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Abstract: During the production of concrete, cement, water, aggregate, and chemical and mineral
admixtures will be used, and a large amount of carbon dioxide will be emitted. Conversely, during
the decades of service life of reinforced concrete structures, carbon dioxide in the environment can
ingress into concrete and chemically react with carbonatable constitutes of hardened concrete, such
as calcium hydroxide and calcium silicate hydrate. This chemical reaction process is known as
carbonation. Carbon dioxide will be absorbed into concrete due to carbonation. This article presents
a numerical procedure to quantitatively evaluate carbon dioxide emissions and the absorption of
ground granulated blast furnace slag (GGBFS) blended concrete structures. Based on building scales
and drawings, the total volume and surface area of concrete are calculated. The carbon dioxide
emission is calculated using the total volume of concrete and unit carbon dioxide emission of materials.
Next, using a slag blended cement hydration model and a carbonation model, the carbonation depth
is determined. The absorbed carbon dioxide is evaluated using the carbonation depth of concrete, the
surface area of concrete structures, and the amount of carbonatable materials. The calculation results
show that for the studied structure with slag blended concrete, for each unit of CO, produced, 4.61%
of carbon dioxide will be absorbed during its 50 years of service life.
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1. Introduction

Portland cement is the principle hydraulic binder used in modern concrete. The production
of one ton of ordinary Portland cement (OPC) generates 0.55 ton of chemical CO, and requires an
additional 0.39 ton of CO in fuel emissions, accounting for a total of 0.94 ton of CO, [1]. The word’s
yearly cement accounts for nearly 7% percent of global CO, emissions [1]. On the other hand, ground
granulated blast furnace slag (GGBFS), which is a byproduct of the steel industry, has been increasingly
used in the concrete industry as a mineral admixture to partially replace cement. Slag blended concrete
has many advantages, such as higher resistance against sulfate and seawater attack, higher late age
strength, lower materials cost, and lower CO, emissions [1].

Carbon dioxide in the environment can ingress into concrete and chemically react with
carbonatable constitutes of hardened concrete, such as calcium hydroxide and calcium silicate hydrate.
This chemical reaction process is called carbonation. Carbonation presents both advantages and
disadvantages to reinforced concrete structures [2]. Carbonation can reduce the porosity of concrete
and improve the compressive strength in the carbonated region of concrete. On the other hand,
carbonation decreases the alkaline in concrete and induces the corrosion of steel rebar [1].
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Many investigations have been conducted regarding the experimental and theoretical study
of the carbonation of slag blended concrete and the life cycle of the carbon dioxide emission of
structural concrete.

Regarding the carbonation of slag blended concrete, Sulapha [3], Elke [4], Sisomphon [5],
Monkman [6], and Bernal [7] experimentally found that carbonation of slag-blended concrete correlates
to water to binder ratios, slag replacement ratios, and concrete curing methods. By increasing
the replacement of slag, the carbonation depth of concrete will increase. Higher carbonation
depth does not necessarily mean higher absorption of CO,. It might mean that there is faster
diffusion of CO; due to there being less CSH to react with. Reducing the water to binder ratio
and extending the initial curing period before carbonation tests can reduce the carbonation depth
of slag-blended concrete. Papadakis [8,9] proposed chemical reaction equations for cement-mineral
admixture blends and evaluated the contents of carbonatable materials and porosity of concrete.
Furthermore, carbonation depth was calculated by considering both concrete chemical components
and environmental conditions.

Regarding the life cycle assessment of CO; emission, Hasanbeigi [10], Gartner [11], Miller [12],
Roh [13], Kim [14], and Tae [15,16] analyzed carbon dioxide emissions for buildings with different
concrete mixing proportions, different building types, and different life cycle stages. On the other
hand, some numerical algorithms have been proposed to make an optimum design regarding the
reduction of carbon dioxide emission. Using the evolution algorithm, Kim [17] and Roh [18] selected
the optimal concrete mix design method, which minimizes the CO, emission of an apartment house.
Ji[19] proposed three methods (eco-efficiency, environmental priority strategy system, and certified
emissions reduction price) to support the decision-making processes that simultaneously consider cost
and CO; emissions. Yepes [20] proposed a hybrid glowworm swarm algorithm and optimized the cost
and CO, emissions of concrete beam roads.

However, the carbon dioxide uptake from carbonation was not considered in References [3-20].
Carbonation is a lengthy chemical reaction process and will proceed continuously during the service
life of buildings. Carbon dioxide will be absorbed into concrete due to carbonation. Compared with
abundant research regarding carbonation and the carbon dioxide emission life cycle [3-20], the study
of carbon dioxide uptake is relatively limited. In recent years, References [21-25] presented some
analysis models of the carbon dioxide uptake from carbonation.

