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Abstract

Deterioration and maintenance of concrete structures have become a focus of
social attention. Regarding this point, blast furnace slag, one of the industry by-
products, has been actively studied in recent years, not only from the viewpoint of
SDGs but also as an admixture that is expected to improve durability. The effect of
improving durability by utilizing blast furnace slag is based on the ability to suppress
chloride ions' diffusion and immobilize the hydrated structure. However, the use of
blast furnace slag cement, which is inferior in initial strength to ordinary Portland
cement, and the replacement of blast furnace slag with cement reduces the productivity
of precast products, so there are few cases of use compared to cast-in-place concrete.
In addition, the fineness of blast furnace slag on the suppression of chloride ion
diffusion is not significant, and in particular, there are few research cases on chloride
ion immobilization performance.

In this study, to improve the durability of steam curing products by blending blast
furnace slag, various materials and blending conditions (blast furnace) that affect
mechanical properties and durability against salt damage (suppression of chloride ion
penetration and immobilization performance). Furthermore, focusing on the effects of
slag Blaine value, basicity, substitution rate, etc. and manufacturing conditions
(preparation time, presence/absence of steam, secondary curing, etc.), the purpose is to
acquire and organize technical information that contributes to the manufacture of high-
quality precast products was decided.

This study aims to improve the durability of precast products that steam curing
by blending blast furnace slag, various materials, and blending conditions (a blast
furnace) when the effect of mechanical properties and durability of salt damage
(percolation control of chloride ion and immobilization performance).

In addition, it focused on the effects of manufacturing conditions (e.g.,
preplacing time, presence or absence of steam, secondary curing, etc). to obtain and
organize technical information that will contribute to the manufacture of high-quality

precast products.
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The experimental methods in this study were The effective diffusion coefficient
evaluated the effect of suppressing the permeation of chloride ions by the
electrophoresis method (Rapid Chloride ion Penetration Test; JSCE-G571-2003).
There is no established method for "quantification of chloride ion immobilization
amount,”" which is the main theme of this paper. Therefore, it devised an originally
devised quantification method. After the cement paste was hardened and crushed, the
sample size was adjusted to eliminate the influence of the difference in the amount of
physical adsorption. The prepared material was soaked in 5 wt% saline solution, which
is 10 times its mass, for 28 days, then washed and dried. Immediately, it was confirmed
that the quantification of Friedel's salt could be performed accurately by XRD analysis
by the corundum internal standard method. The findings obtained in this study. The
main findings are as the mechanical characteristics by measuring the pore size
distribution by injecting mercury confirmed that the structure became denser as the
fineness (Blaine value) and substitution rate increased. In particular, it was confirmed
that the one using 6000 Blaine had almost no decrease in strength due to slag
replacement concerning the plain product (non-replacement product). Further, the
effective diffusion coefficient of chloride ion was found as the higher the Blaine value,
the smaller the effective diffusion coefficient. Second, it was confirmed.

The production efficiency of precast concrete products have been conducted so
far. For example, it has been reported that the utilization of blast furnace slag has a
positive effect and a negative effect, such as cracking and strength reduction. Given
these past data, incorporating the influence of various manufacturing parameters on the
improvement of durability obtained in this research into the product manufacturing plan
can reduce environmental load and manufacture high-quality precast products.
Therefore, technology development can be expected. In addition, the Japan Society of
Civil Engineers has proposed an estimation formula for the chloride ion concentration
that contributes to the estimation of the remaining service life. On the other hand, the
effect of immobilization performance is not considered or reflected. In the future, based
on this knowledge, it will be possible to improve the accuracy of the prediction formula.

Keywords: effective diffusion coefficient; blast furnace slag; chloride ion

penetration; chloride prediction

il



Acknowledgments

The authors appreciate the Department of Architecture and Civil Engineering
support, Graduate School of Science and Technology, Tokai University, Japan.
Furthermore, sincere gratitude to the number of persons and teammates without whom
I might not have written the thesis and to whom I am forever grateful.

Prof. Shigeyuki Date, first and foremost, is my research advisor, for whom I
have the most appreciate profound respect. I am very grateful for his encouragement,
scientific guidance, valuable critics, patience, and constant support at Tokai University.
I sincerely appreciate his dedication and work initiating making this research possible.

Teammates who were making the friendliest environment to work and learn.
Indeed, the last 3 years of my journey would not have been joyful and memorable
without them. Furthermore, I would like to express my gratitude to my college Ph.D.
candidate at Tokai university, Mizuki Takigawa, for continuous advice to rail me on
this road and for being a friend and a great source of inspiration. Furthermore, I am
very grateful to the master’s students at Tokai University, Kazuki Mochida, for their
assistance in commitment to this work.

Watanuki international scholarship foundation, the author appreciates the
scholarship from Watanuki International Scholarship Fund. The financial support from
the scholarship has helped me a lot in my life in Japan.

Friends, the authors appreciate Panumas Saingam and Nattaya Morawan for their
support and suggestions. Ornalin Techatadakul, my sister who always has my back.

Psychiatrist Dr. Somrak Santibenjakul, I appreciated the doctors who took care
and gave suggestions to me during my Ph.D. life. I could imagine if the author did not
has you on my back. Without you, this work would never be possible.

Family, last but not least, words cannot express enough appreciation and love for
my family for their constant faith in me, encouragement, patience, and neverending

love throughout my up and downs. Without them, this work would never be possible.

v



Table of Contents

ADSEIACE ..ottt ettt et a e i
ACKNOWIEAGIMENLS .........ooviiiiiiiieiiieieee ettt ettt et e et esateebeessaeeseesnsaens v
LISt 0f TADIES .....c..oooviiiiiiiiie ettt ix
LSt Of FIGUI@S.....ccooiiiiiiiiee ettt et et X
Technical terms USed .............cocoiiiiiiiiiiiiiiieee e Xii
Chapter 1 INtroduction.................ooiiiiiiiiiiiiniieeiie et 1
1.1 Research background ................cooociiiiiiiiiiiiiiiiceeeee e 1

1.2 Purposes of this dissertation ..................c.c.ccooiiiiiiiiniiiinie e 4

1.3 Dissertation outline...............cccccoooiiiiiiiiiiiiiie e 5

1.4 SUIMMATY ...ttt e st e e sbeeesabeeenaneeens 7
Chapter 2 Environmental effect...................ccoocoiiiiiiiiiiiie e, 9
2.1 INErodUCTION.......coiiiiiiiiiiiiitcc e 9

2.2 Marine environment effect................c..ccocconiiiiiini 10

2.2.1 Effect of chloride on Marine Corrosion Conditions.............. 10

2.2.2 Corrosion initiation on Marine Corrosion Conditions.......... 11

2.2.3 Corrosion initiation in Concretes of Low Permeability on

Marine Corrosion Conditions................cocooviininiiinienneenicceeee, 14

2.2.4 Marine environment effect on RC structure......................... 15

2.2.5 Corrosion reaction in RC structure ...............ccccccoceenienenne. 15

2.3 Environment effect from cement production..................c.cccoeviiinien. 17
Chapter 3 Blast furnace slag................occooiiiiiiiiiiie e 19
31 INtrodUCHION.......ccciiiiiieeiiee e e 19



3.2 Background of BFS. ... 20

3.3 Components of BFS ... 22
3.3.1 Chemical composition of iron and steel slag.......................... 22
3.3.2 Dissolution characteristics..............co.ccoocenvieiiiniiniinceeeen. 23
3.3.3 Improving the durability of concrete structures.................... 25
3.4 Application on concrete industry .............ccocccocieiiiiiieniiiiieneec 26
3.4.1 Air-cooled BES ... 26
3.4.2 Granulated S1ag ..............ccoooiiiiiiiiiien 27
3.4.3 Steelmaking S1ag............ccccoooiiiiiiiiiniiicc e 27

3.4.4 Primary characteristics and applications of iron and steel

SLAG ..o e 27
3.5 Portland blast furnace slag cement ...................ccccooiniiiiiininncne 29
3.6 Fresh properties of mortar/concrete containing BFS........................... 30
3.6.1 Workability..........coccoiiiiiiiii e, 30
3.6.2 Setting time............ooovviiiiiiiiiiieeeee e 32
3.7 Properties of hardened concrete containing BFS ................................. 33
3.7.1 Strength development..................ccccooeviiiiiiniiiiieee e 33
3.7.2 E1aStic Properties ...........cccooovieeeeiiiiieeniiiieeeeieeeeeieeeeeeiieeee e 36
3.7.3 MICIOSEIUCTULC «...cooniiiiiiiiiiiieeiiceeite ettt 37
374 POTOSILY ...ttt e e 38
3.7.5 Water absorption ...........ccoooviiviiiiiiiiiiiieeeeee e 40
3.8 Durability properties of concrete containing BFS ................................ 41
3.8.1 Permeability............ccoooiiiiiiiiiiie e 41
3.8.2 Sulfate resistance..............ccccoeoiiiiiiiiiniiinie 43
3.8.3 AlKkali-silica reaction ..............cc.ccooiiiiniiiiniiiini e 46

vi



3.8.4 Corrosion and chloride binding capacity ................c...cc........ 49

3.8.5 Pore size distribution ..................ccooccoiiiiiniiiin 51

3.8.6 Penetration property ............ccoccoeceeniiiiieniceiienceeeeceeeen 52

3.9 Summary of durability against chloride attach .................................... 53
Chapter 4 Methodology ............cocooiiiiiiiiiiiiiee e 54
4.1 INtroduction............cooiiiiiiiiiiiie e 54
4.2 Materials used and Proportions ...............ccoccceviiiiniiiiniieiniieiiee e, 54
4.3 Mixing method .............coooiiiiiiiiiiiii e 56
4.4 Curing CoONdItIONS............ccooeiiiiiiiiiiiiiceeeeeee e 57
4.4.1 Water curing condition...............ccocccoeviiiiniiiiniiiiiniienniee e, 57

4.4.2 Steam curing condition..................cocooiiiniiniiinii, 57

4.5 Performance testing of concrete ...............cocceeviiiiniiiiniieinicee e, 58
4.5.1 General mechanical properties...............c...coccevviininncenennnn. 58
4.5.1.1 Hydration speed: Initial setting time testing............. 58

4.5.1.2 Compressive strength ..................ccooeeiiiiiiiieeennnnnn. 59

4.5.1.3 Mercury Injection Porosimetry (MIP)..................... 60

4.5.2 Durability against chloride ion attack..................................... 60

4.5.2.1 The rapid chloride ion penetration test (RCPT).....60

4.5.2.2 The effect of physical characteristics on the amount

of Friedel's salt production by X-ray Powder Diffraction

(XRD) e e 70

Chapter S ReSULES ..........ooooiiiiiieee e e e e et e e e raeeeenns 72
S50 INtroduCtion...........cooiiiiiiiiiiii e 72

5.2 General mechanical properties...............cccoooviieiniiiiiieniiie e 73

5.2.1 Hydration Speed ..............cccveveeiiiiiieiieee e 73

vil



5.2.2 Compressive strength ...............c...coooiiiiiinies 73

5.2.3 Marcury Injection Porsimetry..............cc.ccoccooviiniininnninnnn, 75

5.3 Durability against chloride attack......................ccooooiiiiiiniii 78
5.3.1 Rapid chloride ion penetration test................c....ccooceernnennn 78

5.3.1.1 The effective diffusion coefficient (De)..................... 78

5.3.1.2 The chloride immobilization. ........................ccocco 83

5.3.2 The effect of physical characteristics on the amount of

Friedel's salt production by X-ray Powder Diffraction (XRD).....85

S5:4 SUIMMATY ..ottt 88
Chapter 6 ConcluSION ..............cociiiiiiiiiiee e e 90
6.1 INtroduction...........cccooiiiiiiiiiieee e 90

6.2 Mechanical characteristics..............cocccooiiiiiiniiiiinicceeee, 93

6.3 Durability against chloride attack......................ccoociiiiinii 94

6.3.1 Durability 1: Effective diffusion coefficient of chloride ion .. 94

6.3.2 Durability 2: Chloride ion immobilization performance ...... 94
6.4 Further Study...........cooooiiiiiiii e 96
REFCICIICE ...ttt 97

viil



List of Tables

Table 3.1 Examples of iron and steel slag compositions (in percentages) [2]............ 22
Table 3.2 Chemical analysis (in percentages) of BFS [56]......cccoooiiiiiiiiiiiiinienee 24
Table 3.4 The comparison of cement production.............ceecueereierieniienieenieeieeneene 30
Table 4.1 Material PrOPerties .........ccceeiiieriieriieeiieeie ettt s 55
Table 4.2 MiXed PrOPOTLIONS .....cevuvieiieeiiieiieeie ettt ettt ettt e e e s 55
Table 4.3 Formula of each product and X-ray angle........c..ccccoooeeveiviniiniininicncennns 71
Table 5.1 The formula of each product and x-ray angle .............ccccoveiiiiniiinennn 87

X



List of Figures

Figure 2.1 Model for the progression of reinforcement corrosion [35]........cccceeeneeee 12
Figure 2.2 Corrosion evident [39]........cooiiiiiiiiiiiieiieeie et 13
Figure 3.1 The production of Portland BFS and ordinary Portland cement [53]........ 21
Figure 4.1 Mixing method .......ccccooiiiiiiiiiiiiiieeeeee e 56
Figure 4.2 Diagram for steam curing 15 condition ............cccoceeveveirieenieeceieesieenens 57
Figure 4.3 Diagram for steam curing 2" condition .............c..cccoeveveererrverereereereennee, 58
Figure 4.4 Initial setting time testing method ...........ccccooeiieniniiniiniieee 59
Figure 4.5 A typical schematic diagram of a migration test [3] ........ccccevvereriencennene 61
Figure 4.6 A shape and size of a typical migration cell [3] .........ccccevviiiiiinieniiienns 62
Figure 4.7 RCPT 100D tESTING .....cccuieiiieeiieiieeiieeieeiteeie ettt et sveeiee e ebeeseveenee s 64
Figure 4.8 Unit section for defining chloride flow ..........ccccooiiiiniiiiniiniiiicces 65
Figure 4.9 Chloride CONCENtration ..........cceeueriirrierieniieienienieetesiteieee e 67
Figure 4.10 Chloride ingress induces two simultaneous processes ..........cc.ceeevereeene. 68
Figure 4.11 Cylindrical SPECIMEN .......cc.ceviiriiriiiiiiiiriecieieeeee e 70
Figure 5.1 The penetration setting time teSS ........evverveerieriererienieeeie e 73
Figure 5.2 The compressive strength test water curing conditions...........ccceeeveveeennen. 74
Figure 5.3 The compressive strength test steam curing conditions ...........c.ccecueveennen. 74
Figure 5.4 Cumulative intruded pore volume versus pore diameter.............c.cceeueenee. 76
Figure 5.5 Differential intrudes volume versus pore diameter ..........cc.ccoceevercuercennen. 77
Figure 5.6 Diffusion coefficient by water CUring............cccceeveeeriierieenienieeiieeieeiens 79
Figure 5.7 Diffusion coefficient by steam Curing .............ccceecveeeieeniieneenieenieenieeeeens 79
Figure 5.8 Chloride ion concentration in water curing (22.5% replacement rate)...... 80



Figure 5.9 Chloride ion concentration in water curing (45% replacement rate)......... 80
Figure 5.10 Chloride ion concentration in steam curing (22.5% replacement rate).... 81

Figure 5.11 Chloride ion concentration in steam curing (45% replacement rate) ...... 81

Figure 5.12 The chloride immobilization concentration (water curing)..................... 82
Figure 5.13 The chloride immobilization concentration (Steam curing).................... 82
Figure 5.14 The chloride immobilization on different basicity ...........ccceceevieniiene. 84

Figure 5.15 Calculation of corrosion prediction time based on Fick’s second law .... 85
Figure 5.16 X-ray diffraction patterns ..........ccceerieeiiieiieeiiienie et 86
Figure 5.17 Relationship between the pre-preparation time of 28 days of immersion

and the amount Of IMIMODIIIZATION ... ..oeeeeeieeeeee e eeee e e e e e eeeeeaaeeaeas 88

X1



Technical terms used

Cement: a binder or a substance used in construction that sets, hardens, and can
bind other materials together. Various types of cement are used as a component in the
production of mortar, and concrete, composed of cement and aggregate to form a strong
building material.

Ordinary Portland cement: a high-quality and general purpose native suitable
for most applications. This product has been specifically designed to reduce the carbon
intensity of cement production and complies with the specification for Portland-
limestone cement.

High-early strength Portland cement: special purpose cement containing a
high CsS to gain faster strength development. This product was mainly used for cold
weather construction and emergency relief projects due to its rapid hardening
properties.

Fly Ash: a byproduct from burning pulverized coal in electric power generating
plants. During combustion, mineral impurities in the coal (clay, feldspar, quartz, and
shale) fuse in suspension and float out of the combustion chamber with the exhaust
gases. As the fused material rises, it cools and solidifies into spherical glassy particles
called fly ash. Fly ash chemically reacts with the byproduct calcium hydroxide released
by the chemical reaction between cement and water to form additional cementitious
products that improve many desirable properties of concrete.

Carbon-Free Fly Ash: a byproduct from burning pulverized coal in electric
power generating plants. The difference between fly ash and carbon free fly ash is that
the presence of unburned carbon in fly ash is much higher than CfFA.

Blast-furnace slag: the molten slag is cooled and solidified by rapid water
quenching to a glassy state; little or no crystallization occurs. This process results in the
formation of sand size (or frit-like) fragments, usually with some friable clinker-like
material. The physical structure and gradation of granulated slag depend on the
chemical composition of the slag, its temperature at the time of water quenching, and
the method of production. Ground granulated blast furnace slag (GGBFS) has
cementitious properties when crushed or milled to excellent cement sized particles,

making it a suitable partial replacement for or additive to Portland cement.
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Aggregate: generally natural sand which has been washed and sieved to remove
particles larger than 5 mm, and coarse aggregate is gravel which has been crushed,
washed, and sieved so that the particles vary from 5 up to 50 mm in size.

Mortar: a workable paste used to bind building blocks such as stones, bricks,
and concrete masonry units together, fill and seal the irregular gaps between them, and
sometimes add decorative colors or patterns in masonry walls. Mortar includes pitch,
asphalt, and soft mud or clay, used between mud bricks in its broadest sense. Mortar
comes from Latin mortarium, meaning crushed.

Concrete: a composite material composed of coarse aggregate bonded with a
fluid cement that hardens over time. Most concretes used lime-based concretes such as
Portland cement concrete or concretes made with other hydraulic cement, such as
cement fond. However, asphalt concrete, frequently used for road surfaces, is also a
type of concrete. The cement material is bitumen, and polymer concretes are sometimes
used where the cementing material is a polymer.

Precast Concrete: a construction product produced by casting concrete in a
reusable mold or "form" then cured in a controlled environment, transported to the
construction site, and lifted into place. In contrast, standard concrete is poured into site-
specific forms and cured on site.

In-site Concrete: pour the concrete into forms at the building site; this is so-
called in situ concrete. The other method is called precast concrete, in which building
components are manufactured in a central plant and later brought to the building site
for assembly.

Admixtures: ingredients in concrete other than Portland cement, water, and
aggregates added to the mixture immediately before or during mixing. There are two
kinds of admixtures: chemical admixtures and mineral admixtures.

High-range water-reducing admixture: chemical admixtures used to make
high-strength concrete. They can reduce the water demand and cement content and
make a low cement ratio. Generally, these additives allow a 12-40% reduction in water
content with standard or enhanced workability, generating slumps over 150mm without
bleeding and segregation.

Slump test: measures the consistency of concrete in that specific batch. It is
performed to check the surface (also known as workability or fluidity) of freshly made

concrete and, therefore, the ease with which concrete flows.
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Pre-Curing Time: a period before the freshly made concrete elements were
exposed to steam curing in the steam curing process.

Steam curing or accelerate curing: a method of actually agegh early age
strength in concrete. The most commonly adopted curing techniques are steam curing
at atmospheric pressure, warm water curing, boiling water curing, and autoclaving.

Maturity: a concept that concrete strength and other properties are directly
related to age and temperature.

Equivalent age: a concept used to stimulate strength development of heat-treated
concrete, reference temperature usually at 20°C.

Nurse-Saul function: is a method to predict the strength of concrete that assumes
the rate of strength development of the exponential function of temperature.

Arrhenius law: strength estimation method assumes the rate of strength
development of the linear function of temperature.

RH: a measure of the current amount of water vapor in the air relative to the total
amount of water vapor in the air at its current temperature and is expressed as a
percentage.

Compressive strength: measures the ability of concrete to withstand loads that
will decrease the size of the concrete. Compressive strength is tested by breaking
cylindrical concrete samples in a particular machine designed to measure this type of
strength.

Hydration reaction: chemical reaction that occurs when water reacts with alkene
or an alkyne substance. The heat of this exothermic reaction is most influenced by C3S
and C3A, mix proportion, fineness of binder, and curing temperature.

Cement hydration products: the reaction products between cement and water
are termed "hydration products." In concrete (or mortar or other cementitious
materials), there are typically four main types: Calcium silicate hydrate: this is the main
reaction product and is the main source of concrete strength.

