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Summary

The high energy consumption, its corresponding emission of CO, and financial
losses due to premature failure are the pressing sustainability issues which must be
tackled by the concrete infrastructure industry. Enhancement of concrete materials
and durability of structures (designing new infrastructures for longer service life) is
one solution to overcome the dilemma.

Concrete is a quasi-brittle material with properties that are high in compression but
weak in tension, therefor concrete is prone to cracking. In the case that a continuous
network of cracks is formed, the permeability of concrete will increase and the
reinforcement bars may be open to the ambient atmosphere. This opening provides
easy means for aggressive substances to enter into concrete and reach rebars which
may start to corrode. Further cracks may threaten the tightness of the retaining
structures, e.g. liquid containing structures tank wall, aqueducts, underground spaces,
tunnels, etc., which undergo tensile forces. In these cases cracks may facilitate the
flow of fluid — liquid or gas — into and out of the structures which considerably alters
its serviceability, leads to unhealthy environments within a structure, and diminishes
its functionality. In case the container or reservoir contains waste, highly toxic materials
or radioactive materials, leakage through the concrete is catastrophic and
unacceptable.

One promising concept fo design new concrete structures to achieve higher durability is
incorporating self-healing mechanisms that are found in nature into the cement-
based materials or the concrete structural element. If unavoidable cracks due to
inherent brittleness in concrete could be self-sealed/healed/repaired, concrete will
certainly serve longer and be more durable and sustainable.

In general, on attempting to solve engineering problems, one can (always) seek
inspiration from biology (nature). Though, borrowing nature’s idea to enhance our
living environment is as old as humankind, the post-industrial technical advent makes
the process more systematic and deliberate, hence makes use of bio-mimicry to solve
problems and inspire innovation.

Observing the domain of biology, there are several wound healing mechanisms
found in nature: cut skin and bone fracture healing in human and animal, and plant
response to injury. The present work takes inspiration from studies on bones of
present-day mammals and birds and its healing mechanism. Two of appropriate
principles that might be constructive are identified; (1) bone morphology comprises of
cortical (solid) bone and trabecular (spongious) bone and (2) a feedback logp process is
present in the remodelling and healing process.

These two principles formed the basis for the development of a healable concrete
material and for a method for healing it with healing agents. The idea behind this is
that cortical bone may be mimicked with solid concrete and trabecular bone may be
imitated by porous concrete. The combination of the two types of concrete
resembles Porous Network Concrete, a bone-like concrete able to self-heal by the
mechanism of feedback loop. These are the points addressed in the chapter 1 which
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explores the success story of concrete in serving society and civilization for millennia,
the present challenge to make modern concrete more durable, and the bio-inspired
solution of self-healing concrete

Porous Network Concrete (PNC) is a hybrid system in which high permeability
porous concrete is embedded in the interior or exterior of normal dense concrete.
The porous network core constitutes alternate means for [1] channelling temporary
or permanent materials to form a dense layer in the later stage and [2] distributing
healing agent from the point of injection to cracks in the concrete main body. In
chapter 2 the concept of the PNC is elaborated by setting up criteria and realized by
creating a fabrication procedure. The production process — the making of the PNC —
follows the current standard for both of the main and porous part and seemingly
there is no complicated fabrication procedure. PNC characterization was carried out
to study its pore and mechanical properties.

The autonomouns healing mechanism in the PNC is designed by incorporating the
feedback mechanism; once a certain crack width is sensed, an action to heal takes
place. As a proof-of-concept, in chapter 3, a simple and intuitive approach to design
a feedback system for PNC self-healing mechanism has been carried out. When a
concrete structure receives loads and builds up internal stress, it deflects, cracks and
deforms. Once the crack mouth opening reaches a certain prescribed value the
healing agent is injected automatically. The proposed working principle is verified by
mechanical and leakage (permeability, infiltration) testing.

The solidification process of the self-healing agent is important and even critical for
the success of the healing strategy and mechanism designed. Instead of developing
new healing agent and investigating its behaviour, this present study aims to examine
the effectiveness and efficiency of the healing process in the Porous Network
Concrete with different classes of agents. Three groups of healing agents are then
studied and its healing efficiency is tested by leakage and mechanical testing.

The first type of agent is a single- and double-component chemical based which
mostly works through poly-condensation or cross-link polymerization upon contact
with the atmosphere, with the concrete matrix or within the reactants. In this case,
epoxy resin is used. The second healing agent used is grout material made of a
cementitious powder mix. Cementitious grout material can be thought of as healing
agent for concrete structures since it functions as crack sealant and void filler with
the objective to restore structural integrity. The use and healing performance of PNC
by both healing agents is discussed in chapter 4.

The third agent is bacteria-based repair solution. It contains alkaliphilic bacteria able
to facilitate bio-mineralization, nutrients and transport solution. It was originally
developed as a bio-based repair material for cracked concrete. This is discussed in the
dedicated chapter 5.

It has been demonstrated in this thesis that the Porous Network Concrete has a good
prospect in making concrete structural elements self-healing. This is the concluding
point presented in the final chapter. Some recommendations for improving the work
are presented such as; modelling work, larger and realistic experimental campaign
and improved damage sensing.
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Chapter 1. Concrete: its success, issues, and bio-inspired solution

1.

Concrete: its success, issues,
and bio-inspired solution

‘... And of all the remarkable properties of natural materials, one is truly
exceptional — that of the ability for self-repair.”

- Mike Ashby

The chapter starts by exploring why concrete is such a successful engineering
material. This triumph, however, is not without dilemmatic issues of current
unsustainable practice in meeting the need of infrastructures development for the society
adpancement. The challenge for engineers, then, is to develop sustainable concrete by
mafking it more durable. One particular solution posited is to bio-mimic nature and
make concrete materials and structures self-healing achieving longer service life.
Surveying the state of the art of self-healing concrete and adopting the problem-driven
bio-inspired engineering design methodology, the chapter studies bone — its multi-scale
structures and healing processes —, which then inspires the novel design concepts of
porous network concrete.

1.1. The success of concrete

Concrete has been achieving a historic success as construction materials and may be
seen as either old or new materials. This cementitious material had served society
where a mortar floor consisting of several layers of CaCO); dated back nine millennia
ago was discovered in Yiftah El by archaeologists in 1985 [1-3]. About 300 B.C.
concrete had been utilized intensively in the ancient Egyptian civilization where later
on it was adopted by the Greeks and then the Romans. The previous mere hydrated
lime fabricated by burning limestone and slaking thereafter was improved by mixing
it with volcanic ash (called Pozzolana as it was found near Pozzuoli at Naples) by the
Romans. Vitruvius (13 B.C) observed the material hardened in air and when it is
mixed with water leading to the load bearing solid concrete [1, 4]. Romans then
recognised compaction as an important factor to create dense durable material.
During the period between 300 B.C and 200 A.D. this material had already been used
in constructing many large scale structures such as theatres, sewers and aqueducts,
for instance Pont du Gard in the south of France [5-7], see figure 1.1. A lightweight
concrete material incorporated by pumice aggregate obtained from porous volcanic
rock had been used in the making of Pantheon Dome in Rome [1]. Together with
the knowledge that the material available works best under compression, the Roman
engineers chose the right shape and proportioned the structure accordingly.
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Therefore the unreinforced dome preserved under compression load and survives
two thousand years.

These successful techniques were lost during the middle Ages which saw the
declining of cementing material quality of inferior mortars hardened by carbonation
of lime. The modern concrete was mainly started by the invention of patented
Portland Cement by Joseph Aspdin leading to the economic up-scaling of cement
production after industrial revolution [4]. Cement plants with capacity of 1 million
tonnes annually are very common nowadays.

Figure 1.1. Pont du Gard and Pantheon Dome. Both of them have been surviving for
two millennia proving engineering sustainability. The master builder design and built
based on the knowledge that concrete is good in compression. Resisting solely
compression, the dome needs no steel reinforcement which means no corrosion taken
into account.

It is hard to imagine the progress of modern civilization without concrete serving as
major engineering material. Concrete will continue to be of great and increasing
importance for infrastructure development throughout the world. Concrete can be
found above ground, in residential buildings, hospitals, public and commercial
buildings, industrial plants, military installations, stadiums, storage facilities, and
bridges etc., on the ground in roads, parking facilities, industrial floors, airport
runways, etc., under the ground in foundation, drainage systems, sewers, tunnels, etc.,
and in water in rivers, canals, dams, harbour works and offshore structures.

One may mix cement, water, sand, gravel in a bucket, pour it in the mould and let it
harden, and one gets concrete. The simplicity of the concrete making process helps
the large acceptance of this material. Apparently, the reasons why concrete is so
successful as construction material comes from the fact that, firstly, its principal
components namely aggregate — coarse and fine —, Portland cement, and water, are
available broadly in term of geography and inexpensive in production cost. These
make concrete the most readily available material in the construction site. Secondly,
these low cost components can be easily prepared and mixed with water to obtain
flow-able and cast-able slurry in the dormant period. Afterwards, with the help of
hydration reactions fresh concrete is transformed into hardened solid concrete with
great variety of sizes and shapes giving the engineers a broad design space. Thirdly,
this load bearing rock-like material has attractive engineering properties such as
excellent water resistance makes it able to withstand water action with no rapid and
serious deterioration. Concrete also has high corrosion resistance, therefore can
protects less resistant metal embedded in it. In corrosion prone sites this protection
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makes it requires less maintenance for reinforcement provided there is sufficient
thickness of concrete cover. Concrete possesses high resistance to fire and cyclic
loading making it even acceptable for infrastructure construction.

Concrete achieves its full performance in renforced concrete which is designed to have
steel bars acting in composite action to carry multiple load action, e.g. compression,
tension, bending and torsion. In prestressed concrete a pre-compression is introduced
using steel tendons to counteract larger tensile forces. Large amounts of concrete
serves as reinforced or prestressed structural elements [§].

The success of concrete might also be justified by the claim that concrete is currently
the most used man-made material. As the second largest volume material utilized by
human — water is the first — concrete is virtually irreplaceable for innumerable large
infrastructure developments from the point of view of economy and ecology [9, 10].
Data support the claim that the amount of concrete used for construction worldwide
exceeds 12 billion tonnes annually, approximately 2 metric tonnes per person per
year. In addition, one may imagine a clear area of 1 x 1 km on the ground and on top
of it concrete is poured and casted until it reaches Tropopause, a boundary layer
between troposphere and stratosphere, a kilo meter above Mt. Everest. This is the
volume of concrete produced, reaching presently about 10 km’ per annum [11, 12].
For comparison, the amount of fired clay, timber, and steel used in construction
represent, respectively about 2, 1.3, and 0.1 km’ [11].

1.2. What are the issues at stake
1.2.1. Sustainability issue; environment under pressure

When addressing the socio-economic activity, infrastructure is the vital backbone
while its development encourages productivity and growth. Primarily in developing
countries infrastructure expansion and investment is an important government
expenditure to elevate economic development and influence income distribution
despite the fact in the variation of the infrastructure performance [13]. On the other
side, the construction, maintenance, refurbishment and demolition of these
infrastructure requires huge amount of material and intense energy demand leading
into high ecological impact. Further, there is a concern to the unsustainable
interaction between built and natural environment globally.

For the concrete related production alone, significant environmental — thereby also
societal — impact has been reported by several researchers and agencies. Portland
cement, the primary hydraulic binder of concrete, is produced typically requiring 3 to
6 million Btu (3.2 to 6.3 GJ) of energy. 1.7 tonnes raw material per ton clinker is
accompanied by emissions of mostly 1 ton of CO,, primarily from calcination of
limestone [14, 15]. This accounts 5% of global CO, emissions from cement industry
as it ‘side effect’ [16, 17]. While cement consumption is growing at 2.5% annually,
CO, emissions from the cement industry are expected to rise from 2.297 million
tonnes in 2005 to 3.486 Mt by 2020 at current technological levels and efficiency
rates [18].

Concrete which is mostly used in its own right and Morfar which is used to ‘glue’
together bricks in masonry-type structures are both chiefly important construction
material. They heavily rely on hydraulic (Portland) cement binders to gain their
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strength and durability even though only 10% to 12% of the mixture is dry cement.
Concrete is mostly mixed of 65% to 80% fine and coarse aggregate, water about 15%
to 20% and small portion of air (0.5% to 8%), while the combination of cement and
water is called cement paste. Mortar differs from concrete because it has no coarse
aggregate in the mixture. Typically 1 ton cement is required to make 3-4 m’ concrete
of about 7 — 9 metric tonnes in weight [14].

From the extraction, production process, and distribution to its place for use,
concrete (in proportion of 1:2:3 for general purpose) ‘embodies’ energy and carbon
emission of about 0.95 MJ/kg and 0.35 kg C/kg, respectively. This embodied energy
(energy required from raw material extraction up to the material ready to use) is
much lower than for many other common construction materials [19]. However, due
to high rate of consumption above mentioned, cement and concrete still
demonstrates total high energy demand and carbon emissions. These facts imply that
efficient use of cement, concrete, and mortars will certainly save the total energy and
reduce environmental impact in the life time of the infrastructure.

1.2.2. Concrete cracks; challenge to durability, functionality, and cost of
repair

Another challenge the concrete confronts is the fact that concrete is quasi-brittle
material with properties strong in compression but weak in tension. This inherent
brittleness leads into concrete cracks under tension or bending action. This is the
reason of the instalment of steel reinforcement bar (rebar) which then creates the
reinforced concrete composite action. In this case cracks may be attributed as innate
aspect, since its formation may activate the reinforcement to carry the tensile stresses
of the concrete structures. Within the prescribed crack width, the crack opening as
such may not damage or fail the structure or hamper the overall safety, although it
may expose the reinforcement bar to corrosive action.

Aside of the visible macrocracks, microcracks are practically inevitable to the normal
concrete. In the event when continuous network of microcracks is formed, concrete
permeability will increase and the reinforcement bar may be open to ambient
atmosphere. This corresponds to the concrete’s vulnerability to ingress of aggressive
substances. Technically speaking, concrete can succeed a 50 years — or even longer —
of life time even though it encounters several degradation processes, e.g. chemical
ingress, freeze-thaw cycle, carbonation, etc. However, the presence of cracks triggers
more serious problems and limits the concrete capacity to be durable, e.g. premature
failure or decrease of safety level due to reinforcement corrosion [20, 21].

In concrete structure designed cracks may be acceptable, but in many other cases are
not desirable. Cracks may threaten the tightness of the retaining structures, e.g. liquid
containing structures tank wall, aqueducts, underground spaces, tunnels, etc., which
undergo tensile forces. In these cases cracks may facilitate the flow of fluid — liquid
or gas — into and out of the structures which considerably alters its serviceability,
leads to unhealthy environments within a structure, and diminishes its functionality. In
case of waste, highly toxic materials and radioactive disposal container, the leakage
through concrete is catastrophic and unacceptable.
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Figure 1.2. Cracks in concrete structures lead into unacceptable leakage and costly repair.

The unexpected premature deterioration and fracture of concrete structures not only
limit its service life, but also leads into another issue concerning huge inspection,
maintenance and repair cost. Tougher issue emerges when the cracks are invisible
and or inaccessible, such as in the underground waste container structures which may
impractical to repair. To get a deeper view of this economic pressure, consider few
examples. The total amount of money for repairing and upgrading 10% of the US
bridges which are considered functionally obsolete and structurally deficient is
estimated at § 140 billion. In the UK, 45% of its construction and building industry
activity is related to the repair and maintenance. In the Netherlands, one third of the
yearly budget for large civil engineering works must be spent on monitoring,
maintenance, repair and upgrading. It is estimated that the indirect cost and loss of
productivity of traffic congestion caused by bridge (and tunnel) maintenance
interruption is ten times higher than the direct maintenance cost, which may reach $
63 billion per annum in the US [22].

1.2.3. Durable, therefore, sustainable concrete materials and structures;
resolving complex problem

The high energy consumption, its corresponding emission of CO, and financial
losses due to premature failure are the pressing sustainability issues which must be
tackled by concrete infrastructures industry. However on the other hand, public
demand for housing and infrastructures is high level of service and performance,
high durability and minimum negative ecological impact. Today the building industry
can no longer ignore these issues. Minimizing consumption of non-renewable
resources and maximizing the life-span of infrastructure are among the sustainable
actions that must be taken.

Many technological measures already happen to resolve the problem; additives,
replacement materials, and Supplementary Cementitious Materials (SCM) were
successfully applied to enhance durability of concrete end-products. Some industrial
by-products: e.g. fly ash, blast furnace slag, and silica fume, used currently in blended
cements are proven to improve concrete durability therefore its sustainability and
environmental friendliness. These materials also improve concrete’s mechanical
properties. It is proven by many studies on the chemical and physical characteristics,
reactivity of blended cements, and impact of SCMs on the concrete performance [23,
24].

For tomorrow’s concrete, from a materials perspective, Flatt and co-workers [11]
identify several alternative solutions as follows:
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Partial cement (clinker) replacement by supplementary cementitious materials
Development of alternative binders

Broader use of concrete mix designs that limit cement content

Recycling of demolished concrete in new concretes

Enhancement of durability (designing new infrastructures for longer service life)
Rehabilitation of existing infrastructures (extending the service life of existing
infrastructures)

SIS S

Pointing to durability enhancement, as van Breugel [20] argues durable concrete
increase infrastructure sustainability and in turn will positively affect biosphere
stability, this work focuses motre on how fo design new concrete structures to achieve higher
durability. One promising concept is incorporating self-healing mechanism found in
nature into cement-based materials. If those unavoidable cracks due to its inherent
brittleness could be self-sealed/healed/tepaired, concrete will certainly serve longer,
more durable and sustainable.

Conceptually, the approach to make concrete structures — and structural
(engineering) material in general — self-healing can be justified by studying both
design strategy and philosophy. The prevailing concepts of making structures better
is by making them stronger and stiffer. This can be achieved by making stronger and
stiffer (structural/engineering) material or combination of materials. Within this
philosophy, designers focus on preventing damage by increasing the strength of the
material and therefore the load bearing capacity of the overall structures. This may
adjourn the event when the first fracture develops. This philosophy is termed as
Damage Prevention paradigm [25]. Development of high and ultra-high strength
material is the result of this productive and useful design philosophy.

As the damage formation is unavoidable during structures service life, damage
monitoring is needed. Sooner or later any damage discovered requires repair and
expenditure. A novel paradigm of managing or controlling damage is proposed as an
alternative philosophy. As van der Zwaag argues, a certain level of damage “is not
problematic as long as it is counteracted by a subsequent autonomous process of “removing” or
“healing” the damage” [25]. Klaas van Breugel adds, that this certain limit of damage in
structures may be acceptable as a trigger for the inherent healing or repairing
mechanism to start [26]. Borrowed from nature, this pro-active Damage Management
paradigm philosophy is the basis of emerging self-healing materials technology.

Figure 1.3 shows conceptual diagram of performance of infrastructure and its cost
over time. Once cracks formed, a degradation process starts until (expensive) repair
raises the structure to its initial performance level. Applying damage prevention
principle, longer service life of infrastructure can be achieved by using higher
strength material, by which longer maintenance free period is achieved. As the initial
investment is higher, however the total cost may be lower compare to ‘normal’
material which requires several repair actions for the same period of service. On the
other side, by applying self-healing materials, damage is allowed and even triggers the
antogeneons or autonomous self-healing mechanism. As there will be ‘no’ or very limited
repair cost during service life the total cost may be competitive compared to normal
and high strength material application.
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Figure 1.3. Conceptual diagram of infrastructure performance over its service life in which: [a]
the application of damage prevention principle results in applying high performance material
(HPM) instead of normal materials (NM) and [b] self-healing material (SHM) with replicable
healing mechanism helps infrastructure to achieve longer maintenance free period and overall
service life . (figure redrawn from van Breugel [20])

Therefore, technically speaking, in order to keep concrete infrastructure durable, it
would be of benefit to implement self-healing, overcoming the inevitable concrete
cracking. Moreover to function propetly in preventing leakage, this healing property will
not only control the crack width but also self-sealing the crack making it impenetrable for fluid.

1.3. Bio-inspired engineering
1.3.1. Brief story and modern design process and strategy

Steven Vogel points out human built mechanical devices and apparatus generally
simulate what is found in nature, regardless the method of fabrication and material
used [27]. Conceivably this applies in self-healing materials concepts. Self-healing of
man-made material is inspired by nature [28, 29].

In general, on attempting to solve engineering problem, one can (always) seek
inspiration from biology (nature). Though borrowing nature’s idea to enhance our
living environment is as old as humankind history, the post-industrial technical
advent makes the process more systematic and deliberate. Hence, it makes use of bio-
mimicry to solve problem and inspire innovation [30-306]. Biomimetic, the term coined
by polymath Otto Schmitt in 1957, and bionic, coined by Jack Steele in 1960 [34, 35],
attempts to take uspiration, adaptation, derivation and abstraction of a biological model',
with cautionary advice that careful study of the nature’s lessons may not lead to a
blind ‘close imitation’ [37-39].

The history of scientist, engineer and inventor capturing inspiration from nature is
long and rich with many inspiring successful examples. Architects and designers in
the nineteenth century did biomimetic for aesthetical purpose, but other scientists
and engineers recognized the ingenuity, efficiency and robust engineering of nature’s
materials and structures [40]. Nonetheless, those many successful applications were
the fruit of serendipity and creative random thought. They were not the result of

! Janine Benyus - author and co-founder of then The Biomimicry 3.8 Institutes — defines Biomimicry as ‘learning from and then
emulating natural form, processes, and ecosystems to create more sustainable designs’. Biomimetic is portmanteau derived from the
Greek word bio- and -mimesis which means imitation, while bio- and -technics is then combined into bionics. In general both words
essentially, as Speck et al. articulates, is “the realization of technical applications based on insights resulting from fundamental biological
research”. Other essentially similar is Bio-inspired Design, Biologically Inspired Design, Bio-design, Bionik. This thesis accepts all the
terms and use it without rigor precedent, merely to help reader grasp the essential idea.
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deliberate systematic process as it is recently implemented such as Russia-born TRIZ
(Theory of Inventive Problem Solving) and CAI (Computer Aided Innovation) [41].

The story of how George de Meestral invented Velcro is perhaps one of illustrious
achievements of bio-inspired design. In 1940 after hunting with his dog in the
mountains of Switzerland, de Meestral became curious about the burrs (burdock
seeds) method of dispersal hitchhiked to his clothing and his dog’s fur. Examined
under microscope, he saw the tips of the burrs were shaped as hooks which easily
stick to the fur of animal or clothes fabric. After laborious work in his workshop he
eventually marketed ‘Velcro’ which becomes famous when NASA uses it as ‘hook
and loop’ fastener for their astronauts space suits.

D’Arcy Thompson reveals the story how Zurich prominent engineer, Carl Culmann,
while designing his new crane on 1860, gained inspiration from bone trabecular
structure after wandering in the laboratory of anatomist Hermann von Meyer, who at
the moment was studying cross section of femur [40]. Figure 1.4 shows the similarity
between von Meyer’s sketches of cancellous bone in a frontal cross section of
proximal femur and the stress trajectories of the crane-like curved bar designed by
Prof. Culmann [42].

Natural form, structure, and process have inspired many architects, scientists and
engineers. Plants and trees inspired Antonio Gaudi in designing Sagrada Familia
Church. Hierarchical nano-structure of Lotus leaf surface inspired innovation of
super hydrophobic self-cleaning coatings [43]. Photosynthesis has inspired design of
a dye-sensitised solar cell [44] which generates electricity as it is printed onto
buildings. S#relitzia reginea flower has inspired the design of flectofin® which can
move its fin up to 90 degrees by bending stress induced in its spine [45, 46]. More
recently, physiology and morphological function of the human heart inspires the
design of an ‘artificial heartbeat’ actuator [47]. Not only tangible products, life
evolutionary processes, genetics, function of neurons and animal colony social
interaction inspires many computational algorithms. Many new discoveries in biology
will lead to many more applications which seemingly may be limited only by human
creativity and ingenuity [48-50].

(B s
bbirmranner,

Figure 1.4. Sketches of Culmann’s crane with stress trajectories in the left part and
trabecular architecture of long femur [42].
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Taking benefit from its evolution process, nature demonstrates myriad multi scale
adaptation processes and strategies in various natural objects. Abundant natural
objects provide examples which can be thought as data base for scientist, engineer,
and designer to implement biomimetic.

However, the success of bio-inspired design is a function of several factors [51]:

1. Selection of nature appropriate system and strategy which involves large number
of input data,

2. Scale of operation, e.g. strategies which perform well at nano-scale might not
work at micro or macro-scale and vice versa, and

3. Resolution of paradoxical design requirements, e.g. the conflict between
toughness, stiffness and strength.

In modern days, the field of biomimetic is highly interdisciplinary. It involves
comprehension of biological structures, process and functions and bio-inspired
design and fabrication of various commercial end-products. It draws interest of
biologists, physicists, chemists, computer scientists, material scientists, engineers,
architects, and product designers.

In tackling this challenging design program and innovation, several research groups
and agencies develop systematic approaches to implement biomimetic [51]. Few of
them are: The Biomimicry 3.8 Institute; BioTriz; Design and Intelligence lab, School
of Interactive Computing and the Center for Biologically Inspired Design, Georgia
Tech; Plant Biomechanics Group, University of Freiburg. The approaches developed
may be classified into two different classes based on the starting point.

Conce ; :
Kz;‘:l:‘ig; f generat?:n E":;:&zflwg Detailed Realization
(biology, etc.) (identified) design (physical solution)

oj._ >0 > @ > @

Narrow inquiry

Bio-inspired
engineering

Figure 1.5. Diagram of inverse design approach which started from biological discovery
through abstraction which involves studying in depth the biological principles of the chosen
object and then selection of application as proposed by Jenkins (redrawn from[52]). Though
depicted linear however in the design process iteration might occur.

The first approach is inspired by nature observation and discovery which is then
expanded by concept generation and finding an area of application sketched as figure
1.5. This approach requires detailed understanding of biomechanics and functional
morphology which lead to abstraction of biological insights [53]. Describing the
process, several terminologies are used in the literature: botton-up process 53], solution-
driven biologically inspired design [54], biology to design |55), biomimetic by induction |56], and
inverse design [52]. The story of development of Velcro from observation of burdocks
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seed sticking to clothes until its implementation is perhaps one of the best example

51].
Concept L
Engineering Requirement generation Detailed Re.allzatlon.
problem (need) and constraints design (physical solution)
—o— = o>
Broad inquiry
Biology

Figure 1.6. Coined as forward design process by Jenkins, the diagram shows that
‘engineering question’ is the starting point in the design process. After determining
design criteria , designer and scientist seeks the biological objects which might provide
insights and proceed with detail study of one particular aspect which answer the
questions posed (redrawn from [52)).

The second approach starts by (engineering) problem identification and then
followed by selection of biological objects for that particular problem. The process in
general can be sketched as in figure 1.6. Various term have been found in literature
for the design process e.g.; fop-down process (53|, problem-driven biologically inspired design
(54], challenge to biology |55), biomimetic by analogy |50 and forward design process [52].
Posing question, ‘how to reduce swimmer’s drag?’, scientist and engineer evaluates
fish swimming biomechanics and functional morphology and examine in detail shark
skin. The banned hi-tech Olympic record breaking swimsuit is the example of the
end product of this design process [51].

In both approaches, The Biomimicry 3.8 Institute advocates and includes Life’s
Principle in their methodology to evaluate the success of design process. Life’s
principle may be thought as ‘design lessons from nature’, a set of principles proven
from 3.8 Giga years life evolution. They claim this principle can and must be used as
the goal, strategy, and benchmark for the innovation process. The two
aforementioned design processes then might be enhanced with more detailed design
phases illustrated on figure 1.7.

10
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Figure 1.7. DesignLens g.10 is a design spiral proposed by The Biomimicry 3.8 Institute
(www.biomimicry.net) which includes design evaluation process by means of life’s principle -
a set of life’s basic operating condition emulated into design lessons which serve as
sustainable benchmarks - emphasizing sustainability and condition conducive for life in
designing end-product. Spiral A; Biology to design starts form natural models (biology), and
Spiral B; Challenge to Biology starts by identification of problem [51, 55].

1.3.2. Brief study of bone physiology and its healing principles

Adhering to the forward design approach this thesis raises the question how #o develop
a self-healing concrete material and structure that might seal the crack autonomously. Observing
the domain of biology, there are several wound healing mechanism found in nature:
cut skin [57] and bone fracture healing in human and animal [58-62], and plant
response to injury [63].

The present work studies bone of present-day mammals and birds and its healing
mechanism. An elucidation of bone physiology and adaptation process might then
provide the knowledge to develop new type ‘synthetic/artificial’ self-healing
concrete. Inspiration gained from bone study later on will be utilized in this chapter.

Bone, a typical examples of biomaterials, have developed to have complex
hierarchical structures owing to the 3.8 billion years of evolution [64]. To provide
structural support, bone has to be strong and stiff whilst it must be as light as
possible [65]. This superior feature has been optimized by different mechanisms of
adaptation. A distinction then must be made between the long term Darwinian
evolutionary process within a species which involves genetic modification inheritance
and the adaptive growth and remodelling which materializes within individual lifetime. In
adaptive growth, cells accommodate local growth by sensing local mechanical loading
stimuli therefore deposits a new material depending on the environment. In
remodelling a tissue might be restored by a process constituted of deposition and
removal of (bio)material through metabolic activity in the living cells [66].

Bone may be defined as a stiff skeletal inorganic-organic bio composite consisting
mainly of soft collagen protein and mineral hydroxyapatite — Ca,,(PO,),(OH), — (a
crystalline form of calcium phosphate). For the individual, bone is not only providing
body structures supports and protecting vital organs, but also producing blood cells
from its marrow and serving stocks of inorganic chemicals, ie calcium and
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phosphorus. On material level, bone demonstrates a hierarchical structure [64, 66-
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Figure 1.8. Hierarchical level of bone (redrawn from 68, 69, 71]).

In the nanoscale, during bone formation collagen protein molecules assemble into soft
fibrils of aligned protein helices which are then impregnated by the formation of 10-
50 nm in length stiffer hydroxyapatite crystal. This nanostructures size and
orientation follows collagen template and the relation between two components is
critical for bone mechanical properties, where the salt mineral crystals provide
hardness and carry stress up to four times higher than flexible collagen fibril that is
more responsible for responding deformation [67]. This extracellular collagen-apatite
matrix is the basic building block which can be found throughout different type of
bone and species.

As bone is produced inside the body, at microscale standpoint, it is usually covered
with cells and certainly contains living cells. Bones contains blood vessels within it,
by which all changes in bone shape lay on its surface. These living cells are oseggenic
precursor cells, osteoblasts, osteocytes, osteoclasts, and bone marrow. Osteoblasts,
metabolically active bone forming cells, deposit bone extracellular matrix in thin
lamellae forming concentric mineralized wall around longitudinal capillary tubes called
Haversian canals or canals in short. Then entrapped osteoblasts in the lacunae within
the matrix differentiate into osteocytes. 'This osteocytes and the extracellular matrix is
assembled surrounding a central canal (Haversian systemz) in which blood vessel for
nutrient transport is located and form a cylindrical unit called osfeon which is then
cemented together to form bone. Further, tiny tubes for cytoplasmic process called
canaliculi extend outward of each osteocyte within bone matrix to from a cellular
network. On the other hand, Osteoclasts, multinuclear bone resorbing cells, remove
bone mineral by releasing powerful acid and enzyme. These cells work in groups
which attach onto the bone surface. The hydrolytic enzyme released will then
dissolve the mineral in the bone matrix causing a shallow cavity on the surface.
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At macroscale, osteons form bone in two distinct shapes and morphologies. Trabecular
(Spongy | Cancellons) bone is a very porous, created as sponge like open network in
interior region. It has porosity up to ~85% comprising bone marrow. This is where
hematopoiesis process takes place. Cortical (Compact | Lamellar) bone is generally solid
found in exterior region which has approximate porosity 3-5% for blood vessel and
osteocytes. This type of bone makes up 90% of bone mass and serves multiple
functions; locomotion, organ protection, and inorganic mineral stockpile.

Figure 1.9. Section of bone showing cortical (solid) bone comprises of concentric lamellae
called osteon at the exterior of the long femur and trabecular bone in the interior region
showing interconnected struts that make up porous layer. (Captured from
www.bonebiology.amgen.comy; accessed 15 January 2014, all rights reserved[71]).

Bone may be seen as complex, dynamic, metabolically active living tissue which
exhibits constant adaptation to its physical environment throughout its life cycle.
This makes bone able to operate subject to damaging high stresses and strains which
may lead into failure in short time if not repaired. It is believed that bone is
constantly sensing the mechanical stimulus, checking the occurrence of microcracks
and reinstating the new material into the damage zone. In this mechanotransduction
process three aspects namely; sensing — transmitting — activating, play the role as
such bone tissue can sense and response physical stzzuli leading into changes in
shape, composition and mass. The process cycle may be sketched in figure 1.10 as:
[1] in macroscale, the body receives a physical stimulus which is then [2] transferred
via bone tissue in term of poroelastic strain induced bone flow, [3] and then
osteocytes sense the signal of large deformation and [4] via cellular interaction trigger
signal to, [5] actuate osteoclasts by resorbing old bone tissue and osteoblasts by
forming the new one, [6] eventually, it reshapes the macroscopic properties of the
organ [59-61, 72, 73]. Owing to adaptive growth and — more effective — remodelling
process bone has a property of being self-repaired.

Fratzl and Weinkamer [66] suggest three levels of bone self-repair mechanism. The
tirst level is reversible bond at molecular level. When bone is loaded the hard mineralized
bone is the responsible part to provide the stiffness and to bear the stresses.
However this material is also quite brittle. Therefore, it is protected by a reversible
mechanism by breaking up ‘sacrificial’ molecular bonds and closing in at soft
collagenous substance leading to plastic deformation [74]. The second level is of close
loop feedback process at cellular level when local damage is detected by osteocytes which
then trigger action signal to effector cell; osteoblasts to develops bone materials and
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osteoclasts to remove unused bone. In this bone remodelling process osteocytes are
acting as dedicated sensors sensing strain deformation and triggering bone repair via

cell-to-cell signalling [73].
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Figure 1.10. Simplified feedback loop mechanism of biomechanical and
mechanotransduction regulation of bone remodelling. Microscopic process of bone
remodelling may be seen in point 5 of the figure. (a) Osteoblasts anchor themselves
creating microenvironment underneath its contact surface while releasing powerful
acid eroding bone matrix — what is so called Howship’s lacunae. Then hydrolytic
enzymes removes remaining collagenous matrix. (b) Osteoblasts then move to the
region depositing organic matrix (osteoid) — predominantly collagen - which later on
scaffold inorganic matrix (crystalized calcium and phosphate) creating a new bone
matrix. Entrapped osteoclasts transform into osteocytes while in the outer layer
transform into lining cells. Graphs is adapted from [71-73, 75]. In depth information of
signal transduction and regulation in molecular lever can be found in the literature, i.e.
[76-79]

The next level is bone fracture healing process. When the bone fracture — often because of
excessive loading associated with trauma or bone dislocation — is large enough to be
remodelled by cellular remodelling process, more complex healing process takes
place. Kalfas articulates three specific overlapping steps appear in the bone fracture
healing process (figure 1.11); [1] inflammatory in the first hour and days, [2] repair
mechanisms, and [3] remodelling process in the later stage [60, 80].

Right after fracture events occur, a hematoma develops in the inflaimmatory stage.
The blood vessel rupture causing dilation and swelling of tissue and inflammatory
cells permeate the fracture location causing tissue granulation. After few days
osteoblast rapidly develops bony structure meanwhile fibroblasts produce
fibrocartilage and bridge the gap between broken bones.

During the repair stage, the cartilage developed between two ends of broken bone
supports the blood vessels growth by process of angiogenesis. A collagen matrix is
then formed by osteoblast followed by secretion of osteoid which is the mineralized.
This process leads into the formation of bony soft callus surrounding fracture site.
Kalfas indicate this mineral is formed during first one to two months and quite weak
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due to unsettled merger therefore need immobilization [60]. Eventually, callus is
ossified by mineral crystallization caused by osteoclasts which are invading the area.
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l
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inflammatory cells Angiogenesisis peripheral callus starts ‘Howship’s lacuna’pits. Following resorption,

combat infections. stimulated creates new  stabilizing this woven bone.  osteoblast lay down new bone formation.
blood vessels.

Figure 1.11. Fracture healing cascade overlapping process (adapted from [80]).

Typically, in replacing broken bone, more bone matrix is produced than what is
necessary. Therefore, in the later steps, bone healing process is completed by
remodelling process. Osteoblasts remove the excess bone matrix restoring the bone
into its original shape and mechanical strength. This process develops over long term
period as such months or years as function of the size of damage, fixation during
healing, and mechanical stress enhancing bone healing. It is reported that proper
axial loading force generates bone matrix formation where it is required and
resorption from where it is unused.

1.4.Self-healing materials; synthetic approach to healing

Healing in hard or soft tissue triggered by injury follows in general three overlapping
steps in time; inflaimmatory response, cell proliferation, and tissue remodelling.
Mimicking its biological counterparts, self-healing materials are designed to possess
the ability and perform self-repair and self-recovery of the pre-assigned materials
properties and functionalities using built-in resources in the material [81]. It follows
deliberately accelerated artificial route in equally similar three steps after damage is
formed in the material: actuation (triggering actions), fransport of healing agents into
tracture zone, and chemical repair. Blaiszik and co-workers suggest that timescale and
kinetic of this overall response is critical to the success of healing. However it is not
independent to how the healing agents hardened e.g. polymerization, entanglement,
reversible cross-linking. Inside of material, the rate of healing can be tailored by
designing reaction kinetic of healing agent to respond the outside stimulus (damage,
fracture, scratch, etc.) which is as a function of loading, stress and strain rate.
Therefore self-healing material process might be thought as ‘material-stasis’
stabilizing rate of damage with the rate of healing which in turn determines the
efficiency of healing [81].

After pioneering studies by several material scientists [82-84], a great deal of research

has been carried out in the field of self-healing material after the landmark paper on
self-healing polymer by White e 4/, [85] was published in Nature in 2001. Further,
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Blaiszik e# al. categorizes development approaches to designing self-healing material
typically based on the healing mechanism; zntrinsic (antogenic) healing in which material
shows inherent capacity to heal itself with or without stimulation, e.g. heat induction,
etc., and extrinsic (antonomic) healing in which some “ntelligence feature is embedded into
material to have autonomous healing mechanism [81, 86, 87]. Autonomic healing
mechanism developed may be further classified into capsule based system ot vascular
based system.

The state of the arts in self-healing materials shows the concept is currently
implemented across the materials classes [88]. It includes self-healing in polymer,
fibre reinforced matrix, metals and alloys, ceramics, bituminous material, and cement
based material with various mechanisms. Some of them reach field operation while
many are still in the lab phase.