Using the carbonation reaction model, Lee [21] analyzed carbon dioxide uptake due to carbonation
in the building use stage. Garcia-Segura [22] made life cycle greenhouse gas emissions of blended
cement concrete, considering carbonation and durability. The carbon dioxide uptake due to carbonation
during the use stage and after demolition stage was considered.

However, in Lee’s [21], Garcfa-Segura’s [22], and other researchers’ [3-20] studies, they assumed
that cement is completely hydrated (i.e., the hydration degree is 100%) regardless of the water to
cement ratio. Lagerblad [23] and Yang [24] reported that concrete with lower water to cement ratios
has a slower rate of hydration and a lower ultimate degree of hydration. Yang [24] proposed a
Portland cement hydration model, evaluated the contents of carbonatable materials, and calculated
carbonation depth and carbon dioxide uptake during the use stage and recycling of demolished
concrete. Kashef-Haghighi [25] proposed a mathematical model, evaluated the hydration degree of
Portland cement, and calculated carbon dioxide uptake in accelerated carbonation curing.

However, the hydration model proposed by Yang [24] and Kashef-Haghighi [25] is only valid
for Portland cement. For slag-blended cement, due to the coexistence of cement hydration and slag
reaction, Yang’s [24] or Kashef-Haghighi’s [25] hydration model is not valid.

In this study, to overcome the weak points in former studies [3-25], we propose a slag-blended
cement hydration model, calculate carbonatable materials’ content and porosity, and evaluate
carbonation depth and carbon dioxide uptake. The flowchart of the proposed numerical procedure
is shown in Figure 1. The input parameters of the numerical procedure are the shopping drawing of
buildings and environmental conditions. By using shopping drawings, the total volume and surface
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area of concrete are calculated. By using the total volume of concrete and unit carbon dioxide emission
of materials, carbon dioxide emissions are calculated. Then, by using a carbonation model considering
material properties and environmental conditions, the carbonation depth is determined. By using the
carbonation depth of concrete, the surface area of concrete structures, and the amount of carbonatable
materials, the absorbed carbon dioxide is calculated. Finally, the ratio between mass of absorbed CO,
and mass of emitted CO; is calculated.

£ L]
Input parameters: By using shopping drawing, By using mixing proportions of
Shopping drawing of calculate surface area of concrete E""I‘ TOITHWC’"-_""_E of
buildings, and concrete structures and total concrete; calculatelemissionCol
s e of building
environmental condition concrete volume

L
Calculate the ratio By using carbonation depth By using carbonation model
between absorbed CO, and surface area of (considering materials properties

and environmental condition),

and emission CO, structures, calculate -
calculate carbonation depth

absorption CO, of building

Figure 1. Flowchart of numerical process.

The contributions of this article are summarized as follows: first, propose a slag-blended cement
hydration model and calculate reaction degrees of cement and slag. Second, evaluate the carbonatable
materials content and porosity using the reaction degrees of binders. Third, calculate carbonation
depth and carbon dioxide uptake of slag-blended concrete, considering material properties and
environmental conditions.

2. Evaluation of CO; Emissions and CO;, Uptake of Slag-Blended Concrete

2.1. CO; Emissions

Emissions of CO;, from Portland cement production include direct emissions and indirect
emissions. As shown in Table 1, direct CO, emissions mainly come from carbonate decomposition
from raw material and the burning of cement kiln fuel. Indirect CO, emissions mainly come from
electricity consumption. Considering both direct and indirect CO, emissions, to produce 1 ton of
ordinary Portland cement, 0.93 ton of CO, will be emitted [1].

Table 1. Emission factor of CO; in Portland cement production process [1].

Emission Relationship Emission Style CO; Emission Factor (t/t)
Carbonate decomposition from raw material 0.527
Direct emissi Kiln dust calcining 0.009
1rect emission Organic carbon burning of raw material 0.012
Burning of cement kiln fuel 0.235

Cement clinker electricity consumption

Cement flour electricity consumption 0.15

Indirect emission

During the production of concrete, cement, water, aggregate, mineral admixtures, and
superplasticizer will be used. Table 2 shows a summary of CO, emission factors for concrete production.
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The CO; emission content of 1 kg of GGBEFS is 0.034 kg [1], which is much lower than that of ordinary
Portland cement. The CO, emission from concrete production can be calculated as follows:

COy—e = COy —eyp + COy —er + COy —ep, 1)

where CO,-¢ is the total CO, emission from concrete production, CO,-ey is the emission of CO,
from concrete materials, CO,-er is the emission of CO, from transport, and CO,-ep is the emission
of CO, from the mixing of concrete. CO;-e) is the sum of CO, emissions from various components
of concrete, such as CO, emissions from producing cement, water, fine aggregate, coarse aggregate,
mineral admixtures, and superplasticizer. Table 3 shows an example of CO; emissions during the
concrete production process. The input parameters are concrete mixing proportions, the CO, emissions
factor, the transportation cycle, and distance. The output result is total CO, emissions from the concrete
production process.