Mold: a hollow container used to shape molten or hot liquid material when it
cools and hardens.

Demolding: the process of separating the component from the mold and it
becomes one of the critical aspects in the processing of polymers. During the molding
process, the polymer typically sticks to the mold.

Blain fineness: of slag or carbon-free fly ash measured by the method by JIS A

6206 and expressed in terms of specific surface (cm?*/g).
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Pozzolan: defined in the ACI Committee 216 report as a siliceous material.
Binder: The volume of cementitious materials includes cement and mineral

admixtures (fly ash, silica fume (SF), and slags).
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Chapter 1

Introduction

1.1 Research background

Concrete is more widely used than any other manufactured material and has been
a construction staple for centuries. However, several theories on the deterioration of
reinforced concrete (RC) show that direct current (DC) tends to corrode steel
reinforcement, and chlorides are chemically bound by the cement paste (tricalcium
aluminate, C3A) [1].

In marine environments, a significant reason for the collapse of RC structures is
the corrosion of steel reinforcements, which creates a course for the penetration of
chloride through the concrete surface [2], which comes into contact with internal
reinforcement, leading to rebar oxidation and corrosion. Therefore, chloride-induced
reinforcement corrosion is considered to be the main cause of concrete deterioration. In
addition, rust occupies volume and creates tensile stresses in the concrete, resulting in
spalling and cracking [3].

Chloride-induced corrosion is the most significant problem affecting aging
concrete structures, especially in maritime environments or areas where salts are
utilized. Chlorides can be incorporated into concrete or diffused from the outside
environment [4], such as from saltwater or deicing salt. When CI” reaches the
reinforcing steel, it combines with hydroxide to produce the passive oxide layer, which
penetrates and causes a crack. Cl” can cause a breakdown in the passive steel oxide
layer, which drives the corrosion reaction. Steel corrosion in concrete can be reinforced
by oxygen starvation, especially when oxygen is only at the cathodic areas of steel in
solution at the anode. According to [5], carbonation and chloride diffusion processes
require several years to reach the reinforcing steel in concrete during the period of
corrosion initiation. Equations for Fick’s law of diffusion may be used to numerically
predict the time it takes for chloride diffusion or carbonation to pass through the
concrete covering and initiate corrosion in the RC structure. Covering thickness, quality
of concrete, and the environment are possible factors that affect the structure’s initial
properties and age. Chloride levels at various depths in concrete and carbonate depth

are another possible reason. The passive layer is damaged from the point of corrosion



initiation to the first signs of corrosion damage. Therefore, the corrosion period can be
estimated using modeled equations that calculate the corrosion time and rate, which
determine the deterioration of RC in a given environment. For example, corrosion of a
concrete infrastructure due to seawater reduces the ultimate service life of an RC
structure.

The durability of concrete constructions is intimately connected to the durability
of the component concrete material. Therefore, the environmental effect is increased
with Portland cement, which causes the expansion and deterioration of concrete. The
leading chemical causes of concrete deterioration are alkali-silica reactions, alkali-
carbonate reactions, carbonation, sulfate attacks, chloride attacks, and steel corrosion.
A combination of various factors also frequently causes the deterioration of concrete
structures. In addition to those given above, acting alone or in combination, other
factors such as high structural stresses, thermal stresses, shrinkage, poor quality of
materials, and inadequate maintenance may exacerbate the situation [6]. One of the
major factors contributing to the corrosion of marine RC structures is the chloride
induced corrosion of steel reinforcements, which substantially impacts structural
service life [7]. This has been intensively researched for decades, prompted by the rising
maintenance costs resulting from the impacts of seawater exposure on coastal structures
[8]. Although concrete is the ideal material to protect steel reinforcement due to
increased alkalinity, RC marine structures are highly vulnerable to corrosion due to
chloride attacks. The severity of the attack is dependent on climatic conditions, among
other factors [8].

When partially penetrating the concrete, chloride is captured to react with C5A to
obtain calcium chloroaluminate (3Ca0O-Al,05-CaCl,-10H,0), called Friedel’s salt, and
also reacts with C4AF to form calcium chloroferrite (3Ca0O-Fe,05. CaCl,.10H,0). The
unbound fraction of chloride is referred to as free chloride. It is an aqueous solution in
the void of concrete (pore solution). This free chloride is part of the chlorine.
Polysaccharides that can diffuse into concentrated concrete of free chloride are lower
in number. Moreover, the pore solution reduces alkalinity in concrete to catch large
amounts of chloride. The advantage of using high C;A cement is good chloride
corrosion resistance. On the other hand, sulfate corrosion resistance requires cement

with low C;A, which is a contradiction [9].



The aforementioned study revealed that chloride ion permeability into RC
structures induces corrosion, disrupting and reducing the structure’s performance, and
concrete shrinks and cracks as a result. The diffusion coefficient of the chloride ion in
the offshore construction was used to evaluate the durability of concrete and mortar. By
first decreasing chloride ion penetration, reinforcement corrosion could be delayed [6].

The moisture content of concrete significantly impacts its long-term durability
[10]. Water absorption is generally caused by structural porosity (interlayer C-S-H),
porous paste, and the aggregate interface zone, particularly in the early stages.
Additionally, the physical adsorption of chloride caused by the C-S-H gel can assist in
chloride immobilization.

The mechanism of concrete deterioration caused by chloride ion infiltration and
carbonation is as follows: (1) Friedel’s salt is formed when mono-sulfate (AFm) reacts
with chloride ions; (2) Friedel’s salt is carbonated; (3) chloride ions immobilized in
Friedel’s salt dissolve into the pore solution; (4) there is an increase in chloride ion
concentration in the pore solution, resulting in increased chloride ion penetration into
the concrete through concentrating and diffusion cycles. Due to the acidity of HCI, the
alkalinity of the concrete slightly decreases from 12.5-13.5 to grades 11, 10, and 9,
respectively. The area where the film was destroyed has a negative electric potential in
an electrolysis reaction. “Anodic reaction” is the term referring to this type of reaction
[6].

Blast furnace slag (BFS) as a byproduct of pig iron manufacturing, and features
high latent hydraulic property. BFS is used as an admixture in Portland BFS cement at
40% to 45%. The advantage of Portland BFS cement is that its long-term strength is
more enhanced, and it has higher resistance to seawater and chemicals. In addition, the
diffusion coefficient of chloride ions makes the cement suitable for offshore structures.
Furthermore, alkali aggregate reactivity is suppressed, the cement can be used with
recycled aggregates, and lower heat release rate effectively suppresses thermal cracking
[11].

Chloride damage resistance is required when BFS is used. The hardened concrete
is denser than ordinary Portland cement [11], as it has a solid capability for
incorporating chloride ions.

A previous study [11] focused on the mechanisms of chloride penetrated in
concrete and reinforcing steel corrosion, which developed corrosion protection, repair

strategies, and detection techniques to develop reliable and practical design approaches



for durability and corrosion protection for concrete reinforcing steel. To develop
mechanistic and practical models (deterministic or probabilistic), the study can be used
to design durable concrete structures. Furthermore, it can be used to predict the
deterioration and maintenance optimization of existing concrete structures to achieve a
specified design life.

BFS can improve the resistance of cementitious materials to sulfuric acid attack
as the influence of concrete quality on diffusion coefficients is related to the concrete
pore structure. Time dependence is due to the hydration of cement particles and
chemical reactions of seawater ions with hydration products, which reduce the pore
structure.

When BFS is used, sulfuric acid has a small effect in terms of erosion; instead,
the high strength concrete or mortar becomes more durable, owing to the enhanced
capacity to withstand sulfuric acid. Furthermore, BFS can suppress the penetration of
chloride ions, inhibit steel corrosion, and reduce time dependent strains [6].

BFS was used as the aggregate to investigate corrosion initiation on RC structures
in one study [16]. That study focused on the physical and chemical attacks on RC
structures during their service life and investigated whether any protections might be
placed to mitigate the degeneration caused by these attacks. It was found that the
concrete performance may be improved by including mineral additives in cement, such
as silica fume, BFS, and fly ash.

A literature review reveals many studies of BFS containing concrete in various
countries. However, few studies have examined its use in reducing chloride ion

permeability as the main factor of corrosion reactions.

1.2 Purposes of this dissertation

This study utilizes BFS as cement to investigate the performance of concrete in
terms of delaying chloride ion penetration, which affects corrosion reactions.
Furthermore, an experiment was conducted to examine improvements in the
performance of an alternative concrete using BFS as cement replacement, focusing on
chloride diffusion on concrete with BFS. This study aims to develop products for use
in the precast concrete industry toward extending the life of concrete structures,

especially reinforced concrete structures, in marine environments.



1.3 Dissertation outline

Chapter 1 summarizes the current state of deterioration of concrete structures,
which is the background of the research. The deterioration mechanism has repair and
reinforcement and the current state of various material utilization techniques for
improving durability.

Chapter 2 summarizes examples of deterioration and repair of marine structures,
which is also a problem in the author's home country of Thailand.

Chapter 3 summarizes a literature survey on blast furnace slag blended concrete,
which is being actively utilized to reduce environmental effect. In the previous studies,
the main positive effects are the crack suppression effect by reducing the heat of
hydration and improving salt damage resistance, while the negative effects are the
decrease in initial strength and the risk of cracks due to self shrinkage increases have
been reported. Increases have been reported. Most of these studies are for concrete in
which blast furnace slag 4000 Blaine is replaced with cement by 45 to 50%. There are
some cases where the substitution rate is as low as 30%, and the substitution rate is as
high as 70%, but the findings are insufficient. On the other hand, considering the
application of the results of this study to the manufacture of precast products, it is not
realistic to use a large amount of substitution compounding exceeding 50%. Therefore,
the replacement rate in this study was set to 45% and half the value (22.5%)).

Chapter 4 summarizes the experimental methods in this study. The effective
diffusion coefficient evaluated the effect of suppressing the permeation of chloride ions
by the electrophoresis method (Rapid Chloride ion Penetration Test; JSCE-G571-
2003). There is not established method for "quantification of chloride ion
immobilization amount," which is the main theme of this paper. Therefore, it devised
an originally devised quantification method. After the cement paste was hardened and
crushed, the sample size was adjusted to eliminate the influence of the difference in the
amount of physical adsorption. The prepared material was soaked in 5 wt% sodium
chloride solution, which is 10 times its mass, for 28 days, then washed and dried.
Immediately, it was confirmed that the quantification of Friedel's salt could be
performed accurately by XRD analysis by the corundum internal standard method.

Chapter 5 summarizes the findings on improving the salt damage resistance of
mortar obtained in this study. The higher the powderiness of the blast furnace slag fine

powder used, the better the salt damage resistance, the minimum substitution factor



exists for performance improvement, and the performance deterioration when steam
curing is compared to normal curing. In addition, it was found that the preface time was
about a percentage, and the effective diffusion coefficient was not affected, but the
immobilization performance increased as the preface was longer. The findings
regarding salt damage resistance are as follows.

< Mechanical characteristics >

By measuring the pore size distribution by injecting mercury, it was confirmed

that the structure became denser as the fineness (Blaine value) and substitution rate
increased. In particular, it was confirmed that the one using 6000 Blaine had almost no
decrease in strength due to slag replacement concerning the plain product (non-
replacement product).

< Durability 1: Effective diffusion coefficient of chloride ion >

e The higher the Blaine value, the smaller the effective diffusion coefficient. It
was confirmed that the 6000 Blaine 45% replacement product was halved
compared to the non-replacement product.

e The above effect is in the case of 45% replacement, but it is confirmed that the
difference from the non-replacement product is slight at half the replacement
rate, and it is necessary to set a replacement rate of more than 22.5% in order
to improve durability.

e There was almost no significant difference between 0.5 hrs. and 3.0 hrs. in
terms of the effect of the pre-preparation time of steam curing.

e [t was confirmed that steam curing increased the effective diffusion coefficient
by about 9.4% compared to the standard curing product, which hindered the
improvement of salt damage resistance.

e [t was confirmed that the service period of the structure can be extended by
about 30% by replacing the blast furnace slag 6000 Blaine product by 45%.

< Durability 2: Chloride ion immobilization performance >

e [t was found that the greater the degree of Blaine and the replacement rate, the
increased the immobilization performance. It was confirmed that 6000 Blaine
45% replacement increased by about 65.4% in comparing with the non-

replacement product.



e Although the effect of slag basicity on durability has not been seen so far, in

this study, it was found that the immobilization ability was increased by 1.5

times by slightly increasing the basicity (1.8 — 2.0).

e Regarding the effect of the pre-preparation time of steam curing, the amount
of immobilization increases for 3.0 hrs. compared to 0.5 hrs., unlike the result
of the effective diffusion coefficient. Furthermore, it was found that the effect
became more pronounced as the Blaine value increased.

¢ In addition to the effect of reducing the effective diffusion coefficient, further
extension of the life of the structure is expected, given the immobilization
capacity.

Chapter 6 is a summary of this research. Considering the existing data on the
utilization of blast furnace slag for precast concrete products, we contributed to the
reduction of environmental load by incorporating the knowledge on the influence of
various manufacturing parameters on the improvement of salt damage resistance
obtained in this study into the product manufacturing plan. At the same time,
technological development for the production of high-quality precast products can be
expected. In addition, the Japan Society of Civil Engineers has proposed an estimation
formula for the chloride ion concentration that contributes to the estimation of the
remaining service life, but the effect of immobilization performance is not considered
or reflected. In the future, based on this knowledge, it will be possible to improve the

accuracy of the prediction formula.

1.4 Summary

The research uses industrial by-products in construction materials as part of the
technological development of the sustainable construction industry. This study focuses
on various cementum admixtures to understand the effects of admixture addition on
concrete productivity and durability and to spread the technology to reduce the
environmental burden.

It would be possible to conduct demonstration experiments on the applicability
of these items at precast product manufacturing sites and concrete construction sites to

analyze the scope of application of this technology and the cost effectiveness of its



introduction. In addition, this research aims to use the results of this research as primary
data for promoting the use of admixtures.

The utilization of industrial by-products for construction materials as part of
technological development for sustainable construction projects was developing
construction performance. This research focused on cement based admixtures used in
Thailand, grasped the effects of admixtures on concrete productivity and durability, and
aimed to popularize environmental load reduction technology following:

e Effect of admixture addition on freshness and effect characteristics that are

directly related to productivity

e Effects of various additives on various durability

e Improvement/improvement effect of admixture to improve concrete

performance



Chapter 2

Environmental effect

2.1 Introduction

Premature or early collapse of reinforced concrete (RC) infrastructure in marine
environments can have significant economic, environmental, and sustainability
consequences; hence it should be avoided wherever feasible. However, despite decades
of research, the specific mechanisms involved in the onset and development of
reinforced corrosion in maritime settings and the potential structural damage that results
remain a mystery. That is not reasonably sufficient to avoid long-term durability by
preventing sound design.

Concrete offers protection against reinforcement corrosion in excellent
conditions by providing physical shielding, such as a suitable quantity of concrete
cover, or by slowing the corrosion of the bars by the usually high pH of the concrete
around them. There is currently a substantial body of data from actual RC structures
demonstrating exceptional resistance to reinforcement corrosion in various marine and
other conditions, including immersion, tidal, splash, and marine, salt laden atmospheres
[12-15]. It was feasible to conduct extensive examinations in several of these situations
[14, 16-18]. Despite chloride concentrations beyond any widely recognized chloride
threshold criteria, showed extremely low or insignificant degrees of reinforcement
corrosion or corrosion damage [19, 20].

In addition, the residual pH of the concrete was determined in certain situations,
and it was generally found to be high, indicating substantial reserves of concrete
alkalinity and, therefore, a protective effect. If the chloride barrier had been recognized
many years ago, some structures would have been condemned erroneously, with
possibly enormous consequences and wasteful expenditures.

The immediate question raised by the above is why there appears to be a
mismatch between current reinforcement corrosion criteria and actual field
observations for high-quality concrete structures, i.e., those with high strength, low
permeability, and high remaining alkalinity but also very high chloride concentrations.

Many of the traditionally desirable practical factors remain valid, as will be seen, but



the reasons for them may now be understood in a new light, one that is compatible with
the long-term durability of well built reinforced concrete structures.

One of the more alarming and perplexing recent findings is that very localized
and severe corrosion loss has been recorded in specific RC structures when (hairline)
cracking has permeated through to the reinforcement and after lengthy exposure periods
[16, 17]. While fracture width is commonly an essential characteristic, our findings
imply that crack depth is far more critical, as detailed below. They can also be regarded
as evidence of a more significant problem, namely structural degradation that allows
for early corrosion start in certain circumstances and perhaps also gradual alkalinity
loss, which allows for further corrosion facilitated by the presence of chlorides.

Importantly, this finding supports the idea that concretes and concrete covers that
are compromised or damaged in some manners are more likely to cause reinforcement
corrosion problems. In the same way, poor quality, porous concretes are prone to cause
reinforcement corrosion. Many of these difficulties are recognized in isolation as
possible problems for RC structures but have not been studied in the context of
generating circumstances for eventual chloride related corrosion of reinforcement, as
discussed in the second half of the study. When combined with new information on
pitting corrosion induced start and final loss of concrete alkalis, these interpretations
give a more comprehensive picture of what is commonly referred to as "chloride

induced" corrosion.

2.2 Marine environment effect

2.2.1 Effect of chloride on Marine Corrosion Conditions

The conditions inside concrete usually are (mostly) wet [21], with any pore waters
largely stagnant, maybe with chlorides, possibly with air (oxygen, carbon dioxide), and
initially significantly pH buffered due to concrete's high alkalinity. Gaseous oxygen
(O,) diffuses slower than water into high-quality concrete, while gaseous carbon
dioxide (CO,)diffuses even slower. On the other hand, the availability of oxygen in
dissolved oxygen in water is more crucial.

Steel corrosion can occur under oxygenated conditions, consuming both (O,) and

(H,O) (oxidation cathodic reaction), as well as anoxic conditions, such as with
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imperfections and inclusions (e.g., MnS inclusions) [22], consuming only H,O and
releasing gaseous H, after water disassociation (hydrogen evolution cathodic reaction)
[23]. The first occurs early in the corrosion process while there is still some O, (as well
as H,O) accessible, whereas the second occurs in anoxic conditions at the metal
corrosion product contact. However, oxygen must be available outside the rusts, as
oxygen is still the ultimate electron acceptor [24, 25]. Corrosion will come to a halt if
there is no oxygen as the ultimate electron acceptor in the abovementioned
circumstances. The conditions inside the concrete remain the same regardless of
whether these processes are in action.

The corrosion of steels in stationary environments, such as chloride solutions, is
largely independent of the kind and concentration of salts present [26]. To prove the
importance of stagnant conditions [27] by discovering that chloride content had
minimal effect on corrosion. They also observed that increasing the rotation of the
specimen, or the velocity of the water at the corrosion contact, increased corrosion.
However, field research has shown that this influence is reduced as rust layers build up
[28].

Many electrochemical studies for reinforcement corrosion have been carried out
in test cells using stirred solutions (including artificial concrete pore fluids, natural or
artificial seawater, or saltwater) or rotating samples (electrodes) to speed up responses
and avoid corrosion product accumulation [29]. However, the findings of such testing
have little bearing on actual concrete deterioration.

The use of stirred solutions [30] may help explain the seemingly unusual result
commonly stated in the concrete corrosion literature [31], that corrosion in concretes
occurs when the pH of the pore water solution goes below around 11. Although this
may be true for pitting corrosion in chloride rich solutions, it is not valid for general
corrosion regardless of chloride concentration [32]. As will be discussed more below,

this divergence is crucial.

2.2.2 Corrosion initiation on Marine Corrosion Conditions

The reinforcement corrosion has been linked to critical chloride level [20] , which
is still the case in many publications, such as [33, 34]. However, recent experimental

findings have shed fresh light on these long held beliefs.
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Even seawater as mixing water and thus with very high available chloride
concentrations at the steel bar and elsewhere, even after allowing for bound chlorides
[35], which Model concrete specimens exposed for up to 12 years and examined by
breaking at approximately yearly intervals, have shown that there is an initial degree of
corrosion, but that this then stops or dramatically reduces [36]. Similar findings have
been reported elsewhere [37, 38] for a variety of RC beams closer to full size than the
laboratory samples utilized in the 12 years investigation. Corrosion did not advance
with time for specimens with high strength (as determined by rebound hammer) and
hence low permeability. However, corrosion was more severe in the more permeable
concretes, even if it was insufficient to shatter the specimens even after 12 years in the
studies. The data generally revealed corrosion behavior similar to that indicated in
Figure 2.1 at t; It should be emphasized that the period 0-t; was near to zero since the
specimens were dipped with chlorides from the start, as previously stated (i.e., with
seawater). The bold trend applies for high quality, low permeability concrete. The Tutti
model [19] is the conventional model that assumes t; defines the commencement of

serious corrosion damage initiated by an excessive chloride concentration.
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Figure 2.1 Model for the progression of reinforcement corrosion [35]

Corrosion was most frequent on the lower side of the (6 mm diameter) steel bar,
according to physical examination of the internal specimens by breaking them up.
Therefore, the specimens were cast horizontally and were away from the (vertical)

casting direction. There was hardly any rusting everywhere else.
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Microscope with fine detail after sectioning, numerous cross sections of the
specimens at right angles to the steel bar direction revealed localized corrosion of the
steel bar with voids in the concrete that were exactly adjacent but not necessarily
aligned (Figure 2.2b). When the concrete was cast, the cavities in concrete and
resulting localized corrosion of the steel were always the steel bar closest to the shaking
table, that is, under the bar. Localized corrosion and cavities under horizontal
reinforcing bars have been seen in practice for concrete beams [39], demonstrating a
clear correlation between experimental results and reality. This is in contrast to the

common assumption in most academic publications, such as [40, 41], that corrosion

occurs everywhere around the bars.