1.5. Self-healing concrete; concepts and strategies
1.5.1. Evolution of concepts and definitions

Explosion in number of literature studies and development of self-healing concrete
have been seen recently. Van Tittelboom provides an exhaustive literature review of
concrete autogenic and autonomic healing in her PhD thesis. In it systematic in-
depth analysis can be found on the different type of concrete healing mechanism,
efficiency of various healing agents, suitable encapsulation techniques, triggering
mechanism for autonomic action, and evaluation of recovered properties [86, 87].
State of the Art Report of RILEM TC-221 SHC entitled Self-Healing Phenomena in
Cement-based Materials published in 2013 also provides extensive overview of the
most recent progress.

In guiding advancement of this emerging field, attempts to set-up general framework
and definition were carried out by technical committee TC-075B from Japan
Concrete Institute (JCI), RILEM committee TC-221 SHC [89], and Mihashi and
Nishiwaki [90], see figure 1.12.

RILEM TC-221 SHC suggests a definition which adopts a more general point of
view of self-healing [89]. The committee defines self-healing as ‘any process by the
material itself involving the recovery and hence improvement of a performance after an earlier action
that had reduced the performance of the material. Further, autogenic healing is attributed
to the self-healing process, “when the recovery process uses materials components that conld
otherwise also be present when not specifically designed for self-healing (own generic materials)”.
Meanwhile autonomic healing is defined as the process, “when the recovery process uses
materials components that wonld otherwise not be found in the material (engineered additions)”.

For the field like self-healing which is still immature, the discrepancy of definitions
for the same process may be seen as inevitable. However, dispute may be resolved by
taking emphasis on the actual triggering mechanism of self-healing process
implemented. Furthermore RILEM TC-221 SHC presumes the level of intelligence
— basic, smart, and intelligent — of the materials for assessing healing mechanism.
Smart material is engineered to demonstrate useful response for particular stimulus in
its vicinity. Meanwhile, intelligent materials sense and respond external stimuli as well
as regulate its own response which is achieved by integrating its multi functions.
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These materials collect and process information and adjust its behaviour accordingly

[89].
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Figure 1.12. [A]Self-healing classification proposed by TC-075B JCI depicted in Venn diagram.
[B] Interpretation by Mihashi and Nishiwaki [90] to the definition of self-healing materials
proposed by RILEM TC-221 SHC (adapted from [80, 90]).

1.5.2. Strategies and state of the art 1; autogeneous healing

It is well known that cement-based materials have inherent autogenic self-healing
capacity [91]. According to Hearn, French Academy of Science had observed
autogeneous healing of cracks in fractured culverts, pipes, and water retaining
concrete structures in 1836, and Hyde had already studied the phenomenon at the
end of the nineteenth century [92, 93]. Van Breugel reports that Glanville in 1926
conducted research about these phenomena and at that time a distinction between
self-sealing and self-healing was discussed which was then followed by Soroker e7 a/. in
1926 and research of cracks in bridges by Brandeis in 1937[20].

A systematic study of concrete autogenic self-healing was carried out by Hearn [92,
93]. It turns out that crack opening in concrete diminishes in time by means of
several processes with a great number of literature demonstrating the evidence [94,
95]. Four mechanisms show important contribution. (1) Swelling of the cement
matrix in proximity of crack tip due to absorbed water into hydrated cement paste.
(2) Continuing hydration of unreacted cement particles due to lack of water during
hydration process which in turn occupy crack void. This is the second important
contribution to healing mechanism which is more pronounce in young concrete. (3)
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Dissolution of calcium ions (Ca®") which reacts with carbonate ions (CO;”) from
ambient environments and forms calcium carbonate (CaCO;) which then precipitates
at the crack faces. The mechanism, studied in great details by Edvardsen [96], is
believed to be the most important contribution to the autogeneous healing [93]. (4)
Physical clogging of small particles crumbled from crack surface or carried by
ambient water. According to RILEM TC-221 SHC this recovery processes are
classified into three causes [94] as depicted in figure 1.13.

Physical cause Chemical causes Mechanical causes

Fine particles:
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Broken of from | Originally in
fracture surface i the water
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Continued
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Figure 1.13. Classification of most possible causes of autogenic self-healing
mechanism of concrete. The scheme appears in the thesis (pp. 4) of Nynke ter
Heide [97] illustrating the mechanisms which is promote self-healing. The figure
used in this work can be found in pp.65 RILEM State-of-the-art Reports TC 221-SHC
Self-Healing Phenomena in Cement-Based Materials [89].

The efficiency of concrete autogeneous self-healing capacity is influenced by
environmental action (e.g. the presence of water), temperature [95], mix composition
[86] and is deemed higher with higher cement content promoting continued
hydration. The later may be thought as in contrast with the demand of low cement
content concrete to satisfy sustainability criteria.

On the other hand, autogeneous self-healing might be the reason for decreasing
chloride ingress through the concrete cover and preventing corrosion of rebar. Klaas
van Breugel suggests this innate ‘zwmune syster’ makes concrete a material with high
resistance. This beneficial feature may in turn promote longer concrete service life,
though concrete structure was not designed taking into account its inherent
autogeneous healing capacity [26]. The reason is because the probability of
occurrence of the process and necessary conditions are not fully understood
therefore possess low reliability to be taken into account in the design explicitly.
However a limited crack width is allowed in the design of watertight container with
respect to pressure and crack stability. Van Breugel asserts, “This in fact demonstrates
that the self-healing capacity of ordinary concretes is considered a by-product of the material rather
than a feature that could be manipulated by a sophisticated design of the mixture’ [20].

Studies show provisions to elevate the success rate of autogenous self-healing are
crack width, water availability, and crack closure. Smaller cracks have a better chance
to heal. The presence of ambient water helps un-hydrated cement particles to form
hydration product and seal the cracks. Re-closing the crack opening promotes higher
rate of healing mechanism afore-mentioned.

18



Chapter 1. Concrete: its success, issues, and bio-inspired solution

Autogeneous healing in concrete is restricted to small crack width (up to 200 pm),
presence of water and crack closure by means of compression [86, 98, 99]. Many
research and developments have been dedicated to improve concrete inherent
healing capacity [86]. Several strategies and its combinations involve:

(1) restricting crack width by embedding fibres in the concrete which takes form as:
fibre-reinforced concrete (FRC) or strain hardening cementitious composites (SHCC)[100-
103]. One successful example of SHCC is ECC (Engineered Cementitious
Composites) developed by Li ef a/. which shows high ductility while ensuring
that crack widths remain typically around 50 pm;

(2) closing crack opening by incorporating shape memory alloys [104-106] or
shrinkable polymer tendons [107, 108];

(3) providing additional water by means of super absorbent polymers (SAP) [109,
110] or water capsules; and

(4) adding agents e.g. sodium monofluorophosphate [111, 112], microbes [113-116],
to promote crystallization, precipitation of calcium carbonate and/or hydration.

1.5.3. Strategies and state of the art 2; autonomous healing

In order to have better ‘control’ on self-healing mechanisms, researchers
purposefully develop ‘engineered healing’. Approaches in this autonomous healing
mostly can be described by means of embedding (micro)capsule [84, 117, 118] or
long brittle pipes containing healing agents [119, 120]. Heat evolution devices might
be applied to promote accelerated reaction kinetics of healing agents [121]. Quite
often these approaches are combined with some ‘health monitoring’ techniques.

Dispersing capsules containing healing agents was proposed by Dry [83, 84, 122-126]
in the early nineties of the 20" century and successfully implemented in self-healing
polymers by White e 2/ [85]. When the crack hits the capsule, its shell ruptures and
healing agent is released and hardened upon contact with atmosphere or with
polymeric crosslinking catalyst.

For implementation in cement based materials several examples may be presented.
Yang et al. [117] successfully developed microcapsules with oil core and silica gel
shell. Inside the shell, Yang and co-workers used commercially available
methylmethacrylate (MMA) monomer as the healing agent and triethylborane as the
catalyst. Upon releasing the agent, polymerization of methylmethacrylate initiated by
the catalyst may be achieved at room temperature and seal micro cracks decreasing
permeability by approximately 66%. Van Tittelboom used brittle borosilicate glass
and ceramic cylindrical capsules with internal diameter about 1.71 to 3.00 mm
containing polyurethane with accelerator, epoxy resins, polyacrylates, polyurethane
and MMA. In case of using two compound agent, the capsules were connected two
by two and placed manually in the concrete specimens.

Joseph [119, 120] used brittle borosilicate glass tubes containing cyanoacrylate (CA)
cured in air in which one end of the tube is bent up and open to the air to supply the
agent. This allowing continuous supply of the glue. Nishiwaki ez a4 [90, 121]
developed a system where they embed organic film pipe containing healing agent and
heating device made of ceramic fibre and conductive matrix. Upon crack formation
the conductivity is reduced and the resistivity close to the crack increased therefore
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selectively induced heating and melt the thermoplastic film and released the healing
agent.

Despite the promising results, some issues arise regarding the most efficient healing

process and appropriate healing agent used in the concrete. The issues are:

(1) wvulnerability of the capsules during mixing,

(2) placing and curing of concrete, and

(3) number and aspect ratio of capsules sufficient enough to ensure the random
crack formation hit the capsules [26].

Extensive information and discussion upon these issues may be found in literature

[86, 89].
1.5.4. Strategies and state of the art 3; self-healing by means of microbes

The discovery of deep sea hydrothermal vents in 1977 may revolutionize our view
towards life. Firstly, life does not always depend on the photosynthetic organism in
the base of the food chain. Secondly, quite number of microbes live in the extreme
[127]. Chemotrophic bacteria, for instance, live in mutualistic symbiosis with other
organism in the no-sun light underwater [127-130]. Many other bacteria thrive in
desert [131], rock [132], extreme dry and cold regions in Antarctica [133], and hyper-
alkaline environment [134].

On the other hand, bacteria have been used in developing ecological engineered
process or product. Bacteria were applied in pollutant removal, soil bioremediation,
and greenhouses gas removal of landfills. Special type of ureolytic bacteria were used
in soil improvement and consolidation [135, 136], repair degraded limestone [137],
and filling concrete pores and microcracks [115, 138-140].

These provisions may promote a leap forward ambition, to implement bio-based
materials and processes for improving quality of materials as well as enhancing civil
infrastructures sustainability [141]. In doing so, several scientists have proposed and
developed ideas around enhancing concrete durability by introducing bacteria to
promote self-healing to seal crack.

Jonkers ef al. [138] has developed and tested the concepts in which bacteria start to
be activated in contact with ambient water present in cracked concrete, consume
nutrients, and precipitate calcium carbonate which in turn fill the voids and seal the
cracks. Wiktor and Jonkers [110] encapsulated bacteria strain and nutrients into
porous expanded clay to ensure viability and functionality of the bacteria after the
concrete mixing. The in depth working principle of the bio-based self-healing
concrete will be discussed in chapter 5.

1.6. Remaining challenges; ideas development

A new point of view of material design is introduced by self-healing materials
concept. Damage in structural materials should not be something to worry about,
however may be seen as presupposition to the healing mechanism. Throughout its
service life this mechanism therefore is dynamic and adaptive to respond to the
(damaging) external action.

20



Chapter 1. Concrete: its success, issues, and bio-inspired solution

In case of concrete, healing capacity is inherent to the material. It can heal itself via
formation of Ca based mineral, continuation of hydration of un-hydrated cement, or
via physical clogging or cement matrix swelling. There is no clear indication whether
single or mixed mode process takes place and even harder to ascertain when the
process started in the real structures.

This autogeneous healing, therefore, remained unreliable. This may be attributed to
the fact that concrete is highly variable with respect to the composition of its
ingredients. Certain compositions may promote healing while the other mixtures
proportion might raise questions upon its healing capacity. As the presence of water
is the prerequisite for certain autogenous healing mechanism to happen, for instance
continued hydration, its highly improbable the healing will occurs in the element with
limited contact to the ambient moisture. It is also hard to determine and to quantify
the sort of healing mechanism taking place in the structure over a certain period.
Moreover, although there is no agreement upon certain values, autogeneous healing
might occur only to very limited crack width. Additionally, in guasibrittle concrete,
crack are hard to control. (Cracks tend to continue to increase once the critical
value/characteristic length/crack thickness is reached, even in the decrease of tensile
stress.) Even worse is when the tensile crack is actively opening up and propagating
due to constant (local) tensile stress, autogenous healing might be inadequate.

Overcoming this dubious healing capacity, implementation of self-healing should be
preferably through autonomous self-healing concepts. Several developed methods
are based on embedded capsule or embedded vessel (tube) by which healing agent
flows out upon shell breakage by the crack. In spherical capsules, however, there is
tendency the crack surround the capsule instead of hit and break the capsule shell, by
which scientists proposed elongated capsule or tube. Yet, some limitation of capsule
and vascular based systems (or methods) occur due to the fact that; brittle hollow
capsule and tube can become damaged during mixing and curing and dispersing long
brittle tube in the concrete is laborious [87].

1.6.1. Problem and goal definition

It is believed applying engineered (autonomic) self-healing mechanism in concrete will be
beneficial for enhancing its durability in general. However in the thesis the proposed
engineered self-healing mechanism must also show greater advantage in tackling
problems of fluid tightness and preventing leakage, especially in the locations that are
less accessible or inaccessible to repair.

The goal, therefore, is to create a self-healing material or rather a self-healing
component in a concrete structure which can tackle the problems described above.
The proposed self-healing should not only applicable to the material level but also
can be up-scaled to the structural level.

1.6.2. Biological domain and abstraction of biological model
Resolving the limitation of capsule and vascular based self-healing mechanisms, bone

physiology and its healing process is revisited. It is clear that bone has superior
mechanical properties which are derived from its functionally adaptive capacity
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throughout its material hierarchical spectrum. It also demonstrates highly complex
process to remodel in its life time and to perform scar-less self-healing. It is
admittedly hard to mimic the process completely in the concrete.

However, two of appropriate principles that might be constructive are identified; bone
morphology in macro level comprises of cortical (solid) bone and trabecular
(spongious) bone and feedback loop process in the remodelling and healing process.
From these two principles, abstraction was prompted into the development of a
healable concrete material and to the method for healing it with healing agents.

The first aspect is development of porous network concrete emulating bone
morphology as shown in figure 1.14. The idea behind this abstraction is cortical bone
may be mimicked with solid concrete and trabecular bone may be imitated by porous
concrete. Combination of the two types of concrete resembles the Porous Network
Concrete, a bone-like concrete able to self-heal by the mechanism of feedback loop as
depicted in figure 1.15.
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Figure 1.14. Ideas transformation of Porous Network Concrete following forward
design approach by selecting bone as biological model of healing process [62, 142].

1.6.3. Idea development

This study will develop a new self-healing technique that makes use of the Porous
Network Concrete. The porous concretes will be prefabricated e.g. cylinder,
rectangular bar or thin brick, which are placed at the interior or surface of the
concrete structure. Depending on the application, this layer of porous concrete will
be filled by temporary or permanent materials that form a dense layer of even
contains a self-healing agent and sensors for detecting damage, liquid, chlorides or
corrosion products. This filling of the prefabricated porous concrete layer can be
done before or after the concrete structure is poured and hardened. It even can be
filled much later when for instance most of the initial shrinkage or settlement of a
structure has taken place. The porous layer can also be filled with a material like gels
containing sensors that detect if the condition of the concrete structure changes. At
that moment the gel can be replaced by another material that takes care of the
healing or fills the porous layer permanently.
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Figure 1.15. Flow of information in Porous Network Concrete.

In general the proposed self-healing mechanism concept which makes use of this
porous network concrete will be carried out with minimum — ever without — human
intervention. This effort can be tackled using intelligent materials or structures
technology concepts which have three basic requirements of capabilities; sensing,
processing/controlling, and actuating. In addition, the performance of the structures
and or material should be controlled actively using adaptive control algorithm and in
an autonomous manner.

Figure 1.16 shows the flow of information in this proposed self-healing concrete.
Damages in the concrete which may be inaccessible to human observation are
detected using sensors, such as self-powered embedded fibre optic. Then data will be
collected and calculated by a controller which sends triggering signal to the actuators.
This actuator will switch on a pump that injects healing agent in the reservoir
through the porous network concrete layer. This injection process will be stopped
automatically using an algorithm which compares measured parameters with the
designed values [143].

Having this idea in mind, several possible applications of the proposed system are
shown in Figure 1.16. For instance, for water retaining structures, e.g. storage tanks,
basement-walls, industrial floors, tunnels or aqueducts it shall keep the structures
watertight. It shall form a water-tight connection between the classical wall and slab
problem, in which the slab is old and the wall is young concrete. It can create a dense
layer/batrier next to the reinforcement to stop ingress of aggressive substances. It
can form a protective dense layer at the surface of concrete structures, which can
also be used as architectural material.
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Porous (Older) Porous concrete
concrete Structure slab at surface
core

Figure 1.16. Several possible application of the proposed system. (1) Liquid
retaining structures where porous network is placed in the centre (or the side) of
the structure. (2) Liquid-tight connection for the classical problem between (older)
wall and (newer) slab. (3) Porous barrier/layer next to the rebar to stop chloride
ingress. (4) Porous network at the surface of concrete structure which may be used
as architectural material as well. For (3) and (4) the porous layer may be filled later
on with material to make it dense.

1.7.Scheme of this thesis

The research carried out is fundamental research to develop the porous material, fill
that with self-healing agent, and study the efficiency of the self-healing mechanism
proposed. In general the research consists of two parts; (1) development phase and
(2) technical testing phase as depicted in the roadmap figure 1.17.
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Figure 1.17. Roadmap of research and development of Porous Network Concrete.
This roadmap visualizes the thinking and working flow process to be used to
present the ideas and the thesis.

It has been shown in the chapter 1 (point 1 in the roadmap) that concrete is strong,
easy to make, durable, and cheap therefore obtain its current success. However some
problematic ecological issues need to be resolved by making concrete more durable.
To address this problem three questions are posed and answered subsequently.
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How to design new concrete structures to achieve higher durability? Technically speaking there
are many ways to design highly durable concrete. The precondition, however, is to
create concrete as dense as possible so it will not allow any ingress of deleterious
substance. Denser concrete possesses higher strength to resist any mechanical loads
which in turn tend to make concrete crack. Optimizing composition of concrete
mixture, improving packing density of constituents, adding admixtures are among the
conventional but popular methods which gain recent success. However, where the
inevitable continuous interconnected crack coupled with problem of its
inaccessibility to repair does occur in concrete, self-healing concrete is one of the
promising methods to obtain durable concrete.

Further, in reinforced concrete (RC) structure, rebar will do the work to carry tensile
stress when concrete in the tension area cracks. This is the reason why reinforced
concrete is designed to allow certain prescribe crack width. However, the if cracks
occur, the rebar will be exposed to atmosphere with the risk of corrosion.
Responding to this case, self-healing provide sealing to the crack and further protect
the rebar from external aggressive substance.

What natural objects demonstrate self-healing capability? What principles can be learned from the
object and emmulated into self-healing concrete? The process of abstraction in this thesis is
based on bone. It has been chosen because it shows remarkable shape and healing
capacity. As it is shown in the section 1.3.2., bone shape and its healing process is
highly complex. Admittedly it is hard to ‘translate (total or partial mimicry)’ this
shape and process to design self-healing concrete. However, by abstraction two
principles may be drawn from this object. Firstly, bones macro morphology
comprises of cortical and trabecular. Secondly, living bone has self-healing capacity
by feedback loop mechanism and remodelling.

How to develop a self-healing concrete at material and structural level that might seal cracks
antonomonsly and make it impenetrable for fluid? Studies show concrete has inherent
(autogenous) healing capacity. In addition, several advances in self-healing concrete
have been developed based on improved autogenous healing, dispersed capsule
containing healing agent, and vascular based system. Deemed for improving current
methods and providing alternate healing mechanisms, learning from bone
morphology and healing processes, and guided by the definition of self-healing
concrete abovementioned, the concept of Porous Network Concrete (PNC) is
proposed, developed and tested in the thesis. This work proposed autonomous self-
healing concrete which can sense its damage and trigger healing process accordingly.

What are the characteristics Porous Network Concrete should possess in order to be successfully nsed
in self-healing concrete? How is PNC produced? Which tests and how should these tests be
performed to check the characteristics and properties of PNC? How can this material be optimized?
What is the evidence, if any, that PNC is effective for self-healing concrete? Chapter 2 will
demonstrates in detail the production process of PNC and discuss which properties
of this novel type of material may be optimized. Some tests will be conducted to
characterize material properties and identify its effectiveness, e.g. strength of the
material, porosity and permeability which in turn determine how efficient healing
agent flows through the porous core.
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Development and working principles of automatic healing mechanism will be
discussed in detail in chapter 3. It will answer some questions; How the system is built?
How does the proposed antomatic | antonomons healing mechanism work? Which test is designed
and how should this test be carried out to measure the efficiency of the system? Started by defining
design criteria for autonomous system, different components; i.e. sensor, controller
and actuator, to regulate the flow of information in the autonomous system will be
described. Furthermore, the general test setup to evaluate the concept will be
specified.

By having this setup ready, the development phase is transitioned into technical
testing phase, where the proof-of-concept is further evaluated. Consequently,
questions may arise; What tpe of healing agent may be suitable to transfer into the crack(s)
throngh porous core? How concrete healing e efficiency will be evaluated?

Point 4 in the figure 1.17 will report the test of porous network concrete
autonomous healing mechanism with different healing agents. Three materials are
chosen representing different classes; two compound epoxy resins as chemical based
agent (142, 144], cement paste as grout material [149], and bacteria based solutions
developed at Microlab [145-148], Faculty of Civil Engineering Geosciences, TU
Delft as bio-based agent. Healing performance is measured by comparing properties of
cracked (pre-healing) and healed (post-healing) specimen.

Conclusion will be drawn and presented at the last point of the roadmap. The

primary questions and goals of this fundamental research will be re-addressed and
possible future research will also be presented.
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2.

Porous Network Concrete: design,
production and characterization

.. What is design? It's where you stand with a foot in two worlds - the world
of technology and the world of people and human purposes - and you try to
bring the two together.”

- Mitchell Kapoor

The transformation from inspiration to conceptnalization of the Porous
Network Concrete (PNC) has been explained in the first chapter. This chapter
describes in more detail the realization of the concept. It starts by identifying the goals
of the design and what features the PNC should possess. This will be the performance
requirement for the product. The study of the properties of both normal and porous
concrete will elucidate the principles which in turn will gnide the next production steps.
12 will then describe the production process of PNC. Further, the chapter elaborates on
the test to evalnate the pore structure and mechanical properties of the PNC and
discusses the resulls.

2.1. Introduction; motivation, ideas and goals

Damage may be seen as the necessary condition to start the self-healing process. One
essential element for the process to work is the transport of healing agent into the
damage i.e. fracture or crack zome. In living organisms transport of nutrients and
ingredients appear at micro level in cellular signalling and transport and at macro
level via vascular system, i.e. organized networks of xylem and phloem in trees and
circulatory blood vessels in animal and human.

The transport process in concrete — which may be thought as porous material — takes
place in the pore system. Through the pores, concrete absorbs and releases moisture
and ingress of substance is made possible. Gradients of temperature, pressure,
humidity, or solution concentration may influence the transport of the substance in
the concrete. However, this driving force might not be enough to trigger healing
agent transport into fractured sites without any additional external force and or adequate
channe/ within the concrete.
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In this work, Porous Network Concrete (henceforth PNC) is a hybrid system in which
high permeability porous concrete is embedded in the interior or exterior of normal
dense concrete. The porous network core constitutes alternate means for [142]
channelling temporary or permanent materials to form a dense layer in the later
stage and [62] distributing healing agent from point of injection to cracks in the
concrete main body [62, 142].

Porous network in the interior (or exterior depending on the requirement) of the
concrete main body is made of prefabricated porous/petvious concrete. Meanwhile
concrete structure main body can be designed and produced using self-compacting
concrete (SCC). This deliberate design and choice of material will Zncrease the
survivability of the core as transport medium during concrete structure (in-situ or
prefabricated) casting.

Figure 2.1 renders the concept how healing agent is injected through the
interconnected pores. Frame 1 of the figure shows the concrete beam (exterior main
body) with injection port. In practice this main body might be a concrete
underground wall, or container (liquid) tank structures which suffer from cracking. In
the frame number 2 of figure 2.1, a semi-transparent picture describes the system
showing how healing agent starts flowing into the porous core which eventually will
reach the crack and sealing it inside out as it is depicted in the frame 3.

Creating a porous layer in a concrete structure to change that layer at a later stage
into a dense layer seems at a first instance not logical. However, it is known that it
takes some time for a concrete material to build up its properties and material
structure, during which it deforms, settles, shrinks, swells and cracks. So it might be
wiser to start the healing or formation of a dense layer at a later stage. Autonomous
action will ensure healing intervention at the right time and location.

Lo
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Figure 2.1. Artist render of the conceptual working principle of healing agent
transport in the Porous Network Concrete.

Porous Network Concrete establishes a new category of concrete of which its high
performance is not only associated with (high) strength as commonly accepted, but
with its ability to meet performance criteria for particular conditions where
conventional concrete would not be adequate.

In the developmental phase, acceptance criteria were set to evaluate the success of
PNC. As the porous network core function is for transporting (liquid) healing
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materials, it is logical to attain permeability and interconnected pore diameter large enongh to
channel healing agent from point of injection to the crack zone. Moreover the
prefabricated porous core should stay porous during and after casting the concrete main body in
order to be able to transport healing agent on the right time. However, common
rationale argues the larger the concrete porosity the weaker the concrete. Therefore,
PNC should sustain the overall strength prior to and after healing action to be
efficiently implemented as concrete structures. Furthermore, the porous part in PNC
will be small compared to the size of the concrete element. So there will hardly be
any influence on strength.

The key performance criteria have been set for the development, namely:

1. The porosity or void fraction of the Porous Network Concrete should be
higher than 0.2 or 20%. Relative permeability of the material should be in the
pervious regime indicated in the table 2.1 whereas zntrinsic permeability and
hydraunlic conductivity may be obtained from the evaluation test.

2. The minimum static compressive strength of the porous concrete should be
higher than 15 N/mm” while the static compressive strength of normal dense
concrete should be greater than 35 N/ mm?® As the Porous Network
Concrete is composed of two different material constituents, the
combination of both strength values may be reasonable for structural
application. However, there are several other factors that will influence the
overall strength of the Porous Network Concrete structures; quality of
concrete main body, amount of reinforcement bar, configuration and
geometry of the structure, etc. Continued research and development on PNC
may yield to the enhancement of the specification.

Table 2.1. Typical permeability regimes, intrinsic permeability and hydraulic conductivity
values of geologic (natural) materials. Table has been modified from Bear [150].

Relative permeability Pervious Semi pervious Impervious

Intrinsic permeability K 0.001 | 104 105 | 10¢ | 107 108 | 102 | 101 | 101 [ 1012 | 105 [ 10 | 1015

(cm?)

Intrinsic permeability k| 10 | 100 [10° 905 (107 [10° [ 100 [ 10 |1 0.1 | 001 | 0001 | 10

(milidarcy)

Hydraulic conductivity K | 102 | 10° 1 100 | 102 105 | 104 | 105 | 106 | 107 | 108 | 10° | 100

(cm/s)

Unconsolidated Sand & Well sorted | Well sorted sand Very fine sand, silt,

Gravel gravel or sand & gravel loess, loam

Consolidated Rock Highly fractured rocks Oil reservoir Fresh Fresh Fresh
rocks sandstone | limestone, granite

dolomite

2.2. Materials; combination of two concretes, normal (dense) concrete and
porous concrete

PNC consists of two types of concrete; normal (dense) concrete and pervious
concrete (henceforth POC). Both concretes are made from cement, water, and
aggregate where some admixtures may be added to achieve specified criteria. In
pervious concrete, fine aggregate is not used and narrow distribution of coarse
ageregate is employed.
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An immense number of literatures have been written about normal concrete
indicating its maturity as scientific subject even though many more aspects of
concrete materials and structures still requires in depth study. On the other hand a
considerable amount of effort has been devoted to study and develop contemporary
porous/pervious concrete. The goal of this thesis is not towards studying and
improving the inherent features of each of PNC’s constituents, but rather to
implement combination of engineering properties of both class of concrete to yield a
novel approach for self-healing of concrete. Normal concrete which has strength
properties from normal to ultra-high strength (30 to >200 N/mm?) provides structural
strength and stiffness into the system. Meanwhile, porous concrete has porosity about
15% to 30% and acts as internal channel.

This present work utilizes se/f-compacting concrete (SCC). This special type of concrete —
also known as se/f-consolidating concrete — being able to flow under its own weight will
fill the mould with ease around the porous core in the interior and reinforcement
bar. SCC achieves full consolidation without vibration (passing ability and filling ability)
while completely filling formwork without segregation (stability/ resistance to segregation)
[151-154].

To achieve high flowability high-range water reducer HRWR) admixture — also known as
superplasticizer (SP) — is used while keeping the water cement (w/c) ratio low. 1scosity
enhancing admixture — anti-washont admixture — is often used along with
superplasticizer to maintain the materials cohesion [155]. This will attain highly
workable concrete with sufficient level of viscosity to prevent aggregate obstruction
while concrete is flowing. To maintain stability of SCC mixture in its plastic state
higher amount of fine particle and limited amount of coarse aggregate is adopted.
This will reduce internal collision among aggregates, decreasing internal contact
stresses and reducing internal strain energy when the mixture flow [151].

Several fundamental studies of SCC rheology/workability, mechanical and physical
properties, composition of constituents and admixtures, and SCC flow modelling
have been performed [154]. Methods to design the SCC mixture have been
developed leading to standardization [152-156]. In addition to these standards,
several attempts have been made to produce SCC which demonstrates excellence in
one or multiple engineering properties, such as; lightweight [157], high to ultra-high
strength [158-161], durable and sustainable [160, 162]. Sonebi asserts the rheological
characteristic, fluidity, and risk of cracking due to hydration heat of SCC may be
enhanced by the incorporation of mineral admixture such as pulverized fuel ash
(PFA), ground granulated blast furnace slag (GGBS), or limestone powder (LSP)
[160, 162].

The second type of concrete used in this research is porous/petvious concrete.
Strictly speaking, porous concrete has large volumetric void ratio in the concrete
matrix. This might be obtained from infusing additives to form foam or gas bubbles
into the fresh concrete or incorporating ultra-porous natural or synthetic aggregates.
In this case the final product is concrete which has /large amount of relatively non-
communicating voids. 'This porous concrete exhibits properties of low to medium
strength (£15 to 50 N/mm?). Compared to normal concrete it demonstrates higher
porosity (up to £30%) and higher thermal insulation values. Structural lightweight
structures and walls with better thermal insulation are among the applications of this
category of concrete [163].
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The other type of porous concrete, also known as no-fines, gap-graded, enbanced porosity
concrete, ot pervious concrete, has millimetre-size air voids resulting from coarse aggregate
particles surrounded by thin layer of binder paste and abridged only in their point of contact [163-
160]. This deliberate mix design of uniform-sized aggregate and cement paste results
into concrete which has high percentages of interconnected voids that allow fluid to
permeate through the space between the particles. This special type of concrete
possesses low to medium compressive strength (+15 to 50 N/mm?) and low tensile
and bond strength as well. It exhibits higher porosity as well as higher permeability.

The recent interest on this materials of which its large implementation has been
started in the first decade of twenty-first century is mostly due to environmental
benefit in pervious concrete pavement [167]. Its water permeating and water draining
properties outperform conventional concrete in; (1) controlling storm water runoff,
therefore reduce flooding, (2) enhance ground water supplies, (3) controlling
pollution, and (4) reduce aquaplaning therefore improve skid resistance in the
pavement and runways during rainfall. Its sound absorbance property shows
exceptional benefit in reducing traffic noise. Parking lots, sidewalks, driveways,
vegetation bedding, embankment covers, beach structures and seawalls, and many
architectural applications take benefits from this concrete. Recently a number of
studies present the potential of porous concrete as energy absorbing material which
may be used in low-cost blast protection structures [168-171].

Figure 2.2 reveals the internal structures of porous concrete. A thin layer of cement
paste covers the aggregate and ‘glues’ aggregates together creating meandering and
complex continuous pores in the order of millimetre. Observing this internal
structure, it is obvious the load applied on the concrete is transferred through thin
cement paste between aggregates. Moreover, as cement paste in the point of contacts
is relatively weaker than the strength of aggregate and internal stresses are more
concentrated in this link, this binder tends to act as point of failure in porous
concrete. Consequently, porous concrete is more fragile than normal dense concrete.
On the other hand, pore structures guide the ability of porous concrete to transport
fluid from point to point.

Several fundamental studies have been carried out to examine factors influencing
rheological, mechanical as well as transport properties of porous concrete [167, 172-180].
Characteristics and amount of binder paste which is affected by water to cement (w/c)
or water to binder (w/b) ratio, composition of binder, amount of admixtures,
viscosity and flow value determines not only workability/rheology but also strength
of the final product and void structures [165, 160]|. Aggregate packing (aggregate
interlocking) which involves selection of proper size, shape, roughness and grading
proportions of particles controls not only final strength but also pore size
distribution, void ratio and total density [165, 178, 181, 182]. In addition, Inferfacial
Transition Zone (ITZ) in porous concrete affects overall strength and is dependent on
the roughness and mineralogy of aggregate [165]. Contribution of
densification/compaction is also significant to the strength and macroscopic pore
structure [183-185].
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Figure 2.2. Cross section of porous concrete with uniform size gravel of 2-4 mm show
some attractive features; (a) intentional continuous voids or ‘empty spaces’ within the
porous concrete allowing liquid to permeate, (b) thin layer of cement paste abridge
two adjacent aggregates, (c) cement paste clogged among aggregates.

Despite many parameters involved in determining mechanical quality of porous
concrete, this thesis focuses solely on transport properties of POC where
permeability is the key parameter. Permeability which is closely related to porvsity and
hydranlic conductivity is atfected by aggregate packing (aggregate interlocking) and amonnt of
binder paste.

As internal pores in the PNC are intentionally applied by using porous concrete
therefore porosity (in %) and intrinsic permeability (K) is important parameter of the
system [172, 177, 186, 187]. In relation to permeability, hydraulic conductivity (K)
describes the ease of fluid to move throughout the interconnected pores. This
parameter is a function of intrinsic permeability, degree of saturation, density and
fluid viscosity [179, 180].

2.2.1. Mix design and characterization of self-compacting concrete

The preliminary mix of self-compacting concrete in this research was formulated
based on specification and guidelines for SCC provided by ERFNAC [188] and the
work of Su et al. [152], Sonebi [160], and Asthiani, ¢z a/. [189]. Considering the
reduction of the total strength after porous core is incorporated into the PNC, the 28
days strength target’ was set should be above 35 N/mm”.

Rheological properties of SCC, e.g. yield stress and plastic viscosity, can be
determined by rheometer which is not always available. Therefore fresh properties
(workability) of the material may be determined by means of several established
simpler testing method [153, 190]. In this work slump flow and T}, flow rate test was
used due to its simple mode of operation and requires only simple equipment.

® Thisis equal to typical concrete strength properties in Eurocode 2 fo/fecuwe ~ 35/45 N'mm2 which has mean value of concrete cylinder
compressive strength fon 43 (N/mm2).
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The slump flow test measures total spread diameter of unrestricted deformability of
fresh SCC on top of levelled smooth impermeable surface after the slump (Abrams)
cone were lifted up. After SCC stops flowing, the largest diameter of the spread and
the one perpendicular to that are measured. The value of the mean diameter is then
calculated. Using this test, value of workable SCC should fall between 600 — 800 mm
[189].

T, flow rate test was carried out simultaneously with slump flow measuring the time
elapsed from the time the cone was lifted up to the time the SCC reaches 500 mm
ring concentrically with the place of the mould. The time is measured with stopwatch
having the accuracy of 0.1 second for recording the flow time T50. The acceptance
value is 2 — 5 sec.

An alternative test is the spread flow test which may be used for SCC mortar. This
test uses mini cone conforming to ASTM C 230/C 230 — 13. A truncated cone with
@70 mm on top (henceforth all dimensions are in mm otherwise noted), €100 at
bottom and 60 mm height is filled with non-compacted SCC mortar and placed in
the centre of smooth surface. Concentric ting of 100, 250, 500 may be marked on
top of the surface [190]. The value between 240 — 300 mm may be acceptable for
SCC.

To allow a trade-off for low strength given by porous core in PNC two types of SCC
mixtures were developed in this research; a normal strength concrete (INSC) and high
strength concrete (HSC). For NSC the binder used consists of standard CEM 1 42.5
and Fly Ash (class C as designated in ASTM C 618) meanwhile for HSC Silica Fumes
wete added to the binder mixed with tap water with ratio of water to binder (w/b)
0.40 for NSC and 0.30 for HSC. A polycarboxylic ether polymer based
superplasticizer (SP) was used in the mixture which has 30% solid content and a
specific gravity of 1.05.

Pertaining to the size of the PNC specimen, in all specimens, gravel aggregate with
the largest value of 8 mm and specific gravity 2.67 (g/cm’) was employed. Quartz
sand with specific gravity 2.61 (g/cm’) was used. The physical properties of concrete
ingredients is shown in table 2.2

Tabel 2.2. Physical properties of cement and fly ash.

Physical properties Cement Flyash  Silica Gravel  River
fume sand
Specific gravity (g/cm?3) 3.11 2.55 2.20 2.67 2.01
Bulk density (kg/m?) 1506 1610 560 1530 1550
Void ratio - - - 0.72 0.54
Mean diametet (Lm) 45.0 20.5 0.65 - -
Specific sutface area (m?/kg) 367 270 25000 - -
Water absorption (%0) - - - 0.8 0.8

A finalized mixture was obtained after several trials which lead into composition as
tabulated on table 2.3.

The mixing procedure (see figure 2.3), which applies for all concrete batches in this
research, is as follows. At first, ingredients were dry-mixed for about 30 seconds at

low speed and followed by 30 seconds at medium speed. The water and SP was
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premixed and subsequently 2/3 was poured gradually into the mixing batch and an
additional 1 min of mixing followed. The remaining 1/3 premixed solution was
introduced for another minute while mixing. Afterwards for about a minute concrete
is left at rest in the bucket after being scrapped from the bucket wall. At final stage
the mixture is mixed for another minute.

Tabel 2.3. Composition of concrete mixture

Materials Normal High Strength
Strength HSC (kg/m?3)
NSC (kg/m?)
Cement CEM 1 42.5 425 435
Fly Ash C class 25 67.5
Silica Fume - 45
Water 186 145
Aggregate 2-4 mm 328 318
Aggregate 1-2 mm 321 351
Aggregate 0.5-1 mm 345 345
Aggregate 0.25-0.5 mm 175 195
Aggregate 0.125-0.25 mm - 100

The mixtures were poured into 40 x 40 x 40 mm’ cubes for determining strength
development of 3, 7, 14 and 28 days. Mixtures were also poured into 150 x 150 x
150 mm’® cubes and @56 — 120 mm PVC cylinders for determining target strength of
28 days. After casting samples were then stored within wrapped plastic at 20 £ 3 °C
for 24 hours prior to demoulding. Following that specimens were stored in the fog
room with temperature about 20 = 3 °C and RH 95 £ 5 % up to the day of
compression testing.

