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Abstract

Calcined hwangtoh is a pozzolanic material that is increasingly being used as a mineral admixture in the concrete
industry. This study shows a hydration model for cement-hwangtoh blends and evaluates the various properties of
hwangtoh-blended concrete using reaction degrees of binders. First, a kinetic reaction model is proposed for analyz-
ing the pozzolanic reaction of hwangtoh. The reaction of hwangtoh includes three processes: the initial dormant
period, boundary reaction process, and diffusion process. The mutual interactions between the binary reactions of
cement and hwangtoh are thought to be in line with the items in capillary water and calcium hydroxide. Second, the
reaction degrees of cement and hwangtoh are determined based on a blended hydration model. Furthermore, the
chemical (chemically combined water and calcium hydroxide contents), mechanical (compressive strength), thermal
(hydration heat), and durability aspects (carbonation depth) of hwangtoh-blended concrete are systematically pre-
dicted. The results show good agreement with experimental results.
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1 Introduction

Hwangtoh is an environmentally friendly material and
belongs to the family of clay. Hwangtoh can purify indoor
air by absorption, and it is widely used in hospital build-
ings for reducing sick building syndrome, including sore
throat and headaches. On the other hand, after calcina-
tion at about 800 ‘C, the phase compositions of hwangtoh
are changed, and calcined hwangtoh shows pozzolanic
reactivity. The pozzolanic reaction of hwangtoh can
increase late-age strength of concrete. Summarily, cal-
cined hwangtoh is increasingly used in the cement and
concrete industry because of its unique environmentally
friendly characteristics and chemical reactivity (Kim et al.
2017).
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Many experimental investigations have been per-
formed on the hydration, mechanical, durability, and
thermal properties of hwangtoh-blended concrete.
Go et al. (2010, 2009) reported that the optimal tem-
perature for thermal activation of hwangtoh is about
800 °C, thermally activated hwangtoh shows clear
pozzolanic activity, and the hydration heat of hwang-
toh-blended concrete is lower than that of control
concrete. Koo et al. (2014) found the drying shrink-
age and carbonation depth of hwangtoh-blended con-
crete are higher than that in control concrete, and the
flexural failure mode of hwangtoh-blended concrete is
similar to that of plain concrete. Koo et al. (2015) pre-
sented a comparison with a plain environment, where
mice in the hwangtoh-blended environment showed
higher food and water intake, higher fertility rate,
and healthier offspring. Yang et al. (2014) reported
a comparison with Portland cement concrete. The
slope of the ascending zone of the stress—strain curve
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of hwangtoh-blended concrete is smaller, and the
descending zone is steeper. Lin et al. (2019) found that,
compared with plain concrete, hwangtoh-blended
concrete shows higher late-age strength because of
the secondary reaction of hwangtoh. Kim et al. (2012)
showed that, based on microwave heating, alkali-acti-
vated natural hwangtoh shows high early-age strength.
Kwon et al. (2017) presented that after addition of
silica fume, the compressive strength of calcium
hydroxide activated hwangtoh significantly improved.
Yang et al. (2010) found the mechanical properties of
alkali-activated hwangtoh-based concrete were signifi-
cantly influenced by the water-to-binder ratio, not by
the sand-to-aggregate ratio. Using hwangtoh, styrene
butadiene latex, and shape-stabilized phase change
materials, Yang et al. produced hwangtoh boards for
building thermal insulation (Yang et al. 2019).

Some numerical models have been proposed for opti-
mal design and performance evaluation of cement-based
materials. Perez-Cortes and Escalante-Garcia (2020)
made statistical optimization design of alkaline binders of
limestone—metakaolin and determined the optimal com-
binations using the desirability function approach con-
sidering strength and sustainability. Sonebi et al. (2020)
made the optimal design of rheological parameters of
super sulfated cement grouts and captured the significant
trends of the tested parameters using statistical models
considering bleeding, permeability, and mechanical prop-
erties. Yu et al. (2018) predicted the early-age creep and
creep recovery of cement paste using a two-step homog-
enization method and highlighted the effects of the
microstructure evolution and inherent creep of C-S—H
on the early-age creep. Zhou et al. (2019) analyzed the
development of microstructure of cement pastes using a
diffusion-based model and considered the effects of par-
ticle size distribution, water/cement ratio, temperature,
and the ambient humidity. These studies (Perez-Cortes
and Escalante-Garcia 2020; Sonebi et al. 2020; Yu et al.
2018; Zhou et al. 2019) show numerical modeling are
effective for material design and predictions of material
properties.

