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Abstract

decreases.

High-volume slag (HVS) can reduce the CO, emissions of concrete, but increase the carbonation depth of concrete.

In particular, because of the effects of climate change, carbonation will accelerate. However, the uptake of CO, as a
result of carbonation can mitigate the harm of CO, emissions. This study proposes an optimal mixture design method
of low-CO, HVS concrete considering climate change, carbonation, and CO, uptake. Firstly, net CO, emissions are
calculated by subtracting the CO, emitted by the material from the uptake of CO, by carbonation. The strength and
depth of carbonation are evaluated by a comprehensive model based on hydration. Secondly, a genetic algorithm
(GA) is used to find the optimal mixture. The objective function of the GA is net CO, emissions. The constraints of

the GA include the strength, carbonation, workability, and range of concrete components. Thirdly, the results show
that carbonation durability is a control factor of the mixture design of low-strength HVS concrete, while strength is a
control factor of the mixture design of high-strength HVS concrete. After considering climate change, the threshold
of strength control increases. With the increase of strength, the net CO, emissions increase, while the CO, uptake ratio
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1 Introduction

Slag is a byproduct from iron- or steelmaking industry
and is widely used to produce sustainable concrete. Use
of slag can reduce the risk of alkali—aggregate reaction
and enhance resistance to chloride ingress, sulfate attack,
and other chemicals (Juenger and Siddique 2015). To
achieve the aim of sustainability, high-volume slag (HVS)
concrete, which contains about 70% slag in the binder, is
increasingly used. Because HVS concrete has a lower car-
bonation resistance compared with control concrete, the
carbonation durability of HVS concrete should be care-
fully considered (Rashad 2018; Lee and Wang 2016; Shah
and Bishnoi 2018).
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and indicate if changes were made.

Many studies have evaluated the CO, emissions of con-
crete by incorporating mineral admixtures.

Robati et al. (2016) found that the application of sup-
plementary cementitious materials can reduce CO,
emissions by 16% compared with general practices.
Zhang et al. (2019) proposed that concrete containing
silica fume and fly ash shows superior environmental
performance over plain concrete. Passuello et al. (2017)
reported that the use of rice husk ash-derived sodium
silicate can reduce the environment impact of geopol-
ymer concrete by about 60%. Teh et al. (2017) deter-
mined greenhouse emissions of blended concrete based
on process-based life cycle assessment and hybrid life
cycle assessment. They found that hybrid life cycle
assessment resulted in higher greenhouse emissions.
Oliveira et al. (2016) estimated CO, life cycle emissions
of concrete block manufacturers and found that cement
consumption is the domain factor for CO, emissions.
Kim et al. (2017) determined greenhouse gas emissions
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for concrete with different strengths. They found that
the raw material stage accounted for more than 90% of
the greenhouse gas emissions.

Although many studies have been conducted to
evaluate the CO, emissions of concrete, the number
of studies on mixture designs of low-CO, concrete is
relatively insufficient. Kim et al. (2016) proposed an
evolution algorithm to produce concrete with mini-
mum CO, emissions or cost. Based on the optimiza-
tion method, 34% of CO, emissions can be reduced
compared to the standard concrete production pro-
cess. Park et al. (2013) used a genetic algorithm to
design low-CO, concrete containing recycled concrete
aggregate. The required properties of concrete, such as
workability, strength, carbonation, and drying shrink-
age, were considered (Park et al. 2013). Yang et al.
(2015) determined the unit binder content and min-
eral admixture replacement level for a design strength
and CO, reduction level. Based on a hybrid glow-
worm swarm algorithm, Yepes et al. (2015) optimized
the concrete road bridges in terms of CO, emissions.
However, it should be recognized that methods in some
references (Kim et al. 2016; Park et al. 2013; Yang et al.
2015; Yepes et al. 2015) show some weak points regard-
ing the mixture design of HVS concrete. First, Kim
et al. (2016), Yang et al. (2015), and Yepes et al. (2015)
do not consider the constraint of carbonation of con-
crete. Because HVS concrete has a lower carbonation
resistance, the requirement from carbonation durabil-
ity should be carefully checked. Second, concrete can
take up CO, due to carbonation (Kim and Chae 2016;
Jang and Lee 2016; Fang et al. 2017; Possan et al. 2016).
CO, uptake can alleviate the hazard of CO, emissions
(Miller et al. 2018; Pacheco-Torgal et al. 2018). Previ-
ous studies do not consider the effect of CO, uptake on
optimum mixture design. Third, due to climate change,
CO, concentration and temperature increase, and thus
the carbonation of concrete, will accelerate (Papadakis
et al. 1991; Papadakis 2000; Demis et al. 2014). Previous
studies do not consider the effect of climate change on
optimum mixture design.

