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SELF-HEALING OF HIGH-PERFORMANCE FIBRE-REINFORCED
CEMENTITIOUS COMPOSITES

SUMMARY

Cracks in the concrete have many negative effects on durability and mechanical
properties. Shrinkage and freezing-thawing can be mentioned as some reasons of
cracks. They may cause loss of performance and decrease service life of concrete.
Preventing cracks is important especially for watertight structures and for prolonging
the service life. Many researchers have searched self-healing in recent years and it
has become a common method for preventing cracks and recovery of strength and
durability properties of concrete. Self-healing of concrete increases the service life of
structures and durability properties of concrete structures. However self-healing of
concrete is an economic and ecologic solution. The mechanism of self-healing
mostly depends on continued hydration and formation of calcites in the cracks with
the presence of water.

The self-healing of high performance fiber reinforced concrete was investigated in
this study. Four layered textile reinforced concrete specimens were chosen as high
performance fiber reinforced concrete. Two concrete mixtures were designed for
production of specimens. The binder in the first mixture was pure Portland cement
(CEM 1) and in the second mixture the binders were CEM III, fly ash and silica
fume. Super absorbent polymers were added to the first composition as the third
mixture group to observe the effect of super absorbent polymers to self-healing.
Specimens were cast as rectangular prisms with the dimensions of 500x100x14 mm.
After demoulding they were wrapped in plastic foil and kept in the climate room for
28 days. Tensile test was chosen for controlled pre-cracking, the displacement ratio
was 3mm/m. After pre-cracking specimens were exposed to different curing
conditions and durations for 2 and 4 weeks. Two types of wet-dry cycles were
chosen to simulate the outdoor environment conditions. Specimens were exposed to
air, water, wet-dry cycle-1 (water curing during 1 hour then laboratory climate during
23 hours) and wet-dry-I1 (water curing during 1 hour then laboratory climate during
71 hours). The curing durations were 2 and 4 weeks. Mechanical tests and
microscopic analysis were done for observing self-healing. Uniaxial tensile test,
optical microscope analysis, thin sections analysis, scanning electron microscopy,
EDX analysis and MIP tests were performed in the study. It can be concluded that
self-healing products, which were attached to cracks after water and wet-dry
exposures, are leading to recovery of mechanical performance. Air curing showed no
self-healing in all groups. Longer curing is increasing mechanical healing
performance for water curing and wet-dry cycling. Specimens that were produced
with CEM | cement and cured for longer time showed the best self-healing behavior
because of unhydrated cement left after hydration. Addition of SAP materials
supported further hydration and showed positive mechanical effect for less time wet-
dry cycle. Presence of water in the crack is the most important factor for self-healing.
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However, the healing capacity for pure Portland cement was the highest. Newly
formed self-healing products in the cracks were mostly combination of C-S-H phases

and calcites. Denser structures were observed after self-healing exposures in MIP

tests.
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YUKSEK PERFORMANSLI FIiBER DONATILI CIMENTO ESASLI
KOMPOZITLERIN KENDI KENDINI IYILESTIRMESI

OZET

Beton yapiminin kolay ve ucuz olmasmin yaninda istenen yapi malzemesi
Ozelliklerini de karsilayabilmesi sonucu diinyada en ¢ok kullanilan yap1 malzemesi
olmustur. Son yillarda beton teknolojisinde 6nemli gelismeler yaganmistir. Betonun
mekanik o6zelliklerinin gelismis olmasma ragmen diirabilete betonda en 6nemli
problemlerden biri olmaya devam etmektedir. Betonda son yillarda mukavemete
gore tasarimdan ¢ok diirabiliteye gore tasarim 6nem kazanmaistir.

Yapilan tanimlamalara gére malzemeler ¢evresel tepki verebilme yeteneklerine gore
3 ana gruba ayrilmiglardir. En biiyiik grupta yer alan temel malzemeler ¢evrelerinde
olusan degisikliklere herhangi bir cevap veremezler. Buna ters olarak sekil hafizasina
sahip malzemeler veya sicakliga tepki veren polimerler gibi akilli malzemeler
cevrelerindeki degisimlere faydasal birtakim tepkiler verebilirler. Bunlara ek olarak,
en list grupta yer alan yetenekli ve akilli malzemeler ¢evrelerinde olusan birtakim
degisiklerden kaynakli verileri isleyebilir ve olusan bu degisiklige tepki verebilirler.
Deri ve kemik gibi organik maddeler bu grupta yer almasina karsin benzer
maddelerin insanlar tarafindan yapim arastirmalari ise heniiz ¢ok baslardadir. Ayni
fikirlerden hareketle betondaki c¢atlaklarin betonun mekanik oOzelliklerine ve
durabilitesine pek ¢ok negatif etkisi oldugu bilinmektedir. Rotre ve donma-¢oziilme
gibi bazi olaylar catlaklarin olusma sebepleri arasinda gosterilebilir. Catlaklar
betonda performans diisiikliigiine ve betonun servis Omriiniin azalmasina neden
olabilir. Catlaklarin engellenmesi yapilarin servis dmriiniin uzamasini saglamakta ve
Ozellikle su gecirimsiz yapilarda biiyiikk O6nem arzetmektedir. Herhangi bir
malzemenin kendi kendini iyilestirmesi genelde malzemede herhangi bir sebeple
olusan kusurlarin kaldirilmas1 ve iyilestirilmesi olarak tanimlanir. Birgok arastirmaci
son yillarda betonun kendi kendini iyilestirmesi konusunda arastirma yapmaktadir.
Betonun kendi kendini iyilestirmesi yontemi ¢atlaklarin engellenmesi ve mekanik ve
durabilite ozelliklerinin geri kazandirilmasi konusunda bilinen bir metod haline
gelmistir. Betonun kendi kendini iyilestirmesi yapilarin servis dmriinii uzattigi gibi
durabilite 6zelliklerini de iyilestirmektedir. Boylece yapilarin tamir masraflarinin ve
yeni yap1 ve hammadde ihtiyag¢larinin azaltilmasi bakimindan bu metod ekonomik ve
cevreci bir ¢ozlim olusturmaktadir. Betonun kendi kendini iyilestirmesi mekanizmasi
cogunlukla catlak boyunca suyun mevcudiyetiyle beton igerisinde hidrate olmamis
¢imentonun hidrate olmasma ve kalsit olusumuna dayanmaktadir. Catlaklar bazi
durumlarda diirabilite ozellikleri i¢in problem olusturmaktadir.Catlaklarin sadece
kapanmasinin yeterli oldugu durumlarda catlak kapanmasindan bahsedilebilir. Diger
durumlarda ise, betonun mekanik 6zelliklerini geri kazanmasi betonun kendi kendini
lyilestirmesi olarak tanimlanir. Betonun kendi kendini iyilestirmesi eger beton
karigtmina giren malzemelerin ¢esitli kimyasal ve fiziksel olaylar1 sonucu
gerceklesiyorsa otojenik; eger recine dolgulu kirilgan lifler gibi miihendislik
malzemelerinin disaridan eklenmesiyle olusuyorsa otonomik kendi kendini
tyilestirme adini alir.

Bu c¢alismada vyiiksek performanshi fiber donatili betonlarin kendi kendini
lyilestirmesi arastirilmistir. Bu tez calismasinda 4 tabakali karbon tekstil donatili
betonlar yiiksek performansh fiber donatili beton olarak secilmistir. Numune iiretimi
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igin iki farkli beton karigimi kullanilmistir. Birinci grup beton karisiminda baglayici
malzeme olarak CEM I ¢imentosu ikinci grup beton karisiminda ise CEM 111, ugucu
kiil ve silis dumanmi kullanilmistir. Ugiincii grup karisimlarda ise siiper absorban (su
emici) polimerlerin betonun kendi kendini iyilestirmesine etkisinin incelenmesi igin
s0z konusu polimerler birinci grup beton karisimi ile aym igerige sahip olan
karisimlar tiretilmistir. Caligmada yuvarlak sekilli dogal kumun yaninda 0,06-0,2 mm
boyutlara sahip farkli bir ¢esit kuvars kumu ve silis kumundan iiretilmis ince kum
agrega olarak kullanilmistir. Kivam kontrolii i¢in karigimlarda 1,2 kg/lt 6zgiil
agirlikli  naftalin siilfonat esashh akiskanlastirict katki  kullanilmistir. Deney
numuneleri 500x100x14 mm boyutlara sahip dikdortgen prizmalardir. Numuneler
kaliptan alindiktan sonra plastik folyolar ile kaplanmis ve laboratuvar sartlarinda 28
giin bekletilmislerdir. Sonrasinda numunelerde kontrollii ¢atlaklarin saglanmasi igin
eksenel ¢ekme testi 3mm/m deformasyon kontrollii olarak gergeklestirilmistir.
Calismanin ilk kisminda numuneler laboratuar sartlarinda birakilma, su igerisinde
birakilma ve 1slanma-kuruma ¢evrimine 2 hafta boyunca tabi tutulmuslardir. Bununla
birlikte ¢alismanin ikinci kisminda, iki gesit 1slanma kuruma c¢evrimi s6z konusu
betonlarin karsilasacabilecegi cevresel kosullar1 temsil etmektedir. Calismanin bu
kisminda numuneler laboratuvar kosullarinda bekletilme, su igerisinde bekletilme,
1slanma kuruma ¢evrimi-lI (numunelerin 1 saatlik su kiiriiniin ardindan laboratuvar
sartlarinda 23 saat bekletilmesi) ve 1slanma kuruma ¢evrimi-Il (numunelerin 1 saatlik
su kiiriiniin ardindan laboratuvar sartlarinda 71 saat bekletilmesi) kiir kosullarina
maruz birakilmistir. Numuneler bu kiir kosullarinda 2 ve 4 hafta kiirlenmistir.
Betonun kendi kendini iyilestirmesinin gozlemlenmesi amaciyla calismanin ilk
kismanda sadece mekanik testler, ikinci kisminda ise mekanik testlerin yaninda
mikroskobik analizler de yapilmistir. Bu amagla ¢alismada eksenel g¢ekme testleri,
optik mikroskop analizleri, taramal1 electron mikroskobu ¢alismalari, EDX analizleri
ve civalt porozimetre testleri (MIP) yiiriitiilmiistiir. Calismada ulasilan sonuglar sdyle
Ozetlenebilir: Betonun kendi kendini iyilestirmesi sonucu c¢atlaklarda olusan
maddeler su kiirli ve 1slanma kuruma c¢evrimleri sonucu olusmustur ve bu maddeler
betonun mekanik ozelliklerini geri kazanmasinda etkili olmuglardir. Laboratuvar
sartlarina maruz birakilan numunelerde herhangi bir kendi kendini iyilestirme
aktivitesi goriilmemistir. Daha uzun siireli su kiirii ve 1slanma kuruma g¢evrimleri,
numunelerin mekanik 6zelliklerinin geri kazanilmasinda kisa sureli kiir ve ¢evrimlere
gore daha etkili olmustur. Baglayici malzemesi CEM 1 ¢imentosu olup 4 hafta
boyunca su kiirli ve 1slanma kuruma g¢evrimine maruz birakilan numuneler en iyi
kendi kendini iyilestirme 6zelligini gostermislerdir. Numunelerde bulunan catlaklar
igerisinde su varhigi ile devam eden c¢imento hidratasyonu bunun en Onemli
nedenidir. Siiper absorban polimerlerin beton karisimina eklenmesi catlaklarda kiir
sonucu devam eden hidratasyonu desteklemesinin yaninda daha az sayidaki 1slanma
kuruma ¢evrimlerinde betonun mekanik ozelliklerinin geri kazanilmasinda etkili
olmustur. Betonda olusan ¢atlaklarda suyun bulunmasi betonun kendini iyilestirmesi
icin en Onemli faktordiir. Ciinkii betonun kendi kendini iyilestirmesinde ve
catlaklarin kapatilmasinda gerekli kimyasal reaksiyonlar ve ince malzemelerin
tasinmast su ile miimkiin olabilmektedir. Tiim ¢imento baglayicili karisimlarda
reaksiyona girmemis ¢imentonun hidratasyonu mevcuttur ve puzolanik
reaksiyonlarin betonun kendini iyilestirmesini destekledigi goriilmiistiir. Bunun
yaninda sadece Portland c¢imentosunun kullanildig1 karigimlarin kendi kendini
iyilestirme kapasitesi en yiiksektir. Betonun kendini iyilestirmesi sonucu ¢atlaklarda
olusan maddeler SEM fotograflarindan tam olarak ayirt edilememesinin yaninda
EDX analizleri ile yapilan eslestirmelere gore genellikle C-S-H faz1 ve kalsittir.
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Civali porozimetre testinde ise tiim kiir kosullarinda ¢atlaklarda olusan yeni
maddelerin numunelerin genel yapisini pozitif etkiledigi goriilmiistiir. Bunun yaninda
kiir uygulanmis numunelerin kiir uygulanmamis numunelere gore daha kiigiik bosluk
boyutu dagilimima ve daha yogun bir i¢ yapiya sahip oldugu gozlemlenmistir.
Yapilan ¢alismalarin genel degerlendirilmesinde ise betonun catlaklarin1 kapatmasi
ve kendi kendini iyilestirmesi ortamda su ve yeterli miktarda hidrate olmamis
¢imentonun bulundugu durumlarda agikca gozlemlendigi sonucuna varilmistir.
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1. INTRODUCTION

Concrete is the most widely-used construction material in the world because of its
easy and cheap production and desirable material properties as well. In the last years
there have been great developments in concrete technology. The mechanical
properties of concrete have been improving, on the other hand; durability is the main
problem of concrete. Nowadays, it is more important to design concrete according to

durability instead of strength properties.

