Materials & Design 233 (2023) 112228

Contents lists available at ScienceDirect

materials
ESIGN

Materials & Design

FI. SEVIER

materiastoday

journal homepage: www.elsevier.com/locate/matdes

Check for

Hydration kinetics of Portland cement shifting from silicate to aluminate  [%&s
dominance based on multi-mineral reactions and interactions

Yang Liu®", Muyu Liu®“", Hua Li®", Guitao Luo®", Hongbo Tan ¢, Qimin Liu ®"

@ School of Civil Engineering and Architecture, Wuhan University of Technology, Wuhan 430070, China

® Hubei Key Laboratory of Roadway Bridge & Structure Engineering, Wuhan University of Technology, Wuhan 430070, China
¢ State Key Laboratory of Silicate Materials for Architectures, Wuhan University of Technology, Wuhan 430070, China

4 School of Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore 639798, Singapore

ARTICLE INFO ABSTRACT

Keywords:

Portland cement
Kinetics shift
Interaction

Mineral composition

A theoretical model for cement hydration was proposed to study multi-mineral reactive transport processes
under various mineral compositions and determine the effect of multi-mineral reactions and interactions on
cement hydration kinetics shifting from silicate to aluminate dominance. The reaction rates of each mineral
dissolution, product precipitation, ionic diffusion, and adsorption were calculated individually through the de-
grees of undersaturation and supersaturation associated with the ionic concentration, all of which were coupled
in the modified Poisson-Nernst-Planck equation. The hydration heat flow was then theoretically calculated by
the superposition of the reaction rates of silicate and aluminate phases, which was derived from the calculated
ionic concentration. The model was validated by comparison with experimental data obtained under various
conditions, showing consistency. The combined effect of multi-mineral reactions and interactions on hydration
kinetics was investigated using the model, and the results indicated that (1) faster dissolution of gypsum or a
higher ratio of tricalcium aluminate to tricalcium silicate leads to a larger time interval between silicate and
aluminate peaks; (2) faster precipitation of calcium silicate hydrate results in a more significant difference be-
tween silicate and aluminate peaks; and (3) the sulfate ion retards cement hydration kinetics shifting from sil-
icate to aluminate dominance.

1. Introduction and spatially dependent behavior of the reaction kinetics of PC paste.
Because of the difference in the reaction kinetics of each clinker mineral

To satisfy these requirements, various types of Portland cement (PC) and hydration product (calcium silicate hydrate (C-S-H), portlandite

with different mineral compositions are widely used in construction
engineering [1,2]. The main mineral compositions of PC are tricalcium
silicate (C3S), tricalcium aluminate (C3A), tetracalcium aluminoferrite
(C4AF), and tricalcium silicate (C2S). In general, PC hydration is a
complex process involving the dissolution, diffusion, precipitation, and
adsorption of each mineral phase, hydration product, and ionic species
[2,3]. Although numerous investigations have revealed the hydration
mechanisms of pure C3S, C3A, C4AF, CyS, and gypsum, as well as the
interactions among the mineral phases [4-13], studies on the hydration
kinetics of PC are still insufficient regarding the various mineral phases
within the clinker. In particular, the combined effect of multi-mineral
dissolution, diffusion, precipitation, adsorption, and interactions on
the hydration kinetics shifting from silicate to aluminate is difficult to
study solely using experiment-based approaches because of the time-

(CH), ettringite (AFt), and monosulfoaluminate (AFm)), the reaction
rate of each phase in the PC paste must be calculated individually with
their local thermodynamic state instead of using a simplified average or
proportional rate for all phases. In addition, the dissolution, diffusion,
precipitation, and adsorption behaviors must be combined and coupled
via ionic species in the theoretical computations used for hydration
simulations. Thus, the reactive transport model can be used to study the
combined effect of multi-mineral dissolution, diffusion, precipitation,
adsorption, and interactions on the hydration kinetics of shifting from
silicate to aluminate dominant cement with different mineral
compositions.

Recently, Bentz simulated cement hydration with different mineral
compositions using cellular automata and random walk methods;
however, the chemical kinetics and thermodynamics were not
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considered [14]. Breugel et al. proposed a computer-based numerical
model to simulate the chemical reaction and microstructure formation
in hydrated Portland cement [15]. Bishnoi and Scrivener developed a
new modeling platform to simulate cement hydration and microstruc-
ture development, in which grid subdivisions were used to calculate the
interaction of all particles [16]. Bullard et al. proposed a reaction-
transport model to simulate chemical reactions and ionic diffusion
during cement hydration; however, the interaction between C3S and the
C3A hydration reaction was not considered [17]. Le et al. proposed a
multi-component model to simulate the growth and microstructural
evolution of cement hydration products without considering the effect of
the pore solution on the dissolution and precipitation rates [18]. Ma et
al. developed a kinetics model combining the modified Avrami equation
with Bentz’s model to predict the hydration degree of a mineral
composition that lacks the reaction kinetics of dissolution and adsorp-
tion [19]. Holmes et al. proposed a thermodynamic model that com-
bined PHREEQC with HYDCEM to predict the evolution of the phase
assemblage and pore solution without interactions between the mineral
phases in the clinker [20].

However, current studies on this topic have two main issues: (1) the
reaction rate of each mineral dissolution, product precipitation, ionic
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diffusion, and ionic adsorption was not calculated individually via ionic
concentration, which is unable to provide an accurate calculation of the
combined effect of multi-mineral reactions and interactions during
cement hydration; and (2) the hydration heat flow was not calculated
based on the reaction rate of the silicate and aluminate phases, which is
unable to quantitatively predict the hydration kinetics shifting from
silicate to aluminate dominance.

Therefore, a theoretical model for cement hydration was developed
to simulate the multi-mineral dissolution-diffusion-precipitation-
adsorption reactions and interactions during PC hydration. In the model,
the reaction rates of mineral dissolution, product precipitation, ionic
diffusion, and adsorption were calculated and coupled using the ionic
concentration. Based on the calculated ionic concentration, the reaction
rates of the silicate and aluminate phases were used to establish a
theoretical formula for the hydration heat flow, which was also
compared with published experimental data for various mineral com-
positions, specific surface areas (SSAs), water-to-cement ratios (w/c),
and curing temperatures. Subsequently, the effects of multi-mineral
dissolution, diffusion, precipitation, and adsorption behaviors on hy-
dration kinetics were studied individually and in combination. Finally,
the peak values and times of the silicate and aluminate phase reactions

[ ]
OH-

Fig. 1. Schematic diagram of chemical reactions during Portland cement hydration.
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were quantitatively analyzed to investigate the combined effect of these
behaviors on the hydration kinetics of shifting from silicate to aluminate
dominance for cement with different gypsum, C3A, and C3S contents.

