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ABSTRACT

Mineral phase profiling on accelerated carbonation cured cement paste

Gebremicael Liyew Abitew, B.Sc.
Advisor: Prof. Hyeong-Ki, Kim, Ph.D.
Department of Architectural Engineering

Graduate School of Chosun University

Industry gas emission being an issue for many decades. Nowadays, much
research has been conducted to utilize the factory’s gas, and concrete carbon-
ation curing is one of them. This paper conducted research to utilize CO, gas
as a concrete curing agent, which will have mutual benefit for the structures as
well as environmental contribution. The effect of the accelerated carbonation
curing on the phase formation of the later age and early age cement paste was
conducted via phase profiling. The study was conducted using quantitative

x-ray diffraction (QXRD) and thermogravimetric analysis (TGA).

Mineral phase profiling of the later age and early age cement paste, sub-
jected to accelerated carbonation; was conducted through the depth. The later
age carbonation was conducted at 14 or 28 days followed by 14 or 28 days
of carbonation, with a concentration of 10% CO,. The early age carbonation
was conducted at 6hr, 1day or 3 days of hydration followed by 1 day or 3 days
of carbonation, four CO, gas concentrations (5%, 10%, 15% and 20%) were

used. In addition, the mechanical (compressive and dynamic modulus) and

x1
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further carbonation resistance of the early age carbonated was investigated.

The pre-curing period has a significant effect on the formation of type and
amount of calcite on the front surface and through the depth. The pre-curing
period determines the concentration of the calcite on the surface. However,
the calcite formation on the front surface of specimens is less influenced by the
duration of the carbonation. On the other hand, the duration of the carbona-
tion influences the formed calcite through the depth. Overall, the depth of the
carbonation in the accelerated carbonation is reached 20 mm in the later age,
and 12 mm at the early age. Whereas 3 days and 28 days pre-cured resulted
in an approximately similar amount of calcite and vaterite on the surface,
which is the maximum total amount of CaCO4 reached up to 40% of the total
volume of the paste. The amount of portlandite on the surface is diminished
for both conditions. Whereas through the depth, early age carbonated has a
relatively greater amount of portlandite which could be due to the hydration

after the carbonation was completed.

The mechanical strength does not have increasing consistency as usual
throughout the time. This possibly from the dehydration ultimately resulted
in a lack of water for anhydrous hydration, basically for lower water to cement
ratio. If there is additional further water curing after the carbonation, there

will be an improvement.

xii
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1 INTRODUCTION

1.1 Background

In the ancient civilization the construction of buildings were conducted by
placing heavy block of rock on top of another, held in place due to the geomet-
ric shape and friction between them. Different binders have been used in the
development of Egypt, Greece and Roman civilization (Herrmann and Bucksch
[2014]). Nowadays, concrete is the most widely used material in the construc-
tion industry, usually made by mixing a hydraulic cement, sand, aggregate,
and water as lubricating material (Mehta and Monteiro [2014]). Produced
quickly and resulted in reasonable strength and, more importantly, durabil-
ity makes it a preferred construction material. Production of concrete passes
through some processes, starting from preparing the material to curing and
finishing works. Concrete technology is applicable in the different construction
industries such as buildings, bridges, highways. It has excellent resistance to

water without severe deterioration.

Binding material is one of the constituents in the concrete production,
typical mix have 15-20 by wt%, and basic material in the integration of each
component to function as a unit system. The hydration of the cement plays an
essential role in the formation of the C—S—H (gel-like) structure that unites
the materials in the concrete. The hydration of cement takes a long time and
continues until there is water. Generally, cement requires around 40% by wt
for the complete hydration, although half of the water will involve in the

chemical reaction (Mather and Hime [2002]).
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Initially, some of the water is evaporated based on the humidity, and some
of them got stacked as bound water, which can’t chemically react. Therefore,
concrete curing is a crucial phase in the concrete production process to proceed
the hydration of the cement and to create a durable, dense micro-structure
(Vijai et al. [2010], Mousa et al. [2015]). There are different types of concrete
curing, such as water curing, steam curing, form-work curing, and carbonation
curing. Carbonation curing has been used for the precast concrete (Rostami

et al. [2011]).

The primary aim of curing is to take care of the fresh concrete in a good
moist condition in a suitable temperature range (Zongjin [2011]). In terms
of the process of curing, carbonation curing is different from other types of
curing. Because, most other curing types aim to preserve or to keep the amount
of water or moisture in the cement matrix. Carbonation is the opposite of
preserving the water; it evaporates the water during calcite mineral formation.
Generally, other types of curing are more of preserving the physical change,

but carbonation filling large porosities by chemical change.

The purpose of accelerated carbonation curing (ACC) described clearly on
(Al-Kadhimi et al. [1996]). It is to create the fully carbonated dense concrete
structure within a short period. The optimum process of accelerated carbona-
tion is affected by different factors. The factors can be classified into physical
and chemical; physical, which determine the diffusion process of carbon-di-
oxide gas, such as water to cement ratio, microstructure and chemical factors
determine the reactivity of the cement minerals and hydration phases of the

concrete.
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The early accelerated carbonation and later age accelerated carbonation
follow a different pattern of phase development and decalcification. In early
age carbonation, the anhydrous is simultaneously exposed to carbonation and
hydration. Whereas, in later age carbonation, the majority percentage of an-
hydrous is almost consumed by the hydration and then the hydration products

exposed to carbonation.

Accelerated carbonation at an early age or later age plays a vital role in the
improvement of durability and mechanical strength by changing the cement
microstructure. Studies showed that the formed calcite in the accelerated car-
bonation improves the microstructure of the cement specimens with reducing

large porosity.

Although the consumed amount is small relative to the gas emission of
the cement industry, the carbonation curing can have its contribution to the

reduction of the gas to the environment.

1.2 Research objective

The fundamental objective of this thesis is to contribute an investigation in
the utilization of industry CO, as a concrete curing agent. Primarily, the paper
is focused on the phase changes of cement paste due to early, and later age
accelerated carbonation. In addition, the study incorporates the mechanical
and further carbonation resistance of carbonation curing. In detail, the study

addresses:
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The effect of later age concrete accelerated carbonation on the micro struc-
tural change was investigated.Evaluation of carbon capture of the accelerated
carbonation cement paste. The study was conducted using phase profiling

through the depth of the specimen.

For utilizing the industry CO, at the early age accelerated carbonation
curing, an investigation was conducted to determine a preferable combination
of pre-hydration and carbonation effect on the micro-structural development
through phase profiling. The formation of mineral phase composition of the
early age accelerated carbonation curing through the depth of concrete was
determined. The paper shows the effect of the timing approach (pre-hydration

plus carbonation curing) on the formation of the phases in the cement paste.

The effect of the accelerated carbonation on the mechanical and gas per-
meability resistance was investigated. The strength development of the accel-
erated carbonation curing was investigated at the age of 7, 14 and 28 days.
Durability (resistance to permeability of the gas) effect of the accelerated
carbonation curing was investigated. The resistance of the accelerated car-
bonation curing specimens were exposed to further carbonation for 28 and 56

days.

In accelerated carbonation curing, phase profiling is important because
the mineral composition and the way they integrate determine the structure’s
mechanical and durability. In addition, the carbon capturing capacity of each

curing condition.
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1.3 Thesis Layout

Chapter 1 : Introduction. It gives a general introduction about concrete, curing
methods, carbonation curing, and its application in terms of durability and

strength development.

Chapter 2: Literature Review. Different studies regrading the mechanism of

cement hydration and carbonation were reviewed.

Chapter 3 : Preliminary investigation of the later age carbonation effect on
the phase formation of cement paste. The specimens were hydrated for 14
and 28 days and followed carbonation for an additional 14 or 28 days. Phase

profiling were used to determine the phase composition.

Chapter 4: Early age accelerated carbonation curing and its application was
investigated. Early age hydrated samples were exposed to 5%, 10%, 15% and
20% concentration of CO2. In addition, their mechanical and gas permeability

resistance was addressed.
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2 LITERATURE REVIEW

2.1 Introduction

In this chapter different articles related to cement hydration and accelerated
carbonation is reviewed. Generally, three categories are used to classify and
to sort applicable reference documents. Firstly, the fresh cement paste studies
related to hydration are explored. Next, an investigation is conducted on the
mechanism of natural and accelerated carbonation. They have similar phase
formation, but the amount and the depth penetration is extremely different.
The concentration in the natural carbonation is too much lower compared to
the accelerated. Finally, the application and drawbacks of accelerated carbon-

ation curing is addressed.

2.2 Cement hydration
2.2.1 Introduction

The mechanism of cement hydration is a complex physicochemical process;
there is no full understanding yet. The hydration of cement involves some
chemical reactions; the initial hydration stage starts with dissolution, surface
hydrolysis, and release of ions into the solution and has a very rapid exothermic
reaction. The formation of hydrate coating on the surface retarded decelerates
the dissolution. After its initial setting, nucleation and growth of main hydra-
tion products accelerate and continue formation into large empty space and

creates densified microstructure (CHATTERJI and RAWAT [1965]). Figure 1
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shows the time dependant kinetic mechanism of cement hydration measured

via calorimetry. The portlandite and C—S—H nucleation phase is going on

in the acceleration and deceleration phase of cement hydration (Barnes and

Bensted [2002]). Portlandite nucleation and growth become rate-controlling,

indirectly the growth and development of C—S—H controlled by it (Bullard

et al. [2011]).

Rate of cement hydration

N
o
Z
<
o
=
k=
3 |E
E
=
2
31
b5
-4
&) ‘
; 2 Acceleratipn phase
3 .
2 Deceleration phase
=
L
=
1
Slow reaction phase
0 ' {>
0 3 6 9 12 15 18

Age of samples (Hours)

Figure 1: Heat flow of cement hydration via calorimetry measurement (Bullard et al. [2011])

Table 1 shows the typical chemical reactions during cement hydration. The

hydration reaction accepts the formed principles of chemical thermodynamics

and kinetics (Scrivener and Nonat [2011]).
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Table 1: Typical chemical reactions during OPC hydration (Papadakis et al. [1992])

Reactants Products

2C4S + 6H %% ,S,H, + 3CH

2C,S + 4H “22% (.8, H, + CH

C,AF +2CH + 2CSH, + 18 H %", ¢ AFSH,,
C4A + CSH, + 10H %% ¢,ASH,,

C,AF + 4CH +22H 5, 0 AFH,,

C4A + CH + 12H %% ¢, AH,,

2.3 Mechanism of concrete carbonation
2.3.1 Introduction

Carbonation of concrete involves gaseous, dissolved, and solid reactants. The
hydration products as well as the anhydrous phases involve in the process.
Solid reactants including hydration product of cement paste (Portlandite and
C—S—H), main strength contributors of cement ingredients (C3S and C,S)
(Papadakis et al. [1989]). Figure 2 shows a simple illustration of the carbon-
ation mechanism. The CO, diffuses to the pores and cracks of the concrete
specimen and forms H,COj by dissolving with the pore solution. The car-
bonic acid converts to the carbonate ion which is active to react with Ca?"
and forms the calcium carbonate mineral inside of the pores of the concrete

(Jeong et al. [2019]).

The carbonation of C—S—H and Ca(OH), gives a continuous declassifica-

tion of the compounds and formation of Ca-modified silica gel and calcium
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carbonate. The polymerization of the C—S—H to ca-modified silica gel and
calcium carbonate formation increases as the concentration of the carbon-di-
oxide increase.The carbonated C—S—H have a lower ca(near to tobermorite
) ratio than the uncarbonated samples. For carbonation concentration with
10% and 100% was conducted, the C—S—H was completely consumed by the
carbonation process and formed a polymerized Ca-modified silica gel. The
carbonation with 3% is more similar microstructure formation with the envi-
ronmental carbonation (0.03 % by volume) compared to concentration of 10%

and 100% (Castellote et al. [2009]).

e - = = s

Figure 2: Typical illustration of carbonation mechanism in the pores of cement paste (Jeong
et al. [2019])

Natural carbonation and accelerated carbonation curing have different
mechanisms and effects of carbonation on the concrete structure. In early ac-
celerated carbonation: a high concentration of carbon-di-oxide gas is applied

to the matrix of cement paste which greatly affects the rate of cement min-
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erals and hydration products composition at an early age. However, both the
natural and accelerated carbonation have similar changes in phase collection

and microstructure development (Shah et al. [2018]).

