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Abstract The leaching of calcium in cement
hydrates, particularly in harsh environments, signifi-
cantly affects the durability of cement-based materi-
als. Understanding the solid-liquid equilibrium of
calcium is essential to elucidate the leaching mecha-
nism and leachability for developing accurate degra-
dation models of cementitious materials under chlo-
ride exposure. In this study, the effects of different
types and proportions of supplementary cementitious
materials (SCMs) on the calcium leaching process
were investigated. This was achieved by simulat-
ing pore solutions at various leaching degrees. Key
parameters of the equilibrium curves were extracted
and analyzed at different leaching stages. Addition-
ally, a functional relationship between these param-
eters and the proportions of various SCMs was estab-
lished. The leachability was assessed by comparing
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the saturated concentration of calcium ions, the total
concentration of solid-phase calcium, and the rela-
tive content of calcium hydroxide (CH) and calcium
silicate hydrate (C—S—H). It was found that compos-
ite binder pastes containing 50% slag demonstrated
the best performance in terms of calcium leaching
resistance. This research provides valuable insights
for the design of anti-leaching cementitious materials
and contributes to the development of precise dete-
rioration models for concrete exposed to aggressive
environments.

Keywords Calcium leaching - Solid-liquid
equilibrium curve - Supplementary cementitious
materials - Chloride attack - Concrete durability

1 Introduction

Chloride-induced deterioration poses a significant
threat to the integrity of marine concrete structures.
Chloride ions infiltrate the protective layers of con-
crete, reaching the reinforcing steel surfaces, and con-
sequently disrupting the steel’s passivating film. This
leads to corrosion, a major global challenge for con-
crete structures [1]. Additionally, concrete exposed to
complex marine environments over extended periods
is prone to calcium leaching in its surface layer. This
is attributed to the concentration gradients between
external seawater calcium ions and those in the pore
solutions [2]. Calcium leaching not only impairs the
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mechanical integrity of the concrete matrix but also
modifies the pore structure. Such alterations facilitate
the ingress of aggressive ions, thereby exacerbating
durability issues [3].

In contrast to the slower calcium leaching process
observed in pure water, the presence of chloride ions
in the marine environment accelerates the leaching
process due to the coupled action [4]. This leaching
process undermines the concrete’s pore structure,
expediting the penetration of harmful ions and accel-
erating steel corrosion. Concurrently, chloride attack
leads to the expansion of steel corrosion, creating
cracks in the concrete. These cracks further expedite
calcium ion transport, thus intensifying the leaching
process in the concrete. According to standards such
as ACI 318-19 [5], BS EN 206:2013 [6], and GB/T
50476-2019 [7], the critical chloride threshold for
steel reinforcement is a crucial factor in determin-
ing the limit states of corrosion initiation. However,
the interplay between calcium leaching and chloride
ion transport challenges the precision of quantitative
durability design for concrete structures in chloride-
laden environments.

As global priorities shift towards green, low-car-
bon, and sustainable development, the conventional,
energy-intensive, and high-carbon-emission cement
materials are increasingly being substituted with vari-
ous supplementary cementitious materials (SCMs)
[8]. The utilization of SCMs offers multiple advan-
tages, including the reduction of CO, emissions, low-
ered production costs, and the mitigation of environ-
mental pollution [9]. Moreover, SCMs contribute to
altering the hydrate composition and microstructure
of concrete, thereby enhancing its mechanical prop-
erties and durability [10]. The impact of SCMs on
the leaching performance of composite binder pastes
has received extensive research attention, owing to
the variance in particle size, shape, physical effects,
and chemical activity of different SCMs. Studies have
explored a range of SCMs, such as chopped basalt
fibers [11], nano silica [12], CO,-treated municipal
solid waste incineration fly ash [13], activated paper
sludge [14], silica fume [15], titanium dioxide [16],
and limestone [17].