Durability is very important to fulfill the service life of concrete structures. Cracks,
which can be caused by loading, shrinkage etc., may reduce the durability of
concrete structures. Methods for preventing cracks like self-healing are important to
increase the durability and service life of concrete. A relatively longer service life of
concrete will reduce the demand for new structures and repair costs as well. This also
procures reduction in using of raw materials, pollution, energy consumption and CO,

production deviously.

Self-healing which is generally defined as the ability to remove or heal the damage
of materials. For concrete structures, the phenomenon is mostly preventing cracks
with newly formed matters in cracks. Self-healing of concrete increases the
durability and service life. It generally depends on further hydration of unreacted
cement in concrete and calcium carbonate crystallization. Self-healing phenomena
seems to be an economic and ecologic method due to the reasons like CO, production

as mentioned before.

1.1 Purpose of Thesis

In this thesis self-healing of 3 different concrete mixtures was investigated. These
two groups are concrete mixtures which were produced with CEM | cement and
CEM 11l cement and pozzolanas as binders. The last group has the same mixture as
the first group but in addition; super absorbent polymers (SAP) were used in these

mixtures as well. Specimens were pre-cracked then uni-axial tensile tests and



microscopic investigations were done before and after various curing conditions for
self-healing. The curing conditions are exposure in air, water and two different wet-
dry cycles for different time periods. However, microscopic investigations in this
study are consisted of electron scanning microscopy (ESM), optical microscopy,

mercury intrusion porozimeter test and energy dispersive X-ray (EDX) analysis.

1.2 Literature Review

1.2.1 Self-Healing phenomena

Engineering materials is basically depends on the idea [1] that one way to make
strong and stiff materials is assembling as many atoms with a high bond strength to
neighbouring atoms in as small as possible. According to this idea, diamond is the
stiffest and possibly the strongest material because of its densely packed small

carbon atoms and each having high-covalent bonds.

Strength is the ability of a material to sustain high load without disintegrating and
forming new surfaces [2]. Loads may cause permanent or plastic deformation due to
displacements of atoms. Such displacements may also cause high internal defects
then cracks and finally loosing function of materials. Damage prevention is the
concept for stronger material design which is based on microstructures that oppose
the formation or extension of micro-cracks. An alternative concept which forms the
basis of the self-healing materials is damage management. In this paradigm
formation of damage is not problematic as long as it is counteracted by removing or
healing of damage. The final performance of self-healing material depends on rate of
damage versus rate of healing of damage. The empty space of the defects has to be
filled with new matter for self-healing materials however a healing trigger is also a

must for beginning of self-healing process [2].

1.2.1.1 Why self-healing in cement based materials?

Concrete is the most widely used construction material in the world. Concrete is a
quasi-brittle material, strong in compression but relatively weak in tension. The
production of 1 ton cement produces approximately 1 ton of CO, Considering
annually worldwide usage of cement is 2.35x10° tons, it is that estimated that 5-7%
of total CO, production is because of cement production [2]. Service life of a
concrete structure is the necessary time for the fulfilment of performance of the
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structure; however the performance is the ability to meet the requirements of owners,
all authorities and users of the structure [3]. Different types of service life definitions
are used depending of the type of construction. According to DuraCrete [4] three

different service life are defined as follows:
a) The technical service life is the service life time till the damages are acceptable.

b) The functional service life of the structure is the service life that functional

performance of the construction meets the needs of all related parties and owners.

c¢) The economic service life is the service life till using reinforced concrete structure
for another purpose instead of current state. According to standard EN 1991-1 [5]

classification of aimed service life can be given below:

Table 1.1 : Classification of aimed service life [5].

Class Target Service Examole
Life (years) P
1 1-5 Temporary structures
Interchangeable concrete elements like
2 25 : .
roof truss and railway ties
3 50 Buildings and other general

constructions
100 Monumental structures, bridges and

4 o N .
other civil engineering constructions

A relatively long service life of concrete structures is going to reduce the demand for
new structures. Long service life of structures will provide significant economic and
environmental contributions. This situation will also be beneficial for using fewer
raw materials, reduction in pollution, energy consumption and total CO, production
in the world. Some statistics show that enormous amounts of money are being spent
due to the lack of quality and durability of concrete structures. In the USA
reconstruction of bridges has been estimated between $20 billion and $200 billion
and average annual maintenance cost for bridges is estimated at $5.2 billion [6]. In
the Netherlands approximately 33% of annual budget for large civil engineering
works is spent for inspection, monitoring, maintenance, upgrading and repair. In the
UK over 45% of the annual expenditure on construction is for repair and

maintenance costs [7].

These examples of costs above show that service life of a concrete structure is an

important issue to search. In the following figure, relationship between performance
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of structures and elapsed time is presented. For normal quality structures mostly two
or more repairs are needed during the service life of concrete structure. With an
initial higher cost, high quality structures need mostly one repair or less than normal
quality concrete structures. As seen in figure (1.1.b) after two or more repairs general
maintenance and repair costs are higher than high quality structures at the end of
service life. Curve (1.1.c) schematically shows the performance of a structure with
self-repairing materials will regain initial level of performance after occurring and
healing process of cracks and such deformations. By using such kind of materials,
maintenance and repair costs will be nearly at the same level during all service life of

self-healing concrete structure [8].
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Figure 1.1 : Performance (a) and costs (b) with elapse of time for normal
and high quality structures. Performance (c) and cost (d) of a
structure made with self-healing material (concrete) with elapse of
time. [8].

1.2.1.2 Intelligence levels of materials

In the RILEM report materials are categorized into 3 groups based on different levels
of intelligence as seen in the following figure [2]. The biggest group of materials
called ‘basic materials’ has no response to changes in surrounding environment.
Contrarily, smart materials like piezoelectric materials, shape memory materials and
temperature-responsive polymers are engineered materials that are able to give a
beneficial response to some changes in their environments. Moreover, the highest

level is intelligent materials. It is defined intelligent materials as "materials which
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incorporate the notion of information as well as physical index such as strength and
durability” [9]. Intelligent materials can get the information, process the information
and react to change in the surround. Similar behaviours exhibited by natural
materials like skin and bones and the man-made intelligent materials are still at the

early stage of investigation.

Intelligent

Smart

Basic

Figure 1.2 : Hierarchy of materials based on different levels of intelligence [2].
1.2.2 Definitions of self-healing

Mechanism of the self-healing in concrete is usually defined with further hydration
of unreacted cement, expansion of concrete in the cracks (swelling of C-S-H),
calcium carbonate crystallization, closing of cracks by solid matter in the water and
closing of cracks by concrete particles resulting from crack spelling [10]. However,
in the RILEM state of art report about self-healing, this phenomena in cement based
materials addressed the difference between crack closure and restoring initial
mechanical properties. In some cases cracks are problematic for durability reasons
and simply leakage and crack closure would be sufficient. This situation is called as
self-closing. However in other cases restoring mechanical properties would be

possible with self-healing [2].

Autogenic process is defined for the situations when self-healing or self-closing is a
result of processes involving the original materials components and these
components have not been intentionally introduced to initiate self-healing or self-
closing. On the other hand when closing or healing process is due to engineered
additions like resins contained brittle fibers or immobilized microorganisms the
process termed ‘autonomic’ [2]. The following table will give brief information

about these terms.



Table 1.2 : Definitions of self-healing terms [2].

Process Self-closing Self-healing
Autogenic Own generic material closes Own generic mat_erlal restore
cracks properties
. Engineered additions close Engineered additions restore
Autonomic .
cracks properties

1.2.2.1 Self-closing

Self-closing is one the mechanism of reducing the width of the cracks in concrete. It
Is the expression for the fact that width of a through-crack diminishes with the time
[2]. There are three main causes of self-closing in concrete as seen in the following
figure [11].

Physical cause Chemical causes ; Mechanical causes

Fine particles:

Calcium zarbonate
formation

1
Broken of from | Originally in
fracture surface | the water

Swelling

|
i
i
|
i Continued
| hydration

- =

Figure 1.3 : Different causes of autogenic self-closing [11].

In the physical cause, swelling occurs when water is absorbed by hydrated cement
paste and reaches the space between the constituents of hydrated cement paste. The

effect swelling is reduction of the fluid flow is less than 10% [2].

One of the chemical causes of self-closing is continued hydration of cement in the
concrete. These new reaction products grow into the free space of the crack but the
continued hydration of cement cannot be responsible for a complete self-closing. The
second chemical process is the formation calcium carbonate and growth of these
crystals on the crack faces. According to this chemical process, calcium ions from
the pore water of concrete (Ca 2%) react with the carbonate ions of the water in the

crack (CO3%) and combine CaCO;to which precipitates in the crack. In a study, it is
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shown that this mechanism is by far the most important contribution to self-closing
[12].

The mechanical effects have minor importance than the other effects. In this type of
self-closing fine particles, broken from fracture surface or already present in water,

may reduce the crack width [2].

Concrete is a compound of matrix and aggregates and when the cement hydrates
calcium silicate hydrates (C-S-H), aluminates and calcium hydroxide are formed. In
addition, calcium hydroxide is soluble in water and it is necessary for the formation
of calcium carbonate in the cracks. In composite cements, a part of calcium
hydroxide is used for the formation of hydration products by the second constituent
like fly ash and pozzolanas. Mostly pozzolanas use calcium hydroxide as an
activator. Portland cement has relatively more calcium hydroxide than other cement
composites with fly ash or blast furnace slag. Moreover the type of aggregates like
limestone may positively affect self-closing. The shape of aggregates grains and the
grading curve can influence the crack geometry and so self-closing. Finally, water is
the most important factor for self-closing. Water is important for chemical reactions
and for the transport of fine particles that are mentioned in self-closing phenomena.
With the presence of water calcium carbonate are formed and grows on the crack
surface and the calcite crystals (CaCOs3), as seen in the figure below [11], form a

dense layer which blocks the flow of water, [12].

P )

.‘ ’;‘? - \',

’,'.',‘

Figure 1.4 : Calcite crystals on a crack face after opening the crack [11].
Experimental evidence on autogenic self-closing

It was reported in a study [13] that after the experiments on the cement lining in steel
pipes that the cracks of 0,05 mm closed completely after 60 hours and bigger cracks
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of 0,1 mm closed after one year. However it is concluded after study [14] that
continued hydration was the cause for recovery. It is also found that moisture supply
is the most important factor for self-closing and age at the first cracking time is also
essential [14,15]. In the investigation [16], there was no effect from the type of
cement and a slow increase of the pressure gradient during water exposure has a
positive effect for self-closing. As cause of self-closing, blocking of the cracks by
fine particles and the precipitation of calcium carbonate are assumed. It is reported
that the most important parameters for self-closing were crack width and water
pressure gradient [17]. In the study [18], filling cracks by fine particles and forming
of calcium carbonate on the crack faces were the sources of self-closing. It was also
added that coarse aggregates yield a rougher crack surface and therefore a better self-

closing effect.

Water permeability tests were performed on small specimens with a single tensile
through crack [11]. The effects of water source (hardness), type of addition in
concrete, type of aggregate, pressure gradient and the crack width were studied. The
first three parameters have nearly no effect and the effect of crack width and pressure
gradient are shown in the following figures. As seen in the figure 1.5 and 1.6, the
crack width of 0,1 mm has generally the best self-closing. Evaluating these figures
together makes it possible to conclude that the reduction of flow in absolute sense is
strongest for the larger crack width. The self-closing effect by crystallization of
CaCOgs in the cracks was explained [11]. X-ray diffraction experiments from crack
faces show CaCOs is the main element for the self-closing.

Relative flow [%0]
100

80
60 1
40 1

20 1

0 100 200 300 400 500 600 700 800
Duration of exposure to water [h]

Figure 1.5 : Influence of crack width on flow relative to initial flow [11].
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Figure 1.6 : Initial flow through cracks of various widths for 1 m length [11].

In an investigation about self-closing, potential of different mix composition of
cementitious materials was studied [19]. Mortar specimens with 8 different
compositions containing CEM |, CEM II, CEM III, fly ash and blast furnace slag
were prepared. In compositions ordinary Portland cement was replaced by fly ash
and blast furnace slag in different percentages. All the mixtures were prepared with
water to binder ratio of 0,4 except the one mixture with 0,5. The composition of each

mixtures is shown in the following table.