Table 2. Summary of CO, emissions for concrete production [1].

orC GGBFS Sand Gravel Water SuperplasticizefTruck COI.IC.r ete
Mixing
9.31 x 1071 3.40 x 1072 0.0037 0.0028 1.12 x 107* 0.25 3 x107° 0.007
(kg/kg) (kg/kg) (kg/kg)  (kg/kg) (kg/kg) (kg/kg)  (kg/kg-km) (kg/m’)
Table 3. Example of CO; emissions during the concrete production process.
Material Transport
Unit A B C=AxB D E F=AxDXxE
Item kg CO; kg/kg kg km CO; kg/kg- km kg
OoPC 300 0.931 279.3 25 3.00 x 107° 0.225
Sand 890 0.0037 3.293 15 3.00 x 10~° 0.401
Gravel 970 0.0028 2.716 15 3.00 x 107° 0.436
Water 150 112 x 1074 0.0168 - - -
sum 285.33 sum 1.062
Concrete mixing 1md 0.71kg/ m3 0.71
Total 287.102 = 285.33 + 1.062 + 0.71

2.2. CO, Uptake from Carbonation of Concrete

Carbon dioxide will be absorbed into concrete due to carbonation. Concrete carbonation is a
complicated physicochemical process. The process consists of several steps, such as the diffusion of
gaseous phase CO; from the air environment into concrete pores, CO; dissolution in the water film of
concrete pores, the dissolution of solid calcium hydroxide (CH) in concrete pore water, the diffusion of
dissolved CH in concrete pore water, CH reaction with dissolved CO,, and the reaction of CO; with
calcium silicate hydrate (CSH). The chemical reaction of carbonation is shown as follows:

Ca(OH), + CO, — CaCOj3 + HyO @)

(3Ca0 -2Si0, - 3H,0) + 3CO, — 3CaCOs3 - 25i0; - 3H,0. 3)

As shown in Equations (2) and (3), carbonation closely relates to the compound compositions of
concrete, such as the amount of carbonatable materials CH and CSH. Moreover, carbonation also relates
to the concrete porosity because concrete pores are necessary paths for the diffusion of atmospheric
CO; into the concrete. Hence, to evaluate concrete carbonation depth, an accurate evaluation of the
concrete material properties is necessary, such as CH content, CSH content, and porosity.

Concrete material properties closely relate to mixing proportions and the hydration process.
Our former research [26,27] originally proposed a blended hydration model for slag-blended concrete.
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The hydration model starts with concrete mixing proportions. The age-dependent material properties
of concrete, such as the carbonatable materials content and porosity, can be quantitatively calculated.
The hydration model has a wide application range for concrete, with different water to binder ratios,
different slag replacement levels, and different curing methods [26,27].

In our proposed hydration model, the hydration degree of cement and reaction degree of slag
are adopted as fundamental indicators to evaluate properties of hardening slag-blended concrete.
The hydration degree of cement () is defined as the ratio of the mass of hydrated cement to the
mass of cement in the mixing proportion. The value of the hydration degree of cement (x) ranges
between 0 and 1. o« = 0 means cement hydration does not start and « = 1 means all the cement has

been hydrated. The hydration degree of cement can be determined using an integration method in

do d70c

the time domain (x = Sf) () dt, where t is time; T is the rate of cement hydration. The detailed

dt

equation for d—? is available in our former research [26,27]). Similarly, the reaction degree of slag (xsc)
is defined as the ratio of the mass of reacted slag to the mass of slag in the mixing proportion. The
value of the reaction degree of slag (xs) ranges between 0 and 1. «gc = 0 means the slag reaction does
not start and s = 1 means all the slag has reacted. The reaction degree of slag can also be determined

dosG dt, where dosG is the rate of the
dt dt

is available in our former research [26,27]).

using an integration method in the time domain (osg = Sg (

dOCSG

slag reaction. The detailed equation for

For slag-blended concrete, calcium hydroxide and calcium silicate hydrate are carbonatable
materials. Cement hydration produces calcium hydroxide, while the slag reaction consumes calcium
hydroxide. Considering the production and consumption of calcium hydroxide, the amounts of
calcium hydroxide in cement-slag can be determined as follows [26,27]:

CH([’) = RCHCE X CO X X —VgG X XgG X P, (4)

where RCHcg denotes the mass of calcium hydroxide produced by 1-unit mass cement hydration;
Cp is the mass of cement; o denotes the degree of cement hydration; vs; denotes the stoichiometric
ratio of the mass of CH to slag (vsg = 0.22 [28,29]); o5 denotes the degree of reaction of slag; and P is
the mass of mineral mixtures. RCHcg x Cy x « considers the production of calcium hydroxide from
cement hydration, while vsg x asg x P considers the consumption of calcium hydroxide from the
slag reaction.

