X 300 7 days 28 days
Mortar beams 3D+rebars 3 \ 80X 80X 300 7 days 28 days
Mortar beams 3D+rebars 3 Pumping 80 X80 X300 7 days 7 days
Healing type/time ~ Mortar beams 3D+rebars 3 encapsulated 80 X80 X300 7 days 7 days
Mortar beams 3D+rebars 3 \ 80X 80X 300 7 days 7 days
Mortar beams 3D+rebars 3 Pumping 80X 80X 300 28 days 28 days
Healing type/time  Mortar beams 3D-+rebars 3 encapsulated 80X 80X 300 28 days 28 days
Mortar beams 3D+rebars 3 \ 80X 80X 300 28 days 28 days
Mortar beams 3D+rebars 3 Pumping 80X 80X 300 28 days 7 days
Healing type/time ~ Mortar beams 3D+rebars 3 encapsulated 80 X80X 300 28 days 7 days
Mortar beams 3D+rebars 3 \ 80X 80X 300 28 days 7 days
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Table 3.7 Summary of different types of samples conducted for internal PVA tunnel systems

Parallel ‘Water/cement . " PYA
Test type Sample type Systems . Mould type (mm) Curing condition  Dissolve
tests ratios w
condition
Cement beams Plain 3 0.25 40X40 X160 7 days \
Cement beams PVA structure 3 0.25 40X40 X160 7 days \
Cement beams Plain 3 0.3 40X40 X160 7 days \
Cement beams PVA structure 3 0.3 40X 40X 160 7 days \
. Cement beams Plain 3 0.4 40X40X160 7 days \
Compatibility
Cement beams PVA structure 3 0.4 40X 40X 160 7 days \
Cement beams Plain 3 0.5 40X40 X160 7 days \
Cement beams PVA structure 3 0.5 40X40 X160 7 days \
Cement beams Plain 3 0.6 40X40X160 7 days \
Cement beams PVA structure 3 0.6 40X40X160 7 days \
Cement beams PVA structure 3 0.25 40X 40 X160 7 days Water 25°C
Cement beams PVA structure 38 0.25 40X40X160 7 days Water 40°C
Feasibility Cement beams PVA structure 3 0.25 40 X40 X160 7 days Water 70°C
. Cement beams PVA structure 3 0.3 40X 40X160 7 days Water 25°C
Cement beams PVA structure 3 0.3 40X40 X160 7 days Water 40°C
Cement beams PVA structure 3 0.3 40X40 X160 7 days Water 70°C




Table 3.8 Summary of different types of samples conducted for PLLA systems for chemical triggering use case

Design, casting and curing of cementitious samples

Test type Sample type Systems Parallel tests Mould type (mm)  Curing condition Curing days
Cement beams pore size A 3 40 X40X 160 water 7 days
Feasibility Cement beams pore size B 3 40 X40X 160 water 7 days
Cement beams pore size C 3 40X40X160 water 7 days
Cement beams pore size A 3 40X 40X 160 water 28 days
Feasibility Cement beams pore size B 3 40X 40X 160 water 28 days
Cement beams pore size C 3 40X 40X 160 water 28 days
Cement beams pore size A 3 40X 40X 160 air 7 days
Feasibility Cement beams pore size B 3 40X40 X160 air 7 days
Cement beams pore size C 3 40X 40X 160 air 7 days
Cement beams pore size A 3 40X 40X 160 air 28 days
Feasibility Cement beams pore size B 3 40X40 X160 air 28 days
Cement beams pore size C 3 40X 40X 160 air 28 days
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3.3.2 Sample casting
Cement, mortar and concrete specimens were prepared for different test series. Prism
moulds 40 mm X 40 mm X160 mm and 80 mm X80 mm X300 mm were used to

prepare cement and mortar specimens.
Casting PVA samples

Stainless-steel moulds (40 mm X 40 mm X 160 mm) were used for preparing the
prismatic cementitious beams. Firstly, prism moulds were cleaned and shightly
lubricated with de-moulding oil. PC cement in dry conditions was stirred for 8 minutes,
then water was added using a planetary type mixer at 120 rpm. Following the mixing,
moulds were 50% filled with the cement paste before adding 3D printed PVA
structures. Then the remaining parts of cement pastes were loaded into the moulds

with PVA structures settled (Figure 3.5).

Dry:
Dry: cement Scrape
) 3 min powder+ 3 min from 1 min Paste
cement Mixing Water Mixing side Mixing Ready
powder 200rpm (0.25/0.3/ 200rpm and stir 200rpm
0.4/0.5)

Remove Load the Add 3D Load cement
prisms 24 hrs remaining printed to oil pre-
from 25°C cement to PVA treated

mould mould Structure mould (50%)

!

Immerse
prisms Prisms

into water ready
and cure for tests
for 28 days

Figure 3.5 Specimen with 3D printed PVA structure fabricating workflow
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Casting internal vascular PLLA samples in cement paste

Stainless-steel moulds (80 mm X80 mm X 300 mm) were used for creating prismatic

cementitious beams.

Printed tubes were held by iron support stands to maintain their position in the moulds
before and after pouring the cement mix. Cement mix was then poured mto the
moulds and vibrated at each stage to remove the air bubbles. Samples were submerged
in water for curing for 28 days. Thin wires () 1.25mm) were used to simulate the cover
placement of the network and to prevent complete failure of the prism upon cracking.

Three prisms were prepared for each vascular network system.

Figure 3.6 Set-up for PLLA vascular system in cement specimens

Casting mternal vascular PLLA samples in mortar

Prisms of 80 mm X80 mm X300 mm were used and the mortar mix was poured n
two parts into the moulds. Each prism contained two 6 mm diameter straight steel
reinforcement bars at 35 mm cover. The networks were positioned at the middle of
each prism between the reinforcement bars anchored at the top so that the delivery
tubes of the network lay in the cover region below the reinforcement bars (15mm
cover). An example experimental set-up 1s shown m Figure 3.7. Control specimens
were also cast to be used without any healing agent to compare the crack healing

efficiency and the compatibility of the network with the matrix.
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Figure 3.7 Set-up for PLA vascular system in mortar specimens

Casting cylindrical samples for rapid chloride permeability tests (RCPT)

For testing rapid chloride permeability, cylindrical specimens were required to be with
a diameter of 100 mm and a thickness of 50 mm. So here a Polyvinyl Chloride (PVC)
mould with a diameter of 100 mm and 200 mm length was used for casting mortar
cylinders. 3D printed PLA disc (80 mm in diameter and 5 mm in thickness) containing
coating materials were being placed at the marking point in the cylindrical mould, and
then filled in with the cementitious mix. The mortar mix was composed of water, sand
and Ordinary Portland Cement (OPC) (CEM-I, 52.5 by Hanson) in a ratio of 0.5: 3:
1 by weight, in accordance with N'T BUILD 492. 50£2 mm slices were cut from the

central portion of the casted cylinder.

Control sample Test sample

80 mm ‘

E
T

_/—V
“ PLA disc containing

chemical coating

materials

Figure 3.8 A schematic diagram of casting specimens for rapid chloride permeability tests
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3.3.3 Sample curing

All samples were kept in the mould for 24 hours and were then demoulded and
labelled. Prism samples were cured at 20°C in different conditions (submerged in water
or mn air) for 7 days and 28 days, according to the types of experiment they were
designed for; while the cylindrical samples were cured at 20°C in water for 1 day, 7

days and 28 days adapted from N'T BUILD 492 method.

3.4 Mechanical property designs

3.4.1 Cement and mortar specimens

After curing, the specimens were filled with healing agent and loaded in four-point
bending. A Instron® 5500R-150kN testing frame was used with a quasi-static
displacement-controlled rate of 0.25mm/min. The beams were put on two steel
supports with the span of 240 mm. The upper surface of the beams was loaded through
two steel rods with a span of 120 mm. A four-point bending test, conforming to ASTM
Standard D6272-02, was applied to the prisms 7 days or 28 days after casting.

After cracking, the samples were allowed a healing period in a continuous pumping
conditions to allow for crack recovery. The mechanical behaviour of specimens was

tested again after the healing process.
Cement specimens

The prisms were placed on two steel supports with the span of 240 mm and the upper
surface of the beams was loaded through two steel rods (50 mm in diameter) with a
span of 120 mm (schematic in Figure 3.9). Tubes were centred (width: 30 mm before
the edge, length: 20 mm before the edge), leaving 40 mm of artery tube in the air (50

mm below) for connecting the external pumping system.
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Figure 3.9 A schematic of the experimental setup for the four-point bending of specimens with
the different internal vascular structures (a) 1D system, (b) 2D system and (¢) 3D system

Mortar specimens

The printing layer of the PLA tubes is parallel with the crack plate. A Instron® 5500R-
150kN testing frame was used with a quasi-static displacement-controlled rate of
0.25mm/min, and then this process stopped when the amount of load dropped more
than 40% compared with its previous figure. The beams were put on two steel supports
with the span of 240 mm. The upper surface of the beams was loaded through two

steel rods with a span of 120 mm (Figure 3.10).
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After cracking and unloading, optical microscopy images were taken at multiple points
along the induced crack to obtain a measure of residual crack width. Samples were
then placed back into healing condition to facilitate the self-healing process for the
longest duration of 28 days. During this time, samples were removed after 7, 14, 21
and 28 days to be tested for monitoring crack closure under a microscope. After the
28-day healing period, samples were completely separated, and material was extracted

from the crack surface for microstructural analysis.
Flexural strength and strength recovery

The peak value of the loading curve, the point at which the cement sample failed under
flexure and subsequently cracked, was extracted for flexural strength calculations
(Figure 3.11). Specimens were cracked to evaluate their flexural strength using four
points bending tests before and after healing. As described n the session above,
flexural stress was calculated using equation 3.1 according to BS EN 12390-5:2009.

3PL
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‘Where of 1s the stress in the surface midpoint (MPa), P 1s the load (N), L1is the support
span (mm), b is the width (mm), and d is the depth (mm) of the specimen.
Thus, the strength recovery after healing process was calculated according to equation

3.2:

R, =2 3.2
=2 (32

Where g, 1s the maximum stress of the original specimen and g, 1s the maximum
stress of the specimen after healing.
Bending stiffness and bending stiffness recovery

Bending stiffness can be derived from the equation of the beam deflection when it 1s

applied by force:

K—P 3.3
== (3.3)

Where P (N) is the applied force and w (mm) 1s the deflection. The bending stiffness
(blue triangle 1n Figure 3.11) of the specimens were obtained and calculated from the

Load-displacement diagrams (from Instron® machine) as illustrated below.

5000
4500
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stiffness . L.
30+ e Loading on initial
I' i
3000 l7 cracking
=
— Load _— i
3 2500 ’ . Loading after
3 / very recovery
- ! first
2000 ! )
K Initial cracking
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cracking
1000 Z/ point
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o ¥ ———"F———+r—r—rr+rrrr+ v -
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Mid span displacement (mm)

Figure 3.11 Terminology in a typical load vs displacement graph of restrained end prisms

(Qureshi, 2016)
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Thus the stiffness recovery after healing process was calculated according to equation

3.4:
K=% (3.4)

Where K; 1s the bending stiffness of the original specimen and K, 1s the bending

stiffness of the specimen after healing.

3.4.2 3D printed vascular models

Similar setups were applied with the cement/mortar specimens in 3D printed plastic
models, with the aim of better analysing and comparing their mechanical behaviours.
Instron® 5500R-150kN testing frame was used with a quasi-static displacement-
controlled rate of 0.25mm/min. Considering the length of 3D models, the models were
put on two steel supports with the span of 200 mm. The upper surface of the beams

ras loaded through two steel rods with a span of 100 mm as shown in Figure 3.12.
The loading process stopped when the amount of load dropped more than 40%

compared with its previous loading figure.
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Figure 3.12 A schematic of the experimental setup for the four-point bending of different
mternal vascular structures (a) 1D system, (b) 2D system and (¢) 3D system

3.5 Vascular network pumping system

3.5.1 Vascular network pumping system design

The reliability of the self-healing vascular network was considered by Williams et al. in
2008, which discussed what may cause self-healing system to be unable to achieve self-
healing process after damage events. They believed that an 1deal self-healing structure

should include the following strategies to maximise its successfulness:

1. Fluid flow was pressurised by cylinder, ensuring system to achieve multiple

healing events;



Vascular network pumping system

1. Main tunnels connected with pump and main supply vessels were not designed

to be ruptured;

111. Small tubes of the vasculature were intended to be ruptured to release healing

agents;

v. Healing agents were required to initiate bleeding into any damage and cure

reactions;

V. In a closed-looped network, both internal vascular structure and main apply

vessels were favoured symmetric designs.

To compare the healing performance of pumping and non-pumping specimens,
encapsulated non-pumping system and continuous pumping systems were designed

and presented in Figure 3.13.

B
U I

~ - . 1 = . P 5 o
Encapsulated Non-pumping Continuous Pumping
System System

Figure 3.13 A schematic of the experimental setup for non-pumping system and continuous
pumping system

For the pumping system, internal vascular networks will be connected with the main
arteries and then linked to external pump and healing agent reservoir. Following the
strategies mentioned above, the overall layout of the design could be seen in Figure
3.14. This figure gives an example of the real setting for internal vascular circulatory
system. The input pipe of the embedded network was attached, via rubber tubing, to
a peristaltic pump that transferred healing agent from a healing agent reservoir. The
output of this network was piped back mto the reservoir by another section of rubber
tubing thus creating a complete circulatory system. The peristaltic pump circulated the
fluid around the network at a volumetric flow rate of 60 ml/min by adjusting the voltage

of a fluid velocity control.
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Fluid Velocity
Control

Cementitious
Beam

Figure 3.14 Experimental setup for the continuous pumping system

3.5.2 Channel resilience of vascular networks i pumping system
To compare the channel resistance difference in 1D/2D/3D structure, the engineered

vascular matrix 1s connected to a recycling system for measuring the pressure changes,

consisting of a peristalsis pump (Watson Marlow® 323, providing consistent pumping

rate 60 ml/min), a reservoir (containing 500 mL sodium silicate), two pressure

transducers (RS® Components, 249-3864, 1bar, 0-100mV), and connection tubing.

Resistance of the designed 1D/2DD/3D vascular systems was then calculated according

to Akers (2006) and Chor et al., (2010), which the laminar incompressible flow of
steady state inside a channel is described by:

_AP 35
Q—f (3.5)

where Q (ml/s) is the volumetric flow rate, AP (kPa) is the pressure drop from one
end of the channel to the other, and R (kPa ¢ s * mL") is the hydraulic resistance of

the channel.
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Figure 3.15 A schematic set-ups for measuring the pressure changes of the vascular system

3.6 Healing performance characterisation

3.6.1 Observation of cracks

Crack formation and healing products were observed using a DM 2700 M Leica®
microscope equipped with LAS v4.6 software. Images during healing process were

captured and monitored over time at 1, 2, 5, 10 and 28 days.

The progress of crack healing for large beams (80 mm X80 mm X300 mm) was
monitored macroscopically through microscope observations of the cracks.
Microscope 1mages of cracks in large beams were captured and the morphology
analysed via a G'T Vision® GXCAM-1.3 microscope together with Image] ® software.
Crack size has been carefully measured using LAS v4.6 software and ImageJ® during
observation. For a single main crack, at least 5 check points (when the width in the
same crack varies drastically, more check points will be included) were marked using
a blue/black marker. For each marked point, the width was measured 3 times and then

recorded the average value.
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Figure 3.16 Observation of cracks and microstructures using (A) GXCAM-1.3 microscope, (B)

and (C) Leica microscopes

3.6.2 Capillary water absorption

Evaluation of specimens’ water tightness (before and after healing) was examined by
capillary water absorption test, following ASTM C1585 (ASTM C1585 2013) and
RILEM report (de Rooyj et al., 2013). The beams were first dried in a vacuum chamber
(25 °C) until the mass changes were less than 0.19% between 24 h periods. The
specimens were then wrapped on the bottom and lateral dies with aluminium tape but
the crack area was left uncovered for exposure to capillary water suction. During the
sorptivity test, specimens were immersed in distilled water at a depth of 5 £ 1 mm. The
water absorption was evaluated by measuring the mass changes (g) of specimens at 1,
4,9, 16, 25, 36, 49, 64, 81 to 256 min, and normalised by the surface area (80 x 20
mm’) and the density of water (1 x 10" g/mm’), as shown in Equation 2.10 (Hall & T'se,
1986):

Am

M, = .

M, = C+ SVt (3.7)

where M,, 1s the water uptake quantity uptake per unit area of inflow surface (mm);

A m 1s the mass changes of specimens (g) during water absorption; A4 1s the inflow area;
p is water density (g/mm’); S is sorptivity coefficient (mm/h"*) determined by the slope

of My, —+/tcurve.
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Figure 3.17 Illustration of the capillary water absorption setup and tests

Specimens were tested for their sorptivity before and after healing (after 7 and/or 28
days). This was done to observe the change in sorptivity throughout the 28-day healing

period.

3.6.3 Morphology and composition analysis

The morphology and composition of the hydrated cement, self-healing materials and
polymers was investigated using X-ray diffraction (XRD), Fourier Transform Infrared
Spectrometer (FT-IR), Thermogravimetric analysis (IGA) and Scanning Electron
Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDX) analyses. Samples
from specimens were collected using a knife and then being ground to pass through a
40 pum sieve before being tested using X-ray diffraction (XRD) and thermogravimetric
analysis (TGA).

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was utilised to detect the crystallinity of mineral and
polymer samples. Samples were mounted on a smooth glass surface attached to a flat
holder and examined using a Siemens® D500 X-ray diffractometer with a Cu-Ka
radiation source. The diffractometer was operating at 40 kV and 40 mA, and emitting
radiation at a wavelength of 1.5405 A. Scanning ranged between 10-602(20) at a rate of
Is/step and a scanning resolution of 0.02%/step. Following the scanning, the diffraction
raw data was searched in the PDF-2004 database using the Jade® software in order to

identify the material peaks in the graph.
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To analyse the cement based samples, both healing products and cementitious
background samples were obtained by a curve knife and then collected in sealed glass
bottles for further grounding. All the samples were ground to pass a 40 pm mesh sieve.

Powder samples were placed n a transparent plastic disc container right before testing.

Polymers were collected by tweezers and then collected 1n sealed glass bottles. Samples

were placed m an aluminium disc and glued by Bow Corning® gel for XRD tests.

Figure 3.18 Powder X-ray diffraction (XRD) analysis using a Siemens® D500 X-ray
diffractometer

Fourier Transform Infrared Spectrometer (FT-IR)

Infrared spectroscopy was used to further characterise polymer structure in terms of
fundamental vibrations and associated rotational-vibrational structure behaviour. A
mid-infrared (4000-400 ¢m”) ranged PerkinElmer® FT-IR Spectrometer Spectrum
Two was used to perform this test. Spectra were collected in the transmittance bands
between 4000 and 400 cm™ at a resolution of lem™. The powder sample was pressed
against the face of a single crystal. The infrared light passes through the crystal and only

mteracts with the sample at the iterface between the two materials.

Figure 3.19 Fourler Transform Infrared Spectrometer (FT-IR) analysis using a PerkinElmer®
Spectrometer
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Scanning Electron Microscopy- Energy Dispersive X-ray spectroscopy

(SEM-EDX)

SEM was used to characterise the surface morphology of the mortar, healing materials
and healing products. Combined with EDX, the elemental composition of materials
was further studied. SEM-EDX was carried out using Phenom® (Pro G2,
Netherlands). An electron beam energy of 15 keV with a short working distance (~6-
8 mm) was used for all imaging. The samples were then mounted onto aluminium
stubs using adhesive carbon tape and silver patching. Samples were coated with gold
film (2-3 nm) using a K550 Emitech sputter coater to avoid charging and improve the

secondary electron signal required for topographic examination in the SEM.

Figure 3.20 (A) Phenom® Pro G2 instruments for SEM-EDX analysis, and (B) analysis software
and (C) sample prepare process

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis ('GA) was applied to characterise the composition of the
coating materials and healing products after the healing process. TGA analysis was
carried out using PerkinElmer® STA6000 and ceramic crucible under air atmosphere
within the range of 30 to 800 °C at a rate of 10 °C /min with ~10 mg of dried powdered
samples. Differential thermogravimetric calorimetry (D'TG) curves are obtamned by

differentiating plots of normalised sample weight (%) vs. sample temperature (°C).
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Figure 3.21 PerkinElmer® STA6000 istruments for thermogravimetric analysis

3.6.4 In-situ structure analysis

Computational Tomography (CT)

Computational Tomography was used to obtain 31D maps of the internal infrastructure
mdicating the healing agent distribution and the relationship between vascular tubing

designs and crack healing area.

The cement samples were scanned by a Nikon® X-Tek H 225 ST CT-scanner.
Reconstruction of the original CT images were produced 1300 slices (oriented
obliquely through the specimen) composed of isometric voxels with a resolution of
0.089579 mmy/voxel; CT scans were processed using the 3D visualisation software
package Mimics® v.14.0 (Materialise HQ, Leuven, Belgium) on a 64-bit Dell Inspiron
15R laptop with 8 GB RAM.

The CT images of the samples were obtained by Mimics®, and their CT values were
measured, and the theoretical volume and CT value of the samples were automatically
generated by 3D reconstruction. By using this function, the volume of the crack section,

healed parts, tubing area etc, can be therefore calculated.
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Figure 3.22 Nikon® X-Tek H 225 ST CT-scanner for computational tomography analysis,
(A)CT-scanner and (B) X-ray source and sample placement

3.7  Chemical triggering materials and performance

3.7.1 Coating material synthesis

Coating material for chemical triggering use case was synthesised according to Xiong
et al.,, 2015. A schematic process for synthesis of silver alginate 1s given i Figure 3.23.
Sodium alginate was completely dissolved in delonised (DI) water. After stirring for 10
minutes, the sodium alginate mixture was placed on shaking table with 200 rpm for 24
hours. Then silver nitrate was added to the dissolved sodium alginate solution. The
mixture with silver nitrate and sodium alginate was again placed on shaking table with
200 rpm for 3 hours. The resulted silver alginate gel was separated by a separating
funnel with 0.22 pm filtering paper. This 1s followed by a few washing procedures using

DI water.
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Figure 3.23 A schematic diagram of coating material synthesis process

3.7.2 Rheological properties of coating materials

A Brookfield DV3T Rheometer (Figure 3.24) was used to measure the viscosity of
chemical sensitive materials with different component ratios. The shear testing profile

was adapted (seen i Figure 3.25) from Nanthagopalan and Santhanam (2009).

The SC4-27 spindle was inserted into the sample cup containing the coating materials

before starting the tests.

The viscometric testing scheme used was adapted from Soukoulis et al. (2016). All the
measurements were performed at 20°C. Before the tests start, a pre-conditioning

process was carried out on the sample for 3 mins at a speed of 200 rpm under 20°C.

The measurements were taken at 20 different shear rates, and steady state shear flow
measurements applying upward-downward ramp shear rates ranging from 200 to 10s™

was used to obtain the curve.
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Figure 3.24 Brookfield DV3T Rheometer used to obtain the viscosity of coating materials; (A)

Desktop view and (B) sample container and SC4-27 spindle

Alginate upward ramp shear stress (t) - shear rate data (y) were fitted to Herschel-
Bulkley model:

T=10+Ky"* (3.8)

where: T equals the yield stress (Pa), K 1s the consistency coefficient (mPa®s”) and n
1s the rheological behaviour index (dimensionless). And this Herschel-Bulkley model

was chosen on the program software while taking the measurement.
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Figure 3.25 Shear testing profile used to obtain viscosity of samples (Nanthagopalan and
Santhanam, 2009)
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3.7.3 Visualisation device design

A visualisation device (Figure 3.26) was designed to observe the agent releasing
behaviour of porous vascular structures. The device consists of three main parts: (1)
agent injection part (left side controlled by a valve); (1) observing part, which 1s a
transparent vessel that are able to connect with testing vascular structures; (ii1)

discharging part, where fluids can be removed from the main observing part.

To use this device, the valve should be firstly closed to add background solution
(normally DI water). The cap of the observation part should be removed to fill in
background solution as shown in Figure 3.26. Then the target vascular structure can
be attached to the cap and dipped nto the background solution. Locker of the cap
should be turned on before injecting agent solution. After the test, the locker should

be turned off to release the liquid.

Viscqus fluid - o
b= b 1 1 ® &l

Open Valve
' 1
5 i
Appl 1
pply
Filled in * = ’ ‘Iocker cap l ’ ‘
1 with water ‘ ; .
I ’ ‘ r ‘ Set Lattice. N i
I tube
| T
=a = | = - | = =
1 . ol 1 ol 1 1. ol 1 1. ol
Close Valve Close Valve Close Valve

Figure 3.26 Schematic diagrams of the visualisation device and the instruction for testing
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3.7.4 Solution composition analysis

The solution collected to detect chemical triggering reaction was investigated using
Inductively Plasma-Optical Emission Spectrometry (ICP-OLES), Ultraviolet-Visible

Spectroscopy (UV) and Ion Concentration (EDT) analyses.

Ultraviolet-Visible Spectroscopy (UV)

Reacted samples were collected for testing Ultraviolet-Visible Spectroscopy (UV). The
UV-Vis diffuse reflectance spectra (UV-Vis DRS) of the samples were recorded by

using a PerkinElmer® Lambda 35 UV-Vis spectrometer.

5

/ E—— aia ' @f

Figure 3.27 PerkinElmer® Lambda 35 UV-Vis spectrometer for testing solution

Ion Concentration pH meter

Solution (before and after chloride reaction) was mixed on a shaking table (KS501
digital, IKA®) with a 100 rpm shake rate for 24 hours, and then passed 0.22 pm filters
before being collected for testing. Chloride concentration was detected using Ion
concentration pH meter DR359TX, together with Chloride half-cell ISE-1261,
provided by EDT directlON®. lon concentration meter which automatically
calculates the relationship between two or more concentration standards and stores
this iIn memory allowing unknowns to be read directly. Anion/cation recognition is
automatic and up to 5 calibration points may be entered, enabling the user to cover a

wide dynamic measurement range with just one calibration.
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Figure 3.28 (A) Shake table and (B) EDT Ion concentration pH meter

3.7.5 Rapid Chloride Penetration tests (RCPT)

Cylindrical slices (@100 x 50 + 2 mm) were casted and cured as described in section
3.3. When the surfaces of cylindrical slices were dried, they were then placed in the

vacuum container for vacuum treatment (1-5 kPa).