This study proposes a mixed design method of low-
CO, HVS concrete that considers climate change, car-
bonation, and CO, uptake caused by carbonation. A
genetic algorithm (GA) was used to determine the
optimal mixture scheme. The objective function of the
genetic algorithm is the net CO, emissions; that is, the
CO, emissions of the concrete material minus the CO,
uptake during carbonation. The comprehensive model
of hydration—strength—carbonation was used to evaluate
the performance of concrete. The influence of the design
strength level and climate change scenario on the mix-
ture design was evaluated.
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2 Formulation for the Optimization of Concrete
Mixing Proportions

In order to optimize the concrete mixture, objective func-
tion and constraint conditions should be established. This
study takes net CO, emissions as the objective function.
The net CO, emissions are equal to the CO, emissions of
the material minus the CO, uptake caused by carbona-
tion. Constraints include requirements on strength, dura-
bility, workability, component content, component ratio,
and absolute volume (Yeh 2007).

2.1 Object Function

2.1.1 CO, Emissions of Concrete

The total CO, emissions of HVS concrete include the
emissions of concrete materials, transportation, and mix-
ing (Lee and Wang 2016). Total CO, emissions can be
calculated as follows (Lee and Wang 2016):

COz—¢ = COz2—epr + CO2—e1 + COz_ep (1)
where CO;_,, CO2_¢p1, COy_er, and COy_.p represent
total CO, emissions, CO, emissions from concrete mate-
rials, CO, emissions from transport, and CO, emissions
from the mixing operation of concrete, respectively.
COy_ep can be calculated based on the concrete mixture
and the unit CO, emissions of concrete components as
follows:

COg—ept = CO2—c ¥ C 4+ CO92_56 * SG + COg_w x* W
+COy_ca *x CA+COy_s %S+ COy_gp % SP
(2)
where COy_¢, COs_sG, COs_w, CO2_ca, COy_s, and
COgy_gp are the unit CO, emissions of cement, slag, water,
coarse aggregate, sand, and superplasticizer, respectively,
and C, SG, W, CA, S, and SP are the mass of cement, slag,
water, coarse aggregate, sand, and superplasticizer in
concrete mixtures, respectively. Table 1 shows the CO,
emissions of the concrete components (Yang et al. 2015).

2.1.2 CO, Uptake Due to Carbonation

CO, is absorbed by carbonation. The carbonation reac-
tion of concrete can be described as follows (Papadakis
2000):

CO, 4 Ca(OH), %4 CaCO; + H,0 3)

3CO, + 3Ca0 o 25i0, @ 3H,0 "X 3CaCO; o 25i0; ¢ 3H,0
(4)

Table 1 CO, emissions of concrete components.

Water Cement Slag Sand Gravel Superplasticizer
(kg/kg)  (kg/kg) (kg/kg) (kg/kg) (kg/kg)  (kg/kg)
0.000,196  0.931 0.0265 0.0026  0.0075 0.25
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According to Egs. (3) and (4), 1 kg of calcium hydroxide
(CH) and 1 kg of calcium silicate hydrate (CSH) can take
up 0.594 kg of CO, and 0.385 kg of CO,, respectively.
Therefore, for 1 m® of carbonated concrete, CO, uptake
content M=0.594 CH+0.385 CSH, where CH and CSH
represent the mass of CH and CSH in 1 m® concrete,
respectively.

For concrete structural units, CO, uptake is related
to the exposed surface (S), carbonation depth (x.), and
CO, uptake content of 1 m? of carbonated concrete (M)
(Papadakis 2000). For example, consider a concrete col-
umn with a square section (length /,, area 4, by a,). The
square column has four sides exposed to the surround-
ing environment; therefore, the exposure surface area is
S=4xa, x h;. In addition, the volume of the concrete
column is V=a, x a; x h;, and the exposed surface can
be rewritten as S=4 V/a;. When the concrete volume
is 1 m3, the exposed surface is S=4/a,. The CO, uptake
content of concrete column (COyyp) can be determined
as follows:

COyyp =M % S * x, = (0.594CH + 0.385CSH) * (4/aq) * x.
(5)
According to Eq. (5), with the increase of surface-to-
volume ratio (4/4,), the uptake capacity of CO, increases.
Equation (5) is valid for the concrete column. For other
structural elements, such as slabs, we use a similar
method to calculate the CO, uptake content. For exam-
ple, consider a concrete slab in a building (the depth of
the slab is /4, and the area of the slab is a, x b,). The slab
in the building has six surfaces, i.e. four lateral surfaces
and two base surfaces. The four lateral surfaces of the slab
are covered with wall elements so that the lateral surfaces
are not accessible to environmental CO,. Two base sur-
faces are accessible to environmental CO,. The exposure
surface area is S, =2 x a, X b,. In addition, the volume of
concrete slab V,=a, x b, x h,, and the exposed surface
can be rewritten as S,=2 x V,/h,. When the concrete
volume is 1 m?, the exposed surface is S, =2//,. The CO,
uptake content of the slab can be determined as follows:

COsyp = M % S * x, = (0.594CH + 0.385CSH) * (2/h3) * x,

(6)

As shown in Eq. (6), as the surface-to-volume ratio 2/,
increases, CO, uptake ability increases.

2.1.3 Object Function
This study takes net CO, emissions (CO2y,;) as the objec-
tive function. The net CO, emissions equal the CO,
emissions of the material minus the CO, uptake caused
by carbonation. The optimization objective function is
calculated as follows:

COZnet = COZ—em - COZUP' (7)
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2.2 Constraint Conditions
The objective function (minimum net CO, emissions) is
subject to various constraints, such as concrete strength,
durability, workability, component content, component
ratio, and absolute volume (Yeh 2007).

Strength constraint means that the design strength
should be higher than the required strength. The strength
constraint formula is as follows:

Je®) > for(t) (£ = 3, 7, 28...days) (8)
where f.(¢) is the concrete strength at age t and f,(¢) is
the required strength at age t.

HVS concrete has a lower carbonation resistance than
plain concrete. Hence, for HVS concrete in an atmos-
pheric environment, carbonation durability should be
considered. The carbonation constraint of concrete is as
follows:

xc(t) < CV (t =30, 50, 100...... years) 9)

where x.(¢) is the carbonation depth at the exposure ser-
vice life and CV is the cover depth of the concrete.

The workability constraint of fresh concrete is as
follows:

Slump > Slump” (10)
where Slump’ is the required slump of the concrete.
The range of component contents is as follows:
lower < component < upper (11)

where the components are cement, slag, water, fine
aggregate, coarse aggregate, or superplasticizer. Table 2
shows the lower and upper limits of the concrete compo-
nents (Yeh 2007).

The component ratio constraint is as follows:

Ry <R <Ry (12)
where R; is the component ratio (water-to-binder, slag-
to-binder, fine aggregate-to-total aggregate, total aggre-
gate-to-binder, and water-to-solid ratios) and R; and R,
are the lower and upper limits of the component ratio,
respectively. Table 3 shows the component ratio con-
straints (Yeh 2007).

The absolute volume constraint is as follows:

w C SG S CA Sp

— =ttt —+ — + V=1

Pw pC PsSG [ pPca pPsp

(13)

Table 2 Lower and upper limits of concrete components.

Cement Slag (kg/ Water (kg/ Fine Coarse
(kg/m3) m3) m3) aggregate aggregate
(kg/m?3) (kg/m?3)
Lower 50 0 120 640 780
Upper 700 700 250 900 1050
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Table 3 Component ratio constraints.

Water-to- Slag-to-  Fine Total Water-
binder binder aggregate- aggregate- to-solid
ratio ratio to-total to-binder ratio
aggregate ratio
ratio
Lower 0.2 0 04 2.0 0.08
Upper 0.75 0.70 0.52 6.4 0.12

where pw, pc, PsGs PS, Pca, and psp are the densities of
water, cement, slag, sand, coarse aggregate, and super-
plasticizer, respectively, and V,;, is the volume of air in
the concrete. The densities of water, cement, slag, sand,
coarse aggregate, and superplasticizer are 1000, 3150,
2890, 2610, 2700, and 1220 kg/m?, respectively. Equa-
tion (13) means that the sum of each concrete compo-
nent should equal 1 m® (Yeh 2007).