Although many experimental studies have been per-
formed on the various qualities of hwangtoh-blended
concrete, the theoretical models about hwangtoh-
blended concrete are extremely limited. To rationally use
hwangtoh in the concrete industry, this research sug-
gested a hydration-based framework that could assess
the chemical, mechanical, thermal, and durable qualities
of hwangtoh-blended concrete. The blended hydration
model correspondingly simulates the hwangtoh reaction
and cement hydration. The mutual interactions between
the reactions of cement and hwangtoh are thought to
be in line with the items in capillary water and calcium
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hydroxide. In addition, the different qualities are evalu-
ated using reaction amounts of binders and concrete
mixtures.

2 Hydration-Based Simulation Framework

2.1 Cement Hydration Model

Wang (2019) and Wang and Lee (2019) proposed a
hydration model of Portland cement. The hydration
model considers the influences of cement compound
compositions, cement fineness, concrete mix ratio, and
curing conditions on the rate of cement hydration. The
hydration degree of cement o can be determined as
a= fot (‘;—‘;)dt, where ‘2—‘; is the hydration rate. The
detailed equation about %‘z is available in our former
studies (Wang 2019; Wang and Lee 2019). The kinetic
processes involved in cement hydration, for example, ini-
tial dormant period, boundary reaction process, and dif-
fusion-controlled process, are within the suggested
hydration model. The input parameter for the cement
hydration model is cement mineral compositions and
fineness, concrete mix ratio, and curing conditions. The
output parameter of the cement hydration model is the
reaction amount of cement versus time. The hydration
model views the decrease in the rate of hydration because
of the lack of capillary water for concrete, which has a
lower water-to-cement ratio. Therefore, the hydration
model is applicable for concrete with ordinary strength
and high strength. In line with the Portland cement
hydration model, Wang (2019) and Wang and Lee (2019)
evaluated the strength development, adiabatic tempera-
ture rise, carbonation, and chloride ingress of Portland
cement concrete.

However, the previous models of Wang (2019) and
Wang and Lee (2019) is not valid for hwangtoh-blended
concrete because the model does not cover the reac-
tion of hwangtoh. To systematically evaluate hwangtoh-
blended concrete, a hydration model that considers the
binary reactions of cement and hwangtoh is necessary.

2.2 Hwangtoh Reaction Model

This section shows the kinetic reaction model of
hwangtoh. The reaction model was obtained based on
experimental studies of kinetic hydration processes of
cement—hwangtoh blends and the material properties
of hwangtoh. The evolution of the reaction degree of
hwangtoh with time can be determined using the kinetic
reaction model.

Lin et al. measured the isothermal heat release of
hwangtoh-blended paste (Lin et al. 2019). They found
the kinetic hydration procedure for cement—hwangtoh
blends was comparable with Portland cement. The hydra-
tion of cement—hwangtoh blends includes initial dormant
period, boundary reaction process, and diffusion process.
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Go et al. (2010) reported that hwangtoh is a pozzolanic
material that can interact with calcium hydroxide. In
cement—hwangtoh blends, the hydration of cement pro-
duces calcium hydroxide, and the reaction of hwangtoh
consumes calcium hydroxide. The content of remained
calcium hydroxide in cement-hwangtoh blends is
dependent on both cement hydration and hwangtoh
reaction. Moreover, as a pozzolanic material, the reaction
of hwangtoh relies upon the quantity of remained cal-
cium hydroxide in cement—hwangtoh blends. In thinking
about the kinetic reaction procedure for cement—hwang-
toh blends and material signs of hwangtoh, the kinetic
reaction equation of hwangtoh can be established as
follows:
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cement hydration and the depletion of CH due to the
hwangtoh reaction. As shown in Egs. (5) and (6), when
1 g of hwangtoh reacts, 0.21 g combined water is pro-
duced and 0.46 g capillary water is consumed (Dunster
et al. 1993; Papadakis 1999; Wang 2014). As proven in
Egs. (4, 5, 6), the evolution of CH, chemically combined
water, and capillary water in blended concrete relates to
both the hwangtoh reaction and cement hydration.