Figure 3.29 (A) Vacuum container; (B) reaction cells connecting with the power supply; (C)

general setup and (D) Proove it software



Concluding remarks

Both end surfaces must be exposed in the vacuum container (Figure 3.29 A). Maintain
the vacuum for three hours and then, with the vacuum pump still running, fill the
container with the saturated Ca(OH). solution (by dissolving an excess of calcium
hydroxide in distilled or de-1ionised water) so as to immerse all the specimens. Maintain
the vacuum for a further hour before allowing air to re-enter the container. Keep the

specimens 1n the solution for 18 + 2 hours.

After the pre-treatment process, rubber sleeves were fit on the specimens and secured
with two clamps. The end surfaces of specimens were to be exposed to the chloride
solution (catholyte, 10 9% NaCl) and sodium hydroxide (anolyte, 0.3 N NaOH).
Reservoirs of the cells shown in Figure 3.30 B were filled in with approx. 200 mL of
10 96 NaCl and 0.3 N NaOH. The cathode was connected to the negative pole and
the anode was connected to the positive pole of the power supply (PROOVE 1it®,

Germann Instrument).

After the tests, 0.1 M silver nitrate solution was sprayed on to the freshly split section.
White silver chloride precipitation on the split surface 1s clearly visible (after about 15
minutes), and then the penetration depth can be measured, with a suitable ruler, from

the centre to both edges at intervals of 10 mm (NT BUILD 492).

3.8 Concluding remarks

In this chapter, materials, experimental setup and characteristic methods used n the

subsequent research work was provided.

The principal types of materials used n this work were 3D printing plastics, healing
agents and coating materials. Large cement specimens (80 mm X80 mm X300 mm)
with different mix proportions were prepared for investigating self-healing systems with
different vascular dimensions. Large mortar prisms (80 mm X80 mm X 300 mm) with
3D vascular networks were prepared to investigate the healing behaviours in different
healing conditions. Small cement paste samples (40 mm X40 mm X 160 mm) were
embedded with PVA network and chemical triggering vasculatures, with the aim of
exploring the feasibility of creating connected tunnels and exploring the workability of

generating a chemical controlled releasing system.
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First, the 3D prints were mvested by testing their tunnel resilience and flexural properties.
Then self-healing performances of the large specimens were assessed through three
measures: load recovery under a four-point bending test, crack sealing efficiency using a
digital microscope, and durability improvement using water sorptivity and computational
tomography. The micro-structures of the cementitious materials and self-healing
compounds formed in the cracks were investigated using FT-IR, XRD, TGA and SEM-
EDX.

Chemical triggering coating materials and vascular structures were synthesised and

fabricated. Reaction between coating materials and chloride solution, mimicking

chemical attack events, were evaluated by EDT, UV and RCPT.

The results of these experiments and associated discussion are presented i Chapter 4,
5 and 6 accordingly. As shown in Figure 3.40, physical triggered vascular system based

Chapter 4
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Chemical triggered self-healing

Figure 3.40 Schematic of work carried out for Chapters 4, 5 and 6 of the thesis.



Concluding remarks

on PLA and hollow channels created by PVA are exhibited in the first two result chapter,
namely Chapter 4 and Chapter 5. Chapter 4 presents findings relating to the design of a
biomimetic vasculature and their self-healing performances under different orientations
and healing agent supply methods. To avoid long term tube monitoring and enables
multi-scale healing over time, in Chapter 5, PVA was applied as a sacrificial matenal to
create hollow channels in cementiious material. This chapter presents findings relating
to the feasibility of creating hollow connective tunnels in cement via a water soluble PVA
material. In chapter 6, instead of physical triggering, the proposed vascular self-healing
technology further expanded to chemical triggering, using chloride 1on triggers to release
healing agents. The results of a chemical sensitive coating materials, and chemical
triggering viability between coating materials and chloride solution are presented in

Chapter 6.
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Chapter 4 3D self-healing vascular model design & performance in cementitious
materials

Chapter 4

3D sell-healing vascular model design &
performance 1n cementiious materials

In this chapter, a biomimetic vascular network was designed and tested in two different
types of cementitious materials, namely cement-based and mortar-based matrix. In the
first scenario, healing performance of biomimetic vasculatures were compared with that
of non-biomimetic systems (including one dimensional vascular and two dimensional
vascular networks) in cement paste based samples. Comparison between the vascular
systems with their mechanical properties and healing performance was used to shed light
on their design suitability for vascular self-healing in cementitious systems. Details of the
vascular designs are provided in section 4.2. Then, a further study of this 3D vascular
system 1n mortar matrix was followed, with the aim of better understanding its feasibility
i being utilised 1n real case scenarios followed by m-depth characterisation. Pumping
(closed) system and non-pumping (open) systems were applied to investigate the healing
efficiency of the amount of agent provided over time. A thorough investigation into the
effect of healing agent providing methods on the mechanical properties, the healing
performance as well as their mechanisms during the healing process 1s presented. Results

presented in this chapter have been published in Li et al. (2020).

4.1 Design of vascular networks for physical triggering

4.1.1 Aim of the biomimetic design

The design of PLA (Polylactic acid) vascular networks for physical triggering was required
to be robust to withstand casting whilst having sufficient amount of daughter branches to

cover the beam, thereby enabling the vascular systems to have fast diagnosis and releasing
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of healing agent to the crack areas. PLLA was chosen as printing material to build up the
vascular network, because of its brittleness, lower carbon-footprint compared to other
plastics, biodegradability and good compatibility with the matrix. Good compatibility

ensures the cracks penetrating through the vascular structure, instead of going around it.

In some cases, such as Heywood(2015) and Thao (2011), healing agents would not fully
cover the whole crack plane area due to low tube coverage. To achieve higher coverage,
more daughter branches are necessary to cover more area. But if the number of daughter
branches increases and if the diameter 1s not small, most of the cement will be replaced
by plastic and empty space within the tubes. This would also weaken the overall structure.
To avoid weakening the cement matrix, smaller diameters were used for each daughter
branch to avoid occupying excessive space in cement. In addition, when Murray’s law 1s
obeyed (Murray, 1926a), the angle between parent-daughter branches can minimise the
turbulence which means that the healing agent will not be concentrated near the junction

dareas.

Thus a relevant biomimetic design aims at (1) increasing vessels coverage; (i1) avoiding
weakening the cement matrix; (1) ensuring strong bonding between the walls and
cementitious materials and (iv) avoiding blockage while the healing agents pumping
throughout the system, thereby achieving rapid physical triggering response and effective
healing process. Furthermore, the printed structures should be strongly bonded with the

cement prisms to assure physical triggering of the tubes.

4.1.2 Theoretical background of the biomimetic design

Three main aspects are mmportant while designing vascular structures: the optimal
diameter, length and angle relationship between the daughter and parent branches
(Murray 1926a, b). Previously, researchers rarely consider combining all these elements
i designing vascular structure. Here, I have adapted and merged the theorical concepts

on designing the shape and defining parameters of a biomimetic vascular structure.
Lengths & Diameters

We consider a cylindrical tube, highlighted i yellow in Figure 4.1, where the diameter 1s

D and length 1s L.
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Figure 4.1 Fluid dynamic diagram adapted in the PLA vascular network for physical triggering
(A), Resistance from vascular branches (B), and analogical resistance from electricity (C)

The total flow volume of the tubes mn Figure 4.1 A 1s explained in equation 4.1, where
Vpr (volume of parent branch) and Vda (volume of daughter branch a) and Vdb (volume

of daughter branch b):
Vrotar = Vpr + Vp (4.1)
=ZD3Lpr + = (D2,Laa + DiyLan)
T 4 OPTrEPT 4 da™da db™~db

Based on a fluid-dynamic interpretation, for energy to be mimimised, the sum of the
energy used to overcome friction due to shear stress (Rodbard, 1975) on the walls.
Similar to electricity (Figure 4.1C), the total flow resistance of the tubes 1s explained in
equation 4.2, where Rpr (resistance of parent branch) and Rda (resistance of daughter

branch a) and Rdb (resistance of daughter branch b):

-1

1 1
Rh,Total = Rpr + (Rd + Rdb> (4.2)
a
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In order to establish relations for the sizes of tubes that provide easier access to flow.
Maximum flow access means minimum resistance under constraints (L.ewins, 1994). To

this end, we have to minimise the cost function Rj:
R)*L = Rh,Total + AVrotal (4"3)

where A 1s the Lagrange multiplier and C 1s the constraint function, with respect to the

mdependent variables.

In order to find the relationship between the length (L) of daughter branches and parent
branches, the flow resistance Rh 1s represented by D and L based on fluid dynamic

mterpretation as shown below (Miguel, 2016):

Ap  AM[8 (% +3)]°L

Ry = Qv = @ D3w+1 (4.4)
.o D D Ap\Li.. )
here A A 58 =0 (——) ol flow
where Ap 1s times the pressure drop, Q (Q 8(%+3) v @) 1s volumetric flow rate

and defined as the product of axial velocity and the cross sectional area of the tube, ® 1s
the fluid behaviour index (or the power-law exponent) and M i1s the fluid consistency

index (represents viscosity).

Considering a symmetrical system with 2-branches, all the daughter branches diameter,
Ddg, are the same, so Dgq = Dgp = Dgg. 'The same applies to the length Ldg, where

2

-1

Vs Vs 2
— V. ==D3,L =Di,Lag-
Rdg) » YTotal 4 ~PT Pr+2 dg*tdg

Laqg = Lap = Lag- Thus Ry rotar = Rpr + (

In this case, equation 4.3 can be thereby rewritten as:

. 2\ " T, T

Ry=Rpr +{5—) +AMZDprler +5Daglag) (4.5)
dg
4M[8 (= +3)19Lp, ] 4M[8 (5 +3)1Lyg)

R* = w Pr w dg

AT m@ D3O+ 2mep3ett

T Vs
+ 1 (Z D2, Lp, + EDgngg) (4.6)

According to Fermat's theorem, 1f a function has a first derivative at an mterior point

where there 1s a local extremum, then the derivative must equal zero at that pont. In
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addition, if the second derivative exists a dispositive (concave up), the function has a local
minimum value. By considering constructal law (Bejan, 1996), maximising flow access
means minimising resistance under constrains. In the pursuit of achieving local minimum

resistance, so the boundary conditions for equation 4.6 are:

OR;

-0 (4.7)
0Dpy
OR;

=0 (4.8)
Dgg
92R;

250 (4.9)
D2,
92R;
—2>0  (410)

Thus equation 3.7discribing parent branches can be rewritten as below:

1
oR; o [4M8 (Z+3)1°Ler] —Gw + 1)D3¢] LR I
aDPr N aDPr T® DS?J‘FZ 4 Pr~pPr | — ( . )

~aMB(5+3)1°Bu+ 1} 1

T
— praw tAzDr =0 (412)

—{4M[8 (% +3)]°(Gw + 1)}

n-a)

s
-+/'1§Dl§;"+3 =0 (4.13)

1 ®
—C (5 +3)1°Gw + 1)}

P
r qot+l. )

(4.14)

_1 1 _w _1
(8M)3w+3[8 (5 + 3)]3w+3(3w + 1)3w+3

Pr w+1 1
T3w+3 + J3w+3

(4.15)

Similarly, for the daughter branches, equation 4.8 can be rewritten as below:
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1
or; 0 (—4MI8(5+3)1° G+ Dley 1 .
9Dy, 0Dp, 27 p3avz T A Tdgdg
=0 (4.16)
—(2M[8 (% +3)]1° - 3w + D}Lqg -
P + D323 Ly, = 0 (4.17)
2M[8 (% +3)]° - (3w +1)
D33 = — (4.18)
T A
11 o 1
2M30+3[8 (5 + 3)]3w+3 *(Bw + 1)3w+3
Dag = L (4.19)

TT3w+3 - J3w+3

So that the relationship of diameter m this symmetric branching system (4.15/4.19) 1s

given by:

Facilitate equation 4.20 to equation 4.2 can get the relationship of length in this symmetric

branching system as:

L —-3w+1
Y — 2303 (4.21)
LPr

Sodium silicate was used as a model mineral healing agent is this study, as its reactions
with the cementitious matrix can recover the original properties. As sodium silicate 1s a

Daughter ——
—_— 2 3

Newtonian liquid, ®=1 and Equation 4.20 and 4.21 yields 2 and

parent

LDaughter _ Z_Tl

Lparent

Thus, the design of lengths and diameters of daughter and parent branches in a ratio of

-1
23 was applied in this study.
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Branching Angles

Figure 4.2 Murray’s original drawing for branching angle rule (A, B) (In the notion of his paper,
1o, 1, T2 are the radi of the arteries; 1o, 1., I, the lengths, and x and y are the angles) (Murray,
1926); the third scenario missing from Murray’s diagram and drawn in Adam et al. (2011)

Murray (1926b) also provided an original formula for the angle of branching, giving

the 1dea of treating non-symmetric branches and trifurcations.

Here we consider the most efficient branching i allowing for the distribution of energy
from a point S to two points, A and B. 1y, 1y, 1, are the radii of the arteries; Ly, 4, 15,
the lengths, and x and y are the angles, to be determined, which the branches make
with the line of direction of the parent branch proceeding from S (Figure 4.2 A). The

dotted lines show the triangles constructed mn order to arrive at this result.

According to each scenario (Figure 4.2 A, B and C), we could obtain equations for

each of the three constructions as below:
dlyré = cosxdlyr? + cosydlyr? (4.22)

dl,r? = —cos(x + y)dl;v7 + cosxdl;ré (4.23)
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dl,rf = —cos(x + y)dl,rf + cosydl,r¢ (4.24)

The "cost” of the section 1y is now increased by the increment dlyrg and the costs of the
branches are decreased by cos xdlyrf and cos ydlyrf respectively. The left part of
formula (in equation 4.22, 4.23 and 4.24) represents the cost increase, whilst the right

part (in equation 4.22, 4.23 and 4.24) shows the cost decrease.

According to equation (4.22, 4.23 and 4.24), the correlation between branching angle

and the radius ratios can be obtained as:

4
g +rit— (5 —17)3

cosx = 21272 (4.25)
1§+ 1 = G = r)3
cosy = 21252 (4.26)
4 4 3 3 2
cos (x+y) = S Tl G S O (4.26)

2,.2
2115

Considering our study 1s a symmetric splitting:

4
146 —(1-63)3
252

CcOSX = cosy = (4.27)

1

In this cas ===
n this case, §; 7

Which provides x =y =37.5° .

The designed model and its parameter

As a result, a branch-like distribution of the healing agent 1s achieved while minimising
the space occupied by the vascular network and preventing blockages in junction areas.
A schematic representation of the vascular network and its main parameters is presented

m Figure 4.3.
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A

Figure 4.3 A biomimetic design of 3D vascular network; (A) designed model following Murray’s
law; (B) parameters considered in the model; (C) fluid dynamic diagram adapted in this model.

Detailed figures for vascular dimensions could be found in Figure 4.3 B. The artery
connecting to the pump was hmited to the fitting to the pump tubing and defined as 13.6
mm outer diameter (OD) and 11.6 mm mner diameter (ID). Then, the first parent
branch was adapted to 11.6 OD and 9.6 mm ID in order to be snug to the artery. Thus
the daughter branches ID were calculated from Equation 3.3 as 7.6, 6.1 and 4.7 mm, as
shown in Figure 4.3 B. Formia et al. (2015) found that viscous healing agents, such as
sodium silicate cannot be released from the tube smaller than 2 mm in diameter.
Adapting this factor, the minimum inner diameter of the daughter branchs were 4.7 mm

and were sufficient enough for delivering sodium silicate for this study.

In addition, the design of the length for each generation daughter branch was limited by
angle (3.8), length relationship (3.4) and cement beam parameters (length 300mm, width
or height 80 mm). Then, the first parent branch was adapted to 26.0 mm. Thus the
daughter branches were calculated from Equation 3.3 as 20.6, 16.3 and 12.9 mm.
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Figure 4.4 Designed vascular model for cement specimens, bifurcation system; A, front version;
B, left version C, top version; D, general look.

Figure 4.5 Photography of printed model in Figure 4.4

The designed network was manufactured by 3D printing to allow the precise control and
tailoring of diameters and complexity of the structure. The printed work 1s shown in
Figure 4.5. All networks were designed with a constant volume capacity of 65 ml. This
allowed the comparison with 1D and 2D orientations of the tubes and assessment of

healing efficiency.

4.2 Comparable vascular network designs for physical
triggering

4.2.1 One-dimensional (1D) vascular network for physical
triggering

In Figure 4.6, both designed and final fabricated structures were presented. The arrows
mdicated the sodium silicate flow through the systems. A volume of 65 ml was designed

for all 1D structures with the aim of controlling the same amount of healing agents passing
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through during the healing process. The volume of each fabricated structure had been
further measured and confirmed by connecting the printed structures with a scaled

container.

$12.5 mm

1D
Single tube ,

L —

aa 210 mm

Figure 4.6 Designed model and photography of printed 1D model

4.2.2 Two-dimensional (2D) vascular network for physical
triggering

As for the 2D structure, both designed (Figure 4.7) and final fabricated structures were
presented. Four parallel daughter branches were designed to equal to the four sub-
branches (2 daughter branches) from 3D biomimetic model mentioned in section 4.1.
In the 2D design, these four parallel branches are also 2" daughter branches. Whilst the
3" daughter branches in 2D model was not designed mainly due to the feasibility of
designing a 2D system with 8 parallel tubes with 65 ml in volume in total. The model
would have taken too much room of the cement locally. So here, the 2D model was
designed in a 2D shape, and the daughter branches were designed paralleled. The arrows
indicated the sodium silicate flow through the systems. Same with 1D structures, a volume
of 65 ml was designed for all 2D structures with the aim of controlling the same amount
of healing agents passing through during healing process. The volume of each fabricated
structure had been further measured and confirmed by connecting the printed structures

with a scaled container.

2D
Connected tubes

Figure 4.7 Designed model and photography of printed 2D model
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4.3 Prints accuracy and vascular networks properties

4.3.1 Printing accuracy and surface morphology

Print accuracy and morphology were studied i this work. The intention of this test 1s to
provide convincible accuracy of different geometrical characteristics of the prints. As
shown 1n Figure 4.8 D and E, the designed lengths and actual printed length of try-out
columns were compared, and showed the lengths between 1 and 10 mm have an accuracy
of 97.31% (slope of the curve in Figure 4.8 D). Larger lengths between 12 and 24 mm
have a higher accuracy of 98.99%. Similar results were found in Kacmarcik et al.(2018),
who stated a maximum dimensional deviation range at 3.377% in an Ultimaker® 3D

printer.
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Figure 4.8 Morphology of printed models (A) and (B) under SEM, and (C) under microscope.
Printing accuracy diagrams (D) and E), and the EDX pattern of PLA plastic.
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Small layer gaps between printed layers were observed from both microscope and SEM.
The layer gaps were as small as 1 um under SEM 1mages, and the material of the plastic
was again been proved by EDX, which showed sharp peaks carbon (C) and oxygen (O)
element in the EDX pattern. The small peaks beside were the coating material for SEM-

EDX pre-treatment with the aim of improving conductivity.

4.3.2 3D printed biomimetic 3D vasculature under CT

Computed tomography was used to examine 3D prints accuracy within the channels,

thereby avoiding any blockage mn the channels created by unexpected printing errors.

30.00 mm
40.00 mm
50.00 mm
60.00 mm
70.00 mm
80.00 mm

20.00 mm

o
o
o

30.00 mm

10.00 mm

Figure 4.9 Reconstructed image of 3D printed biomimetic 3D vasculature, sliced section from
the third daughter branches (A), joint between third daughter branches and second daughter
branches (B), joint between second daughter branches and first daughter branches (C), first
daughter branches (D), parent branch (E) and the who construction image of the printed model

(F)

All channels of the vasculature were printed as designed. Occasional printing errors were
a concern, as they may block the joint or other parts of the channels, hampering the flow
and disruption of healing agents to smaller daughter branches. According to Figure 4.9
B and C, there were no accidental blockages being made at the jointing areas between

different sized branches. This further confirmed the accuracy of the printing process
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using Ultimaker®, and built up the confidence of using the printed 3D models in the

following tests.

4.3.3 Assessment of mechanical properties of vascular networks

The fractural response of 3D printed structures was also examined before embedding
mto cement. Structures were loaded to faillure under bending. Five parallel tests were

carried out in each vascular type, with the aim of avoiding accidental error.

r
[

Figure 4.10 Photographs during loading process of the 1D (A), 2D (B) and 3D (C)

Results showed that single tube (1D structure) showed the lowest bending strength, at
around 71 N. 2D and 3D on the other hand, had a relatively higher figure, at 129 N and
134 N respectively. It 1s obvious that 2D and 3D networks demonstrated higher capacity
than 1D structure, as they have more supporting structures to distribute forces rather than
concentrating on one single tube. Similarly, Heywood (2015) reported that a thinner (with
4 mm inner diameter and 5mm outer diameter, 188mm in length) single PLA tube failed
at 27.5 N during the test (loading rate 0.125 mm/min). This is much lower than the 1D
structure (with 12.5 mm inner diameter and 15 mm outer diameter, 210 mm in length)
i our study. Loading response difference relates with loading rate, bending methods
(three points, four points), and the tube thickness in this case. The thickness of the tube
was one of the main reasons that resulted in different load response for a single tube, as
the same commercial PLA was used for printing. As a result, all 3D printed PLA
structures failed below 200 N, which indicated that they required low energy to crack and
release healing agent, making 3D printed PLA structure an ideal option for self-healing

structures.
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Figure 4.11 Load response of 11D/2D/3D printed structures (A) and typical load-displacement
curves of 1D/2D/3D structures (B), photography of the damage part (C) and the general image
of the structure after loading (D)

Interestingly, the soldering part was not broken as expected, but the part slightly away
from the soldered part was damaged (Figure 4.11 B and C). This phenomenon proved
that the soldered part was not the weakest area of the vascular structure. This 1s because
layer-by-layered 3D printing process created weak gaps between layers (as shown in
Figure 4.8 A), while the soldering process erased this layered structure and somehow
acted as further bracing strengthening the tube locally. Multiple tests were examined to
ensure the consistency of the PLA models load response, showing the 11D model has the
lowest load response, while 2D and 3D having similar figures with relatively larger error

bars.

4.3.4 Assessment of channel resilience properties of vascular
networks

To compare the channel resistance difference in 11D/2D/3D structure, the engineered
vascular matrix 1s connected to a recycling system (consisting of a peristaltic pump, a
sodium silicate reservoir and two pressure transducers) for measuring the pressure
changes. The connection details and resistance calculation were explained in Chapter 3.

Large pressure difference between the inlet and outlet transducers means large resistance
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within the channels, which would request relatively higher energy to pump the healing
agents. There was around 2.5 kPa pressure difference in the 1D system, which correlated
its total resistance was 2.5 kPa ¢ s * mL"'(Figure 4.12). In the 2D system, secondary
channels were designed with 90-degree branching angle. The figures of both pressure

change and resistance increased to approximately 7.6 kPa and 7.6 kPa ¢ s * mL".

10

; ,
1 I Resistance |

9 i

Hydraulic Resistance (kPa ss+mL™")

1D 2D 3D
1D 20 3D
Single tube } Connected tubes Vascular structure
J = 4 J
lf -
Systems

Figure 4.12 Hydraulic resistances of 11D/2D/3D models

The channel complexity, cross-sectional areas and branching angles can affect the growth
of hydraulic resistance (Razavi et al., 2014). In the case of 3D structure, hydraulic
resistance was only 2.9 kPa ¢ s ¢ mL". This demonstrated that the design of fluidic

channels which obey Murray’s law improves fluidic control (Lim et al., 2003).

4.4 Compatibility of cementitious vascular system

4.4.1 Characterisation of vascular networks in cement

In initial mvestigations, cement samples with 3D printed PLLA vasculatures were cast

(80mm x 80mm x 300mm). Samples were cast and cracked after a period of time (7
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days/28 days) of curing. The interface of cement and PLLA prints could be observed on

cracked cement surfaces with the naked eye.

3D printed pattern on the tubes provided a rough surface compared with smooth PU
tubes applied i Davis et al (2015), which could be easily pulled out after cement beam
were cured. The pattern increased friction between 3D printed structures and cement
matrix (Figure 4.13). As shown in Figure 4.13 C, 3D printed tubes clearly retained their
pattern on cement pastes, which created a rough surface on the cement side, and thus

enhanced the bonding between vascular structures and cement beams.

All different 3D printed structures did not debond from the cementitious matrix
confirming the strong adhesion between them and the brittleness of PLA which enabled
its fracture. This means 3D printing patterns and PLA materials are suitable for

producing vascular structures and are bonded well with cement specimens.

Figure 4.13, microscope image of the connection between individual tube and cement beams,
boundary between vascular structures and cement matrix (A); minerals between PLA tube and
cement matrix (B); pattern remained after tube was manually separated from cement (C)

4.4.2 Mechanical performance

Four-point bending tests were applied to form cracks in the samples embedded with the
fabricated 1D, 2D and 3D vascular networks and the results are shown in Figure 4.14.
Plain cement beams showed the least flexural strength, at around 2.3MPa, compared with
specimens with PLLA tubes added. Specimens were held by the embedded wires that
prevent complete sample separation (as discussed in Chapter 3). An increased load was
necessary to crack the samples embedded with the vascular networks once compared
with the plain beam samples (Figure 4.14), hinting the physical triggering or the PLA
tubes.