(a) One side of a steel bar (b) cross-section of concrete

Figure 2.2 Corrosion evident [39]

Pitting corrosion is the corrosion mechanism involved [36]. Only under the
influence of increased chloride concentrations and elevated pH conditions is this
thermodynamically achievable [32]. This will result in rusting (corrosion products)
both within and outside the corrosion pits. Within the voids, oxygen will be absorbed
as corrosion progresses. If the surrounding concrete is impenetrable to corrosion,
corrosion will eventually halt due to a lack of oxygen. In other circumstances, the rate
of inward passage of oxygen (and sometimes water) from outside, generally the external
environment, will determine the long-term corrosion. This will be very slow for high-
quality, low-permeable concretes, resulting in a significant decrease in corrosion rate
after time t;, as illustrated by the bold trend in Figure 2.2. The subsequent corrosion
rate will be higher for low-quality (increased permeability) concretes, as seen in Figure
2.2.

Large voids are expected at the concrete steel interface in concretes that have

been improperly compacted around reinforcing bars. Due to the greater oxygen
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availability in the more extensive voids, this will create more rust. Rust may cause
fractures in the concrete cap, allowing more oxygen to enter (and water). As a result,
severe corrosion damage might occur. As previously mentioned, many studies [40, 41]
thought that corrosion occurred all around the bars; however, Figure 2.2 demonstrates
that corrosion is considerably more limited, occurring at the bottom of horizontally
oriented bars, which is consistent with findings in practice [28]. Only exceptionally
porous concretes and vertically oriented bars would allow general bar corrosion the
Consequences of Choosing a Preferential Location. The ramifications of the corrosion's
privileged location, the resulting build up of corrosion products, and the influence on
concrete cracking spalling or delamination of the cover appear to have escaped

investigation.

2.2.3 Corrosion initiation in Concretes of Low Permeability on Marine Corrosion
Conditions

The onset of corrosion following touch (Figure 2.1) is caused by a fundamentally
different process from the one described previously. This was recently discovered [36]
using laboratory specimens identical to those stated above. The theory was that the

primary concrete alkaline substance Ca(OH), had gradually disintegrated over time,

facilitated by the presence of chlorides, and then leached out of the concrete matrix.
The loss of this material essentially exposed the concrete matrix, allowing oxygen to
enter the concrete and, once enough leaching had occurred, the reinforcing as well. As
a result of the lack of local alkalinity, reinforcing corrosion became possible. These
findings should be interpreted as indicating that the more permeability concretes have
more interior surface areas exposed to alkali dissolution, rather than implying that they
directly allowed for increased species diffusion through the more permeable concrete.
Alkali dissolving, not alkali diffusion, is the rate-limiting process (and thus
permeability). It should be evident that for high-quality, low-permeability concretes,
the loss of concrete alkalinity is unlikely to occur during the usual lifespan of many
functional structures, as specific actual reinforced concrete structures have

demonstrated [16-18].
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2.2.4 Marine environment effect on RC structure

Chloride is abundant in seawater and approximately 90% of the chloride in
seawater is in the form of chloride compounds. The chloride salts in seawater include
sodium chloride (NaCl) at approximately 27,000 ppm, magnesium chloride (MgCl,) at
approximately 3,200 ppm and calcium chloride (CaCl,) at approximately 500 ppm. The
total chloride content of concrete is the sum of the contents of 2 types of chlorides.

(1) Bound chloride is the product of a hydration reaction involving calcium
chloro-aluminate hydrate as Friedel's salt. Therefore, the pore distribution on
the gel surface does not affect the rusting process.

(2) Free chloride is chloride dissolved in pore water that could diffuse into
concrete, where the chloride concentration is lower, and increases the
alkalinity as the concrete condenses, which would lead to the release of a
large amount of chlorite and delay corrosion of a reinforcement.

Chloride damage resistance from BFS is needed when the hardened concrete is
denser than ordinary Portland cement, so reducing chloride ion concentrations is also
important [42, 43]. Iron and steel slag are steelmaking slag that contains iron oxide
(FeO) and magnesium oxide (MgO). The primary components are limestones (CaO)
and silica (S10,), in addition to other components of BFS, including alumina (AL,05)
and magnesium oxide (MgO), as well as a small amount of sulfur (S). Thus, in steel
slag production, the slag contains metal elements (such as iron) in oxide form.
However, the refinement time for steel slag is short, and the amount of limestone in the
raw material is high. Therefore, a portion of the auxiliary limestone material may
remain undissolved as free lime [44]. Ordinary Portland cement has four primary
constituents, tricalcium silicate (3Ca0O-Si0,) , dicalcium silicate (2Ca0O-SiO,) ,

tricalcium  aluminate (3CaO-Al,O;) , and tetra-calcium  alumino-ferrite
(4Ca0-Al,0,Fe,03), and some of the compounds in BFS can be supportive in ordinary

Portland cement.

2.2.5 Corrosion reaction in RC structure

In previous studies [45-47], the primary causes of cracks in concrete structures
came from drying-induced shrinkage. The addition of BFS to cement increases the

amount of C-S-H gel produced; therefore, along with the cement type and curing age,
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the proportion of BFS impacts the degree of cement hydration. A study has shown that
the penetration of chloride ion into reinforced concrete structures causes corrosion,
reducing concrete structure performance. This results in concrete shrinkage and
cracking. The durability of concrete and mortar was evaluated by measuring the
diffusion coefficient of chloride ions in an offshore structure. An initial reduction in
chloride ion penetration delays reinforcement corrosion [48].

When exposed to HCI, which is acidic, the alkalinity of concrete gradually
decreases from an average level of 12.5-13.5 to grades 11, 10, and 9. In an electrolysis
reaction, the area where the film is destroyed has a negative electric potential, and the
associated reaction is called an "anodic reaction." An example is shows in the following

equation:
Fe—Fe* +2¢” 2.1

The resulting electron passes through the entire film area with a catholic electric
potential. If it reacts with water and oxygen, it forms a hydroxyl ion [(OH)™], which
can be written as follows:

(2.2)
4e'+0, + 2H,0 — 4[0H]

Simultaneously, the excess Fe?* reacts with water and oxygen to form ferric
hydroxide (rust), as shown in the following equations:

(2.3)
Fe** +2(OH) — Fe(OH),

(2.4)
4Fe(OH), + O, + H,0 — 4Fe(OH);

Additionally, Fe?*, which is negative, reacts with water to complete its octet, as
shown in the following equation:

(2.5)
Fe** +2CI" — FeCl,

(2.6)
FeCl, +2H,0 — Fe(OH), + 2HCI

A previous study investigated physical and chemical attacks on reinforced

concrete structures throughout their service life and investigated precautions that could
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be taken to prevent the deterioration caused by these attacks. Earlier studies had
indicated that the addition of minerals, such as silica fume, BFS, and fly ash, to cement

could increase concrete performance [11].

2.3 Environment effect from cement production

Sustainable construction primarily tries to mitigate the construction industry's
negative environmental impacts. Over the last few decades, there has been a significant
effort in the building industry to use industrial waste, by-products, or recycled materials
to reduce carbon dioxide emissions and protect natural resources. If material is entirely
sustainable, it must have low embodied and operational energy. The quantity of energy
required to make material is referred to as embodied energy.

Concrete is by far the most extensively used building material, with more than 10
billion tons manufactured each year throughout the global [49]. The building industry
consumes many natural resources and contributes to air pollution due to this
consumption. As a result, cement may pose a threat to the long-term viability of
concrete. Carbon dioxide emissions are the most significant greenhouse gas emissions
that have an impact on long-term development. One of the primary causes of global
warming is the critical carbon dioxide emitted during ordinary Portland cement (OPC)
manufacturing. Nearly one ton of carbon dioxide is discharged into the atmosphere for
every ton of cement produced.

The cement industry alone is thought to be responsible for 6-7 percent of all
carbon dioxide emissions was previously estimated that replacing each ton of OPC by
50% would save roughly 500,000 tons of CO,. According to the SCA, using slag
cement as a cement alternative in concrete can save 3 million metric tons of carbon
dioxide per year. BFS has a low embodied energy or carbon dioxide emission, ranging
from 120 to 160 kg/ton on average, owing to its status as a coproduct material. On the
other hand, OPC consumes substantial resources and emits around 820 kg/ton of CO,.
Consequently, the difference in emissions between OPC and BFS is roughly 670 kg
carbon dioxide per ton.

The utilization of BFS can save a bunch of costs on resources. Environmental
restrictions in many nations, on the other hand, demand that industrial waste be
disposed of as little as possible and those waste products be reused. One of the goals of

sustainable steelmaking is to limit the amount of trash and the number of materials that
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end up in landfills. Concrete mineral admixtures may be an essential tool in this effort.
They are industrial wastes or by-products of other production processes that require
relatively little energy to manufacture. Cement can be lowered by including a larger
quantity of extra cementing ingredients, cutting emissions, and mixing energy
consumption [50].

BFS was previously discarded in landfills, but due to its superior cementitious
characteristics, it is currently being utilized as a supplementary cementitious materials
(SCM) to replace OPC in concrete. It can also improve mortar or concrete's strength,
durability, and other qualities. Furthermore, BFS has been used as slag particles in
concrete for decades. According to one estimate, the concrete industry consumes 8
billion tons of natural resources each year. Any initiatives to lessen this reliance on
virgin resources will thus aid in building a more sustainable future [51]. As a result, the
use of BFS in concrete has expanded significantly in recent years, with 75 million tons
predicted by 2020 [50].

BEFS is a construction material that is beneficial to the environment. According to
recent studies, slag polluted with dangerous metals can be used safely and beneficially
in concrete applications. In addition, metals that are harmful to the environment can be
immobilized in hydration products [49]. Its durability strongly influences concrete's
service life. The longer the service life of concrete, the more durable it is. AAR, sulfate
attack, steel corrosion, and freeze-thaw are the most common concrete durability issues.
The addition of BFS to the cement improves its long-term durability. In addition, the
consumption of cement decreases as the service life of constructions grows. As a result,

incorporating BFS into concrete could aid in the creation of stable structures.
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Chapter 3

Blast furnace slag

3.1 Introduction

BFS is defined “as the non-metallic product consisting essentially of silicates and
alumina silicates of calcium, and other bases that are developed in a molten condition
simultaneously with iron in a blast furnace” by ASTM C 125-16 [52] has been widely
used in the construction industry for more than 80 years. When the mixture of iron-ore,
coke, and limestone is placed in a blast furnace, molten iron and molten slag are
produced at about 1500 °C temperature. Typically, 200-400 kg of liquid slag is
generated for every ton of hot metal produced.

Molten iron and liquid slag accumulate at the bottom of the blast furnace, where
the less dense molten slag forms a layer above the molten iron. Molten slag is channeled
out of the furnace as liquid resembling molten lava by floating on the top of the molten
iron and can be separated in the skimmer. The chemistry of BFS is relatively uniform.
It mainly contains silica, alumina, and lime, combined with magnesia, sulfur, and
oxides such as iron oxide and manganese oxide. Three significant types of BFS that are
granulated, air-cooled and expanded slags can be produced depending on the cooling
and solidifying methods of molten slag.

BFS is obtained by rapidly quenching the molten slag using high pressure water
jets. It is glassy granular particles having generally smaller than 5 mm particle size like
sand. The GBFS is often used after further processed by drying and then grinding to an
excellent powder. GBFS can be used to directly replace ordinary cement with varying
replacement ratios between 30% and 85%. If the molten slag is directed into pits or
ground bays where solidification occurs under the prevailing atmospheric conditions,
it will form air-cooled blast furnace slag (ABFS) with crystalline structured rock like
mass. ABFS is a rather complicated, dense material used for applications such as
railroad ballast, stabilizing roadbeds, concrete aggregate, or generally wherever a
heavy, strong base is required. Expanded slag is produced using a mechanical device
and relatively small amounts of cooling water, forming a lightweight dry material.
Generally, it is used in light building blocks, in the making of brick, in insulation, and

as an aggregate in producing light concrete.
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Great efforts to use industrial waste byproducts to reduce carbon dioxide
emissions and conserve natural resources have been reported over the past several
decades. Concrete materials are the most widely used building construction materials,
but their production generates more than 10 billion tons of carbon dioxide per year
globally [49]. Environmental regulations in many countries require the removal of as
much industrial waste as possible. Enforcing reuse of waste materials in the cement
industry is estimated to be responsible for approximately 6-7% of all generated carbon
dioxide. Since approximately one ton of carbon dioxide is released into the atmosphere
for each ton of ordinary Portland cement produced, carbon dioxide emissions are

important greenhouse gas emissions contributing to sustainable development.

3.2 Background of BFS

BFS, a coproduct as show in Figure 3.1, is an environmentally friendly
construction material whose production requires a relatively small energy input and
emits carbon dioxide at 120 to 160 kg/ton (less than concrete production). BFS, as a
mineral admixture in concrete, significantly increases the resource efficiency of
concrete production. For example, one of the goals of sustainable steelmaking is to
reduce the amount of waste and material sent to landfills. In addition, BFS, which
requires comparably little energy to produce, is an industrial waste byproduct of
manufacturing processes. A recent study has shown that slag contaminated by toxic
metals can be used safely and beneficially in concrete applications and can be
immobilized into hydration products [49].

A thermochemical reduction in a blast furnace produces BFS during the
manufacturing of iron [53]. The iron oxide ore is reduced to metallic iron using coke,
while the silica and alumina components combine with lime and magnesia to produce
a molten slag that gathers on top of the molten iron at the furnace's bottom. Some of the
constituents, such as silicon, manganese, and sulfur, are decreased by iron. As a result,
sulfur fractionation between iron and slag is significant. To encourage sulfur solution
in the slag, which either the temperature or the lime content of the slag increased; the
latter, in any case, necessitates a temperature increase to maintain fluidity. Increased
magnesia concentration, within specific limitations, decreases slag viscosity and is thus
preferred in current practices with low slag volumes. For economic reasons, dolomite

or magnesian limestones are also employed in several areas.
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Figure 3.1 The production of Portland BFS and ordinary Portland cement [53]

BFS is a molten stream that emerges from the blast furnace at a temperature of

about 1500°C. The conversion of molten slag into products appropriate for diverse
purposes is dependent on further processing; widely different products are created

depending on the cooling techniques utilized.

e Air-cooled blast furnace slag (ABS): When the BFS is allowed to cool slowly

with air, it solidifies into a grey, crystalline, stony material, known as 'air-
cooled' or crystalline blast furnace slag. The material is used in a road stone,
concrete aggregate, and various cooling procedures and slag properties as an
aggregate.

BFS pellets: This material is obtained when a quick cooling with air is applied
to the liquid BFS. Several fractions are obtained. The layer pellets (>10mm)
occur as nodules with a porous structure that is partly crystalline. This
expanded slag is suitable as a lightweight aggregate. The smaller fraction (<10
mm) is mainly in a glassy state and is used as a hydraulic constituent of
blended cement.

Blast furnace slag (GBS): The slag is cooled very rapidly and solidifies as a
glassy granulated mass into a granulator. The granulated slag is poured into a
significant excess of water (100 m?/ton of slag) or subjected to spraying jets
under 0.6 MPa pressure (water 3 m?/ton of slag). After the treatment, the water
content of slag (<30%) is largely eliminated in dryer mills or filter basins.

Vitrified granulates (0-5mm) are obtained and used as a hydraulic binder for
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cement, mortar, and concrete. After grinding separately or together with

Portland cement clinker, GBS provides BFS.

3.3 Components of BFS

3.3.1 Chemical composition of iron and steel slag

Limestone (CaO) and silica (Si0,) are the most basic components of iron and
steel slag. Alumina (Al sub>205) and magnesium oxide (MgO), as well as a residue of
sulfur (S), are other components of BFS, whereas steelmaking slag contains iron oxide
(FeO) and magnesium oxide (MgO). In the case of steelmaking slag, metal components
(such as iron) are present in oxide form. Because the refining period is short and the
amount of limestone used is significant, some of the limestone auxiliary material may
stay undissolved and free (CaO) [2] . Examples of iron and steel slag compositions as

show in Table 3.1.

Table 3.1 Examples of iron and steel slag compositions (in percentages) [2]

Electric arc
f 1
Type BFS Converter urnace sag Andesite | Ordinary
Component slag Oxidizing |Reducing (for ref.) | cement
slag slag
CaO 41.7 45.8 22.8 55.1 5.8 64.2
Si0, 33.8 11.0 12.1 18.8 59.6 22.0
T-Fe 0.4 17.4 29.5 0.3 3.1 3.0
MgO 7.4 6.5 4.8 7.3 2.8 1.5
Al,O4 13.4 1.9 6.8 16.5 17.3 5.5
S 0.8 0.06 0.2 0.4 - 2.0
P,05 <0.1 1.7 0.3 0.1 - -
MnO 0.3 53 7.9 1.0 0.2 -
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The chemical composition of these components is equivalent to that of ordinary

Portland cement, and they may be discovered in the natural world in places such as the

Earth's crust, natural rock, and minerals. Iron and steel slag have comparable form and

physical properties to crushed stone and sand. However, because of variations in

chemical components and cooling methods, several kinds of slag can be produced with

a wide range of distinct characteristics. When alkali stimulation occurs, for example,

some kinds of slag harden. As a result, various applications based on the physical and

chemical properties of slag have been discovered and utilized in various industries.

3.3.2 Dissolution characteristics

(D

2)

pH: The alkalinity of iron and steel slag increases to 10-12 when it reacts
with water due to the effects of the limestone it contains, indicating that it is
the same as or lower than that of recycled concrete base course aggregate and
cement stabilized soil. The alkali components that dissolve iron and steel slag
products are absorbed and neutralized by the soil in Japan since the soil is
typically acidic. Therefore, water with slag does not pass through the soil and
flows straight to the outside. Therefore, actions must be taken to decrease
alkalinity, same as with recycled concrete base course material and cement
stabilized soil, which can involve creating a high soil embankment or
neutralizing the water with carbon dioxide gas before draining it an iron and
steel slag product. The manufacturer and seller ahead of time to see what
water drainage measures are required during and after construction.

Heavy metals: When iron and steel slag products are used on land,
environmental safety is verified based on the Environmental Quality
Standards for Soil Contamination. When the products are used in a marine
environment or landfill, safety is verified based on the benthic soil standards
in the Law on the Prevention of Marine Pollution and Maritime Disaster.
Although the quality of iron and steel slag products is already prescribed by
JIS as materials for use in civil engineering works, because there was
previously no quality standard related to environmental safety, no specific
environmental considerations had been prescribed for these products.
Subsequently Test Methods for Chemicals in Slags (JIS K0058-1) [54] was

established in 2005, and at present environmental considerations are being
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added to or revised in JIS for iron and steel slag used in roads and other iron
and steel slag products.

BFS is a nonmetallic product consisting essentially of silicates and alumina
silicates of calcium in molten form and iron in a blast furnace, according to ASTM C
125-16 [52], which accumulate at the bottom of the blast furnace after rapidly
quenching the molten slag using high-pressure water jets. Then, the molten slag is
directed into pits, or ground bay solidification occurs under prevailing atmospheric
conditions. BFS could be a direct replacement for between 30% and 85% of ordinary
Portland cement in a structure.

BFS exhibits excellent cementitious properties and is off-white; moreover, the
composition of the raw materials affects the chemical composition of BFS. The
principal constituents of BFS, as presented in Table 3.2, are silica (SiO,), alumina
(Al,03), calcium (CaO), and magnesia (MgO), which make up 95% of its composition
(Iron and Steel Slag Statistics and Information 2017) [55].

The main components of slag are MgO, Al,O5, SiO,, and CaO. The hydraulic
activity of slag increases with increasing contents of CaO, MgO, and Al,O5 but
decreases with increasing SiO,. Several factors contribute to the reactivity of slag, such
as the component composition, chemical composition, geometrical properties,

temperature, glass structure, and alkali environment.

Table 3.2 Chemical analysis (in percentages) of BFS [56
SiOz CaO MgO A1203 NazO SO3 MnO TiOZ Fe203 P203

35.09 | 37.79 | 5.50 | 17.54 | 0.30 | 0.66 | 0.83 | 0.68 | 0.70 | 0.37

A preliminary study [57, 58] reported factors affecting the reactivity of slag in
cement, of which the chemical composition, pore solution, slag processing, and
geometrical properties were the main parameters. Higher hydration temperatures
increased the slag reactivity as the percentage of slag replacement was reduced; on the
other hand, the reactions increased with increasing amounts of water.