2. Multi-mineral reactions and interactions for Portland cement
hydration

To gain a clear insight into the multi-mineral reactions and in-
teractions, the reaction rates of mineral dissolution, product precipita-
tion, ionic diffusion, and adsorption were calculated and coupled in the
governing equation for the hydration reaction between the cement and
gypsum grains, as shown in Fig. 1. The cement particles are assumed to
be uniform in size and distributed within the paste [21]. Moreover, the
electric potential distribution between the grains and the temperature
distribution in the paste were characterized using the corresponding
equation. The hydration heat flow was calculated using the super-
position of the silicate and aluminate phase reactions to investigate the
kinetic shift from silicate- to aluminate-dominant cement hydration. The
chemical reactions for cement hydration are given as follows [22-26]:

3Ca0-Si0, + 4H,0—3Ca*" + H;Si0, + 50H™ (€D)]
3Ca0-Al,0; + 6H,0—3Ca’" +2A1(OH);, + 40H" 2)

4Ca0-AlL0;-Fe;05 + 10H,0—4Ca>" + 2A1(OH), +60H™ + 2Fe(OH),
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7 F o _ _ _
Ji=-D, Vck-‘rj;—TckVy/-i-Clenyk k=Ca’",H;Si0; ,Al(OH), ,0H,SO}

1)

where ck, Jx, Dk, 2k, and y, denote the ionic concentration (mM),
diffusion flux (mol m 2 s_l), diffusion coefficient (m?2 s‘l), valence
number, and chemical activity coefficient of the kth ionic species,
respectively. V(-) and V(-) represent the divergence and gradient with
respect to &, respectively. VX, is the generation rate of the kth ionic
species owing to cement dissolution (mol m—> s™1), as described in Egs.
(D)-(4). n®, n¢SM, ngM, np™, and n™ are the molar stoichiometric co-
efficients of the kth ionic species obtained from the dissolution of gyp-
sum and C-S-H, CH, AFt, and AFm precipitation as described in Egs. (5)-
(9), respectively. Vyyp,, Vesu, Ven, Var, and Var, are the dissolution rate of
gypsum and the precipitation rate of C-S-H, CH, AFt, and AFm (mol m3
k is the ionic species adsorption rate (mol m~>s~1).
T, w, F, and R are the absolute temperature (K), electric potential (V),
Faraday’s constant (C mol’l), and universal gas constant (J mol ! K’l),
respectively. The chemical activity (y,) can be expressed by the
Debye-Hiickel model [28].

The first term (v%,,,) on the right side of Eq. (10) represents the source
term for the generation of ionic species (Ca2+, H3SiOz, Al(OH)4, and
OH™) because of the dissolution of cement given by Egs. (1)-(4). The

ionic species generation rate during cement dissolution (v%, ) can be

s 1), respectively. v

3) described using the following equation:
ko _ (,CsS, C3A C4AF CoS
2Ca0-8i0; + 3H,0-2Ca™ + H;Si0; +30H" @ Ve = (Ve EAT Ve T e £ ves) a2
. , where ng*®, ng**, ng**", and n{>® represent the molar stoichiometric
CaS0,4-2H,0—-Ca™ + S0y~ +2H,0 ) coefficients of the kth ionic species released from the dissolution re-
a o ~ ) actions of C3S, C3A, C4AF, and CsS, respectively, as described in Egs. (1)-
5Ca™" +3H;Si0; +70H™ —(Ca0);-(Si0;); (H,0)q (6) (4). Veus, Vesas Veuar, and ve,s denote the dissolution rate of C3S, CsA,
- ~ C4AF, and C,S (mol m3s™h, respectively.

Ca™ +20H" —Ca(OH), @) The first term (nf“svcss) on the right side of Eq. (12) represents the
C3S dissolution rate, which is used as the source term for the generation
of ionic species (Ca2+, H3SiO4, and OH"), as given by Eq. (1). Recently,

6Ca*" +2[Al,Fe(OH), ] +3S0;™ +40H " +26H,0—3Ca0-[AL, O3, Fe,0;]-3CaS0,-32H,0 €))
interactions between the C3A and CsS hydration reactions have been

_ - _ B _ observed in many experimental studies, and several mechanisms have

Cs (A, F)S3Hz + 6Ca™ + 4[Al Fe(OH), | + 80H —3C,(A, F)SHyp, been proposed to explain the retarding effect of aluminum on the C3S

+8H,0 (€)] hydration reaction, such as C-A-S-H phase precipitation [29] and the

where 3CaO- [Aleg, FCzOg] 3CaSO4 32H20 (C5 (A, F)§3H32) and
C4(A, F)SH;, represent ettringite (AFt) and monosulfate (AFm),
respectively.

2.1. Reaction kinetics for each phase and interactions

(a) Ionic diffusion coupled with dissolution, precipitation, and
adsorption between grains.

In this subsection, a reaction rate formula was developed for mineral
dissolution, product precipitation, ionic diffusion, and adsorption. The
interactions between the dissolution and precipitation of the different
mineral phases were also considered in the reaction rate equations.
Moreover, the dissolution, diffusion, precipitation, and adsorption be-
haviors were coupled via the ionic concentration in the Pois-
son-Nernst-Planck (PNP) equation [27] as follows:
¢ x + ka = Vk

2yp CSH CH AFt AFm K
cem T Veyp 1 VesH 1 ver + 1 Vare + 1 VAFm T Vigs

(10

adsorption of Al ions on the surface of C3S [11]. Thus, the dissolution
rate of pure phase C3S was modified by considering the aluminum in-
hibition effect based on mineral dissolution investigations [30,31]. The
C3S dissolution rate (vc,s) is given by [24,32,33]:

K CS—AIOH);
Ves = mc;s%'O\chekaxb C3S—A]‘(OH)J (1 - ﬂCES) 13
K; + aaion);
SSA
B— _ cement
OV o= w/e 1 Mgypsum % (14)
Puy0 Pcement Pgypsum
g {eca }3{C‘Hgsi0; }{COH* }5 15
/CJS - KC}S ( )
c
{ec} = Gk (16)

Pu,0€0

where mc,s%, kc,s, Kc,s, Kf aSAIOH); {cx}, and ¢ represent the C3S
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content percentage, C3S dissolution rate constant (mol m 2 s’l), Cs3S
solubility constant, complexation stability constant for aluminum on the
silicate surface, activity of ionic species, and molal concentration in the
standard state (mol kg’l) [34,35], respectively. 05" SSA e, W/C,
and mgy,wm% denote the surface area of the cement grain per unit vol-
ume of paste (m™) [36], cement specific surface area (m2 kg’l), water-
to-cement ratio, and gypsum content percentage, respectively. p .cn
Pry0s and p,.., represent the densities of cement, water, and gypsum
(kg m™3), respectively.

The second term (n%Aq/C3 A) on the right side of Eq. (12) represents
the C3A dissolution rate used as the source term for the generation of the
ionic species (Ca®*, Al(OH)z, and OH"), as given by Eq. (2). As indicated
in the literature, the retarding effect of the calcium-sulfate ion pair
adsorption was considered in the C3A dissolution rate (vc,4) and is given
by [37,38]

Kfchfm“ -s03~

C3A—Ca®t —S02~
K; '+ acer-age:

B—cem
vesa = Mo a %0y ke, a

(1= Pen) an

2
_ {CCaz’ }% {CA/(OH)4 } {COH’ }4

(18)
Kcia

By

C3A—Ca?t—S0O2~
where mc,a%, kc,a, Kc,a, and K;° : * represent the C3A con-

tent percentage, CsA dissolution rate constant (mol m~2s™), CsA sol-
ubility constant, and equilibrium constant of the calcium-sulfate ion pair
absorbed on the C3A surface, respectively.