Table 1.3 : Composition of the mortar mixes giving weight of each constituent in

gram [19].
Sand Cement Fly Blast Water
ash  furnace
slag

DIN CEM I CEM IlI/B- CEMIII/B

196-1 525N M325N 325HSR/LA
CEMI-0.4 1350 450 180
CEMI-0.4- 1350 315 135 180
30FA
CEMI-0.4- 1350 225 225 180
50FA
CEMI-0.4- 1350 225 225 180
50BFS
CEMI-0.4- 1350 135 315 180
70BFS
CEMII-0.4 1350 450 180
CEMIII-0.4 1350 450 180
CEMI-0.5 1350 450 225




Specimens were cured for one and half month and then they were fractured in a crack
opening controlled splitting test. Subsequently, the crack width of each sample was
measured at different locations, equally divided along the crack length. The average
value was used to characterize the crack width of each specimen. The effect of the
mortar composition on the self-closing potential was investigated by measuring the
change of water permeability of the cracked specimens. A low pressure permeability
test setup was used and water permeability coefficient k was calculated according to
Darcy’s law. Permeability coefficients were measured at the beginning and the end
of first 5 days and at the end of 15 days. As shown in the following figure, during the
test, water flow through the specimens decreased. It was determined that for
increasing crack widths, the difference in water permeability coefficient and
consequently the self-closing potential also increased [19]. It was supposed that
mixes with a higher amount of cement particles or lower water to binder ratio would
contain more unhydrated particles and thus result in a higher degree of self-closing.
But there was no big difference in self-closing between the water to binder ratios 0,4
and 0,5. The degree of self-closing was higher when a higher amount of slag was
used and there was no big decrease in water permeability in the case Portland clinker
was replaced with fly ash. They stated that reaction of fly ash is slower than reaction
of blast furnace slag. However it was concluded that the self-closing potential of
cementitious materials may be changed by the changing of mixture composition.
Another type of experiments was carried out [20,21] that consisted of damaging
concrete cubes by rapid freeze-thaw cycles, and then storing them in 20 "C water for
3 months. Two types of concrete at water-cement ratio of 0.4, one with silica fume
and the other without silica fume, were tested. Deterioration and healing was
measured by resonance frequency (converted to dynamic modulus of elasticity) and
compressive strength. Freeze-thaw cycles led to loss in both properties. Self-healing
gave a substantial recovery of the frequency, but only a small recovery in
compressive strength. It was explained by SEM observations that the cracks were
only partly filled with new products. Most of the crystals seen in the cracks were
newly formed C-S-H. Portlandite (Ca(OH),) was also observed locally. The study
showed that self-healing is less apparent in concrete containing silica fume than in

concrete without silica fume.
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Figure 1.7 : Decrease in water permeability coefficient k [m/s] due to autogenous
closing of the crack in specimens with different crack widths [mm]
and with different mix compositions; the grey line indicates the mean
change in water permeability [19].

There are several hypotheses about the maximum crack width which can heal.
However young concrete heals faster and concrete with silica fume shows minor
self-closing. There must always be water available and carbon dioxide because the
main cause of self-closing seems to be the formation and precipitation of calcium
carbonate. A survey was made and came to the conclusion that a through-crack,
which is the most dangerous in water-retaining structures, of 0,2 mm can heal
completely [22]. The same value is supported by another study [23]. It was found
that a crack of 0,3 mm can still heal [11]. In the design proposal, it was differentiated
between water head (hydraulic gradient), crack width, and occurring movement of
the crack [12,24]. The proposal is shown in Table 1.4.

Table 1.4 : Permissible crack width for self-closing [12,24].

Hydraulic gradient, m/m Design crack width, mm With 10 to 20 %
With 10 % movement movement
40 0.10-0.15 0.10
25 0.15-0.20 0.10-0.15
15 0.20-0.25 0.15-0.20

1.2.2.2 Self-healing

Autogenic self-healing

Mechanisms of self-healing

Cracks, that have many negative effects on durability and mechanical properties of

concrete, can occur at any stage of service life of concrete elements [10]. Shrinkage,
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over loading, design errors, thermal strains, creep, plastic settlement and
deterioration mechanisms such as alkali-silicate reaction and freezing and thawing
cycles are some of the reasons for cracks in concrete. Because of the significant loss
of performance, preventing cracks is often studied issue in the last years. In 1836, the
ability of small cracks in concrete to heal themselves in the presence of moisture was
observed by the French Academy of Science [25]. Preventing cracks is important for
watertight structures and for prolonging the service life of infrastructure [26]. Self-
healing of concrete is one of the ways to regain this loss of performance due to
cracks. Production of C-S-H is the main mechanism of self-healing [27]. This
reaction occurs when tricalsium silicate (C3S/alite), (Equation 1.1) and dicalcium
silicate (C,S/belite),(Equation 1.2) react with water to form C-S-H and calcium

hydroxide (CH/portlandite), the generalized equations are:
2Ca3Si0s+6H,0 ——> 3CaO-2Si02'3H20+3Ca(OH)2 (1.1)
2Ca,Si04+4H,0——> Ca0-28Si0,-3H,0+Ca(0OH); (1.2)

Alite and belite are the main binder components of cement. Alite contains more
reactive calcium than belite and it reacts more rapidly and gains early strength
however belite reacts more slowly and responsible for the strength at later ages.
During cement hydration, some grains of cement containing alite and belite do not
totally react, resulting in unhydrated cores surrounded by hydrated C-S-H and CH
material a natural encapsulation of chemicals uniformly dispersed in the concrete.
During cracking, these naturally encapsulated particles are exposed to the
atmosphere and begin to hydrate when exposed to water, which causes a volumetric

expansion capable of completely closing micro cracks [2].

The continued hydrations of unreacted cement are present in all binders based on
Portland cement. For cementitious systems containing significant additions of
aluminosilicate materials such as fly ash, blast furnace slag, silica fume, or clay, the
pozzolanic reaction may also provide a degree of self-healing. In alkaline
environments, silicate species can dissolve from the pozzolanic material to create
silicic acid (H4SiO4, or SH). Silicic acid can react with dissolved portlandite, the

result of which is C-S-H and water:
3Ca(OH),+2H,Si0, —>  3Ca**+2H,Si0,%+ 4H,0+20H" (1.3)

3Ca™ +2H,Si04 + 4H,0 + 20H —> 3Ca0-2Si0y 7H,0 (14)
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Pozzolanic reaction may also support self-healing. The C-S-H produced during the
pozzolanic reaction can then heal fine cracks in the same manner as the C-S-H
produced from the hydration of unreacted cement particles (e.g., volumetric change.)
Because the rate of the pozzolanic reaction is coupled to the pH, it is substantially
slower than the hydration of unreacted cement. In a cracked specimen, it is likely that
the pozzolanic reaction will support self-healing even on the longest timescales.
Since the service life of infrastructure can be on the order of decades, the inclusion of
pozzolans may ensure self-healing in structures undergoing repeated damaging even

after available unreacted cement has been consumed [2].
Effect of fibres on self-healing

As literally taken from RILEM report [2]; a wide investigation was made on effect of
fibres on self-healing [28]. Table 1.5 shows the mix proportions of materials used in
the study. They studied three types of fibre reinforced cementitious composites
(FRCC): 1. Containing micro polyethylene fibre (¢=12um, length=6mm)
(FRCC(PE)), 2. Containing steel cord fibre (¢=0.4mm, length=32mm) (FRCC(SC)),
and 3. Containing hybrid composite fibres (i.e. both of PE and SC fibres) (HFRCC).

In all series, four specimens of 25x75x75 mm were prepared and pre-cracked with
uniaxial tension test. During this test, each specimen was stretched to different strain
levels in order to have different maximum crack widths. After the tension test, the
crack surface was observed by a digital microscope and the crack width was
measured, they can be seen in Table 1.6. The microscopic observation was repeated
at 3, 14 and 28 days in order to investigate the effect of the self-healing of cracks.

Table 1.5 : Mix proportion of FRCC specimens investigated in [28].

PE SC Fiber
SP/Binder  fiber fiber content
(vol.%) (vol.%) (piece/m’)

Silica
fume/Binder

Type Water/

of Mix  Binder Sand/Binder

FRCC(SC) - - 0.75 187x10*
FRCC(PE) 0.45 0.45 0.15 0.09 1.5 - 221x10°
HRFCC 0.09 0.75 075  111x10°
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Table 1.6 : Max. crack width evaluated by means of microscope observation [28].

Types of Mixes Number of Specimens and Widths (mm)

No. 1 No. 2 No. 3 No.4
FRCC(SC) 0.035 0.076 0.088 0.757
FRCC(PE) 0.019 0.038 0.119 0.368
HFRCC 0.017 0.081 0.407 0.710

In their microscopic observation it can clearly be seen in photographs that the crack
surface of all specimens after the tension test is clear and there are no products on the
surface. These photographs of the crack surface of FRCC(PE), FRCC(SC), and
HFRCC can be seen in Figure 1.8. After 3 days the crack surfaces in FRCC(PE) and
HFRCC were attached by self-healing products and the crack width decreased as the
time passed. The crack surface in FRCC(SC) was not decreased by the self-healing
products. It could be because there were too few fibers that self-healing products
could attach to. On the other hand in the place where of a lot of micro PE fibers
bridged over the crack, especially in most of FRCC(PE) specimens, there were many
attachment of self-healing products. Even in case of FRCC(PE), however, if there
were rather a few fibers, the attachment of self-healing products depended on the
volume content of PE fibers. Therefore it was concluded that amount of the PE fiber
per volume has a great influence on self-healing. After 3 days, it was seen that the
steel cords on the crack surface in FRCC(SC) and HFRCC were corrosive and the

volume expanded.

Specimen Elapsed days after tension test

FRCC (SC)
Steel cord fibre
Specimen no. 2

2 \ A‘.' 'g"
(crack width 1.976 mm) U

FRCC (PE)
Polyethylene fibre
Specimen no. 4

(crack width 0.368 mm)

HFRCC

Steel-PE hybrid fibre

Specimen no. 1 : - S

(crack width 1.532 mm) ) "'ﬂ! \ =5, o \ St |
{ ~m bl i ~N@s

E g 3_‘3% g = 2 >

Formation of healing products ’ N

Figure 1.8 : Microscopic observation of self-healing products at a crack surface [28].
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Size of self-healing products was also studied as a function of time. As seen in the
following figure, the increasing rate of the mean size during the first 3 days is higher
than after first 3 days. This may be because of decreasing Ca," diffusion speed from
the inside of FRCC. Self-healing product layer made diffusion decreased. The
amount of the attached products in was FRCC(PE) materials were the higher
however number of mixed in fibres per volume in this group of specimens was the
highest. Therefore it was concluded that the number of mixed in fibre per volume has

a dominant influence on the crack self-closing effects.
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Figure 1.9 : Time dependence of mean size of self-healing products attached at the
crack surface [28].

In the same study [28] the results of the water permeability test of the cracked and
uncracked specimens can be seen in the following figure. The coefficient of water
permeability for all specimens decreased until 3 days except for the uncracked
specimens. After 3 days the decreasing rate of the coefficient of water permeability
slowed down significantly in all specimens. This supports the microscopic
observation results as shown in Figure 1.8 in which the self-healing products
attaching speed is faster until 3 days than after 3 days. It can also be noticed that, in
wider cracks, the coefficient of water permeability was almost constant after 3 days.
Formation of calcium carbonate crystals in the wider cracks do not contribute to the
self-healing mechanism. On the other hand, in case of specimens with a smaller
crack width, the coefficient of water permeability decreased as time passed even after
3 days and in some cases reached to the same values with uncracked specimens. This

can be explained that, in such a small crack width, the formation of calcium carbona-
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te cyrstals has a great effect on self-healing of cracks. It can be seen in the Figure
1.10 that shows the influence of time dependence of water permeability coefficient
due to type of FRCC, the decrease of the water permeability coefficient in
FRCC(PE) and HFRCC is more than that in FRCC(SC). The self-healing products
could attach to the crack surface more in FRCC(PE) and HFRCC than in FRCC(SC).
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] —C— FROC(PE)3 w=0.119
% 1E-06 5~ —A—HFRCC2w=0081 [~
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Figure 1.10 : Influence of time dependence of water permeability coefficient due to
type of FRCC [28].

In order to evaluate the effect of self-healing on the tensile properties, the self-healed
FRCC specimens were tested by uni-axial tension test again in the same study [28].
Figure 1.11 shows the tensile stress-elongation responses before and after the self-
healing. As it can be seen in the figure, after self-healing period specimens gained
their tensile strengths at different levels. It is surely because of new forming self-
healing products. Calcium carbonate crystals attach the crack surface and fibers and
this mechanism of self-healing may make tensile strength recoverable. In the
HFRCC group, the elongation was less than 1,5 mm and the recovery rate was higher
than 100%. This may be because of many newly formed calcium carbonate attached
the crack surfaces with very fine fibers. Moreover, bond property of steel fibers
might be healed by self-healing products. They also found in the crack surface
investigation after tension test that, corrosion of steel fibers was both inside and
outside in FRCC(SC) group. On the other hand, in HFRCC group corrosion was only
outside. Lots of calcium carbonate crystals attached to the matrix around steel fibers
may be cause of this situation and it corresponds with the increase of tensile strength
after self-healing [28].
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Figure 1.11 : Comparison of tensile property of specimens before and after 28 days
of self-healing [28].