For slag-blended concrete, the calcium silicate hydrate (CSH) content, which is the most critical
parameter to strength development, can be calculated as a function of the binder content, reaction
degree of binders, the weight fraction of reactive silica in slag, and the weight fractions of the SiO,
in the slag and cement. The amount of CSH in hardening slag-blended concrete can be calculated as
follows [26,27]:

CSH(t) =2.85(fsc x Co x & +7vs x fg,p X P x asg), (5)

where fs ¢ is the weight fraction of silica in cement and fs p is the weight fraction of silica in slag;
and s is the weight fraction of the reactive SiO; in the slag. The coefficient 2.85 is the mass ratio
between the molar weight of CSH and the weight of oxide SiO, in CSH. fs ¢ x Cy x « considers the
CSH production from cement hydration, while ys % fsp x P x agg considers the CSH production
from the slag reaction.

The porosity of hydrating blends is reduced due to the Portland cement hydration, reaction of
slag, and carbonation of concrete. The porosity, ¢, can be estimated as follows [26,27]:

14
e(t):p——0.25><Co><oc—O.3><cx5G><P—A£C, 6)
4%
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where ¢ is porosity, W is water content, and py is the density of water. 0.25 x Cy x o considers the
porosity reduction from cement hydration, while 0.3 x xgg x P considers the porosity reduction from
the slag reaction; Aec is the reduction of porosity due to the carbonation of concrete.

The calculation results from Equations (4)—(6) can used as input parameters for carbonation depth
calculation models. For the usual range of parameters (especially for relative humidity higher than
55%, where CO, diffusion controls the carbonation process [8,9]), a carbonation front will take place
that distinguishes concrete as one of two different parts: a fully carbonated part and one part in which
concrete carbonation has not started at all. The distance between this carbonation front and the outer
concrete surface is called the carbonation depth, and for the most common one-dimensional cases, its
evolution with time is given by a simple analytical expression, in terms of the composition and the
environmental conditions. The evolution of concrete carbonation depth x. with time f is calculated as
follows [8,9,26,27]:

. \/ 2Dc[COy]ot @)
“ 'V 0.33CH + 0.214CSH
a
€ RH\??

Pc  Psc Puw

where [CO,] is the ambient concentration of CO, at the concrete surface and A and a are reaction
parameters. 0.33CH + 0.214CSH in the denominator of Equation (7) denotes the CO; uptake ability of
concrete. RH in Equation (8) is the ambient relative humidity (because carbonation generally occurs at
the surface region of concrete, Papadakis [8,9] assumed that the relative humidity in the carbonated
zone is equal to that in the ambient environment). The effect of relative humidity on the rate of

4
% for RH > 0.55 and Bry =0

for RH < 0.55 [26,27,30,31]). In Equations (4)—(6), to consider the further hydration of binders during

the concrete carbonation period, items o and agg should be multiplied by pry. The influence of

temperature on carbonation depth can be considered using the activation energy [8,9,26,27,32-36].
The CO, uptake due to concrete carbonation can be determined as follows:

hydration can be considered using a reduction factor fry =

CO, — 1 = x¢ x S x (0.33CH + 0.214CSH), )

where CO, — u is the CO, uptake due to carbonation and S is the surface area of the building. In
Equation (9), the unit of x. is m, the unit of S is m?2, and the unit of carbonatable materials CH and
CSH is kg/m3; hence, the unit of CO; — u is kg (m x m? x kg/m? = kg).

The CO, uptake ratio x due to carbonation can be calculated as follows:

_ COz—u

_ =2 10
X CO, ¢ (10)

The calculation steps for determining the CO, uptake ratio are summarized as follows:

(1)  Using building scales and shopping drawings, calculate the total volume and surface area of
concrete. The carbon dioxide emissions are calculated using the total volume of concrete and unit
carbon dioxide emission of materials (Equation (1)).

(2)  Using the blended cement hydration model, calculate carbonatable materials content and the
porosity of concrete (Equations (4)—(6)).

(38)  Using the carbonation model, calculate the carbonation depth of concrete (Equations (7) and (8)).

(4)  Using the CO, uptake model, calculate the content of CO, uptake due to carbonation (Equation (9)).

(5) Based on CO, emission content and CO, uptake content, calculate the CO, uptake ratio due to
carbonation (Equation (10)).
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3. Experimental Study of Accelerated Carbonation of Slag-Blended Concrete

Accelerated carbonation tests are widely used to evaluate the carbonation durability of concrete.
The CO, concentration employed in accelerated carbonation tests is much higher than that in the
natural environment. Papadakis [8,9] compared the carbonation of concrete under both a natural
environment (0.03% CO; by volume) and accelerated carbonation tests (7% and 50% CO, by volume).
Papadakis [8,9] found that Equation (7) is valid for concrete with different CO, concentrations. Because
the effect of CO, concentration on carbonation is considered in Equation (7), the coefficients in
Equation (7) do not vary with CO, concentration.