2.3 Properties Evaluation of Hardening
Hwangtoh-Blended Concrete

For cement-hwangtoh blends, the hydration products

of binders fill pore spaces and lead to the introduction

(1)

of compressive strength. However, given a particular
binder content, a growing water content lowers the con-
crete strength. The introduction of concrete compres-
sive strength generally starts after the final setting of
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dt P 1 r r ES R =
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where ot is the reaction degree of hwangtoh; ¢ is time;
mcy (t) is the calcium hydroxide (CH) mass in a unit
volume of hydrating cement—hwangtoh blends; P is the
mass of hwangtoh in the mixture proportion; vy is the
stoichiometric ratio of hwangtoh to CH [vyr = 0.87
(Dunster et al. 1993; Papadakis 1999)]; ryro is the radius
of the hwangtoh particle;opr is the density of the hwang-
toh; kg7 is the reaction rate coefficient in the initial dor-
mant period (Byr and Cyr are coefficients); Doy is the
initial diffusion coefficient; and kg7 is the reaction rate
coefficient in the boundary reaction process.

Within the model, the quantity of capillary water and
CH left within the cement—hwangtoh binary system were
adopted as control indicators for reactions of binders.
The levels of CH (mcp(2)), chemically combined water
(Webm), and capillary water (Wegp) in cement—hwangtoh
blends during hydration can be established using the fol-
lowing equations:

mcy(t) = RCHcg x Co % o — vy * oy * P, (4)
Weap = Wo — 0.4 % Co * o — 0.46 * ayr * P, (5)

Wepm = v * Coxa + 021 x ayr * P, (6)

where RCHcg is the mass of depleted CH as 1 g of
cement hydrate. In Eq. (4), the items RCHcEg * Cp * &
and vyr * agr * P consider the formation of CH from

concrete. Thinking about the reactions of binders, the
pore spaces of concrete, and the beginning duration of
strength development, the development of strength of
hwangtoh-blended concrete can be established utilizing a
straight line equation as follows:

C() ko Pxa HT

A — — As,
Wo + Ag % Wo 3 (7)

Jo@®) =A%

where A1,Ap, and Aj3 are strength coefficients. A1 and A;
represent the contribution of cement and hwangtoh on
strength development, respectively. For concrete with
various mixtures at different curing ages, the values of A;
,Ag, and Aj are constants. Equation (7) shows the con-
crete strength does not start at mixing time t=0, but it
starts after a threshold time (Sun et al. 2019). This is simi-
lar to the concept of final setting. Final setting means the
concrete has started to harden, and this is the beginning
of developing the concrete strength (Xu et al. 2017).

The hydration heat of concrete depends on both the
hwangtoh reaction and cement hydration. The total
released heat can be expressed as the sum of the hwang-
toh reaction and cement hydration as follows:

dQ

CovHex % 1 psan
—= =Co*Hc % — * *
At 0 C At HT

doyt
dt ’

(8)

where Hc and Hyr are the specific heat generation
of the cement and hwangtoh, respectively. Hc can be
determined from mineral compositions of cement.
The value of Hyr was proposed as 330 J/g (Riding et al.
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2012; Williams 2016). The term Cy x Hc * ”all—‘: considers
the heat release from the hydration of cement, and the
term P x Hyr * d‘yf considers the heat release from the
hwangtoh reaction.

Because of the hwangtoh reaction and cement hydra-
tion, the porosity of the hydrating concrete was reduced
since hydration started. Papadakis (2000, 1999) and
Maekawa et al. (2009) proposed that the total porosity of
hydrating concrete can be determined as

e = % i chm
Pw Pcbm

, )

where ¢ is concrete porosity, and pcp, is the density of

chemically combined water (pcpm=1.25 g/cm®). The
Wepm . .

term em means the volume of chemically combined

cbm

water. Because combined water W, depends on the
binary reactions of cement and hwangtoh, concrete
porosity is a function of concrete mixtures and the reac-
tion degree of binders.

2.4 Evaluation of Carbonation Depth
of Hwangtoh-Blended Concrete

When hwangtoh is used as a partial binder in concrete,
the carbonation depth increases. In other words, the car-
bonation durability may be the controlling factor that
determines the service life of hwangtoh-blended con-
crete in an atmospheric environment. The evaluation
of carbonation depth is essential for real applications of
hwangtoh in concrete structural elements.