Self-healing in ECC

Engineered Cementitious Composite (ECC) is a unique type of high performance
fiber reinforced cementitious composite and features high tensile strain capacity
mostly with moderate fiber content [10]. As a result of desired small crack width,
ECC concrete is suitable for observing healing of crack damage. Many investigations
prove that presence of water and tight crack width are two important criteria for
autogenic self-healing. In these studies tests were performed with the aim to establish
the dependency of permeability and self-healing behaviour of cracked concrete on
temperature. It has been shown that the decrease of the flow rate depends on crack
width and temperature. Smaller cracks do heal faster than greater ones and a higher
temperature favours a faster self-healing process [29-31]. Self-healing reactions can
only occur when there is water in the environment of concrete crack. Moreover,
without tight crack widths self-healing products were not able to fill the cracks

completely.

For obtaining a “robust” self-healing concrete, six requirements were proposed [32]:
Pervasiveness (the ability to heal as soon as, and wherever, a crack is present),
stability (a healing mechanism that does not decrease effectiveness over time),
economic feasibility, reliability (consistency of self -healing), quality (recovery of
both self-closing and self-healing characteristics) and repeatability (ability to repair
damage for multiple times). Although standard concrete meets some of these
requirements, the brittle behaviour of normal concrete that makes controlling crack
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width difficult.

Engineered cementitious composites (ECC) are micromechanically designed to
suppress brittle fracture behaviour in favour of distributed micro cracking. This
behaviour is supported from the interactions between cement and short fibers,
without use of large aggregates, and has found use in a number of applications
worldwide [33]. In ECC, crack width can be custom tailored to as low as 30 pm; it
has been shown that a crack width below 150 um, and preferably below 50 pum, is

critical to the self-healing of any cementitious system [32].

The fibers in ECC also encourage the production of healing products. Firstly,
bridging fibers make the cross sectional area of a crack smaller, they also effectively
raising the pH by diminishing flow. Secondly, for reasons arising purely from fluid
dynamics, when water flows around the fiber, a turbulent zone is created on the
leeward side. In this zone water velocity can stagnate, encouraging precipitation of
healing product and creating a composite fiber/healing product material that bridges
the crack [2].

In ECC due to the low water/binder ratio, there are notable amounts of unreacted
cement and this increases self-healing capacity. Self-healing products on crack faces
reducing the flow rate of water through cracks and lowers permeability coefficient.

In some investigations about the water permeability of self-healed ECC specimens, it
was found that tight crack widths decreased continuously until reaching uncracked
condition [34]. In the same study it was observed that in large cracks, self-healing
products on crack faces was insufficient to fill the crack completely [34]. In a similar
study, it was found the permeability of samples with crack widths below 150 um
decreased after 10 wet/dry cycles. However samples with crack widths of 150 um or

above did not improve [32].

It also has to be mentioned that water permeability tests accurately describe self-
closing, in which cracks are blocked to water flow, but does not necessarily describe
self-healing, which implies an improvement in mechanical properties. Because,
during the test self-healing like swelling of C-S-H gel, or continued hydration of
semi-hydrated cement may occur. Moreover, cracks may become blocked by
particulate matter that reduce water flow but do not aid healing. In the study [10],

ECC specimens were subjected to two wetting and drying cycling regime like
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submersing specimens in water at 20°C for 24 h then drying in the laboratory at 21°C
for 24 h and submersing in water at 20°C for 24 h then oven drying at 55°C for 22 h
and finally cooling in the laboratory at 21°C for two hours. To quantify self-healing
resonant frequency tests were conducted throughout wetting and drying cycles
followed by uniaxial tensile testing of specimens. It was reported that crack damaged
ECC specimens recovered 76% to 100% of their initial resonant frequency value,
tensile strain capacity after pre-damaging with loading 3% tensile strain recovered
close to 100% of virgin specimens without any preloading. It was also mentioned in
the study that, temperature during wetting and drying cycles led to an increase in the
ultimate strength but slight decrease in the tensile strain capacity of healed pre-
damaged specimens and crack widths must be controlled below 150 um preferably

below 50 um in order to engage noticeable self-healing behaviour.

In a study, resonant frequency recovery of ECC specimens were observed by pre-
loading specimens between 0.30 and 3.0% strains after 10 wet/dry cycles [33]. As it
can be seen in the following figure, specimens reached nearly same frequencies of
virgin specimens except specimens which were pre-loaded 3%. However, tensile
stress/strain relationships of ECC specimens pre-loaded to 3.0 and 2.0% before and
after 10 wet/dry cycles were investigated. As seen in the figure recovery ratio of the

specimens that were loaded to 2.0%, was higher than the specimens that were loaded

to 3.0%.
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Figure 1.12 : a) Resonant frequency recovery of ECC specimens pre-loaded between
0.30 and 3.0% after 10 wet/dry cycles; b) tensile stress/strain
relationships of ECC specimens pre-loaded to 3.0 and 2.0% before
and after 10 wet/dry cycles [33].
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In an investigation [34], specimens that contain both short polyethylene fibers and
steel cords and they exhibited distributed micro-cracking behaviour. After 28 days
water curing these specimens regained their mechanical properties. They attributed

these self-healing to continued hydration products forming on fibers and crack faces.

In another search about the self-healing in ECC [26], it was observed that a
significant improvement in resonant frequency during 4-5 wet-dry cycles. Specimens
that had pre-loaded with 0.3-0.5% strain levels resonant frequency returned to nearly
initial results. For the 1-2% pre-loading strain levels return of resonant frequency
results was 90-95%.

In an observation [35] blast furnace slag and lime stone powder were used for
production of self-healing ECC specimens. Ultimate deflection capacity related to
flexural strength was 65-105% for the water cured specimens in comparison to virgin
samples. For the air-cured specimens regain ratio was only 40-62%. They concluded
that addition of blast furnace slag or lime stone powder did not negatively affect the

self-healing capacity of ECC.

Healing products can be easily identified by optical microscopy (Figure 1.13a) or
electron microscopy (Figure 1.13b); observation by eye is also possible in ECC.
Micrographs of the healing products were made [36] and assuming it to be calcite

based on the works [12,10,37]. Each concluded that the healing product to be calcite

based on EDS spectra.

Figure 1.13 : a) optical micrograph of healing product in ECC cement (arrow); b)
SEM micrograph of a healed crack [26].

In some other studies about identifying self-healing products [26], two distinct

healing products in ECC materials by using scanning electron microscopy (SEM)
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were observed. They saw that in very tight cracks, ‘fiber-like’ C-S-H was present and
only in larger cracks ‘stone like’ calcite grains formed. The compositions of these
self-healing products were confirmed by EDS, however, a large amount (10%) of Mg
was also observed. They considered that this Mg could take the form of various
magnesium carbonates (magnesite or dolomite), hydrates (barringtonite, etc.) or
hydroxides (brucite). The EDS results also indicated that the ‘stone like’ product,
identified as calcite, could be a mixed system with additional C-S-H or portlandite
due to an abundance of calcium; the fiber-like phase could also have included

portlandite, since there was an abundance of calcium but no carbon.

In a study [35], samples of ECC containing blast furnace slag and limestone powder
were observed by using SEM and EDS identified the healing product to be a calcite
and/or C-S-H. As with the mechanical properties, it therefore appears that the
inclusion of BFS and limestone powder had little, if any, effect on the capacity of the
ECC for healing. In the study [38], researchers investigated the self-healing
properties of ordinary Portland cement/fly ash blends at similar ages and they found
that degree of healing increased with increasing fly ash content. Therefore, the
pozzolanic reaction is likely to be the cause of at least some of the healing. They
concluded that fly-ash cement systems have self-healing ability for micro cracks that

occur from shrinkage.

It is literally common case that with the presence of water for ECC healing products
formed at the faces of cracks and completely filled the cracks which have widths less
than 50 um. Nevertheless fibers provide further encouragement for the production of
healing products and are likely to provide the sites for the precipitation of those
products. In most cases mechanical tests showed that self-healing products not only

seal cracks but also protected steel cords and leaded to mechanical performance [2].
Self-healing in early age concrete

Investigations about the evidence of self-healing in early aged concrete were literally
taken from Delft University of Technology studies [39-41]. In these studies different
parameters were used. The amount of compressive force applied during healing was
0, 0,5, 1 and 2 MPa; the type of cement on the concrete mix was CEM IlI (BFSC)
and CEM | 52,5 R (OPC); cracking time was at an age of 20, 27,5 (further named 1
day), 48 and 72 hours; the crack were 20, 50, 100 and 150 pm and finally specimens
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were stored under water and with 95% and 60% RH respectively. The research group
concluded that cracks are healed when they are made at an early age and they are
closed again (a compressive stress is applied) and the specimens were stored under
water. The amount of compressive stress did not seem to influence the strength
recovery. The results indicate that a crack healing can occur when compressive stress
is applied to close the crack, the two crack faces touch each other again or the
distance between the crack faces is small enough. Crack healing takes place in both
concretes made with BFSC and OPC. OPC probably has additional capacity for
crack healing at a later stage when compared to BFSC-concrete because of more
unhydrated cement left in the crack. With increasing age of the specimen at the
moment the first crack is made, a decrease in strength recovery was found. The width
of the crack did not influence the strength recovery due to healing. The tests with
different crack mouth openings all show similar amounts of strength recovery. It is a
must for crack healing that specimens are stored under water. Researchers also
concluded that on-going hydration is the mechanism for crack healing that leads to
the strength recovery in this investigation and this mechanism only works when the
crack is closed again. It was shown that crack healing does take place when enough
humidity is present. For the practical situation of early age surface cracks in
(massive) concrete structures, from a durability point of view, this investigation
shows that surface cracks can disappear again, at least under the right conditions as

discussed above.
Self-healing on ultra-high performance concrete

Ultra High-Performance Concrete (UHPC) is a cementitious material which has very
low water-cement ratio [2]. In a study [42] used a water-cement ratio of 0,2 and
additionally silica fume in their studies. They cured the specimens after 2 days water
curing with heat-cure at 90°C and 100% RH for 48 h. In the three-point bending test,
the prismatic specimens with a center notch were loaded in a displacement controlled
manner till the top and further until a crack mouth opening displacement of about 30
um. Then the specimens were stored in water for a certain time. Figure 1.14
illustrates the deflection-softening behaviour of UHPC. The peak bending stress is
about 7,3 MPa at 15 pum. Unloading took place at a load level of 2 kN which

corresponds to a bending stress of 3,75 MPa. Reloading follows the original curve.

22



Reloading after 1
ageing

100

20 a0 80 80
Crack mouth opening dsplacement (um)

Figure 1.14 : Load-Displacement behaviour of virgin specimen (Pre-cracking phase)
and reloading after 3 weeks in air [42].

The storage in water led to slightly different behaviour as shown in Figure 1.15.
Water cured specimens showed in an increase of bending stress compared to non-
cured specimens. The initial stiffness of cracked specimens (reloading stiffness) after
10 weeks storage in water was almost the same as the one of the virgin specimens.
Crack mouth opening distance decreases with increasing time of water storage.
Resonance frequency and acoustic emission measurements showed that self-healing
effect was present. The cause of self-healing was seen in the formation of new
products in the crack due to continued hydration of fractured unhydrated cement

grains [43].
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Figure 1.15 : Load-Displacement behaviour of cured specimens and non-cured ones
[42].
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Autonomic self-healing

There are also some other types of self-healing like adding concrete tubular
encapsulated healing agents. When a crack appears, tubes break and components
flow into the crack. Upon contact of both components with air, the healing agent
reacts inside the crack and then can be healed. In some studies about autonomic self-
healing with tubular encapsulated healing agents, self-healing properties and some

regain in mechanical strength are obtained [44,45].

Another method is the application of mineral-producing bacteria, which was
developed in several laboratories as a repair methodology. The application of
bacteria for ecological engineering purposes like removal of chemicals from waste
water streams [46], for bioremediation of contaminated soils [47] and removal of
greenhouse gasses from landfills [48] is becoming popular. The applicability of
specifically mineral-producing bacteria for filling of pores and cracks in concrete has
been recently investigated [49-53]. Ureolytic bacteria of the Genus Bacillus were
used as agent for the biological production of calcium carbonate based minerals in
most of these studies. Enzymatic hydrolysis of urea to ammonia and carbon dioxide
is the mechanism of calcium carbonate formation. When the pH-value of the
equilibrium constant is near 9,2 the reaction causes a pH increase from neutral to
alkaline conditions that results the formation of bicarbonate and carbonate ions
which precipitate with present calcium ions to form calcium carbonate minerals. On
the other hand, the method proved mechanical recovery [49,50] and decrease of
permeability [51,52]. Mostly in the studies, bacteria or derived ureolytic enzymes
were externally applied on cracked concrete structures or test specimens.
Nevertheless, this process was labor intensive as it is repeatedly needed during the

service life of a construction and is therefore expensive.