2.3 Property Evaluation of Slag-Blended Concrete

In our previous research (Lee and Wang 2016; Wang
and Park 2017), we proposed a comprehensive model of
HVS concrete hydration, strength, and durability. The
reaction level of cement and slag is calculated according
to a blended cement hydration model. According to the
reaction degree of the binder, the compressive strength
and carbonatable substance content of the binder were
calculated. The carbonation depth of HVS concrete was
predicted according to its properties and exposure condi-
tions. The input parameters of the hydration—strength—
durability model are the concrete mixture and curing
conditions. The output of the comprehensive model is
the performance of concrete, such as thermal perfor-
mance, mechanical performance, and durability per-
formance. The comprehensive model is applicable to
concrete with different strength grades (high, medium,
and low strength) and different slag substitution grades
(low and high slag content) (Lee and Wang 2016; Wang
and Park 2017).

2.3.1 Strength Development Model

The compressive strength of slag-blended concrete f, can
be analyzed based on the contents of calcium silicate
hydrate as follows (Lee and Wang 2016; Wang and Park
2017):

CSH(t) = 2.85(fs,c * C* o + fs,p * SG x as3) (14)

fe(t) =57.41 —11.63 (15)

CSH (¢)
W
where o and agsg are the reaction degrees of cement
and slag, respectively, and fsc and fsp are the weight
fractions of SiO, in cement and slag, respectively. The
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coeflicient 2.85 is the ratio between the molar weight of
CSH and the weight of the oxide SiO, in CSH. The reac-
tion degree of cement o can be determined using the
integral method in the time domain (« = f; o where
‘2—‘;‘ is the reaction rate of cement). Similarly, the reaction

. t
degree of slag can be determined as asG = [, d‘;%, where
dasc

7= is the reaction rate of slag. The detailed equations for

‘2—‘;‘ and d‘;ﬁG are available in our previous studies (Lee and

Wang 2016; Wang and Park 2017). The unit of compres-
sive strength in Eq. (15) is MPa.

The validations of hydration model and strength model
are shown in Fig. 1a, b, respectively. For the test of the reac-
tion degree of slag, the water-to-binder ratio of paste speci-
mens was 0.5, the replacement level of slag was between 0
and 67%, and curing temperature varied from 5 to 40 °C.
For the strength test, the water-to-binder ratio was 0.59,
the slag substitution ratio was 0-0.75, the ages in the com-
pressive strength test were 1 day—18 months, and the cur-
ing temperature was 20 °C.

Figure 1c—f shows the parameter analysis of reaction
degree and strength development of slag-blended con-
crete. When slag replaces a proportion of the cement, the
degree of hydration of cement increases due to the dilu-
tion effect of slag (Fig. 1c). For concrete with a low water-
to-binder ratio, the dilution effect is very important, and
the degree of hydration of cement increases more signifi-
cantly (Fig. 1c). With the increase of slag substitution rate,
the alkaline activation effect of calcium hydroxide becomes
weaker and the reaction amount of slag also decreases
(Fig. 1d). For concrete with a low water-to-binder ratio, the
increment of compressive strength is more obvious than
for concrete with a high water-to-binder ratio (Fig. 1e, f).
For concrete with a low water-to-binder ratio, the dilution
effect of slag is obvious.

2.3.2 Carbonation Model

When relative humidity is higher than 50%, there is a car-
bonation front which distinguishes the carbonation and
noncarbonation zones of concrete. The carbonation depth
of slag-blended concrete can be analyzed as follows (Lee
and Wang 2016; Papadakis 2000):

_ 2D[CO3]ot
e =\ [cH] 1 3[CSH] (16)

3
D =6.1x 1076 m (1
+X 56

oc 0sG

RH \*?
_'1oo>

(17)
where x, is the carbonation depth of concrete, D is the

CO, diffusivity, [CO2]p is the CO, molar concentration at
the concrete surface, [CH]is the molar content of calcium
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Fig. 1 Hydration-strength integrated model of HVS concrete.

hydroxide, [CSH] is the molar content of CSH produced,  diffusivity are dependent on time. The time-averaged
¢ is the concrete porosity, and RH is the environmen- CO, concentration Jo [C(t)z]zdt and CO, diffusivity Jo [lt)]tdt
tal relative humidity. [CH] + 3[CSH] in the denomina-
tor of Eq. (16) is the content of carbonatable material.
For climate change conditions, CO, concentration and

were used for climate change conditions (Lee and Wang
2016; Papadakis 2000).



Lee et al. Int J Concr Struct Mater (2019) 13:56

The calcium content in Eq. (16) can be determined
using the binders’ reaction degree as follows:

CH = Cx*xa*x CHcg — SG x asg * vsg (18)
where CHcg is the content of produced calcium hydrox-
ide when the unit of cement becomes hydrated and vsg
is the content of the consumed calcium hydroxide when
the unit of slag reacts. Equation (18) considers both cal-
cium hydroxide production from cement hydration and
calcium hydroxide consumption from the slag reaction.