Carbonation resistance relates to both internal factors
(concrete material properties) and external factors (expo-
sure conditions). The content of carbonated substances,
CO, diffusivity, CO, concentration, and exposure time
will affect the carbonation depth. When the relative
humidity in the exposure environment is higher than
55%, carbonation is a diffusion-controlled process. The
carbonation depth x, can be determined as follows (Chen
and Gao 2019; Chen et al. 2019; Papadakis 2000):

_ \/ 2Dc([CO2]0/100)¢ (10)
¢V 0.33CH + 0.214CSH’
D A( e-hec >a<1 RH>2.2 (11)
c=Mfa;>2_ wm) \!"100)
et ot 100
CSH(t) = 2.85(fs,c * Co xa + fs,p * P x apyr), (12)

where D¢ is CO, diftusivity in the carbonated zone of
concrete, and [COy]p is the CO, concentration in the
exposure environment; CSH is the mass of calcium
silicate hydrate in concrete; and Aec is the porosity
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reduction of concrete because of carbonation. Agc can be
calculated based on the change of solid volume between
reactants and products(Papadakis 2000); RH is the rela-
tive humidity of the exposure environment. A and a are
parameters of carbonation and can be regressed based on
measurement results of carbonation depths. The influ-
ence of environmental temperature on CO, diffusion can
be described using the Arrhenius law (Papadakis 2000,
1999).

Equation 12 shows the calculation of CSH. fsc and
fs,p denote the mass percentages of SiO, in cement and
hwangtoh, respectively. For hwangtoh-blended con-
crete, both the hwangtoh reaction and cement hydra-
tion produce CSH (Riding et al. 2012; Williams 2016;
Xu et al. 2017). In Eq. 12, the terms fsc * Cp * o and
fsp % Pxapr mean the formation of CSH from the
hwangtoh reaction and cement hydration, respectively.
The coefficient 2.85 is the molar weight ratio of CSH to
SiO, in CSH (Papadakis 1999, 2000).

In line with the suggested hydration model, the quan-
tity of CH and CSH and the extent of porosity could be
acquired as connected results throughout the hydra-
tion duration of cement—hwangtoh blends. In addition,
the carbonation depth could be predicted by utilizing
Egs. 10, 11, and 12.

2.5 Summary of Simulation Framework

Figure 1 shows a flowchart of the simulation. First, based
on the blended hydration model and concrete mixtures,
the reaction degree of binders can be calculated. Further-
more, combined water, CH, and CSH contents can be

Mixing proportions and curing
conditions of concrete
Hydration model considers both

hwangtoh reaction and cement hydration

1.evolution of combined water,
Ca(OH), and CSH amount with age
2.strength development model

3.hydration heat model

Carbonation reaction model

y

1.diffusivity of carbon dioxide

2.carbonation depth of concrete

Fig. 1 Simulation framework of hwangtoh-blended concrete.
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determined using the reaction degree of binders and con-
crete mix ratios. The development of strength and hydra-
tion heat can be evaluated considering both the hwangtoh
reaction and cement hydration. Second, CO, diffusivity
can be determined based on concrete porosity and envi-
ronmental conditions. Moreover, carbonation depth can
be calculated considering the contents of carbonated sub-
stances, CO, diffusivity, and CO, concentration in the
exposure environment. Summarily, the reaction degrees
of cement and hwangtoh are key factors for evaluating the
various properties of hardening and hardened hwangtoh-
blended concrete.

3 Verification of the Proposed Model

As shown in Sect. 2, the proposed model can evaluate vari-
ous properties of hwangtoh-blended concrete. To verify the
proposed model, multiple checks were performed, such as
chemical (experimental tests of combined water and CH),
mechanical (compressive strength test), thermal (hydra-
tion heat), and durability aspects (carbonation depth test).
Through these systematic verifications, the validations of
the proposed model are shown.

3.1 Evaluation of the Properties of Hardening Concrete
Experimental results in our previous study (Lin et al.
2019) were used to verify the evaluation of the properties
of hardening concrete. In our previous studies, the prop-
erty development of hwangtoh-blended paste with various
water-to-binder ratios (W/B 0.5 and 0.2) and hwangtoh
replacement ratios (0, 10%, and 20%) was measured. The
specimens with a W/B 0.5 represent concrete with ordi-
nary strength, and the specimens with a W/B 0.2 represent
ultra-high-performance concrete. Table 1 shows chemical
compositions of hwangtoh and cement. Figure 2 shows
XRD pattern of calcined hwangtoh, which contains quartz,
feldspar, and a small amount of illite. The paste specimens
are sealed cured until the aging tests. At the curing ages of
3, 7, and 28 days, the contents of combined water and CH
were measured using thermogravimetric analysis, and the
strengths of specimens were measured using a compres-
sion machine. The isothermal heat evolution was measured
in the early 3-day period using TAM-air.