The CO, gas diffuses from the environment to the concrete through the
air-filled pores of the hardened paste following the Fick’s law (diffusion of the
gas from high concentration to low). It dissolved with the film of water which
shields the wall of a pore. The portlandite diffuses from regions of the gel
phase, which have high alkaline, to the low alkaline pore water. (Papadakis
et al. [1992]).

2.3.2 Chemical reactions during carbonation

The chemical reaction of the carbonation is neutralization reaction between
the cement compounds which is existed in the basic state with carbonic
acid (Chatterji et al. [2002]). In addition to portlandite, anhydrous (CsS
,Cy8,C3AC,AF) and hydrate solid phases (C—S—H,AFt and AFm) are par-
ticipated in the carbonation (Papadakis et al. [1989]). C—S—H formed from
the early carbonation has similar stoichiometry with the hydration (YOUNG
et al. [1974]). In stoichiometry analysis, the amount of C3S remained after
12 hydration is equivalent to 3 min carbonation (YOUNG et al. [1974]). The
predominant factor for the hydration of specimens in the pre-curing duration.
The carbonation reaction in the cement paste simplified and expressed in the

Table 2.

10
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Table 2: Chemical reactions during OPC carbonation

Reactants Products

C3S,Hs + 3002 282571, (3CaC0; - 2Si0,. 3H,0)
Ca(OH), -2 (Ca?"(aq) +20H (aq))

Ca?*(aq) +20H™ (aq) + COy(g) 2% CaCO4(s) + HyO
O3S + 3C0O, + 2H,0 255 Si0, - #H,0 + 3CaCO,

0,8 + 2C0, + 2H,0 —25 8i0, - H,0 + 2CaCOs4

2.3.3 Numerical modeling

Different models were developed to predict the carbon-di-oxide penetration
depth during the process of accelerated carbonation. Model investigation was
conducted on different cement and concrete parameters (water/cement, ag-
gregate/cement ratio) and environmental factors (relative humidity and con-
centration of CO, ) to show the propagation of carbonation depth with time-
dependent function (Papadakis et al. [1992]). From (Papadakis et al. [1991])

reaction model, the depth of carbonation is expressed as

Xc = /((2[COy]De, CO,, ¢)/([Ca(OH),y]+3[C—S—H]+3[C5S]+2[C58])) /()

= Az\/(t)

In addition to time, the constant empirical expression also varies for each

paste composition. In the Papadakis 1991 mathematical model, the rate of the

11
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carbonation was predicted using the chemical composition of cement, porosity,
pore size distribution, and the external environmental conditions including
concentration of the CO, gas, temperature and relative humidity (Papadakis

et al. [1991])

2.4 Factors affecting accelerated carbonation of cement paste

2.4.1 Properties of the material

There are different factors, which influence the rate of carbonation. Chatterji
et al. [2002] listed the most important ones. Cement amount in the paste and
its type are the main factors in the carbonation process and they can be cate-
gorized under the material characteristics. The porosity type and distribution
of the paste is strongly affected by the water/binder ratio and binder types
(Ngala and Page [1997]). Higher water to cement ratio increase the carbona-

tion rate.

An increment of strength, density, modulus of elasticity and shrinkage was
observed due to carbonation (An Jerga [2004]). This carbonation increment
is proportional to the amount of cement content in the fresh mix. The con-
centration of the gas (up to 20%) is proportional to the relative increment
of OPC cement solid volume. In OPC cement, the total porosity is reduced
(Shah et al. [2018], Auroy et al. [2015]). The durability of concrete structures
(shrinkage, creep, cracking and transport properties) is strongly dependent on

porosity.
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Binding material characteristics affect the hydration and carbonation rate
as well as the mechanism of porosity reduction. The total porosity of OPC,
OPC-30% of fly ash and OPC-65% ground granulated blast furnace slag was
reduced due to the deposition of the calcite. The formed calcite has high vol-
ume than the hydrated phases of the cement, which used to clog the porosity
of the material. The ratio of capillary pores for OPC shows no significant in-
crement, but OPC-30%PFA and OPC-65%BFS increased by 140% and 230%

respectively (Ngala and Page [1997]).

In an experiment which is conducted by (Wu and Ye [2017]), different
types of binding materials were considered with blending with the OPC. In
the blended cement paste the amount of the portlandite is smaller than the
OPC and the carbonation is dominated by C—S—H with low ca content. The
porosity of cement paste increases due to the carbonation of most C—S—H.
Therefore, the change in the microstructure is mainly due to the carbonation
of C—S—H with a high or low ca/si ratio. The total porosity and effective
porosity of the paste are highly influenced by the amount of C—S—H involved

in the carbonation.

Dilution effect and the pozzolanic reaction of supplementary cementitious
materials (SCMS) reduce the amount of portlandite than the portland cement
paste. In one year hydration period, the portlandite of the OPC is greater than
the SCM, which leads to high production of calcite in the carbonation time
(Wu and Ye [2017]).
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2.4.2 Permeability of the concrete

Permeability is the transportation of gases, water, dissolved ions to the in-
ternal section of the concrete. Figure 3, shows material and environmental
factors that control the transportation mechanism in the concrete structure
(Bertolini and Polder). The porosity, which developed from the loss of a wa-
ter, is one factor that controls the diffusion of the gas. Generally, permeability
is dependent on the porosity of the material. However, permeability will not

necessarily be reduced by lowering the porosity (Matschei et al. [2007]).

Connectivity,
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Figure 3: Basic factors that affect the transportation process in concrete (Bertolini and
Polder)
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In addition, shrinkage cracking due the carbonation also influence the
transportation process. The consumption of CO, increases when the water
to cement ratio gets higher. It may be due to the evaporation of the water

that ultimately causes pores and shrinkage in the cement matrix.

The diffusion rate of the CO, is also affected by the presence of aggregate
(Papadakis et al. [1989]). In the concrete, the availability of the aggregate
will influence the rate of gas diffusion, which indirectly affects the rate of

carbonation.

2.4.3 Carbon di-oxide concentration and relative humidity

Concentration of CO, and relative humidity has an essential factor in accel-
erated carbonation (Ashraf [2016]). The rate of the reaction increase as the
CO, pressure increases. The compressive strength doubled when the pressure
of the gas doubled. However, the increment of the gas pressure to 4 atm had
a small effect (YOUNG et al. [1974]). In addition to concentration, relative
humidity has a significant impact. For the early age carbonation, the amount
of aqueous or water content of the specimen influences the diffusion of the
gas. The diffusion CO,, basically at an initial stage, is influenced by losses of

the water(An Jerga [2004]).

It has been well known that the aqueous content in the specimen pore
highly depends on the relative humidity. The reaction of CO, is promoted in
some amount of water. However, low relative humidity limited the hydration

reaction and the carbonation, but high relative humidity limited the carbona-
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tion reaction by preventing the diffusion of the gas. The study by Phung et al.
[2013] shows that fully saturated samples has slow rate of carbonation and

the permeability decreases by one order of magnitude.

The required optimum water in the pores should have enough amount to
provide a medium for a reaction between the portlandite and CO, . On the
other side, it should not be exceeded to block the diffusion of the gas. At low
relative humidity, the pores are dried which the CO, gas diffuses very fast;
however, the rate of carbonation is very slow due to the lack of moisture in the
pores. On the other hand, high relative humidity filled the pores with water,
blocking the diffusion of the gas. The diffusion coefficient depends on the pore
humidity and highly decreased for the pore humidity from 0.9 to 0.6, but it is

almost constant below 0.6 (Bavzant and Najjar [1971]).

Based on (Al-Kadhimi et al. [1996]) investigations, two steps were involved
in controlling the uncertainty regarding the rate of carbonation: (a) Precon-
ditioning to lower the relative humidity could be used to shorten the diffusion
time of the carbon-di-oxide, dissolve in the pore water and react with hydra-
tion product and anhydrite minerals. (b) Carbon di-oxide at high pressure
increases the solubility of the carbon-di-oxide in water. Except the lag period,
C3S and C,S follows similar behavior in the carbonation process (YOUNG
et al. [1974]).
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2.5 Application of accelerated carbonation for concrete
2.5.1 Introduction

Accelerated carbonation has been used for production of sustainable construc-
tion materials such as recycled aggregate production, industrial wastage man-
agement by changing in to solid forms and used as a curing agent for pre-cast
concrete production. Studies shows that, carbonation curing has an enhance-

ment in the durability, and strength.

2.5.2 Durability

Different studies have been conducted on the application of carbonation re-
garding durability improvement. The accelerated carbonation cured concrete
revealed resistance to chloride attack, sulphate attack, ion migration, and
freeze-thaw damage (Rostami et al. [2012]). The SEM-EDS and Thermody-
namic model investigated by (De Weerdt et al. [2019]) shows that the decal-
cification of C—S—H increases the uptake of alkali metals to the formed car-
bonation solid. Accelerated carbonation concrete gives a better improvement
on the surface property (sorptivity, water absorption, abrasion resistance) of
concrete (Sharma and Goyal [2020]). Carbonation decreases the surface fractal
dimension, whereas the specific surface area changes based on the composition

of the binder (Arandigoyen et al. [2006]).
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Studies from (Wu and Ye [2017]) shows that, the level of permeability re-
duction of the carbonated cement paste strongly depends on the cement type.
Although, the carbonated OPC cement and blended cement decrease the ef-
fective capillary porosity. Whereas the total porosity decreases for P100 and
F30 (30% fly ash) replacement approximately by 5% hence, the portlandite
involves in the carbonation than C—S—H. The OPC cement pore diameter
reduces to medium capillary pore (0.04um), whereas the blended cement pore
diameter is larger (0.4-0.5) um (Wu and Ye [2017]). The carbonated OPC
cement shows a reduction in total porosity, whereas due to the lack of port-
landite in Pozzolanic Portland Cement (PPC) and Limestone Calcined Clay
Cement (LC3) the porosity is increased. Figure 4, shows that the carbonation
effect in the reduction of the porosity. However, the crack propagation will

increase proportionally with the degree of carbonation(Han et al. [2013]).
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Figure 4: Degree of carbonation and its effect on the cracks and porosity ( The data used
from (Han et al. [2013]))
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The carbonation reduces the porosity around 10%, the amount of port-
landite carbonated was proportional with the decreased pores (Vol%.) (Arandigoyen
et al. [2006]). The carbonation results increasing in solid volume until all port-
landite in the cement matrix is consumed (Shah et al. [2018]). The carbon-
ation of most C—S—H species will increase the cement paste porosity, and
its porosity is significant when the C—S—H have low Ca, which is why the
blended cement pastes have relatively high porosity in case of carbonation
curing than the OPC. The porosity of the blended cement has an increment

when the replacement percent is increased (Wu and Ye [2017]).

2.5.3 Mechanical strength

Concrete is a heterogeneous composition of different materials; its strength
is affected by many factors: Generally, they can be classified as internal and
external factors. Internal factors include the composition of materials (raw
materials, proportion between the raw materials, and additional admixtures)
and the interface between them. External factors include curing time, curing

type, and duration (Zongjin [2011]).