The porosity of concrete ¢ can be determined using the
binders’ reaction degree as follows:

e = W/pW—0.25*C*a—0.3*agg*SG—Asc

(19)
where Agc is the porosity reduction due to carbonation,
which can be determined based on the volumetric vari-
ation of the reactants and reaction products of carbona-
tion (Lee and Wang 2016; Papadakis 2000).

The effects of environmental temperature on CO, dif-
fusivity can be considered using the Arrhenius equation
as follows:

D(T) = Dyef ex {,3( ! 1)]
ref €XP Tref T (20)
where D, is the CO, diffusivity at reference temperature
T, D(T) is the CO, diffusivity at temperature 7, and j
is the activation energy of CO, (8=4000) (Stewart et al.
2011).

Figure 2a shows the verification of carbonation model
(water-to-binder ratio of specimen was 0.59, slag-
substitution ratio was 0-0.75, and curing age before
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carbonation test was 3 days or 28 days). Figure 2b shows
the parameter analysis of carbonation of slag-blended
concrete. When slag replaces a proportion of the cement,
the carbonation depth of concrete increases. The carbon-
ation depth decreases with the decrease of the water-to-
binder ratio.

2.3.3 Workability Model

According to previous experimental results (Lim et al.
2004; Thomas 2013), the slump of slag-blended concrete
can be determined by the following:

S
S+ CA

(21)

+0.088 * W — 146

w
slump = —250 % c1sG

+ 18 % + 0.199 % SP + 341.

C+S5G

This equation implies that concrete slump increases
with water content, slag substitution ratio, and super-
plasticizer content and reduces with the water-to-binder
ratio and sand ratio. The unit of measurement in Eq. (21)
is mm.

According to the mixing proportions of Lim et al
(2004), the relation between superplasticizer content and
water-to-binder ratio is shown as follows:

SP =1843 — 37.11 1%z (for =55 < 0.5)

C+SG
- W
This equation implies that once the water-to-binder
ratio decreases, the superplasticizer content in the con-
crete mixtures should increase. Additionally, it should

a
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be noted that Eqs. (21) and (22) are regressed from ref-
erences (Lim et al. 2004; Thomas 2013). If the brands
of superplasticizer are altered, the equation might be
different.

2.3.4 Summary of Property Evaluation Model

In the second section, we determine the constraint con-
ditions and the objective function of concrete mixture
optimization. We set the objective function as the mini-
mum net CO, emissions. These constraint conditions
include properties such as strength, carbonation dura-
bility, and workability. The strength and carbonation of
HVS concrete were evaluated by the blended cement
hydration model proved by our previous studies (Lee and
Wang 2016; Wang and Park 2017).Once the objective
function and constraint conditions are solved, concrete
mixtures satisfying various performance parameters can
be obtained.

The technique of solving the objective function with
constraints involves the genetic algorithm (Mathworks
2019). The genetic algorithm originates from the com-
puter simulation of biological systems. The basic steps of
the genetic algorithm are: (1) generate a random popu-
lation; (2) determine the individual fitness and make
selections according to the fitness; (3) generate new indi-
viduals based on crossover and mutation operations; (iv)
check termination conditions. If the termination condi-
tion is not met, return to step (2).

In this study, we used the MATLAB global optimiza-
tion toolbox to optimize the target with constraint con-
ditions (Mathworks 2019). The objective function and
constraint equation were set in the MATLAB global
optimization toolbox, and the optimal mixture satisfying

various constraints was found according to the genetic
algorithm.

3 Illlustrations of Design Examples

We designed low-CO, HVS concrete under different
strengths and climate change scenarios. The design
strengths are 25, 35, 45, and 55 MPa. The climate
change scenario includes two levels: the RCP 8.5 cli-
mate change scenario and no climate change scenario.
RCP 8.5 was proposed by the Intergovernmental Panel
on Climate Change (IPCC) (Pachauri and Meyer 2014).
As shown in Fig. 3, the RCP 8.5 scenario considers
the increment of CO, concentration and temperature.
Eight hybrid conditions were calculated by combin-
ing four design strengths with two climate change sce-
narios. The design structural unit is a concrete column
with a section of 500 x 500 mm.