Qiao et al. [18] examined the calcium leaching
behavior of cement pastes under MgCl, attack and
showed that the addition of fly ash, reducing the CH
content, could inhibit the decline in flexural strength.
Zuo et al. [19] performed accelerated leaching tests

on composite binder pastes comprising pure cement,
cement-fly ash binary systems, and cement-fly ash-
slag ternary systems under NH,NO; attack. These
studies [15, 20-23] indicate that SCMs can improve
the leaching resistance of cementitious materials
by consuming CH and refining pore sizes, which
helps resist the infiltration of aggressive ions. Nota-
bly, fly ash was found to increase the leaching depth
while reducing the overall degree of calcium leach-
ing. Conversely, the addition of slag was observed to
enhance paste compactness and optimize microstruc-
ture, thereby reducing the leaching depth. However,
it is important to note that a higher proportion of
SCMs does not necessarily enhance leaching resist-
ance. Phung et al. [24] demonstrated that an increased
water-to-binder ratio and higher limestone contents
could accelerate calcium leaching. In addition to
exploring the leaching properties of cementitious
materials through accelerated experiments, Zhang
et al. [25] investigated the reinforcing mechanisms of
SCMs, epoxy resin, and graphene oxide in enhanc-
ing the erosion resistance of concrete. This was con-
ducted through molecular dynamics simulations at
the nano-scale, providing theoretical backing for the
development of anti-erosion concrete materials.
Extensive theoretical analyses and numerical
models are currently being developed to quantify
the behavior of calcium leaching [26, 27]. Models
for calcium dissolution—diffusion in various solu-
tions, such as pure water [28], NH,NO; [29], and
Na,SO, [30], have been established. Additionally,
the impact of calcium leaching on porosity and dif-
fusion coefficients is considered in some concrete
deterioration models [31-34]. The calcium leach-
ing process is commonly quantified in these models
using the solid-liquid equilibrium curve [35], which
illustrates the relationship between the dissolution of
solid-phase calcium in cement hydrates and the dif-
fusion of liquid-phase calcium in pore solutions [36].
Gérard et al. [37] formulated a solid-liquid equilib-
rium equation that categorizes the calcium leach-
ing process into three stages: rapid CH dissolution,
gradual C-S-H leaching, and rapid C-S-H leaching
[28, 38]. Subsequent studies by Wan et al. [39, 40],
Zou et al. [30], and Tang et al. [41] examined the
variations in solid-liquid equilibrium curves across
different aggressive solution types and concentra-
tions. Experimental investigations by Yokozeki et al.
[42] and Gawin et al. [43] analyzed the equilibrium



Materials and Structures (2024) 57:47

Page30f 17 47

curve in deionized water under varying temperatures.
These studies highlight how the concentration, type,
and temperature of aggressive solutions can influence
leaching stages and key equilibrium curve param-
eters, thereby impacting the accuracy of concrete
deterioration models that consider calcium leaching
in aggressive environments [44].

Furthermore, the solid-liquid equilibrium curve
has been utilized to describe calcium leaching in
cementitious materials containing SCMs. Gérard
et al. [45] applied it to silica fume—cement compos-
ite pastes, while Phung et al. [46] used it to study
the effects of limestone on the leaching kinetics of
cement paste. Jain et al. [47] investigated calcium
leaching in cement pastes modified with high-alkali
fine glass powder, silica fume, and fly ash. The equi-
librium curve has also been employed to simulate
calcium leaching kinetics in cement asphalt paste
[48] and early carbonated concrete [49]. Based on
these findings, employing the solid-liquid equilib-
rium curve to examine calcium leaching in composite
binder pastes with varying types and proportions of
SCMs appears justified.

However, a gap remains in defining reliable key
parameters of equilibrium curves for deteriora-
tion models of composite binder pastes under chlo-
ride attack. Furthermore, the resistance of compos-
ite binder systems to calcium leaching varies with
the type and proportion of SCMs [50]. While some
accelerated leaching experiments have sought to iden-
tify optimal SCM types and proportions for calcium
leaching resistance by examining factors such as
leaching depth and microstructure [51, 52], research
focusing on solid-liquid equilibrium curves remains
limited. In this study, we investigate the influence of

SCMs on solid-liquid equilibrium curves to establish
a functional relationship between key parameters and
SCM proportions. This approach aims to guide the
development of concrete deterioration models that
account for calcium leaching under chloride attack.
Additionally, we compare parameters like the satu-
rated concentration of calcium ions, relative content
of CH and C-S-H, and total solid-phase calcium to
determine the most effective SCM type and propor-
tion for optimal leaching resistance.