Generally, when added in the right proportion, a mineral admixture improves the
workability of fresh concrete. Early studies suggested that BFS increased the
workability because the specific gravity of BFS was slightly lower than that of cement.

As a preliminary examination [59], and prepared concrete mixes containing 0%, 40%,
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and 70% BFS [60]. An earlier report found that a water-to-binder (W/B) ratio of 0.43-
0.46 is needed to decrease the amount of plasticizer needed as the BFS content increases
in plasticized concrete [8]. They concluded that BFS reduces the superplasticizer
dosage in concrete because it acts as a super plasticizing agent replacement. In their
initial study found that the more cement that is replaced by BFS and the lower the W/B
ratio, the more significant the reduction in the superplasticizer dosage for high strength
concrete (HSC) [61].

The delay in the setting time depends on the initial temperature of the concrete,
the proportions of the blend used, the W/C material ratio, and the characteristics of the
PC, and adjusting these parameters can have undesirable effects on manufacturing
precast elements and executing concrete work during a low temperature period. The
addition of accelerating admixtures can significantly reduce the setting time delay,
thereby eliminating it as a barrier to the use of BFS.

Although the slow development of compressive strength of concrete containing
BEFS is disadvantageous in the early ages of concrete curing, such as its effects on the
early strength of concrete, this slow development is advantageous for the later
development of compressive strength to a level that is higher than the strength of OPC
concrete. As a result, BFS can replace approximately 50% of the average PC concrete
in ready mixed concrete production.

The fineness of BFS cement is also an important parameter affecting the strength
development of slag concrete. BFS with a small specific surface area causes a decrease
in strength. Therefore, BFS should typically be ground more delicately than standard
PC since it reacts more slowly, especially at lower temperatures. Experimental studies
have reported that the 28 days strength of concrete increased significantly as the
fineness of BFS increased for an exact replacement ratio. More finely ground BFS had
exceptional early strength and fineness increased from 4,080 to 6,230 cm?/g, the 28

days strength increased significantly [62, 63].

3.3.3 Improving the durability of concrete structures

Iron and steel slag products are used in a variety of areas where their unique
characteristics are put to effective use. The majority of the demand for these products

comes from the field of cement. Approximately 40% of iron and steel slag products,
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and 60% of BFS, are used in cement. Most of these products are used as a raw material
in Portland BFS cement. Portland BFS cement has the following characteristics.

(1) It has high resistance to seawater and to chemicals, and can improve

durability.

(2) It has a low chloride ion diffusion coefficient (resists rebar corrosion).

(3) It can reduce alkali aggregate reaction.

(4) Its strength increases over time.

(5) It produces little elution of hexavalent chrome when used in ground

improvement.

This product is also increasingly being used in construction projects. For reasons
including the generally large material cross sections, ease of ensuring concrete curing
time, and the relatively large cover it provides, Portland BFS cement is suitable for use
in structures such as piles, foundations, underground beams, and continuous walls.
With the CASBEE evaluation system that is increasingly being instituted by local
governments and under the Tokyo Metropolitan Environmental Building System, the
use of Portland BFS cement adds points to the evaluation score. The Tokyo system was
started in 2002, and Portland BFS cement is used in approximately 50% of the buildings

that have been designated under this system.

3.4 Application on concrete industry

As a result of growing environmental awareness, iron and steel slag is highly
regarded as a recycled material that can reduce impacts on the environment due to its

resource conservation and energy saving effects.

3.4.1 Air-cooled BFS

This slag hardens when it reacts with water, with a hydraulic property that
increases strength over time because of its large load bearing capacity, it is used in road
base course material in the same way as gravel. There is no risk of alkali aggregate
reaction, and this slag contains no clay or organic impurities. As a result, it is also used

as a concrete aggregate in the same way as natural aggregate.
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3.4.2 Granulated slag

As air-cooled blast furnace slag, this slag has a hydraulic property and there is no
risk of alkali-aggregate reaction. Because of the powerful latent hydraulic property that
results from fine grinding, this slag is used in products such as Portland BFS cement.
When blended with cement, the BFS becomes Portland BFS cement with the same
properties as ordinary Portland cement. The advantages of this BFS cement, such as
increasing strength over long periods of time, low heating speed when reacting with
water, and high chemical durability, are put to effective use in a broad range of fields
including in the construction of ports and harbors and other large civil engineering

works.

3.4.3 Steelmaking slag

Because of its hydraulic property and the large bearing capacity it can provide,
steelmaking slag is used as a road base course material. With high particle density and
hardness, this slag has superior wear resistance and for this reason is used as an
aggregate for asphalt concrete. In addition, due to its high angle of shearing resistance,
high particle density, and large weight per unit volume, it is also used as a material for
civil engineering works and as a ground improvement material (i.e., material for sand

compaction piles).

3.4.4 Primary characteristics and applications of iron and steel slag

The primary characteristics and applications of iron and steel slag are present in
Table 3.3. The various applications were functional and present by the slag type as BFS
and steelmaking slag while different producing method. Moreover, the characteristics
were present by chemical characteristics the suggestion was suggesting the application

which suitable.
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Table 3.3 Primary characteristics and applications of iron and steel slag [2]

Fertilizer components

(Ca0, SiO,, MgO, FeO)

Fertilizer and soil improvement

Slag | Method Characteristics Applications
Hydraulic property Road base course material
No alkali-aggregate reaction | Coarse aggregate for concrete
&P Cement clinker raw material
= Low Na,O and K,0
= (replacement for clay)
[}
4 Thermal insulation and sound
z absorption effects when made | Raw material for rock wool
P into a fiber
Fertilizer component . .. .-
(Ca0, Si0,) Calcium silicate fertilizer
Raw material for Portland BFS
cement
Strong latent hydraulic Blending material for Portland
property when finely ground cement
% Concrete admixtures
= R ial fi link
Low Na,0 and K,0 (r:“i materia f01r clement clinker
placement for clay)
E‘J Latent hydraulic property Material for ci\{il engineering
Z works, ground improvement
g material (Backfill material, earth
s . . i
= Lightweight, large angle of cover.materlal, embankment
= . L material, road subgrade
= internal friction, large water . .
o ermeability improvement material, sand
O P compaction material, ground
drainage layers, etc.)
Does not contain chlorides.
Fine aggregate for concrete
No alkali-aggregate reaction
Fertilizer component Calcium silicate fertilizer
(Ca0, Si0O,) Soil improvement
ard, wear-resistant Aggregate for asphalt concrete
[ 5]
= Hydraulic property Base course material
2]
& £ Material for civil engineering
— 1> .
:D % E” Large angle of internal workg, ground improvement
.’E o 2 friction material
(5]
s o Material for sand compaction piles
E | ZE
® E & FeO, CaO, SiO, components | Raw material for cement clinker
7 o
>
=
S
o
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3.5 Portland blast furnace slag cement

Reducing CO, emissions: Expanding the use of Portland BFS cement is one
measure included in the plan to achieve the targets of the Kyoto Protocol, and there are
large expectations for its ability to help reduce CO, emissions. Under the Kyoto
Protocol, Japan has committed to the world to reduce its 2008-2012 emissions of
greenhouse gases by 6% from 1990 levels. The plan for achieving this public
commitment includes a reduction in CO, emissions of 1.12 million tons resulting from
a 16% increase in the production ratio of blended cement.

The majority of the blended cement that is produced in Japan is Portland BFS
cement assume that Portland BFS cement accounted for all of the 16% increase in the
production ratio of blended cement, this would contribute to an annual reduction in CO,
emissions of 640,000 tons. Specifically, the use of 20% Portland BFS cement in
constructing a single apartment complex would result in a per-household CO,reduction
of approximately 1,200 kg. The national government has recognized these effects, local
governmental organizations, and private companies.

As a result, there is growing momentum toward stopping global warming by
expanding the use of Portland BFS cement. The slag can also be added to ordinary
Portland cement at 5% or used as an admixture in concrete products. The limestone and
coal used production of ordinary Portland cement are reduced, and the CO, emitted by
the decarboxylation of limestone or the incineration of coal is also reduced. By reducing
the limestone and fuel used for cement production, the CO, generation is reduced by
320 kg/ton of cement. Portland BFS cement features excellent durability, greatly
enhanced long term strength, and less chloride migration suppresses alkali aggregate
reactivity and can be used with recycled aggregates. BFS cement does not require
calcination, as present in Figure 3.1 and the following Table 3.4, the annual reduction
of CO, emission by Portland BFS cement production in Japan is approximately

4,000,00 tons.
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Table 3.4 The comparison of cement production

. Portland BFS cement | Reduced CO, Reduction

CO, emission cement rate of CO
source (i) CO, (i) CO, emission emission (0/2)
emission emission (i)-(ii) ’

Limestone 468 268 200 43
Electric 206 176 120 41
power/energy
Total 764 444 320 42

*CO, emission per 1 ton of cement (unit: kg)

3.6 Fresh properties of mortar/concrete containing BFS

3.6.1 Workability

The mineral admixture improves the workability as a critical characteristic of
fresh mortar or concrete. Incorporating mineral admixtures in concrete would generally
enhance fresh concrete properties that will enhance consistency, cohesiveness, and
reduction in bleeding and segregation [58]. The workability of cement pastes and
mortars was increased due to improved particle dispersion and fluidity, both with and
without water reducing admixtures. The specific gravity of BFS was slightly lower than
that of cement, which increased the workability. However, slump, vibe, and compaction
factor test results showed that the ratio of water cementitious (W/C) materials decreased
to maintain the same workability of the concrete mix with 0% BFS. Slump, Vibe, and
compaction factor test results showed that the W/C ratio materials decreased to
maintain the same workability of the concrete mix with non BFS [59].

BEFS particles have smooth and dense surfaces, which provide smooth slip planes
were absorb less water than PC particles, making BFS concrete more workable.
Therefore, a reduction in water content is possible for equivalent workability [64]. As
a result, BFS concrete mixes had 20-50 percent higher slumps than regular concrete
with the same W/C content ratio. In addition, the improving BFS ratio was an

accompanying increase in the slump in non-superplasticizer concrete[44, 65].
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Mineral additives such as fly ash and BFS are commonly used in manufacturing
high strength and high performance concrete (HPC) due to their exceptional technical
and performance properties. In addition, compared to the same concrete without any
additions, these additions may increase the fluidity of the concrete and lower the
amount of superplasticizer required to get a similar slump flow [66]. In plasticized
concretes with 0.43-0.46 water-to-binder (W/B) ratios, the amount of water required to
achieve a particular slump reduces as the BFS concentration increases [8]. The
superplasticizer agent replacement, BFS, decreases the superplasticizer used in
concrete. The lower the w/b ratio and the higher the cement replacement by BFS, the
more significant the reduction in superplasticizer dosage for high strength concrete
(HSC) [61].

The properties of fresh self compacting concrete (SCC) that added BFS by
substitution to cement were found very beneficial to fresh SCC. Workability was
improved up to 20% of BFS content with an optimum content of 15% when the W/B
ratio and superplasticizer content were maintained constant. Furthermore, with 15%
BFS content, workability retention of approximately 60 minutes was accomplished
[67].

BFS had a high specific surface area between 5000 and 9000 (cm?/g), imparting
a high segregation resistance to concrete while ensuring fluidity. A previous study
investigated the workability and other properties of concrete containing BFS with
fineness’s ranging from 1000 to 2000 cm?/g [68]. The observed that the slump of
concrete increases by BFS when the replacement ratio is about 50%, especially in a low
W/C ratio. There was no significant difference between the concretes with and without
BFS when the replacement ratio was 30% or below. As a result, concrete with a low
fineness of BFS has improved workability than concrete without BFS. According to
this hypothesis, the finer the slag is grinding, the better several properties, including
strength, workability, and bonding. The finely BFS has a greater specific surface area
and, as a result, a larger surface area for water reaction. They discovered that replacing
cement with more than 20% by mass improved the consistency of the concrete mixture
[69].

Fresh concrete containing BFS tends to require less energy for movement than
comparable PC concrete, in addition to increased consistency. Pumping, placing in
molds, and compacting is easier for concrete containing BFS. In addition, concretes

containing BFS retain their workability for longer. The workability of concrete
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incorporating BFS as a partial cement substitution is improved. Reported an increase
in consistency after mixing the concrete mixture immediately and after 30 min when
finely BFS was substituted at 80% and 100% for cement. BFS slows both the rate of
setting and the rate of slump loss. As a result, concrete containing BFS as a partial
cement substitute has a reduced slump loss during hot weather construction [69].

The fineness of BFS concerning cement affects bleeding related to the physical
properties and permeability of fresh concrete. The bleeding ratio of concrete is
influenced by the ratio of solid surface area to the unit volume of water. Bleeding is
decreased when the BFS is more acceptable than the PC and is substituted on an
equalmass basis; nevertheless, when the BFS is coarser, the bleeding rate and amount
may be increased [70]. The bleeding ratio under pressure greater than 25 bar reported
bleeding readings for various mix proportions at high pressures compared to BFS and
cement [71]. Half of the water is drained out under high pressure in cement pastes,
having a water-to-powder ratio higher than 50%. When BFS paste was utilized,
however, the bleeding ratio did not reach 50%, demonstrating that bleeding increases
with an increase in the initial water-to-binder ratio (W/B) or pressure and that the rates
of increase of the bleeding ratio were similar in the cementitious pastes. BFS paste has
a lower packing density than cement paste under the same pressure supports the finding
that concrete incorporating BFS is less prone to bleeding. In general, when comparing
BFS concretes to PC concretes of the same strength, BFS concretes exhibited reduced

bleeding.

3.6.2 Setting time

The thorough use of cement in place of BFS generally increases the time [50, 70].
In BFS incorporated cement, there was a significant delay in the final setting time [65].
The BFS replacement ratios did not significantly affect the setting time when the
temperature was 23°C, as previously disclosed. Slag may cure slower than regulate
concrete at temperatures below 23°C, which has significant consequences for winter
concreting [72]. The rate during which the setting time is delayed the determined by
concrete's initial temperature, the proportion of the mix used, the W/C materials ratio,
and the PC's properties. The final setting time of concrete is longer than OPC concrete
when the ambient temperature decreases or the replacement ratio increases. It is a

negative thing unless making precast elements, including doing concrete work in the
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winter. Setting time delays can be considerably reduced by using accelerating
admixtures. As a result, the delay in final setting times would not be a problem. At
higher temperatures, though, the slower rate of setting is preferable. Slag concrete
seems to have little change in setting time at higher temperatures (30°C). As a result,
depending on the weather, adjusting the BFS proportions is achievable.

The previous study investigated the influence of BFS on concrete setting times
[73-80]. The inclusion of BFS in the SCC, which replaced 20%, 30%, and 40% of the
OPC, demonstrated that the presence of BFS prolonged the setting times of cement
paste [79]. Furthermore, depending on the chemical base of the admixture, all
accelerators provide a 40-50 % reduction in initial setting time. Consequently, they
concluded that the C-S-H crystal seeds based additive was the most effective for cement
when combined with BFS [80]. The initial and final setting times of concrete containing
60% BFS were increased by factors 2.75 and 2.27, respectively, in an experimental

study [76].

3.7 Properties of hardened concrete containing BFS

3.7.1 Strength development

As a primary supplemental cementing material, BFS was used. It has
cementitious as well as pozzolanic characteristics. The influence of BFS on the strength
of various types of concrete and mortars. The use of BFS instead of PC results in a
considerable increase in the compressive strength of the mix. In general, the ideal slag
blend for the most significant strength at 28 days appears to be at 50%. The strength of
slag concrete develops more slowly than that of concrete without BFS. Although this
is a disadvantage for early concrete ages such as 3 or 7 days, delaying strength
development is helpful for 28 days and after. Because BFS containing concrete gains
strength faster than OPC concrete at later ages, the compressive strength of BFS
approaches that of the control concrete between 7 and 28 days. Beyond this period, the
strength of BFS exceeds that of the control concrete. Thus, BFS replaces a significant
amount of standard PC concrete in ready mixed concrete production, roughly 50%. In
most cases, the reasonable maximum throughput except for specific concretes, where

the replacement ratio would be around 70%. In addition, for constructions with high
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early strength requirements, the replacement ratio decreases to 20-30%. Too many
variables as chemical composition, fineness, activity index, curing conditions, and
amounts of slag utilized in concrete mixtures influence compressive strength
development in concrete containing slag [44].

The investigated a superplasticizer, no entrained mix constant w/cm at a strength
level of 100 MPa [81]. The percent strength of the 70 percent slag mix compared to the
conventional PC control mix was 71 and 96 for 28, and 91 days ages, respectively,
which discovered that the strength of slag mixtures was initially lower than that of a
typical PC mix, but that after 91 days, they had caught up at all replacement levels [82].

In the case of high level BFS replacements, concrete compressive strength has
been observed to be reduced. For example, the strength decreased when the amount of
BFS grew to 90% [72, 83-85].

The compressive strength rate of BFS containing self compacting repair mortar
was lower at younger ages. On the other hand, the compressive strength grew more
robust over time, becoming more evident at 30-50 % replacement levels. As a result,
the maximum limit of the BFS replacement ratio was proposed to be regulated at 50%
to provide an unprecedented long term compressive strength increase [86].

The fineness of BFS cement has an impact on the strength development of slag
concrete. The strength of BFS with a limited specific surface area is decreased.
Although BFS reacts more slowly, especially at lower temperatures, it should be ground
more acceptable than a standard PC. According to the experimental studies, the 28 days
strength of concrete improved considerably as the fineness of BFS increased for the
appropriate replacement ratio. More coarsely BFS exhibited early increasing strengths
[62, 63].

The curing temperature affects the hydration rate of cement, which influences the
strength development of concrete. The curing temperature rose, the rate of hydration
increased. As a result, the response rates of BFS containing concrete are decreased. As
a result, a longer curing time is required for the BFS characteristics to develop
appropriately [87]. As a result, the strength values of the BFS concrete mixtures
increase more than the control mixtures when the curing period is increased.

The BFS concrete mixtures had greater strength values than the control mixtures
with much the same binder concentration. The BFS concrete takes longer to develop
strength since the pozzolanic reaction is delayed and dependent on the availability of

calcium hydroxide [88]. Compared to a water cured sample of the same BFS
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replacement level, the strength of a 50 % BFS replacement mix with an initial 7 days
of moist curing followed by air curing is not significantly impacted [89, 90]. The impact
of curing temperature on the strength development of BFS mortars [91]. The discovered
that the temperature has a significant impact on the strength development of BFS
combinations that BFS mortars develop strength significantly more slowly than PC
only mortars under typical curing conditions. Strength gain is significantly faster at
higher temperatures, and the improvement in early age strength is more substantial at
higher levels of BFS.

The BFS replacement level varies depending on the country's practice. In the
United States, the percentage of BFS replacements ranges from 25% to 50% for HSC
[68]. For different uses and environmental circumstances, the Slag Cement Association
(SCA) recommends varied replacement rates.

The three BFS containing mixtures (25 %, 40 %, and 50 %) performed similarly
to the control combination at 28 days but outperformed the control mixture at 56 days
[92]. However, they found that control specimens had poorer compressive strength
below 55 % cement replacement after 7 days. With an increase in BFS content at an
early age, these experimental results revealed that latent hydraulic responses by BFS
slowed down the strength development. However, at later ages, 28, 56, and 91 days,
they discovered compressive strength similar to or slightly higher than control
specimens.

The combined effect of chemical and physical processes can drive concrete to
deteriorate when exposed to saltwater. However, the inclusion of SCM can enable
concrete to achieve long term performance. Due to the reduced number of larger pores,
concrete combining pozzolanic and cementitious ingredients such as BFS in an
aggressive environment exhibits a significant increase in durability. The process is that

when pozzolanic materials are introduced, calcium hydroxide (Ca(OH),) is converted

into secondary calcium silicate hydrate gel, causing the pozzolanic reaction of the
mineral admixtures to transform larger pores into more delicate pores.

In concrete exposed to seawater, Europeans usually use a high quality pozzolan.
BFS is a pozzolan that is commonly used in concrete mixes for marine settings. BFS
hardened cementitious materials enhance concrete strength while lowering
permeability. Pozzolans also bind to lime chemically, producing less soluble

compounds that reduce the impacts of lime leaching.

35



Although flexural strength is susceptible to microcracks, the replacement of BFS
to concrete production is affected by changing the reaction products and pore structure
in hardened concrete, improving flexural strength, particularly at later ages. Many
studies have shown that BFS included concretes have the same or slightly higher
flexural strength than PC concretes at ages more significant than 7 days, owing to
increased paste compactness and adherence at the aggregate paste interface [93].

For 7 days or later ages, concretes including BFS exhibit equal flexural strength.
Some researchers, on the other hand, found the opposite. For example, a modest
decrease in flexural strength at 40% replacement level and a significant decrease at 80%
replacement level [94]. The flexural strength of concrete containing 60% BFS, on the
other hand, was much higher than the control mix. As a result, it indicates that a BFS
replacement level of 40-60% is optimal for maximum strength growth. Although more
significant percentages can be used, the specimens' strength generally decreases
compared to control specimens. Ultrafine BFS has a more significant impact on the

flexural strength of concrete with a lower W/C ratio [95].