Low speed 30 sec

: Medium speed 1 Medium speed 1 Rest period High speed 1
+£Eed|um ;peed minute mixing minute mixing G el minute mixing
Start sec mixing End
mixing >0 >0 >0 >0 mixing
Gravel aggregate Powder + Powder + :
+ Binder [C+FA] Premixed 2/3 Premixed 1/3 :;‘:1“:' :::m Mixture
in dry mixing (W+SP) poured (W+SP)
gradually

Figure 2.3. Diagram of mixing steps used in producing concrete batches
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Figure 2.4. Strength (N/mm?) and slump flow (mm) of self-compacting concrete designed for
main body of Porous Network Concrete

Figure 2.4 shows the results for NSC. The static strength obtained which is 44.7
N/mm’ with standard deviation about 2.73 N/mm” and slump flow about 627 mm
with standard deviation about 4.78 mm. For HSC the static strength obtained is 61.3
N/mm® with standard deviation about 3.11 N/mm? and slump flow about 641 mm
with standard deviation about 3.12 mm.

2.2.2. Mix design of porous concrete

Production of a porous concrete having meso-size interconnected pores was
accomplished by using single narrow graded coarse aggregate and eliminating fine
aggregate in the mixture design. Recent studies [174, 176, 183-185] have provided
insights of how mixture composition and compaction affect pore volume and
structures in producing moderate to high compressive strength (10—40 N/mm’)
petvious concretes. Random porous media such as porous/petrvious concrete may
exhibit different pore structures for a given porosity and vice versa. This in turn will
affect the balance between functional requirements (e.g. permeability) with
mechanical performance (e.g. strength) for desired levels of porosity.

The trial mix design of porous concrete in this research was formulated based on
previous studies [191, 192]. The composition was 1513 kg/m’ gravel, 355 kg/m’
ordinary Portland cement CEM I 42.5, 22 kg/m’ Fly Ash (FA) and 1.0 1/m’ super-
plasticizer with 0.28 water/cement ratio. Three different single graded aggregates
such as 1-2 mm, 2-4 mm and 5-8 mm were employed’.

The mixture was poured into the 40 X 40 X 160 mm steel mould and compacted by
vibrating table for 30 sec. Afterward a plastic sheet was placed on top of the
specimens which were then kept in the room at 20 £ 3 °C for 24 hours. After

3 Such aggregate size follows ASTM sieve number (i) #18 or 1.00 (passing 2.00 mm sieve, retained on 1.00 mm sieve), (ii) #10 or 2.00
mm (passing 4.00 mm sieve, retained on 2.00 mm sieve), (iil) #5 or 4.00 mm (passing 9.5 mm sieve, retained on 4.00 mm sieve).
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demoulding the specimens were cured in the fog room for 7 days. The end product
can be seen in figure 2.5.

Figure 2.5. Three porous concrete prisms 40 x 40 x 160 mm were made with different
aggregate size, from left to right; 4-8 mm, 2-4 mm, and 1-2 mm.

It was observed that during production, the mix of fresh porous concrete has a low
workability and is rather dry. In order to enhance the aggregate packing and interlock
a proper compaction method and timing should be used. Extended compaction time
will result in loss of moisture from the already dry mixture due to exposed particles
to atmosphere. On the other hand it may improve specimen strength. In addition,
vibration compaction promotes paste segregation. The paste flows and accumulates
in the bottom side of the specimen creating uneven vertical porosity [180].

Tabel 2.4. Design experiment for porous concrete (A/B refers to aggregate to binder ratio).

A/B Aggregate size
weight ratio 1-2 2-4 4-8
(mm) (mm) (mm)

7.6 [1] P12-1 P24-1 P48-1
50 2] P12-2 P24-2 P48-2
3.8 [3] P12-3 P24-3 P48-3

Tabel 2.5. Composition of porous concrete mixture (A/B refers to aggregate to binder ratio).

A/B ratio = 7.6 A/B ratio = 5.0 A/B ratio = 3.8
P12-1 P24-1 P48-1 P12-2 P24-2 P48-2 Pl12-3 P24-3 DP48-3
Cement CEM 1425 1835 183.5 183.5 275 275 275 367 367 367

Material (kg/m?)

Fly Ash C class 16.5 16.5 16.5 25 25 25 33 33 33
Water (w/b 0.33) 65 65 65 98 98 98 130 130 130
Agg. 2-4 mm - - 1513 - - 1513 - - 1513
Agg. 1-2 mm - 1513 - - 1513 - - 1513 -
Agg. 0.5-1 mm 1513 - - 1513 - - 1513 -

SP (% vol to binder) 1% 1% 1% 1% 1% 1% 1% 1% 1%
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Consistency of binder paste which is a function of type of binder, water-to binder
(w/c ot w/b) ratio, and the admixtures added is influential in achieving uniform
distribution of binder paste phase throughout the porous concrete. Therefore, the
admixtures (e.g. superplasticizer or set retarder) and water-to-cement ratio used in
the mixture should be adjusted accordingly to obtain a workable and consistent
mixture. While static compression and/or top impact compaction is preferable to
consolidate porous concrete, in case set retarder is used, longer time for compaction
will enhance strength and decrease porosity [183, 184].

This work requires porous concrete which has porosity and permeability (hydraulic
conductivity) as large as possible while having moderate strength. These properties
are required since the porous concrete will serve as channel in the core of PNC and
is not required as load bearing component.

In order to satisty the requirement a design experiment was set as depicted in the
table 2.4. Gap-graded small particle size; 1-2 mm, 2-4 mm, and 4-8 mm aggregates
were used. Aggregate weight was 1513 kg/m’ with specific gravity of 2.67 g/cm’.
Binder (cement CEM 1 42.5 and fly ash C class) content was varied by weight ratio to
aggregate with physical properties as in table 2.2. Water binder (w/b) ratio of 0.33
was kept at the same value for all mixture with polycarboxylic ether type SP
(Glenium 51 which has 30% solid content) was set to have volume of 1% to binder.
The design experiment is summarized in the table 2.4. P12 stands for porous
concrete with aggregate size 1-2 mm and -1 refers to aggregate-to-binder ratio
accordingly. Table 2.5 summarizes the composition of the porous concrete mixture.

To prevent agglomeration and ensure consistent mixture of paste, the binder was dry
mixed for about 1 minute in epicyclical rotary mixer followed by another minute at
medium speed prior to mixing with water. Following this dry mixing, a premixed
water and superplasticizer was introduced gradually for about 1 minute mixing
followed by another minute of paste phase mixing. Finally the aggregate was poured
and mixed into binder paste for one minute in medium speed mixing. Mixing process
was concluded by 1 minute mixing at high speed. Approximately 15 liter mixture was
mixed per batch.

The compaction method used was hand compaction using a steel cylinder mounted
on a long steel rod. This poker was then top-impacted by hammer which its end is
covered with hard rubber. This will allow the particles in the porous concrete to
interlock properly while the thin layer of paste binder is distributed evenly and will
not flow and accumulate in a certain position, i.e. in the bottom side of specimen.

After mixing, the mixture was placed into PVC cylinder with inner diameter of 56
mm and height of 120 mm in three layers. Every layer was compacted by steel
cylinder 955-50 mm mounted on 250 mm long steel. Acting as poker this compacter
was hammered 10 time every layer. Prior to addition of the next layer, top surface of
the last layer was roughened by steel rod allowing better particle interlocking with its
subsequent layer. This type of specimen will then serve as porous concrete
mechanical testing specimen and for transport properties characterization.

Specimens along with its mould were then wrapped with plastic and stored in the
room with temperature of 20 £ 3 °C. Cylinder 56 — 120 mm specimens were
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demoulded 24 hours after casting. Following demoulding, all specimens were cured
in the fog room with temperature about 20 £ 3 °C and RH 95 £ 5 % for 28 days.

2.2.3. Characterization of porous concrete
a. General approach and mechanical test

In general mechanical properties of porous concrete can be satisfactorily described
by its strength and stiffness. More detailed quantity may be derived from those two
parameters or tested with specialized setup depending on the objectives of the
experiment or the goal of porous concrete application [165].

The compression test is one of the common methods to determine static strength
and stiffness, while direct tension, bending/flexural, splitting test which ate common
for concrete may also be employed for porous concrete. Impact test by means of
dropped weight or field blast test have been applied to determine dynamic response
and dynamic strength of moderate to high strength porous concrete [170, 193]. A
computational procedure developed by National Institute of Standards and
Technology (NIST) was employed by Sumanasooriya e¢ta/ to examine elastic
properties of porous concrete on 3D reconstructed specimen [194]. Image
processing and analysis supports the process in producing 100 X 100 X 100 pixel
representative volume element (RVE) [195].

Besides mechanical properties, functional properties of porous/pervious concrete are
also of interest. These properties reflect not only the #ransport properties (hydranlic
performance) — how easy fluid flows through its pores [172, 177, 179], e.g. porosity,
permeability, of porous concrete but also durability, e.g. freeze-thaw resistance,
abrasion resistance, sulphate resistance, clogging, [196, 197| and sound absorbance [180].
Among those properties, porosity and permeability is the most significant parameter
studied in this work.

It is very intuitive to relate porous concrete performance with its porosity since this
parameter is simple to measure and visually observable. Further, by the same
intuition, one may relate that increasing porosity will, in general, increase
permeability. However, while porosity arguably is one of the most important
features, other pore parameters such as pore size and connectivity may also influence
the hydraulic performance of porous concrete [172].

Experimental as well as computational studies may be implemented to characterize
porous concrete pore structure and transport properties. Bentz reports an attempt to
develop “Virtual Pervious Concrete’ at NIST [167], a computational program to
create 3D microstructure to investigate percolation, conductivity, and permeability.
Sumanasooriya ef 4/ [195], implement automatic image analysis on 2-dimensional
porous concrete sections which then is used to extract pore structures features.
Following that, stereological algorithm is used to transform the image and determine
3-D pore structures characteristics. They develop a computational procedure to
predict the permeability of 12 different 3D porous concrete mixtures based on planar
images [173].

38



Chapter 2. Porous Network Concrete: design, production and characterization

In this work three parameters are investigated namely static compressive strength,
porosity and permeability (hydraulic conductivity). Triplicate measurements were
conducted for each type of porous concrete and each test to calculate the mean
value. Compressive strength was determined as per ASTM C39 whete cylinders &356
— 120 were capped using polymer based on Poly-methyl methacrylate (PMMA)
composed of a powder monomer PLEX® 7724-F containing initiator and a liquid
monomer PLEXIMON® 801, at 28 days. Table 2.6 summarizes the strength of
porous concrete individual specimens tested with uniaxial monotonic compression
test.

b.  Determination of porosity of porous concrete

Porosity is one important feature in transporting fluid through porous media
although not all pores, i.e. isolated pores, contribute and take part in this transport
process. This suggests that effective porosity which is the fraction of pores able to
transfer fluid plays greater role. However, it is observed from many studies that for
porous concrete most of the pore voids are sufficiently large enough to transfer
water compared to other material with similar porosity [179]. Therefore porosity in
this study may be thought as total porosity which value is almost equal to the
effective porosity. One technique to ‘see’ effective porosity is by impregnating the
porous core with epoxy resin contain fluorescent dye which differentiates pore phase
from solid phase under UV light.

Porosity in this work was determined by two generally accepted methods; water
saturation which takes the ratio between void occupied by water and the solid phase
and image analysis which uses a digital image to extract information needed.

By means of water saturation, in this work, porosity was measured with two

procedures. First procedure is as follows. Three porous concrete cylinders 56 — 120
for each type as indicated at table 2.4 were submerged in water for 24 h to saturate
the pores in the paste matrix. After removing from water and achieving saturated
surface dry (SSD) conditions, the specimens were tightly covered with two layers
plastic wrap which was then enveloped with transparent adhesive tape. The
specimens were placed on aluminium plates and the bottom of the cylinder was
sealed with silicone sealant ensuring water stays in the porous concrete voids as
depicted at frame 1 figure 2.6. The weight of these specimens, denoted as W, was
measured. Subsequently water was poured to saturate all interconnected pores in the
porous concrete. The weight of the specimens with water added, denoted as W,,
were then measured, see frame 2 figure 2.6. The weight difference, AW = W, - W,
was the weight of water in the voids. This weight was then converted into volumetric
porosity (¢,) as percentage of the total volume of porous concrete specimens [177,
186]. Table 2.6 shows the porosities of various specimen tested using the procedure
abovementioned.

The second procedure is based on the void ratio. Porosity may be expressed as total
void ratio (V) which was obtained by dividing the difference between the weight
(W,) of the cylinder specimen under water and that (W,) measured at SSD condition,
achieved by oven drying at 35°C, RH 50% for 24 hours. The equation used to obtain
this value is as follows [51]:
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W, —W,
I, =1- —=2— |x100% 2.1)

/ pw VJP

Where: V, = Total void ratio of the porous concrete, (%); W, = weight of cylinder
specimen in SSD, (kg); W, = weight of cylinder specimen under water, (kg); V,, =
Specimen volume, (mm’); p, = density of water, (kg/mm”).
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Figure 2.6. (i) Three porous concrete cylinders &56 — 120 were enveloped with plastic
membrane for measuring volumetric porosity, (ii) specimen was weighed on a scale.

In addition to previous methods, porosity was also determined using planar image
analysis procedure and automatic 3D reconstruction (tomographic image) obtained
from micro CT scan. To obtain 2D digital image, porous concrete cylinders 56 —
120 mm specimens were impregnated with a premixed low viscosity epoxy with
fluorescent powder dye (Epodye). The specimen was then sawn into three sections.
A photograph of the surface was taken by a digital camera under ultraviolet light
distinguishing pore phase (bright yellow) from the solid phase (dark). Following
image acquisition, a well-established image analysis procedure was implemented
using Image-J, an open (free) image processing software. The images were cropped
and converted into grayscale and subsequently binary image. Afterwards the image
was segmented by determining a threshold value from histogram, see figure 2.7. This
process differentiates the pore and the solid spaces. Eventually, the area fraction of
pore was obtained from ratio of pore area to total area of image. The result of the
porosities of all specimens given in table 2.4 is summarized at table 2.6.

X-ray micro computed tomography (micro CT) is a recent effective technique to
non-destructively characterize material. The procedure is even more compelling
because it can ‘see’ the interior micro structure of the material under investigation.
When an X-ray radiates onto a specimen a variation of absorption intensity is
detected and recorded by a detector which then composes a 2D radiograph image.
Combining information from a series of 2D X-ray images, a 3D digital image is
reconstructed by means of tomographic algorithm by which each voxel (volumetric
pixel) represent X-ray absorption of the point. In general working principle of this
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powerful techniques can be seen in figure 2.8 [198]. Additionally, minimal specimen
preparation is necessary for this procedure.

L 0
» 109
Default > B&W nd

Figure 2.7. (a) An cross sectional image of epoxy impregnated porous concrete cylinders J56
- 120 mm specimens was acquired by digital camera under UV light. The image was then
cropped to obtain 600 pixel diameter and converted into binary image. (b) Image
segmentation was carried out by defining a threshold value to discriminate pore phase from
solid phase. (c) Binary image on which the pore fraction was calculated. The black area
represents solid phase of porous concrete.

To construct 3D tomographic image, porous concrete cylinders 26 — 120 mm
specimens were cut to acquire specimens with length about 50 mm. The specimen
was then placed on the object stage positioned in the chamber between X-ray source
and detector. The object stage was rotated progressively at approximately 0.25° to
acquire 1440 projections. As the specimen was maintained in the radiation field of
view throughout the entire 360° rotation, ensuring complete full display of the

sample, 2.3 magnification was obtained for J26 mm specimen.

VGStudio MAX 2.0 software was used to automatically reconstruct the accumulated
voxel intensity data. The remarkably valuable information retrieved form this
volumetric reconstruction is voxel intensity histogram, see figure 2.8b. This 3D
image can later be segmented by defining a threshold value separating pore phase
and solid phase. Porosity then was determined of the ratio of pore volume to the
total volume of the image. The result of the porosities of all various specimens is
summarized at table 2.6.
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Figure 2.8. (a) Working principle of X-ray micro computed tomographic (CT) scan where series
of planar (2D) radiographs recorded by photo-detector is reconstructed mathematically into
3D digital image. (b) Image segmentation process defines a threshold value on histogram of
voxel intensity to separate pore phase and solid phase. (c) 3D reconstruction image is colour-
coded on which void fraction may be distinguished and calculated. Frames (a) and (b) are
taken from Landis and Keane [52].
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In addition to the process aforementioned, for every specimen type one planar image
taken from this micro CT is arranged according to aggregate size used and aggregate-
to-binder (A/B) ratio and presented in the figure 2.9. These images visualize the
internal pore structure of the porous concrete. It may be observed from the figure
that from left-to-right the void fractions seemingly becoming higher as the bigger
diameter aggregate was utilized. This trend is also recognized from bottom-to-top
frames from figure 2.9 as the less binder content was used, the higher porosity
obtained.

¢. Characterizing hydraulic conductivity

As the design intention is that porous concrete should be easy for fluid to flow,
porosity alone would not be sufficient as design parameter. Several condition such as;
disconnected (dead-end) pores, stagnant pockets, capillary pores, small enough pores
which reduce fluid flow due to surface tension, may lead into reduction of total
(useful) porosity. Therefore drainable interconnected pore is the important descriptor
for porous concrete in which hydraulic conductivity is a valuable parameter.

Hydraulic conductivity may be seen as a quantitative measure describing the ease of
fluid, e.g. water, move through pore spaces. This parameter is derived from Darcy’s
Law of flow through porous media (Hillel, 1980; Bear, 1988). Several fundamental
studies have been conducted to develop hydraulic conductivity (permeability) of
pervious concrete test setup based on constant head or falling head principles. These
setups are different from standardized method to measure permeability of porous
media, e.g soil, due to large interconnected pore network in pervious concrete.
Montes and Haselbach and Narayanan, e @/, developed a specialized U-shaped
falling head permeameter for this purpose.

Adopting their approaches, in this work hydraulic conductivity setup is designed as
computerized U-shape permeameter based on falling head principle depicted in
figure 2.10.1. A 220 mm transparent PVC cylindrical tube with inner diameter of 50
mm was lathed to have inner diameter of 56 mm for 120 mm long in which
specimen can be placed. A graduated cylinder having inner diameter 50 mm and
length of 250 mm was placed tightly on top of it by means of threaded PVC
connector. O-ring rubber was used inside of this connector to prevent water leakage.
Through this transparent cylinder the water level could be monitored. A valve was
connected at 10 mm from the bottom of the tube column allowing water flow to be
controlled manually. A bucket to hold outflow water was put on top of a load cell
next to the drain pipe allowing the flow rate to be recorded simultaneously over time.
The scheme of water flow and the height of the tube water column can be seen in
figure 2.10.3.
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P12 P24 P48
Gravel 1-2 mm Gravel 2-4 mm Gravel 4-8 mm

20 A/B = aggregate-to-
MM pinder ratio by weight

Figure 2.9. Series of images of individual porous concrete pore structure taken with micro CT-
scan.

300 mm

[“100 “T320

Figure 2.10. Setup of falling head permeability (hydraulic conductivity) test where (1) the
permeameter is connected to PC for recording the time and weight increment of outflow
water. (2) Specimen is inserted into permeameter setup and O-ring rubber is mounted to seal
the setup from leakage. Frame (3) shows the scheme of water flow and dimension of the test
cell.
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The hydraulic conductivity test was started by inserting porous concrete 56 — 120
mm specimen into the water column and an O-ring was placed on top of it as
illustrated in figure 2.10.2. Subsequently the graduated cylinder was connected on top
this water column tube. Water was poured into the graduated cylinder, flowing
through the specimen compartment, and flowing out through draining tube. This
was done in order to dispose of air entrapped in the system, to saturate the specimen
completely, and to achieve same water level at drain pipe and graduate cylinder prior
to the testing. Afterwards the valve was closed and water was filled into the graduate
cylinder. The measurement started with the opening of the valve at time, 7, when the
water head reached 260 mm to the final head 10 mm at, 7, was recorded. Triplicate
measurement was taken and the mean value of time elapsed is used.

Following Montes and Haselbach [179], Narayanan, et.al [186], Bear [150], Hillel
[199], and ASTM D 5084-03 (Standard Test Methods for Measurement of Hydranlic
Conductivity of Saturated Porouns Materials Using a Flexible Wall Permeameter), data obtained
from the test was used to calculate hydraulic conductivity based on the equation as
follow:

L
K =L b 2.2)
AN b,

where K represent the saturated hydraulic conductivity, « is the cross-sectional area
of graduated cylinder, .4 is the cross-sectional area of specimen, L is the length of the
concrete sample, Az is the time elapsed from which the water head reached the 4,
mark at 200 mm until the water head reached 1 mm at the 4,. The result of the
porosities of all various specimens is summarized at table 2.6.

Table 2.6 shows the results from characterization test sufficient for the purpose of
the design of PNC materials. Compressive strength represents the mechanical
propetty, how strong is the material when load is applied, and porosity and hydraulic
conductivity represent transport properties, how easy the fluid (e.g. healing agent from point
to point can flow in the porous core flow) in the PNC.

From table 2.6 it can be observed that the range of strength of the mixture falls
between 12 — 22 N/mm” which may be thought is quite low to moderate compared
to higher strength up to > 40 N/mm” developed by other researchers [18, 19, 44]. As
the strength is considered secondary feature of the porous concrete used in the PNC,
the results obtained from the mixtures are acceptable. Further, it is better to choose
the mixture which would result in strength higher than 15 N/mm?’ as porous core
specimen which may substantially contribute to the overall strength of PNC.
Mixtures with darker code in the table fall in these criteria.

From the same table, the range of porosity of the mixtures is in between 11 to 27.5
%. P48-1 exhibit the highest porosity since it used higher aggregate size (4-8 mm)
and used less binder, meanwhile P12-3 used the highest amount of binder and the
smallest aggregate size (1-2 mm) and has the lowest porosity. It can also be seen that
all mixture using aggregate size 1-2 mm have porosity values less than 20%. Mixtures
with higher binder content or with aggregate—to—binder ratio 3.8 also show less than
20% porosity. Mixtures with a lighter grey mark in the table fall in this criterion.
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Tabel 2.6. Mechanical and transport properties of porous (pervious) concrete; compressive
strength (N/mm?), porosity (%) measured by water displacement and image analysis, and
hydraulic conductivity (cm/sec).

CIZ:EC(?;?C Compressive ~ Volumetric  Total void Porosity Porosity Hydraulic
"B Cod strength porosity, ¢y ratio, V; based on 2D based on 3D conductivity
cati ode (N/mm?) (%) (%) image (%) image (%) (cm/sec)

atio
7.6 [11 Pi12-1 12.3 18.7 17.8 19.9 19.9 0.97
P24-1 14.7 26.3 25.4 23.2 21.6 1.39
P48-1 14.5 26.9 27.3 24.7 24.2 1.82
50 [2] P12-2 14.9 16.9 17.4 16.9 17.3 0.91
P24-2 19.1 24.2 25.5 23.8 25.3 0.96
P48-2 20.9 20.2 19.7 20.9 19.7 1.01
3.8 [3] PI12-3 17.5 13.6 14.9 11.6 15.5 0.52
P24-3 19.7 19.5 18.5 17.7 19.1 0.76
P48-3 21.4 16.6 15.1 14.6 17.6 1,01

All values of the hydraulic conductivity of the porous concrete mixtures produced in
this work lay in between 0.5 to 1.9. Mixture P48-1 which had the least binder content
and highest aggregate size (4-8 mm) produced the largest void (porosity) and the
largest hydraulic conductivity (permeability) which makes this the most pervious
specimen. P12-3 produced the lowest value of hydraulic conductivity since aggregate
used is small and they are bound with higher amount of binder resulting in low pore
diameter and interconnectivity. Based on the category set in the table 2.1 all mixtures
may be seen as pervious concrete which may be used as porous core of PNC.

According to the design criteria set in the subchapter 2.1; P24-1, P24-2, P48-1, and
P48-2 are the mixtures which have porosity > 20% and exhibit hydraulic
conductivity in the pervious regime. Therefore these mixtures satisfy the requirement
and may be used as porous core. By using this mixture in PNC, it is believed the
porous core will be penetrable by liquid healing agent, effectively, depends on
viscosity of healing agents. As four different mixtures were obtained another
constraint has been set namely mixture which has strength > 15 N/mm’. By applying
this simple optimization procedure two porous concrete mixtures pass the evaluation
and may be used for the porous core; P24-2 and P48-2. However, eventually, mixture
P24-2 was chosen to be the core for the PNC cylinder and prisms tested for
autonomous healing.

2.3.Porous Network Concrete
2.3.1. Mix design and production of Porous Network Concrete

a. Specimen design

In realizing the proposed self-healing concept production of Porous Network
Concrete was accomplished by combining two components, self-compacting
concrete (SCC) and porous concrete (POC). Two specimens have been designed; the
eylindrical specimen mainly used at preliminary stage, i.e. material properties testing, and
prism (beam) specimen which will be utilized fully in autonomous healing test.

The cylinder has dimension diamater 56 — height 120 mm with a 26 — 120 mm

porous core in the centre. The cylindrical specimens serve as specimen for fluid
transport test; e.g. measuring volumetric porosity, hydraulic conductivity and
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permeability. The specimens also serve as samples for uniaxial monotonic
compression for determining static compressive ‘strength capacity’ and tension test
for crack formation to be sealed by healing materials manual injection. To provide
stress concentration in the tension test specimen, a 4 mm wide and 4 mm deep
circumferential notch was introduced in the mid height of the specimens. Figure 2.11
shows the schematic design of the material.

Main body:

normal concrete which may
acts as the load bearing
structures

Porous core:
@_) pervious concrefe cylinder

which acts as channel for

healing agents flow

Notch as stress
concentrator in
tension test

Figure 2.11. Artist render of Porous Network Concrete specimen. The cylinder
specimen was designed to accommodate trial experiment proving the healing
mechanism proposed.

The prism specimens have a dimension of 55 x 55 x 295 mm and a 25 x 25 x 295
mm porous core in the centre, illustrated in figure 2.12. The specimen is used for
flexural three-point bending tests for crack formation and manual/automatic healing
injection tests. A & 2mm threaded steel reinforcement bar is placed underneath the
porous core to ensure non-brittle failure of the prism when bending stress is applied.

b. Prefabrication and preparation of porous core

The first step to produce Porous Network Concrete is to produce its porous core.
The mixing procedure followed the production of the porous concrete above
mentioned. Two different moulds were used depending on the type of specimen.
First mould was a PVC cylinder with inner dimension of 26 — 120 mm which was
then used for porous core for PNC. Similar procedure is used for mixture placement
into the mould. For compaction a steel cylinder £325-50 mounted to a long steel rod
is used as compacter hammer 10 times for each layer. The top surface of the last
layer was roughened by steel rod ensuring particle interlocking when the subsequent
layer was added.
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Porous core:
pervious concrete
prism which acts
as channel for
healing agents

Main body:

normal concrete which may
act as the load bearing
structures

Figure 2.12. Porous Network Concrete prism specimen with prism porous core in the centre
utilized for 3-point bending test.

The second wooden mould has a dimension of 25 X 25 X 295 mm which was used
to produce the porous cote for the prism/beam specimen. The mixture was poured
in two layers into the mould and was compacted by hand compaction. A steel strip
was placed on top of the mixture and impacted by a hammer 10 times for each layer.
A roughened surface with a fork was achieved prior to adding the next layer of
porous concrete mixture.

Porous Cured within wrapped plastic at 20+2°C; Porous concrete Cured at 20+2°C and 95+5%RH;
concrete after A%e 3 days; serves as core in PNC Age 28 days + 1 days to SSD;
de-moulding PVC mould is cut open; Covered by PVA film.

Cylinder ©26-130 mm;

Figure 2.13. Figure (a) shows the porous core cylinder after the PVC mould was cut open
longitudinally at 3 days and figure (b) exhibits the PVA film covered porous core ready to be
placed in the mould for PNC production.

Specimens along with its mould were then wrapped with plastic and stored at room
temperature of 20 + 3 °C prior to demoulding. Prisms specimens were demoulded 24

hours after casting. Meanwhile cylinders €926 — 120 mm were demoulded 3 days after
casting to achieve sufficient strength. It is observed that the vibration energy, when
PVC mould was cut open longitudinally by electric hand saw, will break the specimen
when demoulding was done earlier. Following demoulding, all specimens were cured

in the fog room with temperature about 20 + 3 °C and RH 95 £ 5 % for 28 days.

After 28 days, the specimens were taken out from the fog room and allowed to get
SSD condition for 24 hours. Figure 2.13.b. shows the cylinder 26 — 120 porous
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core that was prepared for casting of PNC. Two different treatments were adopted;
in the first group of specimens the porous cores were covered with water soluble
PVA film and the other group of specimens were not. The idea of covering the
porous core came out of the fact that this film is used to package household laundry
detergents. This film is able to isolate its content form the moment of packaging to
the time when the dissolution is required. It is also used in handling
toxic/contaminated disposal at hospitals.

¢. Production of PNC cylinder

In the case of PNC production, covering porous core with this film until the
moment (excess) water from fresh SCC poured dissolves the film will protect the
core from being intruded by concrete matrix. In other words, the porous core stays
porous as it is intended. In addition, this will also provide a chance to observe the
effect of the PVA film in protecting the core and in the healing performance in
general. For this PNC production, only one layer of PVA film is used that is glued at
its edge by commercially available water soluble glue.

The film supplied by HARKE Gmbh was SOLUBLON which is polyvinyl alcohol
(PVA), grade KA with thickness of 40 um having ability to completely dissolve at
cold-to-hot water temperature. This KA 40 grade film is dissolved in 38 ~ 55
seconds at 10 °C and approximately 29 ~ 40 seconds at 20 °C.

The porous core was then placed in the center of a PVC cylinder mould having inner
diameter of 56 mm. A PVC ring with thickness of 4 mm was used to hold the core.
Two types of porous core; without and with PVA film cover were used in the
production. Figure 2.14.a illustrate the PVC mould and PVC ring with two different
porous cores and figure 2.14.b. shows the core in the centre of the mould.

Component PVC mould ; Cylinder £526-130 mm, Porous network  SCCis poured in
for Porous core with 2-4 mm aggregate size, concrete after perimeter serves
production or without PVA film covered with PVA film; placing/casting  as main body /

cover concrete structure

Figure 2.14. Production and preparation of the Porous Network Concrete cylinder.
Figure (a) exposes the mould, the PVC ring, and the core either covered with PVA or
not. Figure (b) shows how the porous core covered with PVA film is placed in the
centre of the mould. Figure (c) displays the end-phase of casting.
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Following the preparation of prefabricated porous core in the mould, the self
compaction concrete (SCC) mixture was prepared acording to the procedure
explained in the subchapter 2.3.1. After mixing, this normal strength and high
strength SCC was poured into the mould surrounding the porous core as shown in
figure 2.13.c. The design experiment for this production is shown in the table 2.7,
with ‘A’ in PNC code designation means without PVA film cover and ‘B’ stands for
with PVA covering porous core.

After casting all the specimens were covered with plastic and stored in the laboratory

casting room for 24 hours at ambient temperature (20 = 3 °C). Following the
procedure, specimens were demoulded and cured in the fog room at temperature 20

+ 3 °C and RH 95 £ 5%. Specimens were cured for 28 days for porosity testing,
compression, and tension-to-healing testing.

Table 2.7. Design experiment for Porous Network Concrete (PNC)

A/B Porous core Main body
weight ratio aggregate size (mm) Normal Strength Concrete P24-1-(A/B) +
of PO 12 24 48 NSC NSC Nsc  ligh strength
concrete
7.6 [1] P12-1 P24-1 P48-1 P12-1-A  P24-1-A  P48-1-A  P24-1-A-HSC
P12-1-B P24-1-B P48-1-B  P24-1-B-HSC
5.0 [2] P12-2 P24-2 P48-2 P12-2-A  P24-2-A  P48-2-A  P24-2-A-HSC
P12-2-B P24-2-B P48-2-B  P24-2-B-HSC
3.8 [3] P12-3 P24-3 P48-3  P12-3-A P24-3-A  P48-3-A  P24-3-A-HSC
P12-3-B P24-3-B  P48-3-B  P24-3-B-HSC

Figure 2.15 exhibits the cross sectional visualization of PNC cylinder with
interconnected pores in its interior. Figure 2.15.a is PNC which has PVA film
covered core indicating a rather clear boundary between solid concrete and porous
core. It is also observed visually that partial dissolution of the PVA film happens in
the mixing process. It is hard to quantify the extent of the dissolution of the film.
However this, as also will be proven in the Chapter 3, will not affect the healing
agent from flowing out from the core to the crack opening. Figure b shows the PNC
that has a porous core without PVA cover. No clear boundary between the two
phase material is observed indicating that some concrete matrix, most probably
cement or mortar paste, entered the surface of the porous core. One immediate
thought is that porosity of the porous core would be reduced due to this infiltration.
However, in the porosity testing and through micro CT scan (Chapter 3), this
reduction will not affect significantly the capacity of the core to transport healing
agent.

d. Production of PNC prisms

Prefabricated 25 x 25 x 295 porous core prisms (beam) was allowed to achieve SSD
condition after taken out from the curing room. This process was carried out by
putting the specimen at ambient environment for 24 hour. Afterward one type of
specimen was covered with PVA film and the other was not.

Wooden moulds of 55 x 55 x 295 mm were used to cast the PNC prisms. U-shape
wooden hooks were used to support the prefabricated porous core. To ensure non-

brittle failure of the PNC prisms under three-point bending, a J2 mm threaded steel
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was put underneath the porous core. Figure 2.16. shows the specimen preparation
steps. Following the preparation of the core, SCC mixture was prepared and mixed
based on the procedure described in subchapter 2.3.1. The SCC mixture was then
poured into the mould as demonstrated in figure 2.16.b.

Figure 2.15. Cross section of the PNC specimen; figure (a) shows PNC with PVA film
covering its porous core and clear indication of boundary between two phase of the
material, figure (b) shows PNC without PVA film covering the core showing more a
irregular transition between main body and the core.

Figure 2.16. Production of PNC prism; Figure (a) shows the mould with &2 mm steel
rebar that was put underneath the porous core prism which is supported by a wooden
hook. Figure (b) demonstrates how the ‘dense-normal’ concrete is cast around the
core.

The same curing process as in the production of the PNC cylinders was followed.
The result is a Porous Network Concrete beam as shown in the figure 2.17, with the
square side of the prism protruded out as the result of the wooden hook used for the
casting. These bulges were sawn of to obtain 55 x 55 x 285 mm PNC specimens
ready for bending-to-healing testing. The longitudinal sectional of the prisms is
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visualized in figure 2.17.b showing the porous core in the mid of the specimen height
and rebar under the core.

Figure 2.17. PNC prisms specimen; Figure (a) shows specimen before protruded section is
sawn. Figure (b) portrays the section of PNC prism.

2.3.2. Characterization of Porous Network Concrete

Prior to characterize and study PNC mechanical properties, concepts and terms
related to strength need to be clarified. Term ‘szrength’ refers to a broader category of
strength of material and structure and may not be applicable for the specimen
studied in this work. Considering a PNC cylinder, different dimension of the porous
part and main body will certainly result in different strength. Thus term “strengsh’ will
be ambiguous. Henceforth, in this work the term ‘strength capacity’ is used. It refers to
the strength (N/mm?) of the PNC specimen with shape and dimension specified in
this work.

It is worth noting that the strength of Porous Network Concrete depends not only
on the strength of each its constituent material; porous concrete and normal dense
concrete, but also on the geometry and configuration of the concrete structure
element and reinforcement bar. However, during design phase, trade-off may be
implemented with several approaches; e.g. compensating low strength of porous
concrete core with high strength (dense) concrete main body.

In order to illustrate the trade off and to determine the strength capacity of Porous
Network Concrete cylinder specimen, a compression test complying with ASTM C39
was employed. Specimen cylinders €356 — 120 mm were capped at 28 days and tested
under uniaxial monotonic compression loading. It was assumed that the total area of
cylinder would be the input for calculating stress and strength. Figure 2.18 shows the
typical failure mode of the Porous Network Concrete specimen. It is beyond the
scope of this thesis to explain the fracture mechanics of the failure mode. However,
it might be seen that as the strength of the porous core is much less, the outer
cylinder carry most of the stresses and fail as if it is a hollow cylinder. Table 2.8
recapitulates the results of the compression strength of PNC.

The micro CT scan technique was used for characterizing porosity and pore
connectivity of the PNC considering its ability to discover the interior of the

specimen non-destructively. The PNC 56 — 120 mm cylinders were used as

51



Chapter 2. Porous Network Concrete: design, production and characterization

specimens in the test. Since it was difficult to produce PNC specimen with smaller
diameter without losing its general characteristics; a trade-off was made by obtaining
slightly lower image resolution. The specimen was scanned using the same
equipment, Phoenix Nanotom 180 kV/15W resulting in +1100 images with
resolution around 100 microns.

Porous
Network
Concrete

Failure
pattern

Figure 2.18. PNC cylinder specimen failure mode under compression; Figure (a) shows
specimen from front side. Figure (b) shows the back side of the same PNC specimen.

Figure 2.19.a. illustrates the 3D image reconstructed, using VGStudio max 2.2, from
radiographs. The image was then studied by assigning colour codes to different
segmented material phases, as depicted in figure 2.19.b. By employing this procedure,
it was possible to observe the interconnectivity of the porous core visually and also
calculate other pore features quantitatively; e.g. porosity.

Figure 2.19. (a) 3D image reconstruction of PNC was obtained from radiographs of
micro CT Scan which then was colour-coded in order to analyse the different phases
in figure (b). Figure (c) shows the representative volume

A series of 2D radiographs taken from micro CT scan is arranged as shown in figure
2.19. to describe the interior of the PNC specimen. It can be seen from the pictures
that PNC, with its porous core covered by PVA film, exhibit clear demarcation
between two phases; porous core and main body. This implies that when SCC was
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poured into the mould, the concrete matrix did not intrude into the voids of the core
and the porous core stays porous. Therefore it may be concluded that there is
(almost) no porosity and hydraulic conductivity reduction in the core of PNC
compared to porous concrete.

On the other hand, PNC cylinder without PVA in the left side of the figure 2.20
shows no clear boundary indicating that the SCC matrix infiltrated the porous core.
This is more pronounced in the P48-2-A which has bigger pore size due to the bigger
aggregate size used. The implication from this phenomenon is that the core porosity
and hydraulic conductivity may be reduced, although the extent of the reduction is
more limited in the core with smaller aggregate size.

[A] Without PVA [B] With PVA film

PNC12-2

PNC24-2

PNC48-2

Figure 2.20. Series of images showing the centre of PNC using different aggregate size for
porous core. Two type of specimen differ from another by the use of PVA film to cover the
porous core during the placement of SCC main body.
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For PNC, the porosity and hydraulic conductivity value was determined solely for
the representative volume of core. This means that after setting the measurement
scale, a representative volume (cylinder with diameter of 26 mm) was set in the
specimen from the centre point. Hydraulic conductivity was measured on this
volume according to the procedure developed for porous concrete in subchapter
223.c.