Compatibility of cementitious vascular system

2.0

T T T T T
14000 4 —— Cement+3Dvascular+wires .
——— Cement+2Dvascular+wires 13242N
| Cement+1Dvascular+wires 1
12000 + Plain cement+wires 11527N 1
10000 10114N ]
g ]
ke 8000 + .
8 6678N
—
T T
1.0 1.5
Displacement (mm)
6 T T T T T
| I initial strength
5 .
©
o
S ]
-
=
(=)}
c
S 3+ -
=
w -
52
3 2 .
o
L
1 4 .
0 . . v
Plain beam 1D 2D
Beam type

Figure 4.14, Typical Load-displacement curves (Top) and initial flexural strength of the

plain/1D/2D/3D specimens (Bottom)

The effect of vascular tubes addition on the mechanical properties of cement pastes 1is
mfluenced by various parameters. Firstly, the effect will be dependent on the properties
of the mcorporated tubes themselves. If the PLA tubes possess superior properties to
that of the matrix, there 1s the potential for their addition to enhance the composite’s
mechanical properties. As demonstrated in section 4.3.3, the tubes themselves could only
bear a load less than 200N, it 1s unlikely that the tubing structure itself contributed to
load-bearing directly. Instead, the plastic tubing structure acts as a reinforcement (Kim

and Han, 2017) of the cement beams and assisted in distributing and transferring stress

in the matrix(Yuhazn et al., 2017).
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4.5 Selt-healing performance and ethiciency in
1D/2D/3D systems

4.5.1 Eftect of vascular networks on the mechanical properties of
cement

Strength recovery and stiffness recovery after healing were used to evaluate the
mechanical triggering and healing efficiency of the vascular system. To 1solate the
contribution of autogenous healing and clearly identify the effect of healing agent, a series

of tests were completed without any healing agent.
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Figure 4.15, Typical Load-displacement curves under four-point bending testing of 1D vascular
samples (A, B(zoomed in from A)) cracked after 7 days and 28 days of healing; 2D vascular
samples (C, D(zoomed in from C)) cracked after 7 days and 28 days of healing; 3D vascular
samples (E, F(zoomed in from F)) cracked after 7 days and 28 days of healing; load recovery of
first cracking points are marked 1in coloured box.
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In Figure 4.15 and 4.16, autogenous healing was observed in the controlled beams, which
received an approximately 1 to 3% of strength recovery. For the treatment groups, the
sodium silicate solution was pumped mto the systems continuously for 7 days or 28 days
at 60 mL/min. The sodium silicate solution promotes self-healing through a reaction with
calcium hydroxide, a product of cement hydration, to produce calcium silicate hydrates
(C-S-H) gel which allows some recovery of strength (Kanellopoulos et al., 2015;

Alghamni et al., 2016).

Although autogenous healing may have participated m all samples, this effect would be
less significant as the cracks were all wider than 600 pm. And the controlled specimens
with no additional agents introduced showed minimal strength recovery after 28 days.
Thus, this 1s less likely to have an effect on the healing time of 28 days. The best strength
recovery was observed in samples with 3D biomimetic vasculature. This may be due to
an increase in the crack face coverage by the healing fluid and hence crack faces were
analysed further to see how healing agent penetration across the crack faces varied with

different geometries.
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Figure 4.16, Flexural strength of the specimens belore (initial strength of 11D/2DD/3D system) and
alter 7 days and 28 days of healing process (recovered strength of 11D/21)/3D system), and the
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experiment (Top);Stffness recovery of the specimens of 1D/2D/3D systems after 7 days and 28
days ol healing process (Bottom)

Stiffness improvements were found increasing with the large daughter tube distribution

of the systems (Figure 4.16). This 1s correlated with the findings from the strength
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recovery. Stiffness recovery in the samples with healing agents being pumped for 7 or 28
days were significantly improved due to the amount of healing agents bonded between
the crack faces. Additionally, there was an improving trend from 7 days to 28 days
stiffness. On the other hand, small load and stiffness recovery was expected in controlled

samples (autogenous healing) due to the crack width and mineral based-bonding between

two crack faces.
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Figure 4.17, Load recovery and strength of the specimens ol 1D/2D/3D systems alter 28 days
of healing process

Load recovery of 109%™~ 20% was observed for 1D and 2D-structures while 3D vascular
network specimens reached 349% after 28 days of healing agents pumping (Figure 4.17),
compared with the mitial load. A previous investigation of self-healing performance using
sodium silicate encapsulate 1 sodium silicate in glass vials reveals similar results to the
1D and 2D-systems, with a load recovery rate of ~ 209 (Kanellopoulos et al., 2015). And
Heywood (2015) achieved a ~ 10% of load recovery in a 2D vascular system with colloidal
silica introduced. The increased load recovery of the 3D vascular network was attributed

to the delivery of healing agent at multiple points at the surface of the crack, thus

enhancing the healed surface.
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4.5.2 Assessment of transport property recovery (Sorptivity)

To evaluate the recovery in water tightness, capillary water absorption for the cracked
concrete specimens with and without healing was also measured. The durability of
concrete depends predominantly on the ease with which fluids enter and move through
the matrix and sorptivity is an indicator of concrete’s ability to absorb and transmit hiquid

through 1t by capillary suction.

35 T T T T 22 r T T T T
—0— 1D System BH A 20 0 1D System BH -
30 4 O 2D System BH ~ o _ © 2D System BH
4— 3D System BH g-o T 184 A 3D System BH 4
& E —— Liner fit of 1D BH
25 74 - g 16+ Liner fit of 2D BH i
- g/n‘ ERE Liner fit of 3D BH
c o 5 4 ;
> 20 & = L
= A 2 12 J
: oo -
S 15 & ﬁ 1 g0 ]
o s ®©
2 A—0 5 8 i
2 5o T R?=09.005% Sp=12.69259
= o &R | g =99, o Spp=12
e 5 64 -
&H £ ,] R2=09.541% S,,=13.07807
54 g0 g ] "
Aﬁé S 5] Re=00.783% Sy=13.91330 m
0 ? T T T T 1 0 T T T T
[} 1 2 3 4 5 0.0 05 1.0 15 20
Time (hours) Square root of time (hour™®)
T o T ol T g T & 2 T T T T
304 —®— 1D System Control 4 - = 1D System Control 1
4 ® 2D System Control /‘ ® 2D System Control
2 —4— 3D System Control ;,‘ £184 & 3D System Control ]
1 A 1 E., Liner Fit of 1D Control
-y H Liner Fit of 2D Control
S 204 : 4 | ; 14 4 Liner Fit of 3D Control i
2
a
Qo A o i .
E W £
2 154 e 4 8 104 i
pt Pl a
L & ° 3 8- 1
g 104 l'ﬁ o i ’g R?=99.208% S,p=11.86697
,,J"". . el 1
1 y g" = R2=99 174% S,;=13 83527
5 [ ] ,% 44 .
7 L | = = o -
?'. C 2] R?=99.385% S;,=11.49842
0-f T T r T T T T T T 1 0 T T T T
0 1 2 3 4 5 0.0 05 1.0 1.5 20
Time (hours) Square root of time (hour”®)
T T T 16 T T L T L T
25 = 1D System J L] ;g :yslem
- 144 e ystem 4
| 2D System g E A 3D System
—4— 3D System M E Liner fit of 1D
20 p ol 1 124 Liner fit of 2D -
o © Liner fit of 3D
—_ ] w @
= 8 104 J
o » s
2 15 - 4 8
g . SR f
2 - P =
& 10 e s 1 2 6] Re=90.138% si=8.90701 ]
< 2 -
L ] A r'y
E e e | s . R?=00.616% Sy=4.32608 At *
|/' Asaad 5 ALAA )
54 'i ah A 4 2 R?=99.167% S3p=2.83357
A 2
£
D 1 T T T T 1 0 T T T
o] 1 2 3 4 5| 0.0 05 1.0 15 20
Time (hours) Square root of time (hour™®)

Figure 4.18, Water uptake process over time before healing (A), control group (without healing
agent pumping) after healing (C) and treatment group (with healing agent pumping) after
healing (E); Water sorptivity of specimens vs the square root of time before healing (B), control
group after healing (D) and treatment group after healing (F)
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Figure 4.18 plots the water uptake process and the capillary water absorption through
cracks before and after 28 days sodium silicate pumping from inducing the 0.7 mm width
cracks in comparison with control group samples. No significant difference in the water
uptake was observed in the control samples after healing (Figure 4.18 C) compared with
the samples before healing (Figure 4.18 A). The results indicate that autogenous healing
m air condition barely contributed to enhancing the water tightness. Besides, it 1s
noteworthy that, the 11D/2D/3D network did not provide any preferential flow path in
cement. Figure 4.18 K shows the water uptake after healing, where the preferential water
flow path 1is blocked by the healing products, and the water absorption by capillary action
and the overall sorptivity 1s reduced. The mean sorptivity coefhicient values for the
1D/2D/3D vascular-cement of cracked samples before healing are 12, 13 and 13 (mm/h")
and 9, 4 and 3 (mm/h") after healing. Thus, the reduction ratio of initial sorptivity is 25,
69 and 77% for the 1D, 2D and 3D vascular-cement, respectively. This 1s because
capillary flow within cracks i1s mainly influenced by crack width and depth. When
solidified sodium silicate gel blocked the crack, the crack length and depth were
shortened, thereby slowing down water uptake (Alghamri et al., 2016) and then reducing
water sorptivity. In this case, the 3D vascular system was able to block more crack area

compared with the 1D and 2D systems.

Figure 4.18 shows the changes in the water absorption of the three vascular beams over
time before and after healing. As shown i Figure 4.18 B and D, the water absorption
in all specimens was proportional to the square root of time after 1 h. The reason of
choosing data for linear analysis after 1h is because (1) water uptake at an early stage
could be affected by the accuracy while measuring in a short ime of period; (2) few
unstable sodium silicate gels would be dissolved by water at an early stage. From the
slope of the graph of water absorption vs square root of time, and 1s calculated using

Equation 3.7 from Chapter 3.

It 1s clear from Figure 4.19 that specimen in which healing agent was released show
lower sorptivity coefficient than equivalent controls. There is a significant trend
between the geometry of the systems and water sorptivity coefficient, which idicated
that systems with more tube coverage within the matrix have better water permeability,
due to the sufficient cracks faces were covered. Further to this the healing process 1s
accelerated by the presence of the healing agent - healing from 7 to 28 days in 3D

vasculature systems showed a decrease m sorptivity coefficient from 12.9 to 11.5
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(mm/h") and 9.5 to 2.8 (mm/h") for healed and control samples with tubes

respectively.
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Figure 4.19, Sorptvity coeflicient of the 11D/2D/3D systems together with their controlled
specimens

Control samples with and without tubes showed barely variation in sorptivity and
sorptivity reduction over healing time, which suggested the presence of the tubes within

the specimen has little effect on the healing.

4.5.3 Crack width and closure

In addition to showing recovery in mechanical and transport properties, the surface
crack area also decreased as time went on for the 11D/2D/3D vascular-cement systems.
Optical microscopy was used to quantify crack the mitial crack width and the final
crack closure after healing. The four-point bending test was set to stop after the load
dropped more than 40%, thus resulting in the widest part for each crack 1s ranging
between 600 to 800 um n all vascular systems before healing. Crack location was
random 1n between loading spans as expected since four points bending method allows

for uniform moment distribution between the two loading noses (Figure 4.20).

Crack patterns of vascular beams showed a gradual type of failure. This 1s because the
holding wires will also act as a backbone to the cement beams as it tends to support

the entire load of the cement and connect the crack surface so the beam does not
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fracture into two sections. The shape of vascular structures did not affect the pattern
significantly, and there was no specific pattern propagation trend in 11D/2D/3D beams.
This indicated that the PLA prints and cement were well bonded offering light
reinforcement that improves slightly the bending strength as discussed n the previous
section, and they are not creating any preferential crack paths for cracking to happen.
Moreover, the microstructure of 3D printed PLA in Figure 4.8 also revealed that the
layer of 3D printed PLA tube have significant gaps where the print head finishes one
layer and moves on to the next. These imperfections between layers act as a crack
within the material and make it far more brittle than a solid PLA tube when cracks

were initiated (Heywood, 2015).

Crack pattern (control group) 0Day 28 Day Crack pattern (treatment group) 0 Day 28 Day

1D system

2D system

3D system

Figure 4.20, Photography of vascular beams crack pattern and microscope images of the main
crack healing process in three different vascular systems after first Four-point bending test;
controlled group (without healing agent) A, C and E; treatment group (with healing agent
pumping) B, D and F.

After 28 days of pumping, sodium silicate was released from the tubes, a dark area
around the cracks showed fresh healing agents were filled in cracks in all vascular
systems. In most of the microscope 1mages, solidified gels were then found both mnside
and around cracks systems after 28 days due to long term pumping (Figure 4.20).
However, there was no significant crack closure observed in all controlled samples,

which coincided with the low mechanical recovery result.
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Crack widths at before and after 28 days healing were plotted in the diagram i Figure
4.21. In Figure 4.21 A, the yellow area illustrates the region covered by plotting the
crack width after 28 days versus the original crack for the control samples (11D/2D/3D)
without healing agents pumped . This indicated that there was few crack closure
observed after autogenous healing process exposed in the air. However, this case
changed in the treatment group. The grey area in Figure 4.21 B illustrated for the 1D
vascular-cement system. The upper boundary of the grey area correlates with unhealed
cracks and indicates cracks with none and/or little crack width reduction in 28 days. At
the same time, the lower boundary of the grey area indicates cracks with a significant
reduction in width due to the deposition healing products. For the 1D vascular-cement
system, the wide range of data indicating healed and unhealed cracks was attributed to
a single-sourced distribution of the healing agent. Once the crack part near to tube area
was healed, 1t stopped the healing agent distribution to the further crack surface.
Alternatively, the 2D vascular-cement system, represented by the red area, shows a
drop 1n the upper boundary, indicating the growing in healed cracks. The lack of
variation from the 3D-vascular cement system collected 1s indicated by the narrow blue
area, thus demonstrating that most of the crack widths were healed after 28 days. In
this case, the vascular pumping systems have significantly improved the healing

potential and could heal cracks with a width of around 700 pm.
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Figure 4.21, Crack closure diagram of 11D/2D/3D vascular systems control group (A) and
treatment group (B) before and after 28 days ol healing

The healing performance showed an increasing trend with the increasing dimensions of
vascular designs. Quantitatively, crack closure rate from microscope images was evaluated
by the percentage of healing area closure (CA, %) using following equation:

CAg —

CA,
CA(%) = x 100% (4.28)

0
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Where CAy (mm’) is the crack cross-section area after cracking and CA; (mm’) is the
crack cross-section area after healing time ¢ The crack cross-section areas were calculated
via Image J software. In Figure 4.22, it 1s clear that the closure percentages of 3D vascular
specimens were up to 819, followed by the figure of the 2D system, at around 69%. 1D
system held the lowest closure percentage, at around 52%. As for 7 days, the figures were
dropped, whilst the trend of CA% decreasing in higher dimensions systems remained.
The little CA difference between 7 days and 28 days indicated the sealing process on the
crack surface happened mostly in the first week, and this process cannot be significantly
mmproved by extending pumping time, as the healed part of crack would block healing

agent release from tubes.
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Figure 4.22, Crack healing CA (%) diagram of 11)/2D/3D vascular systems control group alter 7
days and 28 days of healing

A previous mvestigation on 1D and 2D vascular-cement system reveal a ~45% of
crack closure for 1D system and ~729% when more parallel tubes were added when a
similar mineral healing agent was used (Heywood, 2015). This indicates the importance
of multiple sources of healing agent delivered at the crack surface by the vascular network

on enhancing the crack closure.
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Figure 4.23, Sorptivity, CA and mechanical strength recovery with the 1D/2D/3D samples after
7 days and 28 days of healing
The correlation between overall self-healing parameters is shown in Figure 4.23. All three
self-healing recovery parameters (CA 9%, Strength recovery % and sorptivity coefficient)
were proportionate with the strength recovery results (bubble size) and plotted against the

corresponding CA % and sorptivity coefficient.

A similar correlation can be seen between CA 9% and strength recovery in the samples
from Figure 4.23. Both CA 9% and strength recovery show an increasing trend with the
mcrease days of healing. Thus, the efficient crack sealing resulted not only in a higher
load recovery and stiffness improving trend, but also showed improvement in durability

parameters 1.e. a decrease n the sorptivity coefficient.

However, the trends plotted in the diagram were not liner due to samples wide cracks
wider cracking, indicating that the 1D/2D systems performed even worse in short term
healing. Whilst 3D system was able to dramatically increased the mechanical

performance, water permeability and CA %.

Therefore, based on different vascular systems functionality and the healing period, the
desirable self-healing performance could be optimised based on daughter tube coverage

design, sealing efficiency and strength improvement.
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4.5.4 Mechanmism of self-healing
SEM-EDX

Gel-like healing product was found in all three systems. The SEM characterisation of the
healing products after the sodium silicate was delivered using a vascular network shows

the presence of plate-shaped materials (Figure 4.24).

EDX

1D system

2D system

3D system

Figure 4.24, SEM/EDX morphology and elemental analysis of healing product extracted in
cracks alter 28 days of healing in 11/2D/3D vascular systems

EDX analyses conducted on them revealed that chemical composition of the product
consists mainly from O (44.87%), Na (41.72%), Si (10.42%) and C (3.00%) elements by
weight. These elements were attributed to the reaction between Na.S10: and CO: (air) in
presence of water vapour at temperatures at low temperature (<60 °C) (Rodriguez-

Mosqueda and Pfeiffer, 2013):
Na,Si05 + 2C0y4) + H,0y = 2Na,HCO5 + Si0,  (4.29)

This explains the presence of Carbon in solidified gel materials. And the crystallinity of
Na:HCO:at 25 °C 1s also plate-shaped as shown in Figure 4.24. This healing material 1s
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different compared to calciums-silicate-hydrate and calcium hydroxide reported by
Giannaros et al. (2016) and Kanellopoulos et al. (2015). In this case, the pumping system
for all vascular networks provided excessive sodium silicate. Most of which was exposed
to air and reacted with CO. and water vapour, thereby forming the glue-like Na.HCO:s

and silica mixed gel.

Computed tomography reconstruction (CT)

CT-scan was used to obtain a 3D maps of the internal infrastructure indicating the
healing agent distribution and the relationship between vascular tubing designs and
crack healing area. It revealed that in both 1D and 2D systems, only the cracking area
below and around tubes were healed, as shown from the reconstructed cross section
diagrams i Figure 4.25. The volume fractions of PLLA presented were similar in all
1D, 2D and 3D systems (1D: 2.249%; 2D: 2.42%; 3D: 2.38%), which indicated that the
mcreasing loading trend 1s mainly related with geometry shape rather than PLA volume

fractions.

As for the 3D vascular specimen, crack successfully triggered 6 tubes (out of 8), which
all released sodium silicate gels to the crack, covering most of the cracking area. On
the top of Figure 4.25, the grey level images of specimens incorporating 11D/2D/3D
vascular networks show the light grey parts represents the cement matrix, as cement
had a relatively high density and elements atomic number, compared with the dark
parts indicate PLLA tubes, gel and cracks. Cracks and bubbles within cement were
represented by black, indicating empty space. The grey level of the healed crack 1s
similar to that of silica gel. PLLA tubes had low density, and were presented as dark grey
parts. Cement, gels, tubes and empty space were then separated by using Mimic
software and reconstructed in a three dimensional images showed in the bottom of

Figure 4.25.

The diffusion distance from the tubing to the cracks varied in different systems. The
healing agent needed to travel 36 mm (maximum) to reach the cracking area in the 1D
system, which significantly reduced the healing efficiency. In the 2D system, the
maximum distance of the diffusion path reduced to around 28 mm, due to a larger
tube coverage. This figure was again decreased to 21 mm in the 3D system, owing to

its highly connected network and large tube coverage.
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Figure 4.25, CT gray level image and reconstructed image of 11/2D)/3D vascular specimens,
where the yellow coloured part represents cement beam; violet coloured part represents PLA
vascular structure; blue coloured part represents sodium silicate gels; light blue (11/2D) /green
(3D) coloured part represents gels filled in crack

Here we adapted Shim et al (2018) the definition describing crack healing ratio (H,.), by
comparing origin crack volume before healing percentage (Virqcr» mm’) with the

percentage of gels healing volume (Vj¢;, mm’) from CT reconstructed model as:

%
H, =—2 (430
Vcrack
The healing ratio of 3D vascular specimens was around 72%, which 1s followed by 49%
mn the 2D system. The lowest healing ratio was observed in the 1D system, at around 36%.

This shared a similar trend with crack closure percentage data, suggesting that 3D vascular
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system had sufficiently covered the cracking area and had the best healing ratio compared
with that in 1D and 2D systems. The increased crack healing ratio in the 3D vascular-
cement systems contributed to the improvement in the load recovery of the specimens,
where the 3D vascular beam reached 34% after healing and positively correlated with

water tightness.

The delivery of healing agents to the crack using vascular network relies on a two-step
process: first the sodium silicate was delivered into the crack surface, where the main
distribution forces were the pumping and gravity. After the solidification of the sodium
silicate, the healing products were deposited around the vascular tube, minimising the
dripping of healing agent but also decreasing the spreading around the crack surface. As
a result, only partial healing occurred within the crack, even after 28 days of pumping
healing agent. The partial healing 1s most pronounced in the 1D- and 2D-vascular cement
system, where the tubes were positioned below the central crack zone, resulting mostly
in healing around the tube and at the crack mouth. In addition, at a crack width of 700-
800 um, the capillary force 1s not strong enough to drive the healing agent up and fill in
the crack tip (Thao, 2011). As a result, both 1D and the 2D system failed to deliver
healing agents i the crack tip area, as shown i Figure 4.25. Similar results were also
found i Heywood (2015), reporting 38% and 60% of the crack area, was covered by 1D
and 2D systems, respectively; and the crack tip zones were not covered by any healing
agents. In contrast, the 3D-vascular cement system provides multiple sources of the
healing agent to the crack surface, maximising the delivery of healing agent before the

solidification of the sodium silicate heals the area around the tube.

Mechanism

The distribution of healing agent using the 1D, 2D and 3D-vascular cement system 1s
schematically represented in Figure 4.26. For the 1D-vascular cement system, most of
the crack mouth 1s filled in with healing agents since the capillary force 1s not strong
enough to suck healing agent to fill the above space. This filled area 1s also limited by
continuous healing agent supply, as the sealed crack mouth would block further agent
supply. Thus, the healing area in 1D system 1s only located around the tube. A similar
scenario 1s found in 2D system (Figure 4.26 B), healing area is also restricted around
the crack mouth. While, parallel interconnected tubes enable larger tube coverage in
the crack plate, providing alternative channels for healing agents to travel to the crack

area, thereby enlarging healing area at crack mouth zone. In 3D system (Figure 4.26
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(), a 3D vascular network 1s designed to provide more tube coverage at the crack plate

compared with 1D and 2D structures.

I\ A
i ‘ ‘ : .
i ‘ ‘ r .
3D system ;
. Crack section
General view .
view
Cement beam E Healing area & healing agents

- Crack area |:| PLA tubes

Figure 4.26, Healing regimes and applications in 1D (A), 2D (B) and 3D (C) systems

Single tube (1D) or paralleled tubes (2D) were restricted by their geometry shapes to
mcrease their tube coverage at crack sections. As they cannot enlarge their volume
indefinitely to increase tube coverage, as it weakens the cement matrix. To achieve
large tube coverage area at a crack section, branching tubes should be assigned n three
dimensions. Upper branching tubes above the tension zone perfectly solve the
problem of msufficient capillary forces, ensuring healing agents filling in both crack
mouth and tip zone. The 3D vascular network has a shorter diffusion path (from the
PLA tubing to the cracks), by having a larger tube coverage in the cement matrix
compared with the 1D and 2D systems. This significantly improved healing

performance. Fight alternative channels secure continuous healing agent supply during
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the period of healing. This 3D design resulted in a 72% of healing ratio compared with
369% and 49% m 1D and 2D systems. This suggested that partial healing could be
drastically reduced by applying a 3D vascular structure, which contains more
connected daughter tubes and enables large tube coverage. This 1s because an increase
i the number of interconnected tubes could ensure healing agents supply since more
alternative options are provided for agents to reach cracking area over time. Besides,
larger tube coverage area in crack section solves the problem when capillary force 1s

not strong enough to absorb healing agents to crack tip from tension zone.

4.6 Investigation on agent delivery supply

As discussed in the previous sections, the 3D biomimetic system showed great potential
m boosting long term healing process and presented with relatively better healing in
strength, stiffness recovery, water permeability and crack sealing abilities. The orientation
of the network provided good exposure of the crack planes, but further validation on
whether a continuous supply of healing agent will improve healing performance 1s still
not clear. Therefore a further study of this 3D vascular system in the mortar matrix was
followed, with the aim of further investigating the influence of supply of healing agent and

understanding its feasibility in being utilised in real case scenarios.

4.6.1 Closed & Open mortar system 1n mnvestigating agent supply
strategy

Pumping (closed) system and non-pumping (open) systems were applied to investigate
the healing efficiency of the amount of agent provided over time. For the closed system,
it 1s connected with a healing agent reservoir, pump and connective tubes, building up a
closed healing agent recycling pumping system. As for the open system, the healing agents
were encapsulated once before cracking, with no additional healing agents pumped after
the cracks mitiated. Specimens were prepared for testing the survivability and
compatibility of 3D printed vasculature within the mortar matrix. The networks were
positioned at the middle of each prism between the reinforcement bars anchored at the
top so that the delivery tubes of the network lay in the cover region below the
reinforcement bars (15mm cover). Control specimens were also cast to be used without
any healing agent to compare the crack healing efficiency and the compatibility of the

network with the matrix. A detailed explanation can be found in Chapter 3.
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4.6.2 Characterisation of 31D biomimetic structure 1in mortars
after healing

Similar with the cement-vascular systems mentioned in section 4.4, mortar-vascular

systems received strong adhesion between PLA tubes and mortar matrix.

Healing products between the PLA tubes and the surrounding matrix were found in all
specimens after healing. The purple-blue coloured dye was added into sodium silicate to
mark the position of the healing agents. This purple-blue coloured zone was not found
mn the fresh cast beams, meaning this penetration process required a relatively long time

for the agent to travel.

Figure 4.27, Photography of (A) secondary mineral layer between the tubes and the mortar
matrix (A) and the mner look of the PLA tubes

As shown in Figure 4.27, healing agents formed a layer in between the PLA tubes and
the matrix. This 1s because the tiny gaps between the printed patterns (also shown in
section 4.4) would allow slow penetration from the tubes to the matrix. Specifically, the
mortar mix contains various sized particles which accidentally created tiny cavities at the
edge area while casting the vascular models. On the contract, cement paste 1s more
uniformed and with fine particle size, which adapted well with the 3D printed vascular

surface.