3.7.2 Elastic properties

Elastic modulus can be expressed as a function of compressive strength for
standard concrete. Most national and international codes are used to express the
modulus of elasticity of concrete. For example, building code requirements for
Structural Concrete ACI 318-11 (Eq. 3.1) and Canadian concrete code (Eq. 3.2) [96]
express equations based on the compressive strength of concrete for the evaluation of

the modulus of elasticity of concrete.

E.=4700 \/E(ACB]SR-OS) (3.1)
E. = 4500 \/f:(CSA) (3.2)

A few difference between the modulus of elasticity of the control concrete and
concrete containing a South African origin BFS at the same strength level [97].
Furthermore, on a Japanese slag, showed no significant difference between the values

of Young’s modulus of elasticity of concrete incorporating granulated slag and that of
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the control concrete [43]. Thus, it is widely accepted that the effect of BFS replacement

on the elastic modulus of concrete is negligible.

3.7.3 Microstructure

In relative to ordinary concrete, BFS concrete is less permeable, with capillary
particles and a denser structure. Concrete with a higher BFS replacement percentage
has a denser structure and is less susceptible to water penetration, making it more
resistant to violent assaults, including alkali-silica reaction (ASR), corrosion, and
sulfate attack. Because of the various reactions with BFS, the microstructure of BFS
concrete differs from PC concrete [98, 99]. Calcium silica hydrates develop close to
the cement particle when PC interacts with water. Calcium hydroxide migrates through
the pore solution and forms discrete crystals that are surrounded by extensive pores.
Both BFS and PC hydrate to create calcium silicate hydrates when BFS particles are
present.

The BFS also interacts with excess calcium hydroxide to create a finely
distributed gel covering the bigger holes. As a result, there are fewer calcium hydroxide
crystals in the cured cement paste and fewer large capillary pores. Concrete becomes
more chemically stable as the amount of free calcium hydroxide decreases.
Furthermore, the improved pore structure reduces the potential of chemicals to infiltrate
through the concrete [98]. The primary reason for slag cement paste appreciates the
importance of durability is the microstructure's low permeability.

To increasing the BFS replacement percentage reduced average pore size
diameter by 15%, 30%, and 47% for 10%, 30%, and 50% BFS replacement,
respectively [10]. Coarse pores in BFS concrete were significantly smaller, and the pore
structure of OPC concrete was greatly improved when 70% BFS was added, notably
for the 60 days pore structure [100]. The investigated the hydration products in BFS
concrete using a scanning electron microscope (SEM). Cement was substituted with
40% BFS, with a specific surface area of 600 m*/kg [7].

Used SEM with 50% and 65% slag and a specific surface of 350 m%*kg to
investigate the internal microstructure of the different concretes. Researchers utilized
two concrete mixes with good workability and low W/B ratios [101]. At around 6
months, the shattered pieces of concrete prisms were inspected. Continuously cured

concrete in a moisture environment developed a compact and dense texture throughout
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time. Pores and microcracks were consistently observed in concretes that had been
subjected to a prolonged drying environment. SEM confirmed the drying environment

to be the primary cause of increased porosity.

3.7.4 Porosity

The porosity of concrete affects both strength and transport characteristics, while
finer SCMs influence the porosity of mortar mixes. The pore sizes visible by SEM
imaging are determined mainly by image resolution, with the least detectable size being
in the region of 0.2 mm, depending on equipment and setting characteristics. BFS might

well be utilized to reduce pore sizes significantly and cumulative pore volume, resulting

Eitringite > ),

(A) OPC concrete (B) BFS (60%) concrete
Figure 3.2 SEM micrograph [1]
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in more impermeable concrete [102, 103]. The porosity of slag cement is similar to that
of PC at the early stages of reaction.

The volume of tiny pores in the nanoscale region increases with increasing age
and during slag reaction [104]. The use of a high BFS replacement % results in a denser
concrete structure that resists water penetration. In addition, BFS incorporation
influences the concrete's compressive strength and shrinkage (swelling). Increased C-
S-H content indicates a higher BFS replacement % and higher concrete strength and
durability, resulting in a denser microstructure or reduced porosity.

Using the mercury intrusion porosimetry (MIP) test [101], investigated pore size
distribution due to slag replacement rate and curing environment. In their investigation,
the BFS replacement amounts were 50% and 65%. At 28 and 180 days, the porosimetry
test was performed and found that extended exposure to a drying environment increased
pore volume in all sizes of pores and that this increase was increased when the slag
replacement amount was set at 65%. Thus, slag concretes had a considerably more
refined pore structure than OPC concretes. There is insufficient lime generated at high
replacement levels to continue the reaction with the slag; this, of course, is related to a
lack of moisture to enable continuous interaction between water and PC. SEM
micrographs (Figure 3.2) of BFS (60%) concrete and OPC specimens were compared
[1]. In a hardened cementitious material, BFS changes the products and pore structure.
In OPC specimens, they discovered a lot of calcium hydroxides and large capillary
pores (0.05-60 mm). In BFS concrete specimens, however, needle shaped ettringites
were uncommon. The evaluated the impact of SCMs on the engineering characteristics
of HSC with a 28 days cube compressive strength of more than 80 MPa [105]. The
porosity and pore size distribution of HSC containing various SCMs was one of the
studied characteristics. Porosity was measured in percent, median, and average pore
sizes were calculated in nanometers using the MIP test. The BFS decreased the porosity,
median, and average pore size of the high strength mortars.

In terms of pore size, the BFS had a widespread impact of reducing the mean pore
size and average pore size of the high strength mortars considerably. They also
discovered that BFS and other SCMs changed the high strength mortars' pore size
distribution toward a more even distribution. In addition, the calcium hydroxide is
converted into secondary C-S-H gel due to the pozzolanic reaction, which is thought to

improve the pore structure by converting coarser pores into finer ones.
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Figure 3.3 Total porosities of the specimens as a function of BFS replacement ratio [4]

The reactivity of BFS is reported to start developing 2-3 to discovered that
threshold pore sizes decreased. The hydration products mainly originated from the
hydration of cement particles since BFS did not actively contribute to the reaction until
it was three days old [4]. However, as individuals become aged, the hydration products
that are produced get more complicated. The pore blocking impact of the BFS latent

hydraulic response then reduced the threshold pore diameter.

3.7.5 Water absorption

Water absorption is a good instrument for evaluating concrete's resistance to
aggressive environments because the water flow in concrete has a significant impact on
its durability [106]. In addition, the structural pores (interlayer C-S-H), porous paste,
and aggregate interface zone are related to water absorption, especially in the early
stages. To investigate the influence of slag on water absorption for roller compacted
concrete (RCC) compositions and conducted a water absorption test utilizing cubic
specimens 150x150x150 mm? in size [78].

The specimens were cured in water for 28 days before being evaluated according

to ASTM C642-97 [107], which indicated that water absorption decreased as the slag
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replacement ratio increased in the mix designs with 12% and 15% BFS, compared to
the reference specimens. Furthermore, increasing the cementitious components from
12% to 15% decreased water absorption across the range in all mix compositions [106].
To utilized ASTM C642-97 to conduct a 365 days water absorption test on a 150 mm
SCC cube [107]. Their findings show that when the proportion of iron slag (IS) in a
concrete mixture grows, the percentage of water absorption reduces in all concrete
mixtures and that this is also true in the case of curing age, where water absorption
decreases as time passes.

Furthermore, when the IS concentration increased, water absorption reduced,
indicating that the concrete became denser. To examined the characteristics of hardened
concretes and mortars under sulfate attack utilizing Algerian low activity slag as a
cement replacement [108]. The water capillary absorption test revealed that the
coefficient decreased with curing age and W/B ratio in their experimental program. At
the age of 90 days, they found a modest decrease in the sportively coefficient for
concretes containing BFS, particularly for concrete mixture B50 (50 percent of cement
replaced by BFS) and used CEM-I 42, 5 N to make concrete mixes and evaluated the
specimens after 28 days [109]. BFS was ground to a specific surface area of 500 m*/kg
in a laboratory mill. The replacement rates for BFS were 20%, 30%, and 40%,
respectively. They discovered that incorporating BFS into concrete mixes was quite
efficient in reducing capillary water absorption. For example, concrete with a 40% BFS

reduced capillary water absorption by 40% compared to the reference mixture.

3.8 Durability properties of concrete containing BFS

3.8.1 Permeability

The ease with which a fluid under pressure might flow through a solid is
characterized as permeability. There is no use in suggesting that the size and continuity
of the pores in a solid's microstructure determine its permeability [59]. Instead, it is
regarded as a fundamental material characteristic controlling the durability of concrete,
particularly in buildings exposed to extreme conditions [110]. Many factors influence
concrete permeability, including mix proportions, compaction and curing, microcracks,

and humidity cycles large pores in concrete affect compressive strength and
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permeability the most. Due to the reaction of BFS with the calcium hydroxide and
alkalis produced during PC hydration, BFS increases the pore diameters and
significantly decreases the permeability of concrete [93].

According to the literature, BFS can reduce the permeability of ordinary concrete
significantly. The significant consequence of SCMs such as BFS on the pore structure
of concrete is the decrease of large pores through hydration product absorption. The
conversion of continuous pores to discontinuous pores significantly impacts concrete
permeability (ACI 234R-96). To examined the effect of replacing OPC with BFS in
concrete specimens by 40% and 60% [111]. They discovered that as the BFS
replacement values were increased, the permeability values decreased.

Furthermore, their research revealed that using replacement BFS resulted in a
denser concrete construction. The decrease in chloride ion permeability of concrete
containing BFS which change in the pore structure of the hydrated cementitious system
according to [112]. Water permeability and chloride ion permeability of concretes,
including BFS, were studied from 0% to 60% replacement ratio with a 20% increasing
rate [113]. They concluded that OPC concrete had the most significant total charged
discharged, which they characterized as moderate chloride ion permeable concrete.
BFS comprised concretes, which reduced chloride ion permeability by 20%, 40%, and
60%, respectively. Chloride ions became less permeable with mineral admixtures, and
concrete with chloride ion permeability of 20%, 40%, and 60% BFS was included. It
was also discovered that using BFS reduced water penetration depth from 26 mm
(which is typical of PC concrete) to 14 mm. However, they did not discover a significant
difference between concrete water penetration depth and the BFS replacement level
[114]. In their investigation, up to 60% of PCs were replaced with BFS, also
investigating the implications of the W/B ratio. They discovered that changing the W/B
ratios did not influence the gas permeability effect of BFS inclusion. The gas
permeability coefficient increased by 30% when BFS was replaced with cement at a
W/B ratio of 0.30. To use a preconditioned cylindrical specimen with a diameter of 150
mm and a length of 50 mm to determine the nitrogen permeability of various concrete
mixes after 90 days [108].

At the ages of 28 and 90 days, the gas permeability of concrete mixes with a W/B
ratio of 0.65 rises with increasing BFS content as cement replacement. The gas
permeability coefficients of concrete mixes containing 15% and 30% BFS were

comparable. The inclusion of 50% BFS, on the other hand, lowered the gas permeability
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somewhat. Compared to OPC paste without BFS, the pore size of cement matrices
containing 50-65% BFS was significantly reduced [101].

When utilized in binary systems, BFS decreased the water penetration depth
compared to the reference mixture [115]. However, when combined with silica fume
(SF) and class C, it performed much better. They observed that at both ages, all of the
mixes, including BFS and other SCMs, had lower water penetration depths than the
reference mixtures.

The implications of BFS on RCC durability were investigated as water
absorption, permeability, and freeze-thaw cycles were all taken into consideration. For
the minimal permeability of RCC, they suggested a 40% replacement ratio. Even when
the air content of concrete is as low as 1.7%, concrete containing BFS and BFS has a

high resistance to freeze and thaw [78].

3.8.2 Sulfate resistance

Sulfates are one of the most damaging environmental agents to concrete's long-

term durability. Sulfates include sodium sulfate (Na,SO,), potassium sulfate (K,SO,),
magnesium sulfate (MgSO,), and calcium sulfate (CaSOy), all of which are highly

soluble salts. Sulfate salts are harmful to concrete whether they are present in high
concentrations of a specific threshold level >1000 ppm. The development of expansive
ettringite (AFt-phase) and gypsum is generally attributed to the sulfate attack [116].
Ettringite eventually transforms into C4ASH;3 monosulfate hydrate, which forms
hexagonal-plate crystals in OPC pastes. Due to the apparent presence of monosulfate
hydrate in PC concrete, it is resistant to sulfate attack. The rate of sulfate attack is
determined by the quantity of calcium hydroxide and reactive alumina phases present,
as well as permeability [117]. Sulfate resistance is affected mainly by C;A, although
C4AF and CH can also influence sulfate resistance in low C3;A PCs [113].

In acidic sulfate conditions, gypsum formation produces expansion, spalling, and
a loss of strength. The acidic environment aid in the progressive elimination of CH
from the cement paste until it is completely depleted, encouraging C-S-H
decomposition. On the MgSO, attack, Mg*" and SOﬁ' react with CH on the surface to

produce gypsum and brucite, producing a double layer. The decrease in alkalinity

caused by Mg(OH), insolubility causes more CA*" to be released from C-S-H, resulting
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in increased gypsum production and, eventually, C-S-H breakdown to non-
cementitious MSH [118].

When sulfate attack proceeds, the disintegration of C-S-H in cement paste occurs
more rapidly in cold environments, and it is more damaging when sulfates are
associated with Mg®" and low pH, since both contribute to C-S-H decomposition [119].
In addition, this attack produces a progressive softening of the concrete's surface and a
slow inward migration. Finally, cement paste degrades into a non-cohesive material,
resulting in particle loss [120]. As a result, sulfate assaults in concrete buildings can
cause expansion, cracking, loss of strength, and disintegration. Sulfate attack in PC
mortar and concrete can be reduced by decreasing mono-sulfur aluminate and calcium
aluminate hydrates. In three ways, adding BFS to PC decreases sulfate attack:

1) BFS contains no C;A; thus, adding it to concrete decreases the total amount

of C5A in the mix.

2) BFS interactions with Ca(OH), in the concrete drastically diminish its
presence, leaving significantly less Ca(OH), to react and create ettringite.

3) BFS concrete has a considerably decreased permeability [106].

Many studies have shown that partially replacing PC with BFS improves the
sulfate resistance of concrete considerably. The following paragraphs provide an
overview of some of these studies.

The development of ettringite is the primary cause of sulfate deterioration in
concrete, and the decreased level of calcium hydroxide produced by blended cement,
including mineral additive, increases sulfate resistance [121]. Furthermore, the pore-
blocking action of BFS hydration results in increased strength and decreased
permeability, which, in addition to better binding and absorptive effects, improves BFS
concrete's resistance to sulfate diffusion [122].

When BFS is used to replace PC partially, concrete's resistance to sulfate attack
improves [123]. The impact of early curing conditions on the sulfate resistance of OPC
concrete with BFS as a partial cement substitute [124]. BFS was used to replace 80
percent of the cement. Extensometers were used to obtain initial measurements for the
specimens across each face after being cured in water for 28 days. The specimens were
then immersed in a sulfate solution (7% Na,SO,4 +3%MgSO, by weight). Expand
measurements were obtained after 47, 83, 152, 207, 337, 502, and 660 days in the

sulfate solution.
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SEM has been used to analyze cube specimens preserved in Na,SO, or MgSO,
solutions. For example, used a cement mixture that included 31% PC and 69% BFS
[125]. They observed that sulfate attack induced the materials containing slag cement
to crack and disintegrate rather than expand.

The investigated the sulfate resistance of FA, BFS, and SF mixed cement with
four different PCs. Mortar cubes with a W/B ratio of 0.6 and a sand-to-binder ratio of
2.75 were produced [126]. After a 7 days soaking in water, specimens were submerged
in three different solutions: 5% Na, SO, solution, and 10% H,SO,. Their results reveal
that cementitious materials' sulfate resistance was influenced by their composition and
the pH of the external environment. BFS mixed cement showed improvement
throughout a wide pH range when the replacement percentage was more than 60%.

Under tropical environment conditions [116], evaluated the progressive
deterioration of concrete mixes containing various proportions of BFS and SF due to
sulfate attack. Experimental variables have included w/b ratio (0.40 and 0.50), moisture
curing duration (3, 7, and 28 days), and Blaine fineness of BFS (4500, 6000, and 8000
cm?/g). The specimens were immersed in a 5%Na,S0, solution for 32 weeks after a
specified curing period (3, 7, or 28 days). Every two weeks, linear expansion
measurements were taken. They employed concrete specimens produced with OPC and
sulfate resistant PC as a reference. Regardless of the moist curing duration, the concrete
mixes with a W/B of 0.50, including BFS (75% and 85%), exhibited increased
resistance to sulfate attack than the control mixture. They also observed that the linear
thermal expansion data and the reported flexural strength were strongly associated. The
greater the complete expansion, the higher the reduced flexural strength, and vice versa.

The investigated the effect of a tiny proportion of calcium carbonate or calcium
sulfate on the sulfate resistance of concrete containing BFS [127]. A W/B ratio of 0.5
was used to produce various concrete mixes. Over 6 years, wear rating, strength loss,
and expansions were measured on specimens immersed in MgSQO, (containing 1.5
percent SO; and Na, SO, solutions (containing 1.5% and 2.4% SO;). After 6 years in
Na, SOy, the reference concrete (without BFS) had practically decomposed. At a higher
amount of calcium sulfate addition, the severity of the assault was decreased. A similar
situation was observed when calcium carbonate was introduced. The performance of
BFS concretes in the magnesium solution was not as good as in the sodium solution.

70% of BFS concretes, on the other hand, were more resistant than 60%.
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Furthermore, increasing the amount of calcium sulfate and decreasing the amount
of calcium carbonate reduced the degree of the attack. In all solutions, rapid expansion
was seen on PC concrete specimens. The 70% BFS and specimens containing calcium
sulfate or carbonate in sodium sulfate solutions showed modest expansions.
Magnesium sulfate, on the other hand, showed more rapid and severe expansions.

Concretes produced with 70% BFS and 30% PC and low-quality carbonate
aggregates performed poorly at both 5°C and 20°C sulfate solution temperatures.
However, conventional sulfate assault and the thaumasite type of sulfate attack improve
with an initial air cure. In addition, they discovered that air-cured concretes containing
70% BFS exhibited no attack after 6 years, even when exposed to the highest sulfate
solution [127].

The developed blended cement containing 10%, 20%, and 30% BFS and
investigated compressive strength changes in concrete specimens prepared with this
blended cement during immersion in a 5% sodium sulfate solution [128]. In the sulfate
environment, the mixed cement performed better than the control PCs. Furthermore,
the decrease in strength attributable to sulfate action was reduced as the mineral
admixture utilized increased.

The investigated the influence of Algerian low activity slag as a substitute for
cement on the durability of mortars subjected to sulfate assault in an experimental
investigation. They used mortar specimens submerged in 5% Na, SO, and 5% MgSO,
solutions to assess expansion. The binder consisted of OPC cement and various rates
of BFS, and the W/B ratio was 0.5 (0 %, 10 %, 20 %, 30 %, 50 %, and 60 %). The
expansion of mortars maintained in the two sulfate solutions is reduced when BFS is
included in the cement. In addition, when the replacement ratio of low reactivity BFS
is greater than 30%, the mortar's efficiency against sulfate assaults is significantly
improved. In the magnesium sulfate solution, slag cement resistance was lower than in

the sodium sulfate solution [108].

3.8.3 Alkali-silica reaction

ASR is a chemical reaction that occurs in concrete between the alkali pore fluids
in the concrete and siliceous components of the aggregate particles. ASR forms a
hydrophilic gel. The amount of gel depends on the amount and type of reactive silica

and the alkali hydroxide concentration in the concrete pore solution. Reaction products
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from ASR have an excellent affinity for moisture. As it absorbs moisture, it increases
in volume, thus generating pressures sufficient to disrupt the fabric of the concrete.
Once the pressure is larger than the tensile strength of concrete, cracks occur and lead
to additional water permeation through migration and gel swelling. The reaction may

be considered to progress according to the following idealized equations [129]:

4Si0, + 2NaOH = Na,Si0,0, + H,0 (3.3)

SlOz +2NaOH = Na28i309 + Hzo (34)

The ASR cannot proceed in concrete if the alkali concentration is below a
particular threshold value. In order to assess the total alkalis, present in cement or
concrete, it has become a standard practice to express the alkali content in terms of
“sodium equivalent” [130]. The great majority of concrete structures reported as
showing deterioration due to ASR were made using high-alkali cement. OPC will
generally contain a small proportion of sodium and potassium present as sulfates and
double sulfates (K,Na)SO,, which tend to coat other clinker minerals and as minor
constituents in the other cement minerals [131]. Therefore, BFS could be very useful in
controlling ASR. The ASR restraining effect of BFS is considered mainly due to the
dilution of alkalis, the fixation of alkalis by slag hydrate, and the slowdown of moving
speeds of water and alkali ions by an increase in density of the structure of hydrate [42,
99].