The third term (n,f4AF -Vc,ar) on the right side of Eq. (12) represents
the C4AF dissolution rate, which is used as the source term for the
generation of ionic species (Ca", AI(OH)z, and OH"), as given by Eq.
(3). The C4AF dissolution rate (vc,ar) is given by [38,39]:

VC,AF = mC4AF%'057C3ka4AF(1 - ﬁc4AF) (19)

4 2 6
cear Ve Con-
Be,ar :{ e} {euom; }{con } (20)
Kc,ar

where mc,ar%, kc,ar, and Kc,ar represent the C4AF content per-
centage, C4AF dissolution rate constant (mol m~2 s, and C4AF solu-
bility constant, respectively.

The fourth term (nfzsvcz s) on the right side of Eq. (12) represents the
C,S dissolution rate used as the source term for the generation of the
ionic species (Ca2+, H3SiO4, and OH™), as given by Eq. (4). The CyS
dissolution rate (vc,s) is given by [7]:

Veys = ey %05 “keys (1 —Beys) 21

{cca }Z{Cfmio4 }{CoH* }3

s = Koys 22)

where mc,s%, kc,s, and Kc,s represent the CS content percentage,
C5S dissolution rate constant (mol m 2 s~ %), and C3S solubility constant,
respectively.

The second term (1’"vy,,) on the right side of Eq. (10) represents the
gypsum dissolution rate used as the source term for the generation of the
ionic species (Ca?* and S0%7) given by Eq. (5). The gypsum dissolution
rate (Vyy) is given by [40]:

- ﬂgypsum ) (23)

— B—gypsum
Veyp = Keypsum Oy (1

{cce+ }1 {05042* } ]

Bapsn =~ 24)
gypsum
OB—gypsum _ SSAgypsum (25)
v wjc 1 1
Mgypsum ﬂ/"/’1120 Mgypsum %" Peement Paypsum
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where Kyypoum, O'f,’gyps“m, Koypums and SSAgypum denote the gypsum
dissolution rate constant (mol m~2 s1), surface area of gypsum grains
per unit volume of paste (m~!) [36], gypsum solubility constant, and
gypsum specific surface area (m? kg™1), respectively.

The third term (ng>"vcsy) on the right side of Eq. (10) represents the
sink term for the ionic species (Ca2+, H3SiO4, and OH ™) owing to the C-
S-H precipitation given by Eq. (6). The C-S-H precipitation rate (vcsy)
depends on the degree of supersaturation (f.g), which can be expressed
as the ratio of the ion activity product (Qcsy) to the solubility constant
(Kcsh) as follows [24,32,33,41]:

CSH—Ca>* —S02~

K cem
VeSH = oo oo kesn Oy ™ (Bes — 1) (26)
K; Yt acer “asor-
5 3 7
{cca+} CH3Si0; {con-}
csH = 27)

Kesu

where kcsy, Kesn, and KSSH{EB % denote the C-S-H precipitation
rate constant (mol m—2 s’l), C-S-H solubility constant, and equilibrium
constant of the calcium-sulfate ion pair absorbed on the C-S-H surface,
respectively.

The fourth term (n{"vcy) on the right side of Eq. (10) represents the
sink term used for the ionic species (Ca?" and OH™) owing to CH pre-
cipitation given by Eq. (7), and the CH precipitation rate (vcy) is given
by [33]:

VcH = kCH(ﬂCH - 1) (28)
1 2

ﬁCH _ {CCal‘ ;{COH’} (29)
CH

where kcy and Koy denote the CH precipitation rate constant (mol
m 3 s71) and the CH solubility constant, respectively.

The fifth term (n™vr) on the right side of Eq. (10) represents the
sink term used for the ionic species due to ettringite precipitation, which
consumes Ca’", Al(OH);, OH™, and SO%’, as given by Eq. (8). The
ettringite precipitation rate (vag) is [42,43]

VAR = kAFto\lfccm (ﬂAF{ - 1) (30)

2 3
{CCaz‘ }G{CAI(OH);} {Csoi } {COH }4

AFt —
KAFr

(€19)

where kar and Ky denote the ettringite precipitation rate constant
(mol m~2 s7!) and ettringite solubility constant, respectively.

The sixth term (n}"™Vagn) on the right side of Eq. (10) represents the
sink term used for the ionic species due to AFm precipitation, which
consumes Ca2+, Al(OH)4, and OH™, as shown in Eq. (9). Thus, the AFm

precipitation rate (Varm) can be given as follows [44,45]:
Varm = Karm ({CCa2+ }2 {CAI(()H); }4/3 {con- }8/3 — Karm ) (32)

where kg, and K, denote the AFm precipitation rate constant (mol
m 3 s71) and AFm solubility constant, respectively.

The seventh term (vX,) on the right side of Eq. (10) represents the
sink term used for the adsorption of ionic species that consume Ca®t, Al
(OH)z, and SO?{ in the solution during the cement hydration reaction.

The ionic species adsorption rate ok ) is given by [46]. A detailed

ads

formulation of VX, is presented in Eqs. (S1)-(S10) (Supporting

ads
Information).

Ca* _ pCalt —KC

Vads = Kygs Cogre€ s (33)
_ _ Al(OH)

AIOH); __, Al(OH); MO

Vass =Ky Catiomy; € (34
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S0~ SO Sor
4 4 —k ot
Vads = kads CSO% € (35)

where k&, k:iliOH); ,and k:;:? are the ionic adsorption rate constants
for Ca2+, Al(OH)j3, and SO?;_ (s_l), respectively.

(b) Electric potential distribution between grains.

The Poisson equation was employed to characterize the distribution

of the electric potential () between the cement grains [27]:

F
2
Vi = — ZkCk
€60 7

k = Ca*" H,Si0; , Al(OH), ,OH™, SO~ (36)

(c) Heat transfer in paste.

During the initial stage, water adsorption, initial dissolution, and a
fast reaction of C3A occur immediately when the cement grains come
into contact with water, resulting in heat generation within the cement
paste [47,48]. The heat conduction equation can be utilized to deter-
mine the temperature distribution within the paste at the macroscale
level, as follows [49]:

ppCrT =V (kpVT) + H{. ykaasexp( — Kaast) (37)
14+ w/c+ Meypum%

S 38)
Peement | PHy0 | Peypsum

CP _ Cccmcnl + W/C'CHZO + mgypsum%'cgypsum (39)

1+ w/c + mgypaum%

where p, represents the density of the cement paste (kg m3). G,
Ceements Ch,0, and Cyypeum denote the specific heat capacities of cement
paste, cement, water, and gypsum (J kg~! K1), respectively. kp, HY, 4»
and kg are the thermal conductivity of the cement paste (W m! K’l),
enthalpy of heat release for the C3A hydration reaction per unit volume
@) m’3), and ionic adsorption rate constant on the cement surface (s’l),
respectively.

The first and second terms on the right sides of Eq. (37) represent the
heat flux and heat source owing to the initial dissolution of the clinker
phases and the fast reaction of C3A considering ionic adsorption. HY, , is
given by:

Water wetting and adsorption
Initial dissolution of cement
Initial formation of product

Reaction hindered by
Initial formation of product
Tonic adsorption
Silicate peak

o, Y , Y
4 Aluminate peak::

'
'
'
'
'
0
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

Hydration heat flow

iGypsum depletion

yInteraction between silicate;
~~ and gluminate reaction !

Hydration time

I Pre-induction period
I Induction period

Il Acceleration period
IV Deceleration period
V  Stabilization period
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Hv _ HC;A
CA =

B—cem 40
S Acemn “40)

where Hc,, is the enthalpy of heat release for the C3A hydration
reaction per unit mass (J g_l).