Based on the study of (Raheem et al. [2013]), the effect of curing on den-
sity and compressive strength of concrete was investigated using six methods
of curing such as water submerged, air curing, spray curing, polythene cur-
ing, moist sand curing, burlap curing. The study shows that moist sand cur-
ing resulted in the highest strength, whereas air curing produced the lowest
strength of all types. However, the correlation between density and compres-

sive strength is weak.
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Exposing C3S and B-C,S to CO, leads to rapid strength development
(YOUNG et al. [1974]). The effect of early age carbonation curing on the
lightweight concrete was investigated (El-Hassan et al.). The samples which
don’t initially cure absorb around 8.5 % while the 4 hr initial curing specimen
absorbs around 22 to 24 % CO, and the four-day initial curing absorbed
around 35 %. Based on their investigation, the carbonated specimen shows
higher early-age strength, but due to the water loss, the strength reduced on

its 28th day relative to the steam and hydrated specimens.

2.6 Drawbacks of accelerated carbonation
2.6.1 Shrinkage

The shrinkage and volume stability due to carbonation depends on paste ma-
turity, aggregate compressibility, water to cement ratio, and relative humidity
(Kamimura et al. [2015]). Based on the (An Jerga [2004]) investigation, the

shrinkage increment due to carbonation is reached 35%.

2.6.2 Corrosion

Corrosion decreases the reinforcement bar available cross-section area, which
decreases its strength. The pH value reduction of pore water below 9 results
dissolution of the protective layer and activation of the bars to corrosion (Pa-
padakis et al. [1992]). When the volume of corrosion product is greater than
corroding material, it causes an internal pressure which results in the rap-

ture of the concrete and ultimately causes a crack, spalling, and loss of bond
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between the concrete and the bar (Papadakis et al. [1989]). The alkalinity
(pH) of the inner part of the concrete recovered from the later hydration re-
action. While on the surface, all the mineral compositions of cement and the
hydrated phases are totally carbonated, which it creates stable calcite that

can’t undergo any hydration or chemical reaction with the environment.
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3 LATER-AGE CARBONATION OF CEMENT PASTE

3.1 Introduction

In this chapter results from the later age hydrated cement paste carbona-
tion is discussed. The cement pastes were initially cured for 14 or 28 days.
After completed their hydration period, the samples were exposed to 10%
CO, concentration for further 14 and 28 days. Phase profiling was used to
determine the composition of the paste through the depth with 5mm inter-
val. In each layer of the paste, the remained amount of water, the amount
of water absorbed, the initial phase formation from the reference, the change
in their phase after carbonation which is basically the increment of CaCOs,
mono-carbonate and, and hemi-carbonate is discussed. On the other hand, the
reduction Ca(OH),, C—S—H,C,S, C3S other cement minerals were quantified

through the depth. !

3.2 Experimental program

3.2.1 Material and specimen preparation

The paste was prepared using commercial portland cement, which Blaine fine-
ness of 3,430 cm2/g and has a specific gravity of 3.12. The performance of
cement (including strength and setting time) has satisfied Korean Standard

(KS) L 5201, as well as ASTM C 595 Type I(SM) and CEM II/B-S 42.5. The

!This chapter reproduced from the submitted article on Journal of Case studies in con-
struction materials with title of ”Phase profiling of carbonated cement paste: quantitative
x-ray diffraction analysis and numerical modeling”
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initial and final setting of the cement is 3.5h and 6.0h, respectively. The ce-
ment has a compressive strength of 41.1 MPA, 47.2 MPa, and 58.0MPa, which
is measured according to ISO 679:2009 at 3, 7, and 28 days respectively. The
chemical composition of cement detected by Quantitative X-ray Diffraction
(QXRD) and X-ray Fluorescence (XRF) is described by weight percentage in

the tables below.

Table 3: Oxide composition of cement obtained from XRF.

Composition wt.-%
CaO 64.50
SiO, 17.30

Al,0O4 4.36
Fe,O4 3.70
MgO 2.51
Na, 0+ K,O 1.23
SO, 3.25
Cl 0.06
Loss on ignition | 2.16
Etc. 0.83

Table 4: Phase composition of commercial cement obtained from QXRD.

Phase wt.-%
C3S 40.9
C,S 10.8

C,AF 8.4
C3A 3.9

Calcite 4.6
Gypsum 1.6
Hemihydrate 1.3
Anhydrite 0.5
Thernadite 0.1
Ettringite 0.1
Amorphous 25.0

The cement paste was prepared using deionized water with a water to ce-
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ment ratio of 0.5. The agglomeration of the cement particles was controlled by
adding water slowly until the cement lumps were fully dispersed. In addition,
the bleeding of the paste was managed by continuously mixing the mixture
for more than 1.5h. Four types of specimens were prepared based on the per-
mutation of two types of hydration and two types of carbonation. Two types
of hydrations were 14-day hydration or 28 hydration. Following the end of
hydration, two types of carbonation proceeded, those are 14-day carbonation
or 28-day carbonation for each hydration condition. The naming of the speci-
mens were referred as 7 14H-14C”,” 14H-28C” ,”28H-14C”, and ”28H-28C”. As
a reference, one specimen from each hydration condition without accelerated
carbonation was prepared. The 40X40X160 mm3 prism samples were prepared
and coated with epoxy at the age of one day. The specimens were cured at
a temperature of 20°C for 14 or 28 days and then cut using a diamond saw
in half. The cut samples were exposed in the carbonation chamber with 10%
CO2 gas concentration, 20°C temperature, and 55% relative humidity. It was
exposed for 14 days and 28 days in accelerated carbonation. After completing
the carbonation, the specimens were submerged into isopropanol to prevent
further hydration until profiling. The hardened cement paste specimens were

drilled using a 12 mm mechanical drill bit.

The specimens were drilled and collected approximately 10-20gm of cement
powder at every 5+1 mm depth. The depth was measured using a digital me-
ter. The powder was collected from two similar prism specimens and sieved
with a 0.75 mm sieve. The prepared powder was submerged in isopropanol

again for three days. The submerged powder samples were dried using a vac-
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uum chamber at 50°C for 2-3 days to evaporate the isopropanol prior to the
material characterization tests. The vacuum chamber has a 65 L capacity and
60L/min vacuum pumping speed. In the chamber, a pressure of 5.9 X 105

atm was maintained.

3.2.2 Phase characterization test

The material characterization test was conducted using QXRD and Thermo-
graivmetric analsysis (TGA). QXRD test was conducted by X’Pert PRO MDP
(PAN analytical). The test was conducted at 40 kV and 30 mA. The speci-
mens were scanned from 5 to 65 in a 2 6 range at a step size of 0.013°/step.
The scanning time for the QXRD was 1.5 hr. External standard method us-
ing rutile (Jansen et al. [2011]) was used to quantify the amorphous content
in the specimens. The powder sample’s mineralogical composition was deter-
mined using a scale factor of the rutile and mass absorption coefficient (MAC).
The Rietveld refinement was conducted using HighScore Plus ver. 4.8 software
(Pananlytical B.V). Structures of the phase used for the refinement are at-
tached in the Appendix B section. The determined result of the QXRD was
re-normalized based on the bound water, TGA test was conducted for each
depth of the specimen to determine the amount to the bound water and it
was expressed per unit mass of anhydrous (gm/100gm OPC). The TGA test
was conducted using the DTG-60H model (Shimadzu Corp.). The tempera-
ture was ranged from room temperature up to 1000°C, and the temperature
rate was increased by 10°C/min. Figure 5 shows the TGA test result of the

OPC and hydrated paste and Figure 6 shows the carbonated paste up to the
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depth of 20 mm.Hence, after 20 mm they have approximately similar TGA

loss.
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Figure 5: TGA result of unhydrated and hydrated at 14 and 28 days
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Figure 6: TGA result of 28 days hydration and 28 days carbonation

The Axios-minerals model (PANalytical B.V) X-ray Fluorescence (XRF)

was used to determine the oxide composition of the commercial cement. The
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Figure 7: QXRD of 28H-28C at 40 mm depth (Et= Ettringite, CH= Portlandite, MC=
Monocarbonate, H= Hatrurite, C= Calcite, D= Dicalcium silicate, P= Periclase)

X-ray generator has 60KV and 125mA, and the detector has the flow counter
13°to 148°20 and a scintillation counter 8°to 104°2 0, 22Ti ~ 92U were used.
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14000 28H-28C at 5mm
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Figure 8: QXRD of 28H-28C at 5 mm depth ((C= Calcite, Et= Ettringite, CH= Port-
landite, V= Vaterite )

3.3 Result and discussion

The profile of various phases by the depth of the carbonated specimens de-
termined from QXRD analysis is described below. The free water and the
acquisition of the gas strongly depend on the depth. The formed calcite evap-
orates the water as well as reduces the large porosity, which will affect the
diffusion of the gas. In addition, the removal of water on the surface will de-
crease the relative humidity of pore structures and the rate of the reaction on
the surface. The analysis begins from the summary of each curing condition re-

garding their gas absorption capacity. Figure 9 shows the free water remained
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after hydration and calcite formation,and Figure 10 shows the amount of CO,
absorbed in each curing conditions. As the graph shows, on the surface the
amount of water is evaporated and replaced with CO,, where this reduces
logarithmic-ally through the depth. The calcite concentration on the carbon-
ation front surface was reached to 56 % (gm/100gm OPC) in 14H-14C, 62.6%
in 14H-28C, 61.3% in 28H-14C, and 61.1% in 28H-28C. Overall amount ab-
srobation was estimated on Figure 11 show that the total amount of CO, gas
absorbed in the 40 mm depth of specimen per meter cubic. Overall, specimens
that were carbonated for 28 days absorbed a greater amount. Especially, 14H-
28C has a higher amount of cumulative gas acquisition of all other conditions.
On the other hand, specimens that are hydrated for 28 have better resistance.
The formed dense C-S-H in the system could reduce the diffusion of the gas.
In addition, the calcite formation of the C-S-H depends on the concentration

of Ca, which is high or low.
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Figure 9: Free water content in the carbonated specimens

The remaining amount of C3S and C,S was detected, the remaining amount

of anhydrous based on the QXRD analysis is approximately 6% vol. However,
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Figure 10: CO2 acquisition through the depth
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Figure 11: Cumulative CO2 gas acquisition through the specimen

it is barely available on the carbonation front surface due to the hydration
and carbonation. In addition, the residual amount of C3A and C,AF is nearly
empty throughout the depth due to enough amount of cement hydration. an-
hydrous show the remaining amount of unhydrated phases. The amount of

CqS obviously relatively reduced during 28 days of hydration than 14 days.
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The amount of C3S consumed both on the surface and through the depth,
nearly totally consumed during the hydration period, it shows independence

of C4S on the carbonation period in the later age carbonation.
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Figure 12: Anhydrous phase composition

The initial amount of CaCO5 in the cement was less than 3%. In the
carbonation front, both calcite and vaterite were clearly observed in a large
amount.28 day hydration has higher amount of vaterite formation than 14
days. As studies of (Auroy et al. [2018]) shows that, the formation of the
Vaterite is from the carbonation of C-S-H. In natural carbonation, calcite is
mainly precipitated from the carbonation, whereas in accelerated carbona-

tion, vaterite and aragonite, which is a polymorph of calcite is also formed.
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Figure 13 illustrates the formed calcite polymorph for each curing conditions.

The domination of the calcite and vaterite is clearly visible on the graph. The

duration of the carbonation has slight effect on the surface of 14 days hydra-

tion and almost negligible impact on 28 days hydration. However, up to 20

mm the depth of the carbonation was highly depends on the duration of the

carbonation in both curing types. After the depth of 20 mm, the amount is

reduced and barely available. In addition, some amounts of mono-carbonate

and hemi-carbonate were determined with less than 3% and slightly decreased

on the surface.
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Figure 13: Calcite formation at different condition of curing

Figure 14 shows the trend of the amorphous and portlandite, reduced on
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the surface. The amount of portlandite was diminished on the surface for all
types. On the top surface (within 5mm) reduced to nearly 0% and at the
depth between 15mm-40mm, the concentration of the portlandite is between
10%-15%. The duration of the carbonation reduced the amount on the next
layer. The amorphous was consumed and reached to 20-30%. The duration
has higher influence in 14 days than 28 days of hydration. The amorphous
in this cement paste contained three types: these are C-S-H, anhydrate slag,
and unidentified trace minerals. The amount of the slag could be considered
negligible. The degree of hydration of slag in slag cement is almost similar to
that of cement (Feng et al. [2004],Yio et al. [2014]). Based on the common
knowledge of cement chemistry, the amount of unidentified minerals by QXRD
could have an insignificant effect. As a result of these considerations, the
amount of C-S-H amorphous, which is estimated from 30% to 70% was resulted

from clinker hydration and reaction between slag and Ca(OH)s,.