The possibility of an alkali-aggregate reaction (AAR) is much higher than
conventional concrete because of the high-alkali content in HSC. The effect of BFS on
the AAR in HSC. Alkali-aggregate reactivity test on aggregate and alkali-aggregate
reactivity test using concrete were conducted to investigate the inhibiting effect of BFS
for HSC [132]. Three types of BFS with a fineness of 4000, 6000, and 8000 cm?/g were
used. These were used in 0%, 30%, 45%, or 60% of cement. They observed that while
the replacement ratio is increasing, expansion coefficients are decreasing. This result
indicates inhibiting effect of BFS. Also, the fineness of BFS had a significant effect on
this inhabitation.

Some researchers mentioned parameters such as the nature of the BFS, the alkali
content of cement, and the reactivity of aggregate greatly influencing ASR expansions

[133, 134]. For instance, to tested both concrete and mortar bar specimens containing
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up to 65% BFS for the efficiency of ASR expansion control. They found that BFS
effectively delayed the final expansion at 2 years in concrete specimens, including
alkali-silica reactive aggregates. They also found that the ASR expansions depended on
the amount of alkali and the nature of the aggregate. On the other hand, there was no
significant difference in behavior irrespective of aggregate type or alkali load,
indicating that the alkali level of the slag was not a contributory factor at the 50%
replacement level [135].

The literature suggests that up to a 50% replacement of standard PC is required
to counteract the effects of ASR depending on aggregate reactivity. This requirement
was confirmed by ASTM C1260 accelerated mortar bar tests performed on Millar’s Pit
aggregates, where 50% slag mixture did not exceed 0.10% even after 49 days [136].
The amount of slag required to mitigate ASR for slag cement depends on the reactivity
of the aggregate and the alkali contributed by the PC. The amount of slag required with
a particular reactive aggregate can be determined by testing various slag aggregate
combinations in the accelerated mortar bar or concrete prism tests. SCA generally
recommends the ranges from 30% to 60% by mass of total cementitious material. The
ACI guide [137] indicates that a minimum of 40% cement replacement with BFS is
needed to control ASR. In total, 50% is suggested as the minimum amount of slag to
mitigate ASR with higher alkali cement [ 138]. However, it was stated in a project report
prepared by Delaware Center for Transportation [139] that a 50% level could present
construction difficulties concerning low early strength.

The investigated the ASR of concrete containing 50% and 65% slag [101]. They
used a high alkali PC with 1% sodium oxide and slag with 0.53% sodium oxide
equivalent. According to test results, continued exposure to a hot and humid regime
resulted in increasing expansion. The concrete incorporating 50% slag showed higher
expansions than the concrete incorporating 65% slag at corresponding ages. However,
concretes with 65% slag replacement reached higher expansion than concretes with
50% slag in case of subsequent exposure to the hot and humid environment.

To realize an outdoor exposure demonstration to show the long term effectiveness
of a variety of SCMs at deleterious expansion with a highly alkali silica reactive
aggregate and to provide a correlation between short term laboratory tests and long term

performance [136].
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3.8.4 Corrosion and chloride binding capacity

The corrosion of reinforcement in concrete adversely affects the structural
response of buildings and other structural systems. Its principal effects are decreases in
load bearing capacity of members due to loss in diameter of reinforcement steel,
impairment of bond between rebar and surrounding concrete, the modification of the
constitutive relationship of the corroded reinforcement in terms of stress strain
relationship and fatigue resistance, and anchorage of reinforcement steel bars. The most
severe deterioration mechanism is the penetration of chloride ions into concrete, leading
to rebar corrosion. Corrosion can impair the structural performance of an RC structure
essentially. At ultimate conditions, corrosion, other than reducing the load bearing
capacity, could also be responsible for modifications to the collapse mechanism [68,
140]. Previous studies have shown that cement replacement materials such as SF, FA,
and BFS may reduce the rebar corrosion probability significantly. Since a high volume
of BFS concrete can reduce chloride ingress, many coastal and marine structures were
constructed from BFS concrete in the world [50, 92, 141-143].

The small pore size decreases the penetration and diffusion of chloride ions in
concrete. BFS makes the cement matrix denser and diminishes the pore size. The
average pore size of OPC concrete was 1.57-2 times larger than that of BFS concrete
[144].

The critical chloride content can be defined as the chloride content required for
the de passivation of the steel. There is still a debate on determining the critical chloride
content in terms of free or total chlorides [145]. According to Glass and Reddy’s work
[35, 146, 147], total chloride content should be considered because bound chlorides
present a corrosion risk acting as a reservoir of chloride that might dissolve at altered
pH conditions. The difference between the quantity of total chloride and free chloride
is referred to as bound chloride. Chloride binding by cement based materials is very
complex and influenced by many factors. SCMs are one of the factors of them. The
chloride binding capacity strongly depends on the amount of C-S-H gel in the concrete
[148]. Slag cement enhances the formation of more gel, thereby offering a larger surface
area available for adsorption. The formation of Friedel’s salt plays a significant role in
chloride binding in OPC concrete [87]. In addition, chloride binding capacity depends

on the pH value or OH, concentration in the pore solution of concrete.
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The much lower chloride ion concentration can be achieved according to
accelerated chloride ion diffusion test results if higher volumes of BFS are added [92].
They compared Type I cement with Type V cement and Type I cement, showing a
lower diffusion coefficient. Type I cement containing 9.5% C;A by weight binds
almost 1.6 times more chloride than the cement that contains 2.8% C;A. Therefore, the
resistance to rebar corrosion is better in Type I cement with a higher amount of BFS.

The ability of BFS to protect against chloride induced corrosion is attributed to
the effective binding of free chloride ions [149]. BFS pastes have a higher chloride
binding capacity than the PC control, and the difference increases with increasing BFS
replacement level [150]. As the replacement level increases, the chloride binding
capacity also increases for all chloride concentrations. For a BFS replacement level of
66.7%, the chloride binding capacity is around 5 times that of the PC control for the
case of 5 mol/L exposure concentration. The high aluminate levels present in BFS are
most likely to be responsible for its good binding characteristics. There is generally a
good correlation between C; A content and chloride binding capacity. One mechanism
of chloride binding is known to be the formation of Friedel’s salt due to a relatively
sizeable Al,O; content in the BFS. The attributed this capability to the increased
formation of Friedel’s salt due to the alumina present in the slag [150]. The second
mechanism of chloride binding: the formation of hydrotalcite responsible for the
superior chloride binding ability of BFS concrete [149].

Hydrotalcite belongs to the family of layered double hydroxide and is known as
anionic clay capable of adsorbing chloride ions from surrounding environments due to
its distinctive anion exchange property [151]. The formation of hydrotalcite during
hydration is due primarily to a significant amount of magnesia in BFS. They concluded
that the hydrotalcite adsorbs many chloride ions, and its structure remained unchanged
when it adsorbs chloride ions. Hydrotalcite is the most abundant of the crystalline
phases [149], and its crystalline proportion is more than five times that of Friedel’s salt
in alkali activated BFS [151]. The hydrotalcite is the most likely hydration development
in BFS responsible for the remarkable improvement in chloride binding. They also
concluded that free chloride content in BFS pastes significantly reduced compared with
its content in an OPC paste [152]. Accordingly, the admixed chlorides are most likely
attached to the interlayers of hydration products, and these attached chlorides are not

readily available to be dissolved if the conditions for such dissolution existed.
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The results show that the resistivity of concrete increases with the increasing
content of cement replacement materials such as BFS at a 60% replacement level. Also,
they concluded that the replacement of cement by up to 40% BFS has no significant
influence on rebar corrosion. However, some researchers found high corrosion

resistance in replacement ratios lower than 40% [153-155].

3.8.5 Pore size distribution

BEFS can be effectively used to considerably reduce the pore size and cumulative
pore volume, leading to more impermeable concrete [102, 103]. A high BFS
replacement percentage results in a denser concrete structure, preventing water from
penetrating concrete. The compressive strength and shrinkage/swelling of concrete are
also affected by BFS inclusion. A denser microstructure or lower porosity results from
a higher calcium-silicate-hydrate (C-S-H) content, corresponding to a higher BFS
replacement percentage and higher strength and durability of concrete. The effects of
the slag replacement level and the curing environment on the pore size distribution by
mercury intrusion porosimetry (MIP) [101]. The BFS replacement levels used in their
study were 50% and 65%. In the porosimetry test, prolonged exposure to a drying
environment increased the volume of pores of all sizes, and BFS enhanced this increase
at a 65% slag replacement level.

The intruded pore volume per volume of paste in the mortar increases as the
replacement level increases because a small pore size decreases the penetration and
diffusion of chloride ions in concrete. Thus, the results confirmed that the
immobilization performance could be significantly improved by increasing the basicity.
Furthermore, the pore distribution impacted by this testing might consist of pores in
only the paste, with impacts on the water ratio, fissures, and bond cracks at the
aggregate paste interface [6, 9].

Moisture in concrete significantly affects the durability of concrete as it relates to
structural pores in areas such as the C-S-H gel, porous paste, and aggregate interface
zone, especially in the initial stage of curing. Additionally, physical adsorption of
chloride resulting from C-S-H gel can also contribute to chloride immobilization [106].

Friedel's salt formation from the reaction of monosulfate (AFm) with chloride
ions is the mechanism of concrete degradation due to chloride ion ingress and

carbonation. In addition, the dissolution of chloride ions immobilized in Friedel's salt
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into the pore solution and an increase in the concentration of chloride ions in the pore
solution resulted in the further ingress of chloride ions into the concrete through
concentration and diffusion cycles.

Friedel's salt (FS) and Kuzel's salt (KS) are produced from chemically bound
chloride ions, whereas physical adsorption mainly consists of chloride adsorption on
the surface of C-S-H gel via electrical double layers. Moreover, migration resistance
achieved by refining the pore structure to block the channel is another way to hinder
chloride ion transport. Therefore, the mechanism of chloride immobilization can be

defined as chemical binding, physical adsorption, and migration resistance [156-160].

3.8.6 Penetration property

The alkali-silica reaction (ASR) in concrete forms a hydrophilic gel depending
on the amount and type of reactive silica, and the alkali hydroxide concentration in the
concrete pore solution may progress according to the following idealized equations
[129]:

(3.5)
H4Si04 + 2Na(OH) — NaszsiO4 + 2H20

The effect of BFS as an ASR limiter has been considered to mainly involve
alkalis, the fixation of alkalis by slag hydrate, and the retardation of water and alkali
ion movement by an increase in the density of the hydrate structure [42, 99]. The
probability of an ASR occurring is much higher in BFS containing concrete than in
conventional concrete because of the high alkali content in HSC. The effect of BFS on
the ASR in HSCs. Alkali-aggregate reactivity tests using concrete were conducted to
investigate the inhibitory effect of BFS on HSC [132]. Three types of BFS with a
fineness of 4000, 6000, and 8000 cm?/g were used to replace 0%, 30%, 45%, or 60%
of the cement. They observed that as the replacement ratio increased, the expansion
coefficients decreased. This result indicates the inhibitory effect of BFS. Additionally,
the fineness of BFS had a significant effect on this inhibition. A preliminary review
[133, 134] mentioned that parameters such as the nature of the BFS, the alkali content
of cement, and the aggregate reactivity greatly influence ASR expansions.

The most severe deterioration is from the penetration of chloride ions into
concrete, leading to rebar corrosion. Corrosion could essentially impair the structural

performance of an RC structure. A few studies [50, 92, 141-143] have discussed that
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using cement replacement materials such as SF, FA, and BFS may significantly reduce
the rebar corrosion probability. The small pore size decreases the penetration and
diffusion of chloride ions in concrete, chloride binding capacity strongly depends on
the amount of C-S-H gel in the concrete [148]. The significant effect of the formation
of Friedel's salt on the chloride binding in OPC concrete depends on the pH or OH,
concentration in the pore solution of concrete [87].

The performed accelerated chloride ion diffusion tests and found that a much
lower chloride ion concentration can be achieved if higher volumes of BFS are added.
One mechanism of chloride binding is the formation of Friedel's salt via the Al,05 in
BFS [92]. The attributed this binding to the increased formation of Friedel's salt from
the alumina present in the slag [150].

The crystallinity of concrete is more than five times that of Friedel's salt in alkali
activated BFS, and abundant crystalline phases can be found in hydrotalcite [151, 152,
161]. Therefore, increases in the chloride resistance of concrete increase the
compressive strength of concrete. The modification of hydrates and pore structures, the
formation of dense transition zones surrounding aggregate particles, and filler effects
are possible mechanisms for improving the chloride resistance of BFS containing

concrete.

3.9 Summary of durability against chloride attach

A literature review reveals many studies of BFS containing concrete in various
countries. However, few studies have examined its use in reducing chloride ion
permeability as the main factor of corrosion reactions. Thus, this study utilizes BFS as
cement to investigate the performance of concrete in terms of delaying chloride ion
penetration, which affects corrosion reactions.

Furthermore, an experiment was conducted to examine improvements in the
performance of an alternative concrete using BFS as cement replacement, focusing on
chloride diffusion on concrete with BFS. This study aims to develop products for use
in the precast concrete industry toward extending the life of concrete structures,

especially reinforced concrete structures, in marine environments.
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Chapter 4

Methodology

4.1 Introduction

The properties of concrete using BFS as a binder are investigated in this study.
The experiments focused on the properties of concrete, such as compressive strength
and diffusion of chloride ions, and resistance to chloride ions. The experimental results
show that when BFS is used in concrete, it improves the durability properties of

concrete.

4.2 Materials used and Proportions

The cement used in this experiment was OPC, which is denoted as N with a
density of 3.16 g/cm? and Blaine size of 3300 cm?/g, as shown in Table 4.1. Material
properties include fine aggregate, river sand (density in saturated surface dry condition:
2.64 g/cm’, water absorption: 1.98%), BFS. N contained 2.41% of SO;. By contrast,
BFS does not contain SO3, so it was added in amounts equivalent to N. The purpose of
the replacement was to unify the initial strength to allow for the hydration reaction to
occur (to prevent false condensation), as the amount of SO; was more extensive, which
supported early strength and decreased shrinkage. In addition, this study used BFS with
a fineness of 3000, 4000, and 6000 cm?/g, (density of 2.91 g/cm?) to replace OPC at
22.5% and 45% by weight. The proportion of cement mortar with water binder ratio
(W/B) of 0.50 was prepared. Table 4.2 shows the mixed proportions of mortar as the 7
symbols should be explained by 6 symbols' 3000-22.5', '3000-45', '4000-22.5', '4000-
45','6000-22.5', and '6000-45' mean as 3 different conditions of Blaine value of BFS
by 2 different condition of cement replacement and 'N' for Normal concrete as
reference. For example, 3000-22.5 was the mean for which specimen used BFS by
6000 Blaine value, and cement replacement was 22.5%. The testing was for general
mechanical properties by the compressive strength was used in 3 specimens; moreover,

the other testing was conducted by 2 specimens for each experiment.
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Table 4.1 Material properties

Abbreviations Properties Density (g/cm?)

OPC Ordinary Portland cement 3.16

Blast furnace slag

Commercial name | Actual Blaine value
BFS 3000 3,090cm?/g 2.90
4000 4,350cm?/g
6000 6,490cm?/g
S Sand 2.64
6 o
w Water 1.00

Table 4.2 Mixed proportions

Unit Weight (kg/m?)
Symbol W/B BFS (Blaine Value)
\%4 opPC AG S
3000 4000 6000
N 636
3000-22.5 493 143 6.2
3000-45.0 350 268 12.4
4000-22.5 | 50% 318 493 143 6.2 | 1272
4000-45.0 350 268 12.4
6000-22.5 493 143 6.2
6000-45.0 350 268 12.4

* W/B: water binder ratio

Several studies have shown that decreasing the W/B ratio and incorporating

various pozzolanic minerals can increase compressive strength, durability, and
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permeability [17]. Lowering the W/B decreases the porosity and chloride penetration
by as much as 25% throughout the exposure period [18]. Silica fume (SF), including
some of the mineral admixtures used, significantly decreased the chloride penetration
into concrete in maritime conditions [19]. The influence of SF on concrete

microstructure has been widely published.

4.3 Mixing method

Mixing was performed according to JIS R 5201, "Physical testing methods of
cement" [162, 163]. The mixer used in this study, Hobart-type mixer, and method are
shown in Figure 4.1.

First, cement and fine aggregate were mixed at low speed (low speed: 110 r/min)
for 30 sec. Next, admixture and water were added and mixed at low speed for 60 sec

and high speed (high speed: 230 r/min) for 30 sec, as shown in Figure 4.1.

Cement and fine aggregate

Low speed for 30 sec
(low speed: 1101/min)

Admixture and water

Low speed for 60 sec
(low speed: 1101/min)

High speed for 30 sec
(low speed: 230r/min)

Y

Discharged

Figure 4.1 Mixing method
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4.4 Curing conditions

Two different curing conditions were used: water curing and steam curing.

4.4.1 Water curing condition

Water curing was conducted in the water tank for 28 days after demolding,
conducted at 7, 14, and 28 days. Curing was carried out in air under a constant 20 °C

and 60% humidity.

4.4.2 Steam curing condition

Steam precuring was performed 2 hrs. in advance. The temperature was raised at
20 °C/hr, held at 60 °C for 2 hrs, then lowered to 20 °C at 10 °C/hr, as shown in Figure
4.2: (A) precuring time, 2 hrs. before steam curing; (B) temperature raised to 60 °C at

20 °C/hr.; (°C) temperature was held at 60 °C for 2 hrs.; (D) temperature was lowered
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Figure 4.2 Diagram for steam curing 1% condition

to 20 °C at 10 °C/hr., and was carried out for 28 days a constant 20 °C and 60%
humidity. Curing was carried out in air under a constant 20 °C and 60% humidity. The

sample was prepared with steam curing at 1, 7, 14, and 28 days.
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The steam curing in another condition was different pre-preparation times as 0.5
and 3.0 hrs., and the temperature was maintained at a maximum temperature of 65°C
for 2 hrs., respectively. In addition, the de-mold was 24 hrs., and atmosphere curing

was performed for 28 days in an environment at a temperature of 20°C and a humidity

of 60% as shown in Figure 4.3.
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Figure 4.3 Diagram for steam curing 2" condition

4.5 Performance testing of concrete

4.5.1 General mechanical properties

4.5.1.1 Hydration speed: Initial setting time testing

The setting time test is carried out by measuring the beginning and ending times
of a standard soft cement paste in a mold at 20°C and relative humidity of 90% or more.
The starting time and ending time are measured by the Vicat needle device or automatic
setting tester, and the cement paste is made by kneading machine, compressed into a
mold, and the starting time and ending time are measured by Vicat needle device or

automatic setting tester. The beginning time shows that the cement begins to harden
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due to the hydration reaction, and the finishing time indicates that the hardening has
progressed and the fluidity has vanished. The methodology as shown in Figure 4.4.
4.5.1.2 Compressive strength

Compressive strength test method. A 50x100 mm? summit mold was used for
compressive strength testing. This concrete is poured into the mold and appropriately
tempered so as not to have any voids. After 24 hrs., molds are removed. Since the
sample was de-molded until the age of 28, the curing condition was done. The top
surface of these specimen should be made even and smooth. The testing is done by
placing cement paste and spreading smoothly on the whole area of the specimen. A
compression testing machine tests these specimens after one day, seven days curing and

28 days curing. Load should be applied gradually at 13.7293 N/mm? per minute until

Cement and fine aggregate

Low speed for 30 sec
l (low speed: 110r/min)

Admixture and water

Low speed for 60 sec
(low speed: 110r/min)

High speed for 30 sec
(low speed: 230r/min)

Discharged

Normal consistency measurement

l NO

Normal consistency is 6 + Imm ] Mixing procedure

l YES

Re-kneading measurement Procedure a sample for
testing part

Figure 4.4 Initial setting time testing method

59



the specimens fail. Load at the failure divided by area of specimen gives the
compressive strength of concrete.
4.5.1.3 Mercury Injection Porosimetry (MIP)

Mercury Injection Porosimetry (MIP) is used to evaluate the porosity, pore size
distribution, and pore volume of various concrete and powder materials. The technique
involves the intrusion of a high pressure, non wetting liquid (often mercury) into the
material using an instrument known as a porosimeter. The device uses a pressurized
chamber to force the mercury into the voids of a porous substrate. As pressure is
applied, the mercury initially fills the large pores. As the pressure increases, the filling
proceeds into increasingly smaller pores. Both interparticle pores (between individual
particles) and intraparticle pores (within the particles themselves) could be
characterized using this technique. To determine the pore size based on the external
pressure required to push the liquid into the pores against the liquid's surface tension's
opposite force. Since this technique is usually performed in a vacuum, the initial gas
pressure is zero. Since mercury's contact angle with most solids is between 135°C and
142°C, the method could take an average of 140°C without significant error. The
surface tension of mercury at 20°C under vacuum is 480 mN/m. As the pressure
increases, the cumulative pore volume also increases. It can find the pressure and pore
size from the cumulative pore volume, which gives the median pore size by adding 50%
of the total volume.

A measurement method with a wide pore measurement range was common to use

dv
dlogD

the integrated pore volume distribution and with the horizontal axis on a

logarithmic scale. However, when looking at the pore distribution in an incredibly
: e av . :
narrow range, use the integrated pore volume distribution and = with the abscissa on a

linear scale to obtain a distribution when the specific surface area is essential shown in

the result.