2 Materials and methods
2.1 Materials

The study utilized various cementitious materials,
including ordinary Portland cement (P.O 42.5R), sil-
ica fume (SiO, content of at least 95%), type I fly ash,
and granulated blast furnace slag (S95). The chemi-
cal composition, density, and specific surface area of
these materials are detailed in Table 1. For the experi-
mental solvent, deionized water was used, adhering
to the national standard GB6682-2008. This water
was colorless, tasteless, and non-corrosive. Sodium
chloride (NaCl), with a purity of at least 99.5%, was
employed in line with the national standard GB/T
1266-2006.

2.2 Experimental design

The experimental design adhered to the maximum
SCM proportion stipulated in the standard DB11/T
1029-2021. The proportions for fly ash, slag, and
silica fume in the composite binder pastes were set at

Table 1 Chemical
composition and physical

characteristics of
cementitious materials

Cementitious materials Cement Slag Silica fume Fly ash
Chemical composition (wt.%) CaO 62.79 41.71 0.17 1.94
Sio, 20.66 29.14 96.80 54.66
Al,O4 5.56 16.46 0.00 35.14
Fe,0; 3.93 0.29 0.08 3.11
MgO 2.39 7.92 0.35 0.88
SO, 3.02 0.00 1.86 0.64
K,O 0.85 0.39 0.38 1.35
Na,O 0.13 0.58 0.16 0.41
Specific area (m?/kg) 351 429 21,000 430
Density (kg/m®) 3150 2907 2270 2151
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a maximum of 30, 55, and 10%, respectively. Conse-
quently, silica fume proportions were established at 5,
10, and 15%, while fly ash was tested at 10, 20, and
30% dosages. For slag, considering its potential water
hardness and maximum permissible dosage of 55%,
five groups were created with 10, 20, 30, 40, and 50%
dosage levels. The water-to-binder ratio was main-
tained at 0.4. A 3% NaCl solution was used as the
aggressive solution, prepared based on the mass frac-
tion of chloride ions in seawater, excluding the influ-
ence of other aggressive ions [53-56]. Table 2 details
the specific experimental conditions.

2.3 Experimental process

Each point on the solid—liquid equilibrium curve rep-
resents the dissolution—diffusion equilibrium state
between the solid-phase calcium in cement hydrates
and the liquid-phase calcium ions in the pore solu-
tion. This equilibrium state at various leaching stages
was simulated by adjusting the ratio of aggressive
solutions to cement pastes, as detailed in Table 3. The
experimental procedure was divided into three stages:
dissolution experiment, determination of solid and
liquid-phases calcium, and fitting of leaching curves
(refer to Fig. 1 for a schematic representation). Ini-
tially, specimens cured for over 3 months were dried
at 40 °C to remove surface moisture. Subsequently,
the non-carbonized portion was ground into powder

Table 2 Design of experimental conditions

ID Composite binder ~ Aggressive solution SCMs
paste propor-
tion

PO-w Pure cement paste ~ Deionized water -

PO-0 3% NaCl

SF-5  Silica fme-cement 3% NaCl 5%
SF-10 10%
SF-15 15%
FA-10 Fly ash—cement 3% NaCl 10%
FA-20 20%
FA-30 30%
SL-10 Slag—cement 3% NaCl 10%
SL-20 20%
SL-30 30%
SL-40 40%
SL-50 50%

Table 3 Proportion of aggressive solutions and cement pastes
for different leaching stages

Experi- Paste Solution  Experi- Paste Solution
mental powder volume mental powder volume
ID ® (mL) ID €9) (mL)