The temperature range of thermogravimetric analysis
(TGA) tests was between room temperature and 1050°C.
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Fig. 2 XRD of calcined hwangtoh.

are three peaks of the differential thermal analysis (DTA)
curve. The first peak occurs at about 160 “C, which corre-
sponds to the dehydroxylation of CSH and AFm (Weerdt
et al. 2011). The second peak occurs at about 450 °‘C, which
corresponds to the decomposition of calcium hydroxide
(Weerdt et al. 2011). The third peak occurs at about 700 C,
which corresponds to the decarbonation of calcite (Weerdt
et al. 2011). There are several sources of calcite, such as the
limestone powder in cement or the carbonation of speci-
mens while preparing the specimens of TGA (Weerdt
et al. 2011). In Korea, the Portland cement contains a small
amount (3%-5%) limestone powder (Jeong et al. 2020; Addi-
tional file 1: Figures S1, TGA of cement), which is the main
reason of the decarbonation peak at 700°C (Additional file 1:
Figures S2 the decarbonation peak of cement and paste). As
proposed by De Weerdt et al. (2011), for the specimen with
limestone powder, to mitigate the influence of decarbona-
tion stage, non-evaporable water (H) and calcium hydroxide
(CH) were calculated at 105-550 °C and 400550 C, respec-
tively. The contents of CH can be determined as follows
(Weerdt et al. 2011):

CH = (Wa00 — Ws50)/Wss0 * (74/18), (13)

where W, and W, are the weights at 400 and 550 C,
respectively. The item (74/18) means the molar weight
ratio of CH to water. The content of non-evaporable water
(H) can be determined as follows (Weerdt et al. 2011):

. . . H = (Wios — Ws50)/Ws50, 14
Nitrogen was continuously supplied throughout the test. As ( )/ (14)
shown in Fig. 3a, b (TGA results at the ages of 28 days), there  where W/, is the weight at 105 C.
Table 1 Chemical compositions (%) of cement and hwangtoh.

Ca0 Si0, Al,0, MgO Fe,0, K,0 Na,O TiO, S0, P,0; Zno Lol
Cement 61.30 21.15 563 2.34 244 1.00 044 0.21 2.28 0.09 0.1 3.00
Hwangtoh 0.16 63.9 244 0.67 6.13 3.06 - 0.78 - 0.09 - 0.83
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Fig. 3 Calcium hydroxide content in cement-hwangtoh blends (Lin et al. 2019).

For hwangtoh-blended concrete, the hwangtoh reac-
tion and cement hydration occurred concurrently. Cement
hydration generated CH, and reaction of hwangtoh con-
sumed CH. The generation of CH from cement hydration
can be determined based on the cement hydration model.
Moreover, the consumption of CH can indicate the reac-
tion degree of hwangtoh. Using the measurement results
of CH of cement—hwangtoh blends, the coefficients of the
reaction model of hwangtoh are determined and shown

in Table 2. These coefficients do not change with W/B or
hwangtoh substitution ratios.

The calculation results of CH are shown in Fig. 3c,
d. For plain paste without hwangtoh, the content of

Table 2 Reaction coefficients of hwangtoh.

BHT(cm/h) CHT(cm/h) k,HT(cm/h) DeHTo(sz/h)

267e—11 0.52 7.22e—7 7.06e—13
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CH kept increasing at all the ages. In early age, the CH
content increased rapidly. At late age, diffusion was the
mechanism that controlled cement hydration, and the
CH content increased slowly. On the other hand, for
cement—hwangtoh-blended paste, the content of CH was
less than plain paste. This is because of the reduction of
the cement content and the consumption of CH from the
hwangtoh reaction. Especially, at the late age, the content
of CH decreased due to the proceeding of the hwangtoh
reaction (Han and Yan 2015; Han et al. 2017).