In another study [54] it is investigated the potential of bacteria to act as self-healing
agent in concrete, i.e. their ability to repair occurring cracks. For this process, a
specific group of alkali-resistant spore-forming bacteria related to the Genus Bacillus
was selected. It was found that cement stone incorporated bacterial spores could
convert concomitantly incorporated calcium lactate to calcium carbonate-based
minerals upon activation by crack ingress water and in conclusion it is said that
alkali-resistant spore-forming bacteria related to the genus Bacillus was suitable for

application as self-healing agent in concrete and probably cement based materials.
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1.2.3 Textile reinforced concrete

Textile reinforced concrete (TRC) is a composite material consisting of fine-grained
concrete and high-performance filament yarns (e.g. glass, carbon) as textile
reinforcement [55]. High tensile strength and pronounced pseudo-ductile behavior
are the basic properties of textile reinforced concrete (TRC). Because of these
excellent mechanical properties, it can be used for applications in new construction
as well as in the strengthening and repair of structural elements made of reinforced
concrete or other traditional materials [56]. The textile reinforcement supply good
crack distribution and very effective crack bridging, leading to very narrow crack
widths. There is no corrosion problem of alkali-resistant (AR) glass or carbon fibers
in comparison with steel reinforcement. A concrete covering is not a must like steel
reinforcement. Therefore, it is possible to design and produce extremely light, thin-
walled new structures with TRC; this supplies new ways for the construction
material concrete and gives architects and engineers more freedom in the design [57].
However, it is an effective way to use for repair or/and strengthening of the existing
concrete structures. As concluded in the study [58] TRC can be used in structural
elements. Some applications of TRC are using as repair material, protection of the
existing structural members against the corrosion of concrete and using as
reinforcement. As mentioned in the study [59,60] the first practical application for
the strengthening of existing structures using textile reinforced concrete was carried
out in 2006 for retrofitting of an RC roof shell at the University of Applied Sciences

in Schweinfurt, Germany.

The 80 mm thick hypar-shell has a width of approximately 27 m and a maximum
span of approximately 39 m, (Figure 1.16). A TRC layer of 15 mm thickness
containing three layers of textile sheets made of carbon fiber was used to these
particular areas in order to increase the load carrying capacity and to prevent further

increase in deformations.

In the study [56], water absorption as well as gas and water permeability tests were
performed on specimens made of TRC using both crack-free and cracked specimens
with a particular focus on the effect of cracks on the transport properties. The main
parameters were the fineness and coating of the yarns comprising the textile
reinforcement. The capillary suction of TRC was studied for the fluid transport both

parallel and perpendicular to the plane of textile reinforcement.
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Figure 1.16 : a) Steel reinforced concrete hypar-shell at the FH Schweinfurt
(Germany), b) Embedding the textile reinforcement [56].

As seen in the following figure, for permeability testing special equipment was
developed to enable measurement of the water and gas transport behavior of cracked
TRC in-situ, under uniaxial tension, and at chosen strain levels. The results in the
study indicate a very low permeability and capillary absorption of the crack-free
material and with uncoated textile increase in the fineness of the yarns showed
considerable increase in water absorption. It is concluded that multiple cracking with
relatively small crack widths in comparison to ordinary cracked concrete generally
results the increase of ingress of corrosive substances (e.g. chlorides or sulfates) ,
which may lead to a deterioration of concrete and steel reinforcement. Nevertheless,
the self-healing of fine cracks indicated a pronounced reduction in the transport rates

of water and gas over time.
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Figure 1.17 : Schematic view of the test setup for (a) gas permeability, (b) water
permeability [56].

1.2.4 Superabsorbent polymers

Superabsorbent polymers (SAPs) are one of the most fascinating materials in modern
polymer technology [61,62]. It is said in the state of art report of SAP [63], these
polymers are able to absorb up to 1500 g of water per gram of SAP (Figure 1.18).
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They were developed in the late 1980s and the first application of SAPs was in

diapers.

Figure 1.18 : Dry and swollen SAP particle (figures with courtesy of BASF) [63].

From a chemical point of view, SAPs are cross-linked polyelectrolytes which start to
swell upon contact with water or aqueous solutions resulting in the formation of a
hydrogel. In the hygiene industry only SAPs based on cross-linked poly acrylic acid
are used (Figure 1.19), which is partially neutralized with hydroxides of alkali
metals, usually sodium. There are traditionally two markets of SAP: Hygiene
industry and technical SAPs. Technical SAPs, which can be based on acrylamide and

acrylic acid, are used in landscaping, cable isolation, firefighting, food packaging.

Cross-Linker —-
Figure 1.19 : SAP based on polyacrylic acid [63].
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Swelling of SAPs depends on the osmotic pressure, which is proportional to the
concentration of ions in the aqueous solution. When the ions in SAPs are forced
closely together by the polymer network, there is a very high osmotic pressure inside.
Because of absorption of water, the osmotic pressure is reduced by diluting the
charges (Figure 1.19). Other external pressures, (e.g. if the SAP has to swell or retain
water against external mechanical forces) reduce the absorption capacity as well.
When all forces are even the swelling is in equilibrium. Therefore, the absorption of
a SAP is strictly dependent on the concentration of ions in the swelling medium. Di-
and trivalent ions, e.g. Ca2" and Als", have an additional effect on the swelling
behavior of SAPs which are based on polyacrylates. Because of their complex
formation with carboxylate groups, they act as additional cross-linkers dramatically

reducing the absorption capacity.

Super Absorbent Polymers (SAP) appear to be most appropriate for use as a water-
regulating additive. However, in some studies [64-67] various types of SAP were
tested and demonstrated that certain types show a very pronounced ability to mitigate
autogenous shrinkage of high-strength mortar and concrete. SAPs may be engineered
for the special purposes of internal curing by designing the necessary size and shape
of the particles, water absorption capacity and other properties. With only small
amounts of SAP and some additional water for internal curing are added directly to

the fresh mix.

In a study [68], internal curing on autogenous shrinkage as well as on the effect of
SAP addition on the development of stresses due to restrained autogenous
deformations of UHPC was investigated. Seven mix compositions were
experimentally evaluated in the study: two reference concrete mixes with no internal
curing (fine-grain reference concrete F-R and coarse-grain, fiber-reinforced concrete
Cf-R) and five UHPC mixes with internal curing (fine-grain UHPC: F-S.4, F-S.3.04,
F-S.3.05, and F-S.4.07; coarse-grain UHPC: Cf-S.3.04,). With regard to internal
curing, the variable parameters were the amount of internal curing agent (0,3% and
0,4% SAP, related to the mass of cement) and the amount of additional water (0,04
to 0,07 in reference to the mass of cement). An exception is the mix identified as F-
S.4, to which purposefully only SAP material was added but no extra water for
internal curing was introduced. As seen in the following figure, it is concluded that

internal curing using SAP and an extra amount of water reduces the autogenous
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shrinkage of UHPC dramatically. This effect becomes even more pronounced with
increasing amounts of SAP and extra water.
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Figure 1.20 : Autogenous shrinkage of fine and coarse grained UHPC measured
starting after the final set [68].

In the study [69] a new means for the prevention of self-desiccation: incorporation of
superabsorbent polymer (SAP) particles in the cement-based material is described.
During mixing of the concrete, the SAP will absorb water and form macro
inclusions, which essentially consist of just free water. Conceptually, this is similar
with air entrainment, which is used for frost protection of concrete. Thus, the
described technique referred to as water entrainment. However, in another study [70]
about SAP materials, it was concluded that the addition of dry SAPs caused a
densification of the pore structure; the strength decrease due to SAP addition was
small. The drying shrinkage was retarded, the freeze-thaw resistance increased and

the chloride migration was reduced.
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2. EXPERIMENTAL STUDY

In this study, there are two parts; preliminary work and final part. In both parts of the
study, thin concrete plates were produced and after 28 days they were pre-cracked.
The pre-cracked specimens were exposed to various cure conditions during various
time periods. For both stages of study, concrete plate specimens were produced using
three main mixtures. The binder materials were CEM | and CEM 111 however, CEM
I used with and without SAP materials in two groups. SAP materials were used to
observe the positive effect of them to self-healing process. In the preliminary work,
the mechanical properties of specimens after self-healing curing were observed by
uniaxial tensile test. In the second part of thesis, specimens were cured for longer
periods and besides uniaxial test micro-structural tests and observations i.e. optical

microscopy, SEM-EDX, MIP were performed.

2.1 Materials

2.1.1 Cement

Portland cement CEM 1 32.5 R and CEM I11/B 32,5 N-LH/HS/NA conforming to the
DIN EN 197-1 [71] and DIN 1164-10 [72], respectively, were used in this thesis.
Their properties are given below:

Table 2.1: Properties of cement types used in experiments.

CEM1325R CEM 111/B 32,5

Producer Schwenk KG, Werk Schwenk KG, Werk Bernburg
Bernburg

Density 3,15 kg/dm® 3,15 kg/dm®
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Table 2.2 : Properties of CEM | 32.5 R.

Parameter Unit  Limits of standard Test results
Fineness of grind
200 pum sieve residue % 0,2
90 um sieve residue % 2,4
63 um sieve residue % 8,1
Blaine Specific Surface ~ cm’g 2850
Mortar Tests
Water demand % 26,9
Setting Time, Initial min >60 160
Final min <720 200
Soundness (Le Chatelier)  mm <10 1,1
Compression strength
2 days N/mm? >10 22,1
28 days N/mm?  >32,5;<52,5 49,9
Chemical Analysis
Loss On Ignition % <5 2,19
SO; % <3,5 3,23
Cr % <0,1 0,08
Insoluble Residue % <5 0,28

Table 2.3 : Properties of CEM 111/B 32,5.

Parameter Unit Test results
Mortar Tests
Water demand % 32
Setting Time, Initial min 270
Compression strength
7 days N/mm? 27,3
28 days N/mm? 46,2
Chemical Analysis
Loss On Ignition % 2,8
SO, % 2,8
CI % <0,1
Insoluble Residue % <5
Na,O Equivalent % 0,77

2.1.2 Aggregates

2.1.2.1 Sand

Three different size groups of aggregates are chosen to use in the thesis after some
preliminary mixtures. Natural round shaped quartz sand (Ottendorf/Germany)
aggregates were used in this study. The producer of sand is Euro Quartz GmbH,
Werk Ottendorf-Okrilla, Germany and the properties about grain size distribution are

given in the following table and figure.
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Table 2.4 : Sieve total pass (%) of sand 0/1.

Sieve total pass (%) through mesh sizes D- k-
Sum | value

0,125 | 0,25 | 0,5 1 2 4 8 | 16 | 315] 63

Sand | 1,2 8,5 | 453 | 852|989 | 100 | 100 | 100 | 100 | 100 | 739 | 1,62
0/1

100

1N
D
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100 9879
90
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Figure 2.1 : Grain size curve of sand 0/1 mm.
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Another type of quartz sand between the grades 0,06-0,2 mm is also used in this
study. Quartzsands are produced from prepared natural raw minerals. Properties of

this sand group are given below.

Table 2.5 : Properties of quartz sand (0,06-0,2)mm.

Grain size distrubution (%)
>0,2 mm 2

0,1-0,2 mm 86

0,063-0,1 mm 11

< 0,063 1

Bulk density (kg/m®) 1,2
Chemical Analysis (%)
SiO, 99,2
Al,O3 0,2
FEQOg 0,06
TiO, 0,25
Cao+MgO 0,03
K,0+Na,O 0,01
Loss On Ignition 0,1

The last group of aggregate was a sand named Millisil which was a fine sand

produced from processed silica sand by iron-free grinding with subsequent air
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separation. The properties of this ground silica sand can be seen in the tables 2.6 and
2.7.

Table 2.6 : Typical grain size and grain characteristics and typical grain size related
properties of Millisil.

Upper grain size dgs% in pm 220
Average grain size dso% in pm 90
Mesh size in um Residue in weight-%
400 0,1
300 0,3
200 7
160 18
125 32
100 42
63 62
40 75
Grain diameter in um Residue in volume-%
32 71
16 82
8 90
6 92
4 94
2 97
Bulk density g/cm® 1,35
Tapped bulk volume mi/100 g 52
Spec. Surface Blaine cm2/g 1000
Oil absorption g/100 g 14

Table 2.7 : Physical Properties and Chemical Composition of Millisil.

Physical properties

Density g/cm® 2,65
pH-value 7
Hardness 7
Linear coefficient of thermal expansion a 20- 14 *10°* K™
300°C

Chemical Properties weight-%
SiO, 99
Al,O4 0,3
F6203 0,05
CaO + MgO 0,1
Na,0 + K,0 0,2
Loss on ignition 1.000°C 0,25
Moisture 0,1

2.1.3 Pozzolanas
2.1.3.1 Fly Ash

In the study, in one group of mixtures, fly ash was used with CEM I11 and silica-
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fume. The producer is BauMineral GmbH, Germany and the name of the product is
EFA-Fiiller® HP Flugasche. Related standards about this fly ash are DIN EN 450-1
[73] and DIN 1045-2 [74]. Some properties of fly ash are given below.

Table 2.8 : Properties of fly ash.