This penetration in mortar system did not travel far as the sodium silicate interacted with
the matrix and formed a white coloured mineral layer in Figure 4.27A. This layer actually
strengthened the bond between the tubes and matrix, as the bonding was formerly

strengthened by the 3D printing pattern before agent introducing.
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4.7 Agent supply & healing potential

4.7.1 Mechanical differences after healing

The cracking strength and stiffness recovery of prism samples were measured using a
four-pomt bend test. The healing period affected the load recovery for the mortar
specimens. Both encapsulated and pumping systems obtained a significant improvement
mn load response after 28 days of healing with the closed system achieving a 37% of load
recovery compared to 16% for the open system. However, the healing potential 1s
significantly reduced when a shorter healing period is adopted with closed/open
specimens achieving a 17% and 5% of loading recovery, respectively. Control specimens

were used to 1dentify the autogenous healing contribution which was almost negligible.

Cracking strength and stiffness recovery after healing using Equation 3.1 and Equation
3.3 from Chapter 3 and are presented m Figure 4.28. Post healing strength in the
controlled samples had minimal recovery after 28 days, whereas the closed systems and

open systems were cracked at around 3 MPa and 2 MPa respectively.

The effect of continuous closed circulation of the healing 1s better seen in Figure 4.28.
All the Closed network specimen held a relatively high strength recovery compared to
Open network within the same healing period. Specimens that were pumped 7 days even
had a better performance than the one being healed for 28 days without pumping. So,
the amount of healing agent 1s highly influencing the healing efficiency confirming
previous findings (Formia et al., 2015). Moreover, the results underline the importance

of sodium silicate volume being available during a set healing period.
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of healing
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Healing products were expanding in the crack zone and mortar matrix through either a
re-hydration process or forming a glue-liked bonding relationship between crack faces,
which makes the samples stiffer over ime. Hence, in most cases, the higher proportions
of the healing products and longer healing period resulted in a better stiffness recovery.
Relatively small flexural strength and stiffness recovery were expected in open systems
compared with closed systems as sodium silica does not act as a glue bonding the two
crack faces back together but reacts with calctum hydroxide at the crack faces to form C-

S-H. This will be further discussed in the following section.

4.7.2 Assessment of transport property recovery (Sorptivity)

Figure 4.29 presents the water sorptivity results of the specimens before and after
healing. The representative plots of cumulative water absorption over the testing time

of the Closed and Open network specimen are given i Figure 4.29 B and D.
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Figure 4.29, Water uptake process over time before healing (A) and after healing (C), water
sorptivity of specimens over the square root of time before healing (B) and after healing (D)
The corresponding sorptivity coefficients are the slope of each linear fit line in Figure
4.29 A and C, which revealed that the water uptake by capillary absorption through
the cracks was substantially reduced n the post-healing samples, compared with that

before healing. This indicated a recovery in water tightness after healing.
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Figure 4.30, Sorptivity coeflicient of the open/closed systems together with their controlled
specimens

The largest reduction was observed in the samples healed with sodium silicate in closed
system which showed a massive reduction mn the sorptivity coefficient compared with
the control cracked samples and a very similar response to the samples before healing
(Figure 4.30). These results suggest that the healing products formed at the crack are
not lmited 1 close proximity to the crack opening but extend deeper in the crack
forming a barrier that drastically decreases the absorption process. If the formed
healing materials were located only close to the crack mouth area, it would have been
easier for the water to penetrate and yield larger sorptivity values than the ones
recorded. On the other hand, the water coeftficient of the open system with 7 days of
healing period showed a high sorptivity coefficient, which indicates a thin and
permeable localised layer formed within the crack, allowing a relatively easier capillary

absorption.

The sorptivity coefficient values of the closed network samples were consistently lower
than the open network beams. This suggested that the water tightness was improved
more In pumping systems after the same healing days. Interestingly, sorptivity
coefficients of 28 days of the open networks and 7 days of the closed network specimen
shared similar trend. It makes sense that the pumping system will provide better
healing than the one-off system due to a larger available quantity of sodium silicate that

has the potential to react and heal the cracks. This 1s the evidence linked with loading
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recovery findings, which proved that the amount of sodium silicate had a more

significant role than the length of healing time.

The results presented here suggest that the amount to healing agents itroduced over
time can be the largest factor to improve the water permeability of the mortar matrix.
In addition, the results indicate that the healing products formed in the cracks of all

the specimens play a significant role in the overall reduction of the sorptivity coefficient.

4.7.3 Crack width and closure

Crack closure was observed in all systems; whereas healing materials differed.
Microscope images provided a general impression that gels were the dominant healing
product that filled in cracks in closed networks (Figure 4.31 C and D). On the other
hand, crystallised minerals were found 1n all the Open network specimen (Figure 4.31

A and B).

Crystals formed n the outer periphery of the cracks. Surface crack healing in both
pumping and non-pumping caused the decrease of water passing through the cracks,
as showed in the water sorptivity tests. The healing performance was mmproved
significantly and positively linked with the mcreasing volume of sodium silicate. Initial
crack mouth widths (between 500-700 um) were gradually decreased over the healing
period. It was also found that the longer the healing time frame the better the healing
closure. Closed network systems were observed to have 83% and 47% Crack closures
after 28 days and 7 days, respectively. As for the Open systems, the crack closure
percentages were relatively lower, at around 719% and 34% after healing 28 days and 7

days.
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Figure 4.31, Morphology of crack healing in different systems. Open network specimen after
(A) 7 days and (B) 28 days ol healing; Closed network specimen alter (C) 7 days; and (D) 28

days of healing.
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Additionally, the results from the microscope images also supported that it 1s plausible
that the healing products observed on the crack walls has acted as an additional barrier

on the water diffusion in the material.

4.7.4 Healing mechanism under different agent supply system

XRD

Healing products from both systems were extracted and their microstructure
characterised using XRD and analysed via Jade® software. Both mitial curves and
confirmed materials PDF patterns were presented in Figure 4.32. PDF patterns of the
materials were automatically identified from Jade® according to the mitial curves with

the background line removed.

Mineral interaction influence on the open system healing products was found as the
strongest intensity for the major calcite (CaCQOs) peaks at 23.1°, 29.5°, and 35.6°, and C-
S-H (sodium carbonate hydrate) peaks at 29.6°, 33.5° and 47.7°. The domination of
calcite was related to the exposure of the specimens during the healing process to the
atmospheric condition accelerated the carbonation rate (Huang et al., 2014), which
coincides with Tittelboom et al. (2012) prelimmary findings on calcite healing

compounds.

Weaker peaks for different phases of calcium silicate (CaSiO;), calctum hydroxide
(Ca(OH)2), mimimal sodium hydrogen hydrate (NaHCO: ¢ H:O) and silica (S510.) were
also detected from the curves. Normally, calcite and silica along with cement rehydrated
products such as portlandite (Ca(OH).), calctum with silicon and sulphate phases (C-S-H
and Ettringite) peaks were detected in the XRD with different intensities (Qureshi, 2016).

The XRD peaks from the pattern clearly indicate the presence of C-S-H and calcite 1n
all open network systems and the mtensity of diffraction peak increases as C-S-H and
calcite increased over healing time. It 1s clear that the addition of sodium silicate led to
production of C-S-H over time. These observations are consistent with findings from
Irico et al. (2017) where the authors reported a widening of the tobermorite region at
around 30° when adding sodium silicate. However, these C-S-H were barely found from
all the closed systems, which indicated a completely different healing mechanism

happened in the pumping process.
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Figure 4.32, XRD diagrams of the infill gels in Open systems for 7 days and 28 days (A), infill
materials in Closed systems for 7 days and 28 days (B).
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Conversely, in closed systems, reacted gel (35.2° and 38.7°, NaHCOQO:) was expected as
the dominant product as discussed in section 4.5.4. The low mtensity of these peaks

could be attributed to the low crystallinity (gel-like) nature of the formed product.

Sodium silicate 1s a colloidal Newtonian liquid until the viscosity rises during the healing
process, due to neutralisation of the SiO:-Na.O bond and reaction with CO: in the air.
S10: tend to precipitate by polymerisation in form of silici acid (H.S10.) (Garba, 2012).
This 1s due to its ability to form a cohesive substance consisting of countless imndividual
colloidal particles. Sodium silicates here in the closed system act as binders considering
its ability to form silica based gel and crystalline compounds that form a new hardened

material (T'ognonvi et al., 2010).

The S1-O-S1 bonds within silica and silici acid are far stronger bonds, which gives rigidity
to the bonded material (Greenberg & Sinclair, 1955). This was also correlated with the
findings in stiffness recovery and strength recovery in mechanical tests, where the closed
system with silica gel products received a much higher recovery compare with the open

systems.

TGA

Composition of healing products in both systems was further confirmed by TGA
diagrams (Figure 4.33 A and B). This showed major weight loss in 7 days for the Open
network specimen at around 120 °C and in the temperature range of 640-670 °C. These

can be attributed to (C-S-H) the decomposition of calcite respectively (Bazaldaa-

Medellin et al., 2015). A similar trend can be seen after 28 days of healing.

As for the closed network system, crystallised minerals were barely found whilst primary
weight loss can be seen around 150 °C. This was attributed to the decomposition of
sodium carbonate hydrate and sodium silicate (Nurudeen et al., 2014). Overlapping
peaks of sodium carbonate hydrate and sodium silicate have resulted in more intense
peaks as shown in that region TGA (Figure 4.33 C and D). This further confirms the

mitial assessment through XRD and visual observations.
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Figure 4.33, TGA diagrams of the mfill materials in Open systems (A) for 7 days and (B) 28
days; infill gels in Closed systems (C) for 7 days and (D) 28 days (Note that the closed system
had a TGA temperature up to 800 C, due to its polymerised texture and the potential effects to
the crucibles).

SEM-EDX

SEM/EDX was also applied to further confirm products from cracks. The ternary
diagram (Figure 4.34) suggested that one-oft sodium silicate application increased the
calcium based product formation, namely calcite and calcium carbonate hydrate. The
existence of calcite and calcium carbonate hydrate was confirmed by crystallinity and

morphology in SEM.
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As calcite precipitated and appeared in a layered and rhombohedral shape in room
temperature (Al-Omari et al., 2016). C-S-H was confirmed by both TGA and SEM/EDX.
Sodium silicate, and sodium carbonate hydrate were also found according to SEM/EDX.
As Ca” had more actively participated in the secondary hydration of the cement for self-
healing (Qureshi and Al-Tabbaa, 2015), it is observed that several calctum based minerals
were generated from Figure 4.32.

In Closed systems, however, infill products were dominated by sodium carbonate hydrate
and sodium silicate gel, while minor calcite formation was also observed (Figure 4.34).
This indicated that sodium silicate in continuous pumping systems reacted with open air

and formed silica-sodium carbonate hydrate gels in the cracking area.

CT
Microstructural observations confirmed mechanical and durability indicators recovery
identifying the closed network system as the optimum circulation condition. In this
case, computed tomography was introduced to reveal how the healing agent was being
delivered to target cracking area and visualise the healing products i a closed system.
The crack volume reduction was calculated similarly to Shim et al. By comparing the
original crack volume before healing with the volume occupied by gels in the crack
from analysing the C'T reconstructed model it was shown that after 28 days of pumping,
87% of the crack volume was healed by solidified sodium silicate. High healing product
volume calculated here coincides with high load recovery and low water sorption in

the closed network systems.

Figure 4.35 shows X-ray CT reconstructed images of specimens incorporating vascular
network after 28 days of the pumping process. As expected, that most of the daughter
tubes (6 out of 8) were triggered upon crack mitiation, with healing agents flowing
through. The lower part of the crack was healed first in this sample. This 1s attributed
to a pressure drop in the system due to the crack opening rendering a preferential path
for the viscous liquid through the lower tubes mitially. Healing agents continued to be
pumped to higher tubes when the lower part of crack was healed and the lower tubes

were blocked for further agent release. This can be observed and proved by the minor
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liquid remaining n higher tubes after healing.

Figure 4.35, A computed tomography diagram of the Closed network system after 28 days (A),
top view of the healed side beam (B) and (C) a closed view of healed crack, where the green
coloured part represents mortar; purple coloured part represents steel rebar holders; violet
coloured part represents PLA vascular structure; blue coloured part represents sodium silicate
gels; yellow coloured part represents gels filled i crack

Mechanism

The mechanisms can be described from a conceptual schematic of the processes taking
place in both Closed and Open systems from Figure 4.36. In the former system, healing
products were dominated by gels, which were sodium carbonate hydrate and unreacted
sodium silicate. This 1s because healing agent sodium silicate was excessive over time,
causing the msufficient reaction between sodium silicate and calcium cations at crack
areas, thereby resulting to most of the sodium silicate primarily reacting with air (CO»)
and solidifying as gels. Only some sodium silicate closer to crack face reacted with Ca”.
On the other hand, the lmited amount of sodium silicate in the Open systems, allowed
the reaction with surrounding cations and air (COs) contributing to further hydration
processes, resulting in calcium-based healing products such as C-S-H, Calcite, and other

related carbonates. Nevertheless imn Closed systems, healing products acted as glues,
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forming stronger bonds with mortar, showing improved load recovery and low water

transportation.
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Figure 4.36, Healing mechanisms of both Closed (A) and Open network systems (B)

4.8 Concluding remarks

State of the art findings identified the use of biomimetic vascular networks as a powerful
source of mnovation that would help us go beyond conventional approaches to achieve

resilient cementitious structures.

Herein, vascular networks were designed and manufactured by 3D printing and

embedded into specimens to assess their healing potential (Figure 4.37).

In the first part of this chapter, the biological concept—Murray’s Law, was used to develop
an interconnected structure for delivering healing agents in the cementitious material. For
the first time, a 3D-vascular network based on a biomimetic design that follows Murray’s
Law was developed, 3D-printed and compared with corresponding 1D and 2D networks
for use in the self-healing of cementitious materials. Murray’s law was obeyed during the
design of the 3D-vascular network, aiming at mimimising turbulent flow at junctions while
also broadening the distribution of healing agents. The biomimetic three-dimensional
design was then 3D-printed using polylactic acid (PLA) for the production of the vascular
network. PLA structures presented brittle fractural response and suitable interfacial bond

for mechanically triggered use in self-healing.
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Figure 4.37, Schematic diagram of the investigation process in identifying the optimum self-
healing vascular system

Then, 1D and 2D structure were introduced to imnvestigate whether geometry and
orientation of vascular structure would affect healing performance under a continuous
agent pumping scenario. Notably, the mcreased load applied to crack the samples
embedded with 1D, 2D and 3D vascular network indicated that the plastic tube acted as
a reinforcement of the cement beams. All the 1D/2D/3D vascular network were effective
in delivering healing agent (sodium silicate). Initial cracks (between 600 to 800 pm) from
all systems were observed to be healed over 28 days. A recovery in mechanical properties
of ~209% for 1D and 2D-structures and 34% for 3D vascular network specimens were
attributed to self-healing. Additionally, sorptivity tests were performed to evaluate the
recovery in water tightness. The inclusion of 1D, 2D and 3D vascular network led to
around 25, 69 and 77% reduction of the sorptivity index values in comparison with the
values of the cracked control specimens. The crack mouth opening was non-uniformly
closed n the 1D vascular-cement system, resulting in healed and unhealed cracks.
Alternatively, an increased number of healed cracks were observed in the 2D vascular-
cement system and virtually all the crack mouth opening was reduced in the 3D vascular-
cement system. The crack closure efficiency was 52, 69 and 819% for the 1D, 2D and 3D
vascular networks specimens, respectively. The circular pumping of sodium silicate for
28 days provided excessive sodium silicate in the three networks. Through SEM-EDX,

Na:HCO:s and silica mixed gel were proposed as healing products as the sodium silicate
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was exposed to air and reacted with CO. and water vapour. The volume of healed crack
was mvestigated using CT-scan and calculated as 36%, 49% and 72% for the 1D, 2D and
3D vascular networks specimens, respectively. In this case, partial healing could be
drastically reduced by applying a 3D vascular structure, which contains more connected
daughter tubes and enables large tube coverage. The systematic improvement in the
healing performance of the 3D vascular networks specimens was attributed to the design
obeying Murray’s law and therefore broadening the coverage of healing agent distribution

while reducing the energy required for pumping.

After the optimum vascular structure was 1dentified, the third part of this chapter was to
evaluate the agent supply method and the healing potential under different agent
providing systems. Rather than cement paste, mortar matrix was introduced n this part
of experiments, with the aim of further mvestigating the influence of supply of healing

agent and understanding its feasibility in being utilised i real case scenarios.

Different healing agent delivery approaches were considered; an Open and a Closed
network system. In the former continuous circulation of the healing agent was achieved
through pumping while in the latter a fixed amount of healing agent was enclosed while
the system remained open to the environment. These achieved healing through different
healing mechanisms. The former was found to react with calctum hydroxide leaching
from the matrix to generate C-S-H and hydration products to fill in cracks. However, the
later reacted with open air to form silica-based gels in the cracking area. This approach,
of pumping a large volume of sodium silicate was identified as the 1deal choice to improve
the self-healing of a cementitious matrix as it was able to not only react with the calcium
hydroxide in the cementitious matrix but the gelled excess healing agent acted like glue,
allowing better loading recovery and water sorptivity ability than encapsulating lmited
amount of sodium silicate. These results confirm not only the great potential of the
vascular network but also of a mineral-based healing agent to deliver consistent healing
offering a pragmatic solution to the demands for prolonged and long-term damage

management.

In conclusion, the healing mechanism can differ not only because of the orientation of
the tubes but also conditions of supply. Biomimetic 3D structures contain more
connected daughter tubes and enable large tube coverage, which 1s able to avoid partial
healing. Gel-like healing product from the continuous agent supply system drastically

improved healing performance. Applying both 3D biomimetic vascular structures and



Concluding remarks

with a continuous healing agent providing method was demonstrated as the optimum
system 1n promoting healing potential and bringing great potential in long term damage
management. According to the results we collected, 1deal healing agents for this type of
vascular system have to fulfil a few requirements: (1) with no chemical reaction with PLA
structure; (i1) able to flow within the system; (i11) able to remain stable within the reservoir
for a long duration. In this case, silica-based agents are more ideal for this system for
future research. However, if the polymer-based agents (1.e. epoxy, PMMA etc.) has its
functional removing/washing solutions, it is also can be considered to use for this long-
term process. Compatibility between healing system and the cementitious materials has
been always a challenge in most of the capsule based self-healing systems. However, by
using 3D printing technique, this could be fundamentally solved due the unique 3D
printing pattern (acting as an anchor), and the large surface area attached to the
cementitious materials. For future designs, the surface of the vascular network could be

designed to be rough, and also the shape of the vascular could be more mterconnected.
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Chapter 5

Feasibility of creating PVA (Poly-vinyl
alcohol) channels

This chapter mainly discusses the feasibility of using PVA (Poly-vinyl alcohol) as a
sacrificial material to create hollow channels within cementitous materials. This 1s
because a hollow vascular channel for self-healing system could avoid long term tube
monitoring and enables multi-scale healing over time. Complex channel structures could
be design and printed using PVA, which will be dissolved to create hollow channels within
the cement matrix. To validate its workability, the printability of PVA was firstly
mvestigated. Then, a few interconnected vascular channel models were designed
coordinating with PVA printing behaviour. A double twisted channel design was selected
due to its stablility during the 3D printing process and its potential to be used to deliver
two-part healing agents. The following section discusses the dissolution behaviour and
duration of 3D printed PVA structures in water. The survival behaviour of the 3D-printed
structures during the curing of cement paste at different water content was mvestigated
via computed-tomography (Micro-CT). Then, PVA removal tests were conducted under
different water-bath temperatures. The research focuses on the potential of PVA to be
used as a sacrificial material to create hollow tunnels in the cementitious material to
promote self-healing. Results presented in this chapter have been published in Materials

(L1 et al., 2019).

5.1 PVA channels design and properties

There are two main ways of creating vascular structures in cementitious materials:

remaining glass/plastic tubes in-situ and removing the none-cementitious tubes after
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pastes are cured. The first method, which 1s the most commonly used, has been discussed
i Chapter 4. For the second method, it avoids long term tube monitoring and enables
multi-scale healing over time. Studies (Davies et al., 2015) currently apply polyurethane
(PU) tubes and pull them out after cementitious pastes are cured as PU tubes will shrink
after heating. This removable 2D PU structure provided a way of maintaining multi-use
networks that can be re-used over the lifetime of a cementitious structure to enhance and
enable multi-scale healing. However, this is only for 1 and 2 dimensional (1&2D) vascular
structures. On the other hand, three dimensional (3D) networks are more complicated
and consist of interconnected structures, which are capable of transporting healing agent

to the damaged areas across the specimen’s volume.

However, it 1s also hard for 3D vascular structures to monitor glass/plastic tubes after
several healing cycles. To overcome this limit, a three-dimensional hollow internal tunnel
structure 1s therefore requested to be created. Removable PU tubes can only be used in
simple structures like single channels or 2D grid structures. This 1s because they cannot
be bent to a high curvature to create complex or biomimetic structures. Besides, such
complicated structures would make it even harder for pulling PU tubes out after pastes
are cured. These problems can be solved by using sacrificial materials combing 3D
printing technique. Developers could fully control the model designs in fulfilling certain
required tubing size or coverage area in the matrix. In this case, desirable sacrificial
materials that (1) could be printed in a solid model, (1) able to hold the designed shape
during the concrete curing process, and finally (i) could be dissolved via solvent are very

much preferred.

Herein, polyvinyl alcohol (PVA) was chosen as a sacrificial material to create 3D internal
tunnels 1 cementitious system. The advantages of such an approach are: (1) it uses
commercial 3D printing material and can be print complex 3D structures; (1) PVA 1s

water soluble and therefore could be easily removed from prisms using water.

5.1.1 Printability of PVA

PLA has been widely used in industry, its lower printing temperature 1s easier to print
with and therefore better suited for parts with fine details and flexible in sizes. Unlike
PLA, PVA was a new commercial printing material being mntroduced to 3D printing. It
was nvented as supporting materials for the main 3D prints (usually being printed by

PLA, ABS etc.) that can be further dissolved by water, saving time and commitments in
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removing the supporting materials manually. This water soluble property makes PVA a
potential candidate as a sacrificial material to be used in creating hollow channels in

cementitious materials.

The quality of PVA supports in the 3D printing was not usually set as a priority, since the
PVA supports will be dissolved eventually. Previously, PVA was used as supporting
material in some PLA vascular models during 3D printing process. The PVA supporting
structures with thin layers (~0.1mm) were often seen broken or damaged by the hitting
of printing nuzzles. These small damages in the supporting structure wouldn’t affect the
main PLA structure, as the forces were distributed to the larger supporting structures with
no damage, and the PLA structure itself would also bear most of its weight. However,
this raised the concerns of using PVA as main materials for generating structures. Thus,

the printability and printing accuracy were examined firstly before the designs being made.

Printability

Printability was quantified by printing single columns with different diameters. Their
target height was 200 mm due to the size limit of the 3D printer. Columns were
designed to stand vertically with their bottom attach to the plate only. Ten paralleled
tests were taken place for each sized column with the diameters chosen ranging from
2 mm to 10 mm. Tubes printing (without support) was once considered, but all the

prints failed to reach 200 mm, indicating the brittleness of PVA.

As shown in Figure 5.1, columns below 4 mm were unlikely to achieve their half-target

height. As the diameter increases, their chance of reaching target height surged.
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Figure 5.1 Printability of PVA with the target height of 200 mm (Left) and photography of print
failure (original design of the model has been partly/full collapsed) (Right)



The diameter of 7 mm became a critical point where all the printed columns with
larger diameter achieved their target height. Additionally, the columns with a diameter
between 5 mm and 6 mm have a roughly 80-90% chance to succeed. These findings
mdicated that the minimum diameter of the design be large than 7 mm if the target
height 1s 200 mm. And if the target height reduces to between 100 mm and 150 mm,

the diameter could be further decreased to 4 mm. Thus, a suggested target height for
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the PVA design would be below 150 mm and with the diameter larger than 4 mm.

Printing accuracy

After knowing the printability boundary of PVA, the printing accuracy of this material
became a priority to be mvestigated. To test the printing accuracy of PVA, this has been

further segmented nto width accuracy and height accuracy, due to the pattern and

printing pathway differences i Figure 5.2 C and D.
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morphology of printed models (C) and (D) under microscope.
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As shown 1 the figure, the 3D printer nozzle travelled in a gridded path when printing

the same layer. However, the layers between each other were added up in a parallel way.

By comparing the measured printing width with the value set in CAD (from 3 mm to 25
mm), we observe a deviation of less than 19%. We explain this excellent agreement by the
fact that the printed channel width 1s mainly determined by two accurately adjustable
printer properties: the printer nozzle temperature and the feeding rate of the filament
mto the 3D printer (Dizon et al., 2018). By tuning these parameters to their optimum,

the agreement in scaffold width can be achieved without changing other printer settings.

In terms of the height accuracy, we must remove the height of the base layer (£5 pm). It
1s a functional layer for all 3D printing models, aiming to stabilise the prints, and will be
automatically added mto G-Code for printing. This height positioning (together with the
functional layer) can contribute up to 2.6 % of the height deviation. And this imperfect
mn terms of the building plate were further being removed from the actual printing height.
To compare the printed value to the height set in CAD (from 1 mm to 25 mm), we must
also consider that heat-treating the printing scaffold transforms its geometry from
rectangular into semi-elliptical, without changing the layer width. Surprisingly, this has
been correlated well with the 3D printer and resulted in a similar deviation value with the

width accuracy.