The exposure conditions were assumed to be temper-
ate (see Table 4). The required strength of concrete in
temperate climate is 25 MPa, concrete cover depth is
30 mm, and the average exposure temperature is 15 °C
(Stewart et al. 2011). The required service life of con-
crete is 50 years. The air content of concrete, V,, is
assumed to be 2%. The required slump of concrete is
170 mm. Assuming that the relative humidity is 0.7, the

Table 4 Summary of exposure conditions.

Designed Cover Average Relative
compressive  depth temperature  humidity
strength (mm) (°C)
(MPa)

Temperate 25 30 15 0.7

climate
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concrete begins to carbonate after 28 days of curing.
The initial time of carbonation exposure was the year
2000.

3.1 Mixture Design without Climate Change

In this section, we designed concretes of different
strength without considering climate change. The con-
crete mixtures were determined based on the genetic
algorithm considering the objective function and vari-
ous constraints. As shown in Table 5, Mix1, Mix2, Mix3,
and Mix4 correspond to the design strengths of 25 MPa,
35 MPa, 45 MPa, and 55 MPa, respectively. Table 5
shows that the water content of concrete with differ-
ent strengths is similar. This is because the lower bound
of the water-to-solid ratio is 0.08. The slag replacement
ratio of each mixture is the same. This is because the
upper limit of slag-to-binder ratio is 0.7. In addition,
we found that the content of binder increased with the
increase of concrete strength. We also found that the
mixing proportion of Mix1 is the same as Mix2, although
Mix2 (35 MPa) has a higher design strength than Mix1
(25 MPa). This is because for low-strength HVS concrete,
carbonation durability is the dominant factor in mixture
design.

The design strength, real strength, slump, carbonation
depth after 50 years’ service life, CO, emission, and CO,
uptake after 50 years’ service life are shown in Table 6.
According to Table 6, the real strength of Mix1 and Mix2
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is 35.45 MPa, which is higher than the design strength
of Mix1 (25 MPa) and Mix2 (35 MPa). In other words,
for HVS concrete, the strength of 25 and 35 MPa is not
enough to meet the requirement of carbonation durabil-
ity, and the minimum strength to meet the requirement
of carbonation durability is 35.45 MPa. In addition, for
Mix3 (45 MPa) and Mix4 (55 MPa), the design strength
is equal to the real strength. This is because, for high-
strength HVS concrete, concrete strength is the domi-
nant factor. In summary, for HVS concrete, when the
design strength is lower than 35.45 MPa, carbonation
is the dominant factor in the mixture design. When the
design strength is greater than 35.45 MPa, the strength is
the dominant factor in the mixture design.

Figure 4a shows the carbonation depth of concrete with
different mixtures. For Mix1 or Mix2, 50 years later, the
carbonation depth is equal to the cover depth of 30 mm.
For Mix3 and Mix4, the carbonation depth is less than
30 mm. With the increase of concrete strength, concrete
carbonation depth decreases. Figure 4b shows the CO,
uptake ratios COyy;p/COg_¢p, (the ratio of CO, uptake
to CO, emission). We found that CO, uptake ratios
decreased with the increase of concrete strength. This
is because with the increase of concrete strength, CO,
emission increases and CO, uptake decreases (Table 6).
The CO, uptake content relates to the carbonation depth
and the content of carbonatable substance. With the
increase of concrete strength, the contents of binder and

Table 5 Mixtures of concrete under a no climate change scenario.

No climate change Water (kg/m3) Cement (kg/m3) Slag (kg/m?3) Fine Coarse Superplasticizer
aggregate aggregate (kg/ (kg/m®)
(kg/m?3) m3)
Mix1: design strength of 25 MPa 174.06 110.21 257.16 900.00 908.40 0.85
Mix2: design strength of 35 MPa 174.06 110.21 257.16 900.00 908.40 0.85
Mix3: design strength of 45 MPa 174.09 136.42 31831 895.14 826.28 422
Mix4: design strength of 55 MPa 17448 170.05 396.78 834.18 780.00 7.01
Table 6 Performance of concrete under a no climate change scenario.
No climate change Design Real Slump (mm) Carbonation CO, emissions co, Net CO, uptake ratio
strength strength depth (mm) from materials uptake co,
(MPa) (MPa) (kg/m3) (kg/m3)  emissions
(kg/m?3)
Mix1: design strength 25.00 3545 177.73 30.00 118.82 14.36 104.46 0.121
of 25 MPa
Mix2: design strength 35.00 3545 17773 30.00 118.82 14.36 104.46 0.121
of 35 MPa
Mix3: design strength ~ 45.00 45.00 197.96 2346 145.05 12.37 132.69 0.085
of 45 MPa
Mix4: design strength ~ 55.00 55.00 217.84 17.39 17863 10.33 168.30 0.058

of 55 MPa




Lee et al. Int J Concr Struct Mater (2019) 13:56

Page 9 of 13

a no climate change

35 T T :

VT T T T T T T T
E ol
E® -
= -
3 -
o 201 -
o° -
c ~ R
2 151 -7 -
2 S
s 101 P design strength 25MPa, real strength 35.45MPa |
o ey design strength 35MPa, real strength 35.45MPa