Figure 4 shows the reaction degree of binders such as
cement or hwangtoh. As shown in Fig. 4a, for the speci-
men with W/B 0.5, when hwangtoh replaced partial
cement, the water-to-cement ratio increased; hence,
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the hydration degree of cement increased. This is called
the dilution effect of hwangtoh addition. On the other
hand, Fig. 4b shows the reaction degree of cement for
the specimen with W/B 0.2. From Fig. 4a, b, it can be
seen that the dilution effect became obvious with the
decreasing water-to-binder ratios. In addition, Fig. 4c
presents the reaction level of hwangtoh for various mix-
tures. It can be seen that as W/B decreased, the reac-
tion level of hwangtoh decreased. This was due to the
limitations of available filling space for hydration prod-
ucts. As the hwangtoh replacement ratio increased, the
reaction level of hwangtoh also decreased. This was due
to the reduction of alkali activation of CH. Compared
to the hydration degree of cement (shown in Fig. 4a,
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Fig. 4 Reaction degree of cement and hwangtoh.
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b), the reaction degree of hwangtoh was much lower
(shown in Fig. 4c) (Glosser et al. 2019).

Reaction degrees of cement and hwangtoh are funda-
mental parameters for evaluating properties of hwangtoh-
blended concrete. Based on Eq. (6), the combined water
can be determined. As shown in Fig. 5a, when hwangtoh
replaced partial cement, the content of combined water
decreased. This is because the reactivity of hwangtoh is low
compared to cement. As shown in Fig. 5b, as W/B reduced,
the content of combined water decreased. This tendency
agrees with the trend of the reaction level of binders (Cas-
tellano et al. 2016; Riding et al. 2012).

The hydration heat of cement-hwangtoh blends can be
evaluated based on the reaction levels of binders. Figure 6
shows the calculation results of hydration heat. In the
first 5 h, cement hydration was in the dormant period,
and the hydration heat slowly increased. After the initial
dormant period, because the boundary reaction process
controls hydration, the hydration heat rapidly increased.
On the other hand, after the addition of hwangtoh, the
hydration heat decreased. This is because the reactivity of
hwangtoh is low compared to cement (Lin et al. 2019).

Equation (7) is a linear equation that can evaluate the
strength development of hardening concrete. Using
the experiment results of specimen strengths, the coef-
ficients A1,Ay, and Aj of Eq. (7) were determined to be
58.74, 109.15, and 33.57, respectively. These coefficients
did not change with specimen mixtures or curing ages.
The prediction results are shown in Fig. 7. First, for the
plain specimen, the strength rapidly increased at an early
age. At the late age, the increment of strength was not
obvious and the strength curve showed a plateau, while
for the hwangtoh-blended specimen, at the late age, the
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increment of strength was much more obvious than that
of the plain specimen. This is due to the slow reaction of
hwangtoh that can contribute to the strength develop-
ment of concrete (Li et al. 2017; Shao et al. 2019). Second,
as the W/B decreased from 0.5 to 0.2, the intercept of the
strength curve on the x-axis (starting time of strength)
decreased. This means the specimen with a lower W/B
ratio can develop strength much faster than the speci-
men with a higher W/B ratio (Han and Yan 2015; Han
et al. 2017; Sun et al. 2019). Third, as shown in Fig. 7g, the
prediction results showed agreement with measurement
results. The correlation coefficient between measurement
and evaluation results is 0.993, which proves the validity
of proposed strength model. In addition, the proposed
strength model is verified using experimental data from
another source. Lin et al. (2020) measured the strength
development of blended paste with 45% hwangtoh as
the binder. The water/binder ratio of paste was 0.5. At
the ages of 1, 3, 7, and 28 days, the compressive strength
was measured. Using the strength analysis model, the
strengths of plain paste and hwangtoh-blended paste
are shown in Fig. 7h. The analysis results show agree-
ment with experimental results. Because the reaction
of hwangtoh is much slower than that of cement, the
starting time of strength of hwangtoh-blended paste
is retarded compared with plain paste. Moreover, the
28-day strength of high-volume hwangtoh-blended paste
is much lower than that of control paste.

The strength activity index is defined as the ratio of
the strength of the hwangtoh—cement blends to the
strength of the plain specimen at each specific curing
time (Maekawa et al. 2009). At the curing age 28 days,
when water/binder is 0.5, the strength activity index for
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10% hwangtoh and 20% hwangtoh specimen are 1.17
and 1.13, respectively, while when water/binder is 0.2,
the strength activity index for 10% hwangtoh and 20%
hwangtoh specimen are 1.09 and 1.06, respectively.
Summarily, the strength activity index of hwangtoh is
dependent on water/binder ratio, hwangtoh replacement
levels, and curing ages.