5.1.2 PVA channel design

The 1dea of designing an interconnected hollow channel system in cement 1s to avoid
further monitoring the plastic/glass based tubes. There were two types of designing

approach by considering the healing agent types.
Interconnected structure with air/catalyst triggered healing agent

For the first and more 1deal type, a design should be with a number of connected joints
and alternative channels to be able to reach certain areas. The healing agent for this type
should be the air/catalyst triggered agents, which would only happen to be hardened when
the cracks appear, but with no interactions with cementitious materials. However, more
connected jomts and channels mean more space in cement are being taken. Considering
the printability of PVA, it is quite challengeable to achieve a well-performed design. The
mitial design regarding the mterconnected channels was inspired by the bone structure

(Figure 5.3).
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Figure 5.3 Designed bone structure using topology in Autodesk (A) and bone structure in real
(B)

The whole structure was designed according to the size of the targeted beam (40 mm X

40 mm X 160 mm), with a length of 145 mm, a height of 30 mm and a width of 30 mm.
The ploy mn the design was firstly divided into 30 parts and applied topology after that.
Then the sub-polygons were shelled to form the shape as shown in the Figure 5.4. Initially
a shell thickness of 1 mm was selected since it would take the lowest volume in the matrix.
Due to more connections added 1n this structure, it might be possible to be successfully
printed in the 3D printer. However, it failed after its first layer being printed as the PVA
shell was too weak to be able to hold the entire structure. Then, the parameter was further

changed into 2 mm, 3 mm and 4 mm as shown in Figure 5.4.
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Parameter Parameter
Shell thickness: 1 mm Shell thickness: 2 mm

Parameter Parameter
Shell thickness: 8 mm

Figure 5.4 Designed bone structure with various parameters

3D printing was attempted for each model, but even the model with a shell thickness of
4 mm failed to be successfully printed due to its brittleness. Both vertical and horizontal

positions were set and tried in 3D printing, but none of these worked.

Figure 5.5 Printing process of PVA bone structure, (A) failure in 4 mm model, and (B) failure
of 2 mm (left), Smm(middle) and vertical positioned 4 mm model (right)
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Supporting structures were not added in the 3D printing program, since the removal
process (manually) will also destroy the main PVA prints according to the preliminary

trials.

Further parameters have not been tried, since the 4 mm model already taken an over 38%
of volume from the cement matrix, and the matrix will be greatly weakened by the time
the PVA structure 1s removed. In this case, the bone structured channel system 1s unlikely

to be achieved unless the brittleness of PVA filament can be significantly improved.
Dual-channel with two part healing agent

As for the second type, separate channels were designed to fit with two part healing agents.
Hardener itself or epoxy itsell wouldn’t be able to block the cracks, and can be
continuously provided through the channels. Ideally, separate hardener and epoxy inputs,
as well as individual outputs should be designed and printed. However, considering the
printability of PVA, both the mputs and outputs were united to create a more stable
structure n the 3D printing process (Figure 5.6, connected area). Since the sacrificed
PV A material will be further removed after cement matrix cured, united imput and output

can be separated by plugging in with separate connected tubes from outside.

Connected area
Height: 20 mm

\[\l'("ht'l' area
/Diameter:?' mm
T'wist rate
Angle: 400°
\ Connection: 2
Additional archers: 12
Length: 18.5 mm
Diameter:4mm (thinnest)-

7mm (at archer)

Front view Top view Left view

Figure 5.6 Dual-channel design for PVA channels creation

As shown in Figure 5.6, separate channels for both hardener and epoxy were designed

with a few archer areas, similar to the joints in bamboos. These were designed to have
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better compatibility with cement matrix during the curing process, considering the PVA
water-soluble property. An angle of 400 of twisting rate was added to ensure the channels
were symmetrically distributed in the cement matrix within the 30 mm width of the model

size.

The Dual-channel system design was successfully printed via Ulimaker®, and a set of

five models were printed all together in roughly 50 hours (Figure 5.7).

Figure 5.7 Dual-channel design printed i Ultimaker®

5.2 PVA dissolution behaviour tests

5.2.1 PVA 3D printing filament analysis

As PVA was selected as a sacrificial material i this study, its water soluble property was
requested further investigation over time and in different conditions before being

embedded 1n the cement matrix.

The non-disclaimed PVA compound filament was investigated to be extruded in a
commercial 3D-printer. PVA 1s widely used in the 3D printing field as a supporting and
break-out material due to its brittleness and ability to dissolve in water (N1 et al., 2017;

Salentyn et al., 2017). However, it 1s less popular and has limitations in terms of different
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nozzle requirement compared to other traditional 3D printing materials such as polylactic
acid (PLA) and acrylonitrile butadiene styrene (ABS). Heating the PVA in the same
PLA/ABS extruding print resulted in bubble formation and clogs in the extruder (Jamréz
et al., 2017). Thus, the chemical properties of the non-disclaimed PVA provided before
and after the extrusion were first compared and then the dissolution behaviour of the

former investigated.
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Figure 5.8 The FT-IR analyses of the 3D extruded and standard PVA materials

The chemical functional groups in PVA before and after 220° C extruding were
compared using FTIR (Figure 5.8). The sharp peaks at around 2850 and 3000 cm™ are
assigned to the CH. stretching modes (Mansur et al., 2004, 2008). Also, hydroxyl group
contribution was seen with absorption at around 3338 cm™. Important peaks at around
1158 ecm™ were verified as C-O bond. C-C bonds with a frequency at around 917 ¢m”
were 1dentified previously in FTIR data (Zheng et al., 2008). Extruded PVA showed
different peak intensities compared to the original PVA whereas the peak wavelengths
remained the same. Peak intensity differences were mainly affected by the crystalline
portion of the polymeric chains. Besides, the peak at 3338 cm™ broadened indicating the
mtramolecular hydrogen bond is formed between two neighbouring OH groups (Mansur

et al., 2008). This means that the extrusion process mnvolved in 3D printing shghtly
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changed its crystallinity. And the main functional groups remained unchanged. In this
case, there was no significant difference between standard PVA and extruded PVA, so
that standard PVA behaviours are also applicable for the extruded PVA.

5.2.2 PVA column unit dissolution

The dissolution of PVA was mvestigated by 3D printing PVA cylinders (1 mm in length
and 1 mm in diameter, 1 g) and measuring it weight variation while submerse in water, as

shown 1n Figure 5.9.
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Figure 5.9 3D printed PVA cylinders dissolving behaviour in different temperatures and pH (A),
photograph of 3D printed PVA cylinder dissolving in different pH solution (B), photograph of
15 mins dissolving, expansion layer appears (C)

The samples were tested at 25°C at pH 0, 7, 10 and 12 and also tested at increased
temperatures of 40°C and 70°C for samples at pH 7. The weight of each cylinder was
measured every 5 minutes for the first 30 minutes, and every 15 minutes till fully dissolved
(Danner and High, 1993) and the results are presented in Figure 5.9. The results show
that all the 3D printed PVA cylinders presented an increase in weight at the early stage
of the test before the weight started to reduce, which were normally happening in the first
100 mins. This 1s due to water uptake by the PVA which enables water molecules to
penetrate its polymeric chains, thereby weakening the -OH bonds and then dissolving
PVA (Park et al., 2018). It is clear from the image that the pH does not have an effect on

PVA dissolution or timescales. This showed that the highly alkaline environment of the
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cement paste or any changes in the pH would not affect the dissolution of the PVA, and
the main PVA units can survive in the cement paste during the curing process. The
temperature on the other hand was found to accelerate the dissolution process. 3D
printed PVA samples were found to be dissolved a lot quicker in warm water. The PVA
units were dissolved within 5 hours at 70° C, while it took 25 hours at room temperature.
Dissolution period in hot water (70° C) is roughly four times faster than the ones in room
temperature, and roughly 2 times faster than the ones in warm water (40° C). As for the
samples in warm and hot water, the dissolving curves were very much overlapped in the

first hour, and then the later experienced a much intensive dissolution in the following

period before being fully dissolved.

As a result, PVA materials after extruding presented the resistance of pH during the
dissolution process, and the dissolution period 1s highly sensitive with the temperature
changes. For further PVA structure dissolving, a relatively high temperature 1s more ideal

for speeding up the process.

5.2.3 PVA column unit early expansion

The water absorption of PVA, when immersed in water, leads to the volume expansion

of the 3D-printed structures. This was found in the early stage of PVA dissolving test,

where the weight of PVA structures peaked at around 1.2 g, nearly 209% of its initial weight.

Figure 5.10 shows microscopic observations of PVA before and after dissolution,
confirming the expansion as the outer layer of PVA formed a transitional zone of semi-
liquid phase, which ~-OH uptook water molecules but not yet transformed into the liquid
phase (Bonapasta et al., 2002). This 1s the main reason for volume expansion at the early
stage of dissolution. According to the findings of the dissolution process, this early
expansion tends to happen in the first 100 minutes for the column units. This indicated
that the early expansion may interfere with the cement curing process when PVA

structures were embedded nto a relatively high water-cement ratio matrix.
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Figure 5.10 3D printed PVA cylinders dissolving behaviour under optical microscope. (A)
undissolved PVA; (B) dissolved PVA when weight reached 20% of its original weight; (C) layer
classification of PVA dissolving; (D) detailed 1image of dissolving layer; (E) general image of
dissolved (top) and undissolved PVA cylinders.

5.3 PVA 1in cement matrix

5.3.1 PVA survival tests in cement matrix

PVA survival during cement curing became a large concern due to its water soluble
ability. The amount of water in the cement mix would greatly affect the stableness and
the shape of PVA prints. If the water-cement ratio icreases, more PVA materials
would tend to dissolve during the cement curing process, thereby de-shaping the
original design. To examine the behaviour of PVA structures during curing, the 3D
printed structures were embedded m cement paste with four different types of
water/cement ratio, 0.25, 0.3, 0.4, and 0.5 in accordance with BS EN 196-1:2005.
Designed a dual-channel model in section 5.1 was considered for the following cement
survival tests. The prisms were cured in water for 28 days, with the aim of determining

the successfulness of PVA survival in cement.

PVA expansion in cement prisms

Prisms containing dual-channel PVA prints with four different water-cement ratios were
cured for 28 days and examined under a microscope. Micro surface cracks were found

after samples being demoulded with a water/cement ratio of 0.3, 0.4 and 0.5. However,
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no cracks were observed from 0.25 samples. Majority of initial surface crack widths were
within 0.7 mm for samples with a water/cement ratio of 0.3 or 0.4. As for samples with a
water/cement ratio of 0.5, widths of initial surface cracks were mostly between 1 to 2 mm
(Figure 5.11). After 28 days of curing, with the specimens immersed in water, cracks
expanded dramatically in the samples with water/cement ratios of 0.4 and 0.5. However,
surface crack expansion i 0.3 water/cement ratio samples was controlled within 2 mm.
This 1s because low water/cement ratio samples were dense and can somehow restrict the
PVA expansion. Also, they had a large amount of unhydrated cement compared with
that i high water/cement ratio samples, so that more water was used for the hydration

process.
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Figure 5.11 Surface crack widths of specimens with different water/cement ratios under
microscope

These indicated that a high water/cement ratio would result in larger early-stage cracks
due to the high amount of water in cement pastes provided for PVA expansion. However,
early age cracks can be limited by applying low water/cement ratio, and can even be
avoided when 0.25 w/c ratio is utilised. This 1s also correlated with the results in the
previous section (section 5.2), where the PVA early expansion happened in the first 10%
of its whole dissolving period and achieved a roughly 20 % of a weight increase at this
stage. Higher water-cement ratio resulted in more free water remaining in the mix during
the curing process, which led to more PVA materials starting its dissolving process,

therefore a larger expansion appeared and more nitial cracks in the cement matrix.
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PVA survival in cement under CT

To mvestigate the effect of 3D printed PVA structures in cement, we used computed

tomography (CT) for the four types of w/c ratio samples.
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Figure 5.12 3D reconstructed images of reacted cement samples (turquoise represents PVA
structure in 0.25 sample, yellow bulk shows cement prisms are shown in yellow bulk (all samples);
the PVA structures in green (sample 0.3, 0.4 and 0.5); crack in light blue (sample 0.3, 0.4 and
0.5; 0.25 has no cracks))

From CT scanning reconstructed images (Figure 5.12), mainly three different materials
could be i1dentified in terms of density difference: yellow bulk represented cement paste;

PVA related material were shown in green; light blue reflected cracks and dissolved
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empty space in cement paste, with the bubbles removed from crack identification. In the
0.25 sample, the PVA structure was represented in turquoise, as there were no cracks

appear within the cement paste.

Microcracks in samples with cement ratios of 0.3, 0.4 and 0.5 were formed and increased
mn length during the 28 days of the curing process, as observed before under with optical
microscopy. Early PVA expansion resulted in free space. This was because PVA
absorbed water from cement mixture and then expanded their volume for taking up more
space. During this process, cement got harder and kept its shape, although the volume of
PVA shrank due to dissolved part of PVA travelled out of pastes through cracks.
However, the general shape of the PVA structure in 0.25 cement paste remained mainly
unchanged compared with the one mn 0.3, 0.4 and 0.5 cement pastes. And there were no
significant cracks identified in the sample with a water/cement ratio of 0.25. This suggests
that low water/cement ratio pastes could significantly minimise and even avoid early-stage

cracking during the curing process and retain the original shape of the PVA structures.

To quantify the cement damage being made by early expansion, we defined a cement
mtegrity ratio (I;), describing initial crack volume in cement by comparing crack volume
(Verack, mm’) with the cement volume (Vggment, mm’) from CT reconstructed model as:

I = (1 — 2% Y % 100% (5.1)

Ucement

From the CT reconstruction image, the mtegrity ratio of the specimen with a water-
cement ratio of 0.5 was around 669, which 1s followed by 69% in the specimen with a
water-cement ratio of 0.4. As for the 0.3 water-cement ratio prism, its cement integrity
ratio was roughly 82%. The lowest healing ratio was observed in the 0.25 water-cement
ratio specimen, as high as 100%, since there were no identified microcracks in the CT
reconstructed slices. Higher water-cement ratios linked with a lower cement integrity ratio
and more cracks were generated during this process. This shared the same trend with
microscope results from the surface, suggesting that higher water-cement ratio resulted in
more early-stage cracks in the matrix, whereas a lower water-cement ratio like 0.25 1s

more ideal for the following tests.

As for the PVA de-shaping, we defined another indicator describing the level of PVA de-

shaping. A de-shaping ratio (Dpy4) was mtroduced by comparing the original PVA
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volume of PVA (v;_pys, mm’) and the new volume added in the cracking volume

(Ve_pya, mm'), as shown in the equation below:

Ve
Dpya = —24 % 100% (5.2)

Vi-pva
Lower Dpy 4 represents a low level of PVA de-shaping, meaning the PVA structure

survived well during the curing process, and vice versa.

The de-shaping ratio of the specimen with a water-cement ratio of 0.5 was around 31%,
again shared the highest value. The specimen with a water-cement ratio of 0.4 had a de-
shaping ratio of 27%. This 1s quite close to the former one, which indicated that the PVA
would de-shape highly related with the crack shape and open mouths to the external
environment. Since the prism with a water-cement ratio of 0.3 only has a 6% of de-shaping
ratio, with significantly smaller crack mouths compared with the 0.4 and 0.5 samples.
The lowest de-shaping ratio was observed again in the specimen with a water-cement ratio
of 0.25, as small as 0. This shared a similar trend with the cement integrity ratio data,
suggesting that PVA structures in a water-cement ratio of 0.25 samples had sufficiently

survived with zero de-shaping ratios and 1009 cement integrity.

As a result, specimens with a water-cement ratio of 0.4 and 0.5 exhibited no significant
difference m terms of the de-shaping level or cement integrity level. In this case, those
two types of samples were not quite suitable for directly developing PVA channels. Prisms
with a water-cement ratio of 0.3 improved at both sides, and its relatively small crack
mouth (0.7 mm) somehow restricted the amount water exchange through cracks and
further protected the shape of PVA structure. As for the beams with a water-cement ratio
of 0.25, these have the potential to be developed as vascular channels as they survived at

the curing stage.

Coated PVA prints survival

Since the mitial cracking in the cement matrix were mainly due to early PVA expansion
while absorbing water, the idea of creating coating layers for PVA structures came
naturally. As PVA structure survived in the cement with a water-cement ratio of 0.25, this
type of mix was considered as a coating layer to PVA before the structures being formally

embedded in the cement matrix. As shown in Figure 5.13, PVA was coated by 0.25 ratio
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cement with different coating times from 1 to 3. While coating each time, the PVA was
manually covered by cement with a roughly 1 mm layer. Then if the sample was needed
to be coated twice, a second layer was added after 3 hours. And a third time continues as

above.

———

A Original

Figure 5.13 PVA were coated by cement with a water-cement ratio of 0.25, with different

coating times from 0 to 3 (Top to bottom).

The coated PVA structures were embedded in the cement matrix with a water-cement
ratio of 0.3, to see if there 1s any chance to avoid early-stage cracks. Cement with a water-
cement ratio of 0.4 and 0.5 were not considered to get coated PVA embedded, since they

are unlikely to succeed if the 0.3 ratio cement fails.

Farly stage cracks were still detected in the cement matrix of three PVA coating types.
There were no specific differences in cracks width among all three types from Figure
5.14. This 1s probably due to the complexity of the shape in PVA, and this would create
an uneven curing surface, allowing cement slowly flow to the places that are lower and
more stable for liquid cement mixture to stay before the cement being hardened. This
unevenness would further create weak areas on the surface with thinner cement paste,
where PVA could expand and generate unnoticeable cracks on the structures. Since the
PVA structures were quite completed in shapes, tiny cracks may be hard to be focused

under a microscope. When the coated PVA was embedded in the 0.3 cement pastes,
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water could penetrate the tiny cracks on coated PVA surface and reach to the PVA,

thereby resulting in further water absorption and nitial cracks i 0.3 cement matrix.
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Figure 5.14 Crack widths difference of cement matrix with a water-cement ratio of 0.3 with

different PVA cement coating times (from 1 to 3)

Applying more 0.25 cement coating layers for PVA could be a solution to avoid uneven
distribution and reduce microcracks on PVA surface, but the times of coating cannot be
added unlmitedly. Because as the matrix should still be dominated by its own water-
cement ratio, and we cannot create a 0.25 (water-cement ratio) core to a 0.3 (water-cement
ratio) matrix, which would present a hybrid mechanical behaviour. As shown in Figure
5.14, three layered 0.25 cement coating did not achieve a significant crack width or crack
number decline, which means that it 1s less likely that we can create a thin layered 0.25

cement coating for PVA that could avoid mitial cracking in cement matrix.

As a result, cement with a water-cement ratio of 0.25 1s by far the only potential mix that

was able to cooperate with PVA structures with no mitial cracks appearing on the matrix.

5.3.2 PVA removal tests in cement matrix
In this section, we further conducted tests in PVA removing under different conditions.
For this part, we only tested the specimens with water-cement ratio of 0.25 and 0.3, as

the ones with higher water-cement ratio contain much wider cracks mitially, which
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brought difficulties in drilling extra holes (with the aim of removing the PVA). Details of
the crack distribution and crack widths in different cement specimen were discussed n
both expansion & CT sections. So for the prisms with a water-cement ratio of 0.25 and
0.3, holes with a diameter of 0.7 mm were drilled on the surface of the prisms, reaching

the PVA structures, as shown in Figure 5.15.

Figure 5.15 A schematic diagram of creating holes to reach PVA structures for further PVA

removal tests

Holes from both sides of the prism were drilled to provide open areas that allowing water
to reach to the PVA structure and eventually dissolve the entire structure. Three different
water temperatures (25°C, 40°C and 70°C, same with the ones in the pure PVA dissolving

tests In section 5.2) were investigated.

For the prisms with a water-cement ratio of 0.25, the removal tests here was to further
mvestigate the feasibility of using PVA as a sacrificial material for creating interconnected
hollow channels in cement. As this type of mix was the only suitable one in the PVA
survival tests in cement. On the other hand, removal tests for the prisms with a water-
cement ratio of 0.3 were to investigate if the nitial cracks would accelerate the removal

process.

During the PVA removal tests, all the prisms were immersed in water with different
temperature, ranging from 25°C to 70°C. After 24 hours, micro-cracks emerged in the
prisms with a water-cement ratio of 0.25 under the condition of 40°C and 70°C. The
surface of the 25°C sample remained unchanged (Figure 5.16). Micro-cracks appeared
on the 0.25 mix surface after 40°C and 70°C water-bath could be related with the early
expansion of the PVA structure. A more significant expansion might occur under a

warmer water-bath environment. As for the prisms with a water-cement ratio of 0.3, PVA

was dissolved and exchanged to the surface via the mitial cracks. This further confirmed

191



192 Chapter 5 Feasibility of creating PVA (Poly-vinyl alcohol) channels

that the initial cracks became extra water channels to dissolve PVA structures, thereby

accelerating the removing process.
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Figure 5.16 Photography of the surface of prisms being immersed in water-bath after 24 h, and

the weight loss diagram over time

According to the weight loss diagram shown 1n Figure 5.16, it shared a similar trend with
the pure PVA dissolving tests discussed in section 5.2, proposing that higher temperature
was able to accelerate the dissolving process. At 70°C, both mix (0.3 and 0.25) were able
to dissolve roughly 11 g of the PVA structure over the 72 h period, while in 25°C or 40°C
water-bath, those mix with a water-cement ratio of 0.25 could hardly reach a weight loss

of 8g within 72 h. Besides, prisms with a water-cement ratio of 0.3 had a more significant
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weight loss than the ones hold a water-cement ratio of 0.25. This finding coincided with
the photography pictures, as water also travelled through the initial cracks from 0.3 mixes,
which allowing more contact surface with PVA structure, therefore accelerating its

dissolution.

As aresult, a higher water-bath temperature can surely accelerate the dissolution process,
but 1t will create micro-cracks in cement since the expansion process endured more
extensively in higher temperature. Thus, to successfully remove the PVA structures in
cement, a room-temperature water-bath 1s more 1ideal to prevent cracking related with
PVA expansion. For the mix with mitial cracks, these cracks provided extra channels for

water to contact with PVA and accelerate the dissolution process.

More nterestingly, the PVA structure was printed and weighted as 12.5 g each. This
means even for the PVA in beams (0.3 water-cement ratio) with initial cracks in 70°C

water-bath hadn’t been fully dissolved over 72 h. So the picture of a broken prism after
72 h PVA removal 1s shown below (Figure 5.17 A).

Figure 5.17 Photography of broken prism (A) and the microscope picture of the boundary layer

B & O).

According to this figure, a few PVA structure cannot be fully dissolved due to the
complexity of the structure, especially at the corner and archer areas. This means that the
slow dissolution process of PVA brought extra obstacle in terms of dissolving complex

structures within cement bulk. Besides, a light coloured boundary was found by the edge
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of PVA and cement under the microscope (Figure 5.17 B & C). The component of the

layer will be discussed in detail in the next section (section 5.4).

This clear boundary shown between the PVA channel and cement material hinted that
the PVA would potentially react with cement, and form a layer which would be different
from either PVA or cement. If it 1s in that case, PVA would no longer be suitable for
creating hollow channels for cement. This 1s because the potential new product would (1)
vary the designed structure of the channel as it grows along and within the channel; (1)
might react with the epoxy based healing agent if polymer-based material mvolved; (i11)
cracks could potentially go around through the layered boundary instead of directly

penetrate to the channel, thereby reducing the sensitivity of diagnosing cracks.

Thus, further PVA-cement interaction was mvestigated and discussed i the following

section.

5.4 PVA-cement interaction

In this section, experiments of testing interaction between PVA and cement were
conducted, with the aim of further understanding the behaviour of PVA in cement and
evaluating the feasibility of using PVA as a sacrificial material to create hollow channels
in cement. After PVA-cement prism samples were cured for 28 days, products from PVA
and cement under the microscope were analysed by SEM-EDX, FTIR and XRD. This
was for further understanding the chemical components and 3D PVA -cement interaction

mechanism.

EDX showed that calcite and Ca-polymer compounds were found in all specimens as

lustrated in Figure 5.18.
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Figure 5.18 SEM images of cement samples reacted with 3D printed PVA structures showing
(A,) boomed Calcite minerals with PVA background;(B) zoomed in image of PVA and Calcite;
(C), Calcite crystals; (D) Ca-polymer compound generated on PVA. Also shown are Calcite
crystal rhombohedral model and EDX spectra corresponding to calcite, PVA and Ca-polymer

compound.

This evidence further proved that the layer between cement and PVA was a new product,

a combination of calcite and a Ca-polymer, rather than PVA or cement.

The existence of Ca-polymer compound was also confirmed by FTIR (Figure 5.19). The
peak at around 713 cm” corresponds to the Ca-O bond (Galvan-Ruiz, 2009) and this can
be found n reacted PVA sample. This strongly suggests that there are interactions
between PVA and the Ca cations. Both the surface and the central cement parts reacted
with PVA, as minor Ca-C bonds can be found in both FT-IR curves. The surface cement
reacted with the surrounding water, which contained PVA polymers. Hydroxyl groups in
reacted PVA were barely verified in FT'TR compared with that from both standard PVA
and 3D printed PVA samples. This is because ~-OH groups were replaced by Ca cations,

forming Ca-polymer compound or lost and then formed water.
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Figure 5.19 FT-IR image of cement samples reacted with 3D printed PVA structures

Bonapasta et al. (2002) found similar secondary products in PVA cement interaction.
This reaction process can be explained by the following equation 5.3, where Ca” from
calcium hydroxide replaced H' from PVA polymer, the replaced H and remaiming OH

then resulted 1n water.

H H.
~ C,H | \/c:‘ c\/
NA” [O]N L O
o, o cH, Ovcar’Q oH,
\2 L0 + Ca?* — ~ _.~'O\H , ’--.C/ + 2H,0
/s~y H o7 /“H HON
cH, H H” *H CH, CH,
N ~ s
PVA polymer Ca-polymer compound Water

Equation 5.3

This was supported by XRD analysis (Figure 5.20). Peaks of Ca-compound were found
in reacted cement sample, while these were not observed in the unreacted cement.
Formation of this secondary material suggests that PVA lost H and hydroxyl groups in
forming Ca-compound and water. This comncided with the FTIR data (Figure 5.19),
which showed a drastic decline of -OH group intensity between unreacted and reacted

PVA. A significant increase of calcite mm PVA-cement reacted sample was found
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compared to plain cement sample. Also, calcite peaks were found in PVA polymer after
reaction with the cement, which was not present previously. This implies that the reaction
between PVA polymer and Ca(OH). somehow concentrated Ca cations near PVA
polymer when CQO:. dissolved in water, it can easily be reacted with Ca cations near PVA
polymers. Thus, we can see a clear white powdered layer being generated close to the
edge of PVA from Figure 5.17 B & C.

g CaCo,
R-(CH-0),-Ca
. T CagSi:0
Reacted PVA 1 CaSiO, H,0
2 .
7 Ca,Sio,
T CasSiOs

Figure 5.20 XRD diagrams of cement samples reacted with 3D printed PVA structures

As a result, the product generated from the reaction between cement and PVA was
confirmed as a Ca-polymer material, which was not able to be dissolved by water in the
previous PVA removal test. This indicates that PVA would not be a suitable material for
creating hollow channels in cement, since the new polymer-based material would bring a
few uncertainties in terms of varying the shape of channels and initiate complex reaction

during the healing process.