The recapitulation of the characterization results is presented in the table 2.8.a and
table 2.8.b for PNC with normal strength concrete (NSC), meanwhile table 2.9
summarizes the properties of PNC with high strength concrete (HSC). In general
specimens of PNC produced with normal strength concrete-SCC show compressive
strength capacity at 28 days between 37 to 42 N/mm?’. PNCs which has aggregate size
1-2 mm show porosity less than 20% while PNC with high amount of binder
(designated with -3-) also exhibit porosity > 20%. Additionally, it is observed that
there is an average reduction approximately 4.78 % of the porosity value in PNC
without PVA film covering its core compared to PNC without PVA film.

Hydraulic conductivity values of all PNC produced show no significant difference
with the results of the porous core only. There is a slightly insignificant reduction in
the average value of hydraulic conductivity of PNC with porous core covered with
PVA compared to the one without except for the PNC with 4-8 mm aggregate. For
this PNC, the reduction of hydraulic conductivity is significant if the porous core is
not covered with PVA film.

Tabel 2.8.a. Mechanical and transport properties of Porous Network Concrete without
PVA film; compressive strength capacity (N/mm?), porosity (%) measured by 3D image
analysis, and hydraulic conductivity (cm/sec).

Porous Network Concrete Compressive Porosity Hydraulic
Aggregate Code strength capacity based on 3D conductivity
size (N/mm?2) image (%) (cm/sec)
1-2 mm PNC12-1-A 37.9 17.7 0.86
PNC12-2-A 404 16.3 0.89
PNC12-3-A 411 14.6 0.49
2-4 mm PNC24-1-A 38.6 23.6 1.22
PNC24-2-A 41.5 22.3 0.96
PNC24-3-A 423 16.1 0.71
4-8 mm PNC48-1-A 36.6 22.2 0.52
PNC48-2-A 40.2 20.7 0.51
PNC48-3-A 41.8 18.6 0.67

Tabel 2.8.b. Mechanical and transport properties of Porous Network Concrete with

PVA film covering the porous core.

Porous Network Concrete Compressive Porosity Hydraulic
Aggregate Code strength capacity  based on 3D conductivity
size (N/mm?2) image (%) (cm/sec)
1-2 mm PNC12-1-B 37.7 18.7 0.91
PNC12-2-B 40.3 17.9 0.89
PNC12-3-B 413 15.8 0.57
2-4 mm PNC24-1-B 39.2 25.9 1.39
PNC24-2-B 42.2 23.5 1.14
PNC24-3-B 425 18.4 0.86
4-8 mm PNC48-1-B 35.5 25.6 1.77
PNC48-2-B 39.7 22.7 0.97
PNC48-3-B 40.8 19.8 1.01
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In table 2.9., it can be seen that PNC with main body made of high strength concrete
the overall higher maximum load capacity is found while still maintaining its
transport properties in pervious regine.

Tabel 2.9. Mechanical and transport properties of Porous Network Concrete porous core
having 2-4 mm aggregate and high strength concrete (HSC) main body.

Porous Network Concrete Compressive Porosity Hydraulic
PVA Code strength capacity  based on 3D conductivity

film (N/mm?) image (%) (cm/sec)
no film  PNC24-1-A-HSC 554 W0 112
PNC24-2-A-HSC 56.7 21.9 0.91
PNC24-3-A-HSC 58.9 17.2 0.81
PVA PNC24-1-B-HSC 55.9 23.2 1.26
film PNC24-2-B-HSC 58.1 23.5 1.18
PNC24-3-B-HSC 58.2 17.9 0.91

2.4. Findings: PNC

Porous Network Concrete (PNC) designed in this chapter shows promising features
for being used in self-healing concrete. The production process — the making of the
PNC — has been shown and comprises of two parts, the prefabricated porous core and the
main body. Seemingly there is no something extraordinary or sophisticated in the
process.

The PNC main body which provides strength and stiffness for structural applications
can be designed based on the current concrete making technologies. It is observed
there is strength capacity reduction due the reduction of the area which carries the
compressive stress; less cross sectional area, less strength. This is applies only to the
specimen investigated in this work, as in the real structure the volume of porous core
might be quite insignificant to reduce the structural strength. Further, it has been
shown that the overall structural strength can be increased simply by using higher
material strength of the concrete main body. Depending on the application the
geometry and material quality can be fine-tuned to obtain the required level of
strength.

The use of PVA film for covering the porous core during concrete casting ensures
the core to stay porous and can be used for infusing fluid through its interconnected
pores. However without PVA film, the porous core still functions as it is intended.
The condition is the pore diameter should be kept small enough, thus, fresh concrete
matrix does not to penetrate and clog in into the voids during casting. Except form
PNC with aggregate of 4-8 mm, slight reduction of porous core effective porosities
are observed and all specimens has porous core in the pervious regime as intended.
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Chapter 3. Development of antomatic healing system and test method

3.

Development of automatic healing
system and test method

‘... Healing takes conrage, and we all have courage, even if we have
to dig a little to find it

- Tori Amos

The previous chapters have explained the process from conceptualization to
realization of the Porous Network Concrete (PNC). It has been shown that the
porous core in the PNC serves as medium for transporting healing agent. In order to
materialize the bealing process with minimum buman intervention (that is why the
term self’ in self-healing concrete is manifested) an autonomous control system is
designed in this chapter. Central to the designed system is a feedback mechanism. This
mechanism comprises of a sensor which detects concrete displacement and sends a signal
to an actuator which pumps the lignid healing agent according to a cerfain rule
prescribed in the controller. The intention of the design is to be a proof-of-concept —
thus not an early version of a product design (prototype) — which demonstrates that the
concept has the potential of being used in the ‘real’ application. The proposed working
principle is verified by mechanical and leakage (permeability, infiltration) testing.

Feedback mechanisms lay hidden, therefore many people are often wnaware about it,
in both the natural and the engineered world. Yet, its presence plays a pivotal role
and can be ‘seen’ everywhere in our daily life. Feedback governs a thermostat that
regulates room temperature using heating/cooling unit, or an auto pilot that flies an
aircraft from one point to another. In living organism, homeostasis where many vital
parameters, e.g. body temperature, sugar, and pH level in blood etc., are kept at a
certain level is governed by feedback mechanism. In these mechanisms, the systems
receives information (inpu?) that is fed back to achieve the desired behaviour (output) of
the systems.

During its life time living bone demonstrates an adaptation and remodelling making
use of feedback mechanism. It performs a crucial role in fracture healing and
recovery. In this chapter the mechanism is emulated to develop awtomatic (antonomons)
healing for porous network concrete. The system differs from commonly manual
repair of concrete in which autonomous healing takes place with minimum (way be
withonf) human intervention.
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3.1. Manual repairing vs. Engineered healing

Damage and deterioration in concrete or reinforced concrete structures is mostly
manifested in scaling, spalling, curling and cracking [200]. The latest is the focus of
this study. In principle cracking is material separation because local tensile strength is
surpassed by tensile stress. By its cause cracks may be recognised as shrinkage
cracking, plastic cracking, thermally induced cracking, settlement cracking, structural
cracking, zension cracking, or rust cracking.

Often cracks are seen as symptoms of damage. Beyond certain level, however, the
presence of cracks may signal more serious problems, e.g. structural problem,
settlement, overload, etc. To some extent cracks only impair the concrete surface.
Cracks may be dormant and isolated with indication that the causes may no longer
exist. Such cracks might be acceptable for certain type of the structure, e.g. non-
residential building. Yet, this condition might not be allowed for another type of
structures depending on the function. Certain type of building or structure with
critical function such as liquid-retaining structures or hazmat concrete container
cracks might be intolerable. Storage tank, however, might tolerate crack developed
to some crack width.

On the other hand, one that seemingly ‘not-so-serious’ cracks can also be active.
These active cracks can grow very slowly or quite rapid depending on many variables.
In spatial term crack may propagates in various direction, e.g. longitudinal,
transversal, or random. It also has various geometries. Its width can be, for instance,
fine/haitline to over 2 mm. Crack only affects concrete cover after initiated or it can
propagate through the whole cross section of the structure.

Albeit its state and dormancy, if left unrepaired, cracks in concrete may provide easy
means of entry for deleterious substances penetrate into the concrete and make
contact with rebar. This may start a more substantial component damage, e.g.
corrosion, or eventual failure of the structure. A successful crack repair should take
into account the knowledge of crack causes and proper selection of repair procedure
accordingly.

Several methods for concrete crack sealing and repairing have been developed such
as polymer-based waterproofing, coatings, patching, concrete stitching, and crack
injecting. Crack injection is the most common technique with the spectrum from
simple injection for do-it-yourself level problems up to industrial scale with heavy
duty devices for large scale repair. The underlying principle is to fill in a liquid
material, e.g. chemical based or cementitious grout material, directly into the void left
by the crack. Industrial standard of practice suggests that several holes might be
drilled at 45 degree angle from the surface down to intersect the fault, see figure 3.1.
After debris is removed, the holes may be used as the channel for infusing the grout
or repair materials. Later when the material is hardened, the integrity and
serviceability of the structure is restored.

Among the wide variety of injection materials (silicate, silicon-organic, acrylic, phenol

formaldehyde, etc.), polyurethane based mixtures are the materials of choice due to
their relatively simple preparation and pumping technologies.
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Injection port with

Epox mechanical packer
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4| Crack filling material:
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Figure 3.1. Method of injecting materials to repair cracks in concrete. Image (1) and (2) were
adapted from FHWA report [201].

The standard practice of crack repair by injecting repair materials has been quite
successful though it takes substantial amount of time for preparation and special
labour qualification for its implementation. In the case where the timing of repair is
critical, rapid and automated repair may be needed. The self-healing by means of
Porous Network Concrete with autonomous injection trigger could provide an
alternative solution.

3.2. Automatic repair system

The autonomous healing mechanism in the PNC is designed by incorporating the
feedback mechanism; once a certain crack width is sensed, an action to heal takes
place. As a proof-of-concept, in this work, a simple and intuitive approach to design
a feedback system for Porous Network Concrete self-healing mechanism has been
carried out.

Disturance

Plant

Control
Signal

Reference Input +
filter

Output
Controller ———0

Sensor

Sensor noise

Figure 3.2. Block diagram showing a rudimentary feedback with its elemental components.
Central in this diagram is the process for controlling the output. The graph is taken from
Franklin, et al [202].

Franklin ez a/. elaborate the feedback mechanism in their book [202]. The principle of
feedback mechanism is illustrated in general by the block diagram in Figure 3.2. Such
a picture identifies the major parts of the system and shows the directions of
information flow from one component to another. The mechanism can then be
easily analysed qualitatively by following the arrows showing the flow of signal in the
system.

The major part in the mechanism is the process which due to the disturbance e.g. flows
of energy; produces output that out of the range from the reference, therefore needs to
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be controlled. The actuator — a device that might have several components in itself —
function is to influence the controlled variables. Together, process and actuator are
called plant. The output signals from the process are measured by the sensors whose
output itself will be used by comparator to compute the difference between the
reference signals and the sensors output. The input filter converts the reference
signals into electrical signals which later on will be used by controller to compute
desired control signals. Based on this understanding, the feedback mechanisms to be
used in the Porous Network Concrete autonomous healing was developed and
depicted in the figure 3.3.

In general the flow of information within the system, see figure 3.3, is as follows.
When the PNC structure, #he prism (1), receives loads, e.g. from three-point bending,
and builds up internal bending stress, it deflects and deforms. This deformation is
detected by the displacement sensors, LVDT — a fransducer that converts movement into
electric signal (voltage). This signal is read by ‘#he box’ (2) which comprises of two
components; a data acquisition card (I/O card) and a motor controller. This signal is
recorded in the channel table in the computer (3) where a seript (computer program) is
run to monitor the deformation records in term of crack opening. Once the crack
mouth opening reaches certain threshold value the event-driven digital signal is sent
by the script to the motor controller to switch on the injector (4).

C ot Crack sealed,
Loads (embedded) e p— strength/stiffness

Actuator /O Card CPU/microcontroller

— H _ § 0> 0<é<p
¢ T 1> 8>
I —~ mmee— Z :

Figure 3.3. Conceptual block diagram of feedback mechanism implemented in the
self-healing of Porous Network Concrete. (1) Load exerted in concrete creates
deformation which is detected by (embedded) sensors. These sensors send signal into
the ‘box’ (2) comprises of data acquisition card and motor controller. The signal is then
manipulated with a script written in Lua in the computer (3) which then sends
triggering signal to motor and run the injector (4).

When it is switched on, the mechanical injector starts to pump the liquid healing
agent into the porous core. The pressure built up in the core is monitored by a
pressure transducer. Later when the healing agents, e.g. epoxy resin, polyurethane,
reaches the crack zone, hardens and seals the crack, the whole process of healing is
completed. In this case crack is sealed and strength and stiffness may be recovered.
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This process is autonomous and automatic while minimizing human intervention
from monitoring crack and releasing healing agent. The system may also be
considered static because there is no time-varying state exists.

The details of the design and prototyping, including mechanical injector, ‘the box’;
motor controller and data acquisition system, the software and embedded script, and
the control rule, are provided in the appendix 1.

3.3. Mechanical test

In order to test the autonomous healing-mechanism proposed, a crack formation and
mechanical properties recovery evaluation in the specimen was carried out through
mechanical tests; Monotonically Uniaxial Tension Test (MUTT) — benceforth tension test
— and Three-Point Bending Test (TPBT) — henceforth bending test. A cylinder Specimen
of 56 -120 mm was used for MUTT and a prisms (beam) of 55 x 55 x 285 mm was
used in TPBT.

3.3.1. Tension test for cylinder specimen

The Porous Network Concrete cylinder specimens were prepared according to the
procedure described in the sub chapter 2.3. A circumferential notch was introduced
in the specimen. Steel caps with M8 thread on top were used to hold specimen in the
testing machine. The steel caps were glued to the PNC main body with polymer
based on Poly-methyl metaacrylate (PMMA) composed of a powder monomer
PLEX® 7724-F containing initiator and a liquid monomer PLEXIMON® 801. The
composition of this two component adhesives is 1 part PLEXIMON® 801 with 2
parts PLEX® 7724-F and the curing time is in 4 — 7 minutes. C-clamps were also
glued on the specimen side as illustrated in the figure 3.4 to hold LVDTs. Care was
taken to ensure the glue only in contact with the main body and not with the porous
part in order not to block the channel.

i
e |
_ body only ] l ‘j f
Porous Network ‘
®_> Concrete: <_®

Injector port:
M35 thread |
Steel cap: push-in fittings | .
glued onte main |
256-120 mm cylinder i
with 326 porous core ’ | A

'

For holding
LvDT

Figure 3.4. The rendering of the Porous Network Concrete cylinder &56-120 mm specimen
used for tension test
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A hole was drilled to channel the liquid agent and connected with M5 FESTO push-
in fittings on the side on the steel cap, see figure 3.4. The fittings were connected
with plastic tube to the syringe. The top fitting would be used as injection port of the
healing agents, while the bottom fitting serve as outflow port in case there was an
excess healing agent in the specimen.

Load cell

Specimen
hanger

LvDT

PNC
Specimen

Steel cap

Figure 3.5. The tension test setup for cylinder PNC specimen with the hanger

The tension test was performed using a closed-loop displacement controlled system
to be able to maintain uniform loading rate. The INSTRON® 8872 Servohydraulic
Testing System with Dynacell™ load cell was used. The machine has a high stiffness
reaction frame. To supply displacement data and measure crack width, two LVDTSs
wete used. These Solartron AX/1/S LVDTs have measurement range of +1 mm
with accuracy of 1 um and each was held on the C-clamp. These C-clamps were
attached to the side of the specimen in the arrangement as seen in the figure 3.10, in
the mid height of the sample crossing the notch in which the crack is expected to
grow. The cylinder specimen was put in the testing apparatus by means of a
specimen hanger, see figure 3.5. The hangers which are connected onto the specimen
top and bottom steel cap has special bowl-shape with concave hole. The bolts with
convex head are mounted to the holes and are free to rotate. Thus, the moments in
the connections are not restrained in this tension test setup.

3.3.2. Three-point bending test for prism specimen

The prism specimens for the bending test were prepared following the procedure
explained in the subchapter 2.3. Cylindrical aluminium caps with &55 - 20 mm were
made with M5 thread halfway through its height and &7 mm hole as a healing agent
channel. M5 FESTO push-in fittings were connected to the cap as port of injection
and port of outflow. These caps were glued with PMMA based adhesives to the PNC
prisms. Similar to the cylinder specimen, the glue was smeared in the perimeter of
the cap to make sure it has contact only with concrete main body and leave the
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channel free. Figure 3.6 shows the rendering of the PNC prism specimen and its
components for healing test.

Injector port:

M5 thread -
push-in fittings Y —

: =
(g?_) Porous Network Concrete - .

beam: v -l
55 x 55 x 285 mm prisms ‘ L P=C e
with 25 x 25 x 285 mm IJ
porous core LVDT:
Aluminium cap: Clamped and glued onto
glued onto main bottom side of specimen

body only

Figure 3.6. The rendering of the Porous Network Concrete prisms 55 X 55 X 285 mm specimen
(a) used for three-point bending test. The PNC specimen is equipped with port of injection (Pl)
and port of outflow (PO) made of aluminium cylinder (b) and M5 push-in fitting (FESTO) (c).
Two LVDTs are attached to the side of the specimen.

To create a prescribed crack width in the mid of the beam/prism specimen, the
three-point bending test was employed. Figure 3.7 illustrates the rendering of the
TPBT setup. The load provided by INSTRON® 8872 was exerted in the mid-span
of the beam sample which was propped horizontally onto two roller supports. The
axis-to-axis distance of these supports was 250 mm. The Solartron AX/1/S LVDTs
having measurement range of £1 mm and accuracy of 1 um were clamped into the
C-hooks. These C-hooks were glued onto bottom edge both side of the specimen
surface by means of polymer based PMMA 25 mm to the right and left of the mid-
span of the specimen.

These LVDTSs supplied displacement data to the servo-hydraulic machine to be used
for closed-loop strain controlled test. The signals from these LVDTSs — representing
crack opening width — were also sent to the data acquisition system (NI 6211 DAQ
card). The average value of the signals was used for feedback mechanism for the
injection of the healing agent.
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Figure 3.7. Rendering of the basic setup of three-point bending tests (TPBT) where a
Porous Network Concrete (PNC) is loaded in the mid-span (1). Strain controlled tests
are employed where crack mouth opening is monitored by two LVDTs (2) in the
bottom side of specimen. PNC is equipped with port of injection (pi) and port of
outflow (po) made of aluminium cylinder and M5 push-in fitting (FESTO).

3.4.Evaluation of the feedback mechanism efficiency

After several dry-run tests, the proposed autonomous-healing mechanism by means
of on-off control was deployed. This section is devoted to evaluate the operation of
the mechanism using a PNC cylinder diameter 56 mm -120 mm under tension
loading.

As the specimen was prepared following the setup illustrated in the figure 3.8, several
parameters such as threshold value of the crack opening, the pressure level, and the
motor speed were set in the PC which runs the script. The prescribed threshold value
for the crack opening displacement was set at 75 um while for the pressure was set at
0.7 bar. The value for pressure level was set based on trial since there was no
adequate model to calculate the pressure build up in the newly developed Porous
Network Concrete.

It was estimated based on the porosity observed in the test (subchapter 2.3.3.b) that
the average volume interconnected void contained in the PNC cylindrical specimen
was in between 25 — 35 ml. Therefore, a premixed two-component epoxy resin and
hardener was used and prepared into the 30 ml syringes. These syringes were put in
the holder in the injector machine with the piston ready to push the plungers.

The operation of the simple on-off control appeared to function adequate on which
all the components in the feedback mechanism worked as it was intended. Figure 3.8
demonstrates the condition after injection when the value of the crack opening was
greater than the trigger level 75 um.
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Figure 3.8. The tension test with the autonomous healing mechanism by means of on-off
control. Figure shows the specimen (1) and the injector (2) after healing agent was fully
infused into the porous core once the crack opening reached 75 pm.

Figure 3.9 exhibit the composite graph of the load-displacement and all the signals
associated with the healing system. As the load increases up to 6.5 kN while the
displacement of the specimen reaches 5.5 pm, concrete behaves essentially in linear
elastic manner. However, a small number of stable microcracks may be developed.
This is then followed by the softening curve of the sample when the displacement
value increases while the load decreases exponentially. This implies that beyond its
peak tensile strength the concrete loses its load capacity. It was observed visually that
accumulated crack developed in the notch.

At this phase, certain features of the signals were observed in the PC monitor. The
signals of the switcher, motor current (Amp) and pressure (bar) remain zero with
some noise observed in the motor and pressure signal. In this case the switcher was
off and the system remains at the state 1*. In the background, however, the LVDTs
signal were passed into the script continuously.

At the specimen displacement value of 75 um, the condition was met for the injector
to turn on and the system move into state 2, the injection state. In the figure 3.9 the
switcher signal is suddenly rise to 1 while motor current is raised to -0.1 Ampere
which implies the voltage signal was sent to the motor and turn it on. As the motor
starts running and push the piston and push the syringe, a pressure is built up in the
porous core. This phenomenon is detected by the pressure transducer which then
passed it through the DAQ and was read by the embedded script.

It was observed that the pressure built up in the core measured by the sensor was
less than the prescribed pressure threshold value (0.7 bar). Therefore the criterion in

¢ Explanation of the state may be found in the Appendix 1. The idea behind state is the condition represents the logic to generate
event-driven action.
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the state 3 (shut down the system if the pressure is too high) was not met. Thereafter
the injector reached the lower-bound-relay and the whole process was stopped.
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Figure 3.9. Graph of the load versus crack width of the tension test of cylinder
specimen and the signals of automatic healing system. At crack opening of 75 mm the
mechanical injector is turned on indicated by digital signal switched from 0 to 1.

Afterwards, as the script returns the control to the MP3, the servohydraulic loading
machine (INSTRON® 8872) was automatically set on hold. This was done at the
specimen crack opening of approximately =84 um. Then, visual observation was
conducted and digital images of the specimen were acquired.

Figure 3.10. The close up cylindrical PNC specimen reveals the healing agent flow from
inside-out through the crack opening.
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Figure 3.10 demonstrates the result of the healing mechanism for the PNC. It can be
seen crack opening occurs in the notch and it is infiltrated by the healing agent. The
dark wetting area pointed by the arrow in the frame 2 of figure 3.16 indicates the
epoxy flows out through the crack.

The process above mentioned strongly indicates the on-off control designed works
well in injecting healing agent into the core. All-in-all, the feedback mechanism fully
operates in making the Porous Network Concrete self-healing.

3.5. Evaluation of healing efficiency

This section is dedicated to discuss the evaluation methods used in this work to
assess healing efficiency. Several standard evaluation techniques to investigate
materials properties and characteristics — destructive test as well as non-destructive
test (NDT) — have been employed to assess the effectiveness and efficiency of the
self-healing mechanism [89]. Some of these have been modified to effectively verify
the crack healing or crack sealing.

RILEM TC-221 SHC identifies several experimental techniques in their State of the
Art Report [89]. In the report the technical committee categorizes these techniques
based on the purpose; (1) to investigate crack healing, (2) to validate crack sealing
intended for recovery against environmental action — 7o what extent the crack is sealed
which is related more to durability or leakage, and (3) to justify mechanical recovery — how
well the healing recovers concrete mechanical properties; e.g. strength, stiffness.

In the report, microscopy techniques, x-ray diffraction and Raman spectroscopy has
been used to study crack healing with several goals [203]; e.g. (1) to check the quality
and efficiency of the material designed for self-healing concrete, (2) to characterize
the extent of damage, and (3) to determine the healing level. The permeability test
using predefined crack in concrete disc modified from Wang [204] and Aldea [205] is
mainly used by many researchers to study crack sealing with the goal to study
durability performance of the healed concrete [203]. Mechanical test to create cracks
in concrete and mechanical reloading after healing is the main destructive technique
employed in assessing strength and stiffness regain in self-healing concrete.

Several other techniques; e.g. capillary water absorption; measurement based on
properties of wave propagation in materials, i.e. ultrasonic (acoustic emission) and
resonant frequency measurement; Computed Tomography [86] and Fourier-
Transform Infrared Spectroscopy (FTIR) [114] have been conducted with more
specialized target and requirement.

In this report, mechanical recovery after healing was evaluated by comparing strength
and stiffness at crack formation and after healing. A special leakage (permeability)
test by flowing water through porous core of the PNC has been designed and
implemented to study the degree of sealing of the crack in PNC main body.
Microscopy and image analysis techniques have been used intensively to observe
healing development in PNC. X-ray computed tomography (CT) scanning and
Environmental Scanning Electron Microscopy (ESEM) methods have been applied
to investigate and characterize the healing process.
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3.5.1. Mechanical properties regain by reloading

The crack formation was introduced to the specimen by the tension and the bending
test. Mechanical reloading with the same test to the healed specimen may reveal the
mechanical efficiency of the healing mechanism as well as healing agent performance.
Comparing different mechanical features from the virgin (pre-healing) to the healed
(post-healing) specimen is the central idea of the evaluation method; i.e. comparing
peak strength of the specimen before and after healing [86].

Pre-healing; Post-healing;
crack formgatr'on phase first reloading
Second (secant) modulus
= regain after reloading
= First (secant
E S e akgran s
e -
e Peak strength at
crack formation
doo dip Crack width (jm)
stc d1sc

Figure 3.11. The expected load versus crack width graph of virgin and healed
specimen and determination of strength and stiffness for self-healing efficiency. The
graph is adapted from Van Tittelboom [86].

Based on the work of Van Tittelboom [86], the strength regain (recovery) is
determined by calculating the ratio of the peak strength, F, , obtained from reloading
of post-healing specimen to the peak strength of pre-healing specimen, F,. The
stiffness regain (recovery) is determined by the ratio of the modulus of post-healing
to the pre-healing specimens by means of static modulus of elasticity for cylindrical
specimen under MUTT (monotonic wuniaxial tension tesf) and secant modulus of
specimen under TPBT (#hree point bending tes?).

Static modulus of elasticity is defined as the slope of the load-displacement / stress-strain
curve for concrete under uniaxial tension loading. Meanwhile #he secant line is defined
as the slope of a line drawn from the origin to the point on the load-displacement
(stress-strain) curve cotresponding to 40% of the failure stress (peak strength, Fy,
and F, ) based on NEN-EN-1992-1-1 [206]. Chord modulus which is defined as the
slope of a line drawn between origin points and peak strength point on the stress-
strain curve may also be used in order to have more alternatives.

Using the definition above, the strength regain may be expressed as the equation 3.1
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F

SH, =—L 3.1
strength FOP ( )
whereas SH,,,., denotes healing efficiency in term of strength regain (recovery)

expressed in percentage (70), F is the peak load of the reloading curve and F, is the
peak load of the virgin specimen curve.

Secant modulus, E . of the virgin specimen and of healed specimen are presented in
the equation 3.2 as follows
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where E_, and E, are the secant modulus of the pre-healing concrete specimen and
the post-healing concrete after reloading, respectively. F, . and F, is the load
corresponding to the 40% of the specimen peak load value before and after healing,
while F,, and F,, are the zero loads of specimen before and after healing. In the
denominator, d denotes the displacement or crack width pre- and post-healing
associated with load displacement curve depicted in the figure 3.11.

The healing efficiency, therefore, is determined by the ratio as expressed in the
equation 3.3

E
SH e = E"” (3.3)

3.5.2. Permeability or leakage test

In this work, the leakage (permeability) test has been designed and developed taking
into account the nature of the PNC. The idea is rather simple and can be described
as follows. If water flows through the interconnected porous core from port of
injection, it will end up flowing out from the other end (port of outflow) provided
there is no leakage in the main body of the PNC. If cracks occur in the main body,
water will leak out from the core. The sealed crack will certainly make the water
remains in the core.

Figure 3.12 exhibits the rendering of the leakage test setup designed to evaluate the
healing efficiency. The porous core in the figure can be seen through transparent
main body. The setup was designed by implementing falling head permeability test.

The PNC prism (4) is propped horizontally on top of wooden support which has a
rectangular hole 100 X 55 mm in the centre. Through the port of injection (pi), the
flexible plastic tube is mounted into the fitting and channels the water from the
bucket (1) with a valve (2) to open or close the flow. The bucket is claw-clamped and
held to the static post (3). The head of 25 mm is maintained and measured from the
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central axis of the specimen to the centre point of the valve. The initial volume of the
water in the bucket before the valve is opened is 750 ml.

A container (6) is placed underneath the specimen to collect the water drained out
through the crack opening. The digital scale (7) KERN 440-47 with maximum
capacity of 2000 gr and resolution of 0.1 gr is used to measure the weight over time
of the water outflow from the crack. The signal is read by the measurement system
application (MP3) installed in the computer. A DAQ (digital acquisition) card is
embedded in the computer.

In case there is no crack in the main body or the cracks is healed already, the water
will flow out from port of output (po) provided it is open. When a stopper is plugged
in into this port, there will be no flow at all.

Before

/ healing
.WGT

aT

Figure 3.12. Basic setup of leakage (permeability/infiltration) test (a) and the expected
(linearized) graph resulted from the test.

Figure 3.12.b. is the expected results from the test. A (linearized) graph of weight as
function of time may be obtained from the weight of the water in the container. The
ratio of the slope of the leakage curve before and after healing takes place may
indicate the efficiency of the healing mechanism.

Using the definition above the leakage is determined by the equation 3.4 as follows.

w,, —w
LKO — ;1 — 00
Lo (3.4
LK, = Wy T Wy
1 =1

where LK, and LK, are the amount of leakage after crack formation (pre-healing)
and after crack is healed (post-healing), respectively. Meanwhile w denotes the weight
of water dripped of from the crack opening over time t. The indices correspond to
the points in the leakage curve before and after healing, see figure 3.12. Healing

efficiency from leakage test, SH,,,,., is determined by the ratio as in the equation 3.5
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3.5.3. Visual confirmation; light and electron microscopy

Visual confirmation may be carried out to study whether the healing process occurs.
The techniques may be started from a simple naked eye observation to digital image
acquisition with camera under UV light. Digital image taken may serve as the source
of the evidence and may also be used for an advance image analysis. These
techniques will be used in the chapter 4 to support the investigation upon healing
process.

As the eyes of the observer noticeably have limitation, microscope extends this visual
observation capability. The concrete light microscopy techniques assist researchers in
studying concrete microstructure. Sisomphon et.al implemented this technique to
study the self-healing potential of mortar specimen incorporating calcium
sulfoaluminate based expansive additive and crystalline additive [112]. Wiktor and
Jonkers used optical microscope to analysis surface crack closure development
mediated by bacteria and quantify healing efficiency in the concrete specimen [114].
The method developed by Wiktor and Jonkers will be used to evaluate healing
efficiency in PNC injected by bacteria based solution in chapter 5.

An ESEM (environmental scanning electron microscope) makes use of electrons beam which
are focused by electromagnetic lenses and directed onto the specimen surface. This
extremely small probe may scan concrete surface area and generate signal captured
by the detector. The acquired image reveals many interesting features of concrete
microstructure. This technique will be employed to study the healing of the PNC
injected by bacteria solution in chapter 5. Along with computed tomographic images
of the porous concrete and the PNC obtained from the micro CT scan these various
methods provide valuable information of the PNC material properties and it self-
healing mechanism.

3.6. Concluding remarks

The aims of crack repair are to prevent deleterious substance to enter the concrete
structure and therefore maintaining its total integrity. There are several currently
available techniques. Crack grouting is the most common and preferred method. In
this chapter, this outside-in injection method was inverted by injecting healing agent
inside-out autonomously in the Porous Network Concrete. The keyword ‘autonomons has
been realized by designing feedback mechanism by means of simple ‘on-ff control.
This self-healing concrete proof-of-concept has been proven to operate well.
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4.

Crack healing by means of chemical
and cementitious grouting

‘... There is a crack in everything, that's how the light gets in.”

- Leonard Coben

Biiomimetic design process explained in the chapter 1 took inspiration from the
bone, one of among abundant inspirational source in nature. Its morphology was
mimicked combining porous and ‘normal’ concrete in chapter 2. Its internal feedback
system was emulated in a simple on-off antonomous healing agent injection mechanism
developed in chapter 3. The first development phase of this project has successfully
designed the self-healing concrete by means of Porous Network Concrete (PNC).

The second phase is to test the system with different type of healing agent, a
liguid that turns into hard substance and fills up the crack in the PNC main body.
There are many researches develop healing agents and improve its performances in the
healing process. There is no intention in pursuing healing agent development in this
study, rather demonstrating several class of the lignid agent which may be used
effectively in the PNC. This chapter describes the Porous Network Concrete which is
cracked, injected and bealed autonomonsly with ‘commercial-off-the-shelf’ bealing
agent; e.g. epoxy resin and cement grout material.

When one cuts one’s skin, a few drops of blood flow out and soon — almost instantly
— coagulated, turning liquid phase into gel. This hemostasis — the natural body response
to stop bleeding and keep the blood inside the damaged vessel — is the important
aspect and the first step in wound healing. Subsequently, pairs of protein-clotting
factors work together where one acts as substrate and the other acts as enzyme
catalyst. In a cascading process, these factors are converted into another active
enzyme successively. Eventually they produces fibrin transformed from fibrinogen
allowing the wound to be ‘rebuilt’ later on [204, 207]. Blood is essential to the wound
healing process. However, the coagulation cascade which clots the blood into a cross
linked fibrin is imperative without which the bleeding may continue and fatal blood
loss may be encountered.

Healing agent is ‘the blood’ in the self-healing concrete (SHC) process and system.
When the inevitable fissures in the early age concrete or fractures due to excess
loading occur, healing agent is transported into it and hardened in autogenic or
autonomic manner [89]. The agent helps to seal concrete cracks and strength may be
regained when it is cured properly.
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The solidification process of self-healing agent is important and even critical for the
success of the healing strategy and mechanism designed. In the SHC state-of-the-
arts, several studies have been devoted in investigation, development or adoption of
healing agents. The agent might be chemical-based or microbe-mediated-based.

Instead of developing new healing agent and investigating its behaviour, however,
this present study aims to examine the effectiveness and efficiency of the healing
process in the PNC with different classes of agents. This chapter starts with the
discussion about the criteria developed by several researchers in determining the
‘best” healing agent. Subsequently, three groups of healing agents are studied and its
healing efficiency is tested by leakage and mechanical testing.

4.1. Introduction; the choice of healing agents

At the laboratory level, researchers have been investigating numerous types of
healing agent and studying its fundamental behaviour in the healing process of
concrete. At the beginning, cost of implementation is not considered and questions
upon applicability mostly are kept under the idea of scientific advancement.

Concrete infrastructure construction and practice, however, is very mature and
saturated with conventional-but-efficient techniques. Many of these construction
practices are proven to be cost-effective. This makes construction industry uneasy to
change or adopt new technologies. To be able to ‘create’ market in such a landscape
[20], the self-healing concrete mechanism designed and its healing agents should be
cheap enough to compete.

Particularly, it is imperative for concrete self-healing agent to exhibit some of the
character such as [86, 113]:

1. Ability to seal the crack; the agents should be able to fill the additional void due
to the crack formation but not to outstrip concrete tensile strength and create
more microcracks. Therefore, reduction of permeability on the concrete is
ensured. As the result, it satisfies the main purpose of self-healing to make
cracked structure, i.e. concrete wall or floor, liquid-tight. Agents which are
able to change its volume by expanding upon polymerization, i.e.
polyurethane used by Van Tittelboom [86], and upon contact with moisture
and concrete, ie. sulfoaluminate based expansive additives adopted by
Sisomphon e al. [112] are among the successful examples.

2. Ability to flow into the crack one; the agent should possess appropriate viscosity
to be able to flow to and remain in the crack zone until it hardens. Low
viscosity agent will flow out from the crack and leave the crack open.
Depending on the crack geometry, Dry suggested the viscosity of healing
agent should be around 0.1 — 0.5 Pa-s (Pascal second) / 100 — 500 cP
(centipoise) [86]. In the case of healing agent injected into the PNC, viscosity
— rheological properties in general — plays important role. In steady flow, the
liquid materials for injection may demonstrate different rheological
properties; e.g. Newtonian, Bingham, shear thinning or shear thickening
behaviour. For the injection into porous media, Bras ez 4/ [208] argue the
agent should possess self-levelling features with low yield stress.
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3. Ability to cure right on time and place (curing condition and time); agent should be
propetly initiated and cured in the contact with concrete matrix and air in the
crack surface either in dry or moist condition. Two compound agent may be
adopted although is not preferable due to the fact that it depends on the
proper proportion which hardly achieved in real system. A well-timed curing
is also important. A quick setting agent, i.e. cyanoacrylate (CA) cured in less
than 1 minute, might be beneficial in situation where rapid repair is the prime
objective. Some other agents take more time to cure.

4. Ability to be stable and durable over time; the agent incorporated in the concrete
should be compatible with the matrix and not in conflict with the concrete
substrates. It has to be demonstrated to have the ability to stay active in the
long-term period of concrete’s service life where crack may occur due to
many causes. Joseph [120] suggest continuous supply by employing 3D
interconnected hollow tube network in the concrete structure with external
reservoir having ability to pump the agent. To achieve multiple healing
activity, Jonkers [113] recommend that healing agent may operate as catalyst
instead of being consumed in the healing process.

5. Ability to regain mechanical properties; this may be attributed as less important
feature due to the fact that overall strength of cracked concrete may be
preserved. However agent able to provide stronger adhesive bond in the

crack will prevent crack reopening when there is no more healing agent to
refill.

6. Ability to keep the price low and reasonable; the total cost of healing agent and the
healing mechanism design must be competitive compared to the
conventional techniques.

4.2.Materials

Autonomous self-healing mechanism by means of Porous Network Concrete
involves injection of liquid materials similar to the relatively mature technology of
grouting. Pressure grouting comprises of injecting grout or other liquid materials to
fill voids in concrete such as prestressed tendons, masonry grout, fissures in rock
formation, soil grout for stabilization or cracks in concrete. Warner identifies several
categories of materials may be used for injection namely: cementitions (slurries,
suspensions), chemical (sodium silicate base, acrylates/acrylamide, urethanes), resinous
(epoxies, polyesters, resinous foams) and wmiscellaneons (hot asphalt/bitumen, clay,
high-calcium lime) [149].
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Figure 4.1. Crack opening width matched with the injection materials classes
correspond to the void portion unable to fill. The image is adapted from Panasyuk et
al [209].