50 ///' — — —design strength 45MPa
(/'/ ***** design strength 55MPa
4 — — —cover depth
0 n : N n
0 10 20 30 40 50
time(years)
Carbonation depth.

Fig. 4 Carbonation depth and CO, uptake under a no climate change scenario.

b no climate change
0.14 T T T
design strength 25MPa, real strength 35.45MPa
0.12 design strength 35MPa, real strength 35.45MPa
— — —design strength 45MPa /
***** design strength 55MPa
0.1 1
iel
© _
o 0.08F -7 A
~ _ -
® -
o -
S 0.06 _-" ~3
~ - P
0.04 e T
_ e
_ -
> -
0021/, 4
s
v/'
0 . . . .
0 10 20 30 40 50
time(years)
CO, uptake ratio (CO,,,, / CO,_,, ).

carbon substance (CH and CSH) increased. This factor
will increase the uptake capacity of CO,. However, as the
strength of concrete increases, the carbonation depth
decreases. This factor reduces the uptake of CO,. Since
the reduced factor is more significant than the increased
factor, the increasing of strength reduces CO, uptake
content.

3.2 Mixture Design with Climate Change

Section 3.1 does not consider the impact of climate
change on mixture design. In this section, we describe the
design of low-CO, HVS concrete considering the impact
of climate change. Assuming the climate change sce-
nario is RCP 8.5 (Fig. 3), mixtures with different strength
grades are calculated based on the genetic algorithm
considering the objective function and constraints. The
design strengths of Mix5, Mix6, Mix7, and Mix8 are 25,
35, 45 and 55 MPa, respectively (shown in Table 7). We
discovered that Mix5 is the same as Mix6 (in this case,
like Mix1 and Mix2). This is because for low-strength
HVS concrete (Mix5 and Mix6), carbonation durability
is the dominant factor in mixture design. On the other

hand, we found that the binder content of Mix5 and Mix6
was higher than that of Mix1 and Mix2. The increase of
binder content can increase the content of carbonatable
substances, lower the porosity, and increase carbonation
resistance. For low-strength HVS concrete, in order to
meet the requirements of climate change on carbonation
durability, a higher binder content is required. Further-
more, we find that for high-strength concrete (45 MPa
and 55 MPa), climate change does not change the con-
crete mixtures (Mix3 and Mix4 are the same as Mix7 and
Mix8, respectively).

Table 8 shows the performance of HVS concrete when
considering climate change. The real strength of Mix6
and Mix7 is 39.55 MPa, higher than that of Mix1 and
Mix2 (35.45 MPa). This means that for low-strength HVS
concrete, design strength needs to be increased in order
to mitigate the challenges of climate change. In addition,
climate change does not affect the mix design of high-
strength HVS concrete (Mix7 and Mix8).

Figure 5a shows the carbonation depth of concrete
under the climate change scenario of RCP 8.5. Fifty years
later, Mix5 and Mix6 are carbonated to the same depth

Table 7 Mixtures of concrete under a climate change scenario.

Climate change Water (kg/ms) Cement (kg/m3) Slag (kg/m3) Fine Coarse Superplasticizer
aggregate aggregate (kg/  (kg/m)
(kg/m3) m3)

Mix5: design strength of 25 MPa 174.04 121.04 28243 900.00 872.07 242

Mixé: design strength of 35 MPa 174.04 121.04 28243 900.00 872.07 242

Mix7: design strength of 45 MPa 174.09 136.42 318.31 895.14 826.28 422

Mix8: design strength of 55 MPa 174.48 170.05 396.78 834.18 780.00 7.01
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Table 8 Performance of concrete under a climate change scenario.
Climate change Design Real Slump (mm) Carbonation CO, emissions co, Net CO, CO, uptake ratio
strength strength depth (mm) from materials uptake emissions
(MPa) (MPa) (kg/m3) (kg/m3)  (kg/m?3)
Mix5: design strength  25.00 39.55 187.20 30.00 129.70 14.95 114.74 0.115
of 25 MPa
Mixé: design strength  35.00 39.55 187.20 30.00 129.70 14.95 114.74 0.115
of 35 MPa
Mix7: design strength  45.00 45.00 197.96 26.02 145.05 13.72 131.34 0.095
of 45 MPa
Mix8: design strength  55.00 55.00 217.84 19.28 178.63 11.46 167.17 0.064
of 55 MPa
climate change climate change
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Fig.5 Carbonation depth and CO, uptake under a climate change scenario.