Figure 15 shows summary of the amount of portlandite, calcite, C-S-H,
and CO, in all curing conditions. Overall, all show similar characteristics.
Portlandite is not available on the surface and reached approximately 10%
by vol%. The amount of the C-S-H reduced to between 20 and 30% on the

surface. In contrast, the calcite formed around 40% of the total volume.
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Figure 14: Amorphous and portlandite phase composition

3.4 Chapter summary
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This chapter investigates the cement paste phase formation, which is cured

with a high concentration of CO, via phase profiling. The cement paste was

prepared into two hydration groups, 14 or 28 days. The carbonation was con-

ducted with 10%CO2 for an additional 14 and 28 days. The phase analysis

was conducted using QXRD and verified by comparing the TGA test result.

The hydration effect on the 14 and 28 days has a slight effect, initially be-

fore carbonation all have a higher amounts of C—S—H and Ca(OH),. However,

the followed carbonation for those duration has a significant difference in the
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Figure 15: Summary of each curing condition

acquisition of the CO, and consumption of anhydrous and cement hydration
products. The amount of Ca(OH), on the surface reached null. However, on
the second layer some amount of it is determined, which also depends on the
duration of carbonation. The absorption amount of CO, is directly related to
the amount of water evaporated and CaCO3 formation. 14H-28C resulted in

higher amount of calcite formation whereas 28H-14C produced a lower amount

from all conditions.
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Overall, the concentration of calcite is exponentially related to the depth

of the carbonation and reached up to 20mm. However, this takes 14 and 28

days. This study shows that 14H has higher absorption than 28H for the
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same period of carbonation. The carbonation is more effective in the low pre-
curing periods. The early age carbonation is recommended to maximize the
absorption capacity of the CO2 and to accelerate the reaction of the minerals

in a short period of time.
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4 EARLY-AGE ACCELERATED CARBONATION
CURING OF CEMENT PASTE

4.1 Introduction

This chapter presents the phase change of cement due to the early age car-
bonation curing with the combination of pre-curing, carbonation, and post
carbonation hydration and its effect on the mechanical strength and further
carbonation resistance. The mineral phase composition of the carbonation
cement paste specimen was determined through profiling. In addition, the
mechanical and further carbonation resistance of the accelerated carbonation

curing was determined using cement mortar.

The formed hydration products (at 1 day and 3 day) have different in-
fluences on the diffusion of the gas and water. The growth of C—S—H is a
highly dominated product in the peak heat evolution of hydration reaction
(Scrivener et al. [2019]). For typical cement, which is expected after 6 hr of
cement and water contact. The growth of C—S—H thickness of reaches to 1lum
decelerates the rate of hydration because of the rection needs time to diffuse
through the layer. In addition, the reduction of the available space and con-
centration change also have a significant role in decreasing the rate (Scrivener
and Nonat [2011]). Then, a hydration reaction is based on the diffusion of the
water into the cement matrix, whereas calcite formation depends on the dif-
fusion of the gas through it. Which is faster to penetrate through the complex

cement matrix.
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At the early age of carbonation, the pre-curing has a significant role in
the calcite formation on the surface of a specimen; however, the carbonation
duration has a slight effect on the depth of carbonation. Ngala, Page 1997
studied the effect of carbonation on cured hydrated cement paste in its pore
structure and diffusion resistance. Materials diffusion resistance was highly

affected by the pre-drying and carbonation (Ngala and Page [1997]).

4.2 Experimental program

4.2.1 Materials and specimen preparation

Phase profiling of early age accelerated carbonation curing was conducted
using clinker as binding material. The chemical composition of the clinker and
the calcite content were determined using XRF, QXRD, and TGA. Purified
distilled water was used to control undesirable chemical reactions which will
come from the water minerals. For the paste mix, the water to cement ratio was
0.5 by weight. The oxide and crystal-chemical composition of clinker cement
used for the phase profiling are expressed by the weight percentage in Table 5
and Table 6 below.

Cement paste samples were prepared using a mechanical mixing machine.
In the paste preparation, bleeding was the problem due to the high amount of
water used. The paste was agitated every 30 min for around 3 hr. The plastic
mold helps to prevent water from leaking and to control the consistency of the
experiment. Plastic cube mold (50x50x50mm) for the profiling and mechanical

test samples, and the prism molds were used for the modulus of elasticity
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Table 5: Oxide composition of cement obtained from XRF.

Oxide Composition | wt.%
CaO 63.17
SiO, 19.92

Al,0O4 4.22

Fe, 04 3.73

MgO 2.32

K,O 1.32

Na,O 0.36

SO4 4.29

Loss on ignition 1.2

Table 6: Phase composition of commercial cement obtained from QXRD.

Phase Composition | wt.-%

C3S 59.23

C,S 20.99

C,AF 13.98
CsA 2.36
Calcite 0.21
Gypsum 0.01
Bassanite 2.14
Periclase 1.02

(15X15X80 mm). Figure 16 shows the cube and prim molds. The paste was

cast to the molds and vibrated manually.

The first phase is pre-curing; the samples were kept covered with plastic
in the chamber until the carbonation. The samples were pre-cured for six-hr
(0.25H) or one day (1H), or three-day (3H). The second phase is carbonation;
one surface of the samples was exposed and cured using accelerated carbona-
tion. After carbonation curing, the samples were sealed and kept in the cham-
ber up to their testing date. Figure 17 below illustrates the arrangement of the

specimens to curing and carbonation at different carbonation concentrations.
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Early age hydration

Cube mold & Prism mold for modulus of elasticity samples

Figure 16: Plastic cube and prism mold

Cured for 6hr
(0.25H) j One day
carbonation (1C)
[ Cement Paste ] Cured(;iir)l day
Three days
Cured for 3 days | carbonation (3C)
(3H) —

Figure 17: Specimen hydration-carbonation plan

Each sample was transported to a carbonation chamber and carbonated
with a concentration of 5%, 10%, 15% or 20 %, for one-day (1C) or three-day
(3C). The specimen’s naming was given as follows; prior hydration period, and
carbonation period respectively. The specimens were prepared with 6hr curing
with 1 day or 3-day carbonation (”0.25H-1C”, 70.25-3C”), 1 day curing with
lday carbonation or 3-day carbonation ("1H-1C”, ”1H-3C”), 3 days curing

with following 1 day carbonation or 3-day carbonation (”3H-1C”, ”"3H-3C").
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Where H stands for hydration and C stands for carbonation. All samples were
kept in a similar temperature and relative humidity environment, both in the
humidity and carbonation chamber. After carbonation, the phase profiling

samples were kept under the same condition until 28 days.

The carbonation chamber used Nova digital controlling system (Nova series-
SP590) to control the flow of the gas. It has an accuracy of £1 on the con-
centration controlling. TEMI1300 programmable temperature and humidity
controlling system was used. It has an accuracy of +2% on relative humidity
and temperature.The chamber has a capacity of 64L, it can accommodate
around 56 cube molds at the same time without any overlap and congestion
that will clog the flow of the gas to the surface of the samples. In addition,
most of the samples are cured with different combinations of pre-curing and
carbonation curing. This decreases the number of specimens to the carbona-
tion chamber at the same time. Setup the carbonation chamber and prepare it
for the experiment including a backup carbon di-oxide gas cylinder to control
any interruption in the curing process. The pressure of the gas to chamber
was adjusted to 0.1Mpa. Figure 18 shows the carbonation chamber and its

setup.

The specimens were covered with a plastic sheet and kept in the other hu-
midity chamber with the same temperature and humidity as the carbonation
chamber in their post carbonation curing period. The humidity chamber was
prepared to keep the samples before and after carbonation with a temperature
of 25°Cand 55% relative humidity. It has a similar environmental condition to

the chamber where samples were carbonated. Following completing the hydra-
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Figure 18: Carbonation chamber and specimens

tion (the pre-curing, carbonation, and later hydration), the specimens were
submerged to isopropanol to stop the further hydration. Then, isopropanol
followed by vacuum drying was used to remove the free water in the paste

with preserving the formed phase (Scrivener et al. [2016]).

4.2.2 Phase profiling

The samples were prepared for four carbonation concentrations (5%,10%,15%,
or 20%) with repeated similar experimental conditions. The profiling of the
samples conducted after the samples cured for 28 days using drill pit which
has a diameter of 15 mm. It was conducted starting from the carbonation front

layer of the specimen and profiled up to 21 mm depth through the interval
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of 3 mm depth. The profiled powder of each sample was prepared and soaked
again to isopropanol. The prepared paste was dried using a vacuum prior to

the QXRD and TGA test.

(b)

Figure 19: Powder preparation through the depth the specimen : (a) drilling the sample ;
(b) drilled specimen and the powder.

Mineralogical characterization was conducted for the prepared powder
samples in each depth using a similar QXRD and TGA machine that was
used for later age test. For the early age test, approximately around 400 sam-
ple tests were used. QXRD test was conducted using X’Pert PRO MPD, which
is manufactured by PAN analytical. The x-ray radiation of the model Cu2KW
(conducted at 40kV, 30mA) and it has Micro-capillary diffraction to analyze
the microscopic areas to 0.1 precision. The scanning angle is from 5 to 65 in a
2 6 range at a step size of 0.013°/step. The scanning time for the QXRD was 1
hour. External standard method using rutile —samples mineralogical compo-
sition were determined using a scale factor of the rutile and mass absorption

coefficient (MAC) was used to normalize the result.
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The Rietveld refinement was determined using the High Score Plus soft-
ware (4.8 version number), which is produced by the Malvern Panalytical B.V
Almelo the Netherlands. Structures of the phase used for the refinement is at-
tached in the Appendix B section. The determined result of the QXRD was

re-normalized based on the bound water to express per paste.

X-ray fluorescence (XRF) test was conducted using AXIOS minerals mode.
The generator of the x-ray has 60KV and 125mA, and the detector has the
flow counter 13°to 148°26 and a scintillation counter 8°to 104°2 0, 22Ti ~ 92U

were used.

The TGA test was conducted to determine the bound water. The test was
conducted using the DTG-60H model (Shimadzu Corp.). The temperature
was ranged from room temperature up to 1000°C. The temperature rate was
increased by 10°C/min. The phases in the TGA test were expressed by the
weight percentage of the dried cement paste. In the analysis, for the clinker ce-
ment paste, the mass changes from 100°C to 300°C is responsible for C—S—H,
and some monocarbonate, the mass changes from 300°C to 400°C is due to
hydrogarnet, from the 400°C up to 550 °C the portlandite was determined and

from 550°C to 1000°C is due to the calcite decomposition.

4.2.3 Compressive strength

The mechanical compressive test was conducted as per (ASTM C-109/109M-
16a [2016]) standard. The experiment was investigated in a similar condition

with the profiling, with three different curing periods (combination of pre-
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curing, carbonation, and post-curing conditions). OPC cement which is avail-
able on the market used for the test. Table 7 shows the phase composition of
the OPC cement. The river sand, which passes a sieve size of 4.75 mm, was
used to prepare the mortar paste for the strength development, modulus elas-
ticity, and further carbonation resistance. The ratio between OPC and river
sand was prepared with 1:1. Tap drinking water was used to mix with the

water to cement ration of (w/c) = 0.5 and 0.4.