With regards to the common repair materials — liquid or paste-like — able to be
infused into the concrete crack or void, Panasyuk, V. V. ez al [11] specifies three
classes; (1) cement mineral, (if) cement and polymer components, and (iii) polymers
such as polyurethanes which prevent leakage and epoxy which provide structural
crack seal. Moreover, as depicted in the figure 4.1 Panasyuk, V. V. ¢f al asserts; (i)
cement binder or mortar [CB] is applicable to the crack opening wider than 0.8 mm
but left crack tip of 0.2 mm unfilled, (ii) cement suspension filler [CS] is appropriate
for the crack opening wider than 0.2 mm however crack tip of 0.05 mm remain
unfilled, and (iif) fluid polyurethane [PU] or epoxy resin-based fillers [EP] is relevant
for crack opening wider than 0.1 mm and fills the remaining crack tip completely
[209].

Three category of healing agent are used in technical testing phase in this work;
chemical-based, cementitious grout, and uniquely developed bio-based solution
[147]. The first two are employed in this chapter considering its potential to seal the
crack structurally while the bio-based agents will be investigated in the chapter 5.

4.2.1. Three types of healing agents

The first type of the agent is single- and double-component chemical based which
mostly works through poly-condensation or cross-link polymerization upon contact
with the atmosphere, with the concrete matrix or within the reactants [86, 209]. In
this work, epoxy resin was chosen. Epoxy injection is common practice in the
concrete crack repair practice to glue crack faces together and provide structural
integrity recovery [144, 209]. Epoxy may be cured by homo-polymerisation (one
compound self-reaction) or by co-polymerisation (resin in reaction with poly-
functional catalyst; i.e. hardener) in ambient temperature or with a heat input. A large
variety of epoxy resin is manufactured by industry making it possible to have broad
options.

In this study, two compound Bhisphenol epoxy resin and catalyst is used as it is easy

to prepare and readily available. It is generally used to stabilize specimen for polished
section investigation. Epoxy resin is Conpox Harpiks BY 158 mixed with catalyst
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HaerderHY 2996, both from Condor Kemi A/S. The composition from the supplier
is 1800 kg BY 158 mixed with 0.540 kg HY2996. 1% of fluorescent powder dye
(Epodye) was introduced into the mixture to enhance crack pattern under ultra violet
(UV) light. The mixture possess low dynamic viscosity approximately 5-15 cP which
is sufficient for injection with a syringe. Upon mixing the monomer resin reacts with
the catalyst exothermically to form spatial (3D) cross-linked thermoset structures.
The shelf-life after mixing is about an hour in ambient temperature. It is thought that
these two components may be stored in the different syringe (container) and mix
with static mixing nozzle upon injection.

The second healing agent used is grout material made of cementitious powder mix.
Cementitious grout material can be thought as healing agent for concrete structures
since it functions as crack sealant and void filler with the objective to restore
structural integrity. In principle this grout material is prepared by mixing cement and
water. Polymer modifiers or admixtures may be added to obtain certain properties;
e.g. increasing the ability to inject by lowering viscosity, or if needed, delaying the
setting time, provided the compatibility with the concrete substrate is assured. Bras ez
al. [208] identify the factors affecting the flow-ability of the grout materials such as
binder type and composition, water-to-binder ratio (w/b) and admixture content
type and dosage. Environmental factors, for instance moisture and temperature and
mixing procedure also affects the quality of the grout.

Despite the commercially available grout materials, in this study, the grout was
prepared by mixing CEM I 42.5 with tap water. The water-to cement ratio was 0.4
and 0.5% high range water reducer (HRWR/superplastizicer) was added to the mix.
Prior to the water addition the cement powder was hand mixed by trowel to prevent
granulation. Then the powder was poured into the Hobart bucket for automatic
mixing. The water and SP was premixed and subsequently 2/3 was added first to the
cement and mixed at medium speed for 2 minutes. Then the other 2/3 was added
and again mixed for 2 minutes. Afterwards the mixture was mixed for one minute at
maximum speed. Then the mixture was put into the syringe for injection in the PNC.

The third agent is bacteria-based repair solution. It contains (1) alkaliphilic bacteria
able to facilitate bio-mineralization, (2) nutrients, and (3) transport solution. This
unique solution was initially developed with the main target to repair aged cracked
concrete. Chapter 5 is devoted to test its potentials and performances as agent
injected into PNC.

4.2.2. Specimen type

For the rest of the technical testing phase the choice has been made to employ
Porous Network Concrete with mixture P24-2-B for the porous core, see table 2.5. It
has a composition of Cement CEM 1 42.5 275 kg/m’, Fly Ash C class 25 kg/m’,
gravel aggregate of 1513 kg/m’ with water-to-binder ration 0.33 and superplasticizer
SP (Glenium 51 30% solid content) 1% to binder volume. A water soluble PVA film
supplied by HARKE Gmbh with grade KA 40 um was used to cover the core prior
to the casting of the concrete main body. Normal strength concrete was utilized for
the main body of the PNC24-2-B which has a composition described in table 2.3.
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Two types of specimens were used; (1) cylinder for tension test was prepared based
on the procedure described in subchapter 3.3.1 and (2) prism for bending test was
produced based on the procedure detailed in subchapter 3.3.2.

4.3.Test 1; Porous Network Concrete cylinder with epoxy resin
4.3.1. Manual healing of the PNC cylinder

Epoxy resin healing efficiency of the PNC was evaluated on cylinder specimens with
manual and automatic injection. Three cylinder specimens were tested. Each had
dimension diameter J56 — height 120 mm with a potrous core diameter 23 mm in
the centre longitudinally. The introduction of a crack in the notched zone was done
by means of displacement controlled monotonic uniaxial tension test. The strain rate
was 0.5 pm/sec. An almost linear increment of load was observed in the elastic phase
reaching a peak strength of about 2.1 kN followed by a softening curve where the
increase of displacement corresponds to a decrease in load, see figure 4.3.

After the crack opening reached 200 pm, the specimen was removed from the
loading frame and the crack was stabilized by two layers of adhesive tape as depicted
in figure 4.2. Then, the 30 mL premixed epoxy resin and catalyst was injected
manually by means of syringe. The epoxy in the specimen was allowed to cure for 24
hour in the ambient temperature.

The second tension test was performed subsequently for two specimens. For this,
the post-healing specimen was mounted back in the loading frame, see figure 4.2(2).
The third specimen was cut open longitudinally to observe its interior. It was also
observed that the epoxy resin in the syringe and connecting tube was also hardened
making it unable to be removed.

The reloading of the healed specimen was performed with the same setup and strain
rate until sudden brittle failure of the specimen. The average load-displacement
response of the cylinders tested is presented in figure 4.3. Some tendencies have been
recognized although there is certainly some variability in the results obtained from
the experiments due to the heterogeneous nature of the system investigated.
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Figure 4.2. The cylinder PNC after crack formation; (1) crack is stabilized with adhesive tape
and injected with epoxy resin, (2) second loading cycle after 24 hours curing.

It may be seen that for virgin (pre-healing) specimen there is a peak value of tensile
load of 2.23 kN. It is noticed that the peak tensile load value occurs when the crack

mouth opening displacement (CMOD) reaches 15 pm. It is then followed by non-

linear softening behaviour until CMOD reached 200 um when the test was stopped.
Figure 4.4(1) visually confirms crack formation in the notch area of the cylinder.

The second loading cycle results in a similar load-CMOD response. It is obvious,
however, that the peak load of the healed specimen is higher. The higher peak value,
approximately 5.2 kN, is more than twice the peak load value of the pre-healing
specimen. For the stiffness measured by secant line, it may be noted that no
significant difference in material stiffness was observed in the linear elastic phase
between virgin and injected specimen. Then it is followed by softening curve as can
be seen in the figure 4.3.

Load vs displacement diagram
before and after injection of epoxy resin

Load (kN)

— 1st cycle; Pre-healing
= 2nd cycle; Post-healing

0 T T T T

0 20 40 60 80 100 120 140 160
CMOD (pm)

Figure 4.3. The load versus displacement of Cylinder specimen injected manually with epoxy

resin.
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The efficiency of the manually assisted healing action of porous network concrete
may be examined by comparing the mechanical response of the healed cylinder to
the initial response of the virgin cylinder. Noticeably, the manual healing of the PNC
cylinder with epoxy regains the tensile strength. This apparent ‘enhancement’ of
response in term of higher value of peak tensile load occurs due to the following
reasons: The low viscosity epoxy flowed and filled up all void spaces in the porous
concrete core including crack in the fracture process zone (FPZ). When it hardened
it created a polymer-cementitious composite action which enhanced the tensile
properties in the cylinder. The tensile force was distributed into the whole cross
section in the denser cylinder. Therefore the tensile stress in the healed cylinder
specimen is higher. The polymerisation of the resin, the liguid monomer turns into 3D
solid networks of polymer chains, may be thought as reinforcement in composite action
with the concrete main body.

Visual confirmation of healed response is provided by a new crack surface formation
which occurred in the cylinder. Figure 4.4 shows the original and final crack patterns
on the side face of the cylinder. As the epoxy filled the notch and hardened this
region became stronger. The new fracture surface shifted a few millimetres away
from the notched area where the previous crack was formed, see figure 4.4(2). This is
because this area became weaker than healed crack zone. The crack at this location
was not observed to occur in the first cycle. This provides a clear indication of the
effectiveness of the healing capabilities using epoxy resin for Porous Network
Concrete.

Figure 4.4. (1) The crack formation in the notch, (2) the new crack formation after the
first was healed, and (3) the new crack face

Further qualitative evidence of the effectiveness of the autonomic healing process is
given by visual confirmation of the longitudinal section of the sample which was
portrayed under UV light as depicted by figure 4.4. The figure shows the different
material phases in the hierarchical porous network concrete material. The bright
green epoxy polymer can be seen filling up all voids including crack path in the
middle of the specimen. It is also evident because the crack is sealed the liquid
tightness through the main body is ensured. Since there is no empty void the
permeability of the concrete is reduced and the overall strength increases. The tensile
force which was distributed only to the concrete is now distributed to the whole
cross section. The healed PNC now has higher internal stress capacity.
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The boundary line between the main body and the porous concrete core is visible
and filled with epoxy. This implies that the PVA film was dissolved during or after
casting self-compacting concrete while protecting the core from cement paste
intrusion into the voids in the interface. The further implication is that the level of
designed porosity in the interior of the PNC can be achieved satisfactorily.

Main body;
‘normal’ concrete

@ Porous concrete
core

Tensile crack filled
with epoxy

0 10 15 20

mm

Figure 4.5. Longitudinal section of the cylinder portrayed under UV light showing the crack
path filled with epoxy

4.3.2. Autonomous healing of the PNC cylinder

To make the healing mechanism ‘truly’ self-healing, a feedback system was designed
and proved to be effective in the subchapter 3.4. In this section the same setup is
employed to evaluate the healing efficiency with the epoxy resin as healing agent.
Figure 4.6(1) demonstrates the displacement controlled tension test setup for
cylinder specimen. Figure 4.6(2) shows the last stage of the automatic injector. The
injector was switched off after pumping the premixed epoxy resin and catalyst
completely through the porous core.
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Figure 4.6. Setup of autonomous healing of the PNC. (1) Specimen PNC cylinder under
uniaxial direct tension. (2) Injector in the last stage.

The test program involved a PNC cylinder (with duplicates) with a circumferential
notch in its mid-height that was mounted in the loading frame, see figure 4.6(1). The
load was exerted with the strain rate of 0.5 pm/s. The loading cutve is presented in
figure 4.7 where the linear elastic part is observed up to the peak tensile load 6.56
kN. Then it is followed by the nonlinear softening curve when the crack widened in
the specimen and the load gradually decreased. At the moment injector is in the ‘off’
state — a stand-by mode — as detected in the signal of the actuator, see the part (1) in the
figure. As the crack mouth opening displacement (CMOD) of the specimen reached
the pre-set threshold value, 75 um, the injector was switched on and started pumping
the premixed epoxy resin and catalyst. After the injector fully infused the healing
agent, the displacement of the specimen was set in the stationary point by close loop
control mechanism in the INSTRON® 8872 for 24 hour, see the part (2) in figure
4.7. During this time, the healing agent polymerized.
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Direct tensile load vs CMOD of porus network cylinder with
autonomous injection
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Figure 4.7. The composites graphs of load versus CMOD and signal of actuator of specimen
injected automatically with epoxy resin.

Interestingly, a load increment was recorded by the DAQ system during the 24 hour
polymerization indicated by part (3) in the figure 4.7. This can be attributed to the
shrinkage of the epoxy resin during the process of solidification. As the agent shrank
more load had to be exerted by the INSTRON® 8872 pneumatic system in order to
keep the displacement at the stationary point.

The test was continued with the second loading cycle from the stationary point. The
post healing curve in the figure 4.7 indicates the tendency of the specimen able to
provide higher strength and stiffness compared to the virgin specimen. The specimen
experienced sudden breakage at the peak load at about 9.68 kN. This peak load is
higher than the peak load of pre-healing specimen by factor of 1.47.

Figure 4.8 (1) shows the wetted area in the notch suggesting that the healing agent
flew inside out filling the void left by the crack and the void within the notch itself.
Under UV light as depicted in the figure 4.8 (2) the agent completely occupies the
porous core in the centre of the PNC.

In the pre-healed PNC cylinder under tension, the strength was determined by the
stress concentrated in the notched cross section. After injection, the porous core and
notch was filled with healing agent. When this agent hardened, the tension force was
distributed within the whole cross section. This made the stiffness and strength of
the post-healed specimen increased. The failure was a sudden breakage, a fully brittle
failure, in the region very close to the glued interface between specimen and the steel
cap, see figure 4.8 (3). The newly fractured zone was the weakest region as only the
main body of the PNC carried the tensile stress.
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Figure 4.8. The PNC cylinder healed autonomously with epoxy resin. (1) Epoxy resin
flew from porous core into the crack face. (2) Epoxy resin creates dense layer in the
interior of PNC. (3) Failure zone after second loading.

4.4.Test 2; Prism with epoxy resin injection

Three types of prism specimen were used in this experiment; plain concrete prism,
reinforced concrete prism, and porous network concrete prism. The PNC prisms
were intended for self-healing mechanism testing either manual or autonomous.
Both plain concrete and reinforced concrete prisms were meant as reference.

All specimens with duplicates has dimension of 55 x 55 x 285 mm. Plain concrete
(without rebar) and reinforced concrete specimen have normal strength concrete
(NSC) design mixtures as in the table 2.3. The reinforced concrete specimen had a
diameter 2 mm threaded steel which was put 15 mm from the bottom side of
specimen in the longitudinal axis.

To create the Porous Network Concrete, a porous concrete core of 25 x 25 x 295
mm was made, covered with soluble PVA film 40 um and placed in the centre
interior of a concrete main body prism. A diameter 2 mm threaded steel was put
underneath the porous core. The production process followed the procedure
explained in the subchapter 2.3.1.

A simple water leakage test was designed for testing the ability of the PNC to flow
fluid through its porous core. Subchapter 3.4.2 elaborates in greater detail on the
working principles and how healing efficiency can be determined using this
straightforward test as depicted in figure 4.9. The initial permeability test is intended
to confirm the flow-ability of the core and carried out prior to the crack formation.
The next step is blowing 0.7 bar pressurized air to flow through the porous core
about 20 minutes allowing porous core in the prism to achieve saturated surface dry
(SSD) conditions. The pre-healing leakage test is carried out after crack formation
and followed by the blowing air in the same aforementioned procedure. Post healing
leakage test is conducted after the healing action is carried out.
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Figure 4.9. A water leakage (permeability) test for the PNC test. (1) Initial permeability where
water flows from port of injection through the core and flow out. (2) The test where the port of
outflow is plugged and water is forced to flow from (healed) crack opening.

The experimental program follows the design as depicted by the table 4.1 where it
shows the different repair and healing mechanism.

Table 4.1. Experimental program for assessing healing efficiency of PNC prism. Note; n.a = not
available, TPBT = three-point bending test, T = temperature; RH = relative humidity.

Procedure Plain Epoxy Resin
concrete RC PNC PNC
1. Initial leakage test n.a n.a Yes Yes
3. Pre-healing n.a n.a Yes Yes
leakaie test

5. Curing n.a T: 20£5°C RH: T: 20+£5°C RH: T: 20+5°C RH:
35+5% 24 hour  354+5% 24 hour  35%5% 24 houts

7.  Mechanical test . TPBT TPBT TPBT

4.4.1. Manual injection healing
a. Crack formation

Plain concrete, reinforced concrete, and porous network concrete prisms were
loaded by three point bending test, as depicted in figure 4.10. The crack width was
measured by means of a linear variable differential transformer (LVDT) with a
measurement range of =500 um and an accuracy of 1 pm. Two LVDTSs were placed
at the bottom side of the specimen and the mean value was used to control the close-
loop test.
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Figure 4.10. Three-point-bending test setup for (1) plain concrete, (2) reinforced
concrete, and (3) Porous Network Concrete

For plain prism, the test was petformed at strain rate of 0.5 um /sec and was stopped
at a crack opening of 100 pum, yielding the softening curve as shown in the figure
4.11. For the other type of specimens, the deformation control test has been carried
out at the rate of 1T um /sec until a crack of 450 um was reached. At that point, the
load was removed causing the crack to close to the value approximately 250 um.

Three point bending load vs CMOD of plain concrete prism
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Figure 4.11. Load versus displacement curve of plain prism.

b. Epoxy injection

For the reinforced concrete prisms, after first loading cycle, the crack was directly
injected with healing agent into the crack plane by means of syringe and needle. For
the Porous Network Concrete, after the first crack had been created, the injection of
healing agent was carried out through the porous core by means of syringe injection
action. This is illustrated in the figure 4.12. To achieve complete polymerization of
healing agents, the specimens were cured for 24 hours in the ambient temperature.

¢.  Tension test of the bealed specimen and mechanical properties recovery
After healing, the reinforced concrete prisms and the Porous Network Concrete

were mechanically tested again. The bending test setup and strain rate was kept the
same as the previous test for pre healing (virgin) specimens.
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For plain concrete during crack formation, it was seen that the load first increased
without much deformations measured as crack mouth opening displacement
(CMOD) in the concrete as depicted by figure 4.10. When the peak load was reached
at approximately 1.4 kN the appearance of a crack could be observed. Afterwards the

softening regime was observed in terms of increasing crack width with decreasing
load.

Figure 4.12. Injection of the epoxy resin into the porous concrete

When a crack width of £100 um was reached in the reinforced concrete and Porous
Network Concrete specimens, the load started to increase again. This hardening
behaviour was caused by the fact that tensile stress was carried by rebar installed in
the concrete prism specimens compensating the cracked concrete. When a crack
width of 450 um was reached, the specimens were unloaded with the same loading
rate. It can be observed in the graph that the crack width decreased due to elastic
unloading of the concrete and steel.

For the reinforced concrete (RC) specimens in which cracks were manually healed by
direct injection (pressure grouting using the syringe), a second loading cycle was
applied after hardening of the epoxy. The curves obtained during this reloading can
also be seen in figure 4.13. It shows that there was a partial stiffness and strength
regain. The stiffness is less than the first loading cycle stiffness curve or about 67.3
%. The peak load of the healed specimen is about 1.39 kN or 98.1% of the peak load
obtained in first cycle (virgin specimen). This is due to the rebar which was able to
carry the load and internal bending stress. It was also observed that the crack that
was obtained in the first loading cycle just reopened after reloading. It can be
concluded that crack sealing worked well while mechanical recovery in terms of
strength and stiffness was provided by the rebar only.

For Porous Network Concrete (PNC), the first and second loading regime was
applied in the same procedure as reinforced concrete (RC) specimen. In between
loading cycle the porous core was injected manually with the procedure as explained
above. In figure 4.14 the average load vs crack mouth opening displacement
(CMOD) curve for the PNC is presented.
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Three point bending load vs CMOD of RC prism specimen
with direct injection into the fracture zone
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Figure 4.13. Load versus displacement curve of RC prism healed by direct injection
into the crack face.
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In the second loading stage, the ‘first’ cracking strength was achieved almost as the
same as the original prism. Then it was followed by a strain hardening regime which
shows increasing slope before the unloading stage was started. The changes in
mechanical response is attributed to the fact that epoxy has filled up the porous core.
This makes the whole cross section able to carry larger flexural stress. Furthermore
the stiffness in the second loading stage was similar to the stiffness of the first
loading stage. This also indicates that complete regain in strength and in stiffness was
obtained due to crack healing action. It was also observed that new crack was formed

upon reloading.

Three point bending load vs CMOD of PNC prism specimen
with manual healing injection
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Figure 4.14. Load versus displacement curve of PNC prism healed by manual injection
through porous core
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d. Leakage (permeability) test

The result of initial, pre- and post-healing permeability test is presented in the figure
4.15 where weight of the water flow out increases over time. Initial permeability test
of PNC prism was carried out before crack was formed in the first loading. The test
confirmed that the interconnected pores allowed water to flow through the porous
core the from port of injection to port of outflow. Pre-healing permeability test
shows a less steep slope than initial test as the discharge opening (the crack) is not as
large as the previous initial test. More water was retained in the porous core.

Interestingly, post-healing permeability test revealed a zero slope which can be
interpreted there was no water flew out from the crack. Following the equation 3.7,
the healing efficiency is determined by the ratio of slope of post- to pre-healing
permeability curve. Therefore the healing efficiency is 100%. In other word, the
crack was completely sealed.

Prism permeability test - epoxy resin based healing
500
450
400
350
300
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200

+ Initial permeability
= 1st cycle; pre-healing
2nd cycle; post-healing

150

Output flow weight (g)
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Figure 4.15. Permeability curve representing the weight of water discharged as function of
time for initial condition, pre- and post-healing for the PNC with manual injection.

e. Visually qualitative evidence

For all test series, except for the plain concrete specimen, it was seen that the crack
void was filled with epoxy. In case the cracks were directly injected, the healing
agent was manually infused by a needle and syringe along the whole crack length. It
could be seen that the healing agent was equally spread over the crack faces at the
surface, covering almost half of the cross section.

For the manually injected healed PNC, the epoxy healing agent was injected into the
porous core by syringe through the port of injection. All the interconnected pores
(voids) in the porous network were filled as well as the crack zone, as shown by the
cross section of the porous network concrete, see figure 4.16(1). Figure 4.16(2)
shows the original flexural crack created by bending test in the mid span of the prism
is filled with epoxy resin. Evidence of the healing efficiency is provided by a new
crack formation which occurred in the prism. The final crack pattern which was not
observed to occur in the first cycle is in different location from the crack in the first
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loading. Further observation reveals that the liquid phase epoxy resin penetrate into
the vicinity of the crack and when it is hardened (polymerization) it makes the
fracture zone stronger and stiffer than the other part of the PNC. Upon reloading
the failure of the PNC happened in the weaker part away of the healed fracture zone.

Figure 4.16. The cross and longitudinal section of the healed PNC specimen showing
the filling of the porous core and the crack; (a) first crack and (b) second crack upon
reloading.

Portrayed under UV light, bright green epoxy polymer can be seen filling up all space
including the crack in the fracture process zone of the specimen, see figure 4.16. In
this case it can be concluded that once the empty pores are filled up, permeability of
the system is reduced and the intended liquid tightness is achieved. On the other
hand, a subsequent similar healing process cannot be performed. For large
infrastructures, however, it is possible to design a healing system with multiple
injection points and or by embedding multiple porous cores.

4.4.2. Autonomous healing
a. Test setup and excperimental program

The experimental program, see table 4.1, was designed to assess the healing efficiency
of the PNC with premixed epoxy resin and catalyst injected autonomously. The
focus of this section is to study the behaviour of the system, in particular, when the
polymerization takes place in the porous core and the system.

Figure 4.17 exhibits the complete setup of the autonomous self-healing test of the
PNC prism with four main components connected in the close-lope feedback
system. The working principle was elaborated in great detail in the subchapter 3.2
with the proof of its efficiency in the subchapter 3.4.
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Figure 4.17. Test setup of the autonomous healing of PNC prism

The PNC prism is placed on the roller suppotts in the loading frame INSTRON®
8872 for closed loop displacement controlled three point bending test with strain rate

of 1 pm/s. When the crack mouth opening reached 250 um, detected by the sensor,
a triggering signal was sent to switch on the actuator for supplying the premixed
epoxy resin into the PNC. Later, as the pneumatic system of INSTRON® 8872 was
maintained in stationary position for 24 hour, the healing agent in the PNC was
allowed to harden. Eventually the prism was subjected to the second loading with the
same loading rate.

b. Result and discussion

As the load exerted, the bending stress develops internally in the PNC prism where
in the linear elastic phase the stress was distributed in the entire cross section of the
prism. When the load reached its peak, a crack initiated and load decreased while the
displacement continued to increase. The nonlinear relation between load (stress) and
displacement (strain) was developed subsequently where the tensile stress mostly was
carried by rebar installed.

This crack creation phase, where the actuator was in the ‘off’ state, remained up to

the point where the sensor detected the crack opening of 250 pum. In this phase, the
pressure sensor detected an almost constant value of the porous core interior
pressure. Subsequently, the pressure sensor sensed a built up pressure in the interior
up to 0.3 bar which was still below the pre-set threshold value as epoxy was infused
into the core. Later as the agent had been fully infused, the injector was switched of
and the controller maintained the pneumatic system of INSTRON® 8872 in the last
state for 24 hours. This allowed healing agent polymerization happened in the PNC
at ambient temperature. Figure 4.18 presents the composite graph of load as function
of displacement combined with the actuator signal and interior pressure of the PNC
prism.
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The second loading was started after 24 hours curing of the healing agent with the
graph depicted in the figure 4.17. It is clear that the peak bending load, 2.49 kN, is
almost as twice as the virgin (pre-healing) specimen. Meanwhile the stiffness regain
of the healed specimen is up to 99.7% compared to the original stiffness. Similar to
the phenomenon observed in the cylinder specimen, this may be attributed by the
fact that the healed prism has denser cross section which may carry more bending
stress. In this case the polymerized epoxy provides additional reinforcement that
increases the strength as well as stiffness of the post-healing state.

As the peak load achieved by the healed specimen, the new formation of crack
developed in the area weaker than the former healed crack. The load then decreased
as the crack opening grew bigger up to the bending failure. During the process of the
second crack opening, the tensile stress of in the lower part of the beam was carried
solely by the reinforcement bar where it deformed plastically depicted in the
softening curve

Three point bending load vs CMOD of PNC prism with
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Figure 4.18. The load versus crack mouth opening displacement of PNC healed with
epoxy resin autonomous injection

Figure 4.19 frame (1) displays the cracked specimen where the epoxy resin leaked out
in the crack zone and few drops can be seen contained in the aluminium tray
underneath the fracture zone. The specimen was kept immobile under the constant
deformation state and the image of the crack was taken under UV light in the
evening showing the fluorescent path of the crack, see figure 4.19 frame 2.
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Figure 4.19. The Porous Network Concrete specimen; (1) right after injection where epoxy
resin flew out and wetted the crack surface, and (2) after several hours of polymerization has
formed portrayed under UV light

The images of the second crack formation are presented in the figure 4.20. Frame 1
depicts the specimen at the moment it failed due to the bending load. Meanwhile
frame 2 is the image of the two pre- and post-healing bending crack formations.
Even though in the experiment, the value for the crack threshold was pre-set at 250
mm, it is believed that larger crack opening can be healed with liquid low viscosity
epoxy resin.

Figure 4.20. The Porous Network Concrete specimen; (1) right after failure where the second
crack formed in the weaker plane, and (2) formation of the healed crack and the flexural failure
portrayed under UV light

¢. Leakage (permeability) test

Similar to the procedure of permeability test for the PNC with manual injection, the
permeability test of PNC prism for autonomous injection was performed to obtain
initial, pre- and post-healing permeability value. In general similar result was obtained
and is presented in the figure 4.21. The permeability curve slope of post-healing
specimen is zero as it was no water leaked out. Meanwhile the slope of pre-healing
specimen is higher which indicate the water was leaked out from the crack mouth.
Therefore the crack was completely sealed and the healing efficiency reaches 100%.
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Figure 4.21. Permeability curve representing the weight of water discharged as
function of time for initial condition, pre- and post-healing for the PNC with
autonomous healing mechanism.

4.5. Test 3; PNC prism cementitious grout injection

a. Grout materials

Many commercially available grouts have been developed for different kind of
purpose. There are general purpose cementitious grouts for general civil engineering
works. Some other grouts are available for specific targets, i.e. masonry grout, non-
shrink high strength grout for crack repair, or prestressed tendon cement grout.

Grout is slurry, thick emulsions, or paste-like, containing dispersed particles able to
flow and fill voids. The particles create an internal network to bear yield stress. The
grout behaves elastic to viscoelastic if the stress applied is lower than its yield point.
However it will flow whenever it is subjected to shear stress higher than the yield
limit. Several investigations have been carried out to reveal fundamental knowledge
and understanding the grout material for better prediction of its impact in grouting
soil, rock, and structures [149, 208, 210-214].

According to Bras ¢ al. [208] cementitious grout are colloidal suspensions comprises
of water and cement where admixtures may be added into the mix to gain certain
properties. The particles in the controllable suspension — mostly exhibit non-
Newtonian characteristic — operate in certain manner, create hardened
microstructures, and provide strength to the substrate.

Several properties of grout materials have been identified as valuable for certain
application. Rheology, (penetrability and flow-ability) is the most important. The self-
levelling grout is able to flow and penetrate in small voids and ensure the complete
filling of the tendon duct, the crack in the dam or for stabilization of sand column.
Stability and volume change of grout is one of the important features. The value of
volume change for many grouts should be maintaine in a specified range about zero.
The expansion or shrinkage of the grout may create more problems in crack filling.
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Strength of the grout is considered to indicate grout quality regarding its bond and
shear strength. Durability of the grout is deemed to demonstrate its ability to
withstand environmental load; e.g. freeze-thaw, chloride attack, etc.

In this study, the grout was prepared according to the aforementioned procedure in
subchapter 4.4.1.

b. Experimental program

Two Porous Network Concrete PNC24-2-B prisms having porous core with 2-4 mm
aggregate were subjected to the initial water permeability test. They were
subsequently loaded by three point bending test, as depicted in figure 4.9. The crack
width was measured by means of a linear variable differential transformer (LVDT)
with a measurement range of £500 um and an accuracy of 1 um. Two LVDT's were
placed at the bottom side of the specimen and the mean value was used to control
the close-loop test.

The test was conducted in strain controlled mode with strain rate of lum/s and
CMOD about 550 -600 pm. As the load was released the final crack opening about
250 — 300 um was obtained for each specimen. After crack formation the specimen
was removed from the loading frame.

Manual injection of cement grout was executed by means of 30 ml syringe mounted
into port of injection of the PNC. The specimen, then, was allowed to cure and
sealed with plastic wrap in the ambient temperature for 7 days. Eventually the
specimens were tested in the second post-healing test namely post-healing leakage
(permeability) and bending (mechanical) test.

¢. Result and proposed improvement

PNC24-2-B has a porous core with pore diameter approximately 0.5 — 1.5 mm
formed by interconnected aggregate size of 2—4 mm. The porosity of the core is
about 22.3% with hydraulic conductivity about 0.96 cm/s which means it has a
pervious regime. However, the grout injected manually by means of syringe into the
core through port of injection demonstrates insignificant penetration. Clogging of
the grout in the midway between port of injection and the crack zone, about 6.5 cm
from the port of injection, was observed as depicted in the figure 4.22. Even though
constant manual pressure was implemented for several minutes, the injection process
had come to a standstill without indication the grout penetrated further. There was
no grout material leaked out form the crack mouth opening.

This phenomenon may be allocated to the fact that, despite the high porosity of the
porous core, the tortuosity of the porous concrete is also quite high. This makes the
flow path in the interconnected pore system being twisted or having many turns
which may easily provide blockage to the non-Newtonian viscous grout.

95



Chapter 4. Crack healing by means of chemical and cementitions grouting

grout clogging.
+6.5.cm

it it h.%

Figure 4.22. The clogging of the cement grout close to the port of injection

The second cycle mechanical test resulted on the failure of the specimen previous
cracked zone while the post-healing permeability test shows meaningless insight. The
result suggests two points. Firstly, reducing the tortuosity of the porous core and
enlarging the pore average diameter may solve the problem of grout clogging.
Secondly, grout rheological properties play important role in the PNC healing. The
use of micro/ultrafine cement particle [213] and adjusting setting time [212] by
incorporating retarding admixtures may be beneficial in this case.

An attempt to improve the healing of PNC using cementitious grout was carried out
by changing the PNC mixture into PNC48-1-B. It has a porous core with aggregate
size of 4-8 mm and less binder (binder-to-aggregate ratio of 3.4). This mixture has
larger porosity and higher hydraulic conductivity but the strength is also less. Figure
4.23 exhibits the 4-8 mm aggregate size porous core replacing the core with smaller
aggregate size (2-4 mm).

' pOorous cbre P24
Z52-4 mm

porous core P48-1
A4-§mm

Figure 4.23. The 2-4 mm aggregate size porous core was replaced with the porous
core that has aggregate size of 4-8 mm.
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Prism permeability test -
Manual injection cement grout healing

400 + Initial permeability
—— 1st cycle; pre-healing
2nd cycle; post-healing

Output flow weight (gr)
g

200
150
100
50
0
0 50 100 150 200 250
Time (sec)

Figure 4.24. Permeability curve representing the weight of water
discharged as function of time for initial condition, pre- and post-healing
for the PNC with manual injection of cement grout.

The same cycle of experimental program was employed in the prism specimen,
started with initial permeability, crack formation by bending test, followed by pre-
healing permeability test. Then, the grout with 0.85% superplasticizer was injected
into the cracked PNC. After 7 days of curing, the post-healing permeability tests
were employed followed by bending test.

The result of permeability test is presented in the figure 4.24. The graphs resemble
the similar characteristic with most of the other PNC specimens. On the other side,
the result of bending test is presented in the figure 4.25. The healed specimen
established a higher peak stress upon reloading. A new crack formation, however,
was not formed and the previous crack was reopened. This indicated that the grout
did not sufficiently enter the crack zone and glued the crack faces together. It may be
associated with the size of the crack opening (£250-300 um) being too small to be
filled with cement binder. The grout only filled this crack partially and left still a weak
spot for the bending stress to concentrate and reopen it.
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Three point bending load vs CMOD of PNC prism

with manual injection of cement grout
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Figure 4.25. Load versus displacement curve of PNC prism healed by manual injection

of cement grout

Figure 4.26 shows the longitudinal section of the prisms PNC48-1-B where the grout
materials penetrated throughout the interconnected pore. Unlike epoxy resin, the
grout did not completely fill up all the space and left several air pockets.

aggregate 4-8 mm

Figure 4.26. Longitudinal section of the PNC injected with cement grout

4.6. Evaluation of crack repair

The initial permeability tests of all specimens for injection (manually or
automatically) epoxy and cement grout show roughly equal values of permeability
line slope. Intrinsic permeability coefficients determined by Darcy law exhibit that
the entire PNC specimen used possess porous core in the pervious regime. Therefore all
PNC specimens satisfactorily fulfil the criteria of having a porous core as media to
transfer healing agent into the place where the crack in the main body occurs. The
pre-healing permeability slope also revealed that water can infiltrate through the
crack opening in the main body. This condition implies that liquid tightness was
disrupted.
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The post-healing slopes of permeability line of every healed specimen with epoxy
and cement grout were zero. Confirmed by visual observation of cut-open
specimens, the healing events were successful in every specimen, either manually or
automatically injected by epoxy, and specimen P48-1-B manually injected with
cement grout. Table 4.2 recapitulates the result from the permeability test where
SH,, 1> the value of sealing efficiency, reach 100% for all the specimen and healing

agent. Based on this, the leakage is prevented completely and liquid tightness is
ensured.

Tabel 4.2. Recapitulation of the healing efficiency of Porous Network
Concrete beam

. Intrinsic
Specimen Heahng Permeability (cm/s) SH(I);akage SH;trcngth SHi)tiffncss

Agent Mech. Initial regime %) (%) (%)
RC Epoxy Direct inj. n.a n.a n.a 98.1 67.3
PNC24-2-B Epoxy Manual 1.12 Pervious 100 131.3 99.2
PNC24-2-B Epoxy Auto. 1.07 Pervious 100 184.6 98.7
PNC24-2-B Grout Manual 1.08 Pervious n.a n.a n.a
PNC48-2-B Grout Manual 1.65 Pervious 100 124.2 79.2

Regarding the permeability test setup developed in this work, however, a subtle
‘question’ may arise. Can the permeability test show the crack sealing efficiency if the
porous core is blocked before the crack? If the porous core is blocked between the
point of injection and the crack then it may appear that 100% sealing is obtained.
Admittedly, this permeability test is ineffective if these regions are clogged by healing
agent even though the crack is still unsealed.

Direct injection (outside-in) into the crack face, as what has been employed in
existing conventional method, demonstrates a good repair action. The epoxy as
adhesive repair agent fills in the crack void and binds the crack face. The
polymerization of epoxy resin in the crack zone seals and glues the crack faces which
shows a tendency to recover strength and stiffness of the healed specimen. This
definitely prevents the crack from intrusion of water or any other substance. The
adhesive force between concrete matrix and hardened epoxy provide strength and
stiffness recovery for the concrete structure.

Table 4.2 summarizes the healing efficiency of the PNC specimen in term of strength
capacity regain, SH,, 4, and stiffness regain, SH ., . The hardened epoxy in the
porous core most likely also acts as ‘secondary’ reinforcement with benefit of not
only recovering but also increasing specimen strength. As the healing agent solidified,
the cross section of what was previously partially hollow became a denser section and
able to provide larger moment of resistance against the external loading. In this view,

the healing mechanism by means of PNC is achieved.
The term ‘self’, in what was claimed as self-healing by means of the Porous Network

Concrete, is manifested in the feedback mechanism. This was proven to work
effectively in the closed-loop on-off control.
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5.

Porous Network Concrete healing by
means of bacteria based repair
solution

‘.. We mostly don't get sick. Most often, bacteria are keeping us
well.”

- Bonnie Bassler

Apart from diseases it may cause, recently bacteria commmunity have been
successfully exploited to seal and to heal fissure in concrete in the lab scale. At
Microlab, Faculty of Civil Engineering and Geosciences, TU Delft, one among few
research groups pioneering in bio-based self-healing concrete in the world, the success
story has been enbanced by developing a bacteria-based repair system to repair existing
damaged concrete’. The solution developed by Wiktor and Jonkers [145-147, 215]
contains bacteria which promote calcite precipitation, nutrients, and buffer componnd.
A collaborative multidisciplinary experiment was setup to explore its potential as
healing agent to be injected through the Porous Network Concrete (PNC) developed
by Sangadji and Schlangen [62, 142, 148]. It is expected the solution reaches
[fracture Zone in the concrete, precipitate Ca-carbonate, and seal the crack. This
chapter starts with the explanation of working principles of bacteria-based self-healing
concrete, and then describes how the solution works in precipitating Ca-carbonate in
PNC. A preliminary test was carried ont followed by an attempt to study and
optimize the solution by testing its performance for the porous core. Eventually the
healing efficiency test in the PNC prism is presented and the result is discussed.