2.2. Kinetic shift from silicate- to aluminate-dominant

The hydration heat flow was calculated to determine the kinetic shift
from silicate- to aluminate- dominant cement hydration, which was
induced by multi-mineral reactions and interactions. It is generally
believed that the hydration heat flow is dominated by silicate and
aluminate phase reactions during the pre-induction, induction, accel-
eration, deceleration, and stabilization periods [2], as shown in Fig. 2. A
literature review revealed that heat flow is usually calculated by
empirical equations with numerical fitting instead of theoretical com-
putations originating from the combination of dissolution, diffusion,
precipitation, and adsorption behaviors during all hydration periods
[20,50-52]. It may be difficult to determine the mechanism of the ki-
netic shift from silicate to aluminate dominance. To solve this issue, a
novel cement hydration heat flow (Q) formula is proposed that covers all
periods without any fitting and without changing the parameters for
each case. It was assumed that the Q during cement hydration was
attributed to (i) an early-stage heat flow due to the initial dissolution of
various clinker phases and the fast reaction of CsA, and (ii) a later-stage
heat flow resulting from the silicate and aluminate phase reactions in the
cement clinker [47]. Thus, the Q is calculated as follows:

0=0:+0, (41)

where

QE = H(,‘;Akad:mgvpsum%w |:exp< - W/C' e kadst> + CXp(
3 ) me.

38 Mgypsum
—E [E") } “42)
. - silicate « aluminate
QL = QL + QL (43)

Heat release originated from
Partial dissolution of mineral phase
Initial formation of ettringite

Hydration heat flow

Hydration time

+

Heat release induced by
Silicate and Alumiante phase reaction

Hydration heat tlow

Hydration time

Fig. 2. A typical heat flow curve of Portland cement hydration.
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- silicate me,sw/c
L

Q}:rl:l{tz’l " Biticare /) (Tsiticare | t)/}’i"““" exp (

ngSmgypsumncl[nker

B,
— (Tyiticate /t)/ silicate ) (44)
- aluminate MoherW/C i ’
L = SC,WALQZ':;'Z‘MM (ﬂnluminale/t) (Tuluminme/t)ﬂ“mm"‘m‘ exp (
Meypsum
- (Taluminate/t)/iﬂl“mmw ) (45)

where HC3A: kads; mgypsum: ngAs ngS: mCZS’ Moher, Ef(igsi EEBA, Melinkers and
Sc,a denote the enthalpy of heat release for the C3A hydration reaction
(J g1, ionic adsorption rate constant on the C3A surface (s™1), gypsum
content (%), C3A content (%), C3S content (%), C2S content (%), other
mineral content (%), adsorption energy of water on the C3S grain surface
per unit mass of C3S (J mol™1), activation energy for CsA hydration (J
mol ™), number of main mineral types in PC, and exposed surface area
fraction of C3A on the cement grains, respectively. Tyiicaes Piijicates Taluminates
and f,uminate TEPTESENt the apparent time (s) and apparent energy ratio
for the silicate and aluminate reactions, respectively. Qiilic®e and Qauminate
are the total cumulative heat for the silicate and aluminate reactions (J
g™ D), respectively, which are given by

Titicate = Cc35-CosW/C(Mgypsum/Mc;4) / (SSAcemhp (Keya/Kesn)) (46)

ﬁsilicale = Efcfss /EESA (47)
tioal L ol L

Q%’,ﬁ‘,ﬁm = Hc,sSSAcem / / veysdédt + He,sSSA com / / ve,sdédt (48)
0 0 o 0

Tatuminare = Cc;aMgypsum (KgypsllmK/\Fm/ Kenringite) / (SSAcemhp) (49)

ﬂaluminalc = E;:gss /E:\:ZS (50)

lioal L o L

aluminate __ pyettringite  ettringite
OQfinie = Hep nesa SSAcem

/ Vapdédt + HE el SSA com /

0o 0 0 0

where hp, Cc,s-c,s, Cesas Heyss He,s, and ES2S are the convective heat
transfer coefficient (W m~2 K1), specific heat capacity of the silicate
phase (J kg~! K1), specific heat capacity of C3A (J kg~! K1), enthalpy
of heat release for the C3S hydration reaction (J mol ™), enthalpy of heat
release for the C3S hydration reaction (J mol™Y), and activation energy
for C,S hydration (J mol™!), respectively. H‘é:fi"g“e, HAY, ng;‘fi“g“e, and
ngty represent the heat of formation of ettringite per mole of C3A (J
mol’l), heat of formation of AFm per mole of C3A (J mol’l), molar ratio
of C3A to AFt, and molar ratio of C3A to AFm, respectively. The
boundary and initial conditions for the governing equations are as
follows.

Fig. 1 shows the Dirichlet-type boundary conditions imposed at the
cement hydration paste edge to determine the temperature field.

T=Ty at r=2»>\ (52)

where Ty, is the room temperature (K).
A boundary condition in the Neumann form is required at the sym-
metric center to describe the temperature field.

or
=0

o at r =0 (53)
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Fig. 1 shows the two Dirichlet boundary conditions imposed on the
grain surface to describe the chemical and electrical fields.

Cot = CGge s CHysio; = cil;SiO; » CAI(OH); = Cf\l(OH); »CoH™ = CCOH*-,Csof =0y
=0até= 0

(54)

where cf, denotes the saturated concentration (mM) of the kth ionic

species. Two boundary conditions in the Neumann form are required at
the symmetric axis to describe the chemical and electric fields:

. Ocusio 0CAI(0H) 0 con . Oy
Cear = o g = 05 = 075 = Oncsop = oo
=0até = L (55)

1/3
where L =1L, |:(W/C-pcem-p;1210 + 1) - 1} [53] is the distance be-

tween the C3A and gypsum grain surfaces. The initial conditions for the
temperature, chemical, and electric fields were as follows:

T=Tu, =0, y=0 at t =0 (56)

Thus far, the multi-mineral reactive transport model has been
formulated and numerically calculated using the flowchart shown in
Fig. 3. To simplify the numerical computation, the governing equations
were rewritten in a non-dimensional form by utilizing the definition of
dimensionless parameters (Supporting Information).

3. Results and discussion
3.1. Model validation

The six comparisons between the presently theoretical simulation
and published experimental results are conducted for heat flow Q under
various mineral compositions, gypsum contents, curing temperatures,
w/c ratios, SSAs, and mixing procedures [3,54-58], as shown in Fig. 4.
The COMSOL Multiphysics software was used with the input parameters

/VArmdfdf (51)

listed in Tables S1 and S2 (Supporting Information) for the governing
coupled nonlinear partial differential equations. The values of the pa-
rameters used to validate the cement hydration reactions were obtained
directly from the published experimental data. The global error (5g) for
the time evolution Q was calculated [59], as well as the relative errors
for peak heat flow (§,1) and peak heat time (6, [60].