To verify the carbonation model, a laboratory experimental study was carried out on accelerated
carbonation tests of slag-blended concrete with different water to binder ratios (0.3 and 0.5) and slag
replacement levels (30% and 50%). The compound compositions of cement and slag are shown in
Table 4. The mixing proportions of concrete are shown in Table 5. The size of prism specimens is
10 cm x 10 cm x 40 cm. After 28 days of sealed curing, the specimens were put into a carbonation
chamber, in which the CO, concentration was much higher than that of the natural environment.
During accelerated carbonation tests, five sides of prism specimens were sealed with epoxy and
one side of each specimen was exposed to CO,. Hence, one-dimensional CO, ingression occurred.
The temperature in the carbonation chamber was 20 °C, the relative humidity in the carbonation
chamber was 60%, and the CO, concentration in the carbonation chamber was 10%. After 1, 4, 8, 13,
and 26 weeks of exposure, the carbonation depth was measured via phenolphthalein spraying.

Table 4. Chemical compositions and physical properties of binder materials.

Used Materials OoPC GGBFS
SiO, 19.29 35.1
Al O3 5.16 15.02
Fe,O3 2.87 0.53
. . o CaO 61.68 43.0
Chemical compositions (%) MgO 417 5.50
SO3 2.53 0.06
K,O 0.92 0.28
Na,O 0.205 0.24
Fineness (cm?/ ) 3200 4500
Physical properties Specific gravity 3.15 2.9
Loss on ignition 1.49 0.02

Table 5. Mix proportions of concrete.

Unit Weight (kg/m®)
Specimens . .
Water to 'Bmder Slag Replacement Water OPC GGBFS Sand Gravel Superp(l’astlmzer
Ratio Levels (%)

0.550 0.5 0 174 344 0 811 941 0.68
0.5530 0.5 30% 174 241 103 811 941 0.68
0.5550 0.5 50% 174 172 172 811 941 0.68

0.350 0.3 0 154 514 0 752 845 4.11
0.3530 0.3 30% 154 360 154 752 845 411
0.3550 0.3 50% 154 257 257 752 845 411

Figure 2 shows the reaction degree of cement () in cement-slag blends. For slag-blended concrete,
the addition of slag will improve the water to cement ratio. Consequently, the reaction degree of cement
in cement-slag blends is higher than in plain cement specimens [26-31]. The more slag additions,
the higher the cement hydration degree. With a lower water to binder ratio (Figure 2b), a higher
replacement of slag will increase the hydration degree of the cement.

Figure 3 shows the reaction degree of slag (xsc) in cement-slag blends. When the replacement
ratio of slag increases from 30% to 50%, the alkali-activated effect on the slag reaction will be weakened
and the reaction degree of slag will decrease. When the water to binder ratio decreases from 0.5
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(Figure 3a) to 0.3 (Figure 3b), due to the reduction of the capillary water concentration and available
deposit space of reaction products, the reaction degree of the slag will decrease [26-31].

hydration degree of cement-water to binder ratio 0.5 hydration degree of cement-water to binder ratio 0.3
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Figure 2. Reaction degree of cement. (a) Water to binder ratio of 0.5; (b) water to binder ratio of 0.3.
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Figure 3. Reaction degree of slag. (a) Water to binder ratio of 0.5; (b) water to binder ratio of 0.3.

Using the concrete mixing proportions and reaction degrees of cement and slag, the calcium
hydroxide (CH) contents can be calculated using Equation (4). As shown in Figure 4, for slag-blended
concrete, due to the consumption of CH from the slag reaction, the CH content of slag-blended concrete
is much lower than that of the control concrete. When slag replacement levels increase, CH content
will decrease. When the water to binder ratio decreases from 0.5 (Figure 4a) to 0.3 (Figure 4b), the CH
contents will increase [26-31].

CH contents-water to binder ratio 0.5 CH contents-water to binder ratio 0.3
120 120
— — water to binder ratio 0.5-no slag P —— water to binder ratio 0.3-no slag
r%, 100 —— water to binder ratio 0.5-30% slag || % 100} |~ Water to binder ratio 0.3-30% slag
= water to binder ratio 0.5-50% slag = water to binder ratio 0.3-50% slag | —
2 2
§ 80 8 80
c c
8 8
3 60 3 60 ~
b 2 o
<) o _—
3 40 o 3 40
= /,/—/ _E
£ //
£ 20 -~ 3 20 /
g ya B y
0 - L 0 — L
10° 10? 10 10° 107 10*
time (hours) time (hours)
(@ (b)

Figure 4. Calcium hydroxide (CH) contents. (a) Water to binder ratio of 0.5; (b) water to binder ratio
of 0.3.
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Using the concrete mixing proportions and reaction degrees of cement and slag, calcium silicate
hydrate (CSH) contents can be calculated by using Equation (5). As shown in Figure 5, for slag-blended
concrete, in early stages, mainly because the reaction degree of slag is lower than that of cement,
the CSH contents of slag-blended concrete are lower than those of the control concrete. At a late
stage, mainly because the SiO; content in the slag is higher than that in OPC, the CSH contents of
slag-blended concrete can surpass those of the control concrete. When slag replacement levels increase,
the time corresponding to strength surpassing will delay. When the water to binder ratio decreases
from 0.5 (Figure 5a) to 0.3 (Figure 5b), the CSH contents will increase [26-31].