Table 7: Oxide composition of opc cement obtained from XRF.

Oxide Composition | wt.-%
CaO 58.75
Si0, 21.205

Al,0O4 6.56

Fe, O, 3.81

MgO 2.89

K,O 1.27

Na,O 0.27

SO, 4.42

Loss on ignition 3

The mortar was prepared and cast in the plastic cube molds, and when
the samples completed their prior curing period, un-de-molded samples were
exposed to the concentrated carbonation. The plastic used to prevent the
other sides from carbonation which has a dimension of 50X50X50 mm was
used for casting the mortar. The samples were cured under two conditions :

1. Reference specimens, uncarbonated

2. Accelerated carbonation curing.

The samples were covered with plastic until their carbonation. The curing
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temperature is 25°C, and humidity 55% have kept constant using the humidity
chamber. The compressive strength has been conducted on the Tth, 14th, and

28th days of casting.

4.2.4 Dynamic modulus measurement

The specimens for the dynamic modulus test were prepared with mortar in
a similar mix design and condition with the compressive strength. The water
to cement ratio was 0.5, curing temperature and humidity were 25°C and
50%, respectively. Figure 20 shows the experimental setup for the modulus of

elasticity test.

Frequency Counter

Amplifier

men -

Impactor
Vaccume grease

Figure 20: Experimental setup for impact resonance test

The specimens with a dimension of 15X15X80 mm were prepared, and the

test was conducted as per (ASTM Standard C215 [2008]) on 3rd,7th,14th, and
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28 days. The test of non-destructive dynamic young’s modulus test was con-
ducted by impact hit the side of the prism using impactor. The accelerometer
was attached longitudinally on the other side of the specimen using grease.
The frequency received by the accelerometer was transferred to the amplifier
and recorded by the frequency counter. The result of the recorded frequency
was saved on the flash and analyzed using Matlab to determine the natural

frequency of the specimen.

4.2.5 Further carbonation measurement

The mortar for the further carbonation was prepared in a similar proportion
with the compressive specimens. The specimens were pre-cured for 6-hr or,
1-day or 3-days before accelerated carbonation. Then, the specimens were di-
rectly transferred and cured with only 20% concentration for 1-day or 3-days,
similarly to the other samples. It has been kept for 28 days after completing its
carbonation period. After 28 days, specimens were exposed to a lower concen-
tration of CO, than the previous, 10 % was used, for additional 28 or 56 days.
After completing further carbonation, the samples were split in the vertical
axis of carbon-di-oxide exposure using simple splitting wedge and compressive
machine. Slices were taken from cube specimens, and phenolphthalein solu-
tion was sprayed to the fresh surface to determine the carbonation depth. The
solution was prepared with a proportion of 0.5% of phenolphthalein powder

mixed with 70% of ethanol and dissolved it with 30% of distilled water.

The measurement was conducted using a caliper and binary image analysis

and resulted in approximately similar depth. However, the image processing
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is more accurate than the visual inspection (Choi et al. [2017]). For the image
analysis, the picture was taken after drying the sprayed solution. Red, green
and blue (RGB) image was converted to the binary image. Then, the binary
image was segmented into a carbonated and uncarbonated section and ana-
lyzed by a number of pixels. The thresholding on the gray image was converted
to a binary image using Otsu’s method (Otsu [1979]). The percentage or in-
dex of carbonation was determined by counting the pixels of the carbonated
surface and divided by the total amount of pixels in the image (Auroy et al.

[2018]).

Specimen RGB Image Binary Image

Depth of
carbonation

Figure 21: Specimen RGB image converted to binary image

Number of pixel on the carbonation surface

Carbonation (%) =
BrElansEea ) Total number of pixel on the specimen

Depth of carbonation (mm) = Carbonatio(%) * Depth of the specimen(mm)
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The average depth of the carbonation was determined by multiplied by

the total depth of specimen with the index.

4.3 Result and Discussion
4.3.1 Phase analysis of early age accelerated carbonation curing

Generally, two competitions were going on in the consumption of the ingre-
dients of cement paste. It is between the water and the carbon-di-oxide gas.
However, different advancements were taken to see their effect on the phase
formation. At six-hour procuring, most of the ingredients will not get a chance
to hydrate. As the study shows that, the morphology of the cement paste after
6 hr hydration, ettringite is formed on the surface of the cement grain, but
most areas of the grain are not covered by ettringite or C—S—H (Scrivener
and Nonat [2011]). The growth and development of C—S—H are on the sur-
face of the cement grain. At the end of the induction period, the degree of
hydration is 2-4% (Scrivener et al. [2015]). Which gives an equal probability
of the ingredients to hydrate and carbonate at the same time. However, 1H
and 3H, it becomes a different situation due to the change combination of the

anhydrous and hydration products percentage in the cement matrix.

The result was analyzed based on each pre-curing following different car-
bonation concentrations and duration effect on the phase formation. The car-
bonation result of the paste on the respective days was described based on
the anhydrous, hydrated, and carbonated phase of the cement paste. The ini-

tial amount of clinker was described in the material preparation, Table 6; it
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has 0.2% of calcite, 0.01% of portlandite, 59.22% of C3S, 20.99% of C,S and

13.98% of brownmillerite.

The phase composition of the specimens, which is hydrated for 1, 3, and
28 days will be presented below as reference in Figure 22. As the initial bench-
mark to analyze and see the changes in the carbonated specimens, the unhy-
drated specimen’s phase composition was evaluated. 1H and 3H, has a slight
change due to the hydration. C5S was reduced from 4.85 to 3.9, and the C-S-H
has an increment from 28.75 to 29.75. The other phases,Ca(OH),, Ettringite
and Brownmillerite, show almost insignificant change in the 2 days hydration

period difference.

70 q

60
2 50+
7]
e
2
S 40
e Amorphous
£ Bassanite
= —
o Gypsum
% 30 - C2s
8 Brownmillerite
2 Ettringite
2 204 Portlandite
o C38

10

0 T T T T T

1H 3H 28H
Hydration Period (days)

Figure 22: Hydrated specimens phase composition at 1, 3 and 28 days

Overall, based on the QXRD as well as TGA test result confirmed that all
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specimens after the depth above 12mm have approximately equivalent phase
composition with the uncarbonated specimen, not significantly affected by
the early age carbonation. The analysis shows, the chemically bound water
is 17+1%, the CO4 gas content is 3+1%, and free water is 30+1%. However,
on the front surface, the amount of free water is low. The concentration of
the free water, pre-cured for 1H and 3H, lowered to approximately 8% by the
weight of cement on the front face of carbonation. Thus, the amount of water
is decreased by half relative to the reference. Whereas, six-hour pre-curing has
around 12% by weight of cement and followed the same logarithmic pattern
through the depth of the cement paste. Note that the chemically bound water
for the reference is approximately 16% by weight percentage. I believe that the
amount of anhydrous on the front surface was retarded, which is possibly from
the lack of water; hence the water is consumed by the carbonation process. The
total volume of cement paste on the surface reduced approximately to around
60%. For 5%, 10%, and 15%, the volume percentage of the paste increased
through the depth nearly to 62-65% per volume of paste. However, for 20%

carbonation, the volume reached 65-68%.

The TGA test result shows that, the chemically bound water followed
a logarithmic pattern through the depth. The calcite concentration on the
front surface of the 1H and 3H samples was doubled to the chemically bound
water. While for 0.25H, the calcite amount is approximately equivalent to
the chemically bound water by weight. The formed calcite uses the water
both from the chemically bound water and the free water of the specimen.

Although it depends on the pre-curing period, almost 1/3 of the calcite uses
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the water from the free water. It is the water that will evaporate and cause

pores, but now some portion is replaced with the precipitated calcite.

The specimens which have been pre-cured for 6 hr and were exposed
with different concentration and carbonation curing period conditions will
be described. Generally, the carbonation duration doesn’t show any variation
throughout the depth of the specimen. However, in this pre-curing period,
except 5% other concentration carbonation develop shrinkage and cracking
due to high loss of water in the early age, and it greatly depends on the dura-
tion of the carbonation. The progress and evolution of carbonation, a special
distribution of crack, and parameters of pore structure of the hardened paste
were studied by (Han et al. [2013])—cracks developed in the direction of car-
bonation due to the carbonation shrinkage. In addition, the duration of the
carbonation affects the volume and depth of cracks. The phase analysis of

0.25H is presented from Figure 23 to Figure 26.

The anhydrous phases show approximately similar characteristics through
all gas concentrations and the duration of carbonation curing. However, through-
out the depth of the specimen, the carbonation front surface has a slightly
greater amount of anhydrous than the inner section of the paste. For 5% and
10% concentration, the duration of carbonation curing slightly decreased on
the front surface. However, at 15% and 20% concentration, the duration (1C
or 3C) has no effect. The amount of basanite and tricalcium silicate doesn’t
show any dependence in concentration as well as duration. It has been almost

totally consumed through the depth.

The amount of portlandite up to the depth of 3 mm is diminished in almost
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all precuring and carbonation duration. However, specimens that are pre-cured
for 0.25H have approximately above 5% portlandite on the carbonation front
surface. The mass loss of the accelerated carbonation specimens has higher
in the temperature range of 600 to 900 °C whereas both conditions have a
similar mass loss in 400 to 460°C. It shows the continuous hydration reaction

after the accelerated carbonation (Sharma and Goyal [2020])
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Figure 23: Phase analysis of 70.25H-1C” and ”0.25H-3C” carbonated with 5%.

For 5% concentration, all carbonation conditions show a similar pattern
of calcite formation. In 1C and 3C, there is high calcite formation on the
surface. At the same time, the depth of carbonation is almost limited only

to 6mm depth. The higher calcite formation is recorded by 10% carbonation
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Figure 24: Phase analysis of 70.25H-1C” and ”0.25H-3C” carbonated with 10%.

with 17% in 1C. Even though 3C has more time for calcite formation, 1C
has less amount of amorphous, and relatively greater calcite formation was
recorded. In 10% carbonation, specimens which were carbonated for 3-day
were lowered amount of calcite and higher amount of amorphous by 6% than
1C. In this pre-curing condition, the amount of vaterite, mono carbonate, and

hemicarboante was negligible.

Generally, the hydration products (portlandite and C-S-H) decreased on
the front surface in all combinations. In the inner section of the paste, the
amorphous content reached 42 to 45%, and the portlandite was approximate

10 to 13%. On the other hand, in the front section surface, the amorphous
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Figure 25: Phase analysis of 70.25H-1C” and ”0.25H-3C” carbonated with 15%.

and calcite show an unexpected pattern for the duration of the carbonation

curing.

The portlandite in 0.25H condition is not significantly affected by the
carbonation duration as well as the concentration of the CO, gas. In addition,
a higher percentage of portlandite was determined on the surface of the 5%
and 20% carbonation with around 7%. This is more strongly justified due to
late hydration after carbonation was completed, the concrete recovered the
portlandite. Note that both of them have similar calcite formation on the
surface. The portlandite percentage at 6 mm depth is not affected by the

concentration of the carbonation. They have approximately the same amount
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Figure 26: Phase analysis of 70.25H-1C” and ”0.25H-3C” carbonated with 20%.

of portlandite throughout the other depth.

In 1H, except CyS other anhydrous phases, show a similar pattern with
the 0.25h curing condition concerning depth. C,S in 1H is highly consumed on
the carbonation front than 0.25H. The other anhydrous phases do not show
significant variation due to carbonation curing duration or the concentration.
The dissolution of C4S increase the concentration of portlandite in the aqueous
solution and create environment that inhibits the solubility of CyS(Scrivener
and Nonat [2011]). The carbonation reduced the amount of portlandite in the
system, which increases the rate of the consumption of C,S relatively early

age. This increases the rate of conversion of the ingredients to a product in
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the hydration or in the carbonation form. Accelerated carbonation accelerates
the formation of products in addition to calcite precipitation. The result of

1H phase analysis presented from Figure 27 to Figure 30.
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Figure 27: Phase analysis of 71H-1C” and ”1H-3C” carbonated with 5%.