Bacteria are ubiquitous. These micrometre size organisms live in different habitat,
from city to deep sea, from forest to desert, from tropic to Antarctic. They are
present in enormous diversity and abundance. Just like any other living organism,
they live and multiply. This reproduction will continue as long as the conditions
allows, with the ability to adapt to local environment to some type and less adaptive
to some other type of bacteria [210].

What do the word bacteria bring to mind? For many laypeople, bacteria mean disease
producing agent — pathogen — and indeed there are several deadly bacteria. The vast

5 Patent pending No.P100120PC00.
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majority of these bacterial communities, however, have no connection with human.
In addition to that negative or neutral relation to human, studies also reveal bacteria
inhabit healthy human skin, mouth, genital areas and intestine. These commensalism
or mutualism symbiotic host-microbe are complex ecosystem, coined by Nobel
laureates Joshua Lederberg as human microbiome, play vital roles in helping human
maintain basic physiological processes [217-220]. Surprisingly the number of
microbial cell hosted is estimated larger than human somatic and germ cell by factor
of ten [221, 222]. The gene distributions of these beneficial bacteria are far exceeding
the number of genes human inherited. Moreover, each individual carries specific
microbiome and their gene, even twin has different microbiome composition [223].

Many bacterial communities have direct positive impacts in human life, such as
helping human digestion or indirectly such as fermenting human food and fixating
atmospheric nitrogen into usable one in soils. Recent biotechnology purposefully
makes use of bacteria for serving human needs and enhancing life quality. Bacterial
communities were applied — to name the few applications — for CO, sequestration
[224], bioremediation of waste water or contaminated soils [225, 226], and soil
consolidation and remediation [135, 130].

Specific to concrete technology, the potential benefit of bacteria has been
investigated. Ghosh e# al., reported improvement of cement mortar strength by
incorporation of thermophilic® anaerobic bacteria [227]. De Graef ¢/ al., used bacteria
of the genus Thiobacillus to clean weathered concrete surface from lichens [228]. Dick
and co-worker at Ghent University attempted to restore degraded limestone with
bacterially mediated protective calcite layer by means of Bacillus strains [137].
Concrete fracture healing/sealing as well as pore filling have been investigated by
Stocks-Fischer e al. [229], Bang et al. [139], Ramakrishnan [230], De Muynck e al.
[231], Jonkers e al. [232, 233], and Wiktor and Jonkers [114].

The first section of this chapter (section 5.1) is a literature review. It is devoted to
discuss the working principles of the bacteria based self-healing concrete. The
section also studies the development of bacteria-based repair solution as its spin off.
This liquid-based system, developed by Wiktor and Jonkers [147], shows the
potential as healing agent to be injected through the core of the PNC and seal cracks
in the main body.

Subsequently the chapter is dedicated to optimize this solution and investigate its
efficiency in the porous concrete. The solution is injected into porous concrete
cylinder & 25 mm and followed by observation of its bio-mineral product over time.
A simple permeability pre- and post-injection test is carried out to assess how
effective bio-mineral product seals the interconnected pores. Then the precipitates is
identified and evaluated by several complementary techniques.

The last part of this chapter studies the healing efficiency of the PNC prism by
injection of bacteria-based solution. The crack is introduced into the prisms by

6 Extremophile is an organism that vigorously grow and develop in extreme conditions while polyextremophiles thrive in more than one
‘extreme’. These physically (i.e. temperature, radiation, or pressure) or geochemically (i.e. desiccation, salinity, pH, oxygen species or
redox potential) extreme conditions may be damaging to common life on Earth. Macelroy first coined this term combining ‘extremus’
(latin) and ‘philos’ (greek). Most extremophiles are classified based on the environmental niche; e.g. thermophilic grow optimally at 45 —
80°C, while hyperthermophilic grow at temperature greater than 80°C, e.g. Pyrolubus fumarii, 113°C. Alkaliphilic reproduce and thrive
atpH9-11.
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bending test followed by solution injection through the porous core and flow out
from the crack opening. The permeability test is carried out prior and after healing as
the crack is filled by the bio-mineral products to examine the healing efficiency.

5.1.Introduction; working principle of bacteria based self-healing concrete
and the success story

In nature bio-geochemical-mineralization” processes — microbiologically induced calcinm
carbonate precipitation — precipitate calcium carbonate in three different polymorphs,
caleite, aragonite, and vaterite. Calcite is the thermodynamically most stable and vaterite
is the least. The ionic reaction [Ca’"] + [CO,*] — CaCO; can be mediated by
bacteria through several pathways — eg. urea hydrolysis, metabolic conversion of salt and
carbon, denitrification. Increasingly important research of bacterially mediated self-

healing concrete make use of calcite precipitating bacteria for enhancing durability of
concrete [113, 137-140, 230, 231].

5.1.1. Urea hydrolysis

In number of published studies, scientists investigated the potentials of bacteria to
facilitate calcium carbonate precipitation by means of degrading urea to ammonia
and carbon dioxide. Bang ¢z a4/ in 2000 published a study where Bacillus pastenrii
immobilised in the Polyurethane was employed to precipitate calcite. Ramachandran
et al. also used B. pastenrii and filled it in simulated cracks in mortar, meanwhile
Bachmeier ef al. investigated Escheria coli and found the bacteria produced significant
level of precipitation although less than B. pasteurii.

Researchers from Ghent University, Belgium, developed the system in which
precipitation of calcite is based on major mechanism of engymatic hydrolysis of urea. The
bacteria used — Bacillus sphaericus — produce engyme wurease (urea amidobydrolase, E.C.
3.5.1.5) which catalyses the hydrolysis of urea into ammonium (NH,") and carbonate
ions CO,;”" [115, 116, 231]. Van Tittelboom [86] elaborates the chemical reaction as
follows; urea is internally hydrolysed by the bacteria producing carbamate acid and
ammonia in equation 5.1. Carbamate is then hydrolysed into ammonia and carbonic
acid at equation 5.2 which in turn develops new dissolved inorganic carbon balance
(5.5) and increases pH of the concrete matrix.

CONH,), + H,0 — NH,COOH + NH, (.1)
NH,COOH + H,0 — NH, + H,CO, (5.2)
H,CO, <> HCO, + H* (5.3)
HCO, < CO;> + H* (5.4)
2NH, + 2H,0 < 2NH," + 20H" (5.5)

7 Dhami et al define biomineralization as ‘biologically induced process in which organism creates a local micro-environment with
conditions that allow optimal extracellular chemical precipitation of mineral phases’. Two different categories are: (i) biologically
controlled mineralization (BCM) where, in most cases, ‘mineral are synthesized at specific location within (intracellular) or on the cell’ and
(ii) biologically induced mineralization (BIM) where due to metabolic activity and its by-products the chemical environment nearby the
cells is altered making minerals grow extracellular.
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CO(NH,),+ 2H,0 — CO,*" + 2NH,* (5.6)

These carbonate anions, [CO,* |, in turn react with calcium cations, [Ca’'], present in
the concrete matrix which are attracted into negatively charged bacteria cell wall in
equation (5.7) and precipitate Ca-carbonates as expressed in equation (5.8) that fill
the fissure in concrete structure [230].

Ca®* + Cell - Cell-Ca** (5.7)
Cell-Ca®* + CO;” — Cell-CaCO,{ (5.8)

Decreasing water permeability and crack sealing was observed in the specimen with
B. sphaericus immobilized in silica gel or polyurethane by means of ultrasonic
transmission measurement. Visual examination confirmed the sealing takes place in
the crack surface [115, 116]. Despite the ease to control, the chemical reaction
mechanism, however, may lead into problematic side effect for the environment due
to two ammonium ions for each carbonate ion produced [86, 113]. Additionally, as
Dhami ez al. suggested, risks of concrete salt damage may arise from the production
of ammonium molecules in hydrolysis of urea or where this ammonia is converted
into nitric acid by nitrifying bacteria [234].

5.1.2. Metabolic conversion of nutrient

A different approach has been carried out by Jonkers and Schlangen [232], Jonkers e#
al. [113, 233, 235], and Wiktor and Jonkers [114] where they employed a different
route to obtain bacteria mediated calcite precipitation. The bacteria metabolically
convert nutrients-salt and change the micro chemical environment in their vicinity to
be able to precipitate calcite. The requirements for the bacteria are that they should
be alkaline resistant and oxygen tolerant. The reason is that they must survive in the
highly alkaline concrete (fresh) matrix which is typically characterized by pH values
between 11 and 13. They must also be viable for a prolonged period started from the
mixing time. They should therefore also be able to form spores. The bacteria can be
receptive to oxygen diffused in the concrete matrix. On the other hand the presence
of oxygen is unnecessary if nitrate reduction is employed.

Figure 5.1 demonstrates the working principle of a two-component bacteria based
self-healing concrete developed at Microlab, Faculty of Civil Engineering and
Geosciences, TU Delft. The system comprises of bacteria spores and organic
compound as nutrient, e.g. Ca-lactate. The spores after germination due to the present
water and oxygen in the cracked concrete metabolically convert the nutrient and
produce CO, which in turn chemically converted into carbonate ions [CO5*]. These
ions then react with calcium ions [Ca’'] to precipitate Calcium Carbonate, CaCO,.
The growth of this mineral will seal cracks and reduce concrete porosity.
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Figure 5.1. Working mechanism of bio-based concrete healing developed at Microlab, Faculty
of Civil Engineering and Geosciences. While metabolizing nutrients and producing carbon
dioxide bacteria change extracellular microenvironments leading to the bio-mineralization of
Ca-Carbonate.

While the presence of bacteria may be thought as the nucleation point for bio-
mineralization of calcium carbonates (CaCOs), several factors influence the emergence
of bacterially mediated CaCOj; precipitation. These factors are: (1) the pH of the
solution, (2) the presence of calcium ion [Ca’™], and (3) the carbonate equilibrinm in the
solution. The latter is determined by concentration of dissolved inorganic carbon, (DIC)
in the solution — which includes chemical species of carbon dioxide [CO,], carbonic
acid [H,CO;], bicarbonate anion [HCO, |, and carbonate anion [CO; ], see DIC
pool in the figure 5.1.

In the solution, the relative concentration of each chemical species in DIC is a
function of pH and expressed by the following chemical equilibrium (5.9):

CO, + H,0 « H,CO, > H" + HCO, < 2H" + CO," (5.9)

Based on Bjerrum plot [2306], in acidic conditions (pH < ~6.4), the dominant form is
carbon dioxide CO, or carbonic acid H,CO,. In alkaline (basic) solution (pH >
~10.3), e.g. concrete matrix, the dominant form is carbonate anion [CO,’]; and in
between, the bicarbonate anion [HCO; |is the dominant form, see equation (5.9).

As concrete matrix has approximately pH 11-12 (alkaline), the dissolved inorganic
carbons take the form of carbonate ions [CO;*]. In the figure 5.1 the DIC pool is
dominated (not to scale) by carbonate ions.

The system working principles may be expressed as straightforward equilibrium as

suggested by Jonkers e a/ [235]. Bacteria metabolically convert 1 mole of calcium
lactate, Ca(C;H;05),, into 1 mole of Ca-carbonate as in equation (5.10).

Ca(C,H,0,), + 60, + (alkaliphilic Bacillus) — CaCO, + 5CO, + 5H,0 (5.10)

Therefore, taking into account the calcium hydroxide (portlandite) — which is essential
hydration product of cement particles — and the carbonate equilibrinm in the alkaline
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concrete, the chemical equilibrium influenced by bacterial communities is as follows;
5 moles CO, is the respiration product of alkaliphilic Bacillus (5.11) which later on is
reacted with 5 moles Calcium-hydroxide, Ca(OH), (5.12).

5CO, + 5[OH ] <> 5[HCO, ] + 5[OH ] <> 5[CO,* ]+ 5H,0 (5.11)
5Ca(OH), <> 5[Ca*] + 10[OH] (5.12)

The cations of calcium, [Ca™], present in the concrete are then attracted into
negatively charged bacteria cell wall and reacted with carbonate anions, [CO5* ], to
create 5 moles of Calcium-carbonate according to equation (5.13) [230].

5[Ca’"] + 5[CO, ] = 5CaCO, (5.13)

From this process, however, bacteria cannot be seen to directly precipitate Ca-
carbonate. By altering the chemistry of extracellular micro-environments in their
vicinity due to the metabolism (or hydrolysis), the precipitates are able to form.

The reaction resulting in Ca-carbonate to seal (heal) cracks takes place outside of cell
membrane as depicted at figure 5.1. The equations suggest theoretically that the
system produce more CaCO; molecule for each molecule Ca-Lactate metabolized by
bacteria.

Jonkers et al., [38] have made use of several aerobic alkaliphilic endospore forming
bacteria from genus Bacillus’. To induce massive formation of spore the bacteria
strains were cultivated in an alkaline — pH was close to 10 — liquid media as energy
and carbon source for growth [114, 235]. Aerobic incubations of the cultures were
carried out in Erlenmeyer flasks on a shaker table at 150rpm meanwhile a routine
microscopic observation analyzes the growth and sporulation yield of bacteria.
Vegetative cells were harvested form senescent cultures containing high number of
spores. Repeated centrifugation and re-suspension of the cell pellet in sterile tap
water were conducted to separate them for the cultures residue. Inactivation of the
obtained suspensions was then carried out by preserving at 4°C up to the preparation
for further use. The most probable number cultivation—dilution technique was
employed to quantify the number of viable spores in suspensions.

For the production of concrete specimens, two different techniques have been
utilized: (1) direct incorporation both bacteria, i.e. B. cobnizi, and nutrients, i.e. Ca-
lactate, in which both were mixed with the fresh cement paste/mortar, and (2)
immobilization and protection of both bacteria and nutrients in porous expanded
clay particles [114, 235]. The first technique revealed no significant compressive
strength reduction even though bio-mineralization capacity was limited from 7 days
up to few months old concrete specimens. It was thought that the spores were
mechanically damaged, cells were disintegrated due to hydration causing pore matrix
less than 1 um, and or inactivated due to high alkalinity [86, 113, 114].

8 They were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ), Braunschweig, Germany (strain
Bacillus pseudofirmus DSM 8715 and Bacillus cohnii DSM 6307 originally isolated from alkaline soil) and by isolating it (strain C2-C2-1
A) from a natural soda lake sediment (Wadi Natrun, Egypt). A 98.7% homology to Bacillus alkalinitrilicus — an alkali-resistant soil species
- was acknowledged from the 16S rRNA gene sequence analysis of the latter bacterium.
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Jonkers [113] and Wiktor and Jonkers [114], subsequently, developed the second
alternative method. Bacteria as well as the nutrients-salt were impregnated inside of
porous expanded clay particles (Liapor R 1-4 mm, Liapor GmbH Germany),
therefore protected from direct contact with concrete matrix. These impregnated
particles have threefold functions; (1) constituents of concrete materials and
structures, (2) internal reservoir supplying bacteria food, and (3) protective shell for
the bacteria ready to function on time.

The preparation process is as follows; the nutrient was a calcium lactate- (80 g/1) and
yeast extracts (1 g/I) solution which was impregnated in two times into the particles
using vacuum. Afterwards, the bacteria spores suspension was impregnated with the
same vacuum process followed by drying in the oven at 37°C for 5 X 24 hours. The
final composition is 6% by weight (grams) calcium lactate and 1.7 X 10> bacterial
spores per gram particles ready to be incorporated into concrete matrix.

Jonkers reported that immobilized bacteria promote bio-mineralization (precipitate
Ca-based mineral) and, moreover, no negative effect on concrete mechanical
properties, ie. strength reduction, was observed in the specimen with bacteria and
certain classes of food [113, 233]. Wiktor and Jonkers have proven that bacteria were
metabolically active converting the food by measuring the oxygen consumed in the
system. In the specimens with bacteria based expanded clay particle, the oxygen
concentration was decreasing over time and depth. This two-component bio-
chemical healing agent immobilized in expanded clay particles has also been proven
to be effective in sealing cracks up to 500 pm [114].

In general, as Ca-carbonate is deposited on the cell wall layer by layer as long as the
micro chemical environment suits. The bacteria eventually will be entombed by the
precipitate. On the other hand the bulk mineral will be used as it is particularly
designed; in soils, it will help consolidation; in limestone monument surface, it will
treat the damage; in the concrete fissure, it will deposit and seal the opening.

5.1.3. Bacteria based repair solution

The demand to repair existing damaged concrete using environmentally friendly
repair materials has motivated the development of a bacteria-based repair system
(Wiktor and Jonkers [145]). This bio-based system is a liquid system containing
alkaliphilic calcite precipitating bacteria, nutrients and transport solution leading to
porosity reduction of concrete matrix. This system has been applied by spraying the
solution onto the surface of a cracked concrete structure, where it yields to crack
closure.

The bacteria-based repair system is designed to have three components as depicted
in the figure 5.2; transport solution, alkaliphilic bacteria, and nutrient. Each of these
components has its function and criteria however they all must interact.

a. Transport solution

The transport solution is to ensure that the bacteria and nutrients are transported

efficiently into the cracks or the concrete interconnected pores. This solution is
required to have pH sufficient for the bacteria to grow as well as preventing nutrients

107



R ——

Chapter 5. Porous network Concrete healing by means of bacteria based repair

precipitation prematurely. Wiktor and Jonkers [147] have selected a silicate-based, i.e.
Sodium silicate (Na,SiO;), solution as transport solution ensuring the liquid bio-
based repair system to have alkaline pH. Furthermore, alkali silicate solutions are
known to react with portlandite (Ca(OH),) in the hydrated cement paste to form
insoluble calcium silicate gels, which results as well in the decrease of the concrete
porosity.

b. Bacteria

Bacteria in the system metabolize dissolved nutrients precursor compound which are
converted into Ca-based mineral. The same alkaliphilic spore-forming bacteria from
genus Bacillus may be utilized as the previous section shows a promising result [114,
235].

¢. Nutrients

Nutrients provide energy, carbon, essential elements and calcium sources for the
bacteria to grow and metabolically convert the food, therefore changing its micro
environment fits for the calcite to precipitate. Thus, nutrients are essential. However,
if the nutrient source contains calcium, it might generate premature precipitation in
reaction with silicate-based transport solutions. Ca-source may therefore come from
the concrete itself; e.g. cement paste hydration product or from another solution.
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Figure 5.2. The principle and components of the bacteria-based repair system where
the three components in the frame (1) are incorporated into two different solutions,
solution A and solution B, in the frame (2). The figure is adapted from Wiktor and

Jonkers [145].

During developmental phase of the their system, Wiktor and Jonkers investigated
several candidates for the transport solution and their pH effect to the bacterial
activity and nutrients. Glucose (D+ Glucose monohydrate, Boom, the Netherlands)
[215] and Sodium-gluconate (sodium D-gluconate 97% Sigma-Aldrich) [147] is
selected as the carbon source. Wiktor and Jonkers have investigated the effect of the
pH of the solution on the bacterial activity where carbon source nutrients solutions
were prepared either in demineralized water (neutral pH) or in Sodium silicate (water-
glass, Na,S10;) providing alkaline pH, both with or without bacteria.
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Vaterite formation, the least stable polymorph of carbonate, was formed in the
mortar specimen treated with glucose repair solution with or without bacteria, with
limited bacterial activity observed. On the other hand, combination of Na-gluconate
and bacteria dissolved in the water glass [147] solution promoted denser cement
paste matrix microstructure and demonstrated bacterial activity as the imprint was
observed under ESEM, see figure 5.3. The latter composition is defined as solution A
as depicted in the figure 5.2. frame 2.

It is expected that substantial amount of calcite would be precipitated. As 2 moles of
sodium gluconate in solution A (if totally converted) may generate 1 mole of
carbonate ions and 11 moles of CO, according to equation 5.15.

2Na(CH,,0,) + 110, - Na,CO, + 11CO, + 11H,0 (5.15)
As the pH of the matrix is alkaline, the dissolved inorganic carbon pool in the
vicinity of bacteria is then changed and the carbon dioxide present turned into

carbonate anions, [CO32_], which in turn reacts with Ca cations, [Ca2+], present in the
matrix, i.e. from Ca(OH),.

Ca(OH), + CO, —> CaCO, + H,0 (5.16)

) p————— 10

2.0 Torr Na-ghuconate +Na-S * bacterie

Figure 5.3. Observation under ESEM of specimens treated with Na-gluconate Na$S + bacteria.
Figure (a) and (b) are polished sections. Figure (a) shows specimen at 7 days and figure (b) is
specimen at 28 days. Figure (c) exhibits pore structures at the surface of the specimen a
calcium-based layer on top of a gluconate-based layer. Figure (d) shows the crystal of Ca-
carbonate and bacteria imprints (arrow). The figure is of courtesy of Wiktor and Jonkers [147].
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Meanwhile, in order to promote more ca-based mineral precipitation, Ca-salt based
nutrient solution, i.e. Ca-lactate (Ca(C;H;O;),) and or Ca-nitrate (Ca(NO,),), may be
used in separate solution from solution A. This is called solution B. Ca-lactate is
metabolized by bacteria producing ca-carbonate as in equation 5.17.

Ca(CyH,0.), + 60, + (alkaliphilic Bacillus) — CaCO, + 5CO, + 5H,0 (5.17)

Theoretically, a considerable number of ca-carbonate molecules are produced when
solution A and solution B are combined as depicted by chemical reaction 5.18.

16Ca(OH), + 16CO, = 16CaCO, + 16H,0 (5.18)

It seem that large carbonation may occur due to reaction of portlandite, Ca(OH),,
with carbon dioxide, CO,. However, this happens only if the Na-Gluconate,
Na(CH;,0,), and Ca-lactate (Ca(C;H;O;),) are fully converted, which may not
always be the case. Moreover this carbonation process may occur locally in the crack
region where bacteria are active.

Ca-nitrate, Ca(NOs,),, which has higher solubility than Ca-lactate, may also be used
for solution B to provide more ca-source available to precipitate calcite mineral. In
this case chemical equilibrium for the solution A remained as equation 5.14.
Dissolution of Ca-nitrate in solution B is depicted in equation 5.19 provides Calcium
ions, [Ca’"], which then react with Carbonate ions, [CO;* | to precipitate CaCO, in
the vicinity of the bacterium as in the equation 5.8.

Ca(NO,), <> [Ca*'] + 2[NO; ] (5.19)

Where oxygen is depleted in the local environment around bacteria, nitrate reduction
process may continue as shown in the equations 5.20

2[NO, 7 + 12[H"] < N, + 6H,0 (5.20)

Again this would alter the pool of dissolved inorganic compound in the vicinity of
bacterium allowing the precipitation of calcium carbonate, CaCO.

CO, + H,0 « [CO. ] + 2[H] (5.21)
[Ca®*] + [CO,* ] — CaCO, (5.22)

Having knowledge of how bacteria based repair solution may help to promote self-
healing concrete, a test campaign was implemented and described in the rest of the
chapter. The roadmap of these tests is presented in the figure 5.4. The first test was
performed to address the feasibility of the bacteria based repair solution as healing
agent. The second test was devoted to optimize the performance of the bacteria
based repair solution. The third test focused on the assessment of healing efficiency
of solution in the Porous Network Concrete prisms.
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Result | No Result | No Result | No
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Figure 5.4. Roadmap of the test campaign implementing bacteria based repair system as self-
healing agent in the Porous Network Concrete.

5.2.Test 1: Feasibility of the bacteria-based repair solution for the PNC

The primary intention in designing the bacteria-based repair solution is to apply it for
repairing cracked or porous concrete. The solution is sprayed onto concrete surface
and the bacteria facilitate calcium carbonate precipitation as the solution penetrates
into the crack opening. In the lab scale the system has been tested and effective
mineral precipitation was observed.[147, 215].

The solution developed is a very low viscosity liquid. It can be effortlessly injected
through the porous core of the PNC and reaches the fracture zone in the main body.
The question is whether it is feasible to inject that same solution through the Porous
Concrete network (PNC) to make the crack healing (sealing) takes place from the
inside of the structure outwards.

This section investigates the prospect by a rapid preliminary test. The solution is
injected through the porous network until it reaches and flows out through the crack
opening in the concrete specimen. The bacteria should then precipitate calcium
carbonate sealing the crack. The healing efficiency is measured by two methods. The
first method is by comparing water permeability (or leakage) before and after healing.
The second method consists of assessing mechanical properties pre and post-healing.

5.2.1. Materials; the PNC and solution preparation

The concept of healing the Porous Network Concrete was tested by injecting the
bacteria-based repair solution through the PNC prisms with dimension of
55X55%285 mm. The specimen had a 23X23X285 mm porous concrete core in the
longitudinal center interior. The core consisted of porous concrete with mixture P24-
2 based on the table 2.5 (aggregate size 2-4 mm with aggregate to binder ratio of 5.0).
A 285 mm long @2 mm threaded steel rebar was installed below the core. The PNC
production was conducted according to the procedure explained in the subchapter
2.3.1., section d. Subsequently the specimen was prepared for the test as discussed in
the subchapter 3.3.2.

Based on the concept discussed at section 5.1.3, in this study the bacteria-based
repair solution (or system) were designed to have two forms; solution A and solution
B, as depicted in figure 5.2. The healing liquid used was based on the concept
discussed above. Two solutions A and B as depicted in figure 5.2 were subsequently
injected.
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Tabel 5.1. The composition of solution A where Na-silicate solution provides the
alkaline environment (pH 10.5 after mixing with solution B) fit for the bacteria to grow.

Category Ingredients Concentration Weight (g)
(g/L) per 250 mL
Transport solution  Na-silicate 37-40% 48.5 12.125
Nutrients Na-Gluconate 125 31.25
Yeast Extract 1 0.25
Alkaliphilic Zeolite powder 0.2 0.05
bacteria 8XT108 spores/ g powder

1.6X108 spores/ L

Tabel 5.2. The composition of solution B where Ca-lactate is provided to feed bacteria
and bring a calcium source to the system. The pH of this solution is neutral.

Category Ingredients Concentration Weight (g)
(g/L) per 250 mL
Transport solution H,O
Nuttients Ca-Lactate 80 20
Yeast Extract 1 0.25
Alkaliphilic bacteria ~ Zeolite powder 0.2 0.05

8X108 spores/ g powder
1.6X108 spores/ L.

Solution A, see table 5.1., was composed of (i) sodium silicate (water glass) solution
(37-40% Brenntag Ned. BV), (ii) Na-gluconate (sodium D-gluconate 97% Sigma-
Aldrich, E 576) which have concentration of 125 g/, (iii) yeast extract 1 (g/1), and
(iv) Zeolite powder having 8 X 10° spores/g powder. The sodium silicate ensures
alkaline pH for the bacterial growth in the system, the Na-gluconate and yeast extract
provide respectively the organic carbon and essential elements necessary for bacterial
growth. The zeolite powder is the carrier of bacterial spores.

Solution B consisted of (i) calcium lactate with concentration of 80 g/1 as organic
carbon source, (i) yeast extract 1 (g/1), and (iii) Zeolite powder having 8 x 10°
spotes/g powder. This solution which exhibited neutral pH, provided the Ca-soutce
needed for massive calcite precipitation. After mixing with solution A, the final pH
of the system is 10.5. Table 5.2. summarizes the composition of solution B.

5.2.2. Testing cycle
Bending test and leakage test setup described in the chapter 3 were used in this test
to introduce crack, observe mechanical regain and to assess healing in the specimen

respectively. As a rapid preliminary check the solution was injected manually by a
syringe into the PNC.
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Figure 5.5. Testing procedure where frame (1) shows the initial leakage (permeability) test,
frame (b) shows three-point-bending test to introduce crack into the specian, and frame (c)

exhibits pre-healing leakage test to determine the permeability of the syste
based repair solution is injected and Ca-based mineral precipitate.
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Figure 5.6. Testing procedure where frame (4) indicates steps to drain out
water inside the porous core and crack zone, and figure (5) shows the
manual injection of the solution.

Initial falling head water permeability test, see fig 5.5 frame (1), was performed
according to the setup explained on the subchapter 3.4.2 figure 3.18. The specimen
was placed on top of wooden support and water was flown from the port of
injection, point (a), to the opposite port of outflow, point (b), prior to crack
formation in the PNC prism. This test is carried out to check the porosity and
permeability of the PNC prism.

Using closed loop strain controlled three-point loading (bending) test, a crack up to
600 pm was formed in the PNC. After the loading was released approximately 300 -
350 um wide crack opening in main body remains. The strain rate of the test was 0.5
pum/sec. Figure 5.5. frame 2 sketches this step.

Then post-crack leakage (permeability) test as can be seen in figure 5.5 frame (3), was
carried out by blocking the end connector, point (b), with a plug-in water stop
allowing water to flow out into container, point (c). The excess water from the
leakage test was drained out from the porous core by blowing * 0.5 bar pressurized
air for about = 20 minutes as illustrated in the figure 5.6. frame 4.
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Figure 5.7. Three-point bending test was performed to introduce the crack into the
PNC specimen, frame (1). It was followed by manual injection of solution, frame (2). The
specimen was turned upside down by which the wetted area where the solution leak
out can be seen, (arrow) frame (3).

P (kN)

| ? CMOD (um)

250 mm

i 285 mm
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@

Figure 5.8. Testing procedure where frame (6) sketches the post-healing leakage
(permeability) test. Point C in the frame indicates the crack opening is expected to be
sealed by Ca-carbonate mediated by bacteria. Frame (7) describes the reloading of the
healed specimen to assess the mechanical properties regain.

The bacteria-based repair solution was injected through one port illustrated in the
frame 5 of figure 5.6 and figure 5.7 frame 2 by means of syringe (d) which then flew
out through the crack, point (e). In this preliminary experiment, the injection
sequence was carried on a trial basis, solution A followed by solution B. The first
injection comprised of 90 mL solution A and 60 mL solution B in the sequence of 30
mL A + 30 mL B + 30 mL. A + 30 mL. B + 30 mL A. The second injection was
conducted two hours after the first one by injecting 15 mL solution A and 20 mL
solution B with the sequence of 10 mLL A + 10 mL. B + 5 mLL. A + 10 mL B. In the
figure 5.6 frame 3, it can be seen that the solution reaches the fracture zone indicated
by a wetted area in the bottom face and the side face of the specimen. The solutions
A and B are injected in layers in order to ensure the gel formation and a good
distribution of the bacteria, nutrients and calcium within the crack volume.

Afterwards the specimen was sealed with plastic for 24 hour to keep the specimen

from evaporation. Subsequently, the specimen was cured under lab condition with
RH 35 £ 5% and temperature 20 £ 3 °C for 10 days.
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Post-healing permeability test and second mechanical three-point bending test was
carried out with the similar aforementioned procedure. They are depicted in the
figure 5.8 frame 6 for leakage test and frame 7 for the bending test.

The efficiency of the healing is determined by ratio of the slope of the leakage curve
before and after healing and ratio of strength and stiffness pre- and post-healing. The
procedure for determining the healing efficiency was explained in the chapter 3.

5.2.3. Results of injection bacteria-based solution to the PNC

The assessment post-healing leakage (permeability) test was carried out 11 days after
the injection of the bacteria-based solution. Figure 5.9. is a graph showing the weight
of the water outflow as function of time elapsed from the start of the permeability
test. The cracked specimen prior to healing has steep permeability slope, about 2.2
gt/sec, while the slope of healed specimen is much lower, about 0.8 gr/sec.
However, even though not much, there is clear difference between the slope of
permeability curve of healed specimen at 11 and 19 days’.

Prism Leakage (Permeability) test - Bacteria-based Healing i

250

80
200 A

60
150 4
——— Cracked spec. prehealing
Post-healing at 11 days
100 ———Post-healing at 19 days

40

Output flow weight (gr)
Healing efficiency (%)

50 20

11 days

19 days

. —_—
0 50 100 150 200 250 300 350
Time (sec) Time (days)

Figure 5.9. Graph of leakage (permeability) test of the prism over time and the histogram
representing the healing efficiency.

This test shows a very promising preliminary result. More than 90% (96.7)
permeability reduction has been achieved at 11 days which appears to be temporary
since after 19 days permeability reduction drop to 70% (76.7), as illustrated in the
histogram, figure 5.9. This could be attributed to the flushing of the bacteria based
solution after 11 days. In other words the permeability test after 11 days disrupts the
bio-mineralization process as the process was probably not yet complete. Another
reason might be that there was no good adhesion of the repair product with the
crack wall resulting in temporary repair.

Further the load versus crack opening graph obtained from bending test is shown in
the figure 5.10 where the first loading curve is subsequently followed by second
loading curve. It is obvious that the strength post-healing mediated by bacteria is
lower than the peak strength of the original state of the specimen. The stiffness of
the healed sample has also shown a lower value as the slope of the curve is less steep

9 The age (days) were chosen on trial basis (arbitrary); 11 days is in between one and two week and 19 days is in between two and
three week.
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than the virgin specimen. This may be attributed to the fact that the precipitate in the
crack zone did not act as a ‘glue’ binding the crack faces therefore showing no
contribution to the fracture toughness of the specimen. On the other hand, the
precipitated mineral may be thought as necessary barrier to protect the crack opening
from other deleterious substance.

Three-point bending test - Bacteria-based healing

—— First loading cycle (crack formation)
Second loading cycle (crack healing)

T ¥ T v T v T
200 400 600 800
Crack opening (um)

Figure 5.10. Load versus crack opening displacement graph of three-point bending
test of the prisms injected by bacteria-based solution.

5.3.Test 2: Optimization of the solution by injecting it into porous core

As temporary healing was observed in the PNC specimen, an investigation to assess
the capacity of the bacteria-based solution as healing agent was conducted. The
necessity to further investigate its healing capacity was driven by the fact that the trial
test provides minimum insight whether the bacteria were truly active in the concrete
matrix and to what extent the bio-mineralization took place.

Prior to optimization of the bacteria-based repair solution as healing agent, several
questions arose;
1. How much time was needed for the bacteria based repair system to achieve
good quality?
2. After how long the bacteria based solution could develop sufficient mineral
in the system and the healing should be tested?
Were several injections needed?
4. What was the optimum mix composition, what was the optimum ratio sol
A/sol B?
5. What was the ‘right procedure’ to inject the solutions?
6. How to quantify the effectiveness of the bacteria-based repair solution to
heal the PNC?

@

Several parameters were also required to test. The first factor to consider was the
kinetics of the Ca-carbonate formation in time taking into account an assumption of
healing time less than 28 days. The second was the procedure of injection based on
the composition of the solution used in the trial test. For instance, layering solution
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A followed by solution B repeatedly, premixed solution AB or layering solution A
and then solution B injected several time with periodic time interval.

5.3.1. Rationalization and approach to experiment

An approach has been set to investigate in greater detail the healing capacity of the
bacteria-based repair solution in the PNC. Figure 5.11 summarizes the plan and
concept where several series of the experiment around the central series “A” has been
set. The tests were performed at 3, 7, 14, 21 and 28 days after injection and 2
replicates were used per time. This will allow assessing the kinetics of the
biomineralization over time.

Concrete carbonation vs.

Induced CaCO3 precipitation
Best Several
injection injection
procedure? required?

Necessity of alkaliphilic
bacteria

Figure 5.11. Experimental approach in optimizing the healing capacity of the bacteria-based

solution

Table 5.3. Experimental matrix for assessing and optimizing the bacteria-based repair solution

Series Impregnation condition Time (days)
0 3 7 14 21 28

A Sol A + Sol B - A3-1 A7-1 Al14-1 A21-1 A28-1

1 time impregnation - A3-2 A7-2 Al4-2 A21-2 A28-2

B Sol AB - mixing nozzles - B3-1 B7-1 B14-1 B21-1 B28-1

- B3-2 B7-2 B14-2 B21-2 B28-2

C Sol A + Sol B - C3-1 C7-1 C14-1 C21-1 C28-1

3 times impregnation.; d0, d1, d2 - C3-2 C7-2 C14-2 C21-2 C28-2
Control Tap water Ctrl0 Ctrl3-1 Ctrl7-1 Ctrl14-1 Ctrl21-1 Crrl28-1
Ctrl3-2 Ctrl7-2 Ctrl14-2 Ctrl21-2 Ctrl28-2

The specimens in series ‘A’ were treated by manually injecting solution A followed by
solution B for one time injection with syringes for each solutions. Series ‘B’ referred
to the specimens having one-time-injection, solution AB is premixed by static mixing
nozzle right after the open end tube of each syringe. This was intended to compare
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and identify the effect of the injection procedure between layering (solution A then
B) and premixing (solution AB).

Specimens in the series ‘C’ were treated as series A, with the injection of solution A
followed by solution B, three times with 24 hours interval. Consequently, the total
volume of the bacteria-based repair solution injected in the specimens was larger for
series C than for the series A, B, and D. This was motivated by the need to study the
effect of several injections on the development of bio-mineral deposition in the
PNC. Further, series ‘D’ was designed to inject only nutrients compound into the
concrete to reveal whether alkaliphilic bacteria were needed in the system or the sole
food conversion into Ca-based mineral was adequate. Apart from the other series, in
series D specimens were tested only at 28 days.

The control series specimens were treated solely with tap water injection to
investigate whether the process was ‘truly’ microbial induced Ca-carbonate
precipitation or common concrete carbonation. The experimental design is
summarized in the table 5.3 showing the 5 different series, impregnation conditions
and the day the specimens were tested.

5.3.2. Material and specimen preparation

Due to the high number of specimens required, the experiment was performed using
porous core apart from the PNC main body. Design mixture of the porous concrete
was prepared as described in the subchapter 2.3.2. The mixture was P24-2 which has
aggregate size of 2-4 mm with aggregate-to-binder ratio of 5.0. The composition as
described in the table 2.5 was; 275 kg/m’ CEM 1 42.5, 25 kg/m’ fly ash class C, and
1513 kg/m’ gravel aggregate. Water-to-binder ratio was kept at 0.33 with
superplastizicer equal to 1% of binder.

The porous concrete cores were mixed, casted and cured following procedure
described in the subchapter 2.3.1. point b. The porous cores were cylinders (with a
length of 30 mm) which were cut in smaller specimen of 3 cm high. Subsequently
specimens were covered with two layers plastic wrap and tightened with transparent
adhesive tape. Figure 5.12 illustrates the specimen preparation.

Porous core cross Porous concrete Plastic
section core; 26 - 30 mm film

Figure 5.12. Specimen prepared by covering porous concrete core with plastic film
and adhesive tape shown in frame 1and 2. Frame 3 shows a collection of ready-to-test
specimens.
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The two solutions, A and B, have the same composition as described in the
subchapter 5.2.1 table 5.1 and 5.2 respectively. The solutions were prepared
immediately prior to the test and pH was checked using pH indicator strip.

5.3.3. Methods and evaluation techniques
a. Testing cycle

Figure 5.13 illustrates the general cycle of experimental test. It is started by tightly
covering specimens with plastic film and adhesive transparent tape for specimen
preparation (figure 5.13, step 0). Initial permeability (step 1) was performed
subsequently followed by preparing specimens for injection of bacteria based repair
solution (step 4). This was carried out by covering the bottom side of specimens with
plastic film and adhesive tape ensuring the solution stayed in the porous core (step
3). Series ‘B’ underwent pre and post solution impregnation (step 3 and 5). Second
permeability (step 6) test was conducted to assess the extent of biomineralization.