Besides the experimental results of our previous study
(Lin et al. 2019), experimental results from Go et al.
(2010) are used to verify the proposed hydration model.

Go et al. (2010) made thermal analysis of hydrated plain
paste and 20% hwangtoh-blended paste at the ages of
14 days and 28 days. The water/binder ratio of paste
specimens was 0.6. The temperature of thermal analy-
sis ranges from 25°C to 950°C. Based on the experimen-
tal results of thermal analysis, the content of calcium
hydroxide for the unit mass of binder can be determined.
Figure 8 shows the comparisons between calculation
results and experimental results of calcium hydroxide
contents (Go et al. 2010). The calculation results show

(See figure on next page.)

Fig. 7 Strength development of cement-hwangtoh blends (Lin et al. 2019).
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agreement with experimental results. Due to the dilu-
tion effect and pozzolanic reaction of hwangtoh, calcium
hydroxide content in blended concrete is much lower
than plain concrete.

3.2 Evaluation of Carbonation Depth

The experimental study on the carbonation depth of
hwangtoh-blended concrete in reference (Koo et al
2014) was used to verify the proposed model. The W/B
of the specimen was 0.55, and the content of binder was
339 kg/m®. The hwangtoh replacement ratios were 0 and
20%. After 2-month curing, concrete specimens were
moved into a CO, chamber for accelerated carbonation
tests. The CO, concentration in the CO, chamber was
5%, the relative humidity was 60%, and the temperature
was 20 ‘C. Carbonation depth was measured at 1, 4, 8,
12, and 25 weeks using the phenolphthalein color change
method. Because the hydration of binders essentially
stops when relative humidity is less than 80%, further
hydration of hwangtoh and cement in the carbonation
test period was ignored in this study (Maekawa et al.
2009).

In line with the blended cement hydration model,
the items in carbonated substances (CH and CSH) and
concrete porosity can be established. First, as proven in
Fig. 9a, the CH content of 20% hwangtoh-blended con-
crete was less than that in plain concrete. Particularly, the
CH content decreased in the late ages. Second, as proven
in Fig. 9b, at the beginning, the CSH content of hwang-
toh-blended concrete was less than that in plain concrete,
while at late age, the CSH content of hwangtoh-blended
concrete exceeded that of plain concrete. This is because
the hwangtoh reaction proceeded, and also the silica
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content in hwangtoh is a lot greater than that in cement.
Third, as proven in Fig. 9¢, the porosity of hwangtoh-
blended concrete was greater than that of plain concrete.
This trend is comparable with fly ash or slag blended con-
crete (Han et al. 2017).

According to experimental outcomes of carbonation
depth, the coefficients of carbonation model A, along
with a are determined as 1.34e—6 and 1.8, correspond-
ingly. The coeflicients are comparable with those of
Papadakis’ study (2000). These coefficients do not change
with concrete mixtures and curing conditions. According
to the hydration-based carbonation model, the carbona-
tion depth of concrete can be determined. As proven in
Fig. 10, the carbonation depth of hwangtoh-blended con-
crete was a lot greater than that of plain concrete. This
really is due to the fact that after adding hwangtoh, the
content of CH reduced, and also the porosity and CO,
diffusivity increased.

Besides the experimental results of Koo et al. (2014),
experimental results from Choi et al. (2001) are used to
verify the proposed carbonation model. Choi et al. (2001)
measured carbonation depths of plain concrete, and 20%
hwangtoh-blended concrete. The water/binder ratio
of concrete specimens was 0.55, the water content was
179 kg/m?3, and the binder content was 325 kg/m?. Accel-
erated carbonation tests started after 28 days of standard
curing. The temperature, CO, concentration, and relative
humidity of acceleration carbonation tests were 20 C, 5
and 60%, respectively. After 1-, 2-, 4-, 8-, 10- and 12-week
exposure, carbonation depths of concrete were measured
using the phenolphthalein indicator method. Figure 11
shows the comparisons between calculation results and
experimental results of carbonation depths (Choi et al.
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2001). The calculation results show general agreement
with experimental results. The replacement of partial
cement with hwangtoh increases the carbonation depth
of concrete.