50% of the OPC hydrates at one day (Scrivener and Nonat [2011]). For
specimens that carbonates after one day of hydration have the composition
of 50% anhydrous and 50% hydration products. Excluding the chemical reac-
tivity of the anhydrous and hydration product phase, the calcite precipitation

has equal quantitative probability.

The hydration products of 1H followed a different pattern from the 0.25

H pre-curing condition. The 5% carbonation of 1H has approximately similar
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Figure 28: Phase analysis of ”1H-1C” and ”"1H-3C” carbonated with 10%.

or equivalent results with the 10% of 0.25H , with some increment of vaterite.
Thus, the carbonation duration does not significantly affect the phase com-
position of hydration products, except for some transformation of calcite to

vaterite.

In addition to calcite, a high amount of vaterite formation was recorded,
especially for 5% and 10% carbonation. In 5% carbonation, 1C and 3C resulted
in a similar amount of calcite formation, around 14%. However, the vaterite
formation in the 3-day carbonation is somehow more remarkable than the 1-
day. The vaterite formation in the 15% and 20% concentration is lower than

others.
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Figure 29: Phase analysis of ”1H-1C” and ”"1H-3C” carbonated with 15%.

At 6mm depth, the duration of the carbonation and concentration of the
gas influenced the amount of calcite and vaterite formation. A high amount
was recorded for 10% and 15% concentration, 9% of calcite and 8% of va-
terite. The portlandite percentage of 1-day pre-curing at 6mm depth, the
concentration of the gas doesn’t significantly affect. However, the duration
of the carbonation does. 1H-3C specimens with 15% and 20% have a similar

amount of calcite and amorphous formation.

In 10% CO,, calcite and amorphous contribute similar quantity propor-
tion, in three-day carbonation even higher amount of volume percentage in

the cement matrix with some vaterite is formed. The carbonation duration re-
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Figure 30: Phase analysis of ”1H-1C” and ”"1H-3C” carbonated with 20%.

sulted in an increment in the calcite and vaterite, whereas there is a reduction

in the amorphous content.

In 3H, almost the maximum amount of hydration product is formed rela-
tively, and the carbonation targeted the hydration products of C-S-H, which
reduces its amount than the other pre-curing days. In this pre-curing, the
duration of the carbonation does not significantly affect the phase formation
on the front layer. However, the duration increases the calcite and vaterite
formation through the depth. On the other hand, portlandite also reduced
through the depth up to 12mm, and it became constant. The result of 3H

phase analysis presented from Figure 31 to Figure 34
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The formation of vaterite significantly dominates in this pre-curing. Based

on a study of Auroy et al. [2018], the carbonation of C-S-H, which has a higher

Ca/Si ratio resulted in vaterite formation. A low amount of amorphous with

high amount of vaterite was recorded in 3 days pre-curing. Anhydrous phases

are independent of the carbonation concentration and duration; however, C,S

is slightly affected on the front surface.
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Figure 31: Phase analysis of 73H-1C” and ”3H-3C” carbonated with 5%.

25

25

The formation of the vaterite depends on the duration of the carbona-

tion as well as the pre-curing condition. Especially, at 10% concentration was

resulted in a more significant amount both on 3mm and 6mm depth.

Three-day carbonation has a higher depth of carbonation formation and
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Figure 32: Phase analysis of ”3H-1C” and ”3H-3C” carbonated with 10%.

a greater percentage of vaterite than all other types. In 5%, an equal amount
of calcite and vaterite was formed, 12%, and the C-S-H was around 22%. The
calcite formation was reached 9mm with 4% of calcite and 6% of vaterite. In
10%, 13-15% of calcite and 16-19% of vaterite were formed. Which is a higher
amount of calcite and vaterite combination of all conditions. In 15 and 20%
of concentration, approximately a similar amount of calcite and vaterite was

formed on the surface as well as throughout the depth of the specimen.

Based on the QXRD test result, the brownmillerite phase is not completely
consumed. The hydration rate of brownmillerite is depends on the addition

of gypsum, and its peak is proportional with the peak of the Hydro-garnet
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Figure 33: Phase analysis of ”3H-1C” and ”3H-3C” carbonated with 15%.

Meller et al. [2004]. The absence of gypsum and scarcity of portlandite strongly
affect the consumption rate of brownmillerite and the formation of ettringite.
At the temperature of 30°C with the absence of gypsum, the rate of hydration
of C4AF is too slow. In similar studies, in the early reaction of cement, in the
absence of sulphate or gypsum, the aluminate and ferrite phase undergo rapid
hydration and leads to false or flash set. Tricalcium aluminate is the main

phase that undergoes reaction in the induction phase (Scrivener and Nonat

[2011]).
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Figure 34: Phase analysis of ”3H-1C” and ”3H-3C” carbonated with 20%.

Summary of CsS, C,8S, vaterite, calcite , C—S—H, Ca(OH), phase forma-
tion in different carbonation concentration and curing condition is presented
from Figure 35 to Figure 38. Figure 35 reveals that the amount of anhydrous
phases is found in small amount; and approximately has similar characteris-
tics through all gas concentrations and duration of carbonation curing. Unlike
later age carbonation, higher amount of anhydrous is remained on the front
surface of carbonation. This may be due to lack of water for the hydration
of the phases on the front surface. Figure 36 shows, vaterite formation in all
0.25H pre-curing periods is almost null. 5% and 10% concentration has some

vaterite fromation in 1H precuring. Maximum vaterite formation is formed
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in 3H, and the duration of carbonation increased the amount. 1H has higher
amount of calcite formation.Figure 37 indicates, C-S-H has higher amount in
0.25H and lower amount in 3H. In pre-curing period comparison, 3H formed
higher amount of C-S-H. However, 20% concentration shows higher remained
amount than other concentrations and independent to all pre-curing condi-
tions. On the other hand 10% resulted lower amount. Figure 38 illustrates,
the remain amount of portlandite followed logarithmic path through the depth
and resulted similar amount after 6 mm depth from the carbonation front sur-

face.
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Figure 35: Summary of anhydrous phases through the depth in early age accelerated car-
bonation at 4-CO, concentrations
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Figure 36: Summary of vaterite and calcite formation through the depth in early age
accelerated carbonation at 4-CO, concentrations
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4.3.2 Mechanical properties

In the case of carbonation curing, the compressive strength of the concrete is
highly influenced by binder content and type, the initial mix proportion, the
curing method and period before and after the carbonation, the concentration
of CO, and the moisture in the specimen (relative humidity). The amount of
water which are essential for the aid compaction and activate the reaction of

CO, is required (YOUNG et al. [1974]).

At an early age, the water to cement ratio has the usual effect on the
mechanical property of concrete. However, on the 28th day, the specimens
with different water to cement ratios yielded approximately similar strength
for 1H and 3H. Therefore, the removal of water due to carbonation in the
lower water to cement ratio may decrease the rate of strength development in

the ultimate age.

The compressive strength result of the specimens which has water to ce-
ment ratio of 0.5 and 0.4 presented from Figure 39 to Figure 41. In 0.5 water
to cement ratio, the Tth-day mechanical property of the concrete shows almost
similar result for all types of pre-curing and carbonation conditions. On the
14th day, 3H, has a better compressive strength result. At 28 th day, speci-
mens pre-cured for one day (1H) have relatively greater than other conditions.
The lack of water of 3H specimens until the 28th day may retard back its com-
pressive strength after 14 days. However, specimens that were pre-cured for 6
hr showed lower compressive strength throughout the period. This possibly,

the dehydration of the specimens at an early age and causes of an additional
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crack in the specimens may lower its compressive strength.

On the other hand, for specimens with a water to cement ratio of 0.4, the
strength development has an increment up to 14th day in all pre-curing and
carbonation conditions. However, the strength of all specimens were dropped
on the 28th day. The reference average compressive strength for w/c ratio 0.5:
40.56, 41.47, and 39.84, which is the green part of the bar and and for w/c 0.4:
39.44, 43.17, and 45.28 for 7, 14 and 28 days respectively. The modulus of elas-
ticity of all specimens is presented in the Figure 42. Specimens pre-cured for
6 hr resulted in a lower modulus of elasticity due to the crack was propagated
through the specimens. However, other specimens ultimately achieved approx-
imately similar elasticity. For 1H and 3H, the carbonation concentration (up
to 20%) or duration does not have any significant effect on the modulus of

elasticity.

The phenolphthalein spray test conducted in the samples after the com-
pressive strength test, there is no color change after the 1mm depth from the
top surface. TGA and QXRD result implies after the carbonation of the mor-
tar/paste, following hydration recovers the concentration of the portlandite.
The color change was observed when the percentage of the portlandite is be-
low 2% (De Weerdt et al. [2019]). While based on QXRD and TGA analysis,
the percentage of portlandite at a depth above 3 mm recorded is greater than

the minimum.
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4.3.3 Resistance of ACC to further carbonation

The result of the phenolphthalein spray test shows that specimens which is
pre-cured for 3H-1C and 0.25H-1C have lower carbonation depth in the early
age of carbonation. This specimen resulted in better carbonation resistance
for 56 days of further carbonation. At the 28th day of further carbonation,
specimens pre-cured for 0.25H-3C and 1H-3C resulted in lower carbonation
resistance. Figure 43, show phenolphthalein spray test of the specimens after

28 days further carbonation and Figure 44 shows the results.

28 day
1H-3C

Figure 43: Phenolphethalein sprayed image of specimens

Overall, 3H-1C have a better carbonation resistance at 28 and 56 days of
further carbonation. Approximately, it resulted in the same amount of depth
at additional 28 and 56 days. However, the effect of carbonation can be deeper
than the depth determined by the phenolphthalein spray test. This can be
justified from the phase profiling test result. The experimental result from
(Wu and Ye [2017]) proved this too. The weight percentage of the OPC cement

carbonated specimen has 40 % of calcite and 0% of portlandite on the surface.
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Figure 44: Depth of carbonation from the carbonation front surface

The depth of carbonation from the surface is between 2.5 and 5 mm was

evaluated using the Phenolphthalein spray test(Wu and Ye [2017]) .

Durability is the most crucial parameter in concrete structures. Corrosion
due to environmental carbonation, sulphate attack, and other deleterious and
durability problems are indirectly related to the porosity of the material. The
alkaline environment from portlandite is used to protect the reinforcement
bar from corrosion. The standard concrete ph is between 12.5 and 13.5, which
is from the concentration of the portlandite with dissolved alkali hydroxide,
moreover the precipitation of the sodium-calcium hydroxide from the hydra-

tion reaction. However, the portlandite and the C-S-H phase react with carbon
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dioxide and precipitate the calcite, some amorphous silica gel, and water which

drops the value of the ph to 8.5 (Al-Kadhimi et al. [1996]).

The alkalinity (pH) of the inner part of the concrete may recovered from
the later hydration reaction. While on the surface, all the mineral compositions
of cement and the hydrated phases are totally carbonated, which it creates
stable calcite that can’t undergo any hydration or chemical reaction with the
environment. Although, it needs an investigation on the corrosion effect of the
accelerated carbonation curing. Even a very small amount of solid portlandite
dissolution in the pore water of hardened cement paste keeps the ph value
greater than 12.5 (Papadakis et al. [1992]). Corrosion resistivity of the concrete
will develop from later age hydration after carbonation, especially if additional
water for curing is provided to the specimen after completing the carbonation

period.