4.5.2 Durability against chloride ion attack

4.5.2.1 The rapid chloride ion penetration test (RCPT)
A protracted study period was required a standard salt damage penetration test
determined the chloride ion diffusion coefficient. Therefore, retrenching the study time

has become an issue, so chloride ions were measured by the rapid chloride ion
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penetration test (RCPT). The significant diffusion coefficient was calculated as the
chloride ion effective diffusion coefficient of mortar was based on the Japan Society of
Civil Engineers standard in concrete by electrophoresis. The effective diffusion
coefficient test method for chloride ions according to JSCE-G571-2003 measured
[164].

DC constant voltage
Constant voltage [¢ power source

15V

Migration cell Holes for gas
Outlet solution

Inlet sampling
And measurement I I

e

| 1 h 4
Cathode I !® I = Anode
0.5 mol/L 0.3 mol/L
NacCl @ NaOH
solution solution
Electrode \
@ Electrode

—. Saturated specimen r
\ (©100mm x 50mm) /

Gasket solution outlet
Migration cell equipment

Figure 4.5 A typical schematic diagram of a migration test [3]

e Test Equipment
The equipment used for migration testing (1) is as follows:
Note (1): Figure 4.5 gives a typical schematic diagram of a migration test.

a)  The migration cell shall be manufactured of materials (3) resistant to the solution
used in the test. A concrete specimen prepared according to the method given in
Clause 6 (Test Specimens) of this standard shall separate the cathode and anode
sections. The volume of the anode and cathode sections is approximately 1 liter.
Figure 4.6 give shape and size of a typical migration cell.

Note (3): Transparent acrylic material is recommended.

b)  The starting solution in the anode section shall be 0.5 mol/L of NaCl solution and
in the cathode section 0.3 mol/L of NaOH solution, respectively (3).

Note (3): The NaCl and NaOH shall be of quality similar to that specified in JIS
K 8150 and JIS K 8576, respectively.
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c) The DC constant voltage power supply shall be capable of applying a constant
DC voltage with a precision of 0.1V (4).
Note (4): The DC constant voltage power supply should have a 1 Amp rating.
The anode and cathode electrodes in the migration cell shall remain
electrochemically stable for the duration of the test. The electrode material must not

affect the experimental results. The electrodes shall be either circular or rectangular in

= »
& E{
&
R L p—
Fiaai |
@1 ! i |2 ]
&

Hole for lateral bolt

. /Epoxy resin coating

/—Specimen treated

by vacuum
saturation

Figure 4.6 A shape and size of a typical migration cell [3]
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shape, and their cross sectional area shall be at least 60% of the cross sectional area of
concrete exposed to the cell solution.

Note (5): Stainless steel may be used for the cathode, while a carbon plate,

titanium plate, or platinum plate is suitable for the anode. Carbon is consumed

with the passage of time and therefore shall be renewed after a number of tests.
d)  The thermocouple used to monitor temperature changes in the solution shall be
watertight and resistant to the cell solution. It shall have a measurement range of
approximately -10°C to £110°C with a precision of £1°C.
e)  The potentiometer used to measure the actual potential gradient between the two
concrete surfaces shall have a range of 0 to 99.9 V with precision of +1%.

The electrophoresis test used a 0.5 mol/L sodium chloride solution and a stainless
steel electrode on the cathode side, as shown in Figure 4.6.

The apparatus, a 0.3 mol/L sodium hydroxide solution, and a titanium electrode
were used, and the specimen was placed between the electrodes. A DC constant voltage
of 15 V was applied between the electrodes, and the solution on the cathode side had
chloride ions below 0.45 mol/L. The solution was appropriately exchanged on the
anode side so that chloride ions did not exceed 0.3 mmol/L. The specimen's shape was
a cylinder with a 100 mm diameter and a thickness of 50 mm. When chloride ions on
the cathode side penetrated the sample and reached the anode side, the number was the
lead time.

Seven levels of specimens with different physical properties of BFS were
prepared with different curing conditions. Production, water curing was 28 days, and
steam curing was aerially curing for up to 28 days. Vacuum and wet inside after making
the specimen, after vacuuming the inside of the sample using an aspirator, moisture
treatment with distilled water energization applies DC constant voltage of 15 V
measurement measure the chloride ion concentration of the cathode and anode every
three days as show in Figure 4.7.

This study method assumes that the porosity in concrete is an electric field, and
an external voltage applied causes chloride ions to have a negative charge to be
electrically continuously transferred to the anode. Furthermore, the number of chloride

ions that moved to the pole side and the penetrated chloride ions to the anode side were
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. . Prepared different amounts of curing and slag addition
Preparation of specimen,

vacuuming and moistening
the inside after preparation

l

Vacuum the inside of the specimen using an aspirator,
and then wet the specimen with distilled water.

A\

%

~

N 0.5 mol/L NaCl in the cathode cell
Energized (15V) A solution of 0.3 mol/L NaOH was used on the anode side.

A constant DC voltage of 15 V is applied. )

L \ \

Measure the chloride ion concentration of the cathode
Measurement
and anode every 3 days.
J

|

Solution exchange

Perform solution exchange as needed.

A L

Figure 4.7 RCPT loop testing

steady. The flux of chloride ions, when considered, has to reach a state (ion per unit
time and unit area). The amount of movement was used to calculate the diffusion
coefficient. The steady state assumes that immobilization factors that affect
electrophoresis can be excluded. Steady state judgment was made when the increasing
rate of the chloride ion concentration on the anode side became constant with time.
Additionally, chloride ions penetrating the steady state were required for the significant

diffusion coefficient calculation.

Calculation of chloride ion flux.

The flux of chloride ions in the steady state is calculated using the following
equation, and the value obtained is rounded to three significant digits.
11 AL
VU Acq 4.1

J _— —_
A At

where
Joi: Flux of chloride ions in steady state (mol/(cm?year))
V' Volume of anode solution (L)

A: Cross section of specimen (cm?)

Acty.

~ Rate of increase in chloride ion concentration on anode side ((mol/L)/year)
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Effective diffusion coefficient of chloride ion

The effective diffusion coefficient of chloride ions in concrete is calculated using

the following equation, and the result is rounded to three significant digits:

JoRTL

D.= X
¢ |Z¢y|FCo(AE-AE,)

100 (4.2)

where

D,: Effective diffusion coefficient (cm*/year))

R: Gas constant (8.31 J/(mol K))

T: Absolute temperature (K)

Zci: Charge of chloride ion (-1)

F: Faraday constant (96,500 C/mol)

C¢: Measured chloride ion concentration on the cathode side (mol/L)
AE-AE_: Electrical potential difference between specimen surfaces (V)

L: Length of the specimen (mm)

The chloride diffusion coefficient

During the last years, chloride ingress into concrete has increasingly been
characterized by measuring a diffusion coefficient considered the rate determining
parameter of the whole process [5, 165, 166]. Assuming a constant external
concentration, Cs, the chloride ingress is a non evolutive process with a constant

diffusion coefficient. However, chloride profiles analyzed from natural structures [167,

Cl Cl
— —

Figure 4.8 Unit section for defining chloride flow
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168] show that chloride ingress seems to be a very complex phenomenon, not well
characterized yet.

The present paper shows that the whole phenomenon is more complex than
expected, but the diffusion coefficient is not a unique concept that results in defining
several D values. The different circumstances are described, and a proposal for naming

the different D values is presented.

Definition of the diffusion coefficient

Following Crank [169], the diffusion coefficient is defined (Figure 4.8) as the
rate of transfer of the diffusing substance across a unit area of a section divided by the

spatial gradient of concentration at the section.

91 F
D(cm?/s) = = (4.3)

ot

Where

F: flow in mol/cm?-s

o . .
a—:: the gradient of concentration.

For this definition to be applied, the total volume should remain constant on
either side of the section unit as diffusion proceeds, and the same unit of length has to
be used in measuring the volume which appears in the definition of concentration.

This definition draws attention to the importance of the units of D and their
coherence in the whole expression. Thus, Figure 4.9 shows that in concrete, the units
used for expressing chloride concentration [170]:

e refer to the concrete: in % or kg/m® of concrete.
e refer to the cement content: in % or kg/kg cement
e refer to the pore solution: in g or mol Cl/1 of solution
Usually, the so called steady state diffusion coefficient, Ds, refers to the pore
solution concentration and expresses the movement of water soluble chlorides.
However, the non steady state and DNS are expressed by volume of concrete or mass

of cement and refers to the number of chlorides in the sample.
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Concrete Cement Pores
(% or g Cl-/kg conc) (% or g Cl-/kg conc) (g CI/1 solution)

Units of chloride concentration referring to the substantial weight, the cement weight,
or the amount of evaporable water in the pores.

Figure 4.9 Chloride concentration

Attending the units of chloride concentration

The chloride ions can refer to the total amount of the sample (concrete or cement)
or the pore solution content. Both possibilities aim at different D values that, when
compared, should be transformed into coherent units.

Part of the chlorides that penetrate is combined with the cement phases, making
the process dependent on the transport only (Figure 4.10) and the proportion of bound
chlorides. The binding or reaction of chlorides depends on many factors: type of
cement, the composition of pore solution, temperature, etc.

Atkinson and Nickerson [170] in 1984 gave expressions for calculating the

proportion of the total, bound and free chloride concentration assuming a linear binding:
C =P Cit (1-P)C, (4.4)

where
C, : total chloride content
C; : free chlorides

C, : bound chlorides

P : concrete porosity
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The relation between the diffusion coefficient referring to the pore solution and
that referring to the total volume of concrete is:
D e Cb
— =P+ (1-P) — (4.5)
a Cf
where
D, : the effective D referring to the pore solution

D,: apparent D referring to the volume of the sample.

oC
Cp=——t (4.6)
1+BC
/ / WATER
Cl— TRANSPORT Interlamin
—p
BINDING ;I"Ia+ K+t 8O~ 2 "
pH:12.614 3 captiar
wh : : combined

Ttransport and binding with cement phases.

Figure 4.10 Chloride ingress induces two simultaneous processes

Concerning the effect of the application of an electrical field (migration
experiments) on the ability of chloride binding from cement phases, the isotherm of
[171] calculated from a diffusion experiment and that of [172] made from a migration
one. It is worth noting that there is opposite behavior between diffusion and migration
when the chloride concentration is low. Thus, while in diffusion, there is binding from
when small quantities of chlorides are present, however in migration, only for chloride
amounts higher than 20-30 gr/L reaction with cement phases starts to be significant,
and only the isotherms equal when the external testing solution is 1 M in NaCl (0.5%

by substantial weight in the sample).
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This observation is significant, as migration tests using external solutions with
chloride concentrations <IM. NaCl will not aim into the full binding and therefore
cannot be used for obtaining a D,;. That is the case of the Rapid Chloride Permeability
test (RCPT) [173], now modified by Tang and Nilsson to obtain a D, [174]. The results
of this last test have been reported [175] to agree reasonably well with resistivity values
taken from the current measured and potential applied. This agreement between
resistivity and the D,  calculated from the T&N test confirms that this migration test
does not account for chloride binding, as resistivity can only Figure out the porosity

and the connectivity of pores [176]

Attending the diffusion regime

The sample thickness is finite, the chlorides can permeate through it in a
reasonable time, and the diffusion coefficient can be calculated from a steady state
regime when the chlorides emerge in the downstream chamber of a diffusion cell. Thus,
Figure 4.11a is shown the typical diffusion cell in which one chamber contains a
chloride solution and the other is free from them. After a specific time when the
chlorides penetrate the sample and react with the cement phases, they appear in the
chloride free chamber. The increase in chloride concentration constantly results with
time if the reaction in the sample has been completed. A D, value is calculated from
the slope of the graph chloride concentration time (4.7) (4.8). Notice that the chlorides
refer to the volume of solution in the chambers, and therefore, they represent the

movement of free chlorides. ] denotes the chloride flow.

d
J=D 4.7)
dx

However, the time to appear in the downstream chamber is related to both free
and combined chlorides. This time is known as “time lag” and enables the calculation

of a non steady state D, D, from the expression [169].

(4.8)
where

t: time lag

I: sample thickness.
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When the test is made in a cylindrical specimen with a pond (Figure 4.11b), the
D, is calculated by fitting the solution of Fick’s second law assuming semi-infinite

media and constant surface concentration [5]:

X
C,=C| l-erf ——— 4.9
’ ( 2./Dy. t) (49)

C,: chloride concentration at depth x and time t

C,: surface concentration

The values of D,y seem more representative of natural conditions as they do
consider the binding. However, on the other hand, the natural driven forces for chloride
ingress are not the chlorides immobilized but the free chlorides. Free chlorides as well

are those able to D, passivate the steel.

[Ccr]
[cr]
VX
a)
a) Typical diffusion cell in which D is b) Typical ponding test where D,,; value is
calculated from the slope of the graph [CI']  obtained from the chloride — cover depth

— time profile

Figure 4.11 Cylindrical specimen

4.5.2.2 The effect of physical characteristics on the amount of Friedel's salt
production by X-ray Powder Diffraction (XRD)

X-ray Powder Diffraction (XRD) is a technique used to define the quantification
of cementitious materials. XRD analysis is conducted with an X-ray source of Cu—Ka

radiation (X = 1.5406 A), in which the Bragg—Brentano method is used to analyze and
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identify crystalline compounds. Different parameters such as scan step size, collection
time, range, X-ray tube voltage, and current should be fixed on the basis of the specimen
requirements for analysis. For a diverse variety of crystalline phases in concrete
specimens, the XRD pattern uses phase identification [25].

In addition, for specimens that had been pulverized and immersed in 3% salt
water to simulate seawater, the Friedel’s salt intensity significantly increased after
immersion. The effect before and after immersion in saltwater on the products was
measured using X-ray diffraction, and quantitative analysis was performed. In
quantitative analysis, the integrated strength obtained by calculating the integrated
strength of each product was compared as the amount of production. In addition, the
impact of saltwater immersion was measured using XRD, and quantitative analysis was
performed before and after immersion in saltwater. Measurements were carried out by
using the D8 discover machine. In this study, we measured the formation of Friedel’s
salt, which affects salt immobilization mainly measured Friedel’s salt, which affects
salt fixation, and Kuzel’s salt, which is related to the formation of Friedel’s salt. The

chemical formula and reflection angles are shown in Table 4.3.

Table 4.3 Formula of each product and X-ray angle.

Product Material Chemical Formula Angle of Reflection
Kuzel’s salt C3A = (0.5 CaSO, = 0.5CaCl,) = 10H,O 10.6
Friedel’s salt C;A - CaCl, = 10H,0 11.3

Aluminum oxide Al,O4 25.55
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Chapter 5

Results

5.1 Introduction

Concrete has generally been the primary material for civil infrastructure systems,
including those in the maritime environment. Unfortunately, bacteria react with
hydrogen sulfate in these facilities, generating sulfuric acid, which causes the concrete
to degrade rapidly. There are several ways to protect concrete from this impact,
including oxygen injection, which prevents the formation of hydrogen sulfate or
applying a substance to the concrete's surface that comes into direct contact with
sulfuric acid.

Although these procedures are successful, they are primarily utilized to defend
the structure's most vulnerable regions. Developing concrete with an inherent resistance
to chloride ion degradation is the most efficient technique to extend the concrete's
integrity.

In this study, BFS as a cement replacement improves the resistance to chloride
ions. This study shows that the Blaine value rate significantly affects compressive
strength. However, in addition to enhancing the BFS replacement rate, a more
significant change was discovered, confirming the influence of the Blaine value. This
study utilizes BFS as cement to investigate the performance of concrete in terms of
delaying chloride ion penetration, which affects corrosion reactions. In addition, the
experiment was conducted to examine improvements in the performance of an
alternative concrete using BFS as cement replacement, focusing on chloride diffusion
on concrete with BFS.

Finally, this study evaluates and compares the salt prevention properties of mortar
prepared by either steam curing or water curing. The study revealed the factors
significantly impacted by basicity that influence the salt preventive properties of mortar
in the examined specimens, such as the lead time and diffusion coefficient.
Furthermore, these factors were also significantly affected by differences in curing

conditions and other physical properties.
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5.2 General mechanical properties

5.2.1 Hydration speed

Using BFS as an admixture for the mortar to following findings was obtained
within the scope of the effects of differences in the physical properties of BFS with
different basicity’s setting time as shown in Figure 5.1. The hydration reaction rate was
delayed in the BFS 4000 Blaine value by 45% replacement, and the BFS 4000 Blaine
value by 22.5% replacement with increased basicity had a delayed hydration reaction
rate compared to the other three types. The result confirms that the hydration reaction
rate was increased by simply changing the crushing method, but the hydration reaction

rate was delayed by increasing the replacement ratio.
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Figure 5.1 The penetration setting time tests

5.2.2 Compressive strength

The compressive strength test for all specimens in the two curing conditions is
shown in Figures 5.2 and 5.3 The compressive strength of the concrete increased
significantly between 7 days and 28 days under standard curing conditions and steam

curing conditions. These resulting curing conditions found that the steam curing
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Figure 5.3 The compressive strength test steam curing conditions

condition was affected regardless of physical properties. The comparison results under
the water curing condition showed a high early strength, as shown in Figure 5.3, and
the result showed that the non replacement BFS had a high early strength; on the other
hand, after 28 days of curing, the 6000 Blaine value added had the highest strength. The
steam curing produced showed that the difference in compressive strength measured
was not a significant effect of confirmation.

Comparing the test in which specimens added different Blaine values at the

overall substitution rate showed 22.5%. The condensation's significant difference in the
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compressive strength of the cured product at age 28 confirmed that a highly fine black
BFS with a Blaine value of 6000 influenced the strength.

5.2.3 Marcury Injection Porsimetry

The pore structure of BFS with different mix proportions after 28 days of curing
as two conditions is discussed. The cumulative intrusion pore volume versus pore
diameter curves in Figure 5.4 and the differential intrudes volume versus pore diameter
curves as shown in Figure 5.5, which was (a) water curing; replacement rate 22.5%,
(b) steam curing; replacement rate 22.5%, (c) water curing; replacement rate 45% and
(d) steam curing; replacement rate 45% described both Figures. The graph in Figure
5.4 represents the amount of pore volume that was increased by using water curing
condition, and the pore diameter was influenced to a BFS replacement level of 45%, as
shown in Figure 5.5.

The threshold radius is assumed to be the initial intergranular spacing at the
setting time; the result has influenced the higher BFS replacement cement ratio, the
curing condition, and the replacement level to generate a higher threshold radius. As
replacement volume concentration increases, the threshold region tends to flatten out,
and the threshold radius increases progressively, which could be attributed to the
replacement level effect of the reorientation of the pore system of mortar.

The MIP test data indicate a threshold radius below which there is a relatively
little intrusion and immediately above where rapid intrusion commences, which
corresponds to the inflection region, following an almost horizontal portion of
cumulative intrusion curves. The test results also indicate that the threshold radius
increases with different curing conditions and BFS replacement percentages.

According to the aim of the study to improve the durability of the pore size
distribution of cement, the existing models of the pore size distribution of cement based
materials have been reviewed and compared with test results in this investigation.
Although too many parameters are included in the model, the compound lognormal

distribution is excellent for simulating the experimental pore size distributions.
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Porosity and mean diameter were considered, which clearly explains the
relationship between pore structure and curing condition, as shown in the result are
following :

1) It was found that the curing condition affects the pore volume and pore diameter.

2) It was confirmed that the pore volume was greatly affected by the level of Blaine
value.

3) The effects as mentioned earlier are remarkable in 45% of BFS cement
replacement and the case of water curing, which is a replacement condition and a
curing method for general precast products.

Studies show that increasing the value of BFS by cement replacement was
affected by reduced pore properties, and curing conditions were affected to value of
pore, which has a beneficial effect on the development of concrete properties. However,
intruded pore volume per volume of paste in the mortar increases with increasing

replacement level concentration.

5.3 Durability against chloride attack

5.3.1 Rapid chloride ion penetration test

5.3.1.1 The effective diffusion coefficient (De)

The effective diffusion coefficient and concentration were established to verify
the salt preventive properties, whereby chloride ions on the cathode side penetrate the
specimen in the electrophoresis test and permeate to the anode side. This study shows
the effective diffusion coefficient results in both curing conditions in Figures 5.6 and
5.7. The concentration rate was increased by water curing conditions and featured high
salt damage resistance by suppressing the penetration of chloride ions. The effective
diffusion coefficient and the salt preventive property were increased by the BFS Blaine
value and water-curing condition. On the other hand, the result of the effective diffusion
coefficient by RCPT was not affected by the steam curing condition and Blaine value.

Comparing the BFS replacement rate ratio confirmed that 45% BFS cement re-
placement of both steam curing and water curing increased the rate of salt preventive

properties. The BFS replacement rate ratio of no replacement and 22.5% were of no
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significance to the salt preventive property, which might have been caused by the effect
of voids and pore structure. Figures 5.8 and 5.9 show the concentrations for water
curing, and this is shown for steam curing in Figures 5.10 and 5.11. Therefore, the
increase in BFS replacement rate ratio might have been affected by the chloride
concentration and the salt preventive property in both curing conditions. In water

curing, the higher the Blaine value, the lower the ion concentration, whereas no
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correlation was observed in steam curing. Therefore, when comparing the curing
methods, water curing tended to increase salt preventive properties. However, this study
also considered the Blaine value, which might increase the volume of voids due to
steam.