CSH contents-water to binder ratio 0.5

"'g\ & CSH contents-water to binder ratio 0.3

(&2} J . = T T

% 250t — water to binder ratio 0.5-no slag | %’ 250|| — water to binder ratio 0.3-no slag 1
‘QE) —— water to binder ratio 0.5-30% slag < —— water to binder ratio 0.3-30% slag

c 200 water to binder ratio 0.5-50% slag 2 water to binder ratio 0.3-50% slag | "

E L g 200 // 1
T A = ,

O 1501 = : O 150 1
2 L

o / [

° 4 kel

> 100} v 1 =100 1
) 2

® 4 5]

2 50} / l 2 50 |
n / 2

g Vi 2 o

S 9 = ‘ ° : ‘

8 10° 102 10° 8 10° _ 10° 10*

time (hours) time (hours)
(a) (b)

Figure 5. Calcium silicate hydrate (CSH) contents. (a) Water to binder ratio of 0.5; (b) water to binder
ratio of 0.3.

Using the concrete mixing proportions and reaction degrees of OPC and GGBFS, porosity
reduction in paste due to the hydration of binders can be calculated using Equation (6). As shown in
Figure 6, for OPC-slag blends, because the reaction rate of slag is slower than that of OPC, the porosity
of slag blended paste is higher than that of the control paste. When the water to binder ratio decreases
from 0.5 (Figure 6a) to 0.3 (Figure 6b), the porosity will decrease [26-31].

After determination of the carbonatable materials content and porosity of concrete, the carbonation
depth of concrete can be calculated using Equation (7) (A = 6.5 x 107% and a = 3.6). Figure 7 shows
experimental vs. analytical results. The analysis results generally agree with the experimental results.
When the slag replacement levels increase, the carbonation depth increases and more CO; is absorbed
into the concrete. When the water to binder ratio decreases from 0.5 (Figure 7a) to 0.3 (Figure 7b), the
carbonation depth of concrete decreases significantly [26-31].

porosity in paste-water to binder ratio 0.5 porosity in paste-water to binder ratio 0.3
0.8 0.8
— water to binder ratio 0.3-no slag
0.7¢ 1 0.7 — water to binder ratio 0.3-30% slag ||
06 water to binder ratio 0.3-50% slag ||

o o
® 8 0.5
o o
£ £
> > 0.4
£ £
o 203
o o
o N N o

0.2} — water to binder ratio 0.5-no slag 0.2

—— water to binder ratio 0.5-30% slag
0.1} water to binder ratio 0.5-50% slag 0.1
0 L L 0 L L
10° 107 10* 10° 107 10*
time (hours) time (hours)
(a) (b)

Figure 6. Porosity in paste. (a) Water to binder ratio of 0.5; (b) water to binder ratio of 0.3.
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4. CO; Uptake in Real Buildings

4.1. Effect of Finishing Materials and Cracks on Carbonation

For calculating carbonation depth, Equation (7) is valid for sound concrete without cracks or
finishing materials. For concrete in real buildings, due to loading and environmental effects, cracks
frequently occur. The diffusivity of CO, in air is much higher than that in concrete and surface cracks
will aggravate carbonation [32]. On the other hand, finishing materials, such as mortar and waterproof
coatings, are widely used to improve the durability performance of concrete structures [33-36].
Considering the effects of cracks and finishing materials, the calculation equation for carbonation
depth in concrete can be modified as follows [33-36]:

X¢ = Ber X Bpm X Xe, (11)
where x/ is the carbonation depth considering the effects of cracks and finishing materials and
Bcr considers the aggravation effect of cracks on carbonation. (., is higher than 1.0 and relates
to crack characteristics such as crack width, crack depth, and crack spacing distance [32]. By,
considers the suppression effect of finishing materials on carbonation. g, is lower than 1.0 and
relates to characteristics of finishing materials, such as material type, depth of finishing materials,
and environment influence [33-36]. Yoda [35] conducted field investigations of the carbonation of
slag-blended concrete via 40 years of natural aging and the preventive effect of finishing materials.
Yoda [35] found that the carbonation suppression coefficients g, for 20 mm mortar, 5 mm coating,
and tile are 0.166, 0.4, and 0.1, respectively. On the other hand, note that Equation (11) is an empirical
equation. Equation (11) does not accurately simulate the diffusion and carbonation reaction process.
The effect of covering materials on carbonation should be further studied. First, CO, diffusivity in
covering materials and the chemical reaction between covering materials and CO; should be measured.
Second, the diffusion—reaction process in cover materials and substrate concrete should be modeled.