1 12 250 8 1 250

2 10 250 1 500

3 8 250 10 1 750

4 250 11 1 1000

5 250 12 1 1500

6 2 250 13 1 2000

7 1.5 250 14 1 3000

and sieved through a 200-mesh screen. Based on the
proportions outlined in Table 3, pastes and solutions
were thoroughly mixed using a magnetic stirrer for
seven days to achieve dissolution equilibrium. Fol-
lowing dissolution, the solid and liquid phases were
separated through vacuum pump filtration using a
microporous filter membrane (0.45 um). The calcium
content in the liquid phase was determined using the
EDTA titration method [57]. To ensure accuracy,
each equilibrium point was repeated three times, aim-
ing for a relative error of less than 3%. The calcium
content in the solid phase was calculated by subtract-
ing the measured liquid-phase calcium from the ini-
tial total calcium concentration.

2.4 Determination of solid-liquid equilibrium curve
parameters

The mathematical representation of the solid-liquid
equilibrium curve is shown in Eq. (1). The calcium
concentrations in cement hydrates and pore solutions
are denoted as Cyjq and Cjqiq, Tespectively. x; rep-
resents the concentration of calcium ions in the pore
solution at the onset of rapid C—S—H dissolution; x, is
the concentration of calcium ions at the onset of slow
C-S-H dissolution when CH is fully dissolved. C,,
represents the saturated calcium ion concentration in
the pore solution. These parameters (x;, x,, and Cg)
are critical in defining the leaching curve and are
influenced by external aggressive solutions.
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Fig. 1 Experimental procedure for determining the solid-liquid equilibrium curve
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where Cigyo and Cgy, represent the initial calcium
concentration in the C—S-H and CH of composite
binder pastes, respectively, which are related to the
material composition of pastes. They can be quan-
titatively calculated from their oxide composition
using Bogue’s equations or measured experimentally
via techniques such as quantitative X-ray diffraction,
microscopy, and liquid extraction [58].

It should be noted that the calculation of Cggpyo
and Ccyyo in composite binder pastes differs from that
in pure cement pastes due to the pozzolanic proper-
ties of SCMs. Specifically, the SiO, in silica fume or
fly ash reacts only with CH in cement hydrates. In
contrast, the CaO in slag exhibits hardening proper-
ties upon excitation of CH in cement hydrates. Fur-
thermore, SiO, and Al,O; in slag undergo secondary

hydration with CH to form C—(A)-S-H. In this study,
the calcium to silica ratio in C—S—H generated by
cement hydration is 1.7 [47], while for the hydration
by silica fume or fly ash, it is 1.1 [59]. To enhance
comparability in leaching resistance among differ-
ent composite cement pastes, this study assumes that
the leaching properties of C-S—H and C-A-S—H are
similar, and the calcium-silicon ratio of C—S—-H and
C—A-S—H are averaged to an equilibrated.

Thus, Crgy and Ceyy are calculated separately for
slag cement and silica fume or fly ash cement. For
silica fume or fly ash cement pastes, the C—S—-H and
CH generated by cement hydration (Cggi™, Ceqp™
are expressed as Eqgs. (2) and (3). The amount of CH
consumed (C(S:];/fA) and the C—S-H generated (C(S:?EA)
by silica fume or fly ash are calculated using Eqgs. (4)

and (5).

Coan™ = (17 X fe /228 + 1.7 X fu s /172) X p X m™ ™ /(1 + w/c) X a X 10° )
Corm = (1.3 X fe,5/228 + 0.3 X fu s/172) X p X m™ ™ /(1 + w/c) X a X 10° 3)
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Coit = =11 SiOF™A /M, X mS*FA 5 p /(1 +w/c) x a7 x 106

“
Coa = LIXSIOS™A /Mg, x mS™™A 5 p /(1 +w/c) x a7 x 10

S
a =0.239 + 0.745tanh[3.62 X (w/(c + &S mSFFA) — 0.095) ] 6)

where a and o5FFA

are the hydration degree of pure
cement paste and silica fume (or fly ash), respec-
tively; SiO?F/F A and Mg, are the mass fraction and
molar mass of SiO, in the silica fume or fly ash;
memem and mSTFA are the masses of cement and silica
fume or fly ash in the composite binder paste, respec-
tively; fc.s and fc,g can be calculated by Bogue’s
equations; p is the density of composite binder pastes.
For slag—cement hydration, stoichiometric models