3.3 Discussion
This study shows a hydration-based integrated model for
cement—hwangtoh blends. The validation range and the
weak points of the proposed model are shown as follows:
First, this study considers several water/binder ratios
(0.5, 0.55, 0.6, 0.2) and hwangtoh/binder ratios (10, 20,
and 45%). The water/binder ratio 0.2 represents the cases
of high-strength concrete and ultra-high-performance
concrete, which have a low water/binder ratio and show
incomplete hydration due to a shortage of capillary

water. The water/binder ratios 0.50, 0.55, and 0.6 repre-
sent the cases of ordinary-strength concrete, which have
a high water/binder ratio and show sufficient hydration
at long-term ages. Hence, the proposed model is valid
for both ordinary-strength concrete and high-strength
concrete.

Second, hwangtoh is a pozzolanic material and can
be used to replace partial cement for concrete produc-
tion. In construction practices, the replacement levels
of hwangtoh are generally lower than 20%. When the
replacement level of calcined hwangtoh is lower than
20%, the long-term compressive strength of hwangtoh-
blended concrete is comparable or higher than plain
concrete. Summarily, the proposed model covers the
general replacement levels of hwangtoh in construction
practices.
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Third, the limitations of the proposed method are sum-
marized as follows:

(1) The proposed model mainly focuses on concrete
with a moderate hwangtoh (less than 20%). For
concrete with a high-volume hwangtoh, the reac-
tion of hwangtoh may depend on phase concentra-
tion of pore solution and ion movement between
inner and outer hydration products (Maekawa et al.
2009; Wang 2014). The hwangtoh reaction model
(Egs. (1), (2), and (3)) may need revisions for con-
sidering pore solution and ion movement.

(2) The effects of curing temperature on hwangtoh
reaction, strength development, and durability
aspect are not covered in this study. Compared
with cement, the pozzolanic reaction of hwang-
toh may be much more sensitive with temperature
(Wang 2014). More experimental study and theo-
retical modeling should be carried out to clarify the
dependence of hwangtoh reaction on temperature.

(3) The proposed model cannot evaluate the phase
assemblage of hydrating cement—hwangtoh blends.
In the future study, to accurately evaluate the phase
assemblage, the proposed kinetic model should
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combine with a thermodynamic program, such
as Gibbs Energy Minimization (GEM) program
(Lothenbach et al. 2019). Moreover, the durability
aspects, such as carbonation and chloride, may be
evaluated based on phase assemblage of concrete.

4 Conclusions

This research shows an integrated model that simulates the
binary hydration of cement—hwangtoh blends and assesses
the various properties of cement—hwangtoh blends.

First, a kinetic model was suggested for the hwangtoh
reaction. The reaction of hwangtoh was segmented into
three stages: the initial dormant period, boundary reac-
tion process, and diffusion process. The suggested model
views the dependence of hwangtoh reaction on the CH
content. The interaction between the hwangtoh reaction
and cement hydration was clarified through CH and cap-
illary water content.

Second, the coefficients of the hwangtoh reaction
model were determined in line with the experimental
outcomes of CH content of cement—hwangtoh blends.
The coefficients of the reaction model are constants for
a number of concrete mixtures. The reaction amounts
of cement and hwangtoh were determined using
blended hydration model. In addition, the combination
of water and hydration heat was determined in light
of the contributions of hwangtoh reaction and cement
hydration.

Third, a hydration-based straight line equation was
suggested for evaluating the growing strength of hwang-
toh-blended concrete. The coefficients of the strength
development model are constants for a number of con-
crete mixtures. The correlation coefficient between the
evaluation and experimental results was 0.993, which
proves the suggested strength model applies for ordinary-
strength concrete and ultra-high-strength concrete that
contains hwangtoh.

Fourth, the contents of carbonated substances and
porosity were determined from the hydration model. The
CO, diffusivity was determined considering the concrete
porosity and the relative humidity of the exposure envi-
ronment. Moreover, the carbonation depth was deter-
mined based on a diffusion-controlled equation. The
coefficient of the carbonation model did not change for
various concrete mixtures. The carbonation model can
reflect the increase of carbonation depth due to hwang-
toh additions.

Fifth, in a further study, a revised hydration model
should be proposed to consider the phase concentration
of pore solution, ion movement between inner and outer
reaction products, and different curing temperatures.
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Moreover, the combination of the proposed kinetic
model with a thermodynamic program should be carried
out for evaluating the phase assemblage and durability
aspects of concrete.
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