2. Initial X-ray
WCT Scan

0. Preparation; 1. Initial 4. Impregnation with 5. post- 6. Second

Specimen covered permeability = @ bacteria solution; 2mL impregnation X-  permeability test
with plasfic film L solA+2mLsol B ray uCT Scan ' !
» 7. Polished section
3. Initial X-ray
MCT Scan

Figure 5.13. Experimental test cycle showing six steps from preparation of specimen up to the
eventual polished section for ESEM observation.

Solution (A or B) was impregnated into the porous core as depicted in figure 5.13
step 4. The total 4 mL was injected by means of syringe each for different solution
consisted of 2 mL solution A and 2 mL solution B. One control (tap water injection)
and four different series (bacteria-based repair solution injection) with two replicates
were carried out according to the experimental matrix, see table 5.1.

b. Evaluation technigues 1; Permeability test

Water permeability test was conducted before (step 1) and after (step 6) the injection
of the bacteria-based repair solution at regular time interval to determine the sealing
efficiency of the system. Figure 5.14. illustrates the setup of injection and
permeability test. The test was performed while the specimen was gripped with a
clamp and flowing 15 ml water with syringe in 10 sec. A manual stopwatch was used
to monitor this time interval. A bucket was put underneath the specimen to contain
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output flow weight over time. The ratio of slope of the permeability curve as
function of time between initial and healed specimens was used to determine the
healing capacity.

¢. Evalnation techniques 2; Micro CT-scan

Bio-mineral precipitation was monitored at 3, 7, 14, 21, and 28 days using several
techniques. One compelling method for healing capacity assessment of the bacteria-
based repair solution is by monitoring the production of bio-minerals over time non-
destructively and non-invasively. X-ray micro CT scan was used to observe the
specimens porosity before and after the injection in order to monitor in time the
deposition of the bio-mineral. Only specimen in the series B would undergo CT scan
starting 3 days after solution injection. As the specimen was held in the object stage
between x-ray source and the detector which then rotated progressively, a stack of
images was obtained. The rotation of the object stage was set progressively at
approximately 0.25° to acquire about 1440 projections with resolution of about 6 um.

The tomographic 3D volumetric model of the porous cores was reconstructed
automatically using VGStudio MAX 2.0 software. Comparison of porosity feature
between pre-and post-healing specimen was carried out by analyzing the image at the
same region of interest (ROI) dimension set for each 3D model.

Porous core specimen Permeability test setup

Figure 5.14. Setup of Injection test and permeability test where the porous core
specimen in the frame 1 is held by a clamp shown in the frame 2

d. Evaluation techniques 3; Fourier Transformed Infra-Red

When possible, sampling of the minerals deposited in the specimen is performed
with the aid of a pincer by gently scrapping the surface of the core. These
precipitates are examined with Fourier-Transform Infrared (FT-IR) spectrometry for
further analysis and identification.

Chemical composition of materials is defined by the bond energy between the atoms

in the materials molecule. Taking into account this property, infrared spectroscopy
method is based on the interaction between infrared waves with the bonds of the
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atoms of molecules in the material. The energy activates molecular bonds, e.g.
change in the dipole moment, to vibrate or rotate at specific frequency, which in turn
may reduce the energy at distinct frequency partly or totally. This frequency will then
be sensed and recorded by a detector. As a result, the infrared spectrum shows the
molecular characteristic from reflected or absorbed light indicated by certain band or
peaks in the spectra at a particular energy level.

In this study, the suspected Ca-based whitish minerals deposited between aggregates
in porous core were found in a few specimens. After removal, the minerals were
collected in the flask and used for FT-IR spectral analysis. The spectra were collected
using universal Attenuated Total Reflection (ATR) unit on a Perkin—Elmer Spectrum
100 Series spectrometer. The benefit with this ATR unit is that it requires less than 5
mg sample without laborious preparation or specimen dilution. Background signal
scanning calibration was required prior to the scanning. The spectral range was of
4000—-600 cm-1 with 2 cm™ resolution and 16 scans were collected each time.

e. Evalnation techniques 4; Microscopy

Eventually, at the end of the healing period, polished sections of injected specimens
were prepared by impregnating the specimen with epoxy resin and then grounding
(rough-to-fine polishing) its surface which was ended by solvent surface cleaning.
The grinding process sequence and the grit size (average size of abrading particle)
was as follow; 10 minutes P500 (30.2 pm), 10 minutes P800 (21.8 um), 10 minutes
P1200 (13.3 um), and 15 minutes P4000 (5.2 um). Manual hand pressure and water
flow was exerted into the specimen while it was ground on top of rotating table with
designated sand paper.

top

Figure 5.15. (A) Surface of polished section marked with points where in-depth ESEM
observation will be spotted. (B) The image taken at the top surface of the specimen point 1.

The specimen was first observed under light microscope to analyze and locate the
expected bio-minerals deposition. It was planned the observation would be carried
out in five different points throughout the depth of the specimen as sketched in
figure 5.15 frame A; in the top surface, slightly below the surface, two points in the
mid-section, and in the bottom area. This was intended to obtain higher likelihood to
collect evidence of bacterial activity and identify mineral characteristics.
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An Environmental Scanning Electron Microscope (ESEM, Philips XI.30 Series)
equipped with an Energy Dispersive X-ray (EDS) element were employed to analyze
in depth the surface feature of the polished section. Figure 5.15 frame B exhibits the
ESEM image taken at point 1 from control specimen at t0 prior to tap water
injection.

5.3.4. Results and discussion

a. Evaluation techniques 1: Permeability test

To assess the healing capacity of the solution, the slope value of the permeability
curve pre-healing is compared to the slope value post-healing for each specimen
tested. Figure 5.16 shows the histogram of the slope of permeability curve of post-
healing specimens on top of the slope value of permeability curve of pre-healing
specimens for each type of series over time (3, 7, 14, 21, and 28 days). The D series
only has one permeability slope value at 28 days.

The results for water permeability test showed sparse data and no significant
difference is observed between the series. It is also found there is no such specific
trend inferred from the data. This might be explained from the fact that the
specimens were very porous and had limited amount of cement paste matrix to
supply Ca-hydroxide and not enough calcium ion from the Ca-lactate is available to
produce sufficient Ca-carbonate.
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Figure 5.16. Histogram of permeability value in the porous cores before and after
healing with bacteria-based solution

How much CaCOj can be formed in the bacteria-based concrete healing system
depends on the amount of calcium ion, [Ca*], present in the system. This is
influenced by amount of portlandite, Ca(OH),, in the concrete, and the amount of
calcium ions supplied from nutrients, for the present case Ca-lactate. Theoretically,
the calcium carbonate produced from Ca-lactate conversion — without taking into

122



Chapter 5. Porous network Concrete healing by means of bacteria based repair

account reaction with Ca-hydroxide from concrete — can be expressed as in the
equation 5.23.

Ca(C,H.0.), + 60, —> CaCO,+ 5CO, + 5H,0 (5.23)

The mass of Ca-lactate, 7., (g), available in the solution is the product of the
concentration of calcium in the solution, C, (g/L), which has value of 80 g/L and
volume of the solution injected in the system, V, (L), which has value of 2 mL. This
is expressed by the equation 5.24

-
— Ca
C., =—=

T, (5.24)

mCtt = CCH x VCd

Thus the mass of the Ca-lactate in the 2 mL solution injected into the porous
concrete was

me, =80 g/L % 0.002L = 0.16 g.

The quantity of molecule Ca-lactate, 7., (mol), in the solution is then determined as
the ratio of the mass of Ca-lactate, 7., (g), to the molar mass of Ca-lactate molecule,
M., (g/mol), as expressed in the equation 5.25.

316 (5.25)
0, =——8  =52%x10" mol
3084/ mol

As 1 mole of Ca-lactate is converted into 1 mole of CaCOj; based on the equation
5.9, 1., (mol) equals to 7,.,; (mol). The latter refers to the number of mole (quantity
of molecule) CaCOj. Thus, the mass of CaCOyj, 7,5 (g), produced is the product of
the number of mol Ca-carbonate, 7.,,; (mol), and the molar mass of Ca-carbonate
molecule, M,; (g/mol) expressed in the

Meocos = Mgy X M

Mc,co3 = (5-2 X 10_4)>< 100=0.052¢

CaCO3

As the density of CaCO;, pPr,c0; (kg/m’), is known from literature (2.71 x 10’

kg/m’), the volume of CaCO;, 0; (m’), can be determined by the following
equation:

7 c.co3
Pcucos =7,
Vewos 526
o (0.052x107) . . :
Vewos = 03 — 3 =1.9%x10"" " =19mm
Pecos  (271x10%)

The porosity of the porous core is approximately 20% therefore the volume of void

fraction of the core, 17, is about 3 X 10’ mm’. Comparing the 17,o; (mm’) to the
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volume of porous core void, I/, it is known that I7.,; occupied only 0.65% of
total volume of the porosity which is very low to make substantial blockage or clog
in the porous core. Based on theoretical calculations the maximum volume of CaCOj,
which can be formed in these conditions is less than 1% of the total porosity. This

explains why the water permeability test results are not relevant in the present case.
b. Evaluation technigue 2: micro-C1-scan
Figure 5.17 displays the two images from the same specimen ‘B21-1" before (initial)

and 21 days after injection bacteria-based repair solution. Formation of suspected
newly Ca-based mineral is visually seen by comparing the images.

1. B21-1 Initial X-ray uCT 2. B21-1-I; post-impregnation X-
Scan ray MCT Scan

Figure 5.17. Images of pre- and post-injection specimen were taken by x-ray micro CT
scan showing the newly formed materials suspected as Ca-based mineral.

Following the visual observation, the image analysis was carried out for the CT scan
images of the sample at 3, 7, 14, 21, and 28 days. Image segmentation was performed
by setting a region of interest (ROI). A threshold value was set from the voxel
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intensity histogram using VGStudio Max 2.0. The number of voxel obtained was
then converted into volume. Volume of newly material formed, M (%), is expressed
in the following equation (eq. 5.27);

M= (Vm;(m> _Vm;(m)) (5.27)
v

mat (PO)

Where, 17,5/, is the volume of material after treatment (bacteria-based repair
solution is injected) and 17,4, is volume of material before treatment.

Volume of new material formed after injection

w
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Volume of new material formation (%)
[ w
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Figure 5.18. histogram of volume of new material in the porous core after injection of
bacteria-based solution as calculated from x-ray micro CT scan 3D tomographic model.

Processing of CT-scan data showed that 3 days after injection ~6% of the material
volume corresponds to new material. This percentage decreases to ~2% after 7 days
and approximately stays constant until 28 days as can be seen in the histogram figure
5.18. Even though bacteria start to grow within the first 24h, they cannot yet produce
that high volume of CaCOs;. This means that after 3 days mainly the solution that has
been injected into the porous core is detected with this technique. With time the
solution dries out so that its volume decreases. As a conclusion, it is very hard to
distinguish between food (organic precipitates) and converted food (bio-minerals)
with CT-scan analysis in these experimental conditions.

¢. Evaluation technigue 3: ESEM

Figure 5.19 presents the images of ESEM observation of ‘Control’ series polished
specimen under ESEM. The image was taken from top surface of the specimen and
interface of pore and concrete matrix. Observation revealed Ca-based surface layer
which may be attributed due to carbonation. Thicker layers on top of porous
concrete matrix have been found in the specimen of 14 and 28 days indicating the
progress of carbonation over time.
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surface _
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Figure 5.19. ESEM pictures of polished sections of Control series at top surface of the
specimen, at surface of the aggregate and pore, 14, and 28 days. Layer of Ca-based
mineral due to carbonation is observed in this series.

Observations of polished sections under stereomicroscope and ESEM exhibited
some cavities between porous concrete matrix and epoxy resin in the series
comprising nutrients (series A, B, C and D). It seemed that the bonding between the
epoxy and the specimen is ‘bad’, see figure 5.20. However further analysis attributed
this to the food dissolution during the grinding process with water. Taking into
account that during the preparation of the polished sections each specimen has been
in contact with the grinding paper for about 45 minutes while water was
continuously flown, it can be concluded that the food dissolved resulting in holes
what then appears as bad bonding between epoxy and the matrix. However, further
higher magnification observation into this cavity appears to be a good indicator for
the location of bacteria-based solution (nutrients) and therefore to the possible
presence of calcium carbonate, CaCOj, precipitates due to bacterial activity.

Figure 5.20 displays ESEM pictures of polished section of series A at 7, 14, 21, and
28 days. Epoxy-concrete matrix can be seen quite obvious leading to in depth
observation of chemical element analysis for that particular spot. For series ‘A’
limited Ca-based mineral is noticed in the specimen at 7 and 14 days. Small Ca-based
crystals are observed 21 days after injection. After 28 days less de-bonding and more
Ca-based crystals are noticed suggesting that their formation could be due to
bacterial activity. Further reflection leads into the hypothesis that CaCO; formation
due to bacterial activity may be materialized between 14 to 21 days.
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Element maps have been acquired from polished section by means of Energy-
Dispersive X-Ray Spectroscopy (EDS) showing the spatial distribution and
compositional zonation of elements in a specimen series A. Comparing the elemental
maps in figure 5.20, the Ca-based mineral right on top of cement matrix might have
beeen resulted from the carbonation process as it mainly composed of calcium (Ca)
and no silicon (Si) was observed. Meanwhile the compound based on silicon might
be resulted from repair product; e.g. composed of Ca-silicate hydrate gel, Ca-based
biomineral, and unconverted food.

de-bonding’

J '

‘de-bonding’

+ crystalj

A21-1
21 days

o CaCo.

R (carbonation)

—_—]

Cement matrix

Figure 5.20. ESEM pictures of polished sections of series A at 7, 14, 21, and 28 days. De-
bonding of epoxy-matrix is obviously seen and small crystals is observed in the specimen at 21
days where elemental mapping confirms the Ca-based mineral.

Similar observations are made for series ‘B’ (specimen injected using mixing nozzle).
However it seems that less crystals are formed in series ‘B’ compared to series ‘A’.
Interestingly, large globular Ca-based minerals were observed under ESEM. Larger
magnification revealed these globular adjacent into the ‘de-bonding’ area where the
nutrients were largely found, as depicted in the figure 5.21. Energy Dispersive X-ray
(EDS) analysis confirm the chemical element of calcium, carbon and oxygen in the
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crystal which is essentially associated with Ca-carbonate precipitates mediated by
bacteria.

Figure 5.22 is the spectra of FTIR analysis on precipitate scrapped from the edge of
the specimen (B21-2) at 21 days. This spectrum shows that the precipitate is
composed in majority of Ca-lactate, and to a lower extent of Calcium carbonate,
CaCO;. These results combined with the ESEM observation strongly indicate that
bacteria were active at 21 days.

CKa CaKa

Figure 5.21. ESEM pictures of polished sections of series B showing globular Ca-based
mineral.
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Figure 5.22. FT-IR spectra of the precipitates showing indication of Ca-carbonate
peaks among Ca-lactate.

WD Exp ——— 10um Det WD Exp p——— 5um
01

) 1.0 Torr B21-2 4 BSE 10.0 1 1.0 Torr B21-2

Figure 5.23. Bacteria imprints in the globule Ca-based mineral of series B indicating
that bacteria were active, metabolically converted nutrients, produced layers of
mineral and entombed it selves.
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Larger magnification into the globules revealed significant bacteria imprints. In the
figure 5.23 the imprints show random orientation of rod-like shape which may be
attributed to the shape of alkaliphilic Baci//us used in the solution.

Bacteria reproduce asexually by binary fission. One cell is divided into two genetically
identical daughters’ cell assuming there is no mutation all the way. It can grow rapidly
in the order of hours. The double number leads bacteria to grow exponentially
provided enough growth condition and resources, for instance food. Alkaliphilic
bacteria in the porous concrete core are metabolically active by consuming energy
form the food. Meanwhile their respirations change the chemical micro-environment
in their vicinity. This new chemical balance leads into Ca-carbonate precipitations
that ‘bury’ the bacteria and make them die. This result in bacterial ‘signature’ — rod-
like bacillus imprint — found in the specimen injected by the solution.

Figure 5.24. ESEM pictures of polished sections of series A in comparisons to series C where
more obvious cavity appear in the specimen series ‘C'.

129



Chapter 5. Porous network Concrete healing by means of bacteria based repair

C - 21 days C-21days

A

Det WD Exp }——0| 10m

BSE 100 1 1.0 Torr C2

& ‘k E
T

Figure 5.25. Massive bacteria imprints have been found in different spot in the series
Cindicating high activity due to the layering of solution in the system.

Observations for series ‘C’ showed similar results as in series ‘A’ but with a more
pronounced cavity, ‘de-bonding’ between epoxy and mineral matrix. It can be seen in
the figure 5.24, the cavity in the ‘C’ series, i.e. C-7 days, is substantially larger
compared to the cavity in the specimen series A at the same age. This is explained by
the fact that 3 injections have been made for series ‘C’ compared to 1 for series ‘A’
resulting in more food.

Moreover, bacteria imprints on Ca-based mineral were observed in different spots at
21 and 28 days specimen C21-1 and C28-1. Figure 5.25 depicts several ESEM images
of the imprints which clearly show the random bacillus-shape bacteria entombed in
the mineral grown extracellular. This constitutes the evidence of the involvement of
the bacteria in the formation of CaCOj at 21 days. This result leads to the implication
that bacteria-based repair solution can successfully be injected into porous network
concrete as crack-healing agent.
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Observing ESEM images of series ‘D’ and the control series, it is found a similarity
where a layer of crystal deposited in the internal surface of the porous concrete
cement matrix. This can be seen quite clear in the figure 5.26. In this figure frame 1
and 2 exhibit series ‘D’ while frame 3 illustrates the control series. The crystal
minerals may be attributed as carbonation product in both series.

Further in series ‘D’ cavities, ‘de-bonding’ of epoxy resin and concrete matrix are
found indicating the disolution of nutrients which previously was present in the
system but was not converted into Ca-based mineral. Combined with the fact that
there was no bacterial activity in the control series, due to the pH being too high for
tap water bacteria to grow in the system, it can be concluded that the alkaliphilic
bacteria are the essential part of the bacteria-based healing system. for the porous
network concrete

Figure 5.26. Layer of crystal observed in the surface of void of porous concrete core in series D
as well as cavity due to nutrients dissolution, frame 1 and 2. Frame 3 exhibit layer of crystal
which might attributed to the carbonation, however there were no cavities observed.

5.3.5. Findings

A large volume of solution is required to provide massive CaCO; precipitation for
blocking the porous core with pore diameter approximately 0.3-1 mm and total
volume of about 19 mm”. It was found that the amount of Ca-carbonate was too low
compared to what was required.

However, bacteria imprints obtained from ESEM observations of polished section
of ¥26-30 mm cylindrical porous core 21 days after injection with the solution
provided strong indication of bacterial activity. This implies bacteria-based repair
solution can successfully be used as healing agent into PNC providing that more
Calcium is brought to the system.

Impregnation condition or injection sequence may also influence the precipitation of
Ca-based mineral. There times injection sequence (layering) solution A followed by
solution B with 24 hours intervals in series C precipitated massive mineral as the
higher amount of nutrient have been provided for conversion by bacterial
communities indicated by extensive bacteria imprint. One time impregnation of
series B (premixed solution AB with mixing nozzle) also showed a precipitation
product with lesser intensity. Meanwhile layering solution A followed by solution B
in the series showed the least intensity of precipitation. It is admitted, however, that
it is hard to draw conclusion which injection method (impregnation condition) will
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end up showing better result between series A and B, as precipitation occurred very
locally therefore it also hard to find and observe it under ESEM.

5.4.Test 3: Healing efficiency of the PNC prism

Test 2 demonstrates that the bacteria-based repair solution works in the porous core
and may act as healing agent in the Porous Network Concrete structure. This section
is devoted to investigate the healing efficiency when the optimized bacteria-based
solution is injected into the PNC prisms.

5.4.1. Experimental program

A research program (see table 1) has been devised to implement injection of bacteria
based solution into PNC specimen and heal the crack in its main body. Two type of
treatment were implemented with 2 replicates. The ‘control’ series received injection
of 30 ml tap water and ‘bacteria’ series received injection of bacteria-based solution.
Two different curing were conducted in which ‘wet’ series were cured in £ 95% RH
and * 20°C curing chamber while ‘dry’ series were cured under lab condition
abovementioned, in order to assess the effect of curing regime on the healing
efficiency. Table 5.4 summarizes the experimental design to assess the healing
efficiency of the PNC prisms by means of bacteria-based solution as healing agent.

Table 5.4. Matrix of experimental program of healing efficiency of the PNC prism

Curing regime

Wet (Fog room) Dry (Lab room)
T:20 £ 2°C; RH: 95+ 5% T:20 £ 2°C; RH: 35+ 5%
Control CrtlW-1 CrtlD-1
Crtl\W-2 CrtlD-2
Treatment
Bacteria BactW-1 BactD-1
BactW-1 BactD-1

5.4.2. Materials

Specimens for the test are the Porous Network Concrete prisms with the dimension
of 55X55%285 mm. Fach specimen center interior is 23X23X285 mm porous
concrete and ¥2 mm threaded steel rebar was installed under the core. The PNC
mixture was P24-2-B based on the design mixture explained in subchapter 2.3. The
porous core comprises of aggregate 2-4 mm bound by 275 kg/m’ CEM I 42.5 and
25 kg/m’ fly ash C class with water-to-binder ratio 0.33 and superplastizicer 1% of
binder volume. The core was covered with water soluble PVA film prior to the
casting of the main body. This main body comprises of normal strength concrete as
described in table 2.3. The production and curing of the PNC followed the
procedure explained in subchapter 2.3.1. point d.

Ports of injection and outflow were cylindrical aluminium caps with 55 - 20 mm
connected with M5 FESTO push-in fittings. These ports were glued to the prism
specimen with PMMA based adhesives as depicted in figure 3.9.
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5.4.3. Optimum solution

The same solution A, designed in subchapter 5.2.1. table 5.1, was used as healing
agent. Meanwhile as it was found that the precipitate volume was too low in porous
core test, the Ca-lactate was replaced by Ca-nitrate, Ca(NO,),, in the solution B (see
table 5.2) to provide more Calcium for the calcium carbonate precipitation. Ca-
nitrate may be converted into Ca-carbonate in the alkaliphilic Bacillus micro-
environment in the concrete matrix as depicted by equation 5.18.

Ca-nitrate is 15 times more soluble than Ca-lactate. As a result, for a given volume of
solution much more calcium can be brought to the system when Ca-nitrate is used
instead of Ca-lactate. The concentration of Ca-nitrate used is 2.21 mol.L", therefore
in the 2 mL solution B, a volume of CaCOs, Vs, about 156 mm’ can theoretically
be produced. As the crack opening in the prisms was targeted about 300 - 350 um
which has a crack volume", V__,, of approximately 330 - 385 mm’, the volume of
solution injected in the PNC should be roughly 24 mL of solution A and 4.7 mL of
solution B. This specific ratio was intended to obtain maximum production rate of
CaCO;. The ratio used in the solution was rounded up to 25 mL solution A and 5 ml
solution B.

5.4.4. Testing methods

In general, similar test procedure as described in preliminary program was
performed. Three point bending was used to introduce crack in the main body and
test the mechanical regain after healing. Leakage (permeability) test is used to assess
the healing (crack-sealing) efficiency. Eventually, visual confirmation of crack closure
is carried out by observing the prims surface under light microscope and compare
crack opening before and after healing. The general testing cycle followed the
procedure described in subchapter 5.2.2, figure 5.5, 5.6 and 5.8. Initial permeability,
see figure 5.27 (1), was intended to check the porous core water flow-ability where
Darcy law may be used to determine the permeability index. Initial crack width in the
prisms bottom side was achieved around * 350 um by closed loop strain controlled
three point bending test, see figure 5.27 (2). The value was achieved by exerting load
until the specimen achieve crack mouth opening up to £ 600 um before load is
removed.

Pre-healing leakage (permeability) test was employed to obtain permeability curve —
outflow discharge over time. Later, the excess water in the porous core was drained
out by pressurized air, * 0.5 bar for about 20 minutes. Following that the injection of
30 ml water into ‘control series’ and the solution A and then solution B into
‘bacteria series’ cracked specimens was implemented, see figure 5.28. The volume of

water injected was determined based on the sum of volume solution A and solution
B.

1 Crack was assumed to have wedge-like shape with crack height up to 40 mm. The volume, then, was calculated as V = ¥z ( crack
opening x crack height x specimen weight).
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Figure 5.27. Testing procedure; [1] initial permeability test, [2] crack formation by
three-point bending test, and [3] pre-healing permeability test of cracked specimen.
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Figure 5.28. Injection of bacteria based repair solution; [1] specimens are prepared and
[2] solution leaks out from crack opening.

Crack closure has been monitored before and 7, 14, 21, and 28 days after injection
under stereomicroscope. 28 days post-healing permeability test, see figure 5.27 (3),
was executed to measure permeability reduction. Eventually the specimens were
tested mechanically using three-point bending setup to assess strength and stiffness
regain.

5.4.5. Results and discussion

The leakage (permeability) test measures the weight of the water flowing out through
the porous core or crack as a function of time. Figure 5.29 depicts the result of the
leakage (permeability) test where the upper (linear) line is the initial permeability (Ctrl
D-P0) and permeability of pre- (Ctrl D-P1) and post-healing (Ctrl D-P2) specimen,
successively. It is obvious that the slope of the graphs become less steep from initial
test to the specimen treated by tap water injection and curing. From these graphs it
can be seen that the steeper the slope the more the water leaks out from the port of
outflow (in initial permeability test) or through crack in PNC main body. Therefore
comparing the slope of the graphs can provide insight in how efficient the PNC self-
healing is.

The slope, following the general mathematical concept described in the figure 3.18, is
determined by the procedure explained in the subchapter 3.4.2 equation 3.6. The
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healing efficiency from leakage test, SH,,,,, is the ratio of slope of post-healing

graph to the pre-healing as expressed in equation 3.7.

Crack sealing was observed due to the slope reduction of permeability curve of the
post-healing specimen with tap water injection into the cracked specimen. This might
be caused by several factors including the contraction and unloading of the rebar
which may decrease crack opening and or autogeneous self-healing of the specimen,
e.g. continued hydration, physical clogging. It can also be explained by swelling of the
material at both sides of the crack wall due to water absorbed. However further
investigation is required for in-depth analyses and assessment of the contribution of
the aforementioned factors. It is also noticed that the complete healing was not
achieved; i.e. no full crack-sealing was observed in the control specimen.

Output flow weight (gr)

Prism permeability test - CtrlD Prism permeability test - CtriW
control series - dry curing control series - wet curing
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Figure 5.29. Graphic of output flow weight (water permeability) over time for control
specimen

Very small cracks in the surface are found disappeared in the control series of the
PNC specimen cured in the humid condition. This is visually confirmed in the figure
5.30 of the bottom surface of CtrlW specimen under direct observation with light
microscope. Several tiny fissures branching out from the main flexural cracks
detected under microscope in the first day after bending test were no longer exist.
Continued hydration may be attributed as the most plausible cause as the PNC
specimen is considered young concrete and the moisture from the ambient promote
the on-going hydration process to occur. Meanwhile in the surface crack of CtrlD,
specimen injected with tap water and dry cured, shown in the figure 5.30, the flexural
crack pattern remained after 28 days from the bending test.

Figure 5.31 presents the graph of the leakage (permeability) test of the PNC
specimen injected with bacteria-based repair solution with two different curing
conditions; wet and dry curing. Similar to the previous graph (control specimen), the
initial permeability graph exhibits the steepest slope followed by pre- and post-
healing graph. The slope of the post-healing graph has value of zero (100 %
permeability reduction) which indicates there was no water leakage from the porous
core through the crack. This phenomenon has not been observed in the control
specimen. This implies that the crack was sealed probably by mineral deposit
mediated by bacteria. However, as it is with the control specimen, factors like rebar
contraction and unloading and autogeneous healing may also contribute to the crack
healing process.
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Figure 5.30. Bottom surface flexural crack of the control PNC specimen (1) injected
with tap water at day 1 and (2) after dry cured for 28 days. (3) Small fissures (arrow) of
control specimen at day 1 after bending test are undetected after 28 days curing the

humid environment (4).
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Figure 5.31. Graphic of output flow weight (water permeability) over time for
specimen treated by bacteria-based solution injection

Direct observation of the flexural crack in the bottom surface of the PNC prisms
under stereomicroscope reveals some interesting result, as can be seen in the figure
5.32. Specimen injected with bacteria-based repair solution and then dry-cured shows
some whitish material deposited in the crack opening face. Figure 5.32 frame 1
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shows the flexural crack at the first day after bending test and frame 2 depicts the
crack in the specimen at 28 days at similar spot. The specimen in the frame 3 figure
5.32 shows significant larger crack opening next to the edge and cavity in the first day
after bending test. After injection and wet curing for 28 days, however massive
precipitation of mineral has clogged the location of crack. Supported by the previous
test result it is most probably the mineral is Ca-based mineral formed due to
metabolic activity of the bacteria.

1000
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BactD-1; Day 1

BactW-1; Day 1 BactW-1; Day 28

Figure 5.32. Bottom surface flexural crack of the PNC specimen injected with bacteria-based
solution (1) at day 1 and (2) after dry cured for 28 days. (3) Significant void (dotted circle) of
control specimen at day 1 after bending test were sealed after 28 days curing the humid
environment (4).

The first strain controlled three-point bending test was employed for crack
formation. The test followed the same setup and procedure explained in the
subchapter 3.3.2 and described in the figure 3.13. However, the injection of the
bacteria-based solution was carried out manually with syringe, see figure 5.28. The
second loading with the similar strain rate carried out at 28 days after injection and
curing has been utilized to assess how effective the healing is for regaining the PNC
strength and stiffness.

Typical load (kN) versus crack mouth opening displacement (CMOD, pum) resulted
from the test comprises of two loading-unloading cycle. Comparing the mechanical
properties from the first and the second loading curve will reveal the efficiency of the
healing process in term of strength and stiffness. In short, the efficiency is
determined by the strength and stiffness ratio explained in the subchapter 3.4.1.
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Figure 5.33. Graphic load versus crack mouth opening displacement (CMOD, um) after
three-point bending test

Figure 5.33 shows the load versus CMOD of the specimen treated with water and
bacteria —based healing agent and curing regime. The graphs, however, reveal a
similar behavior for all specimens. The first loading cycle exhibits the specimen peak
load between 1.2 to 1.9 kN with high stiffness as the curve is almost vertical. The
stiffness of healed state of all specimens show no significant regain indicated by the
slope of the secant line of the reloading graphs which is lower than the virgin
specimen. As it was observed during preliminary test, the mineral deposited in the
fracture site provide no ‘binding’ action for the crack face therefore no additional
strength and stiffness regained. Further investigation is required to study the
adhesion of this bio-mineral with the concrete substrate.

Table 5.5. Recapitulation of the PNC prisms healing efficiency test result

Specimen Condition Healing efficiency (%)
code Permeability Strength Stiffness
reduction recovery recovery
BactD Dry; T £20°C; RH +30% 100 86.6 18.9
BactW Wet; T £20°C; RH £95% 100 89.3 23.8
CtrlD Dry; T £20°C; RH +30% 774 80.4 18.4
CtrlW Wet; T £20°C; RH £95% 81.9 85.3 16.5

Table 5.5 summarizes the results of the test. The PNC injected by bacteria-based
healing agent reduces completely its leakage due to flexural crack showing
permeability reduction of 100%. Meanwhile only partial reductions have been
observed in the specimen with tap water injection. On the other hand no complete
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strength and stiffness recovery is monitored in the system. The strength and stiffness

after second loading may be explained due to the rebar which carry the flexural stress
since the crack is reopened.

On the other hand no complete strength and stiffness recovery is monitored in the
system regardless of the healing agent type. It is clear that these mechanical
properties recovery value do not reach the complete healing line in the histogram.

Crack sealing and mechanical regain of the PNC prism
bacteria-based and tap water

Permeability reduction (%)
Strength regain (%)
Stiffness regain (%)

80

60

Healing efficincy (%)

40

20

BactD BactW CtriD Ctriw
Figure 5.34. Histogram of the bacteria-based healing efficiency test in the PNC prism

Polished sections were prepared for the specimen with crack reopened at 28 days to

observe the mineral deposited in the crack wall. Figure 5.35 shows the images taken
by ESEM.

D Exp p——— 200um
00 1

s

Figure 5.35. ESEM images of the crack reopened: (A) control series shows no mineral
deposition in the crack wall while (B) Ca-based mineral, most probably due to bacteria
metabolism, deposited on the crack wall.
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The images of the crack reopening exhibit a clear difference between the crack wall
of control specimen and bacteria-based specimen. For control specimen the crack
walls shows no mineral deposition while in the bacteria based specimen substantial
amount of bio-mineral deposited in the crack. As supported by the previous test (test
1 and 2), the mineral deposit was apparently caused by the metabolism of Alkaliphilc
bacteria from bacteria based repair system injected into the porous core. This
deposition sealed the crack and prevented the water leakage which in agreement with
the result of permeability (leakage) test.

5.4.6. Findings

Based on the ESEM observations and results of test 2, the crack sealing of the PNC
injected with the bacteria-based solution can be attributed to Ca-based mineral
precipitation most probably mediated by bacteria activity. Even though mechanical
regain in term of strength and stiffness of bacteria-based post-healing beam is quite
limited or not present at all, crack sealing works effectively and liquid tightness may
be assured.

5.5.Conclusion of healing efficiency of the PNC prims by means of bacteria

Healing process designed for crack in the concrete may yield in the total or partial
recovery of the concrete properties. It may reduce leakage or permeability and/or
recover mechanical strength and stiffness. The RILEM state-of-the-art Report on
Self-Healing Phenomena in Cement-Based Materials (TC 221-SHC) categorizes this
healing phenomena into two classes; recovery against environmental action and
recovery against mechanical actions [89].

To recover its environmental resistance, many self-healing concrete methods are
designed and developed with intention to ‘seal the crack’ therefore enhance concrete
resistance to easy ingress of deleterious substance from its exterior environment. The
results of the various tests in this study exhibit the bacteria-based healing is efficient
to seal the crack even though quite unlikely to recover concrete mechanical
properties.

Self-healing which recovers the earlier concrete performance disruption may be
caused by autogeneous action where concrete inherent material perform the recovery
or by autonomous action [89]. Autogeneous healing of concrete has been reported in
the published studies caused by several mechanism; e.g. on-going hydration, swelling
of hydration product, precipitation of calcium carbonate in the carbonation, and
particle clogging in through-crack. In the PNC prism this autogenous self-healing
capacity was observed when the small cracks up to 150 um were closed and no
longer detected in the surface of the control specimen cured in the humid condition.
The relaxation of the rebar present in the concrete prism provides confinement to
the matrix and retains the surface crack narrow. The presence of moisture in the
environment promotes the further hydration of un-hydrated cement particles. This
similar to the information found in the literature where autogeneous healing may be
allocated to the continued hydration or carbonate precipitates in the main body [89,
97, 114, 237, 238].
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Improved crack healing capacity may be obtained by autonomous healing strategy
[86, 89]. Embedding bacteria able to induce mineral precipitation is one of the
promising techniques. One important spin off is bacteria-based liquid repair system
utilized in this study as healing agent. The injected three integrated component
solution, consisting a viable alkaliphilic bacteria spore, nutrient and transport solution
(Na-silicate based) into the porous core promotes massive precipitation of bio-
minerals [147].

Studying the morphology of the precipitates from the test 2 with ESEM, it was
found globular (figure 5.19 and 5.22) mineral layer deposited in the ‘cavity area’
between concrete matrix and the epoxy resin where the nutrient was present and
dissolved, leaving a cavity. Different morphologies and Ca-carbonate polymorphs
have been observed and are presented in published studies [114, 239-241]. Wiktor
and Jonkers [114] reported 3D deformed rhombohedra of a mixture of Ca-carbonate
polymorph mediated by bacteria immobilized in the expanded clay. This was similar
to the morphology of calcite crystals formed facilitated by bacteria in soils reported
by Lian et al [240] or vaterite in the porous ornamental limestone reported by
Rodriguez-Navarro et al [239], the type of crystal shape and texture that is not found
in this study.

A strong indication of the bacterially induced precipitation process has been found
with the observation of bacteria imprints, the self-entombed bacteria within the layer of
minerals, see figure 5.22 and 5.23. According to FT-IR and EDS analysis, the mineral
deposited in the porous concrete core is calcium carbonate and most probably
formed due to the active metabolism of the alkaliphilic bacteria based on the
chemical equation 5.16.

Ca(C,H,0,), + 60, + (alkaliphilic Bacillus) — CaCO, + 5CO,+ 5H,0 (5.16)

As Ca-hydroxide may be present in the concrete matrix and carbonate ions, [CO5* ],
may be obtained from conversion of respiration product, CO,, in supersaturated
solutions, the carbonation reaction may yield to even more Ca-carbonate molecules
[235].

In this way bacteria intensify the precipitation of carbonate precipitation through
[114, 235]; (i) metabolic conversion of nutrient promoting supersaturated solution
where dissolved inorganic carbon pool provides more carbonate ions and (ii) serving
itself as nucleation site where Ca-carbonate crystals grows, see figure 5.2 subchapter
5.2.2.

An issue, however, emerged that the bacteria functioned as intended the amount of
the Ca-carbonate precipitated inadequate to provide complete porosity filling of the
porous core. Therefore Ca-nitrate was utilized for Ca-source for the bacteria-based
solution injected into PNC prism.
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Figure 5.36. Diagram of the crack sealing performance over time by means of bacteria
based repair solution into Porous Network Concrete.

It is hypothesized that the sealing performance over time may be caused by two
mechanisms in the different time phase. Figure 5.36 provides a general insight on
how chemical-based sealing and bio-based sealing mechanisms play their mutual role
in the crack healing of Porous Network Concrete. After injection of bacteria based
repair system gel formation — Ca-Silicate hydrates — due to reaction of Na-silicate and
Calcium is immediately formed upon mixing solution A and solution B. This
dominates the sealing mechanism in the early phase (hours). The substantial amount
of gel formed might be beneficial in clogging the crack in concrete matrix and
entrapping Ca-source while the bacteria becoming metabolically active. The slow
biologically induced mineralization process is started when alkaliphilic Bacillus
consume nutrients. The by-product of this metabolism is carbon dioxide and
alteration of bacteria micro-environment accumulating Ca-based mineral precipitates.

Meanwhile, in second phase (week), the amount of the gel is decreasing due to the
gel restructuration and drying shrinkage. On the other hand biomineral i
accumulated as bacteria grow and consume more nutrients until no more food or no
more space to grow. In this case bacteria entomb themselves under the CaCO;
mineral and bacteria imprint is the legacy and have been captured under ESEM. At
the final phase, it may be deduced from the test 2 results that the end product is Si-

based compound, Ca-based mineral and unconverted food.