For Cases (1)—(6), the global error (5¢), relative errors for the peak
heat flow (6yhf), and peak heat time (Jpp,) are listed in Table 1. It was
found that 6g ranged from 12.92 to 23.16%, while ,ns = 4.22-17.35%
and dppe = 1.58-15.46% for the silicate phase peak, épnt = 2.26-20.41%
and &phe = 1.11-13.00% for the aluminate phase peak. Considering the
significant differences in mineral composition, gypsum content, curing
temperature, w/c ratio, SSA, and mixing procedure for each case
[3,54-58], the global and relative errors show satisfactory results for the
present theoretical model to predict the heat flow for cement hydration.
The errors between the experimental data and the simulation results
may be due to several factors that were not considered in the model,
such as the mixing procedure [61], pH [62], and moisture content [63].
This satisfactory agreement indicates that the present model can accu-
rately predict cement hydration kinetics under various conditions.
Moreover, the present model did not fit, and there was no need to
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Fig. 3. Computational flowchart of the theoretical model.



Y. Liu et al. Materials & Design 233 (2023) 112228

5 A 5 - ;
(a) m  Experiment for case (1) Simulation
1 e Experiment for case (2) Simulation
A  Experiment for case (3) Simulation

Heat flow (mW g'l)

0 I T I T T T T T T T T T
0 10 20 30 40 50 60
Time (h)
. (b) m  Experiment for case (4) Simulation
N e Experiment for case (5) Simulation
] A Experiment for case (6) Simulation
6
‘TOD
z
— 4
z
o
=
3
ol
0-

Time (h)

Fig. 4. Comparisons of heat flow Q between experimental data and simulation results under various mineral compositions, curing temperatures, w/c ratios, SSAs.

Table 1

The global and relative errors for all the comparisons.
Case Reference Mineral composition of cement (mass%) Global error (%) Relative error (%)

Silicate peak Aluminate peak
CsS C3A C4AF CyS g Ophf Opht Ophf Opht

(€] [54] 58.73 6.84 10.91 15.51 18.85 7.64 3.83 10.45 2.10
2) [55] 61.78 6.44 9.58 11.58 18.47 17.35 15.46 4.45 7.24
3) [56] 60.36 8.04 8.35 11.38 13.73 4.66 2.50 2.26 2.10
()] [3] 74.15 6.18 8.1 5.79 12.92 5.09 2.42 20.41 13.00
(5) [57] 68.2 5.1 11.4 7.1 23.16 4.22 1.58 12.54 1.11
(6) [58] 57.7 10.4 1.9 19.7 13.90 7.06 11.03 6.52 4.42
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change the parameters for each case. Indeed, the polymorphs of C3A
affect its hydration. A literature search reveals that the hydration ki-
netics of cubic and orthorhombic C3A has been experimentally investi-
gated, which showed different reaction rates and products [64,65].
Moreover, the C3A dissolution rate constant has different values for
different polymorphs of C3A [66]. Usually, the CsA crystal structure is
determined at the nanometer scale [64,66,67]. However, the present
model only considers the cement particle at microscale level with
spherical shape. To quantify the relationship between C3A crystal and
dissolution kinetics, a molecular dynamic simulation may be required.
Fig. 4 shows that the occurrence times observed for the main hy-
dration peak (silicate peak) and the exothermic shoulder peak (alumi-
nate peak) were different when subjected to the different mineral
compositions used in these experimental cases, particularly the CsS,
CsA, and gypsum contents. Moreover, the value of the silicate peak was
higher than that of the aluminate peak in cases (3) [56] and (4) [3],
while the aluminate peak was higher than the silicate peak in cases (1)
[54], (2) [55], and (5) [57], which may be attributed to the C3S-to-C3sA
content ratio and gypsum content. In addition, the SSA of the cement
grains significantly affected the silicate and aluminate peak values and
occurrence times. This indicates that the interactions between the sili-
cate and aluminate reactions are key to controlling the hydration ki-
netics, shifting the silicate phase reaction to the aluminate phase
reaction as the dominant reaction. Further details are presented in the

following section.

3.2. Combined effect of dissolution, precipitation, diffusion, and
adsorption

Generally, interactions among mineral phases are achieved through
dissolution-precipitation-diffusion-adsorption coupled behavior during
cement hydration [2]. In this subsection, the effects of dissolution,
diffusion, precipitation, and adsorption behaviors on the cement hy-
dration kinetics shifting from silicate to aluminate were studied indi-
vidually and in combination. The input parameters are listed in
Tables S1 and S3 (Supporting Information).
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3.2.1. Effect of dissolution and precipitation behaviors

For cement hydration, dissolution and precipitation are the processes
that produce and consume ionic species, respectively, which determine
the concentration of the ionic species and control the hydration reaction
kinetics. Therefore, the effects of dissolution and precipitation on
cement hydration were investigated using the proposed model.

The C3A solubility constant (Kc,a) represents the solubility product
in the equilibrium state and plays an important role as the driving force
of C3A dissolution [68]. Thus, Q was studied using the proposed model,
with Kc,a = 0.8 x 10720'65, 10’20'65, and 1.2 x 10’20'65, respectively.
Fig. 5 shows that the main hydration peak (silicate peak) significantly
increased from 3.0 to 4.4 mWeg ! and the occurrence time of the silicate
peak decreased from 10.5 to 7.9 h; the exothermic shoulder peak
(aluminate peak) and occurrence time of the aluminate peak showed
slight differences when K¢, increased from 0.8 x 1072065 5 1.2 x
10720-65 This may be attributed to the increased Kc,a, resulting in a
higher degree of undersaturation in C3A, leading to faster dissolution of
C3A and formation of ettringite accompanied by the consumption of

sulfate ions, promoting the dissolution of gypsum and release of sulfate
ions in the cement paste, which enhanced the adsorption of sulfate on
the C-S-H surface and accelerated the C3S hydration reaction [10].
Fig. 6 shows the plots of Q when Koypsum Was set at 0.9 x 10’4'58,
107*%8 and 1.1 x 10~*%8 respectively. The aluminate peak signifi-
cantly decreases from 3.9 to 3.2 mWeg ! and the occurrence time of the
aluminate peak increases from 11.4 to 14.3 h when Kjysum Was increased
from 0.9 x 10°*8 to 1.1 x 10~*%8. In this case, increasing Kgypsum in-
creases the degree of undersaturation in gypsum, which strengthens the
driving force for gypsum dissolution. Therefore, the retarding effect of
gypsum on the hydration of C3A was enhanced by the higher gypsum
dissolution rate, which decreased the aluminate reaction peak and
increased the occurrence time of the aluminate peak [69]. The faster
dissolution of gypsum resulted in a longer time interval between the
silicate and aluminate peaks.
For C3S dissolution, the initial stage of the reaction between C3S with
water is an incongruent dissolution associated with the formation of a
silica-rich layer on the surface of C3S. Due to the characteristic structure

5
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4 "l \\“ - - Kc3A = 10)(10_2065
a4 1A eme Ko, = 126107068
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Fig. 5. Effect of C3A solubility constant Kc,» on hydration heat flow Q.
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Fig. 7. Effect of C-S-H solubility constant Kcsyy on hydration heat flow Q.