Specific Values

Loss on ignition Category A <5 M.-%
Content of grains > 45 Km 17+ 10 M.-%
Na,O-Equivalent 1,10 M.-%
Bulk density (DIN 1060, 3) 1,11 t/m?
Compacted density 2,32 £ 0,20 t/m?
X
o 100 I
D 9 A1
% 80 Vd
© 7
& 60
L s /
=T /
5 30 d
IS %
> 20 >
o 10
0
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Grain size (um)
Figure 2.2 : Grain size distribution of fly ash.

2.1.3.2 Silica fume

In one of the mixture groups in this study, silica fume was used in a suspension form.

Properties of silica fume can be seen in the following table.

Table 2.9 : Properties of silica fume.

Name of Product Micro Silica Suspension EMSAC 500S
Producer BASF AG

Solid particle content (amorphous SiO,;) 50 % of mass50 1,3

Density of solids 2,15 kg/dm?®

Density of suspension 1,37 kg/dm®

2.1.4 Admixtures

Superplasticizer FM 30, a product of BASF AG, conforming to EN 934-2 [75] was
used (Table 2.10). This plasticizer based on naphtalin sulfonate had a density of 1.2
kg/lt. The admixture was used as 1 percent fraction of cement by weight as specified

in the user manual of the admixture.
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Table 2.10 : Properties of super plasticizer.

Raw material base Naphthalinsulfonat

Color and form of delivery Darkbrown and liquid
density (at 20°C) 1,20 + 0,03 g/cm?

pH (at 20°C) 7,5+ 1,0

Maximum chlorid content 0,10 M%

Maximum alkali content 6,5 M%, as Na,O-Equivalent
2.1.5 Water

Tap water conforming to EN 1008 [76] was used in the study.
2.1.6 Textile Reinforcement

In this study, textile reinforcement which is produced by Institut fiir
Textilmaschinen und Textile Hochleistungswerkstofftechnik der TU Dresden’” with
the name of NWM3-014-07-b1 (30%) is used. Some properties of this carbon, black

textile reinforcement can be seen in the Tables 2.11 and 2.12.

Table 2.11 : Properties of textile reinforcement.

Product Operator Stacking Material Separation Weft- Binding, Output

code tier (°) and distance  knitted  stitch (m)
Fineness (mm) fibers  length
in (mm)
Textile
NMW3-  SFB 90 TEN- 7,2 PP-t  Tricot, 50+20
014-07- (AB) 0 CF800- 2,0
bl 02
(30%)

Table 2.12 : Material description and properties of commercial filament.

Glossary  Producer Product Material Appearance Fineness  Charge

code Nr.
TEN- Tenax Tenax Carbon Filament 800 02
CF800- Fibers HTA yarn
02 GmbH, 5131
Germany 800 tex
f6000
Code Fineness  Density Diameter  Expansion  Strength E-
(g/cm®) (nm) (%) (N/mm?  modulus
(GPa)
TEN- 800 8,07 12000 0,72 1218 209,89
CF800-
02
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Figure 2.3 : Biaxial textile reinforcement made of carbon multifilament yarns.
2.1.7 Superabsorbent Polymer

In this thesis two SAP products were used, which are here called B3 and B4 in
accordance to the studies performed by Michaela Gorges [77] in the TU Dresden
Construction Materials Institute. Particle size distributions of these SAP materials are

given below.
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Figure 2.4 : Particle-size-distribution of SAP material.
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2.2 Mixture Composition, Specimen Preparation, Curing and Testing Program

Concrete mixtures were prepared in batches of 0.08 m® in a laboratory pan mixer.
100x500x14 mm plastic plate moulds were used for specimens and compaction was
done by a vibratory table. Specimens were produced with laboratory procedure for
producing TRC specimens in the laboratory of TU-Dresden Construction Materials
Institute. Ingredients were mixed dry, with water and finally with admixture for
defined time periods. The specimens for the investigations of self-healing processes
are rectangular TRC plates 500 mm long, 100 mm wide, and 14 mm thick (Figure
2.5). The specimens are produced with 3 layers of carbon-fibre textile reinforcement
in the preliminary work and 4 layers of textile reinforcement were used in the main
part of thesis. The arrangement of the textile layers is symmetrical and parallel to the

plate’s surface.

0
*
steel plates S Q steel plates
L |
— 4 layers textile
o -
= : :
< gauge length 300 mm ->:
| a0 | s

Figure 2.5 : Geometry of TRC tension test specimen.

The matrix composition is varied by the type of binder. The first matrix system is
based on Portland cement (CEM I). The second mixture is comprised of blast furnace
cement (CEM 111) and a relatively high content of pozzolana (a mix of fly ash and
silica fume). The water-to-binder ratio was below 0.40 in both matrices to guarantee
a sufficient amount of non-hydrated binder. After de-moulding in the preliminary
work the plates were kept in water for 28 days and in the second part of thesis they
were sealed (wrapped in plastic foil) and stored in a climate-controlled room at 20°C
until testing or further treatment. Thus, water release or uptake during the hardening

can’t be possible.
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Table 2.13 : Material amounts for 1 m® concrete mixture.

CEM I Sand(0/1) Quarzsand  Millisil  Water Plasticizer

Cl 861,25 10325 57,5 57,5 287,5 8,75
CEM 1l Sand Flyash  Silicafume Water Plasticizer
C3 550 1101,25 2475 55 2475 8,75

* SAP group mixtures were same as C1 group amounts.
**All the amounts in the table are given in kg.

SAP material amounts were calculated through empiric formulas of recent studies
about SAP material in the institute. Some preliminary mixtures were produced to
observe appropriate amounts. Selected SAP type 0,3 of cement by weight (2,58
kg/m®) were used. However, extra water which increases wic ratio as 0,06 was used.

In order to obtain several crack characteristics and crack widths similar to those
under actual service conditions, the uniaxial tensile TRC specimens were preloaded
up to two different strain levels and then unloaded to the desired crack width

resulting from the remaining strain (Figure 2.6).

N N

o
?
>
7
2 — first loading
1] w .
5 / — — unloading
! 7 d —— reloading (immediate)
, / — reloading (after selfhealing)

~
-

strain ¢
Figure 2.6 : Loading of a TRC tension test specimen.

Wetting and drying method was used to simulate outdoor environmental conditions
as an accelerated method. After inducing the initial crack pattern, in the preliminary
work, the cracked specimens were exposed to three different environmental
conditions for 13 days: 1) lab climate (20°C, relative humidity 65%), 2) water
(20°C), and 3) wetting-drying cycles (20 h in water of 20°C and 4 h in oven at 40°C),
respectively. In the second part of investigation, the specimens were exposed to
several climate environments to generate different self-healing conditions. The
exposures were:

e storage at lab climate (20°C/65% relative humidity),

39



e storage in water (20°C),

e storage in a wet and dry cycle (water storage (20°C) during 1 hour, drying at lab
climate (20°C) during 23 hours),

e storage in a wet and dry cycle (water storage (20°C) during 1 hour, drying at lab
climate (20°C) during 71 hours).

The respective durations of the cracked specimens’ exposures were to be 2 weeks

and 4 weeks. For all the concrete composition and curing period groups at least 3

plates were produced and tested.

2.3 Fresh Concrete Properties

Slump test was carried out just before casting the specimens according to method
that was recently used in the institute laboratory to ensure the similar workability of
all concrete batches. The device which used for the test can be seen below. After
placing concrete to the testing apparatus, there was a waiting period for 30 seconds.
The diameter of concrete measured after 15 times manual vibrating. The average

slump of fresh concrete obtained was 18+2cm.

Figure 2.7 : Slump test equipment.

2.4 Experimental Procedure

In this study, the effect of self-healing of high-performance fibre-reinforced

cementitious composites is investigated. Textile Reinforced Concrete specimens

were used for the investigation. In the preliminary work and second experimental

part of the thesis three types of concrete mixtures are used. In the first group the
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binder was pure Portland cement (CEM ). In the second batch, the binder was
composed of blast furnace cement (CEM I11) and pozzolana (fly ash and silica fume).
The third group consisted of CEM | cement, aggregates and SAP particles. They
were exposed to several conditions of curing after initial cracking. Then self-healing
properties of specimens are investigated with mechanical test and microstructural

analysis.

2.4.1 Uniaxial Tension Tests

First cracks have to be made in the concrete in a controlled way. Tensile test was
chosen for this controlled pre-cracking. Test machine, which can be seen in the
following figure, was used for uniaxial tension tests and its properties are listed
below:

Servo-hydraulical test machine,

e type: INSTRON 8501

e Load measuring range: 100 kN

e Displacement capacity of hydraulic jaw: 250 mm

e Electronic capture of load, deformation of machine

e Measurement of specimen deformation by means of 2 lateral fixed LVDT

e Measuring range of LVDT is 10 mm.

Figure 2.8 : Uniaxial tension test machine.
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In the preliminary work, at an age of 28 days, a crack pattern was generated by
means of straining TRC samples up to 3 mm/m. Subsequently a second load cycle
was performed to measure the stress-strain curve in the cracked state. Eventually, the
samples were loaded again up to a strain of 3 mm/m. Two load cycles were applied
and the stress-strain curves recorded. Similarly, in the second part of experimental
studies, uniaxial tension tests were done for pre-cracking and investigation of
mechanical properties before and after self-healing. However, at least 3 specimens

were tested for each group.

2.4.2 Microscopic Analyses

Microscopic analysis was done to view the cracks’ conditions before and after self-
healing curing via the optical microscope and also electron scanning microscope to
observe self-healing effect on cracks. EDX investigations were coupled with ESEM
pictures to identify the self-healing products in the cracks of specimens. Optical
microscopy is also used to investigate cracks and thin sections which are prepared

from cured and non-cured specimens.

To have information about pore sizes and distribution of them in several self-healing
curing conditions, MIP tests were also done to some specimens. The specimens were
prepared according to apparatus and testing machines. All the microscopic analyses

were done in the second experimental part of the investigation.

2.4.2.1 Electron Scanning Microscopy

Electron scanning microscope was used to view the process of further hydration or
newly formed self-healing products on the crack surfaces of the specimens through
the self-healing procedure. The model of the machine and the producer were XL30
ESEM, Company FEI, (ESEM stands for Environmental Scanning Electron
Microscope). The electron beam is produced using a Tungsten cathode. The pictures
were taken at different magnifications. Small specimens of 1cm® were cut and dried
in oven and both crack surface and sliced surface is investigated. The situation of the

cracks was investigated comparing the specimen before and after self-healing cure.

2.4.2.2 Optical Microscopy

Microscopic analysis was done using an optical microscope with 5 to 50 times

magnifying. The optical microscope used is a ZEISS Microscope. The pictures were
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taken from the microscope using a digital camera. The cracks were observed before
and after self-healing cures. The crack size changes before and after cure was

measured.

Some horizontal and vertical thin sections are prepared from specimens before and
after self-healing cures. Specimens were cut, grinded, and polished until a final
thickness and during the process the thin section is mounted upon an object glass.
Pictures were taken under UV lights; also those thin specimens were observed with
the optical microscope. Thin-section concrete petrography is most suited to general
examinations of concrete to see the pores and crack pattern. The aim of the research
was to take advantage of the optical microscopy results on thin sections, and carry
out a study to determine the microstructures of concrete-pastes/aggregates, micro

voids/cracks as well as the quantification of the crack patterns.

2.4.2.3 Mercury Intrusion Porozimeter Test

Mercury intrusion test was done by introducing mercury under pressure into the
concrete pores and the extrusion. With the pressure and the quantity of the mercury
pore diameters and sizes can be analysed. The MIP tests have been performed using
a configuration of two mercury porosimeters. The first one, working in the pressure
range from 13.3 kPa - 300 kPa, is for evacuating and filling the sample holders with
mercury and for measuring the bigger pores. The second one, working in the pressure
range from 100 kPa - 200 MPa is for measuring the finer pores. Using the two
porosimeters, a pore size range from 7.5 pm up to 112 pum can be measured. From
the detected values of pressure and increased mercury, the pore size distribution is
calculated by the Washburn equation. Finally volume/pressure and total pore size

distribution curves were gained.

2.4.2.4 EDX analysis

The EDX-detector (Energy Dispersive X-ray) is installed inside the ESEM and
detects the X-ray emitted by the sample. Because the x-ray is characteristically for
each element, it is possible to get information of the element composition of the
sample investigated. In the study it is used a RONTEC EDX- detector. EDX
investigations were coupled with ESEM pictures to identify the self-healing products

in the cracks of specimens.
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3. EXPERIMENTAL RESULTS AND DISCUSSION

The purpose of this thesis is to investigate self-healing of different concrete mixtures
by mechanical and microstructural tests. The tests which were done on specimens are
explained previously. Before and after curing, effects of self-healing due to different

curing applied to the specimens were investigated.

The test program consisted of testing 50x100x14 cm rectangular concrete prisms
which were cured in water and in a plastic folio for 28 days. Concrete under uniaxial

tension test and some other micro-structural test were done before and after curing.