5.5  Concluding remarks

Creating hollow channels for self-healing vascular system avoids long term tube
monitoring and enables multi-scale healing over time. The present study has indicated
our 1nitial effort of using PVA as a complex tunnel creating material. PVA was selected
as sacrificial material as 1t allows the 3D printing and the dissolution in water to create

hollow tunnels. In this chapter, PVA water dissolution behaviour and printability were
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firstly imvestigated (Figure 5.21). FTIR shows decreased in crystallinity of the PVA
extruded m the 3D-printing when compared with un-extruded PVA, but the main
functional groups remained unchanged. Then, a design with double twisted channel was
selected due to its printability using PVA and able to provide a versatile way to deliver

two-part healing agents.

PVA printability & behaviour

i ; S
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Figure 5.21 Schematic diagram of the channel exploration process using PVA as a sacrificial

material
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The resulting PVA structures completely dissolve in water; for example, 1g 3D printed
PVA structure dissolves in water after 1300 minutes. Water uptake followed by
dissolution can be used as a simple removal mechanism for these vascular networks.
Additionally, the highly alkaline environment of the cement paste does not affect the
dissolution of the PVA. We embed the PVA structures in cement paste to investigate the
effect of structures” water uptake during curing. Through casting in different w/c ratios,
we show the w/c ratio substantially contribute to mcreasing the water intake of PVA
structure. Controlling the PVA expansion by decreasing the w/c ratio provides a
promising approach to tailor dissolution kinetics during curing. Furthermore, CT-scan
mmages show that low w/c ratio casting no dissolution of PVA is observed in the sample.
On the other hand, for w/c ratio above 0.3, the water uptake of PVA results in the
expansion and creates cracks in the whole structure. The PVA cement survival tests
mdicated that w/c ratio of 0.25 was the only possible mix that could potentially be used

in creating hollow interconnected channels in cement.

However, this hypothesis was broken by the results of the PVA removal tests. Warm/hot

rater-bath were able to accelerate the PVA removal process than the ones in room-
temperature water-bath. But the acceleration in the dissolving process also triggered
significant early expansion in PVA, thereby generating cracks during the removal process.
Only the ones were conducted under room-temperature hadn’t observed cracks on the
surface. Even for the samples being conducted under room temperature, it 1s less likely
that that PVA removal could succeed. Since there were secondary products between the
cement and PVA materials being produced and formed a layer of the boundary. This
new material layer would bring more uncertainty in self-healing system, as the new
product would (1) vary the designed structure of the channel as it grows along and within
the channel; (1) might react with the epoxy-based healing agent if polymer-based material
mvolved; (1) cracks could potentially go around through the layered boundary mstead of

directly penetrate to the channel, thereby reducing the sensitivity of diagnosing cracks.

In this case, interactions between PVA and cement, mainly Ca(OH)., were conducted,
mostly formed a Ca-polymer compound layer in between the cement and PVA structure.
This Ca-polymer material was observed not water-soluble in the experiments, which
cannot be completely removed by water. In this case, there would always be a Ca-polymer

layer appeared in the channel, rather than empty cement channels. Besides, calcite was
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also found in reacted PVA polymers and reacted cement pastes due to air exposure to

the water-bath.

The capability of PVA to be 3D-printed, dissolved in water and remain intact when cast
at low w/c ratios should make it valuable as a potential sacrificial network for vascular
based-self-healing. While its behaviour in cement removal process and secondary

mteraction between cement made it being screened out from the list.

Future studies regarding create hollow channels in cement for the self-healing system
could focus on wax-liked materials. This 1s mainly because it is a proven casting process
for generating metal and jewellery (Hunt, 1980). The fabricating process design and curve
a wax-base structure, and then this structure would be embedded into the cementitious
matrix. After that, the cement bulk was heated up to melt the wax and pour it out. Then
this negative cement mould could fill in with melted metal. This approach was called

“Lost-wax” process, which dated back to 1200 B.C. in ancient China (Peng, 2017).

The reasons for not using wax as a sacrificial material in this study was considering the
capability of applying wax printing in our current 3D printer and the wax 3D printing
price for out-reached services. Current wax 3D printers are mainly for jewellery design,
which resulted in their limited size (normally less than 100 mm) for creating large
structures for concrete. T'o order out-reaching wax printing service would normally cost
at least 70 pounds for each model (twisted model, discussed n this study) from the
Alibaba platform. In this case, we decided to use the current widely used PVA 3D
printing material to print the designed model, due to its potential printability and water-

soluble property.

This study proved that PVA 1s unlikely to be developed as a sacrificial material in
cementitious materials; therefore it 1s pointless in further researching creating hollow
channels using PVA and we should move the focus to other potential sacrificial materials

that are available for 3D printing.
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Chapter 6

A chemical sensitive coating for chemaical
trigegered vascular system

The mvestigations reported in Chapter 4 mvolved the use of biomimetic 3D printed
vascular systems 1n cementitious specimens to determine a suitable design for long-term
self-healing cementitious materials via the physical trigger. Then, i order to avoid
monitoring the plastic tubes, Chapter 5 describes an investigation of sacrificial vascular
tunnels in the cementitous matrix using PVA. In this chapter, instead of physical
triggering, the proposed vascular self-healing technology was further expanded to
chemical triggering, using chloride 10n triggers to release healing agents. This chapter 1s
split into three main sub-sections. In the first section, a chloride sensitive material was
synthesised and its chloride sensitivity was confirmed via characteristic methods such as
UV spectra and TGA, which will be discussed i 6.1 and 6.2. Then, porous vascular
systems were designed for coordinating chemical triggering materials, followed by a few
tests mn 1nvestigating the release behaviour of the designed models. Finally, proof-of-
concept tests were conducted to investigate the efficiency of the proposed triggering
mechanism in situ via rapid chloride penetration tests (RCPT). This part of work was
affected mostly by COVID-19 due to lab closure and maccessibility of out-reach tests

earlier this year.

6.1 Synthesis of a chemically triggered material

A main concern for concrete 1s the decrease of alkalinity and depassivation of steel
reinforcement caused by the ingress of chlorides especially the reinforced concrete
structure in marine environments. And these normally results in cracking within the

structure, causing further catastrophe. Specifically, steel 1s prone to corrosion mduced
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by chloride 10ns, which made this 1ons desirable triggers in a chloride-attack scenario.
A chloride sensitive smart system has the potential to detect early corrosion cracks,

and 1s able to react and release healing agents to further protect the structures.

Previous researches related to vascular self-healing systems were mainly focused on
physical triggering. Using chemical triggering vascular to deliver agent would reduce
the requirement of agents and improve self-diagnose sensitivity. However, few follow-
up research report the chemical triggering mechanism and its feasibility in a time-

controlled release.

6.1.1 Theory and the reaction

To design and synthesis a chemical sensitive material, the material should be able to
detect and further bind certain 1ons, such as CI™ 10ns, thereby leading to collapse of this

chemical sensitive layer and release of the internal material.

Alginate 1s non-toxic, biodegradable, low in cost, and readily available, and has been
found to be chemically modified to alter its properties (Paques et al., 2014). Specifically,
sodium alginate can be cross-linked with many metal ions (such as Ca”) to form the
hydrogel. To date, alginate has been used for encapsulating various cargos which have
been employed in diverse applications icluding controlled drug delivery, bio-catalysis
for chemicals production, stabilisation of ingredients, adsorption of pollutants, and
energy storage (Leong et al., 2016). More recently, Xiong et al. (2015) mtroduced

chloride 10ns triggered capsules to cement, via creating a silver-alginate shell.

So 1n this study, we chose a similar approach, using sodium alginate as original material.
Ag 1s chosen to be cross-linked with alginate skeleton to form silver alginate, which can

provide characteristic “egg-box” structures to hold silver cations.

When chloride 10ns appear, metal cations within the “egg-box” are precipitated with
chloride ions. And the ionically cross-linked silver alginate gels can be therefore dissolved

by the release of the silver cations.
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Figure 6.1 A schematic diagram of explaining silver alginate generation and this gel could be
turther dissolved by chloride 10ons appearance

Chloride 10ns provide a stable trigger for the synthesised silver alginate. This method can
take place under gentle conditions (room temperature), making it ideal for the

entrapment of sensitive materials.

6.1.2 Synthesis of silver algiate

The silver alginate synthesis was operated 1n a box covered by tinfoil since silver nitrate
1s sensitive to light and will start to hydrolyse when left exposed to light (Yadav et al., 2019)

as shown 1n equation 6.1.

light
AgNO3; — Ag + NO, + 0, (6.1)

Sodium alginate (Na-Alg) was first completely dissolved in deionised (DI) water. After
stirring for 10 minutes, the sodium alginate mixture was placed on a shaking table with
200 rpm for 24 hours. Then silver nitrate was added to the dissolved sodium alginate
solution under the cover of a tinfoil covered box. The mixture with silver nitrate and

sodium alginate was again placed on the shaking table with 200 rpm for 3 hours. The
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resulted silver alginate gel was separated by a separating funnel with 0.22 pm filter paper.

This 1s followed by a few washing procedures using DI water.

If this process were exposed to light, rather than silver alginate, the resulted gel would
become an alginate-nano silver particle (Alg-AgNPs) composite (Yang et al., 2015 and
Zhang et al., 2016). This 1s because light could enhance the reduction of Ag, transforming
Ag from “egg shell” of alginate to nano-scaled silver metal (Figure 6.2).

25-35min  15-25min 5-15 min

35-45 min

Fresh silver alginate

Figure 6.2 Silver alginate transformations under light over ime and a comparison image of
freshly made silver alginate

After roughly 0.3 h of reaction, the formation of silver nanoparticles (AgNPs) can be
observed by colour change as they exhibit brown colour in aqueous solution. The colour
of the reaction mixture changed from yellow to light brown to dark brown with increasing

reaction time, indicating the formation of AgNPs (Sharma et al., 2012).
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Alginate 1s able to change the heavy metal 10on form n the bulk solution according to 1on
competition order (Becheran-Maron et al., 2004). Since the purchased sodium algiate
(Na-Alg) from Sigma Aldrich® has not stated its cation exchange capacity (CEC), it is not
possible to find a specific Na-Alg/AgNO: ratio of generating silver alginate. Thus,

prelimimary exploration on optimum Ag-Alg production ratio was conducted.

Different amounts (2 ml, 4 ml and 6ml) of 0.1M silver nitrate (AgNO:) was added into 1,
2, 3, 4 and 5 wt% of 4 ml sodium alginate (Na-Alg) solution. The resulted gels were
collected and weighted to explore its optimum combination of creating relatively large
production. The diagram in Figure 6.3 showed the maximum production of silver
algimate happened in a 4wt% sodium alginate mixture, with a Na-Alg/AgN Os volume ratio
of 2:3.
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Figure 6.3 A bubble diagram revealed the optimum silver-alginate production ratio (Note the
numbers in the bubble represent the weight of silver alginate produced) in gram

The amount of Ag-Alg increased when a more concentrated Na-Alg mixture was mvolved.

As for the samples with the same Na-Alg concentration, an increased volume of silver
nitrate often resulted i higher Ag-Alg production. However, this trend changes when the
Na-Alg concentration increased to 3wt9%, where the amount of Ag-Alg showed no
significant difference between samples adding 4ml and 6ml silver nitrate. This 1s because
the amount of Ag-Alg 1s restricted by the amount of alginate provided, adding more silver

nitrate would not change its production. In the 4wt% Na-Alg samples, introducing more
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silver nitrate can improve Ag-Alg production, since there was more alginate available for
generating Ag-Alg. Interestingly, in the 5wt9% Na-Alg samples, the amount of Ag-Alg were
the same with the 4wt% samples. This means in both 4wt% and 5wt% Na-Alg samples,
the amount of alginate provided was sufficient, and the silver alginate production was
mainly restricted by silver nitrate. According to this diagram, we could then choose the
optimum silver alginate producing recipe, which is the combination of 4wt% of Na-Alg
and 6ml of AgNQOs. This combination was able to result in the largest amount of silver

alginate with the minimum raw materials used.

6.1.3 Silver alginate characterisation
Synthesised  silver algmate gels were characterised via UV spectroscopy,
Thermogravimetric Analysis (T'GA), and rheometer to confirm its components and

behaviours.

UV spectroscopy characterisation for synthesised Ag-Alg

UV spectroscopy was employed to confirm the existence of silver algmate and

differentiate it from sodium alginate.

In order to optimise the synthesis of silver alginate (Ag-Alg), the concentration of sodium
alginate was varied (1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4.5 wt%) while keeping AgNO:

concentration and reaction temperature constant at 0.1 M and 25 °C, respectively.

First, sodium algmate solutions with different concentrations (from 1 wt9% to 4.5 wt%)
were examined as shown i Figure 6.4 (Top). Figure 6.4 (top) depicts the UV spectra of
sodium alginate with various concentrations, and it reveals the existence of an absorption

band at approximately 265 nm (Shabbir et al., 2017).



Synthesis of a chemically triggered material 207

T T T T T T T T T
4 ——1.0wWt% ]
. 1.5wt%
Peak 1:~220-230 nm 2 Owt%
— 2.5wt%
— 3.0wt%

‘ —— 3.5Wt%
< ‘ \ Peak 2:~260-270 nm 35wt
~ / — 4.5wt%

c I
0
a
| -
(@] -
7]
o]
<
0 " T ' T " T T T L—
200 300 400 500 600 700
Wave length (nm)
5 T " T T T T T T T
— 1.0wt%
1.5wt%
Peak:230-300 nm — 2.0wt%
4 Jagged: 200-300 plastic —2.5wt% _|
cuvette interference — 3.0wt%
& concentrated Ag-Alg — 3.5wt%
— 4.0wt% 1
S:, — 4.5wt%
c 34 i
je
—
o
| - -
(@]
)
2 2 i
14 J
0+ T T T T T T T T T T
200 300 400 500 600 700

Wave length (nm)

Figure 6.4 UV-Vis absorption spectrum of sodium alginate (Na-Alg, Top) and absorbance at

230-300 nm of silver alginate (Ag-Alg, Bottom)
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The absorbance intensity maxima at around 220 nm was found in the UV spectra (Figure
6.4 Top) and coincided with the findings from Amara et al. (2016). Jagged curves
appeared in the 4.5wt% sample due to the increased concentration of sodium alginate

which was out of the measuring scope of the device (Inter-Chem-Net Instruction Manual,

2000).

The UV-Vis absorption spectroscopy of the synthesised silver alginate (Ag-Alg) samples
revealed the appearance of a broad peak at around 230-300 nm (Figure 6.4 bottom). A
broad peak indicates presence agglomeration of silver alginate which could be due to the
absence of adequate stabilisation (Stevanovic et al., 2012). Besides, massive interference
m the 200-300 nm range was found, which were produced by plastic cuvettes due to
absorbance of ultraviolet light by plastics. In this case, plastic cuvettes could work perfectly
i the range of 380-780 nm, whereas may provide mterfered noise in the range of 200-
300 nm 1in this study. The quality of the 200-300 nm (ultraviolet range) spectra could be
improved by switching into a quartz cuvette, with the wavelength range of 190-2500 nm

(Perkin Elmer Inc, 2006).
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Figure 6.5 Comparison of UV-Vis absorption spectrum of sodium alginate (Na-Alg, 4wt%),

silver alginate (Ag-Alg, 4wt9%) and AgNO: (0.1M)
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However, no peaks were found at the wavelength of 407 nm, a specific peak of surface
plasmon resonance (SPR) of nanosilver particles (AgNPs), which indicating the resulted

gel did not contain AgNPs.

As 1s evident from Figure 6.4 (Bottom), the mtensity of the peak did not increase as the
concentration of alginate increased and became constant, indicating the complete

reaction of silver alginate.

A clear difference between Ag-Alg and Na-Alg were their band range and peak difference.
The former has a relatively broader range, from roughly 250-320 nm. The later has one
main peak and a side peak at 235 nm and 266 nm, respectively. As for silver nitrate
solution, visible absorbance peak was found at around 302 nm which probably

corresponds to interband transitions 1n silver (4d — 5s, p, Heinglein and Meisel, 1998).

The synthesis of silver alginate via sodium alginate and AgNOs solutions was confirmed
by using UV-vis absorption spectra. UV spectra images show that a broad-ranged peak
appeared when silver nitrate was formed, which mainly due to agglomeration of silver
algmate. Jagged noise was interference produced by plastic cuvettes due to absorbance of
ultraviolet light by plastics. To reduce this interference, quartz cuvettes would be more

ideal for peaks in the 200-300 nm ultraviolet zone.

TGA characterisation for synthesised Ag-Alg

Thermogravimetric and DTG analyses were performed simultaneously on the sodium
algiate and the resulted matenials to further confirm silver alginate formation.
Hydrogels were air dried in room temperature and i dark condition, since light is able
to enhance the reduction of Ag cations, transforming Ag+ from “egg shell” of alginate to

AgNPs.
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Figure 6.6 TGA curves of sodium alginate (Left) and silver alginate (Right)

209



210

Chapter 6 A chemical sensitive coating for chemical triggered vascular system

The temperatures that sodium alginate decomposes are 240-600 and 600-800 C as
shown in Figure 6.6 (Left), where the weight losses are 42.7% and 32.2%, respectively.
They correspond to two of DSC peaks at 240 and 600 C, respectively. The first peak
mdicates that energy 1s required to vaporise the adsorbed water molecules (Zhao et al.,
2010). While the second peak represents rapid degradation in the final stage, due to the
formation of sodium oxide at around 600 ‘C. The thermal behaviour of sodium alginate

sample 1s similar to the ones in Anuradha et al. (2016).

The thermal behaviour of resulted gel was completely different from sodium alginate,
where the main decomposing process happened from 85-140 ‘C, and then 175-200 C.
Thermal degradation of Ag-Alg was previously reported by Yadav et al. (2019). The
degradation around 200 C might be due to the vaporisation of the adsorbed water
molecules and polymer matrix Alg (Oun and Rhim, 2015). A further temperature
mcrease to 800 C showed third and fourth peaks at approximately 395 ‘C and 490 C,
respectively, which were also reported by Yadav m 2019. However, the typical
temperature peak of AgNPs, normally at around 240°C (Rhim et al., 2014), was not found
i Figure 6.6, which indicated the synthesised gel was silver alginate. As a result, thermal
degradation diagrams further proved the successfulness of synthesised silver alginate,

which coincided with the findings from UV spectra data.

Flow behaviour of Ag-Alg and Na-Alg

Shear stress/shear rate relation for both materials was measured to further differentiate
their flow behaviour in various mixes. The range of the shear rate in our measurement
and analysis was constantly chosen to be 10s” to 200s'. We further expanded the
concentration range of both alginate materials, from 0.5wt% to 10wt%, to thoroughly
examine and differentiate their flow behaviours. This allowed the comparison of flow
behaviours of the resulted silver alginate with sodium alginate, and identification of the
optimum concentration suitable to be contained 1n the vascular design (this part will be

discussed 1n the following section).

In a Newtonian fluid, the viscosity 1s a constant irrespective of the strain rate. In this case,
the flow curve corresponding to a Newtonian fluid is expected to be a straight line passing
through the origin in a linear scale plot, where the slope 1dentifies the viscosity. However,
i this study, a Herschel-Bulkley model was included in the processing program since

sodium alginate 1s a typical material fit in this model (Soukoulis et al., 2016). In this case,
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if the curve fit in well with the linear scale m this program, which implied the flow with
any curve fell in the family of straight lines, we deduce that the measured sample 1s a non-
Newtonian fluid following in Herschel-Bulkley model, where the effective viscosity
(defined as the slope of the line connecting the origin and the corresponding point in the

flow curve) 1s a function of the strain rate.
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silver alginate in a linear scale (C) and a logarithmic scale (DD); Viscosity-shear rate relation of
silver alginate (E) and sodium alginate (F)
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Figure 6.7 shows the results of sodium alginate (Na-Alg, A) and silver alginate (Ag-Alg, C)
with various mixing ratios, it 1s seen that the relation between shear stress and shear rate
are almost fit by a straight line in linear scaled diagrams which applied a Herschel-Bulkley
model in the processing program, and also fit in well with its logarithmic scale, which

implied the flow curve can be fitted to Herschel-Bulkley model (Nagasawa et al., 2019):

T =1+ Ky"* (6.2)

where: T equals the yield stress (Pa), K is the consistency coefficient (mPaes™), and n 1s

the rheological behaviour index (dimensionless).

The wviscosimetric response of both sodium alginate and silver alginate fitting with
Herschel-Bulkley model was significantly influenced by the structure conformational
state of the biopolymer molecules present in the bulk aqueous phase (Soukoulis et al.,
2016). Based on the flow behaviour data shown in the diagram (Figure 6.7 E and F), both
Na-Alg and Ag-Alg materials exerted a shear thinning behaviour, where the viscosity of
samples becomes lower at higher rates, and with pseudo plasticity being more

pronounced in the case of 1onic sheared gel structured systems.

Ag-Alg had a much lower viscosity and a much narrower shear stress range, compared
with Na-Alg, implying the concentration of Ag-Alg would unlikely to be a significant factor

m making great changes 1n its viscosity.

Silver alginate presented a much obvious shear thinning behaviour in low concentrated
samples compared with that of sodium alginate (Figure 6.8), hinting a stronger pseudo

plastic character of silver alginate.
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Figure 6.8 Viscosity shear thinning comparison of sodium alginate and silver alginate in 8wt9%,

7wt%, 6wt% and Hwt96 samples

In this case, it may be related with the intermolecular entanglement of the sodium algiate
chains in the dissolved state 1s rather restricted leading to the formation of very weak
structures in low concentration (Ma et al., 2014). On the other hand, silver alginate
exerted a stronger pseudo plastic character compared to the sodium alginate indicating
the presence of a biopolymer network due to the aggregation of Ag+ alginate “egg-box”

structures via their intercluster bonding (Fernandez Farrés & Norton, 2014).

In conclusion, both sodium alginate and silver alginate presented a non-Newtonian shear
thinning behaviour, but the latter has a much stronger plastic character, specifically at low
concentration, due to its aggregated 1onic Ag+ alginate “egg-box” structure. This implied
the concentration of Ag-Alg would unlikely be a significant factor in making great changes
m its viscosity and viscosimetric response. Thus, it 1s unnecessary to increase the

concentration of silver alginate to achieve high quality while producing silver alginate.
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6.2 Chemical reaction between Ag-Alg and chloride 1ons

Silver algiate was successfully synthesised and characterised by UV, TGA and
Rheometer in the former section. So in this section, its sensitivity, in terms of reacting

with chloride 1ons was further examined, to establish its threshold value i interacting
with CI. Three different chloride source solutions were selected, which were NaCl, MgCl.,

and CaCl,, with the aim of mimicking various Cl- sources in real environment.
The reaction between silver alginate and chloride 10ns 1s following the equation below:
Agt +Cl- - AgCll (6.3)

Images of reaction between different chloride source were presented in Figure 6.9, where
0.1g, 0.2g and 0.3g 4wt% silver alginate was added to chloride solutions with various
concentration: NaCl (0.1M, 0.01M, 0.001M), MgCl. (0.1M, 0.01M, 0.001M), and CaCl.
(0.1M, 0.01M, 0.001M). As can be seen in the figure, precipitation was observed in the
reacted CaCl: solution, where solid white silver chloride crystals gathered at the bottom
of the test tubes, remaining clear solution above. Few unreacted gels was seen in the CaCl:
samples with 0.001 M concentration, hinting that 0.001 M of CaCl. could unlikely fully
dissolve silver algiate. Silver alginate in NaCl samples was mostly dissolved, rather than
having precipitation gathered in the test tubes, and “cloudy” solution was also observed.
When the reaction between NaCl and silver cations happened in a concentrated solution
(above 1.7x10" M), the diameter of the particles was usually at around 4.16 nm (Greene
and Frizzell, 1936). Similar “cloudy” phenomenon happened in MgCl. solutions, but with
a few unreacted gels remaining in the 0.001M and 0.01M samples, which implied a higher
threshold of MgCl. in reacting with silver alginate gels compared with NaCl and

CaCl.. This behaviour will be further examined via UV spectra in the following section.
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0.1 g Gel

0.2 g Gel

0.3 g Gel

Figure 6.9 Photography of the silver alginate (0.1g, 0.2g, 0.3g) reaction with CaCl., MgCl. AND
NaCl with various concentrations (0.1M, 0.01M, 0.001M) alter 24 hours interaction

6.2.1 Aqueous behaviour under UV spectra

The effluent from the test tubes above was collected, filtered (0.22 um) and tested via UV
spectroscopy to provide useful molecules structure information to reveal the
compositions. As shown in Figure 6.10 A, samples with excess CaCl. (all samples with
0.IM and 0.0IM CaCly), presented a sharp clear peak at around 210-230 nm,
representing discrete alginate phase (confirming previous results by Salgado et al., 2007),
whereas no AgCl peak was found. This indicated that silver alginate was completely
dissolved and all the Ag cations were precipitated at the bottom of the test tubes (see
Figure 6.9). For the samples with 0.001M CaCl. and 0.1g Ag-Alg, UV irradiation showed
mtense peaks in the ultraviolet region (at around 240 nm and 265 nm) below 300 nm,
which were the typical peaks from AgCl by chemical reduction of AgCl during the UV
irradiation (Schiirch et al., 2002). This might be related to the relatively low concentration
of CaCl,, which result in a few AgCl particles below 0.22 um (filter) remaining in the
tested solutions. As for the samples with more Ag-Alg and low CaCl., silver alginate was
still remaining i the solution, which showed a similar UV spectra curve with original

silver alginate curves in the previous section.

215



216

Chapter 6 A chemical sensitive coating for chemical triggered vascular system
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Figure 6.10 Absorption spectra of samples in CaCl: (A), MgCl: (B) and NaCl (C), with different
concentration in aqueous solutions. The solution concentrations were adjusted using deionised
water.