of C3S, the calcium ions dissolve faster than silicate ions [70]. During the
initial stage of C3S hydration, the ratio of calcium and silicate concen-
tration (Ca/Si) in the pore solution was almost 800 ~ 1000 when the
water/solid (w/c) ratio was a normal value, such as 0.4 and 0.5 [71-75].
Although several experiment results showed that the Ca/Si ratio in pore
solution was close to 3, the w/c ratios in these experiments were very
high, such as 200 and 10,000 [23,76]. Moreover, the experiments also
indicated that the Ca/Si ratio decreased from 2000 to 3 when the w/c
ratio increased from 0.5 to 200 [70]. The high water content promotes
the C3S dissolution and C-S-H precipitation and encourages higher

silicate concentration [23,77], which results in Ca/Si ratio close to 3 in
the pore solution. Thus, the Ca/Si ratio under the high w/c ratio can not
serve as evidence of congruent dissolution during the initial stage of the

reaction between C3S with water.
In addition to clinker phase dissolution, the precipitation of hydra-

tion products is also a key driver of the cement hydration reaction. With
respect to the silicate reaction, C-S-H precipitation played an important
role in the cement hydration reaction kinetics. Thus, Q was studied when

Kcsn was set to 0.8 x 6.29 x 107%°, 6.29 x 10715, and 1.2 x 6.29 x
10713, Fig. 7 shows the silicate peak increased from 3.2 to 4.7 mWeg ™!
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Fig. 8. Effect of ettringite precipitation rate constant kar, on hydration heat flow Q.
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Fig. 9. Combined effect of dissolution and precipitation on hydration kinetics under different cement dissolution rates

and the occurrence time of the silicate peak decreased from 10.1to 7.6 h
when Kcgyy decreased from 1.2 x 6.29 x 107 to 0.8 x 6.29 x 10715,
which can be attributed to the decreased Kcsy leading to a higher degree
of supersaturation in C-S-H, which promotes the silicate reaction. With
Kcsy decreasing from 1.2 x 6.29 x 10715 to 0.8 x 6.29 x 1071%, the
aluminate peak decreased from 3.6 to 3.4 mWeg ! and the occurrence
time of the aluminate peak decreased from 13.6 to 12.5 h. It was
concluded that faster precipitation of C-S-H resulted in a larger differ-
ence between the silicate and aluminate peak values and times.

30 60

Time (h)

11

Yk

cem*

Furthermore, the effect of ettringite precipitation on cement hydration
is an important aspect of the aluminate reaction. The aluminate peak was
studied when kap was set to 0.5 x 1.14 x 10712, 1.14 x 107!, and 1.5 x
1.14 x 10712 molem 2 51, Fig. 8 shows the aluminate peak significantly
increased from 3.4 to 3.7 mWog_1 when kp; increases from 0.5 x 1.14 x
1072 t0 1.5 x 1.14 x 1072 molem~2 s~!. This may be attributed to a
larger kar value, which leads to faster ettringite formation, resulting in a
higher aluminate peak. It was also confirmed that the exothermic shoulder
peak was controlled by the aluminate phase reaction.
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Fig. 10. Combined effect of dissolution and precipitation on hydration kinetics under different ettringite precipitation rates vag.

To determine the combined effect of the dissolution and precipita-
tion behaviors on the cement hydration kinetics, the time evolution of
the hydration heat flow was analyzed using a model under various
) and ettringite precipitation rates (Vag).

cement dissolution rates (v,
These two parameters are highly correlated with dissolution and pre-

cipitation kinetics, respectively. As shown in Fig. 9, quantitative analysis

was carried out for the hydration heat flow with cement dissolution rates
of 20%, 50%, 80%, and 100% VX, when the ettringite precipitation rate

was set to 20% and 100% vg, respectively. It was observed that a faster
rate of cement dissolution and ettringite precipitation led to higher sil-
icate and aluminate peaks. It was also found that the promotion effect of
ettringite precipitation on the aluminate peak is more significant with a
lower cement dissolution rate during cement hydration. Correspond-
ingly, Fig. 10 shows the time evolution of the heat flow with ettringite
precipitation rates of 20%, 50%, 80%, and 100% v, when the cement
dissolution rate was set to 20% and 100% 1%, _, respectively. This also
confirmed the promotion effect of cement dissolution and ettringite
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Fig. 11. Effect of aluminum ion diffusion coefficient Dyjon), on hydration heat flow Q.
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precipitation on the hydration heat flow. A comparison of Fig. 9 with
Fig. 10 suggests that cement dissolution has a more significant impact on
the silicate peak, while ettringite precipitation had a more significant
effect on the aluminate peak.

3.2.2. Effect of diffusion and adsorption behaviors

In addition to clinker phase dissolution and hydration product pre-
cipitation, ion diffusion and adsorption behavior have been proposed as
mechanisms responsible for the cement hydration reaction rate. There-
fore, the effects of diffusion and adsorption on cement hydration reac-
tion kinetics were studied using the proposed model.

Generally, aluminum ions have a lower intrinsic diffusion coefficient
in water than calcium, sulfate, or hydroxide ions [17]. The aluminum
ion diffusion behavior determines the ettringite formation rate for the
aluminate phase reaction and simultaneously affects the C3S hydration
reaction kinetics for the silicate phase reaction. Thus, Q was studied
when the diffusion coefficient of aluminum ions (Dajon);) was set to
5.41 x 1071, 541 x 10719 and 5.41 x 107° m%~!, respectively.
Fig. 11 shows the aluminate peak has slightly increased from 3.3 to 3.5
mWeg ™! upon increasing Diion); » which may be attributed to the faster
ion diffusion optimizing the distribution of aluminum ions in cement
paste, accelerating the reaction with gypsum to form ettringite. In
addition, the slight effect of the aluminum ion diffusion coefficient in-
dicates that ionic diffusion is not the main mechanism controlling the
aluminate phase reaction.

It is well known that the adsorption behavior of ionic species on the
surfaces of silicate and aluminate phases is a critical controlling factor
affecting the reaction rate, which can explain the inhibition or promo-
tion of cement hydration reaction kinetics. Therefore, the effect of
adsorption on hydration heat flow was investigated to reveal the hy-

dration mechanism using our model. In the present model, the term for
C3S*AI(OII);
the aluminum inhibition effect (W
KI

+aaion) n

equation of the C3S dissolution rate (Eq. (13)), which represents the
inhibitory effect of aluminum on the C3S dissolution rate. Hence, Q was
performed using the C3S dissolution rate equation with and without the
aluminum inhibition term. Fig. 12 shows the silicate peak increased

) is shown within the
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from 3.7 to 4.3 mWeg 'and the aluminate peak increased from 3.5 to
4.0 rnWog_1 when the aluminum inhibition term was removed from the
C3S dissolution rate equation. This may be attributed to the improved
cement hydration rate when the inhibitory effect of aluminum on C3S
dissolution is not considered during the cement hydration reaction. This
indicated that a quantitative analysis of the cement hydration reaction
kinetics was achieved by combining adsorption and dissolution in the
equation.

Additionally, the ionic species in the solution are consumed by
adsorption, which has an important effect on dissolution, precipitation,
and diffusion during the cement hydration reaction. Therefore, Fig. 13
shows the plot of Q when the aluminum ion adsorption rate constant

(k%©"4) was set to 1/1617.9, 1/1217.9, and 1/817.9 s, respectively.
It can be seen that the silicate peak showed an obvious increase from 3.6

to 4.0 mWeg ! and the aluminate peak increased from 3.3 to 3.8
mWeg ! when KO increased from 1/1617.9 to 1/817.9 s, which

ads

may be attributed to the faster aluminum ion adsorption rate promoting
the removal of aluminum ions from the solution. This enhances the
degree of undersaturation and thus, accelerates the diffusion and
dissolution reactions.