Third, the continuity conditions on the interface between cover materials and substrate concrete should
be established.

4.2. CO, Uptake in Real Buildings during Use Stage

In this study, a 30-story apartment complex was selected to evaluate the CO, absorption of
concrete. The 1st floor to 3rd floor are a shopping mall and the 4th floor to 30th floor are for residual
usage. The building floor plan (scale = 1/500) is shown in Figure 8 and the building elevation plan is
shown in Figure 9. The structure type is a frame-shear wall structure.
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Environmental conditions: The environmental data were taken from the Korean meteorological
administration [37]. The site of the building is in the southeast of Korea. The average CO, concentration
of the indoor environment is 0.08% and of the outdoor environment is 0.04%. The average relative
humidity of the indoor environment is 55% and of the outdoor environment is 65%. The average
temperature of the indoor environment is 18.5 °C. For the local region of the building, the average
outdoor temperature in spring (from March to May), in summer (from June to August), in autumn
(from September to November), and in winter (from December to February) is 15.7 °C, 26.0 °C, 19.6 °C,
and 7.1 °C ,respectively. The average outdoor temperature over one year is approximately 17.1 °C.

Material properties: The mixing proportions of concrete are shown in Table 6. The slag
replacement level is 40%. From the 1st floor to 10th floor, the compressive strength of concrete
is 64.8 MPa, and from the 11th floor to 30th floor, the compressive strength of concrete is 52.3 MPa.
The transport distances for OPC, GGBEFS, fine aggregate, coarse aggregate, and superplasticizer are
25 km, 25 km, 20 km, 20 km, and 10 km, respectively. Using building drawings, we can calculate
the volume of concrete for different floors and different structural members, such as columns, slabs,
beams, stairs, and shear walls. As shown in Table 7, the total volume of concrete is 10,769 m?>.
Similarly, using building drawings, we can calculate the surface area of concrete for different floors
and different structural members. As shown in Table 8, the total surface area of concrete is 79,228 m?.
The slab and shear wall have a flat shape and larger surface area than that of other structural elements.
Four-millimeter polymer waterproof coating is used as the finishing material (34, = 0.48) [33-36].
The average crack depth of a structural member is 0.18 mm (3., = 1.5) [33-36].

Table 6. Mixing proportions of concrete in building.

Strength Water orc GGBFS Fine Aggregate Coarse Aggregate ..
Floor (MPa) (kg/m?) (kg/m?) (kg/m®) (kg/m®) (kg/m?) Superplasticizer
1F~10F 64.8 165 248 165 780 874 3.5%
11F~30F 52.3 174 209 140 811 941 1.0%
Table 7. Volume of concrete for different floors.
Concrete Volume (m?)
Floor Column Slab Shear Wall Beam Stairs Total
1F-3F 77.32 160.65 150.88 34.12 6.38
4F-30F 51.55 160.65 100.59 34.12 4.25
Total 1623.72 4819.5 3168.48 1023.6 133.98 10,769.28
Table 8. Surface area of concrete for different floors.
Area of Each Structure (m?)
Floor Column Slab Shear Wall Beam Stairs Total
1F-3F 364.50 1475.90 893.03 243.08 59.55
4F-30F 243.03 1475.90 595.35 243.08 39.70
Total 7654.5 44,277 18,753.63 7292.4 1250.55  79,228.08

Figure 10 shows the carbonation depth of different floors. The compressive strength of concrete
in floors 1-10 (64.8 MPa) is higher than that in floors 11-30 (52.3 MPa). After 50 years of exposure, the
calculated carbonation depth for floors 1-10 is approximately 14 mm, while the calculated carbonation
depth for floors 11-30 is approximately 22 mm. When the compressive strength of the concrete
increases, the carbonation depth decreases.
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Figure 11 shows the CO, uptake of different floors. After 50 years of exposure, by using
Equation (9), the sum of CO, uptake for floors 1-10 is approximately 3.17 x 10* kg, while the sum
of CO, uptake for floors 11-30 is approximately 8.13 x 10* kg. Hence, the CO, uptake for the total
building is determined to be approximately 11.3 x 10* kg.
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4 total building(1-30 floor)
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o
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Figure 11. CO, uptake of different floors.

Figure 12 shows the CO, uptake ratio of all buildings.
calculate the sum of CO, emission for floors 1-10 (approximately 9.43 x 10° kg) and for floors
11-30 (approximately 15.07 x 10° kg). The CO, emission for the total building is approximately
24.5 x 10° kg. Furthermore, using Equation (10), we can calculate the CO, uptake ratio of all buildings.
After 50 years, the ratio between the absorbed CO; and the emitted CO, is approximately 4.61%
(11.3 x 10*/24.5 x 10° = 4.61%). As shown in Table 1, using slag in the concrete industry can reduce
CO; emissions. As shown in Figure 7, using slag will increase the carbonation depth of concrete
and absorb more CO, from the surrounding environment. On the other hand, note that after the
carbonation depth of concrete exceeds the protective layer of steel rebar, corrosion of steel rebar
will be initiated. More attention with respect to carbonation-induced corrosion should be paid to

slag-blended concrete.