When the solution was changed to MgCl,, the trend observed here 1s quite different
compared with the ones shown i CaCl. samples. There were only two types of curves
(Figure 6.10 B), ())AgCl curves with main absorption peaks at around 225 nm and 280
nm, in the samples with 0.1 M MgCl: solution and below 0.2g Ag-Alg; and (1) silver
alginate curves in other samples. Interestingly, compared with the peaks in CaCl. samples,
AgCl peaks i the MgCl: samples undergo a red shift (Bathochromic effect), meaning a
change 1 absorbance to a longer wavelength, following the high concentration of chloride

1ons, which could cause significant red shift (T'ong et al., 2020).

As for the samples with NaCl solution, the curve type can also be classified mto three
types (Figure 6.10 C): (1) silver alginate curves, (i1) AgCl curves (in the grey shade), and
(1) red-shifted (in the blue shade) AgCl curves. Similar to MgCl. samples, “cloudy” AgCl
particles remained 1n solution, so that their typical absorption peaks were mostly detected
via UV spectra. AgCl was found in all samples with high NaCl concentration (0.1M), and
samples with low Ag-Alg gels (0.1g), indicating sufficient interaction. Remarkably, AgCl
curves observed i 0.001 M and 0.01M NaCl solution also implies the threshold of NaCl

1s lower than MgCl,, in which the later observed AgCl curves only in 0.1M solutions.
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Figure 6.11 Absorption spectra comparison diagrams of samples in with different amount of Ag-
Alg, 0.1g Ag-Alg (A, B, ©), 0.2g Ag-Alg (D, E, F), 0.3g Ag-Alg (G, H, I) in various chloride source
solution

If we compare the curves from different chloride source under the same condition (same
solution concentration and amount of Ag-Alg gel, Figure 6.11), a clearer trend can be
found as MgCl. samples (green curves) has the highest threshold in terms of reacting with
Ag-Alg. Typical silver alginate curves were found in most of the MgCl. samples, AgCl
curves were found only m 0.IM samples. This also coincided with the result of
photography images in Figure 6.9. On the other hand, CaCl. was quite successful in terms
of chloride sensitivity and reaction, whereas this process will result in macro-scaled AgCl
crystals, thereby bringing potential risks in blocking the vessel system for self-healing. In
this case, the NaCl solution 1s by far the most optimum candidates in providing chloride

1ons for the following chemical triggering tests.

6.2.2 Chloride 10n concentration

Quantitative determination of CI 1on concentration in the solutions after Ag-Alg reaction

were required for monitoring the progress of chloride removal and to determine when

700
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the treatment is considered to be finished. All tests were carried out on 100 ml solutions
containing variable CI ion concentrations after Ag-Alg reaction. The 0.01 M chloride
solutions were selected with the aim of matching the test range of ED'T ISE-1261 device.
Then 1g Ag-Alg gel was added, and the samples were tested at 0, 0.5, 1, 2, 4, 6, 24, 48
and 72h, as shown in Figure 6.12. Original concentrations of CaCl.,, NaCl and MgCl.
before adding Ag-Alg were 241 ppm, 273 ppm and 219 ppm, respectively. All the data
collected from EDT device were atomically tested three times and then provided an

average number.
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Figure 6.12 Chloride 1on concentrations from different sources of Cl (0.01M, 100ml
CaCly/MgCly/NaCl solution and 1g Ag-Alg) after 72 hours reaction via Chloride half-cell ISE-
1261, provided by EDT directlON®

The amount of Cl- 1ons remained n solutions after reacting with silver cations were
detected. A significant decrease in Cl concentration appeared i MgCl solution,
dropping from 219 ppm to 147 ppm in the first hour, roughly 32% of decrease. A similar
trend happened i NaCl solution, declining from 273 ppm to 223 ppm. CaCl. sample
experienced a relatively moderate chloride 1on decrease process. After 72 h of reaction,
NaCl remained the least chloride 10ns n the solution, with only 40.1 ppm, roughly 14%
of chloride 1ons remaining. Chloride concentrations after 72 hours in MgCl, and CaCl.
were relatively higher, at 62 ppm and 87 ppm, which were approximately 28.3% and 36%

remaining. The results indicated that for between NaCl and MgCl., the question 1s not 1f
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they are able to dissolve silver alginate, but how efficient they can be. Obviously from
both UV spectra and EDT chloride concentration tests, silver alginate gel was more
sensitive to NaCl solution compared with MgCl.. However, CaCl. could result in macro-
scaled AgCl materials, which might potentially block the designed vascular system thereby

hampering healing/inhibitor release.

6.2.3 TGA of silver chloride precipitation
TGA was also employed to further confirm the composition of the predicated material,
as shown m Figure 6.13. Since the Ag-related materials were heat and light sensitive, the

precipitation was filtered, washed (DI water) and air dried in a dark environment.
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Figure 6.13 Weight loss and DTG curves of silver chloride precipitation

Weight loss before 200 C was related with unreacted silver alginate. As stated in the
previous section, the thermal behaviour of resulted gel happened from 85-140 C, and
then 175-200 °C. Thermal degradation of Ag-Alg was previously reported by Yadav et al.
(2019). The degradation around 200°C might be due to the vaporisation of water and
polymer matrix Alg (Oun and Rhim, 2015). For the peaks from 250-400 C, it was found
that thermal decomposition of silver chloride particles started at around 250-300°C
(Persin et al., 2014), whereas the peak at 421 ‘C was overlapped with silver alginate

decomposing peaks.
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6.3 Vascular design exploration for chemical triggering
material

6.3.1 Double-layered lattice design

The 1dea of designing a chemical triggering vascular system 1s to provide a desirable
structure that can host both the main healing agents and chemical triggered material (Ag-
Alg). Ideally, the design for chemical triggering vascular system should achieve (1) be able
to release the healing agents through the wall; (11) contain host place for housing chemical
sensitive materials; (1) enable sufficient path flow for healing agents. In this chemical
triggering system, the agents can be both inhibitors to prevent further corrosion and the
healing agents when the crack happens. For the early stage, vascular networks containing
mhibitors as agents could be able to react with the chloride 1ons and protect the
cementitious structure. When the chloride 1ons already triggered cracks mn the
cementitious materials, healing agents in the vascular network can be responsible for
healing the damage. Since the vascular system 1s a cyclic system, agents can be easily
replaced by changing agent reservoir. At an early stage, ihibitors can be pumped into
the network to react and prevent the corrosion; .then if the damage has already occurred,

mhibitors can replace the healing agent.
Column shaped double-layer lattice design

A column shaped vessel was designed as shown in Figure 6.14. The whole structure was
designed according to the size of the targeted beam (40 mm x40 mm x160 mm), with a

length of 100 mm, an inner diameter of 7 mm and an outer diameter of 10 mm.

Double Layered
Space
trapping healing agents

Lattice Structure
providing variable
pores

Healing agent
Path
viscous fluid

Agent Delivery Structure design

Controlling releasement of healing agent

Figure 6.14 A schematic diagram of the column shaped double-layer lattice design, where the
mner path allows healing agents traveling, and the double layered space provided a place to host
chemical triggered materials, such as silver alginate in this case.
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Lattice structure can provide sufficient channels for healing agent release. A double
layered space was added to the lattice structure, ensuring the design to be able to host
chemical sensitive materials. Moreover, the mner wall has smaller pore size compared
with that of the outer wall, which made 1t easier for the double layered structure to be
able to separate the healing agent traveling in the tunnel with the chemical sensitive

materials from the outer layer.

With the aim of comparing and evaluating the agent release behaviour in different pore
sizes, three different pores size models were designed, whilst keeping other parameters
same. The polys in the design were firstly segmented mto 400 parts (L sized model: 16
parts for each layer, 1.36 mm outer pore size, 0.77 mm nner pore size), 630 parts (M
sized model: 18 parts for each layer, 1.14 mm outer pore size, 0.62 mm inner pore size)
and 800 parts (S sized model: 20 parts for each layer, 0.97 mm outer pore size, 0.50 mm

mner pore size), respectively. Then shell thickness was set to 0.6 mm for each model.

i

150 mm

Figure 6.15 Photography of column lattice designs with different pore size (L, left; M, middle,
S, right) being printed over time (A), connecting tubes added to the design (B), and fitting in
cement mould (C)

The models were designed in AutoCAD® and then printed using a Ultimaker® 3
Extended 3D printer (Fused deposition modelling system, FDM) and Cura® software
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using Polylactic acid (PLA, by Ultimaker®) filaments. Figure 6.15 A shows the three
different pores sized (L, M, S sized) lattice model being built up over time. Multiple
columns could be printed to improve printing productivity, since this design normally

took 48 hours to be printed.

To adapt this column double layered lattice model to the cement matrix, connecting
elbow tubes were added by soldering (Figure 6.15 B). The total length of column lattice
tubes mcluding elbow connecting tubes was 150 mm, which perfectly fit in the stainless-
steel moulds (40 mm *x 40 mm x 160 mm) for casting cementitious matrix (Figure 6.15

0.
Plate shaped double-layer lattice design

Similarly, a plate-shaped double layered design (Figure 6.16) might be beneficial to the
surface area, since surface or areas that are close to the surface would have a higher
chance in contacting with high chloride environment, such as sea water, saline water. A
plate shape would provide relatively larger contact surface compared with column shape,
bringing more chance in reacting with chloride 1ons, thereby triggering chemical sensitive

layer to be dissolved and releasing healing agents/inhibitors from vessels.

-
=
=
=1

P

=

o

‘ 130 mm

150 mm

Figure 6.16 A schematic design of plate shaped double layer network

The polys 1n the design were firstly segmented into 2000 parts, excluding the edge area
(3 mm 1 thickness), which resulted in the external pore size to 1.5 mm and the inner
pore size to 0.6 mm. Similar with the idea in the column lattice design, a double layered
space was designed for hosting chemical sensitive material (such as silver alginate i this
case), with an inner tunnel (24 mm width x 6 mm height) allowing healing agents/inhibiter

to pass through. Elbow connecting tubes were also attached to the main design in a
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rectangular shape. Similar to the column shaped design printing process, the plate-shaped
model can be also printed under the same printing condition using PLLA as printing

material.
Upgraded column double-layer lattice design

For specific healing agents, such as two-part epoxy, single channelled designs were not
suitable to differentiate two part of the liquid. Thus, an upgraded version adding up from

the column shaped double layered design was shown in Figure 6.17.

Figure 6.17 A schematic design of an upgraded column shaped double layer network (right),
and a photography of the model being printed in an Ultimaker® 3D printed via two materials
(PLA, silver; PVA, white)

Separate channels for both hardener and epoxy were designed with the double layered
space, similar with the column shaped double layered design. An angle of 400 of twisting
rate was added to ensure the channels were symmetrically distributed in cement matrix
within the 30 mm width of the model size. For this upgraded design, a conceptual model
was only printed at this stage, since the original column shaped double layered design
need to be proved first. Evaluation of the column-shaped and plated shaped designs will

be discussed in the following section.
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This upgrade model was printed via two different materials, PLA and PVA. This 1s
because this model contained two separate tubing structures, which need to be connected
during printing process, otherwise would result in printing failure. The former, PLLA was
the material for generating the main model structure, whereas PVA (which was also
mentioned in Chapter 5) was a supporting material that filled up with the empty space to
provide a more stable condition for printing process. The silver-coloured part in Figure
6.17 was PLLA material, and the white part was PVA, a supportive material. The PVA can
be either broke out manually or removed within 1 hour when the structure was dipped

mnto water.

In the following sections, only the first two designs, namely the column shaped and plate
shaped, were evaluated. The upgrade spiral design 1s considered a derivative of the
column model (basically the same design), with only an additional tube added, and this

could be validated by the results from the column shaped model.

6.4 Behaviour of lattice models in cement

Survival of both column shaped and plate shaped models during cement curing became
alarge concern due to its lattice structures. Since those porous structures could potentially
allow cement to occupy the double-layered space, thereby forming a solid cement layer,
making the vascular could neither be able to release the healing agents to heal the cracks,

nor release inhibitors to reduce chloride 10ns concentration for avoiding further damage.

In this study, an extreme testing situation was considered, assuming the double layered
space was empty, and to understand that to what extent could cement occupy this space
i various models. Thus, both column-shaped and plate-shaped models were tested in
cement matrix, to evaluate their feasibility in cement without adding any chemical

sensitive materials.

6.4.1 Column shaped model in cement

Prismatic specimens were prepared for testing the viability and performance of the 3D
printed porous Polylactic acid (PLLA) vasculature within a cement matrix, with the aim
of evaluating if PLLA porous structure can survive in cement paste and determining

1deal pore size range for preventing cement travelling into the mnner tube.
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The cement paste mix was prepared with Ordinary Portland Cement (PC) (CEM-I, 52.5
by Hanson) and water (detailed information can be found in Chapter 3).Following the

mixing, models were first stabilised by a few iron support stands in the mould, and then

loaded cement paste into the moulds with PLLA structures settled (Figure 6.18).

Figure 6.18 General set-up for cement casting (Lelt), and a cured beam alter 7 days (Right)
Double layered space occupation under CT

To understand the resistance of lattice structure in reacting to the cement during the
curing process and the distribution of cement/secondary minerals in the double layered
structure, CT-scan was employed to obtain a three-dimensional map of the various sized

column models in cement as shown in Figure 6.19.

The grey level images of prisms incorporating I/M/S sized column shaped double-
layered models were obtained from CT scanning software. The light grey parts
represented the cement matrix, as cement had a relatively high density and elements
atomic number, compared with the dark grey parts indicate PLLA tubes. Bubbles within
cement were represented by black, indicating empty space. Cement, PLLA structures and
empty space were recognised, picked and separated by using Mimic software and were
marked by various colours. Specifically, the fluorescent green colour in Figure 6.19
represented the cement intruded into the double layered space. Violet marked the S
sized column shaped model with 1.36 mm outer pore size and 0.77 mm mnner pore size.
Similarly, pink and cyan marked M sized model and L sized model, respectively. It
revealed that in all sized models, cement was able to penetrate the porous structure and
reach the double-layered zone. Specifically, more cement was seen in the double-layered
space from L sized model, and we could even observe the cement in the mner tunnel.

There was also low-density mineral appeared in L sized inner tunnel, which was shown
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m Figure 6.19 in relatively dark grey. In the M sized model, low-density mineral was also
found in the mner tunnel, but with a much fewer amount. As for the S sized model, no
low-density mineral was found, and the cement only occupied few areas of its double-

layered space.

Vertical section in grey level Cross section 1n grey level

M sized model S sized model

L sized model

Figure 6.19, CT gray level images ol cement matrix incorporating with IL/M/S model, where the
fluorescent green coloured part represents cement in the model; violet coloured part represents
PLA structure of S sized model; pink coloured part represents PLA structure of M sized
model; cyan coloured part represents PLA structure of L sized model

With the aim of further understanding cement occupation in double-layered space
quantitatively, bulk cement, PLLA structures, cementitious mineral in PLA structures
and empty space were then separated by using Mimic software and reconstructed in a

three dimensional images showed in Figure 6.20.
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Reconstructed model (whole) Side view (Tube + mineral) Front view (Tube + mineral)

S sized model

M sized model

L sized model

Figure 6.20 3D reconstructed images of column double layered lattice samples (violet represents
PLA structure in S sized model, pink represents PLLA structure in M sized model, cyan represents
PLA structure in L sized model, yellow bulk shows cement prisms are shown in yellow bulk (all
samples); the penetrated materials were marked in green

To quantify the cement/cementitious mineral occupation i PLA double-layered
structure, we defined a double layer space integrity ratio (Ig,), by comparing cement
volume within double layered space (vq_gy, mm’) with the empty space volume
remaining in (v,, mm’) from CT reconstructed model as:

vc—dy

X 100% (6.4
Ve + Veay ) (64)

gy =(1-
As we can observe from the CT reconstruction image, the integrity ratio /4y, of the double
layered space in L sized model was around 73%, which 1s followed by 519 in the
specimen cooperated with M sized model. As for the prism with S sized model in violet,
its cement integrity ratio was roughly 369%. The lowest healing ratio was observed in the
S sized model sample, this figure was roughly half to the one with L sized model, since
small pores below 1 mm in diameter could significantly block cement from penetrating
to the double-layered space with full pore open. More interestingly, a 0.5 mm inner pore
size n the S sized model managed to avold cement or any other secondary mineral
penetrate to its inner tunnel, which brought great potential in introducing S sized model
for further research. However, for both M sized and L sized model, relatively higher the

integrity ratio Ig,, of the double layered space were observed in this study. This implied
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models with pore size larger than 1 mm were unlikely to be able to prevent cement from

entering.
Low density mineral in mner tunnel

Crystallised materials near the joint of PLA tubes and inside PLA tunnels were found in
both L sized and M sized model from photography in Figure 6.18 (right) and Figure 6.19
from CT scanned mmages. Crystallised mineral expanded to the inner tunnel zone of the

model, in a darker grey level compared with cement, as described in the previous section.

To figure out the component of this mineral, the mineral was collected from the PLLA
mner tunnel using measuring spoon, and then detected via a SEM-EDX device. Fine
filamentary crystal was found both under Leica microscopy and SEM device as shown in

Figure 6.21.

Figure 6.21. Microscopic image ol crystalised material near the joint of PLA tube (A), SEM image
of crystalised mineral(B), and its EDX pattern (C)

Porous structure in the lattice models provided an 1deal zone for cement paste and air
(CO.) mteraction, and generated are as calcium monocarbonaluminate hydrate, which
was confirmed by SEM-EDX (Figure 6.21 C). This can be explained by the equation
below (Berman et al., 1961 and Kakali et al., 2000):

3Ca0 - Si0, + 3C0, + nH,0 - Si0, -nH,0 + 3CaC0;  (6.5)

3Ca0 - Al,05 + CaC0; + 11H,0 — 3Ca0 - Al,04 - CaCO; - 11H,0  (6.6)
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As a result, porous structure provided an ideal zone for cement paste and air (CO»)
mteraction, and generated areatus calctum monocarbonaluminate hydrate, which was
confirmed by SEM-EDX. Areatus minerals were found in the beam embedded with L
sized model and M sized model, with an outer pore size larger than 1mm, whereas, this
mineral was not found in the inner tunnel of the S sized model. This indicates that pore
size smaller than 1 mm could significantly reduce cement penetration to the double-
layered space, and a size pore of 0.5 mm could almost prevent cement penetration. S
sized model by far 1s more 1deal for controlling unexpected mineral generation within
tubes. On the other hand, this could also help with stabilise chemical sensitive materials

within the double-layered space from contacting with cement at early stage.

6.4.2 Plate shaped model in cement

Similar to column shaped models, plate shaped model were also prepared with
Ordinary Portland Cement (PC) (CEM-I, 52.5 by Hanson) and water at water/cement
(w/c) ratio of 0.4. Stainless-steel moulds (40 mm x 40 mm x 160 mm). Plated shaped
models were also stabilised by a few iron support stands in the mould, and then loaded
cement paste into the moulds with PLA structures settled. After 7 days of curing,
specimen with plate shaped model was also examined under CT scan, to further its

performance in cement matrix with full pores open.
Double layered space occupation under CT

CT-scan was applied to obtain a three dimensional images of the plate shaped model
i cement as shown in Figure 6.22. Grey level images of the specimen embedded by
plate shaped double-layered models were obtained from CT scanning software.
Similarly to the CT scan images from the column sized models, the light grey parts
represented the cement matrix due to high density and elements atomic number; dark
grey reflected the PLA structures, and the bubbles within cement were represented by
black, indicating empty space. Different materials were recognised, picked and
separated via Mimic software and were marked by various colours. The fluorescent
pink colour i Figure 6.22 represented the cement mtruded into the double layered
space, and cyan marked the plate shaped model. Bulk cement, PLLA structures,
cementitious mineral in PLA structures and empty space were also separated via

Mimic software and reconstructed in a three dimensional images showed 1 the bottom
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of Figure 6.22, to further study its cement occupation in double-layered space

quantitively.

Figure 6.22, CT gray level images of cement matrix incorporating with plate shaped model, where
the fluorescent pink coloured part represents cement penetrate to the model; cyan coloured part
represents PLA structure; reconstructed images were presented at the bottom, same colour code
was applied to the reconstructed mmage, with green colour added representing cement bulk

Using the double layer space integrity ratio (Ig,) defined in the previous section, cement
penetration to the double-layered space in plate shaped model can be also evaluated
quantitatively. According to the calculated data from the Mimic software, the integrity

ratio Iy, of the double layered space in plate shaped model was around 82%, which 1s
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much higher than the column shaped material with the similar pore size (L sized column
model). As for its inner tunnel, the cement coverage went up to 53%, meaning most of
the inner channel was blocked by cement. This thin layered mmner channel brought higher
chances of being blocked, hinting it 1s unlikely to be a suitable design for chemical

triggered system when all the pores were open.

In conclusion, column shaped lattice design was relatively more suitable for the chemical
triggering system than plate shaped model, as cement could penetrate to the mner tunnels.
Specifically, a pore size smaller than 1 mm in the column could significantly reduce
cement penetration to the double-layered space, and a size pore of 0.5 mm could almost
prevent cement penetration. S sized model 1s by far the most ideal model for controlling
unexpected mineral generation within tubes. Moreover, this could also help with
stabilising chemical sensitive materials within the double-layered space from contacting
with cement at the early stage. On the other hand, the thin inner channel design of plate
shaped model brought higher chances of blocking the tunnel, hampering healing

agent/inhibitor travelling. Thus, the plate shaped model was screened out from the list.

6.5 Chemical triggering test in Ag-Alg-column lattice
design

In this section, agent release and Ag-Alg dissolution were studied by combining column
shaped lattice model to mvestigate the potential of this chemical triggering system. Firstly,
the effect of different pore size was examined by immersing the column shaped models
m a DI water. Then, Ag-Alg was added to the most optimum S sized model and
mmmersed i the visualise cell in a 0.001 M Cl in NaCl solution environment to further

confirm 1f Ag-Alg was able to be triggered by low chloride 1on concentrated solution.

6.5.1 Agent release i water

Before adding Ag-Alg (silver alginate) to the column shaped lattice model, all different
pore sized models were tested i a visualised device mentioned m Chapter 3, also as
shown 1n Figure 6.23, to determine if the S sized model (selected in cement survival test)
could also perform well in the agent release process. The aim of this test 1s to better
understand the agent release behaviour in various models. Viscous sodium silicate (60
cps) was selected as the agent passing through the mner tunnel of the lattice model (dyed

i blue for the size M & L. model aiming to enhance its visibility). In the device, DI water



Chemical triggering test in Ag-Alg-column lattice design 233

was filled in the cell to provide an environment that would allow us to observe the agent

release from the lattice structure when all the pores were exposed.

Schematic design Photography of the device

Visualize device
4
ﬂ* b=

Viscous fluid
b ety 1 1 8

Open Valve

S-sized tube

M-sized tube

L-sized tube

Figure 6.23, Schematic design and photography of the visual device (T'op), and the agent releasing
process over time (1s, 2s, 3s and final state, from left to right) of column shaped lattice model
(Bottom)

As shown in Figure 6.23, agent travel distance of varied in three pore-sized lattice models.
In S sized model, average travel distance was around 8.27 mm, which was followed by
that of the M sized model, at 5.95 mm. L sized model, on the contrary, could barely
observe horizontal travel path of the agents, but formed free stream flowing down along
the tube surface. This may be attributed to the lower pressure difference across the

perforations when the pore sizes expanded (Gautam et al., 2017). In this case, S sized
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model had a relatively higher pressure while releasing agents in the water environment,

which means it might also bring advantages i spreading agents in the cement matrix.

6.5.2 Ag-Alg dissolution mn visual cell

Ag-Alg was manually filled into the double layered structure, and then the Ag-Alg-lattice
model was put into visual device right after Ag-Alg was added, as Ag-Alg 1s a light sensitive
material. To better capture the dissolution process in the visual cell, no light protection
tinfoil was added to cover the process. As shown i Figure 6.24, silver alginate mstantly
reacted with chloride 10ns, since a few “foggy” liked AgCl appeared on the surface of the
lattice structure. After 20s, we could observe the Ag-Alg layer started to collapse, and the
solution started to change into a pinkish colour due to Ag cation light effect. Then at 30s,
a few pores were exposed since a few silver alginate dissolved at this stage. 10 seconds

later, more pores started to appear with few Ag-Alg remaining in the lattice structure.

Just settle 10 seconds 20 seconds 30 seconds 40 seconds 50 seconds

Figure 6.24, Photography ol Ag-Alg-lattice system in a 0.001M NaCl solution over time

This indicates that low concentrated chloride solution successfully triggered the Ag-Alg

layer while being embedded in the double-layered space of the lattice structure.

6.6 Prelimimary mvestigations n situ

Rapid Chloride Permeability Test Equipment (RCPT) was used to evaluate the resistance
of a concrete sample to the penetration of chloride 1ons. The test 1s performed by placing
a 50 mm diameter concrete cylinder into the sample cells that contain a 10 % NaCl

solution and a 0.3 N sodium hydroxide solution. Specifically, in this study, a PLA printed
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lattice disc (containing Ag-Alg, 80 mm in diameter and 5 mm in height, shown in Figure
6.25) were embedded in the ordinary test cylinder to mimic the column lattice structure
surface, in order to investigate its chloride resistance changes. Concrete cylinders were
casted following the standard, which was mentioned in Chapter 3, together with a

comparison pure concrete cylinder tested.

Silveralginate,

Figure 6.25, Schematic design of a lattice disc mimicking column lattice structure surface for rapid
chloride penetration test cylinder; and a photo of printed lattice disc incorporating with Ag-Alg
gel in the pores

Chloride migration coefficient was calculated using the equation below, according to the

standard sheet (N'T BUILD 492, Nordtest method):

0.0239(273 + T)L (273 + T)Lxy
| Xqg — 0.0238 T

DTLSSTTL - (U_Z)t

6.7)

Where, non-steady-state migration coefficient (x10"“m’/s); U represented an absolute
value of the applied voltage (V), T represented an average value of the initial and final
temperatures in the anolyte solution (°C). L 1s the thickness of the specimen (mm), x4 1s
the average value of the penetration depths (mm), and t represented test duration (hour).
Rapid chloride penetration tests were conducted m a 24 h period, and samples were
collected and split into two parts, then was sprayed silver nitrate solution to measure

chloride penetration depth according to the standard. The purple part after spraying
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silver nitrate shown in the concrete was the arca with chloride 1ons. The penetration
depth can be measured from the centre to both edges at intervals of 10 mm (with an

accuracy of 0.1 mm).