4.4 Chapter summary

The calcite formation depends on the pre-curing period and carbonation dura-
tion. The pre-curing period directly affects the diffusion of the gas and phase
types, which will be used as a source of calcite formation. 1H and 3H have
greater calcite formation than 0.25H. Despite the curing period variation, spec-
imens that were pre-curing for one day and three days resulted in the same
amount of calcite, free water, and chemically bound water on the surface. Up
to the depth of 3mm, 1H and 3H have an approximately equivalent formation
of calcite. Hence, both of them has initially similar hydration products prior

to carbonation.
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However, the accelerated carbonation curing duration and concentration
significantly affect the depth of the carbonation. For 1H and 3H, the carbon-
ation duration has more effect on the calcite formation through the depth of
the specimen. 1H-1C and 1H-3C show a similar concentration of calcite on
the surface. Nevertheless, the concentration of calcite in the 3C doubled that
the 1C in the next layer (at 6mm depth) after the surface. In conclusion, the
result shows that the carbonation duration determines the depth of calcite

formation for 1H and 3H pre-curing periods.

The mechanical property shows that in the 7th day, 1H has a better com-
pressive strength with directly related with the carbonation duration and as
usual the water to cement ratio. At 28th day, 1H has a greater strength rel-
ative to the others, however, the relation with the carbonation and water to
cement ratio is somehow inversely proportional. For both further carbonation

conditions, 3H-1C has a better resistance.
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5 CONCLUSION

5.1 Summary

The pre-curing period and followed carbonation duration have a significant
effect on the phase formation of cement paste at the surface and through the
depth. The period of pre-curing directly affects the gas permeability due to
the saturation of water and the formation of hydration products. Whereas the
type of phase formation or minerals are the same in all conditions, but there

is variation in consumption of phases or product formation amount.

Overall, the calcite formation on the surface reached up to 40-50% of the
initial paste volume. In the early age one day and three days of hydration
resulted in approximately a similar amount of calcite formation on the sur-
face. In addition, 3H and 28H of pre-curing have an approximately a similar
amount of vaterite and calcite formation compared to 14H. In contrast, there
is a variation in the depth of the carbonation. Which should be considered
regarding the corrosion of the reinforcement bar. In addition, on the surface,
CO, gas absorption capacity of the one day and three days hydration has

approximately similar with the 28H latera age carbonation.

The depth of the carbonation in the later age carbonation is reached to 20
mm, and in the early age carbonation it reached to 12mm. In early age carbon-
ation, the calcite formation highly depends on the combination of pre-curing
and carbonation duration than the later age. The amount of the portlandite

is totally consumed on the surface for both conditions, whereas its available
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on other depth with calcite even the amount is small near to surface. The
portlandite at an early age is relatively higher, which could be recovered from

the hydration after the carbonation is finished.

The anhydrous phases were totally consumed on the surface of the later
age carbonation, while there was some remaining in the early age carbonation.
This may be due to the shortage of water for the hydration of the anhydrous.
For 3H and 3C, the amount of free water is too low. Most of the water was
consumed by the carbonation process and cement hydration, which implies
that additional water curing after carbonation will create a denser structure.
Hence the amount of C,S remained is estimated to be an average of 20% by

weight of its initial amount.

One day hydrated samples show that an increment of calcite due to ad-
ditional carbonation both through depth and on the surface. However, In an
appropriate combination of pre-curing, carbonation curing and followed cur-
ing post carbonation period, accelerated carbonation curing is a promising
method for durability and strength development as well as for sequestration

of the CO,.

5.2 Limitation

This research incorporates and passes through a lot of experiments. There
were some challenges and limitations in the process. One of the limitation,
specimens which are pre-cured for 6 hr not reached in its setting time. This

could result in some disturbance during transportation. The second is unable
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to quantify the amount of shrinkage cracks in the lab. The shrinkage cracks
depend on the carbonation curing period and have small size distributed un-

evenly. This makes it hard to quantify.

5.3 Suggestions for further research

In future accelerated carbonation research, the studies should incorporate
more on the durability, including a mechanism for protecting the reinforce-
ment bars from corrosion. Hence, the depth at the later and early reached
or consumed some percent of portlandite protective areas. Further research
will be conducted regarding durability improvement of the early age acceler-
ated carbonation curing in the long-term carbonation and their effect on the

corrosion of the reinforcement bar.

From this study, there was a clear shortage of water in the late hydration
period after carbonation curing was completed and shrinkage was also another
problem. An investigation by providing additional water after carbonation and
providing fiber to decrease the shrinkage phenomena may result a better result

in regarding strength and durability improvement.

The new studies should suggest and guarantee with studying long-term
effects in the propagation of the gas. In addition, including the economic
feasibility with comparing the steam curing will show how much this method is
worth. Moreover, investigations in the practical industry should be conducted

to provide more reasonable and practical results.
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6 Appendix

6.1 Appendix A. Modeling and simulation of hydration and

carbonation of cement paste

Modeling and simulation of cement hydration and carbonation: The proposed
modeling is first hydration and consumption of the C,S, C3S, C,AF, and C5A
and provide portlandite and C—S—H. Following this, during the specimens
exposed to the CO, carbonation, C—S—H, portlandite, C,S, and C3S were
considered for the reaction with CO,. However, the remaining amount of C;AF
and C3A were too small at the end of cement hydration. The model considers

four carbonation processes:

1. The CO4 gas diffusion to the pores of the pore-water phase.
2. Dissolution of the clinker and hydrated phases with CO,.

3. Precipitation of the calcite from carbon nation of the hydrates and

clinker.

4. Change in gel porosity related to hydration and carbonation.

The first three mechanisms were already considered in previous works of
(Jeong et al. [2019, 2021]), and the last one was newly introduced. In the
following two subsections, hydration and carbonation, the analytical model of

these phenomena is presented. 2

2This appendix 6.1 is from submitted article on Journal of Case studies in construc-
tion materials ”Phase profiling of carbonated cement paste: quantitative x-ray diffraction
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6.1.1 Hydration model

The hydration model and its chemical reactions are explained in this section.

Cement hydration reaction is summarized in Table 8.

Table 8: Chemical reaction during cement hydration Papadakis et al. [1989].

Type of | Rate of
reaction | reaction Formulas

mes | 2058+ 6H % Cy8,Hy + 3CH

rmeys | 20,8+ 4H 22 0,8, H, + CH

rucar | CoAF +2CH + 2 CSH, + 18H -2 ¢, AFSH,,
rmc,a | CaA + COSH, + 10H 25 ¢, ASH,,

rucar | CoAF +4CH +22H 4 ¢ AFH,,

rmca | CaA + CH 4 12H 2558 ¢ AH,

Hydration

The rate of hydration reaction for each component of cement clinkers 7 ;
is expressed as follows: Papadakis et al. [1992, 1989, 1991]:
d[i]

i = at K

(1)

where [i] is the molar concentration of cement clinker component i = C5S, C,S, C,AF,
and C3A, and [i]p is the initial concentration of each component. The coeffi-
cients n;, rate hydration kg ;, and molar weight for each component are given

in Table 9.

analysis and numerical modeling” Model and simulation conducted by Dr.Jena Jeong, Uni-
versité Gustave Eiffel, Institut de Recherche en Constructibilité, ESTP, 28 Avenue Président
Wilson, 94234 Cachan, 94234 Cachan cedex, France and Dr. Hamidréza Ramézani, Ecole
Polytechnique de I'Université d’Orléans, Université d’Orléans, ICMN, UMR CNRS 7374, In-
terfaces, Confinement, Matériaux et Nanostructures, 8 rue Léonrad de Vinci, 45072 Orléans,
France
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Table 9: The coefficients, rate of hydration, and molar weight of the clinker and gypsum
Jeong et al. [2019, 2021].

Mineralogy C;S | C,S | C,AF | C3A | CSH,
n 2.65 | 3.10 | 3.81 | 241 | N/A
ki (x1075 L) 1.17 | 0.16 | 1.00 | 246 | N/A
Molar weight (x107359) | 228.3 | 172.2 | 485.9 | 270.1 | 172.17
N/A stands for not applicable.

The analytical solution resulted to the following relation in modeling of
the chemical kinetics:
j 1
Fl(t) =1- [Z]] =1- (1 — kH,z’ (1 — nl) t)(1*"i>
tjo
or,
[]=[io (1 = kpi (1 = mng) )11
(2)
The initial concentration of each clinker component [i]p and the one of
gypsum concentration [CSH,]o can be calculated in Equations (3) and (4) as

below:
[Z]O mg Mel Pe (]— - Eair)

MWix<1+pr+apC> 8)
cpw € pa

Mgy Pe (1 _gair)
w pe | ape (4)
MWgy x (14 —— + - —

C pw € Pa

[CSH,]o =

where m; is the weight fraction of component [i] in the clinker, and m,; in

the OPC. The end time consumption of gypsum ¢ = t* is calculated as follows
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. 1 [ [CSH,Jp\ Tt
= o —non) (1 (1 okl ) ) : (5)

The time consumption of gypsum in the cement pastes after mixing, ¢t = t*,

was calculated as approximately 7 days after mixing.

Based on the chemical reaction kinetics of cement from Equations (2)
and (5), the molar concentration carbonated components of cement is sum-
marized in Table 10.

Table 10: Cement components molar concentration during the hydration Papadakis et al.
[1992, 1989, 1991]

Molar Concentration Analytical formulas
[Ca(OH),]
it te [0, - ;[C:;S]OFCSS +21Ca8]o Feys — 20C,AF]oFe, e
if ¢ €], o0 = 5[CSS]0 Fe,s + E[CQS]O Fe,s — 4[C4AF]o Fe,ar — 2[C3Al0 Fo,a + [CSH,yo
[csH = J[CsSIoFa,s +5[CoSh Foys
[C;8] = [C3S]o (1 — Fe,s)
(C,8] = [CyS]o (1 - Fa,s)
[C4AF] = [C4AF]o (1 — Fc,ar)
[C3A] = [C3Alo (1 - Fg,a)

6.1.2 Carbonation model

Based on the hydration model result, the cement clinker components were
reduced in to four minerals C—S—H gel, portlandite, C,S, and C3S, whereas
C4AF and C3A were not considered in the model hence, their amount is
low. The chemical reactions related to the carbonation of each compound are
summarized in Table 11. The numerical expression for carbonation rate is

described as follows:
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where k; is the rate constant for the reaction of ¢ with CO,, and a; is the

specific surface area of the cement matrix pore in contact with water, and its

expression is as follows:

where S is the total pore surface area per unit weight of the cement paste,

and ¢, is the density of the solid phase. Finally, V; is the molar volume of

as = 8 ¢ (1 — (1))

each component ¢ in Table 12

Table 11: Simplified reaction of cement components during carbonation Papadakis et al.

[1992, 1989, 1991].

r; = kiag [i] V; [COy] where i = CSH, C3S, C,S.

Type of Rate of
Reaction Reaction Formulas
rosn C3S,Hy + 3C0, ~21 (3 CaCO, - 2Si0,. 3H,0)
rp Ca(OH),rpCa®* (aq) + 2 OH™ (aq)
Carbonation | rqy Ca®*(aq) +20H™ (aq) + COy(g)rcnCaCOy(s) + H,O
reas C3S + 3C0O, + vH,0 2%, Si0, - vH,0 + 3CaCO;
reos CyS + 2C0, + vH,0 222, Si0, - vH,0 + 2CaCO;

Table 12: Carbonation model coefficients and molar weight of the clinker Jeong et al. [2019,

2021].
Mineralogy C3S C,S C-S-H Portlandite
V (107°% m?/mol) | 71.3 52.2 150 3.37 x 103
k (m/sec) 1.1079 | 1.107° 1.107° 1.1079

The carbonation process of portlandite passes through two reactions. The

first reaction is the dissolution of calcium ions in a pore solution, and the
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second is the reaction between CO, and [OH ™ ]44. The reaction rate rcpy and

dissolution rate rp can be estimated as follows:

rcag = H RT ko [OH]¢ [CO,). (8)

rp = 0.56(t) fu ks as [Ca(OH)y(s)] Vorr ([OH Jag — [OH™)). (9)

where H is Henry’s constant, R is the gas constant, T' is the temperature in
Kelvin, ks is the rate constant for the reaction of CO, and OH ™, [OH™ |, is
the equilibrium value at saturation, £(¢) is the porosity change, and ks is the
mass transfer coefficient for the dissolution of portlandite. These parameters

are introduced in Table 13.