[58] are used as shown in Eqs. (7) to (16).

cement __ cement

nEe™ = (fo,s/Meys) X m™ ™ X a (7
cement __ cement

™ = (fo,s/ Mcys) X me ™™ X o (8)
cement __ cement cement

e = 1.3nC3s + 0'3nCZS 9)

SL
CaO®" SO
ngﬁozmSanSLx -2X
Meqo Mo,

(10)

SL SL SL
BSE = St oSt x ALO; _ Mgo™ SO;
ALO; —
20 MA1203 5% Myie0 3% MSOZ

an

SL SL
SL SL ., SL ALO; MgO’* S0O;
Mo =M= Xa™ X - -
203 M0, 5X My 3% Mg,
(12)
SL _ SL
L7nge, —ngyo a3
p =
cement sL _ ,SL
neg -+ LTnge —neg
l.7(n{?3"§em + nzfz"ée"‘) + nglgo +pnzflf1“e"‘ + 085”2&)5 - 4;1/541“203
ACa/ Si = - SL cement cement - - (14)
1.36)1Si02 +"C;S +nCZS
Coh = pxnsS™ x p/(1+w/c)x 10° (15)
SL _ SL 6
Cesu = Nsio, X Acasi X /(1 +w/c)x 10 (16)

where M; and n’l represent the molar mass and moles
of the phase i in j (cement or slag); p is the propor-
tion of the consumed CH to the total amount pro-
duced; Acys; is the averaged calcium-silica ratio; a®"
is the hydration degree of slag. Combining the analy-
ses above, Cegyyg and Ceyg in composite binder paste
before calcium leaching can be calculated as:

Coro = C&™" + Cop™™ (17)
SF/FA/SL
Cesno = Cogri + Clsy (18)

3 Results and discussion
3.1 Analysis of the solid-liquid equilibrium curve

3.1.1 Solid-liquid equilibrium curves of pure cement
pastes

The solid—liquid equilibrium curves for pure cement
pastes in 3% NaCl and deionized water are depicted
in Fig. 2. These curves illustrate that the calcium
leaching process in NaCl solution follows a simi-
lar three-stage pattern as in deionized water, char-
acterized by rapid dissolution of CH, followed by
slow decalcification of C-S-H, and then a rapid
decalcification of C—S—H. Table 4 presents the fit-
ting parameters of these equilibrium curves, derived
from experimental data.

10000 1 In deionized water
Experimental points
8000 | Equilibrium curve

6000

4000

In 3% NaCl

Solid-phase calcium (mmol/L)

2000 m  Experimental points
Equilibrium curve
0 1 1 1 1
0 5 10 15 20 25

Liquid-phase calcium ions (mmol/L)

Fig. 2 Solid-liquid equilibrium curves of pure cement pastes
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Table 4 Fitting parameters
of equilibrium curves in the

Fitting parameters x; (mol/m>)

x, (mol/m*)  C,

a (MOI/M?)  Cegpyo (Mol/m?)  Cyyg (mol/m?)

pure cement paste group Deionized water 3.4

3% NaCl 8.0

20.4 22.4
23.6 25.6

3602.87
3602.87

6820.89
6820.89

A comparative analysis of these parameters (x;,
x,, and Cg,,) shows that the values in 3% NaCl are
consistently higher than those in deionized water.
This suggests an accelerated dissolution of solid-
phase calcium under 3% NaCl attack, likely due to
a more significant concentration gradient of calcium
ions between the pore solution and the external
environment. Additionally, the equilibrium curve in
3% NaCl lies below that in deionized water, imply-
ing that for identical calcium ion concentrations in
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=
S

£ 8000
E
£ 6000}
=
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g 4000
i:; 5% silica fume
o 2000 Experimental points
g | i lEquilibrlium cur\lze