As shown in Figure 6.26, concrete with lattice disc increased the capacity for chloride
resistance compared with the control group. The lattice disc sample presented a much
lower non-steady-state migration coefhicient after 24 hours of testing, at around 14 (<10
“m’/s). However, the non-steady-state migration coefficient in the controlled group was

20.9 (x10™m’/s).

50 T : T 50
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Average depth 1
40 Maximum depth -4 40
T
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Ag-Alg lattice disc Control group

Figure 6.26, non-steady-state migration coefficient of both lattice disc cylinder and controlled
cyhinder, and photography of split concrete cylinder after RCPT, where the purple-coloured area
shows the part containing chloride ions

The existence of the PLA structure might act as a physical barrier from chloride ion in
this experiment. As shown in the controlled group, chloride penetration depth in the
pure concrete cylinder could reach 36 mm. PLA lattice disc was placed at around 27
mm-43 mm. If lattice disc had no influence on chloride penetration, chloride could easily

reach the lattice disc and potentially react with Ag-Alg gel. In this case, chloride failed to
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reach the lattice structure. This indicated that applying plastic barriers in cementitious
material could potentially be assistant in protecting concrete from being attacked by
chloride 1ons. However, the chemical trigger in this test was not achieved since chloride
1ons did not reach to trigger the chemical reaction with silver alginate. Further research

could focus on chloride 10n interaction with Ag-Alg lattice system in cement.

6.7 Concluding remarks

Chapter 6 has investigated a potential chemical triggered vascular system based on silver

alginate material (Figure 6.27).

Coating material synthesis Vascular design for chemical triggering

Figure 6.27, A schematic process on chemical triggered vascular system investigation process

Research n this chapter can be grouped mainly mto three parts. Coating materials

synthesis and vascular design were two parallel sectors.
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The synthesis process of a chloride triggered material—Silver alginate via sodium alginate
and AgNO:s solutions. Ag+ 1s chosen to be crosslinked with alginate skeleton to form
silver alginate, which can provide characteristic “egg-box” structures to hold silver cations.
When chloride 1ons appear, metal cations within the “egg-box” are precipitated with
chloride 10ns. And the 1onically crosslinked silver alginate gels can be therefore dissolved
by the release of the silver cations. Silver alginate was successfully synthesised and proven
by UV, TGA and Rheometer in this chapter. Besides, its sensitivity, in terms of reacting
with chloride 1ons was further examined, with the aim of knowing its threshold value in
mteracting with Cl-. The results generally suggest that silver alginate gel was more sensitive
to NaCl solution compared with MgCl.. However, CaCl. could result in macro-scaled
AgCl materials, which might potentially block the designed vascular system and thereby

hampering healing/inhibitor release.

Then, a few vascular networks with the double-layered design was developed for time-
controlled agents delivery. Cement survival results revealed that porous structure
provided an 1deal zone for cement paste and air (CO») interaction, and generated areatus
calctum monocarbonaluminate hydrate, which was confirmed by SEM-EDX. Most
areatus minerals were found in the beam with large PLA pore size (L sized sample),
whereas, few were found in the M sized sample. This indicates that small PLLA pore size
1s more 1deal for controlling unexpected mineral generation within tubes, and further
coatings will be needed for preventing this procedure and react with target 1ons/cations
for chemical triggering. On the other hand, the thin mner channel design of the plate-
shaped model brought higher chances of blocking the tunnel, hampering healing
agent/inhibitor travelling. Thus, the plate-shaped model was not suitable for delivering

agents 1n a chemical triggered system.

The third part of the research is to combine the chemical sensitive materials together with
selected vascular structure. Agent release and Ag-Alg dissolution were studied by
combining the column-shaped lattice model to investigate the potential of this chemical
triggering system. The results showed that S sized model had a relatively higher pressure
while releasing agents in the water environment, which means it might also bring
advantages n spreading agents in the cement matrix. Moreover, a low concentrated
chloride solution successfully triggered the Ag-Alg layer while being embedded n the

double-layered space of the lattice structure.
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Finally, rapid chloride tests were conducted to mvestigate the resistance of a concrete
sample to the penetration of chloride 1ons. Although chemical trigger in this test wasn’t
achieved as the chloride 10ons did not reach to trigger the chemical reaction with silver
alginate. The preliminary study revealed an exciting result that applying plastic barriers in
cementitious material could potentially be assistant in protecting concrete from being
attacked by chloride 1ons. For the future studies, the Ag-Alg coated vascular networks
could be adapted into the cementitious materials and test its general behaviour during
chloride attacks. Traceable materials can be also added in healing agents to examine how

the agents migrate from the porous vascular surface.
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Chapter 7

Conclusions and recommendations for the
future work

Biomimicry 1s the idea of transferring biological principles to technology, which 1s
generally the most powerful sources of innovation that 1s going to help us go beyond
conventional approaches to sustamable design to achieve resilient nfrastructure.
Applying vascular self-healing systems mn cementiious material could increase
mfrastructure sustainability and boost biosphere stability, which perfectly fit the
requirements of future cementitious materials. In this study, a self-healing technique
based on vascular design has been investigated to create fast diagnosed, advanced, and
durable systems. This final chapter brings together all the conclusions that could be drawn

m this work, which 1s followed by recommendations for the future research.

7.1 Conclusions

7.1.1 Overview

In chapter 1, general background and the key motivation associated with infrastructure
were presented. The motivation of this work was to borrow solutions from nature to solve
the durability challenge encountered in cementitious structures. This 1s followed by an

overview of the thesis and the aim and objectives.

7.1.2 Literature review
In Chapter 2, a critical state-of-the-art review of literature relevant to this field was given.
Literature review began by highlighting the sustainability and durability concerns and

challenges outhning the global problems associated with the cement and concrete
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mdustries in section 2.1. In the developed world, construction maintenance costs in
existing cement-based structures account for approximately 509% of the total expenditure
of the construction industry. On the other hand, there is still a huge demand for
expanding their infrastructure among developing countries in line with economic growth
and urbanisation. In both developed and developing countries, the value lies in
mmproving the quality of construction and the quality of materials used, in contributing to

a more durable mfrastructure, increasing its sustainability and reducing its cost.

In reacting with the challenges of cost-effective, durability and sustaiability encountered
i the construction industry, a quest for the design of resilient infrastructure responding
to both mechanical and environmental needs, has led to the development of biomimetic
materials. Self-X materials for the construction industry were summarised in section 2.2.
Applying the concepts of self-healing in cementiious material could increase
mfrastructure sustainability and boost biosphere stability, which perfectly fit the

requirements of future cementitious materials.

In the past few decades, a large number of papers and scholars have emerged in the self-
healing field, which is developing vigorously. A data-driven literature scientometric
analysis on self-healing research development is presented i section 2.3, which 1s
followed by a deep-dive review on detailed self-healing approaches. For cementitious
materials, the mechanisms for achieving self-healing can be classified broadly into two
main categories: Autogenous healing and Autonomic healing. Cementitious materials
have autogenic abilities to heal their cracks and naturally occur in cementitious materials
due to the presence of unhydrated cement particles. Without further modification or
mmprovement, the efficiency of autogenous healing activities 1s relatively low. Hence their

ability 1s limited for crack widths up to 50-150pum (Li and Yang, 2007).

Therefore, autonomic self-healing strategy has been developed in recent years to improve
healing performance. Autonomic healing process uses engineered addition of materials
or components for filling gaps that cannot be found in cementitious materials, and this
type of healing 1s widely divided into intrinsic healing, capsule-based healing and vascular-

based healing (Souza, 2017).

Capsule based self-healing systems have become increasingly popular over the past
decade and were discussed in section 2.4. These type of systems allow the easy addition

of during the mixing of concrete followed by controlled release of the healing agent upon
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damage (Souza, 2017). Compared with autogenous healing, the capsule-based system
mainly targets on cracks that are larger than 200 um. However, discrete distribution of
capsules and limited of healing agent carried limit the crack healing, remaining discrete
crack sections in the matrix. Intending to overcome the limits above, cylindrical capsules
were emerged (Thao, 2011, Van Tittelboom et al. 2016), since (1) they have a relatively
larger internal area of influence for the same volume of healing agent compared with
spherical capsules, (1) the advantage of being able to store a larger amount of repairing
agent, and (1) have a stronger bond between capsules and cement matrix (Maes et al.,
2014). However, neither spherical capsules nor cylindrical-shaped capsules can provide
unlimited healing agents for long term repairing damage i the cementitious matrix.
Damage scenarios require larger volumes of healing agents and the capability of dealing

with repeated damage, therefore larger reservoirs are needed.

Vascular systems were mainly discussed 1n section 2.5. They house the healing agents in
hollow channels that allows a healing agent to be distributed from a reservoir throughout
a structure so that damage can be completely mfiltrated with the healing agent was
identified as an advance for liquid-based healing approaches (Trask et al. 2007a,
Williams et al., 2008). Dry (1992) was the first one who demonstrated a vascular self-
healing system mn 1992, which was for repairing cracks in concrete and restoring its
mechanical properties. Farly pilot studies were mainly one-dimensional vessels
embedded n the composites directly. However, discrete 1D structures are limited by the
difficulty in replacing fluid to depleted channels. The need for each channel to fill specific
damage volumes for complete healing process places constraints on how sparsely the
channels can be distributed, which affects the healing efficiency. Creating interconnected
networks reduces that constraint while opening up alternative applications for the
network that takes advantage of fluid flow. Later studies followed up and developed two-
dimensional (2D) and three-dimensional (3D) structures, since those interconnected
networks may act as useful intermediates between discrete channels and increased degree

of interconnectivity (Blaiszik et al., 2010).

Various forms of vascular networks have been recently applied in concrete and gained
mcreasing popularity in the last 2 years. Physical cracking of cementitious matrix causes
the brittle vascular branches to rupture, and then the healing agent 1s released nto crack
faces for repairing. Vascular self-healing in cementitious materials was demonstrated

mostly in laboratory-scale tests. It was proved an ideal solution to the most difficult
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challenges of overcoming water igress and cracking prevalent in long-term period (De

Belie et al., 2018; Gardener et al., 2018).

The design of vascular networks plays a significant role in efficiently diagnosing damages
i the environment and ensuring the healing agents delivery and reaches the damaged
zones. It is also critical to understand how the flow may change around these branched
networks and how the vascular system can be designed to reduce the global resistance to
flow, thereby adopting this mechanism into vascular manufacture process (Qamar et al.,
2020). Learning from nature, mammal vascular inspired structure has been widely
adopted into numerical and engineered designs containing microvascular networks,
especially in self-healing matenials (Bejan, 2000; Wang et al., 2006, 2007). Studies
revealed that optimal solution for microvascular network designs highly depended on
parameters, required functions and potential constraints. It is theoretically possible to
design a vascular system that could efficiently deliver healing agents to crack zones with

low energy cost and minimised impact on structural integrity.

In practical, challenges faced in vascular design were most rooted from insufficient
support from manufacturing technique, the finical cost in prototype development, and
the uncertainty of the currently available materials (Qamar et al., 2020). For simple
structures, directly applying tubes and creating hollow channels within cementitious
matrix were achievable. However, it 1s hard to establish complicated and consist of
mterconnected structures, which are capable of transporting healing agent to the damaged
areas across the specimen’s volume. To create connective networks in the matrix,
obtaining natural vascular shapes via soft lithography and electrostatic discharge could be
another option. However, the flexibility of these techniques is imited in terms of coverage
area and branching diameters in real applications due to the limited number of real
vasculature samples and uncontrollability of electrostatic discharge. These problems
could be solved by using sacrificial materials combing additive manufacturing as coverage
area and branching diameters are depending on designing models, which can be fully
controlled by developers. One of the biggest problems is scaling up since current additive
manufacturing devices are limited by its enclosed printing workplace. Alternatively,
manufacture outreach is an ideal option for massive production considering the time

required for fabrication, and less size restriction in commercial scaled machines.

In section 2.6, chemical triggered system was explained since chemical 10ons attack and

acid attack have been the most reasons for inducing corrosion in concrete structures.
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Intending to deal with the damage resulted by corrosion, various studies have investigated
the use of self-healing materials based on encapsulation technique (Pelletier et al., 2011,
Hilloulin et al., 2015), which were mechanically triggered by the cracks when damage
appears. The healing agent, such as sodium silicate, 1s released when the capsule was
triggered by physical cracks, and deposits on the metal reinforcement bars, forming a
passive film on the surface of the metal to protect it from further corrosion (Pelletier et
al., 2011). However, it 1s unlikely that this mechanical triggered system 1s able to respond
to early corrosion when Cl concentration increases or the pH 1 the cementiious matrix
goes down (Liang et al., 2018). Recent investigations on the chemical triggering system
have been focused on mvestigating of pH-sensitive and 1on sensitive coating materials and

these have been detailed discussed 1n this section.

Finally, methods and tests to describe the self-healing process and behaviour were
summarised 1 section 2.7. Three categories of characterise methods including
visualisation and determination, mechanical properties recovery, and durability regaining
were explained. These methodologies make it possible to provide a unified framework
i conducting comparative studies among various research groups and also pave the way
towards consistent incorporation of self-healing concepts to provide a feasible and

reliable evaluation in analysing the life cycle of self-healing systems.

7.1.3 Matenals and experimental procedures

The materials and experimental procedures used in the subsequent research work were
given 1 Chapter 3. Various designs of vascular networks, including different printing
materials, were applied mn this study. Then a detailed description of the experimental
procedures 1s followed to evaluate the mechanical, durability and microstructure of the

vascular self-healing systems.

7.1.4 3D self-healing vascular model design & performance in

cementitious materials

In Chapter 4, a biomimetic vascular network was designed following Murray’s Law.
Murray’s law was obeyed during the design of the 3D-vascular network, aiming at
minimising turbulent flow at junctions while also broadening the distribution of healing
agents. The biomimetic three-dimensional design was then 3D-printed using polylactic

acid (PLA) for the production of the vascular network. PLA structures presented brittle
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fractural response and suitable interfacial bond for mechanically triggered use m self-

healing.

In the first scenario, biomimetic vasculatures were compared with non-biomimetic
systems (including one dimensional vascular and two dimensional vascular networks) in
cement paste based samples. Comparison between the vascular systems (11D/2DD/3D) with
their mechanical properties and healing performance was used to shed light on their
relative suitability for self-healing in cementitious systems. Initial cracks (between 700 to
800 pum) from all systems were observed to be healed over 28 days. A recovery in
mechanical properties of ~20% for 1D and 2D-structures and 34% for 3D vascular
network specimens were attributed to self-healing. Additionally, sorptivity tests were
performed to evaluate the recovery in water tightness. The inclusion of 1D, 2D and 3D
vascular network led to around 25, 69 and 77% reduction of the sorptivity index values
in comparison with the values of the cracked control specimens. The crack mouth
opening was non-uniformly closed in the 1D vascular-cement system, resulting in healed
and unhealed cracks. Alternatively, an increased number of healed cracks were observed
m the 2D vascular-cement system and virtually all the crack mouth opening was reduced
i the 3D vascular-cement system. The crack closure efficiency was 52, 69 and 81% for
the 1D, 2D and 3D vascular networks specimens, respectively. The circular pumping of
sodium silicate for 28 days provided excessive sodium silicate in the three networks.
Through SEM-EDX, Na.HCO:; and silica mixed gel were proposed as healing products
as the sodium silicate was exposed to air and reacted with CO. and water vapour. The
volume of healed crack was investigated using CT-scan and calculated as 36%, 49% and
72% for the 1D, 2D and 3D vascular networks specimens, respectively. In this case,
partial healing could be drastically reduced by applying a 3D vascular structure, which
contains more connected daughter tubes and enables large tube coverage. The systematic
mmprovement in the healing performance of the 3D vascular networks specimens was
attributed to the design obeying Murray’s law and therefore broadening the coverage of
healing agent distribution while reducing the energy required for pumping. Details of the

vascular designs were provided in section 4.2.

For the second scenario, the 3D (biomimetic vascular system) was used in subsequent
mortar investigations following in-depth characterisation. Pumping (closed) system and
non-pumping (open) systems were applied to nvestigate the healing efficiency of the

amount of agent provided over time. A thorough mvestigation into the effect of healing
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agent providing methods on the mechanical properties, healing performance as well as
their mechanisms during healing process 1s presented. In the closed system, continuous
circulation of the healing agent was achieved through pumping. While in the open system,
a fixed amount of healing agent was enclosed while the system remained open to the
environment. These achieved healing through different healing mechanisms. The latter
was found to react with calcium hydroxide leaching from the matrix to generate C-S-H
and hydration products to fill in cracks. However, the former reacted with open air to
form silica-based gels in the cracking area. This approach, of pumping a large volume of
sodium silicate was identified as the 1deal choice to mmprove the self-healing of a
cementitious matrix as it was able to not only react with the calcium hydroxide in the
cementitious matrix but the gelled excess healing agent acted like glue, allowing better
loading recovery and water sorptivity ability than encapsulating limited amount of sodium
silicate. These results confirm not only the great potential of the vascular network but
also of a mineral-based healing agent to deliver consistent healing offering a pragmatic

solution to the demands for prolonged and long term damage management.

7.1.5 Feasibility of creating PVA (Poly-vinyl alcohol) channels

Chapter 5 mainly discusses the feasibility of using PVA (Poly-vinyl alcohol) as a sacrificial
material to create hollow channels within cementitious materials. This 1s because a hollow
vascular channel for self-healing system could avoid long term tube monitoring and
enables multi-scale healing over time. Complex channel structures could be design and
printed using PVA, which will be dissolved to create hollow channels within the cement

matrix.

To validate 1ts workability, the printability of PVA was firstly being investigated. Then, a
few nterconnected vascular channel models were designed coordinating with PVA
printing behaviour. A double twisted channel design was selected due to its stableness
during the 3D printing process and its potential to be used to deliver two-part healing
agents. Then, the crystallinity and functional groups of PVA before and after extrusion
were mvestigated using FTIR to confirm the extruded PVA has similar properties with

the standard PVA maternials.

The following section discussed the dissolution behaviour and duration of 3D printed
PVA structures in water. The survival behaviour of the 3D-printed structures during the

curing of cement paste at different water content was investigated using optical
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microscopy and computed-tomography (Micro-CT). Then, PVA removal tests were
conducted under different water-bath temperatures by immersing the cured PVA-cement
samples under the water. PVA reacted with cement paste during the 28 days of curing
and the reaction products were analysed using SEM-EDX, FTIR and XRD. The research
focuses on the potential of PVA to be used as a sacrificial material to create hollow tunnels
i the cementiious material to promote self-healing. FTIR shows decreased in
crystallimity of the PVA extruded in the 3D-printing when compared with un-extruded
PVA, but the main functional groups remained unchanged. We design and 3D-print a
PVA double twisted channel as it provides a versatile way to deliver two-part healing

agents.

We embed the PVA structures in cement paste to investigate the effect of structures’
water uptake during curing. Through casting in different w/c ratios, we show the w/c ratio
substantially contribute to increasing the water intake of PVA structure. Controlling the
PVA expansion by decreasing the w/c ratio provides a promising approach to tailor
dissolution kinetics during curing. Furthermore, CT-scan images show that low w/c ratio
casting no dissolution of PVA is observed in the sample. On the other hand, for w/c ratio
above 0.3, the water uptake of PVA results in the expansion and creates cracks in the
whole structure. The PVA cement survival tests indicated that w/c ratio of 0.25 was the
only possible mix that could potentially be used in creating hollow interconnected

channels in cement.

However, this hypothesis was broken by the results of the PVA removal tests. Warm/hot
water-bath were able to accelerate the PVA removal process than the ones in room-
temperature water-bath. But the acceleration in the dissolving process also triggered
significant early expansion in PVA, thereby generating cracks during the removal process.
Only the ones were conducted under room-temperature hadn’t observed cracks on the
surface. Even for the samples being conducted under room temperature, it is less likely
that that PVA removal could succeed. Since there were secondary products between the
cement and PVA materials being produced and formed a layer of the boundary. The
capability of PVA to be 3D-printed, dissolved in water and remains intact when cast at
low w/c ratios should make it valuable as a potential sacrificial network for vascular based-
self-healing. While its behaviour in cement removal process and secondary interaction

between cement made 1t being screened out from the list.
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7.1.6 A potential chemical sensitive material for vascular system

The investigations reported in Chapter 6 mvolved the use of chemical sensitive material
to trigger agent release rather than traditional physical triggering release. This chapter 1s
split into three main sub-sections. In the first section, a chloride sensitive material was
synthesised and 1its chloride sensitivity was confirmed wvia characteristic methods.
Synthesis process of a chloride triggered material—Silver alginate via sodium alginate and
AgNO:s solutions was presented i section 6.1. Ag+ 1s chosen to be crosslinked with
alginate skeleton to form silver alginate, which can provide characteristic “egg-box”
structures to hold silver cations. When chloride 1ons appear, metal cations within the
“egg-box” are precipitated with chloride 1ons. And the 10nically crosslinked silver alginate
gels can be therefore dissolved by the release of the silver cations. Silver alginate was

successfully synthesised and proven by UV, TGA and Rheometer in this chapter.

Besides, its sensitivity, in terms of reacting with chloride 1ons was further examined, with
the aim of knowing its threshold value in interacting with Cl-. The results generally suggest
that silver algimate gel was more sensitive to NaCl solution compared with MgCl..
However, CaCl: could result in macro-scaled AgCl materials, which might potentially

block the designed vascular system and thereby hampering healing/inhibitor release.

Then, a porous vascular system was designed for coordinating chemical triggering
materials, followed by a few tests in investigating the release behaviour of the designed
models. Agent release and Ag-Alg dissolution were studied by combining the column-
shaped lattice model to investigate the potential of this chemical triggering system. The
results showed that S sized model had a relatively higher pressure while releasing agents
in the water environment, which means it might also bring advantages in spreading agents
in the cement matrix. Moreover, a low concentrated chloride solution successfully
triggered the Ag-Alg layer while being embedded in the double-layered space of the lattice

structure.

Cement survival results revealed that porous structure provided an ideal zone for cement
paste and air (CO») mteraction, and generated areatus calcium monocarbonaluminate
hydrate, which was confirmed by SEM-EDS. Most areatus minerals were found in the
beam with large PLLA pore size (L sized sample), whereas, few were found in the M sized
sample. This indicates that small PLLA pore size 1s more 1deal for controlling unexpected

mineral generation within tubes, and further coatings will be needed for preventing this
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procedure and react with target ions/cations for chemical triggering. On the other hand,
the thin mner channel design of the plate-shaped model brought higher chances of
blocking the tunnel, hampering healing agent/inhibitor travelling. Thus, the plate-shaped

model was not suitable for delivering agents in a chemical triggered system.

Finally, tests were conducted to investigate the resistance of a concrete sample to the
penetration of chloride 10ons via rapid chloride penetration tests (RCPT). The preliminary
study showed that applying plastic barriers in cementitious material could potentially
assistant 1 protecting concrete from being attacked by chloride 1ons. However, the
chemical trigger in this test wasn’t achieved since chloride 1ons did not reach to trigger
the chemical reaction with silver alginate. Further research could focus on chloride 1on

mteraction with Ag-Alg lattice system in cement.

7.2 Future outlook

7.2.1 Interruption from COVID-19

Like many working in research, we are facing huge disruption to our research projects as
the COVID-19 outbreak unfolds across the world since the beginning of this unusual
year. Labs and offices were shut down; Laboratory tests were paused or adjusted; out-

reach tests are unlikely to happen anytime soon.

Luckily for me, I have had most of my tests conducted and data collected before lab
being shut. But then, there are still a few out-reach tests, such as contact-angle, ICP, and
CT scanning tests for chapter 6 that have been influenced by this issue. These tests could
have provided more evidence from different aspects to support the findings discussed in

the content.

7.2.2 Future works from this study

As mentioned n the previous section, chemical triggering vascular system works in this
research has the most potential and also need the most investigation. In this work, the
preliminary study successfully synthesised alginate-based chemical sensitive material and
confirmed this material was able to be triggered in the Cl 1on solution when adapted to
vascular structure. However, the chemical trigger in the cementitious environment hasn’t
studied much due to the time limit and pandemic mterruption. Further research could

focus on chloride 10n interaction with Ag-Alg vascular system in the cement matrix. Also,
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the chemical triggered should ideally provide the designer/operator with direct feedback
on the state of the structure’s performance before, during and after self-healing. This may
require other techniques such as sensing to be able to equip the vascular systems with

remote monitoring function.

Besides, in Chapter 5, the use of PVA material as a sacrificial material to create hollow
channels would bring more uncertainty, such as early age cracking and interaction with
cement 1n self-healing system. In this case, PVA 1s unlikely to be developed as a sacrificial
material In cementitious materials. Future studies regarding create hollow channels in
cement for the self-healing system could focus on wax-liked materials. This is mainly
because it 1s a proven casting process for generating metal and jewellery (Hunt, 1980).
The fabricating process design and curve a wax-base structure, and then this structure
would be embedded into the cementiious matrix. After that, the cement bulk was heated
up to melt the wax and pour it out. Then this negative cement mould could fill in with
melted metal. This approach was called “Lost-wax” process, which dated back to 1200
B.C. in ancient China (Peng, 2017). The reasons for not using wax as a sacrificial material
i this study was considering the capability of applying wax printing in our current 3D
printer and the wax 3D printing price for out-reached services. Current wax 31) printers
are mainly for jewellery design, which resulted in their mited size (normally less than
100 mm) for creating large structures for concrete. To order out-reaching wax printing
service would normally cost at least 70 pounds for each model (twisted model, discussed
m this study). In this case, we decided to use the current widely used PVA 3D printing
material to print the designed model, due to its potential printability and water-soluble

property.

For future studies, specifically, research and tests about vascular self-healing systems

could focus on:

e Shape designing and manufacturing breakthroughs for the reduction in diameter
and wall thickness of vascular networks.

e Sustainability challenge in maintaining the functional interconnected channels.

e Suitable sacrificial materals that are ready for creating hollow channels in
cementitious materials.

e Chemical triggered coating materials, mechanism and suitable vascular designs.
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More generically, the main challenges of vascular self-healing technology m the
construction industry remain: (1) the difficulties i scaling up, (1) the additional costs
mvolved and (1) the validation of long-term durability performances on site. This
highlighted the needs in developing designs of the self-healing system, manufacturing

techniques and long term monitoring for large scale trials.
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