It is believed this diagram may also be generalized for bacteria based repair solution

application in concrete.

A setup was designed making it possible to introduce crack and to test the
permeability or water leakage in the Porous Network Concrete healed specimen. This
facilitates a direct observation of permeability to healing capacity which indeed shows
that specimen injected with bacteria-based solution demonstrates complete crack
sealing. As supported by ESEM/EDS and FTIR proofing bacterial activity and
combined with the visual crack filling by mineral deposition observation, it is
conclusive that liquid tightness may be assured in the bacteria-based specimen.
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The novel development of bacteria-based solution, indeed improved the autogeneous
self-healing capacity which can seal cracks by filling it with Ca-based mineral layers.
However, it was not found in the present study complete recovery of strength and
stiffness.

143



This page is intentionally left blank
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6.

Conclusion and outlook

We are at the very beginning of time for the human race. 1t is not
unreasonable that we grapple with problems. But there are tens of thousands of
years in the future. Our responsibility is to do what we can, learn what we
can, improve the solutions, and pass them on’

- Richard Feynman

“T don’t like the word futurist’. 1 think we shonld be now-ists. Focus on
being connected, always learning, fully aware and super present.”

- Joi Ito

The self-healing concrete by means of the Porous Network Concrete, taking
inspiration from bone healing process, has been demonstrated to be effective in this
thesis. It also has been constrned form experiments that the different classes of healing
agent are capable to seal and heal crack in the PNC main body; chemical based
agents, cementitions grout and uniquely developed bacteria-based solution. This chapter
remarks the work done in the previous chapters by providing the conclusion, discussing
the speculation of the upscaling to application, and the improvement that may be
taken.

6.1. Fundamental approach

One promising concept Zo design new concrete structures to achieve higher durability is
incorporating self-healing mechanism found in nature into cement-based materials /
concrete structural element. If unavoidable cracks due to inherent brittleness in
concrete could be self- sealed/healed/repaired, concrete will certainly serve longer,
more durable and sustainable.

Klaas van Breugel posed a question, “Is there a market for self-healing cement based
materials?”” during the First International Conference on Self-Healing Materials held
in the Netherlands, 2007. This question arguably is fundamental in assessing the
likelihood of self-healing implementation in the near future. Up to the moment this
thesis is conducted, the market, construction industry, has already recognized the self-
healing concrete proof of concept at the laboratory scale and is waiting for the
practical implementation in real situation. On the other hand, starting with
Sfundamental research — the level this work was conducted — allows the exploration of
different concepts, approaches, and possibilities of self-healing concrete. This in turn
will provide sound basis to development and diffusion of this innovative technology
to the industry and public.
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Concrete possesses capacity to heal its own small fissures and cracks, awtogeneous
healing, which may consist of several mechanisms. Many studies have been conducted
to improve this inherent beneficial feature. However, many cases concrete cracks
might require a different approach of autonomons healing. Examples of such cases are
(i) crack width larger than what is allowed, or (i) the need of rapid large crack sealing
in hazardous leakage,. This thesis started with the problem of preventing leakage and
securing liquid tightness therefore enhancing concrete durability. The self-healing has
been designed to be autonomous by means of Porous Network Concrete with three
type of feasible healing agent; e.g. crack self-sealing making it impenetrable for fluid.

6.2. Design and Performance of Porous Network Concrete
6.2.1. Porous Network Concrete

It has been demonstrated that the Porous Network Concrete proposed and designed
in this work has a good prospect for making concrete structural elements self-
healing. It is a hybrid system — comprising of two parts, the prefabricated porous core and
the main body — in which highly permeable porous (pervious) concrete is embedded in
the interior or exterior of normal dense concrete, taking inspiration of bone
morphology. The porous network core provides easy means for transporting
temporary or permanent materials to form a dense layer in the later stage and
distributing healing agent form point of injection to cracks in the concrete main
body. Furthermore the porous core can be placed in the region prone to cracking.
The main body provides strength and stiffness for structural applications. This
deliberate design and choice of material will zuncrease the survivability and compatibility of
the core as transport medinm during concrete structure (in-situ or prefabricated) casting.

The production process — the making of the PNC — follows the current standard for
both of the main and porous part. To some extent, the cross section of the porous
core may not be large compared to the overall structural element size which in turn
the overall element strength and stiffness properties will not be hampered.
Depending on the application, the material quality and structural component
geometry can be fine-tuned to obtain the required level of strength and stiffness. For
instance, the overall structural strength can be increased simply by using higher
material strength of the concrete main body.

The use of PVA film for covering the porous core during concrete casting ensures
that the core stays porous and able to be used for infusing fluid through its
interconnected pores. However without PVA film, the porous core still functions as
it is intended provided the pore diameter used is small enough for fresh concrete
matrix not to penetrate and clog into the voids during casting. Without PVA a slight
reduction of porous core total porosity is observed which does not influence the
intended goal.

Bearing in mind the initial aim of the Porous Network Concrete development, which
is mainly to prevent leakage and enhance concrete durability, the initial and pre
healing cracked specimen permeability (leakage) test was implemented. The initial
permeability tests of all specimens show roughly equal values of permeability.
Intrinsic permeability coefficients (following Darcy law) determined on the porous
cores show that all mixtures used for the pores cores are in the pervious regime.
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Therefore all PNC specimens satisfactorily fulfil the criteria having a porous core as
media to transfer healing agent into the place where the crack in the main body
occurs.

The pre-healing permeability slope of cracked specimen also revealed that water can
flow through the crack in the main body (the concrete specimen). This condition
implies that the crack is leaking and thus liquid tightness was no longer guaranteed.

The autonomous teature of the concept has been realized by designing a feedback
mechanism employing simple closed-loop on-off control. The proof-of-concept has
been designed by integrating several components; deformation in concrete specimen
was detected by sexsors (LVDT) which in turn send signals into a controller which then
transfers a trigger signal to an actwator to pump in healing agent into the cracked
region in the right time. It has been proven to operate well.

6.2.2. Healing efficiency upon different healing agent

Even though the influence of the viscosity of the healing agent has not been studied
in this work, it is believed that Porous Network Concrete can be automatically
injected with low viscosity liquid healing agent. Employing what is already available
in the state-of-the-art healing agents, three groups of healing agents were studied;
chemical-based, cementitious grout and bacteria-based. Two compound epoxy resin
and cement grout (slurry) was used. The bacteria based method makes use of a —
bacteria-based repair solution — that was uniquely developed in Microlab TU Delft with
the intention to use it for repair of aged concrete.

a. Polymer and cement based healing agent

Due to its low viscosity, epoxy resin can flow and penetrate into the micro-voids in
the PNC. The epoxy as adhesive repair agent — cured in ambient environment in the
order of hours — fills in the crack void and binds the crack face. This low viscosity is
beneficial in the healing and repair process since it leaves no empty space that may
become a weaker spot and hamper post-healing durability and structural integrity.

It was observed that the cement grout cannot reach smaller voids. Clogging of
cementitious grout was observed in the specimen with porous core made of
aggregate with diameter of 2-4 mm. This might be attributed to the viscosity of the
cement grout which was rather high. However, healing occurred in the specimen
P48-1-B, which was manually injected with cement grout. The specimen has a porous
core made of aggregate with diameter of 4-8 mm which results in a lager pore
network diameter approximately 0.5 — 3 mm.

The post-healing slopes of permeability line of every healed specimen with epoxy
and cement grout were zero. The value of sealing efficiency reaches 100% for all the
specimen and healing agent. Based on this, the leakage is prevented completely and
liquid tightness is ensured. Moreover the dense layer of epoxy and grout may also
provide a barrier for the ingress of deleterious substance into the interior layer of
concrete.
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Confirmed by visual observation on a cut-open specimen, the healing events were
successful in every specimen, either manually or automatically injected by epoxy, and
specimen manually injected with cement grout.

The hardened epoxy resin and cement grout in the crack zone seal and glue the crack
faces which show a tendency to recover strength and stiffness of the healed
specimen. The hardened epoxy in the porous core most likely not only recover but
also increase specimen strength. In the tests, however, the size of the core was rather
big compared to the cross section of the specimen. In practical applications this will
not be the case and the effect of this extra reinforcement might be neglectable. As
the healing agent solidified, the cross section of what was previously partially hollow
became a whole and able to provide larger moment of resistance against the external
loading. In this view, the healing mechanism by means of PNC is achieved.

b. Bacteria based repair solution

The bacteria-based repair solution comprises of three integrated component solution;
a viable alkaliphilic bacteria spore (e.g. genus bacillus), nutrient (e.g. Ca-salt, Na-
gluconate) and transport solution (e.g. Na-silicate based). The impregnation test of
the solution into porous core shows the mineral deposited is calcium carbonate and
most probably formed due to the active metabolism of the alkaliphilic bacteria.

As free calcium ion may be present in the concrete matrix and carbonate ions may be
obtained from conversion of respiration product in supersaturated solutions, the
carbonation reaction may yield to even more Ca-carbonate molecules. In this way
bacteria intensify the precipitation of carbonate precipitation through[114, 235]; (i)
metabolic conversion of nutrient promoting supersaturated solution where dissolved
inorganic carbon pool provides more carbonate ions and (i) serving itself as
nucleation site where Ca-carbonate crystals grows. A strong indication of the
bacterially induced precipitation process has been found with the observation of
bacteria tmprints, the self-entombed bacteria within the layer of minerals.

An issue, however, emerged that even the bacteria functioned as intended, the
amount of the Ca-carbonate precipitated is inadequate to provide complete porosity
filling of the porous core. As Ca-nitrate is 15 times more soluble than Ca-lactate,
therefore, for a given volume of solution much more calcium can be brought to the
system when Ca-nitrate is used instead of Ca-lactate. This is the reason Ca-nitrate
was utilized for Ca-source for the bacteria-based repair solution injected into PNC
prism.

Two complimentary mechanisms in different time phase is believed to occur in the
healing event based on bacteria based repair solution. Firstly, Ca-Silicate hydrates gel —
product of Na-silicate and Calcium — is formed immediately after the solution A and
solution B is mixed or layered in the porous core and crack face. The advantage is
that the gel formation fills the void and entraps the Calcium source which will be
used later by the bacterial community. The biologically induced mineralization
process begins at the moment bacteria consume the nutrients. Their respiration
product is carbon dioxide which in the supersaturated environment turns into
carbonate anions. These ions then react with calcium cations present in the system,
e.g. solution and concrete matrix accumulating Ca-based mineral precipitates.
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Secondly, the gel formation is decreasing presumably during the second week. This
process may be caused by the gel shrinkage and restructuration. As it is
aforementioned, accumulation of biomineral rise when bactetria consume more food
to grow up to the condition where there is no more space to grow or there is no
more food. Kinetic of the process may be deduced from the observation that it may
start at slow rate and then at higher rate until bacteria entombed in the CaCOj;
mineral. From this research it was found that bacteria imprints can be observed
under ESEM. At the final phase, it may be deduced that the end product is Si-based
compound, Ca-based mineral and unconverted food.

The permeability or water leakage in the Porous Network Concrete healed specimen
with bacteria-based solution demonstrates complete crack sealing by mineral
deposition.

The novel development of bacteria-based repair solution, indeed improved the
autogeneous self-healing capacity which can seal cracks by filling it with Ca-based
mineral layers. The presence of alkaliphilic bacteria is essential in the system
converting food into Ca-based precipitates. A humid curing regime promotes the
bacteria based self-healing.

However, it was not found in the present study that there is the complete strength
and stiffness regain. Even though mechanical regain in term of strength and stiffness
of bacteria-based post-healing beam is quite limited, crack sealing works effectively
and liquid tightness may be assured.

6.3. What we need to improve: outlook

The Porous Network Concrete has been developed, tested in the lab scale and
proven to be self-healing effectively. The PNC production method for lab scale
specimen turned out not to be complicated and can be up-scaled. The liquid healing
agent may be chosen from a wide variety of commonly available healing agents in the
market. The benefit of PNC is that the concrete is compatible with the cement
grout/slurry and that the injection takes place from the inside out.

A larger scale experimental campaign and specimen such as PNC wall with constant
pressure of water may be used to test the performance of the system in the more real
situation. Another experimental set may involve constant cyclic loading. Moisture
friendly and fast rate polymerization resin may be utilized in this case. This will allow
researcher to tackle problem of leakage in the (hazardous) liquid container or
underground tunnel with combined environmental and mechanical loads. This
testing situation may generate a lot of data, information and knowledge to improve
the PNC performance.

Numerical modelling of the Porous Network Concrete — fracture process coupled with
healing agent flow and hardening simulation form the point of injection through porous
core into crack zone — is required to study the healing behaviour and optimize the
system. This model will allow researchers to determine how parameters, e.g. liquid
viscosity, pores network properties, and chemical species of the healing agent may
interact, seal , and heal the crack.
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One interesting aspect in the implementation self-healing concrete by means of the
Porous Network Concrete is the detection and localization of the most likely random
orientation and occurrence of crack in the large structural component, e.g. basement
wall, bridge beam, etc. Several methods and algorithms have been devised that may
be implemented to provide the feedback system with damage data. The data is then
used to inform the controller to the healing action. The autonomous system may be
implemented using embedded cheap open-hardware one card microcontroller with
wireless data communication among devices. Embedded sensors, e.g. fibre optic,
cement based piezoelectric strain sensor, may be exploited in the next development
phase.
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Appendix 1

Development of automatic on-off
control system

Appendisc usunally means "small ontgrowth from large intestine,” but in this
case it means "additional information accompanying main text." Or are those
really the same things? Think carefully before you insult this book.’

- Pseudonymons Bosch, The Name of This Book Is Secret

This appendix explains in detail the design and prototyping of the on-off control
mechanism for autonomous injecting healing agent.

A.l.  Automatic repair system; design and prototyping
a. Mechanical injector

Despite the commercially available industrial standard injection pump and dispensing
machine, it was thought that simple automatic injector can be custom built. Medical
syringes with plunger inside the cylindrical tube may be used as the pump. A static
mixing nozzle may also be used to mix low viscosity two compound agents which
pump out from two syringes. The injector can be seen in figure A.1.

A: Top view of B: Close up view with syringe
injector positioned in the holder

Figure A.1. Custom built on top of aluminium plate (0), the automatic injector is used to pump
healing agent through porous core in the PNC. It comprises of linear actuator (1) which speed
can be controlled by voltage (2). This motor is clamped onto the plate (3) with safety relay (4 &
9) and pull lever arm (5). In turn, this lever arm will push two piston (6) and syringe (7 & 8).
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The basic working mechanism is to transfer motorized linear movement into two
linear pistons. The components of injector are mounted on top an aluminium plate.
A linear actuator, a device that converts the rotational motion of a low voltage DC
motor into linear motion by means of a motor, a gear and a spindle, see figure 3.4.a
(1). produces a linear movement (push and pull). The advantages of electric actuator
over e.g. hydraulic / pneumatic systems are easy installation, pumps or hoses are
unnecessary, therefore takes up much less space. A LINAK® electric linear actuator
24 V DC was used and clamped (element 3 in the figure 3.4.a.) onto the aluminium
baseplate. Next to it a steel rod was installed as guard rail with a relay (4 & 9) which
switches of the machine when the actuator touches it. These relays act as electric fuse
and provide boundary and safety to the motor.

Linear motion provided by actuator is then transferred into two pistons (6) by means
of lever arm (5). These two pistons push the plunger of the syringes (8) which are put
in the holder (7).

The position of these parallel pistons on the base plate can be adjusted in order to
obtain required proportion of the two compound (e.g. epoxy and hardener) healing
agent.

b. The box’; motor controller and data acquisition system

The movement of the linear actuator is controlled by ‘the box’, illustrated in the
figure A.2. This device, see figure 3.5.1., consist of; (i) a custom built electronic
circuit for controlling motor and (ii) NI 6211 Data Acquisition (DAQ) card from
National Instruments for ‘reading sensors input signal and ‘producing output analogue
and digital signal. Technically the hardware processes the sampling signals (&zlo
samples per second) from the physical world; i.e. voltage, and converts it into digital
numeric values that later can be manipulated in the computer. NI 6211 has aggregate
sampling rate of 250 kS/s.

Figure A.2. 'The box' is used to regulate the actuator by sending voltage signal.
Figure (1) shows the interior of the box comprising of powers supply system
and electronic circuit which controls the motor speed. NI 6211 Data Acquisition
is employed to acquire signal from sensors, communicate with PC, and send
digital (0 or 1) output signal used to switch on or off the motor.
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In general the working principle of ‘the box’ can be described briefly based on the
diagram in figure A.3. In the electronic circuit, a power transformer transforms 230
V AC into 24 V DC which then supplied into motor controller coupled with
directional controller — a device with on-off switches. The speed of the motor (M) is
controlled by the voltage signal sent from one analogue output (AO) channel in the
NI 6211 DAQ card. Meanwhile two digital output (DiO) channel form the DAQ
card send digital signal; 0 means motor off (standing still) and 1 means motor on and
run in one direction left (L) or right (R). This motor then produces linear motion
required to push piston and pump the healing agent in the syringe.

On the other hand, LVDT (lnear variable displacement transducer/ transformer) transform
linear motion of the needle-like armature inside the coil into a voltage signal. This
voltage is then amplified and conditioned in the signal conditioner and send into
analogue input (AI) of the card. Pressure sensor converts pressure into voltage
connected to analogue input (Al) of the card. These signals are essential in
determining the crack opening in the concrete and pressure built up in the core. Two
LVDTs and one pressure sensor was used occupying three analogue input channel in

the NI 6211 DAQ.

Motor Directional
Power
controller controller

e

In-house software

NI 6211 DAQ

[ VDT |— TU%—IL

1

1

. 1
Signal Pressure !
I

I

I

| LVDT H conditioner sensor

Figure A.3. Block diagram showing the flow of electronic signal in the system.

¢. The software measurement system

In the signal processing block, NI 6211 DAQ is connected to the computer via
computer bus — USB — with the NI device driver installed allowing the PC to access the
hardware and enable these two devices to communicate with each other. In the PC,
an in-house measurement system application (MP3) is installed having interface
recognizing the card signal with the sampling rate specified at 1 kS/s in order to filter
out noise; i.e. spike in the signal. The system is illustrated in the figure A.4.

153




Appendix 1. Development of antomatic on-off control system

11
Directional | In-house Software (MP3) E
irectiona X

controller ! Channel ]
1! table P o LVDT1  3.824 I
& “awor e Forms+ | !
l—uggnn nIElOIn : i ; b M Numbers E

i | :
Driver | i | Device 3 D‘ Graph E
NI 6211 DAQ NI |77 interface ( \ ;
Al ¥ - :
i i R -
[} A 1]
Signa| i ! Files :
conditioner ' |
O : | 1
Sensors ' Lua Script ]
DAQ side , E_PC side i

Figure A.4. Block diagram showing the communication between data acquisition
(DAQ) system and measurement software where a Lua Script is implemented to ‘read’
signal and ‘decide’ the action according to the predetermined ‘rule’.

Central to the measurement system application (MP3) software is the channel table that
records the signals from every device connected. These records then can be
conveniently converted into forms and numbers, graphs, and spreadsheet files to be
processed later on. In this application the user can define sampling data rate, usually
at the lower rate, independent of the sampling rate from the device. A script, see
tigure 3.7., can be written and embedded in the software requesting it to do specific
tasks and add some functionalities to the MP3 software; e.g. to access hardware, to
generate signal function, etc.

d. The control rule and its implementation

In order to control the injector automatically, a simple (positive) feedback was
implemented creating switching behaviour [242]. The concept is that the system
output maintains its given state as far as input signal crosses a threshold value. Due
to its simplicity, an on-off control was employed described in the equation A.1.

u, —>e>0
U =

u_ —>e<0 (A1)
e=r—y

Where the ¢ is the control error, ris the reference signal and y is the output of the
system, meanwhile # is the command of actuation or action taken. The
representation of an ideal on-off signal with its modification can be seen in the figure
A.5.a-c.
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Figure A.5. Representation of on-off controller input-output feature. Figure (a) shows an ideal
on-off controllers base on equation 3.1, while a modification of dead zone (b) or hysteresis (c)
may also be implemented.

Implementing the switching behaviour, two events are defined for the control rule in
this work, as expressed mathematically by equation A.2 and illustrated in the figure
3.8.d.

(A.2)

0>0<o0<u
1>0>u

Where H is the state of action taken by injector; 0 means machine off and 1 means
machine on into one direction, 8 represent the crack opening of the concrete
structure, and W is the pre-set value (threshold). This expression may be thought as
follows; while the displacement value recorded as crack opening (8) in the channel

table is above zero but less than or equal to certain predetermined value (u), the
script generate state 0. This is translated by DAQ card as 0 into the directional

controller. Or else if the crack signal value in the channel table () is larger than
parameter value, W, the state 1 is generated.

0 Entry / 1 2
s srer;n{zry‘Run’ Avg = (LVDT1+LVDT2)/2
Idle 4 Read average Read pressure |
SIENTE. If Avg > Trigger level — R

Set function generator

press button ‘Stop’

4 3
L. elseif elseif
Finished A End procedure
Exit/ system If Pressure > Pressure
Stop level

Figure A.6. State machine diagram represents the logic allowing the script to generate event-
driven action. The boxes represent the states and state’s number while the arrows represent
the transition from one state to another.

This rule is then translated into embedded computer program. Lua, a scripting
language, was chosen as it is lightweight, fast and embeddable by which it can register
the C/C++ functions in the measurement system application (MP3), allowing the
application to implement some of the switching functionality. The data in the
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application channel table will be passed to the script. In the script, a while-logp run for
every 50 millisecond monitors the records in the channel of LVDT average value.
The script will parse it and do some event-driven specific logics implementing
concept of state machine as depicted in the figure 3.9. Then script will return a state
— a function generator — which trigger machine to pump healing agent.

Some parameters have been defined in the script; such as RunSpeed = the motor
pulling speed (injection), ReturnSpeed = the motor pushing speed (back to initial
postion), Triggl.evell = threshold value of crack opening, Trigglevel2 = threshold
value for pressure build up in the porous core. The decision taken by the system is
carried out in the while-loop. At state 0 the system does nothing at all (idle status).
After the system has been started, the system is in the state 1 and reads the values of
average LVDT signals. Then the system transitions into decision criterion if average
value of LVDTs signal (represents crack opening) is larger than Trigglevell, a
switching function is generated, and system in the state 2. Physically, during the
transition, actuator is in standby position ready to be switched on when the threshold
value achieved.

In the state 2 system reads signal from pressure channel. If the system in transition
detects criterion 2, pressure is larger than Trigglevel2, system enters into state 3 and
exits into state 4 immediately, and the system is stopped. In physical world, the
injector pumps the liquid agents in the syringe.

If criterion 2 is not met, the system runs until it exits in the state 4. In this case
injector will receive voltage generated by function generator in the script until it
reaches mechanical relay connected in the steel rod which acts as a fuse. When linear
actuator reaches it, the machine is switched off. After the process the script then
return the control back to the software (MP3) to be able to perform its regular
function.
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Samenvatting

Samenvatting

De hoge energieconsumptie, haar bijbehorende CO, uitstoot en financi€le verliezen als
gevolg van voortijdig falen zijn de dringende duurzaamheidskwesties die dienen te worden
aangepakt door de betonindustrie werkzaam voor de infrastructuur. Verbetering van
betonmaterialen en duurzaamheid van constructies (het ontwerpen van nieuwe
infrastructurele werken voor langere levensduur) is een oplossing om het dilemma te
overwinnen.

Beton is een pseudo-bros materiaal met eigenschappen die hoog zijn onder druk, maar zwak
onder trekkracht, vandaar dat beton gevoelig is voor het ontstaan van scheuren. In het geval
dat een continu netwerk van scheuren wordt gevormd, wordt de permeabiliteit van beton
verhoogd en kunnen de wapeningsstaven worden blootgesteld aan de omringende atmosfeer.
Deze opening biedt een eenvoudige manier voor agressieve stoffen om het beton binnen te
dringen en de wapeningsstaaf te bereiken, die kan beginnen te corroderen. Daarnaast kunnen
scheuren de dichtheid van kerende constructies bedreigen, bijvoorbeeld tankwanden van
waterhoudende constructies, aquaducten, ondergrondse ruimtes, tunnels, enz., die op trek
belast worden. In deze gevallen kunnen scheuren de stroming van vloeistoffen of gas
vergemakkelijken naar en vanuit de constructies, wat de bruikbaarheid aanzienlijk verandert,
leidt tot een ongezond milieu binnenin een constructie, en de functionaliteit reduceert. In het
geval dat de container of het reservoir afval bevat, zeer giftige stoffen of radioactieve stoffen,
is lekkage door het beton catastrofaal en onaanvaardbaar.

Een veelbelovend concept om nieuwe betonnen constructies te ontwerpen voor het bebalen van hogere
dnnrzaamhbeid is het inbouwen van zelfherstellende mechanismen uit de natuur in de
cementgebonden materialen of het betonnen constructiedeel. Als onvermijdelijke scheuren
als gevolg van intrinsieke brosheid in beton vanzelf gedicht/genezen/hersteld kunnen
worden, kan beton zeker langer meegaan en meer duurzaam zijn, zowel op het gebied van
levensduur als ecologisch.

Over het algemeen, in een poging om technische problemen op te lossen, kan men (altijd)
inspiratie zocken uit de biologie (natuur). Hoewel het lenen van ideeén uit de natuur om
onze leefomgeving te verbeteren zo oud is als de mensheid, maakt de postindustriéle
technische inzichten het proces meer systematisch en weloverwogen, en maakt daarom
gebruik van biomimicry om problemen op te lossen en innovatie te inspireren.

In het gebied van de biologie, zijn er verscheidene wond genezende mechanismen te vinden
in de natuur: genezing van gesneden huid en botbreuk in mens en dier, en de reactie van
planten op verwonding. Het huidige werk is geinspireerd door studies op bot van
hedendaagse zoogdieren en vogels en hun herstellende mechanisme. Twee van de
toepasselijke principes die constructief kunnen zijn, zijn geidentificeerd; (1) botmorfologie dat
bestaat uit corticaal (vast) bot en trabeculair (sponsachtig) bot en (2) een Zerugkoppelmechanisme
zijn aanwezig in het remodelleer- en genezingsproces.

Deze twee principes vormden de basis voor de ontwikkeling van een (zelf-)herstellend
betonmateriaal en voor een methode voor (zelf-)herstel met herstellende middelen. Het idee
hierachter is dat corticaal bot kan worden nagebootst met massief beton en trabeculair bot
kan worden geimiteerd door poreus beton. De combinatie van de twee types van beton lijkt
op Poreus Netwerk Beton, een botachtig beton in staat is om zichzelf te herstellen door het
mechanisme van de terugkoppeling. Dit zijn de punten behandeld in hoofdstuk 1, waarin het
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succesverhaal van beton in het dienen van een samenleving en beschaving voor duizenden
jaten, de huidige uitdaging om modern beton duurzamer te maken, en de bio-geinspireerde
oplossing van zelf-herstellend beton verkend worden.

Poreus Netwerk Beton (PNB) is een hybride systeem waarbij zeer permeabel poreus beton is
ingebed in het inwendige of uitwendige van beton van normale dichtheid. De kern van
poreus netwerk vormt een alternatieve manier voor het [1] transporteren van tijdelijke of
permanente materialen om een dichte laag te vormen in een latere fase en [2] verspreiden van
herstellend middel van het punt van injectie tot de scheuren in het betonnen hoofdlichaam.
In hoofdstuk 2 wordt het concept van PNB uitgewerkt door het opzetten van criteria en
gerealiseerd door het creéren van een fabricage procedure. Het productieproces — bet maken
van het PNC — volgt de huidige standaard voor zowel het hootd als poreuze onderdeel en een
ingewikkelde fabricage procedure is niet nodig. PNB karakterisering werd uitgevoerd om zijn
portie en mechanische eigenschappen te bestuderen.

Het autonome herstelmechanisme in het PNB is ontworpen door het opnemen van het
terugkoppelingsmechanisme; zodra een bepaalde scheurwijdte wordt gedetecteerd, vindt een
actie voor herstel plaats. Om het concept aan te tonen is, in hoofdstuk 3, een eenvoudige en
intuitieve benadering uitgevoerd om een terugkoppelingssysteem voor het zelf-herstellende
mechanisme in PNB te ontwerpen. Wanneer een betonconstructie belasting opvangt en
interne spanningen opbouwt, buigt, scheurt en vervormt het. Zodra de scheurmondopening
een bepaalde voorgeschreven waarde bereikt wordt het herstellende middel automatisch
geinjecteerd. Het voorgestelde werkingsprincipe is geverifieerd door mechanische en lekkage
(permeabiliteit, infiltratie) testen.

Het verhardingsproces van het zelf-herstellend middel is belangrijk en zelfs cruciaal voor het
succes van de ontworpen herstelstrategie en het mechanisme. In plaats van het ontwikkelen
van nieuw herstellend middel en onderzoek naar zijn gedrag, heeft deze huidige studie als
doel om de effectiviteit en efficiéntie te onderzoeken van het herstelproces in het PNB met
verschillende soorten van middelen. Drie groepen van herstellende middelen worden
vervolgens bestudeerd en hun herstellende efficiéntie getest door lekkage en mechanische
testen.

Het eerste type herstellend middel is een- en tweecomponenten chemisch product, dat
meestal werkt door middel van polycondensatie of crosslink polymerisatie bij contact met de
atmosfeer, betonmatrix of tussen de reactieccomponenten. In dit geval wordt epoxyhars
gebruikt. Het sweede gebruikte herstelmiddel is speciemateriaal gemaakt van een
cementgebonden poedermengsel. Cementgebonden speciemateriaal kan worden gezien als
het herstellende middel voor betonconstructies, omdat het functioneert als een
scheurafdichtingsmiddel en vulstof voor de leegtes met als doelstelling constructieve
integriteit te herstellen. Het gebruik en de herstelprestaties van PNB door beide
herstelmiddelen wordt besproken in hoofdstuk 4.

Het derde middel is een op bacterién gebaseerd reparatievloeistof. Het bevat alkalifiele
bacterién die in staat zijn om bio-mineralisatie te vergemakkelijken, voedingsstoffen en
transportoplossing. Het werd oorspronkelijk  ontwikkeld als een bio-gebaseerd
reparatiemiddel voor gescheurd beton. Dit wordt besproken in hoofdstuk 5.

Er is in dit proefschrift aangetoond dat het Poreuze Netwerk Beton een goede kans heeft om
betonnen bouwelementen zelf-herstellend te maken. Dit is het afsluitende punt
gepresenteerd in het laatste hoofdstuk. Een aantal aanbevelingen om het werk te verbeteren
worden gepresenteerd, zoals; modelleerwerk, grotere en realistische experimentele series en
verbeterde schadewaarneming.
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Konsumsi energi dalam jumlah tinggi, emisi CO2 dan kerugian finansial akibat kegagalan
bangunan sebelum akhir usia layan adalah masalah-masalah sustainabilitas yang harus di hadapi
dan tangani oleh industri konstruksi beton masa kini. Pengembangan kualitas material dan
durabilitas struktur beton (perancangan struktur dengan usian layan yang lebih lama) adalah
salah satu jawaban untuk mengatasi dilemma ini.

Beton adalah material semi-getas (guasi-brittle) yang memiliki sifat unik; kuat menerima
tegangan tekan dan lemah menahan tegangan tarik. Sebagai akibatnya beton mudah retak.
Ketika retakan membentuk jejaring yang berkesinambungan, permebilitas beton akan
meningkat dan tulangan beton menjadi terbuka terhadap pengaruh atmosfer luar. Retakan
seperti ini menjadi jalan yang mudah bagi cairan agresif untuk masuk dan menyebabkan
proses korosi pada tulangan. Retakan juga menurunkan kekedapan konstruksi beton
penahan, semisal dinding tangki penampung cairan, talang air, ruang bawah tanah,
terowongan, dsb., yang menerima gaya tarik. Dalam kasus seperti ini, fluida — cair atau gas —
dapat berpindah masuk atau keluar. Hal ini akan mengurangi tingkat layanan bangunan,
membuat lingkungan menjadi tidak sehat dan mengganggu fungsi struktur. Pada kasus
tampungan limbah cair beracun dan material radioaktif, kebocoran akibat retakan beton akan
berdampak bencana buruk yang sulit dapat diterima.

Konsep terkini yang cukup menjanjikan dalam perancangan struktur beton baru agar
memiliki keawetan tinggi adalah integrasi mekanisme se/f-bealing yang biasa ditemukan di alam
kedalam material atau struktur beton. Jika retakan beton — yang memang tak dapat dihindari
karena sifat alami beton yang getas — dapat ‘disembuhkan oleh dirinya senditi’ (se/f-healing,),
beton tentu akan lebih awet, mampu memberikan usia layan yang lebih lama, dan
berkelanjutan (sustainable).

Untuk memecahkan masalah rekayasa seperti ini, seseorang insinyur dapat menggali gagasan
(inspirasi) dari ilmu hayati (biologi), atau secara umum, dari alam. Sekalipun proses
mengambil ide dari alam untuk mengembangkan perkakas, peralatan, perikehidupan, dan
lingkungan hidup manusiawi sudah setua usia manusia itu sendiri, kehadiran teknik rekayasa
pasca revolusi industri membuat proses tersebut menjadi lebih sistematis. Proses tersebut
seringkali disengaja dengan memanfaatkan big-mimicry untuk memecahkan masalah dan
mendorong pembaruan (inovasi).

Di alam (ranah ilmu hayati) dapat ditemukan beberapa contoh proses penyembuhan luka;
semisal kulit yang tersayat, patah/retak tulang pada manusia dan hewan, dan getah yang
keluar dari kulit pohon yang terkelupas. Tesis ini mengambil inspirasi dari bentuk tulang
mamalia dan burung modern dan proses penyembuhannya. Dari proses abstraksi terhadap
tulang diperoleh dua prinsip yang dianggap tepat guna yakni: [1] morfologi tulang yang terdiri
dari bagian padat (cortical) dan bagian berpoti (frabecnlar), dan [2] proses umpan-balik yang
terjadi dalam proses remodelling dan penyembuhan patah tulang.

Dua prinsip ini membentuk dasar bagi pengembangan ide beton yang ‘dapat menyembubkan’
retaknya sendiri dan metode ‘penyembubannya’ (perbaikannya). Ide dibalik konsep ini adalah:
bagian tulang cortical ditiru dengan beton normal (padat) dan tulang frabecular ditiru dengan beton
porous. Kombinasi kedua tipe beton ini membentuk Porous Network Concrefe; beton yang
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menyerupai formasi tulang dan mampu memperbaikin diri secara otomatis dengan
mekanisme umpan-balik. Topik ini dikaji secara lebih dalam pada bab 1. Bab ini juga
mengeksplorasi kisah sukses beton sepanjang peradaban manusia ribuan tahun, tantangan
untuk membuat beton modern lebih awet, dan solusi bio-inspiratif se/f-healing concrete.

Porous Network Concrete (PNC) adalah sistem Aibrida dimana beton porous dengan
permeabilitas tinggi ditanam pada bagian dalam (interior) atau bagian permukaan (exterior)
beton normal yang menjadi struktur utama. Inti yang berpori-pori ini berfungsi menjadi
sarana: [1] menyalurkan material sementara atau permanen untuk membentuk lapisan padat
pada tahapan berikut di usia layan beton, dan [2] mendistibusikan material perbaikan beton
dari titik injeksi ke retakan pada struktur utama beton. Pada bab 2, konsep PNC
diejawantahkan dengan pertama-tama menetapkan syarat-syarat keberhasilan dan menyusun
tata cara pembuatan PNC. Proses produksi PNC dikerjakan mengikuti bakuan (peraturan)
yang berlaku saat ini. Prosedur yang dihasilkan dalam bab ini tidak rumit dan dapat
dikerjakan dengan peralatan membuat beton yang umum digunakan. Selanjutnya, kajian
material PNC dilakukan dengan mempelajati sifat-sifat pori dan mekaniknya.

Mekanisme perbaikan PNC secara otonom (otomatis) dirancang dengan menggunakan
konsep umpan balik; setelah lebar retakan diketahui dari sensor, informasi ini
diumpanbalikkan untuk aksi ‘penyembuhan’. Bab 3 membahas konsep dan desain purwarupa
PNC. Konsep rancangan dapat digambarkan sebagai berikut; ketika struktur beton menerima
beban, pada stuktur akan terjadi lendutan dan deformasi. Jika deformasi lebih besar dari
kekuatan material, maka beton akan retak. Ketika lebar mulut retakan yang diindera oleh
sensor mencapal nilai tertentu yang telah ditetapkan, material perbaikan disuntikkan secara
otomatis. Verifikasi dengan uji mekanik dan uji kebocoran (permeabilitas, infiltrasi) dibahas
lebih lanjut dalam bab ini.

Proses pemadatan material perbaikan (healing agent) amatlah penting untuk keberhasilan
strategi dan mekanisme se/f-healing yang dirancang. Tesis ini tidak berusaha mengembangkan
material perbaikan baru dan meneliti perilakunya, melainkan menilai efektivitas dan efisiensi
proses ‘penyembuhan’ (perbaikan) PNC menggunakan beberapa jenis material perbaikan
yang berbeda. Tiga kelompok material (dua tersedia di pasaran dan satu larutan
dikembangkan oleh Wiktor dan Jonkers) dikaji dan diuji efisiensinya.

Jenis pertama adalah material kimiawi dengan komponen tunggal atau ganda yang bekerja
dengan cara poli-kondensasi atau polimerisasi saat terpapar udara, beton atau dengan pelarut
lain. Tesis ini menggunakan epoxy resin. Jenis material perbaikan kedua adalah material grout
yang terdiri dari campuran partikel semen dan air yang mudah diinjeksikan karena cair. Jenis
material seperti ini dapat dijadikan healing agent struktur beton karena saat ini digunakan dalam
konstruksi dan berfungsi sebagai penutup retakan dan pengisi rongga untuk
mempertahankan integritas struktur. Penggunaan kedua jenis material dan bagaimana
kinerjanya dalam perbaikan PNC dikaji pada Bab 4.

Material perbaikan ketiga adalah larutan berbasis bakteri. Larutan ini mengandung kombinasi:
(1) bakteri alkaliphilic (dapat hidup di kondisi basa) yang mampu membantu proses bio-
mineralisasi, (2) nutrien untuk bakteri, dan (3) larutan penghantar. Larutan ini dikembangkan
pada awalnya untuk material perbaikan struktur beton eksiting yang telah retak. Bab 5
mendiskusikan aspek-aspek kinerja larutan ini pada proses ‘penyembuban’ PNC.

Secara umum, tesis ini mendemonstrasikan bahwa Porous Network Concrete memiliki prospek
yang baik untuk membuat struktur beton mampu ‘menyembuhkan retaknya sendiri’. Ini
adalah kesimpulan yang disajikan pada Bab akhir. Beberapa rekomendasi dibahas pula dalam
bab ini antara lain; pemodelan optimasi sistem dengan komputer, uji eksperimental yang
lebih realistis, dan penginderaan kerusakan yang lebih baik.
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