Furthermore, the combined effect of diffusion and adsorption be-
haviors was investigated using a model for cement hydration kinetics
under various diffusion coefficients (Dajony, ) and adsorption rate con-

stants (k:d'gOH); ) for aluminum ions. These two parameters are strongly

correlated with diffusion and adsorption kinetics, respectively. Fig. 14
presents the time evolution of the hydration heat flow with aluminum
ion diffusion coefficients of 20%, 50%, 120%, and 200% D on); When
the aluminum ion adsorption rate constant was set to 100% and 200%
k:}iom; , respectively. The promotion effect of aluminum ion diffusion on
the aluminate peak was more significant with a higher adsorption rate of
aluminum during cement hydration. In Fig. 15, the effect of ion
adsorption on the time evolution of the heat flow under various
adsorption rate constants with two different diffusion coefficients of
aluminum is plotted. A comparison of Fig. 14 with Fig. 15 indicates that
aluminum ion adsorption has a more significant influence on cement

hydration kinetics than aluminum ion diffusion.
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Fig. 12. Hydration heat flow Q with and without thealuminum inhibition term in CsS dissolution rate equation.
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Fig. 13. Effect of aluminum adsorption rate constant k;\JEOH); on hydration heat flow Q.
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Fig. 14. Combined effect of diffusion and adsorption on hydration kinetics under different aluminum ion diffusion coefficients Dxon)

release of ionic species upon dissolution and are consumed during pre-
cipitation. Thus, the cement hydration kinetics are controlled by the
combined effects of dissolution, precipitation, diffusion, adsorption, and
interactions. The combined effects of the silicate and aluminate phase

e

3.2.3. Combined effect on hydration kinetics
From the above discussion, it can be seen that the dissolution, pre-

cipitation, diffusion, and adsorption behaviors have individual effects
on the cement hydration reaction kinetics. In light of previous findings,
the driving force for clinker phase dissolution and hydration product
precipitation was the degree of undersaturation and supersaturation in
the solution, respectively, which are linked via the spatial and temporal
distribution of ionic species in the solution controlled by diffusion and
adsorption behavior [2,47]. Diffusion and adsorption result from the

reactions are discussed below.
In terms of the silicate phase reaction, the combined effect was

studied using the silicate peak observed during the evolution Q. Fig. 11
and Fig. 12 indicate that Djon), has a slight effect on the silicate peak

14



Y. Liu et al.

4.5

Materials & Design 233 (2023) 112228

.
~

—— 20%k4O

—— 120% k21" +100% D
+100% D

ads

50%k A

ads

200%™

ads

+100% D
+100% D

Al(OH),
Al(OH},
AI(OH);

AI(OH},

Heat flow (mW g™)

Fig. 15. Combined effect of diffusion and adsorption on hydration kinetics under different aluminum ion adsorption rate constants k;;

N
W

p—
\O]

L

0.1

20%k "™ +200% D
50% k4" +200% D
120% k4" +200%D

ads

Al(OHY,
AI(OH);

AI(OH},

200% k2™ 4+200% Do

30
Time (h)

15 45

60

AI(OH),

0.44

<

w

@
L

0.22

Concentration of silicate (mM)

0.114 — =) — (=3s =—— (=55
\r — t=10s t=60s t=300s
0.00 g 1 y T T T
0.00 0.95 1.90 2.85 3.80

Distance & (um)

Fig. 16. The spatial distribution of silicate concentration when Kyypum = 10~*%5.

C3S-AI(OH)

compared to the aluminum inhibitory effect (—s=iom- ) in the C3S
K; 4 ‘HlAI(OH);
dissolution rate equation, which indicates that the diffusion of the ionic
species was not the intrinsic mechanism hindering the CsS reaction
during the hydration reaction of cement. In addition, the spatial distri-

bution of the ionic concentration can reveal the kinetics of the silicate

15

phase reaction from the perspective of the release and consumption of
ionic species. Fig. 16 shows a plot of the spatial distribution of the sili-
cate concentration when Kgypum = 107*58. The silicate ions diffused
from the cement grain surface (£ = 0) to the gypsum grain surface (¢ =
3.8) when they were released from the cement grain surface owing to
cement grain dissolution.

As time increased, the silicate ions on the gypsum grain surface (¢ =
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3.8) increased from zero to supersaturation and then decreased from
supersaturation to saturation. This indicates that the minimum silicate
concentration was observed near the cement grain surface (¢ = 0.18),
which may have been due to the consumption of silicate ions induced by
the precipitation of C-S-H around the cement grains. Moreover, the C-S-
H solubility constant (Kcsy) had no effect on the spatial distribution of
the silicate concentration during the first five minutes of the reaction.
This demonstrates that the formation of the protective layer was not the
main reason for the C3S reaction retardation, but rather the adsorption
of ionic species on the grain surface [4].

The aluminate peak was investigated with respect to aluminate
phase reactions under various conditions. Fig. 5 and Fig. 8 show that the
CsA solubility constant (Kc,4) and ettringite precipitation rate constant
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(kar:) have a significant effect on the aluminate peak, while the
aluminum ion diffusion coefficient has a slight effect on the aluminate
peak. This suggests that the aluminate phase reaction kinetics were
controlled by a combination of C3A dissolution and ettringite precipi-
tation. Furthermore, Fig. 17 and Fig. 18 show the plots of the spatial
distribution of the sulfate concentration when the gypsum solubility
constant (Kgypum) was 0.9 x 107%%® and 1.1 x 10’4'58, respectively.
Sulfate ions diffused from the gypsum grain surface (¢ = 3.8) to the
cement grain surface (¢ = 0). During the first 10 min, the sulfate ions at
the cement grain surface (¢ = 0) increased from zero to the supersatu-
ration concentration and then decreased from the supersaturation to the
saturation concentration. Comparing Fig. 17 with Fig. 18, a higher sul-
fate concentration and the same saturation concentration were observed
during the first 10 min when Kyypum increased from 0.9 x 107+ to 1.1
x 107*%8 which demonstrates that more sulfate ions were consumed
when Kgypam = 1.1 x 107458, Comparing Fig. 18 with Fig. 6, the
increased sulfate consumption led to a lower aluminate peak. This in-
dicates that the adsorption of calcium-sulfate ion-pair complexes
reduced the number of active sites on the C3A surface, inhibiting C3A
dissolution during the pre-induction and induction periods [78].

3.3. Kinetics shift under different mineral compositions

Based on the combined effects discussed in the previous subsection,
the shift in cement hydration kinetics was studied for different mineral
compositions. The main mineral phases of the PC were C3S, C3A, C4AF,
C,S, and gypsum. Numerous studies have been conducted on pure C3S,
C3A, C4AF, and C,S to understand their hydration reaction mechanisms
[4-8]. Moreover, the hydration reactions of C3S-C3A, C3S-C4AF, C3A-
C4AF, and C3S-CoS mixtures were also investigated to reveal the inter-
action between pure minerals using models and experiments
[10,47,79,80]. Furthermore, the C3S-C3A-C4AF-CyS-gypsum system was
also studied by simply summing the individual hydration reactions in
several models [20,50,51,81], whereas there is a lack of sufficient un-
derstanding of the effect of different mineral compositions on hydration
kinetic shifting from silicate- to aluminate-dominant. Thus, this
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subsection investigates the effect of mineral composition on the kinetic
shift from silicate to aluminate dominant for cement hydration. The
input parameters are listed in Tables S1 and S3 (Supporting

Information).