A comparison of the effective diffusion coefficient (D) of chloride ions in this

study found that increasing the BFS replacement level might decrease D.. Water curing
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Figure 5.8 Chloride ion concentration in water curing (22.5% replacement rate)
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Figure 5.9 Chloride ion concentration in water curing (45% replacement rate).
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Figure 5.11 Chloride ion concentration in steam curing (45% replacement rate)
conditions at 22.5% BFS replacement D, this study showed that curing conditions

significantly affected the effective diffusion coefficient. In contrast, the Blaine value

conditions did not influence the effective diffusion coefficient.
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A lower diffusion coefficient indicates that chloride insertion into the structure
decreases with increased service life due to chloride diffusion. The greater
concentration enters the structure with lower chloride concentrations and decreases
when the chloride concentrations in the two conditions are approximately the same. The
increased concrete strength and the effect of the reduction in the diffusion coefficient
are due to factors that increase the strength of the concrete, such as the amount of
cement. In addition to giving the concrete higher strength, it also contributes to the
lower porosity of the concrete increasing the chloride binding capacity in the hydration

product, thereby increasing the diffusion coefficient of the chloride into the structure is
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reduced in which the diffusion coefficient of chloride was compared with the structure
age.
5.3.1.2 The chloride immobilization

Previous studies mentioned above and the combination of cement and water
produce a hydration reaction resulting in exothermic energy, C-S-H products, and
calcium hydroxide (CH). The BFS used as a mineral admixture was a reaction with a

hydration reaction, which resulted in Friedel's salt being produced using the fomular:

3Ca0 - Al,O; - CaCl, - 10H,0

The ion chromatography testing result can determine chloride immobilization to
explain the delay of chloride ion properties in which chloride immobilization increased.
An internal reaction suppresses the conduction of the reaction, causing corrosion.
Studies have shown that the BFS replacement level significantly affects chloride
immobilization. Chloride immobilization increased due to the influence of the Blaine
value level, as the study showed that high Blaine levels were affected. The percentage
of BFS replacement significantly affected the immobilization of all curing conditions
described by the components of BFS. From the increased BFS cement replacement
study, chemical components more significantly supported the reaction to used chloride
to produce Friedel's salt.

A graph of chloride ions in water curing and steam curing is shown in Figure
5.12 and 5.13. It was found that when the replacement rate of BFS was increased with
the same degree of powder, most of them tended to have a more significant amount of
immobilization. It was also found that when the degree of powder was changed at the
same replacement rate, the higher the degree of powder, the more the chloride ions were
immobilized. To compare curing conditions as steam curing had a more significant
amount of chloride ion immobilization, albeit slightly. In the other condition with
different basicity, the result shows that the immobilization capacity is significantly
influenced by the basicity of BFS, especially in water curing was increased by 50% of
the percentage amount of immobilization by an increase of basicity as show in Figure
5.14. On the other hand, the maximum temperature of steam curing affected the

percentage amount of immobilization capacity.
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Figure 5.14 The chloride immobilization on different basicity

5.3.1.3 The chloride immobilization for prediction

The above study shows that replacing the BFS material to cement the process
leads to the development of properties that affect chloride permeability as an advantage
in product development. Furthermore, diffusion coefficient values could result from a
study to determine the prediction time from the concept of Fick's second law. The first
is the conventional macroeconomic diffusion theory, which is based on Fick's law. On
a microscopic level, the second is based on electrochemistry theory. The diffusion
model, which is based on Fick's second law, is used in this investigation. This diffusion
model could be used to predict how long it will take for chloride to reach and initiate
corrosion at a depth of the reinforcing steel.

For one dimensional diffusion into a semi infinite medium, an error function

solution is usually used as follows [158]:

CX=CS<1-erf : ) (5.1)
2/D. t

The uncertainty analysis started with a study into the diffusion coefficient in the

series analytical solution that affected the variability of effective diffusivity adjusted
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Figure 5.15 Calculation of corrosion prediction time based on Fick’s second law

for each data set. The calculation of corrosion prediction time is based on Fick's second
law as the equation mention above. Figure 5.15 presents these results for both curing
conditions and various Blaine values obtained for each value of effective diffusivity.
The water curing has influenced chloride diffusion properties as the study shows that
6000 Blaine of BFS by 45% cement replacement delayed chloride diffusion. Thus,
extending the time to product corrosion reaction while the 22.5% replacement rate has

significantly decreased chloride diffusion.

5.3.2 The effect of physical characteristics on the amount of Friedel's salt
production by X-ray Powder Diffraction (XRD)

This study compares the result of X-ray diffraction data of cement paste partially
replace with BFS at ages of 28 days. The results were compared before and after 28
days of the specimen's immersion in saltwater, indicating that Friedel's salt was formed.
The experiment with different Blaine values and intensity counting for chemical
product materials in Figure 5.16 shows nonreplacement, and replacement with BFS
with 3000, 4000, and 6000 Blaine values, respectively, where the X-axis is the angle of
reflection and the Y axis is count intensity. The area of the diffraction peak was obtained
by functionally fitting the diffraction peak by the method of least squares and

calculating the intensity.
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Figure 5.16 X-ray diffraction patterns

Chloride intensity determined from the XRD experiment is shown in Table 5.1,

compared with aluminum oxide as standard material. When calculating Friedel's salt,

an indicator of delay penetration, there was an increase in Friedel's salt over time, as

shown in Table 5.1, which obtained Friedel's Salt correction calculation. When
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Friedel's salt substance intensity (Counts) and aluminum oxide (a-Al,O3) substance
intensity (counts) obtained from the XRD experiment were added to equation (5.1), the
results were shown that the replacement with BFS had a significant effect on the

formation of Friedel's salt stages.

Friedel’s Salt Substance
Intensity (Counts)
Aluminum Oxide (a-Al,O3)
Substance Intensity (Counts)

Friedel’s Salt Correction Calculation = x diffraction peak (5.2)

Table 5.1 The formula of each product and x-ray angle

. Friedel's salt Aluminum oxide Friedel's salt
Blaine . . . .
value substance intensity | substance Intensity correction
(Counts) (Counts) calculation
Non 1523 1021 1796
3000 1875 1204 1875
4000 2302 1288 2151
6000 2214 1225 2176

From the results, the replacement with BFS had a considerable impact on the
appearance of Friedel's salt stages. For non-replacement, the Friedel's Salt was 1796,
adjusting by equation (5.2), whereas the value increased when looking at the sample
with substitution. The higher the Blaine, the higher the rate of Friedel's Salt, such as
6000 Blaine value is 2176 adjusting by equation (5.2), which is a significant difference.

Thus, the Blaine value was investigated, as the amount of Friedel's salt that had
emerged was confirmed as affecting the immobilization capacity of chloride ions.
Immersion for BFS with Blaine value 6000 had the highest Friedel's salt of all the BFS
samples of other Blaine values. Thus, the result confirmed that increasing the Blaine
value of BFS was responsible for the increasing immobilization capacity of chloride
ions.

On the other hand, while focusing on pre-curing time in the second condition, the
Figure 5.17 show the relationship between the pre-preparation time and the amount of
immobilization for 28 days of immersion. Regardless of the number of days of
immersion and curing conditions, it was confirmed that the amount of chloride ion
immobilization tended to increase as the fineness increased. It is considered that the

amount of reaction with chloride ion increased as the degree of Blaine increased, and
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Figure 5.17 Relationship between the pre-preparation time of 28 days of immersion
and the amount of immobilization

the amount of immobilization also increased. When comparing the pre-preparation time
at 28 days of immersion due to a reaction between the unhydrate and chloride ion in the
early stages. It was confirmed that the longer the pre-preparation time, the more
significant the amount of immobilization. It is considered that the longer the pre-
preparation time, the more the hydration reaction was promoted, and the long term
reaction between the hydration product and chloride ion increased the amount of

immobilization.

5.4 Summary

The following findings were obtained within the scope of this chapter as the
effects of differences in the physical properties of BFS, which uses BFS as an admixture
for mortar and has different curing conditions and basicity on salt preventive properties.
Comparing steam curing and underwater curing as the effect on the salt preventive
properties of mortar, the specimens subjected to underwater curing tended to be higher.
Comparing the differences in the physical properties of BFS with different Blaine
values on the salt preventive properties of mortar, it was found that the basicity affects
the lead time and effective diffusivity. As for the difference in curing conditions and

physical properties on the effective diffusion coefficient, the same result as the lead
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time was confirmed. It was confirmed that the difference in physical properties is
greatly affected by steam curing. From this result, it is remarkable in the case of steam

curing, which is a curing method for precast products.
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Chapter 6

Conclusion

6.1 Introduction

Concrete is more widely used than any manufactured material and has been a
construction staple for centuries [1]. However, several theories on the deterioration of
reinforced concrete (RC) show that direct current tends to corrode steel reinforcement,
and chlorides are chemically bound by the cement paste (tricalcium aluminate, C3A)
[2].

In marine environments, a significant reason for the collapse of RC structures is
the corrosion of steel reinforcements, which creates a course for the penetration of
chloride through the concrete surface, which comes into contact with internal
reinforcement, leading to rebar oxidation and corrosion. Therefore, chloride induced
reinforcement corrosion is considered the leading cause of concrete deterioration. In
addition, rust occupies volume and creates tensile stresses in the concrete, resulting in
spalling and cracking [3].

Steel corrosion in concrete can be reinforced by oxygen starvation, especially
when oxygen is only at the cathodic areas of steel in solution at the anode [4]. According
to [5], carbonation and chloride diffusion processes require several years to reach the
reinforcing steel in concrete during corrosion initiation. Equations for Fick's law of
diffusion may be used to numerically predict the time it takes for chloride diffusion or
carbonation to pass through the concrete covering and initiate corrosion in the RC
structure. Covering thickness, quality of concrete, and the environment are possible
factors that affect the structure's initial properties and age. Chloride levels at various
depths in concrete and carbonate depth are another possible reason. The passive layer
is damaged from the point of corrosion initiation to the first signs of corrosion damage.
Therefore, the corrosion period can be estimated using modeled equations that calculate
the corrosion time and rate, which determine the deterioration of RC in a given
environment. For example, corrosion of a concrete infrastructure due to seawater
reduces the ultimate service life of an RC structure.

The durability of concrete constructions is intimately connected to the durability

of the component concrete material. Therefore, the environmental effect is increased
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with Portland cement, which causes the expansion and deterioration of concrete. The
leading chemical causes of concrete deterioration are alkali-silica reactions, alkali—
carbonate reactions, carbonation, sulfate attacks, chloride attacks, and steel corrosion.
A combination of various factors also frequently causes the deterioration of concrete
structures. In addition to those given above, acting alone or in combination, other
factors such as high structural, thermal shrinkage, poor quality of materials, and
inadequate maintenance may exacerbate the situation [3].

One of the significant factors contributing to the corrosion of marine RC
structures is the chloride induced corrosion of steel reinforcements, which substantially
impacts structural service life [6] and has been intensively researched for decades,
prompted by the rising maintenance costs resulting from the impacts of seawater
exposure on coastal structures [7]. Although concrete is the ideal material to protect
steel reinforcement due to increased alkalinity, RC marine structures are highly
vulnerable to corrosion due to chloride attacks. The attack's severity depends on
climatic conditions, among other factors [8].

Moreover, the pore solution reduces alkalinity in concrete to catch large amounts
of chloride. Therefore, using high C3A cement is good chloride corrosion resistance.
On the other hand, sulfate corrosion resistance requires cement with low C3A, which is
a contradiction [9].

The mechanism of concrete deterioration caused by chloride ion infiltration and
carbonation is as follows: (1) Friedel's salt is formed when monosulfate (AFm) reacts
with chloride ions; (2) Friedel's salt is carbonated; (3) chloride ions immobilized in
Friedel's salt dissolve into the pore solution; (4) there is an increase in chloride ion
concentration in the pore solution, resulting in increased chloride ion penetration into
the concrete through concentrating and diffusion cycles. Due to the acidity of HCI, the
alkalinity of the concrete slightly decreases from 12.5-13.5 to in grades 11, 10, and 9,
respectively. The film's destroyed area has a negative electric potential in an electrolysis
reaction. "Anodic reaction" refers to this type of reaction [9]. BES is a byproduct of pig
iron manufacturing, and features high latent hydraulic property. BFS is used as an
admixture in Portland BFS cement at 40% to 45%. The advantage of Portland BFS
cement is that its long term strength is enhanced, and it has a higher resistance to
seawater and chemicals. In addition, the diffusion coefficient of chloride ions makes

the cement suitable for offshore structures. Furthermore, alkali-aggregate reactivity is
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suppressed, the cement can be used with recycled aggregates, and a lower heat release
rate effectively suppresses thermal cracking [13].

Chloride damage resistance is required when BFS is used. The hardened concrete
is denser than ordinary Portland cement [13], as it has a solid capability for
incorporating chloride ions [14].

A previous study [13] focused on the mechanisms of chloride penetrated in
concrete and reinforcing steel corrosion, which developed corrosion protection, repair
strategies, and detection techniques to develop reliable and practical design approaches
for durability and corrosion protection for concrete reinforcing steel. To develop
mechanistic and practical models (deterministic or probabilistic), the study [13] was
shown to design durable concrete structures. Furthermore, it can be used to predict the
deterioration and maintenance optimization of existing concrete structures to achieve a
specified design life [13].

BFS can improve the resistance of cementitious materials to sulfuric acid attack
as the influence of concrete quality on diffusion coefficients is related to the concrete
pore structure. The time dependence is due to the hydration of cement particles and
chemical reactions of seawater ions with hydration products, which reduce the pore
structure. Therefore, when BFS is used, sulfuric acid has a negligible effect on erosion;
instead, the high strength concrete or mortar becomes more durable, owing to the
enhanced capacity to withstand sulfuric acid. Furthermore, BFS can suppress the
penetration of chloride ions, inhibit steel corrosion, and reduce time dependent strains
[9,10].

BFS was used as the aggregate to investigate corrosion initiation on RC structures
in one study. That study focused on the physical and chemical attacks on RC structures
during their service life and investigated whether any protections might be placed to
mitigate the degeneration caused by these attacks. It was found that the concrete
performance may be improved by including mineral additives in cement, such as silica
fume, BFS, and fly ash [16].

A literature review reveals many studies of BFS containing concrete in various
countries. However, few studies have examined its use in reducing chloride ion
permeability as the main factor of corrosion reactions. Thus, this study utilizes BFS as
cement to investigate the performance of concrete in terms of delaying chloride ion
penetration, which affects corrosion reactions. Furthermore, an experiment was

conducted to examine improvements in the performance of an alternative concrete
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using BFS as cement replacement, focusing on chloride diffusion on concrete with BFS.
This study aims to develop products for use in the precast concrete industry toward
extending the life of concrete structures, especially reinforced concrete structures, in
marine environments.

This study experimented with followed study utilizing BFS as cement to
investigate the performance of concrete in delaying chloride ion penetration, which
affects corrosion reactions, and examine improvements in the performance of an
alternative concrete using BFS as cement replacement, focusing on chloride diffusion
on concrete with BFS. Therefore, the specimen evaluated chloride ion adsorption into
cement based on the diffusion coefficient by RCPT, which, in turn, predicted the
chloride ion diffusion characteristics of the specimen. The following conclusions
inferred from the test results can be separated into two parts: general mechanical

property and durability against chloride attack.

6.2 Mechanical characteristics

Regarding general mechanical properties of concrete containing BFS were
improved. The development of the compressive strength of concrete with BFS is the
same as that of standard concrete. However, the progression of carbonation in concrete
is slower due to producing a more robust and dense reaction product of BFS. This study
showed the following:

e 6000 Blaine of BFS had increased compressive strength while 3000 Blaine of

BFS had decreased compressive strength.

e The dosage of the cement replacement ratio influences compressive strength,
as a high dosage ratio might increase strength while a low dosage ratio
decreases strength.

e The steam curing is preferred for accelerated rapid hardening of concrete, high
early age strength, and improving construction speed.

e The compressive strength was considerable when steam curing was applied,
which affects conditions on compressive strength.

e The compressive strength increased by performing sufficient water curing,
confirming that the compressive strength was greatly affected.

By measuring the pore size distribution by injecting mercury, it was confirmed

that the structure became denser as the powderiness (Blaine value) and substitution rate
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increased. In particular, it was confirmed that the one using 6000 Bline had almost no
decrease in strength due to slag replacement concerning the plain product (non-

replacement product).

6.3 Durability against chloride attack

Blaine's values of fineness affect the immobilization performance of chloride
ions. A replacement of 45% of the binder with BFS exhibits the maximum efficacy in
the resistance to chloride ion of cement paste. Using BFS in concrete significantly
improves the resistance to chloride ions in concrete. The most effective replacement
ratio of BFS in the binder is 45% of cement when BFS is the replacement. The
appearance of de-molded concrete products is generally the same as standard concrete

products. This study showed the following:

6.3.1 Durability 1: Effective diffusion coefficient of chloride ion

e The higher the Blaine value, the smaller the effective diffusion coefficient. It was
confirmed that the 6000 Blaine 45% replacement product was halved compared
to the non-replacement product.

e The above effect is in the case of 45% replacement, but it is confirmed that the
difference from the non-replacement product is slight at half the replacement rate,
and it is necessary to set a replacement rate of more than 22.5% in order to
improve durability.

e There was almost no significant difference between 0.5 hrs. and 3.0 hrs. in terms
of the effect of the pre-preparation time of steam curing.

e [t was confirmed that steam curing increased the effective diffusion coefficient
by about 9.4% compared to the standard curing product, which hindered the
improvement of salt damage resistance.

e [t was confirmed that the service period of the structure can be extended by about

30% by replacing the blast furnace slag 6000 Blaine product by 45%.

6.3.2 Durability 2: Chloride ion immobilization performance

e [t was found that the greater the degree of Blaine and the substitution rate, the

increased the immobilization performance. It was confirmed that 6000 Blaine
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45% substitution increased by about 65.4% concerning the non-replacement

product.

o Although the effect of slag basicity on durability has not been seen so far, in this
study, it was found that the immobilization ability was increased by 1.5 times by
slightly increasing the basicity (1.8 — 2.0).

e Regarding the effect of the pre-preparation time of steam curing, the amount of
immobilization increases for 3.0 hrs. compared to 0.5 hrs., unlike the result of the
effective diffusion coefficient. Furthermore, it was found that the effect became
more pronounced as the Blaine value increased.

¢ In addition to the effect of reducing the effective diffusion coefficient, further
extension of the life of the structure is expected, given the immobilization
capacity.

The results reveal the effects of combining BFS with various Blaine values and
ratio affecting properties on mortar. In addition, the results show increased durabilities
against chloride attack, and mechanical properties for precast manufacturing industrial
applications were successfully developed. Thus, resulting was confirmed that the
Blaine value of BFS has affected the immobilization capacity of chloride ions.
Furthermore, BFS replacement was used to affect the high early-age strength during the
long term effects on physical properties.

In conclusion, Chloride immobilization increased due to the influence of the
Blaine value, as the study showed that high Blaine values showed a tendency to increase
durability. The percentage of BFS replacement significantly affected the
immobilization of all curing conditions described by the components of BFS. From the
increased BFS cement replacement study, chemical components more significantly
supported the reaction to used chloride to produce Friedel's salt. Moreover, Blaine's
fineness values affect chloride ions' immobilization performance while the most
effective replacement ratio of BFS in the binder is 45% of cement of the binder with
BFS exhibits the maximum efficacy in resisting chloride ions. Using BFS in concrete
significantly improves the resistance to chloride ions in concrete. Water curing
conditions, high Blaine value, high cement replacement ratio, and W/B tended to
improve the general mechanical property performance and durability against chloride

1on attack.
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From the study, diffusion coefficient values could result from a study to
determine the prediction time from the concept of Fick's second law. Furthermore, this
relationship could predict the exposure time as the service life of concrete structures in
a realistic working environment is determined by referring to an exposure test of known
mortar specimens. Thus, resulting was confirmed that the Blaine value of BFS has
affected the immobilization capacity of chloride ions.

In conclusion, the outcome of this study is the development of concrete materials
that decrease durability against chloride attack and improve mechanical properties for
precast manufacturer industrial applications. In this study, water curing conditions, high
Blaine value, high cement replacement ratio, and W/B tend to improve the general
mechanical property performance and durability against chloride ion attack.

Moreover, the use of BFS gives concrete more outstanding durability. In addition,
the use of by-products such as BFS reduces the environmental impact of concrete
production by reducing CO: emissions. Furthermore, Coastal areas should use this
study's suggestion to use these data appropriately for products with suitable production

properties, such as flow properties, or when environmental risks affect the coastal area.

6.4 Further study

Further study should involve experimenting with thermal simulation absorption
and adding a chemical admixture to develop the product’s performance and investigate

the combination’s effect, supporting various kinds of concrete industry.
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