At the first stage of this study, after 28 days curing in water tank, specimens were
subjected to uniaxial tension test to make initial cracks and after self-healing cure for
two weeks, they were tested in the same machine to observe the effects of the self-
healing on mechanical properties. Photographic methods were also used to observe
the cracks and crack pattern.

At the second stage of testing, some of the specimens were sealed by plastic folio
thus, water release or uptake during the hardening can be avoided and they are kept
in a climate-controlled room at 20°C for 28 days and after initial cracking they were
exposed to different curing conditions for 2 and 4 weeks. Finally they are tested to
identify the changes occurred in some mechanical and micro-structural properties of
concrete. The tests applied were uniaxial tension, mercury intrusion and additionally

optical and electron microscopy observations.

3.1 Mechanical Properties of Specimens

Uniaxial tension tests were performed to make initial cracks and to observe self-
healing effect of specimens. Specimens are loaded up to the deformation 3 mm/m
and then reloaded. To see the uniaxial tension behaviour of cracked specimens, they
were loaded for the second time. Mostly the second curve was the similar to tension
curve of textile reinforcement. This loading regime was performed for both initial

cracking and ultimate loading of specimens.
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3.1.1 Preliminary work

In the preliminary work, three concrete mixtures were used. The first binder for the
first group was pure Portland cement CEM | and then CEM III, fly ash and silica
fume were the binder materials for the second group. Additionally, in the third group
pure Porland cement CEM | and SAP materials were used together. The curing
period was 13 days and fixed for all groups.

Table 3.1 : Table of specimens’ naming according to various concrete composition
and curing conditions.

Composition/Curing Conditions Wet-Dry Cycle Air Curing Water Curing

CEMI CiwD Cl1A Ciw
CEMIII C3WD C3A C3W
SAP SAPWD SAPA SAPW

*Number °2°” in front of these codes indicates the second loading after the self-healing curing.
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Figure 3.1 : Stress-strain curve of CIWD and 2C1WD.
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Figure 3.2 : Stress-strain curve of C1A and 2C1A.
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Figure 3.3 : Stress-strain curve of C1W and 2C1W.

In the first group (C1) specimens, the most visible self healing effect can be easily
seen in the wet-dry cycle curing condition. In this group of curing, there are newly
formed self-healing products which has a stress up to 4 Mpa. In the water curing
conditions, specimens showed relatively less self-healing behaviour. As it can be
seen in the previous figures (3.1, 3.2, 3.3), second curve that is loading curve after
self-healing cure reached greater stress levels than the air cured group. Nearly no
self-healing effect can be seen in the last group of specimens. The second loading

curve is so similar the second part of first loading curve. That means, there was no
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newly formed self-healing product which create an extra stress, however initially

cracked and air cured concrete curves are so similar with the textile reinforcement.

The cement is replaced with fly ash and silica fume in the second group of concrete
mixtures. Fly ash reacts with Ca(OH), from cement hydration and produces C-S-H
gel. It is thought to be less influenced by the availability of free water than the
hydration reaction of cement. Specimens are exposed to same curing conditions that
are air, water curing and wet-dry cycling. In the following figures (3.4, 3.5, 3.6)
stress-strain curves of mixtures can be seen. The wet-dry cycling group seems to be
best self-healing effect as in the pure Portland cement group. Nevertheless self-
healing ability of the specimens made of CEM 11l and pozzolana led to much less
pronounced crack bridging. The brief self-healing period was too short to generate a
sufficient amount of hydration products in the slow hydrating binder combination.
The self healing behaviour of such a mixture are studied again in the final part of the
thesis again. It can be said for the air curing group that there was no self-healing
products which are effects the machanical properties of specimens. Water curing
group also showed a self-healing behaviour mechanically, however this effect was
less than wet-dry cycling group. It has to be mentioned that some newly formed self-
healing products that have a stress level less than 1,5 MPa; were present in the

specimens.
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Figure 3.4 : Stress-strain curve of C3WD and 2C3WD.
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Figure 3.5 : Stress-strain curve of C3A and 2C3A.
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Figure 3.6 : Stress-strain curve of C3W and 2C3W.

The third group in the preliminary work of this thesis was the concrete mixtures that
contained CEM 1 as a binder and SAP materials. As it can be seen in the figures 3.7,
3.8 and 3.9, wet-dry cycled specimens showed a clear self-healing about mechanical
properties. On the other hand the mechanical self-healing degree was less than the
specimens that have binder CEM | and consist no SAP materials. There was no
mechanical self-healing effect in air cured group. Finally the specimens that were
cured in the water showed self-healing less than the wet-dry cycled specimens.
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Figure 3.7 : Stress-strain curve of SAPWD and 2SAPWD.
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Figure 3.8 : Stress-strain curve of SAPA and 2SAPA.
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Figure 3.9 : Stress-strain curve of SAPW and 2SAPW.
50



3.1.2 Final work

In the final work, same concrete compositions as the preliminary work were used.
After production, specimens are demoulded on the following day and they were
wrapped in plastic foil and stored in a climate-controlled room at 20°C for 28 days
until testing or further treatment. In addition, there were two types of curing periods
which are 2 and 4 weeks. The four curing conditions were air curing in a climate-
controlled room, curing in water, wet-dry cycling-1 (water storage (20°C) for 1 hour,
drying at lab climate (20°C) for 23 hours)and wet-dry cycle-2 (water storage (20°C)
for 1 hour, drying at lab climate (20°C) for 71 hours). In the following figures it can
be seen that specimens had not any mechanical self-healing effect after air curing
however, the second loading line in the ultimate loading are so similar to second
loading of initial loading (pre-cracking) that is like textile reinforcement loading

curve. Thus these specimens can be considered to be references.

Table 3.2 : Table of specimens’ naming according to various concrete composition,
curing conditions and durations.

Compositio  Air Water Wet-Dry Wet-Dry Curing

n/ Curing  Curing Cycle-I Cycle-Il Conditions/Duratio
Curing n
Conditions

CEMI Cl1A2 C1W2 CiwD12 CiwD22 2 \Weeks Time
CEMIII C3A2 C3w2 C3wD12 C3wD22 Curing

SAP SAPA2 SAPW2 SAPWD12 SAPWD?22

CEMI ClA4 Clw4 C1wD14 ClwD24 4 Weeks Time
CEMIII C3A4 C3W4 C3WD14 C3WD24 Curing
SAP SAPA4 SAPW4 SAPWD14 SAPWD24

* After these codes, the last digit points the number of specimens.
**Number “*2°” in front of these codes indicates the second loading after the self-healing curing.

As it can be seen in the figures 3.10-15, there was no self healing effect. For air
curing, time period of curing, the binder type and SAP usage did not matter for self-

healing. It is because of absence of water.
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Figure 3.10 : Stress-strain curve of C1LA22-2C1A22.
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Figure 3.11 : Stress-strain curve of C1A42-2C1A42.
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Figure 3.13 : Stress-strain curve of C3A41-2C3A41.

SAP materials was unable to absorb water during the period that specimens were

exposed to air conditions. However, SAP materials did not show any effect on self-

healing properties.
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Figure 3.14 : Stress-strain curve of SAPA21-2SAPA21.
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Figure 3.15 : Stress-strain curve of SAPA41-2SAPAA4L.

All water cured specimens are exposed to water curing at 20°C. The three groups of

concrete mixtures were kept in water curing for 2 and 4 weeks.
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Figure 3.16 : Stress-strain curve of C1W22-2C1W22.
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Figure 3.17 : Stress-strain curve of C1W41-2C1W41.

As it can be seen in the figures 3.16-21, specimens made of CEM | cement have
showed higher tensile strength recovery after curing. However, as expected,
specimens that are cured for 4 weeks had higher degree of self-healing on

mechanical properties than 2 weeks cured specimens.
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Figure 3.18 : Stress-strain curve of C3W22-2C3W22.
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Figure 3.19 : Stress-strain curve of C3W43-2C3W43.

Figure 3.20 : Stress-strain curve of SAPW21-2SAPW?21.
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Figure 3.21 : Stress-strain curve of SAPW43-2SAPW43.
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Similarly, the wet-dry cycle-1(water storage (20°C) for 1 hour, drying at lab climate
(20°C) for 23 hours) cured specimens that were cured for 4 weeks have showed
better mechanical properties recovery than 2 weeks cured ones. Because of the
composition of concrete, mixtures with CEM | showed the highest strength. As it can
be seen in the following 6 figures, CEM 1| group specimens that were cured for 4

weeks reached the maximum mechanical self-healing.
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Figure 3.22 : Stress-strain curve of CIWD121-2C1WD121.
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Figure 3.23 : Stress-strain curve of C1WD142-2C1WD142.

57



18,0+

16,0

14,0

12,0

e

stress [MPa]

8.0

6,0

s
prd

4,0

20

A
e

/]

0,0~
0

4

Ve

1

o
M

strain [mm/m]

2

Figure 3.24 : Stress-strain curve of C3WD123-2C3WD123.

Concrete specimens gained nearly 60% of their initial tensile strength. CEM I
group specimens had less initial tensile strength but the effect of self-healing was
clear. SAP materials did not give any positive effect in comparison to the pure CEM

I group.
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Figure 3.25 : Stress-strain curve of C3WD142-2C3WD142.
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Figure 3.26 : Stress-strain curve of SAPWD121-2SAPWD121.
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Figure 3.27 : Stress-strain curve of SAPWD141-2SAPWD141.

The second group of wet-dry cycle was storage in water (20°C) during 1 hour, drying
at lab climate (20°C) during 71 hours. As it can be seen in the following 6 figures, as
the all other types of curing and concrete composition groups, it was clear that 4

weeks curing is better than 2 weeks curing for recovery of mechanical properties.
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Figure 3.28 : Stress-strain curve of C1WD223-2C1WD223.

18,0

16,0

Ay A4
s
[ & 7 |

Figure 3.29 : Stress-strain curve of C1WD24-2C1WD243.
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Figure 3.30 : Stress-strain curve of C3WD221-2C3WD221.
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In this group of curing, there was no negative effect in the concrete specimens that
contain CEM 11l and some other pozzolanas. It can be mentioned 4 weeks curing for
this wet-dry cycle in CEM Il group was enough to have same mechanical self-
healing recovery as CEM | group. For all the groups 4 weeks cured specimens, the
tensile strength of newly formed self-healing products till the first cracking of
concrete was over 2 MPa. It can be also seen that concrete specimens with SAP
materials did not show any decrease in tensile strength and also for the 4 weeks cured
group the recovery rate of mechanical properties seems to be higher than the

specimens without SAP materials.
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Figure 3.31 : Stress-strain curve of C3WD243-2C3WD243.
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Figure 3.32 : Stress-strain curve of SAPWD223-2SAPWD223.
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Figure 3.33 : Stress-strain curve of SAPWD243-2SAPWD243.

3.2 Microscopic Analyses

Microscopic analysis was performed in the second experimental part of the study to
observe the cracks’ conditions before and after self-healing curing. Electron scanning
microscopy, EDX, optical microscopy and MIP tests were done for the microscopic
analysis.

3.2.1 Optical microscopy analysis

Observation of the samples that exposed various curing types and durations are
observed in the optical microscopy analysis. In addition, thin sections that were
prepared from the surfaces of specimens were photographed under UV light and
were also investigated. Lots of photos were taken and typical examples of each group

are shown below.

3.2.1.1 Two weeks curing

The first group of specimens are exposed air, water curing and two types of wet-dry
cycling for 2 weeks. The following photos are grouped according to same concrete
compositions. As it can be seen in the photos, for the specimens which are produced
with pure Portland cement showed no self-healing in the air curing group. The edges
of the cracks which are mostly about 20 um are clean. Water cured specimens

showed relatively better self-healing behaviour but it was not enough to close all the
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cracks totally. As it can be seen in the photos below, cracks are partially closed. Most
cracks were nearly closed in the wet-dry cycle-1 group. It is possible to see the crack
that had an initial width of 20 um were closed up to 2,2 um. The typical photo of the
second wet-dry cycled group shows fully closed cracks which had 20 pum initial

crack width.

Figure 3.34 : Optical microscope photos of a) C1A, b) C1W, ¢) C1WD1 and d)
C1WD2 specimens.

It can be said that for all the group of specimens that are produced with CEM Il and
pozzolanas have showed less self-healing behavior than the first group. As it can be
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seen in the following photos, cracks were not closed totally. It has to be mentioned

that specimens that were exposed to second wet-dry cycle, showed the best crack

closing capacity.

c) d)

Figure 3.35 : Optical microscope photos of a) C3A, b) C3W, ¢) C3WDL ve d)
C3WD2 specimens.

Specimens with SAP materials were also not as good as the first group of specimens.
There were some weak self-healing products at the edges of cracks (Figure 3.36).
However these products were not much enough to close the cracks totally.
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c) d)

Figure 3.36 : Optical microscope photos of a) SAPA, b) SAPW, c) SAPWD1 ve d)
SAPWD?2 specimens.