3.3.1. Effect of gypsum content on kinetics shift
In general, gypsum plays an important role in cement hydration re-

action kinetics and can be studied using the hydration heat flow. Indeed,
many studies have focused on the effect of gypsum content on the hy-
dration reaction kinetics of pure C3S, C3A, and C3S/C3A systems and
have proposed enhancing and retarding mechanisms [4,10,78].

However, the effect of gypsum on the kinetic shift from silicate- to
aluminate-dominant cement hydration is not completely understood.
Thus, the effect of gypsum on aluminate and silicate phase reactions was
investigated during cement hydration, considering the complex in-
teractions between their reactions.

Fig. 19 shows that the silicate peak decreased from 6.3 to 2.7
mWeg !, the silicate peak time increased from 7.0 to 12.1 h, the
aluminate peak decreased from 5.8 to 2.4 mWeg ., and the aluminate
peak time increased from 10.0 to 18.0 h when the gypsum content
increased from 2.8 to 4.8%. It was found that a higher gypsum content
leads to a larger time interval between the silicate and aluminate peaks,
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Fig. 20. Effect of C3A content on hydration heat flow Q.
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as well as more time required to reach the aluminate peak, which in-
dicates that the sulfate ion retards the kinetic shift from silicate- to
aluminate-dominant cement hydration. The higher gypsum content
released more sulfate ions that were then adsorbed on the C3S surface
and consumed in the ettringite precipitation reaction, prolonging the
induction period [8]. Subsequently, a higher gypsum content resulted in
the formation of more ettringite, which reduced the surface area avail-
able for C-S-H precipitation and thus decreased the silicate peak. A
higher gypsum content also exhibited a stronger retarding effect on the
aluminate phase reaction [78].

3.3.2. Effect of C3A content on kinetics shift

As reported in the literature, it can be found that the silicate reaction
peak is higher than the aluminate reaction peak in several cases, while
the aluminate reaction peak is higher than the silicate reaction peak in
other cases. This indicates during cement hydration, the reaction ki-
netics shift from silicate- to aluminate-dominant, indicating that the
interactions between silicate and aluminate reactions play a crucial role
in the cement hydration reaction mechanism. Although the hydration
reaction kinetics of C3S and C3A mixtures have also been investigated
using the hydration heat flow [10,12,82], the effect of the C3A content
on the kinetic shift is still a topic of debate. Therefore, the effect of C3A
on the kinetic shift was investigated using the heat flow and concen-
tration of the ionic species.

Fig. 20 shows that the silicate peak increased from 3.3 to 4.4
mWeg ™}, the occurrence time of the silicate peak decreased from 9.9 to
8.4 h, the aluminate peak increased from 3.57 to 3.62 rnWog’l, and the
occurrence time of the aluminate peak decreased from 12.9 to 12.5 h
when the C3A content increased from 7 to 9%. A higher C3A content
results in a larger difference between the silicate and aluminate peak
values and times. The higher C3A content resulted in more ettringite
precipitation during the pre-induction and induction periods, which
occupies the grain surface area available for C-S-H precipitation, thereby
hindering the C3S hydration reaction [12]. Meanwhile, more aluminum
ions were released during the C3A dissolution reaction, and the
adsorption of aluminum ions on the C3S surface dissolution sites pro-
moted the inhibition of the C3S hydration reaction [11,79].
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3.3.3. Effect of C3S contenton kinetics shift

Apart from C3A, the silicate phase mineral is another important
aspect of the kinetic shift from silicate- to aluminate-dominant cement
hydration. Therefore, the effect of C3S on the kinetic shift was studied
using the silicate and aluminate peaks at different CsS contents. As
shown in Fig. 21, the silicate peak increased from 3.4 to 4.3 mWeg !, the
occurrence time of the silicate peak increased from 9.1 to 9.4 h, the
aluminate peak increased from 3.2 to 3.8 mWeg !, and the occurrence
time of the aluminate peak decreased from 13.9 to 13.5 h when the C3S
content increased from 53 to 73%. It was observed that a higher C3S
content resulted in a larger difference between the silicate and alumi-
nate peak values and a smaller time interval between them. It can be
concluded that a higher C3A/C3S ratio resulted in a longer time interval
between the silicate and aluminate peaks. This may be attributed to the
increased C-S-H precipitation originating from the higher C3S content.
Moreover, the absorption of more sulfate ions on the C-S-H surface
facilitated the CsS hydration reaction [8]. Subsequently, sulfate
desorption from C-S-H enhances ettringite precipitation owing to C3A
dissolution, leading to a higher aluminate peak [83].

4. Conclusions

To gain deeper insights into the combined effect of multi-mineral
dissolution, diffusion, precipitation, adsorption, and interactions on
the hydration kinetics shifting from silicate-to aluminate-dominant
Portland cement with different mineral compositions, a multi-mineral
reactive transport model was proposed without any fitting and chang-
ing the parameters for each case. In the model, the reaction rates of each
mineral phase dissolution, hydration product precipitation, ion diffu-
sion, ion adsorption, and interaction were calculated and coupled via
ionic concentration using the modified PNP equation. The calculated
ionic concentration was then used to estimate the hydration heat flow,
which was theoretically calculated by the superposition of the reaction
rates of the silicate and aluminate phases. The consistency between the
simulation and experimental results confirms the predictive accuracy of
the proposed model. The effects of dissolution, diffusion, precipitation,
and adsorption reactions on the heat flow were studied individually and
combined under various conditions. A quantitative analysis of the
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silicate and aluminate peaks was conducted to investigate the combined
effect of different mineral compositions on the kinetic shift. Fig. 22
summarizes the main conclusions of this study.

o The faster dissolution of gypsum leads to a larger time interval be-
tween the silicate and aluminate peaks, which indicates that the
sulfate ion hinders the shifting from silicate, dominating the Portland
cement hydration kinetics.

The faster precipitation of C-S-H results in a larger difference be-
tween the silicate and aluminate peak values and times because the
sulfate ions absorbed on the C-S-H surface hinder the kinetic shift
from silicate to aluminate.

The diffusion of sulfate ions was significantly affected by gypsum
dissolution. The higher solubility constant of gypsum leads to a
higher concentration gradient and supersaturation concentration of
sulfate ions between the cement and gypsum grains during the initial
dissolution of the cement clinker.

Adsorption of the calcium-sulfate ion pair complex reduced the
number of active sites on the CsA surface, which inhibited C3A
dissolution during the pre-induction and induction periods. The
adsorption of sulfate ions on the C-S-H surface promoted the pre-
cipitation of C-S-H, which accelerated the C3S reaction during the
acceleration period.

A higher gypsum content led to a larger time interval between the
silicate and aluminate peaks, and more time was required to reach
the aluminate peak. A higher C3S or C3A content results in a larger
difference between the silicate and aluminate peak values. A higher
C3A/Cg3S ratio resulted in a longer time interval between the silicate
and aluminate peaks.

Furthermore, the model can be extended to study the effect of
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supplementary cementitious materials, such as fly ash, silica fume, slag,
and pozzolanic materials, on cement hydration reaction kinetics. In
addition, the model can be modified to reveal the effects of the mineral
composition and interactions on the mechanical properties and dura-
bility of cementitious materials.
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