Table 13: Parameters related to the carbonation of portlandite (Jeong et al. [2019, 2021]).

Henry’s constant | Gas constant | Temperature ko ks [OH ]¢q
. .o I . 3 . .
n mglgim n Tno??{n in °C 'rr:r(fl.s n % n TT%I
34.2 8.2 x 107° 25 8.3 51x107° | 43.2

There are three phenomena in the carbonation process, including CO, gas
diffusion, its reactions with the Ca containing components, and dissolution of

Ca(OH), can be handled using a nonlinear system of time-dependent partial
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differential equations in Equation (10).

/ 9P -DICO 4y, _ (= Div (=De,co,V ([CO,))) — Sr) dV
QCP (1) ot QP (1)
on Q°F(t) € R*x[0,7T] where Sk =Pofyrca —3Tc—s—u — 3T¢,s — 2IC,8
(10a)
H
/ a[cagt))z] dV = (rmcn — Pofyren) dV on QF(t) € R* x [0, 7]
QCP (1) QeP(t)
(10b)

H
/ OCSH] dv = / (—rosn + racsn) AV oon QCF(t) € R3x[0,T]
acr(py Ot QCP (1)
(10c)

/ OGS oy, :/ (=rc,s + trCys) AV on QF(t) € R® x [0, 7]
QCP (1) QCP(¢)
(10d)

0|C,S
/ [0t2 ] av :/ (_rCQS + I‘H,CZS) dV  on QCP(t) c R3 % [0’7—]
QCP(¢) QCP (¢) .
10e

Using these equations, the molar concentrations of each clinker component,

including [CO,], [C5S], [C5S], [CSH], and [Ca(OH),| can be calculated.

Here, the initial coefficient of CO, diffusion D, co, was estimated as a

function of the effective porosity of hardened cement paste (Pp(t)) and relative
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humidity (HR) as follows (Papadakis et al. [1992, 1989, 1991]):

HR\ *?
Deco, ~ 1.68 x 1077 (Pp(t))"* (1 — )

100 (11)

Pp(t) can be expressed based on cement hydration and carbonation as fol-
lows:

Pp(t) = Py — APk (t) + APc(t) (12)

where Pp(t), Po, APy(t), and AP¢. are current porosity, initial porosity,
porosity reduction due to hydration, and porosity change due to the carbona-
tion, respectively (see Jeong et al. [2019] for more details). The initial porosity
can be well estimated by (Papadakis et al. [1989, 1991]). The change of poros-
ity due to the carbonated cement introduced the densification of the porosity

due to the precipitation of the CaCOg5 as follows:
APc = [Ca(OH),] AVen + [CSH] AVesy — [CaCOs] AVCaCOS- (13)

where the difference in the molar volume value for each mineral phases is
presented in Table 14. The parameter Pp(t) presents a porosity change during
carbonation. It is important to note that this parameter does not take into
account the volume change of skeleton in the cement matrix (Papadakis et al.
[1989, 1991]). The molar concentration of CaCOs5 precipitated, which was

proposed herein, was estimated in Equation (14).

[CaCO4] = 2[C,S] + 3[C5S] + 3[CSH] + [Ca(OH,)] (14)
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where [C5S], [C3S], [CSH], and [Ca(OH),| can be calculated using a nonlinear

system of time-dependent partial differential equations (Equation (10)).

Table 14: Molar volume difference of the solid products, Ca(OH),, C—S—H, and CaCOj;
in the carbonation Jeong et al. [2019].

Mineralogy A‘_/CaOH2 AVesh A‘_/CaCOS
AV (1075 m3/mol) 3.85 15.39 36.9

6.1.3 Simulation

The FEM simulation (Conducted by using Virtual cloud computing) of the
hydration was conducted based on the determined chemical reaction of ce-
ment hydration. The amount of amorphous phases prior to carbonation was
assumed to be determined using semi-emperical method. Initially, the anhy-
drous clinker phase compositions, portlandite, calcite, and amorphous phases
in the hardened cement paste at 14th and 28th days of hydration, obtained
from the QXRD analysis as a reference.Figure 45 presents the phase composi-
tion of the specimens before carbonation detected by QXRD. The sum of other
mineral phase compositions, including CsA, C,AF, ettringite, and monosul-
fates in the specimens before carbonation was almost totally consumed, less
than 1 %. Next, determined values from QXRD were adopted as the initial
phase compositions of the cement matrix in the numerical simulation of car-
bonation. Then, a time-dependent simulation was conducted based on this
initial phase composition for carbonation and further hydration. The content
of water evaporated from the specimens were determined from TGA analy-

sis. The amorphous content obtained from specimens hydratd for 14 and 28
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days through QXRD was 624+3% and 67+4% respectively, its before carbon-
ation. The experimental investigation reveals that, this phase included both
the anhydrous slag and the C—S—H gel, and the anhydrous slag could not be
separately calculated from the C—S—H by QXRD analysis. Although studies
from (Feng et al. [2004]; ?) shows that the degree of slag reaction in the slag
cement was almost similar to that of cement. In addition, the hydration pe-
riod followed by the carbonation for our samples reached from 14 days to 28
days which gives time for slag to involve in the process as hydration product.
The studies from (Monkman and Shao [2010]) shows that OPC cement and
blend cement with 75%-OPC/25%-slag, carbonated for 2hr resulted similar
mass gain and water lost. Therefore, it was reasonable to assume that most of
this amorphous content was occupied by C—S—H gel as specimens that has
been hydrated sufficiently. Therefore, simulation doesn’t consider the reaction

of the anhydrous slag from 14 days and 28 days of hydration.

100
_ | Caooa\..
% 90
8 80 Portlandlte
hel
[
$ 70
2
c 60
N
X 50
g Amorphous
= 40
o
c
2 30
S
S 20
3

0 3
14 28
Curing day (d)

Figure 45: Specimens phase composition before carbonation detected by QXRD.

With respect to the experiments, as shown in Figure 19, a numerical sam-
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ple of 40 mm x 40 mm x 40 mm was prepared using Matlab-Comsol MP
user-written code (Jeong et al. [2014, 2016, 2017, 2013]; Ramézani et al. [2012,
2013]; 7). The mesh density was improved to obtain 695 x 252 degrees of free-
dom, and the computation lasted up to more than 3 h . The numerical sample
was subjected to uniaxial CO, gas diffusion with a 10 vol.% of CO, (100,000
ppm or 4.4 [mol/m?]). By applying the FEM (Oh et al. [2013]; Zienkiewicz
et al. [2005]), the multi-reactive carbonation model in Equation (10) was
solved considering the Neumann and Dirichlet boundary conditions on the
outer surface and the rest of the numerical sample, respectively, (Jeong et al.
[2019]; Ramézani and Jeong [2011]). The Dirichlet boundary condition is ap-

plied on the outer surface as below:

[CO,] = [CO,), on  9Qeuter ¢ B2
where 90 = {S € R?|z =0} U{S € R?*|y=0}U{S € R?|z =0}
(15)
where [CO,), signifies the initial molar concentration of carbon dioxide (4.4
[mol/m?) at the outer surface of the numerical sample. The Neumann bound-

ary condition was applied to the remaining surfaces of the sample for [jjJ=[Ca(OH)4(s)],

3Virtual cloud computing service offered 128 GB of RAM and 16 processors for the
simulation.
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[CSH], [C5S], and [C,S]:

The initial conditions can be denoted as below:

[CO,(x,0) =0 on

[Ca(OH)y(s)](x,0) = [Ca(OH)y(s)], on

[CSH](x,0) = [CSH], on
(048] (x, 0) = [C4S], on
[C,8](x, 0) = [CyS], on
P(x,0) = P on

( .
B =
Ox
where 9 = {S € R?|x = 0,0y40,0240}
—% =0 on O C R?,
oy
where O = {S € R?|y = 0,0x40,0240}
—% =0 on O C R?,
0z
\ where OO = {S € R?|z = 0,0240, 0y40}

o0CF c R3
o0°r c R3
o0 c R3
o0°F c R3
o0Cr c R3

NP ¢ R3

where [Ca(OH),(s)],, [CSH],, [C35S]y, [CyS]y, and Py. are the initial mo-

lar concentrations of [Ca(OH),(s)], [CSH], [C5S], [CyS], and initial porosity,

respectively.

These initial cement paste concentrations relied on the hydration equa-

tions in ([Papadakis et al., 1991]); therefore, the hydration outcomes before
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the carbonation experiments were calculated and applied as initial conditions.
Hydration and carbonation were fully coupled for all carbonation computa-
tions herein. Figure 46 shows the remained clinker estimation of the experi-
mental and numerical model, due to lower amount there is flactuation on the
experimental result on the remaining anhydrous phases. Figure 47 confirmed

the experimental and numerical model of portlandite and calcite.

90

Collection @ chosun



2000 2000

C,S of 14H Exper 14H-14C C,S of 28H Exper 28H-14C
Exper 14H-28C Exper 28H-28C
e 1600 - - - Model 14H-14c | 1600 - - - Model 28H-14C
S Model 14H-28C Model 28H-28C
£ 1200 1200
C
S
©
S 800 800
O
c e @ == =
o ————— -
© ] a0 S/
. - ’/
7
0 /
30 40 0 10 20 30 40
2000
C,S of 14H Exper 14H-14C C,S of 28H Exper 28H-14C
Exper 14H-28C Exper 28H-28C
T 1600 - - - Model 14H-14c | 1600 - - - Model 28H-14C
S Model 14H-28C Model 28H-28C
£ 1200 1200
C
S
s
800 800
o
C
3
400 400
0 10 20 30 40 0 10 20 30 40
Depth (mm) Depth (mm)

Figure 46: Profiling of anhydrous clinker minerals (Molar concentration per unit volume
of hardened paste specimens) (experimental and simulation results).
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Figure 47: Profiling of CaCO3; and Ca(OH), (Molar concentration per unit volume of
hardened paste specimens) (experimental and simulation results).
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6.2 Appendix B. Phase structures of cement minerals used in

Rietveld refinement

Table 15: Phase structures used in the Rietveld refinement and their respective references.

Crystal system | ICSD
Phases Formula notation codes Ref.
Anhydrite CaSO, Orthorhombic 15876 Cheng et al. [1963]
Hemihydrate/Bassanite CaSO, - 0.5H,0 Monoclinic 79529 Bezou et al. [1995]
C,AF CagFey.g5Al3.940099 Orthorhombic 98836 Redhammer et al. [2004]
Brucite Mg(OH), Cubic 34401 | ROTHBAUER et al. [1967]
Calcite CaCOgy Hexagonal 73446 Maslen et al. [1993]
Vaterite CaCOjy Hexagonal 15879 Kambhi and IUCr [1963]
C3A Cag.o5Na;.5AlgO0 g Monoclinic 100221 | Takéuchi and Nishi [1980]
C,S CaySi0, Monoclinic 81096 ?
Ettringite CagAly(SO,4)3(0OH) 5(H,0) Hexagonal 251756 Norman et al. [2013]
Gypsum CaSO,-2H,0 Monoclinic 409581 | Boeyens and Ichharam [2002]
C3S Ca3SiOy Hexagonal 22501 Ll'Inets et al.
Periclase MgO Hexagonal 9863 SASAKI et al. [1979]
Portlandite Ca(OH), Hexagonal 202220 | Chaix-Pluchery et al. [1987]
Monocarbonate CayAlyO,,CH,, Anorthic 59327 Francois et al. [1998]
Hemicarbonate CajpAl055..Co 4 Hexagonal 263123 Runvcevski et al. [2012]
Thenardite Na,SO, Orthorhombic 28056 ?
Rutile TiO, Tetragonal 16636 Baur and IUCr [1956]
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