3.2.1.2 Four weeks curing

As expected specimens that are cured for 4 weeks showed better self-healing than 2
weeks curing time except the first CEM | group. It can be seen in the following
figure, both wet-dry cycle groups of specimens were not be able to close the cracks
totally. Mostly there were crack openings up to 5 um after curing. It has to be also
mentioned for specimens that are exposed to water and wet-dry cycles, it was also
possible to see fully closed cracks.
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Figure 3.37 : Optical microscope photos of a) C1A, b) C1W, ¢) CIWD1 ve d)
C1WD2 specimens.
In the CEM 111 group, there were more fully closed than partially closed cracks for

the water cured specimens. As it can be clearly seen in the following pictures a crack
that had a 20 pm opening is totally closed by newly formed self-healing products. In
the next photo, the crack opening of 20 um were closed up to 5 um. The second wet-
dry cycled specimens were not mostly able to close the cracks as the first wet-dry

cycle group.
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c) d)
Figure 3.38 : Optical microscope photos of a) C3A, b) C3W, c) C3WD1 ve d)
C3WD2 specimens.

It was expected for the specimens that include SAP materials to show better self-

healing, but for both curing groups and durations the self-healing ability of those
specimens were not as better as the specimens that don’t include SAP materials. As it
can be also seen in the following pictures, the cracks were not totally closed;

however the closing rate was higher than the 2 weeks cured specimens.
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c) d)
Figure 3.39 : Optical microscope photos of a) SAPA, b) SAPW, c) SAPWD1 ve d)
SAPWD?2 specimens.

3.2.1.3 Thin Sections

In this study, some photographs of the sections that are prepared from the surfaces
were taken under UV lights and some of thin sections were also photographed under
microscope with up to 50 times magnifying. The green parts of the photos which
were taken under UV light are voids and cracks, nevertheless in the photographs
which were taken under optical microscope voids and cracks are seen yellow under

microscope light. After pre-cracking multiple cracks were occurred and cracks that
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are vertical to cross section of specimens can be seen in the pictures. As it can be
seen in the figures below, specimens for the pure Portland cement group after water
and wet-dry cycles curing vertical cracks were mostly closed as parallel with the
optical microscopy photographs and there is no visible vertical cracks on the thin

sections. Photos below were chosen among more numbers of photos.

. - 3 38 kv ¥ ‘7'.: }
Figure 3.40 : The optical microscope photo of CEM I reference (pre-cracked and no
cured) specimen.

C1wD22
Figure 3.41 : The photos of CEM I specimens exposed to water and wet-dry curing
for 2 and 4 weeks, which were taken under UV light.
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C1WD24
Figure 3.41 (continued) :The photos of CEM | specimens exposed to water and
wet- dry curing for 2 and 4 weeks, which were taken
under UV light.

In the second part of thin sections’ investigation, specimens that were produced with
CEM 11l and pozzolanas were observed. Vertical cracks which occurred after pre-
cracking were narrower and partially closed after self-healing as it can be clearly
seen in the optical microscope photos. However in the photos that were taken under

UV light, cracks were visible in the reference specimen.

/

vertical cracks

S B = s - R

C3wD24

Figure 3.42 : The photos of CEM I11 specimens exposed to water and wet-dry
curing for 2 and 4 weeks, which were taken under UV light.
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C3W2

C3w4

Figure 3.42 (continued) :The photos of CEM IlI specimens exposed to water and
wet-dry curing for 2 and 4 weeks, which were taken
under UV light.

Vertical cracks were still visible but also smaller in the specimens that were exposed
to water curing and wet-dry cycle-11 for 2 and 4 weeks. These results are also parallel
with optical microscopy photos and it was because of 2 and 4 weeks self-healing

curing was not enough to close cracks totally.

REFC3 Cc3wz2
Figure 3.43 : The optical microscope photos of CEM Il specimens after various
exposures.
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“closed ™

C3WD24
Figure 3.43 (continued):The optical microscope photos of CEM Il specimens after
various exposures.

The last group for the thin section observation was SAP group. As it mentioned
before the specimens were produced with Portland cement CEM 1 as binder and SAP
materials were added directly to the mixture. There were no clearly visible cracks in

UV light photos of thin sections as it can be seen below.
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SAPW4

SAPWD22

SAPWD24
Figure 3.44 : The photos of CEM IlI specimens exposed to water and wet-dry curing
for 2 and 4 weeks, which were taken under UV light.

In the light microscope photos of thin section photos of reference specimens, cracks
were clearly visible as it can be seen as yellow line. For both 2 and 4 weeks water
cured specimens cracks were totally closed. However, as it can be seen in the second
picture below the crack pattern was visible as a green line. It means the thickness of
thin section at that crack was smaller than the third picture. It can be concluded that 4

weeks curing made thin section specimens thicker than 2 weeks water curing.
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Finally, in the photos of thin section specimens which were exposed to 2 and 4

weeks wet-dry cycle-11, cracks were not totally closed.

SAPW4 ) ~ SAPWD22

SAPWD24
Figure 3.45 : The optical microscope photos of SAP group specimens after various
eXposures.
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3.2.2 SEM and EDX analysis

Analysis of SEM pictures and EDX was an investigation to monitor self-healing and
to understand the chemical composition of self-healing products. Many SEM pictures
were taken from various points of specimens and with different magnitudes. The best
and typical pictures were showed below; however some of them were chosen to
couple with EDX analysis. For all the EDX analysis it was hard to distinguish self-

healing products as calcites and C-S-H phases.

For the SEM picture which are showed below, it is clear to see the original width and
the healed part of the specimen. The specimen was exposed to water curing for 4
weeks. Some parts of the specimen were totally closed. In the EDX analysis it can be

said that there was a good combination of C-S-H phases and calcites.

AccV Spot Magn. Det WD Exp I—‘—| 20 im

200kv 28 7b0x GSE 98 1 YWet 0.6 Torr &=

182

18

e

1_||a.|a [1.8 |2.a |32.8 |4.8 |5.8 |6.8 |7.8 |8.8 [9.8 |

Figure 3.46 : SEM picture of a crack and EDX analysis of the specimen C1W4.
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In the EDX analysis picture below for the specimen that was produced with CEM |
and was exposed to wet-dry cycle-I for 4 weeks, the parallel behaviour is present.

Furthermore calcites were slightly dominant.

Nﬂhm
|a.a |1.8 |2.8 |3.8 4.8 |5.8 |6.8 |[7.8 [8.8 [9.8 |

Figure 3.47 : EDX analysis of the specimen C1WD14.
The next specimen was produced with CEM 11l and pozzolanas and was exposed to

3

2

18 -

water during 4 weeks. The remain width of the healed crack was below 5 pum. Self-

healing products seem to be combination of calcites and C-S-H phases.

AccV  Spot Magni D
20 0 KV 30 1600%
o

la.a |1.8 |z.A |3.A [4.A |5.A |6.A |7.A [B.A [9.A |

Figure 3.48 : SEM picture of a crack and EDX analysis of the specimen C3W4.
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SAP materials were used for the production of last specimen for EDX analysis. The
specimen was cured in water during 4 weeks. As it can be seen in the SEM picture
crack was partially closed and in the EDX analysis, self-healing products were

mostly calcites. Moreover C-S-H phases were also present.

L)

. AccV Spot Magn  Det WD Bxp .—————— 50um
200KV 26 400x * GSE 98 1 ' Wet 0.2Tor

Figure 3.49 : SEM picture of a crack and EDX analysis of the specimen SAPWA4.

For all cured specimens the crack width was decreased after self-healing. There was
mostly combination of C-S-H phases and calcites; however for the CEM | group C-
S-H phases which are important for mechanical self-healing, were more than other
groups. In the following part SEM pictures of the specimens that were exposed to

various conditions were showed. The group pictures that seen below are the SEM
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picture of CEM | for various exposures and time. As it can be seen in the first picture
the reference specimen has crack width over 20 um, the edges of the crack was clear
and there is no self-healing product. For the next specimen which was exposed to air
curing for 2 weeks, there was nearly no self-healing and the crack width was nearly
original crack width. Specimens that were cured in water for 2 and 4 weeks have
narrower cracks. In the picture of 2 weeks cured specimen, a calcite form and in the
4 weeks cured specimen totally closed part of crack can be clearly seen. The cracks
of wet-dry cycled specimens are partially closed and the combination of C-S-H

phases dominantly and calcites was observed.

Det WO B ®——%—— 20um
Wet 0.7 Torr

AccV SpotMagn Det WD Bxp F———— 20um
200kV 40 B40x GSE 101 1 wet 0.6 Torr

a) REFC1

{3
£iah 4
{s

s

AccV Spot Magn Det WD Bxp F——"—1 10m AccV  Spot Magn.  Det WD Exp T im
260KV 31 2000x GSE 102 1 Wet 0.6 Torr 200kV 28 750x GSE98 1 Wet 0.6 Torr .«!. ﬂ

c) C1IwW2 d) C1w4
Figure 3.50 : SEM pictures of CEM | group specimens.
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g) CI1WD12
Figure 3.50 (continued) : SEM pictures of CEM | group specimens.

The next group of SEM pictures are pictures of specimens which were produced with
CEM lll and pozzolanas. The reference specimen was covered and kept in desiccator
after pre-cracking to prevent any chemical activity as other reference specimens. As
the first reference picture it seems no self-healing in the crack. The specimens that
were exposed to water curing have nearly closed cracks; as it can be seen in the
pictures below the crack widths were smaller than 2 um. Wet-dry cycled specimens
have cracks as narrow as the water cured specimens. Finer C-S-H phases and mostly

calcites can be seen in the pictures.
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d) C3WD22 e) C3wWD24
Figure 3.51 : SEM pictures of CEM I11 group specimens.

For the specimens that were produced with SAP materials it can be said that the self-
healing ability of water cured specimens were better than the specimens which were
exposed to wet-dry cycles. Fiber like C-S-H phases and stone like calcites were the

self-healing products in the cracks.
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Figure 3.52 : SEM pictures of CEM I11 group specimens.
3.2.3 MIP analysis

For the MIP analysis 3 groups of specimens were produced and wrapped in plastic
foil for 28 days. After pre-cracking specimens were cut according to the suitable

dimensions for the test machine. All the tests were performed before and after self-
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healing curing. The tests were done to have an idea about the distribution of cracks

and pores for the entire structure of the specimens.

As it can be seen in the first figure, all curing types have showed a decrease in pore
sizes. Moreover, water curing and wet-dry cycle-2 groups have showed smaller pore

size distribution.
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Figure 3.53 : Total pore size distribution of C1 group specimens.

In the C3 group specimens, there is nearly same distribution for the reference and air
cured specimens. As the first figure, the finer pore size distribution was for the water
cured and wet-dry cycled-2 specimens. It can be also said that the pore size
distribution for C3 specimens were finer than C1 specimens. It may because of
totally closed cracks in the C1 group specimens. The range of pore size distribution

for water cured group was 50-25 nm.
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Figure 3.54 : Total pore size distribution of C3 group specimens.
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The last group of was the specimens that were produced with SAP materials. As the

C1 group all curing types have finer pore size distribution than reference specimens.

Nevertheless, the finest distribution was for the wet-dry cycle-1 group. The pore size

distribution range decreased to 32-26 nm.
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Figure 3.55 : Total pore size distribution of SAP group specimens.
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4. CONCLUSIONS AND RECOMMENDATIONS

In this study, self-healing properties of high performance textile reinforced concrete,
which was exposed to air and water curing and wet-dry cycles for different periods,
were investigated. The effect of different types of binders was also investigated.
Mechanical tests and microscopic analysis were used.

Mechanical test results can be concluded as follows;

e Self-healing products, which are attached to cracks after water and wet-dry
exposures, are leading to recovery of mechanical performance. Air curing
showed nearly no self-healing for all groups of specimens and time periods.
Longer curing is increasing mechanical healing performance for water curing and

wet-dry cycling.

e Specimens that were produced with CEM | cement and cured for longer time had
the best self-healing behavior. This concrete had a large amount of unhydrated
cement left after hydration and this indicates that continued hydration was the

main reason for recovery of mechanical properties.

e Addition of SAP materials into the concrete mixture supported further hydration

and showed positive mechanical effect for less wet-dry cycle.
Some conclusions drawn from microscopic study are:

e Water in the crack is the most important factor for self-healing. There was no
self-healing and sealing of cracks without water because water is needed for the
chemical reactions in self-healing and for the transport of fine particles in self-

closing.

e The continued hydration of unreacted cement was present in all binders based on
Portland cement. For cementitious systems containing blast furnace slag and in
concrete mixtures with significant additions of pozzolanic materials such as fly

ash and silica fume, the pozzolanic reaction may also provide a degree of self-
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healing capacity. However, the healing capacity for pure Portland cement was the

highest because of the highest amount of unreacted cement particles.

e There was no clear distinguishing but self-healing products for the crack closing

were mostly combination of C-S-H phases and calcites.

e Newly formed products after all type of exposures affected the entire structure of
the specimens positively for self-healing according to MIP results. Denser

structures were observed after self-healing exposures.

Evaluation and discussion of the experimental results of the study indicates that self-
healing of high performance fiber reinforced composites is a clear issue if water is
present cracks. However, for effective self-healing there has to be enough amounts of

unreacted cement particles in concrete.
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