as their 30 mm cover depth. This is because carbonation
durability dominates the mixture design of low-strength
HVS concrete. By comparing Figs. 4a and 5a, we find that
climate change has accelerated carbonation (the carbona-
tion depth of Mix7 and Mix8 is higher than that of Mix3
and Mix4, respectively). Figure 5b shows the CO, uptake
ratio. With the increase of strength, CO, uptake ratio
decreases.

Figure 6a shows the CO, uptake content after a ser-
vice life of 50 years. It shows that when the compres-
sive strength is the same, climate change will increase
the content of CO, taken up. This is due to an increase
in carbonation depth. Figure 6b shows when the com-
pressive strength is the same, climate change increases
CO, uptake ratios. Figure 6¢ shows as concrete strength
increases, net CO, emissions increase. When the com-
pressive strength is the same, climate change slightly low-
ers the net CO, emissions of concrete.

3.3 Effect of Structural Elements on Mixture Design

and CO, Uptake
In Sects. 3.1 and 3.2, structural units are assumed to be
concrete columns with a cross section of 500 x 500 mm?,
In this section, we discuss the effects of structural ele-
ment types on optimal mixtures and CO, uptake.

First, the structural unit is assumed to be a slab (with a
depth of 180 mm and a design strength of 55 MPa, con-
sidering climate change). Based on the genetic algorithm,
the same optimal mixture as that of Mix8 is obtained. In
other words, changes in the type of structural units do
not affect the optimal concrete mix. However, as shown
in Fig. 7a, the CO, uptake ratio of the slab is higher than
that of the column (this is because the surface area-
to-volume ratio of the slab is higher than that of the
column).

Secondly, the slab thickness was changed from 160
to 200 mm (combined with climate change, the design
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Fig. 7 Effect of structural element types on CO, uptake ratio (COzyp/Coz—em).
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strength was 55 MPa). Based on the genetic algorithm,
the same optimal mixture as that of Mix8 is obtained. In
other words, changes in slab thickness do not affect the
optimal concrete mix. As the slab depth decreases, its
surface volume ratio and CO, uptake ratio increase (as
shown in Fig. 7b).

Based on the analysis of these parameters, we found
that the optimal mixture of low-CO, HVS concrete did
not change with the change of type and size of struc-
tural units. However, the CO, uptake increases with the
increase of the surface area-to-volume ratio.

4 Conclusions

In this study, a genetic algorithm was proposed to opti-
mize the design of low-CO, HVS concrete mixture con-
sidering climate change, carbonation, and CO, uptake.

First, the objective function of the genetic algorithm
is the net CO, emissions; that is, the material CO,
emissions minus the CO, uptake. The uptake of CO, is
determined by the depth of carbonation, carbonatable
substances content, and the geometry of structural ele-
ments. The constraints of the genetic algorithm include
the strength, carbonation durability, workability, and
range of concrete components. Based on the hydra-
tion model, the strength and carbonation depth were
evaluated.

Secondly, the optimal mixtures under different strength
levels and climate change scenarios were determined.
Carbonation durability dominates the mixture design of
low-strength HVS concrete, while compressive strength
dominates the mixture design of high-strength HVS.
Under the conditions of no climate change and climate
change, respectively, the strength control threshold is
35.45 MPa and 39.55 MPa. For low-strength HVS con-
crete, a rich mix of materials must be used in order to
mitigate the hazards of climate change.

Third, with the increase of strength, the net emissions
of CO, also increase and CO, uptake ratio decreases.
When compressive strength is the same, climate change
will increase CO, uptake content. With the change of
structural element type and size, the optimal mixture
of low-CO, HVS concrete does not change. With the
increase of surface area-to-volume ratio, the CO, uptake
ratio increases.

Fourth, other researchers could substitute their own
equations for those for CO, emissions, compressive
strength, carbonation depth, and slump. In this way,
using a genetic algorithm, low-CO, HVS concrete can
be designed to meet the domestic requirements. The
method presented in this paper is a general method for
considering both sustainability and durability.
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