50

Using Equation (1), we can
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Figure 12. CO, uptake ratio of building.

4.3. Discussion about Life Cycle Assessment, Service Life, Carbonation, and CO, Uptake after Demolitions

The life cycle of the construction system consists of four stages: production stage, construction
stage, use stage, and demolition stage. The production stage involves obtaining raw materials and
processing them, transport to the concrete plant, concrete mixing, steel bar production, and transport
to the building site. The construction stage is the structure building process. The use stage is the
longest-lasting stage. Finally, in the demolition stage, the structure is pulled down and the demolished
concrete is crushed and recycled. During the use stage, carbon dioxide will be absorbed due to
carbonation. During the demolition stage, after concrete is demolished and crushed, the surface area of
concrete will significantly increase, fresh uncarbonated concrete will be exposed to the environmental
air, a new cycle of carbonation will begin, and more carbon dioxide will be absorbed [22].

On the other hand, durability, such as carbonation, must be considered in the use stage. The service
life of RC structures consists of two distinct phases. The first phase is the initiation of corrosion; CO,
penetrates the concrete cover and leads to the loss of reinforcement passivity. The second phase is
the propagation of corrosion. Once a limiting state is reached, beyond which the consequences of
corrosion cannot be tolerated, the service life ends. We can extend the technical lifetime of an RC
structure via maintenance or repair, but this will involve high costs. It is important to consider service
life in the life cycle assessment of buildings [22]. As shown in Figure 10, after 50 years of exposure, the
carbonation depth of concrete (22 mm) is less than the concrete cover depth (30 mm). This building is
in the corrosion initiation phase.

In this article, the crushed concrete is assumed to be used as back filler after demolition.
The average diameter of crushed concrete in Korea is 25 mm [24], the average CO; concentration
below the ground is 0.05% [24], and the average relative humidity below the ground is 75% [24]. Using
carbonation rate relations, the crushed concrete takes 59.51 years to fully carbonate. Considering
carbonation both during the use stage (50 years) and after the demolition stage (59.51 years), the total
carbon dioxide uptake ratio is 19.21%. On the other hand, if we only consider carbonation during the
use stage (50 years), the carbon dioxide uptake ratio is 4.61%. Hence, a major CO; uptake will take
place when the concrete structures are demolished.

5. Conclusions

(1) This paper presents a numerical procedure for quantitatively evaluating the amount of carbon
dioxide emissions and absorption for slag-blended concrete structures. The analysis presents theoretical
innovations: first, using a slag-blended cement hydration model, we calculate the reaction degrees of
cement and slag and evaluate concrete material properties, such as carbonatable materials content and
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porosity; second, using a micro-structure-based carbonation model, we calculate the carbonation depth
of slag-blended concrete; third, using building drawings and carbonation depth, we calculate the
carbon dioxide uptake of concrete. The proposed numerical procedure can be applied for evaluating
the CO, uptake of buildings with different building types, different concrete mixing proportions, and
different environment conditions.

(2) Using slag in the concrete industry can reduce CO, emissions, increase the carbonation depth
of concrete, and uptake more CO, from the surrounding environment. A real building case study that
considered CO, uptake performance was carried out. The calculation results show that for concrete
containing 40% slag as binders, 4.61% (113 tons) carbon dioxide will be absorbed during 50 years
of service life. CO, uptake ability closely relates to the surface area of structural elements. Slabs
and shear walls have a flat shape and larger surface area than other structural elements and make
significant contributions to CO; uptake. On the other hand, a major CO, uptake will take place when
the concrete structures are demolished and crushed because of the increase in the exposed surface area
of uncarbonated concrete to the air.

(3) In the life cycle assessment of concrete buildings, different phases of service life, such as
the initiation of corrosion and the propagation of corrosion, should be taken into account. Because
slag-blended concrete shows higher carbonation depth than control concrete, more attention with
respect to carbonation-induced corrosion should be paid to slag-blended concrete.

(4) The proposed numerical procedure is not perfect and has some limitations: first, the
diffusion-reaction process in finishing materials and substrate concrete needs further study. Second,
concrete durability includes many aspects, such as freezing and thawing, chloride penetration,
carbonation, sulfate attack, and corrosion. The interactions between carbonation and other durability
aspects require further study. Third, reinforced concrete structures have many structural styles, such
as buildings, bridges, and dams. This paper focuses on the carbon dioxide uptake of RC buildings.
For other structural styles, the carbon dioxide uptake amount may differ from that presented in
this study.
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