% s 10 15 20 25
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o 4000F

Es 15% silica fume
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% —s5 10 15 20 25
Liquid-phase calcium ions (mmol/L)
(c)

the pore solution, cement pastes in 3% NaCl retain
less solid-phase calcium. This observation indicates
that calcium leaching in cement pastes is more pro-
nounced under 3% NaCl attack compared to deion-
ized water. When comparing only the saturated
concentration of calcium ions, calcium leaching in
cement pastes exposed to 3% NaCl accelerated by
approximately 14% compared to that in deionized
water.

—
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Fig. 3 Solid-liquid equilibrium curves of silica fume—cement pastes: a 5% silica fume, b 10% silica fume, ¢ 15% silica fume, d

comparison of equilibrium curves
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Table 5 Fitting parameters Silica fume-  x, (mol/m®  x, mol/m?®)  Cy, (molm®)  Cegppo (MOl/M?)  Ceyyo (mol/m?)
of equilibrium curves in the content (%)
silica fume—cement paste
group 0 8.0 23.6 25.6 6820.89 3602.87
5 8.0 224 244 7282.68 2625.74
10 8.0 20.6 21.6 7745.04 1646.64
15 8.0 17.4 18.0 8046.02 827.54

3.1.2 Solid-liquid equilibrium curves of silica fume—
cement pastes in 3% NaCl

Figure 3 illustrates the solid-liquid equilibrium
curves for silica fume—cement pastes in a 3% NaCl
solution. These curves, representing silica fume pro-
portions of 5, 10, and 15%, all exhibit a three-stage
leaching behavior. The experimental data fit well
with the classical solid-liquid equilibrium equation.
Key parameters of the equilibrium curve are summa-
rized in Table 5. As the silica fume dosage increases,
the saturated calcium concentration (Cg,,) and the
liquid-phase calcium concentration at the onset of
slow C—S-H leaching (x,) show a decreasing trend,
while the liquid-phase calcium concentration at the
onset of rapid C-S-H leaching (x;) remains con-
stant at 8 mmol/L. Calcium leaching in cementitious
materials involves two primary processes: dissolution
and diffusion transport of ions. The lower ion con-
centrations (x;, x,, and Cg,,) in the pore solution, as
observed with increasing silica fume content, contrib-
ute to a reduced concentration gradient. This reduc-
tion in gradient during the outward diffusion of cal-
cium ions consequently decelerates the dissolution
process [40].

The dissolution stage of CH in the composite
binder paste shortens with increasing silica fume dos-
age. This is attributed to the reduced cement content
in the composite binder pastes and the consumption
of CH by the high silica content in the replacement
material [60]. Silica fume, with a high SiO, content
of 96.8%, reacts with CH in cement hydrates to form
C-S-H gel. In silica fume—cement composite pastes,
the CH content decreases due to cement replacement,
but the overall C—S—H content increases owing to sec-
ondary hydration. The resultant C—S—H gel reduces
porosity, thereby enhancing the material’s resistance
to leaching [20]. Notably, as depicted in Fig. 3c, when
the silica fume content reaches 15%, the CH dissolu-
tion stage is almost absent in the equilibrium curve.

It is important to control the silica fume proportion
in composite cement pastes to avoid the drawbacks of
excess silica fume, which may not contribute to sec-
ondary hydration effects and can be costly. Optimal
amounts of silica fume can significantly improve the
dissolution resistance of cementitious materials due
to its potent hydration activity.

3.1.3 Solid-liquid equilibrium curves of fly ash—
cement pastes in 3% NaCl

Figure 4 shows the solid-liquid equilibrium curves
for fly ash-cement pastes in 3% NaCl, focusing on fly
ash dosages of 10, 20, and 30%. Similar to previous
observations, these curves exhibit a three-stage leach-
ing behavior, with the CH dissolution stage becoming
progressively shorter as the fly ash content increases.
The classical solid-liquid equilibrium equation fits
the experimental data well, and the fitting param-
eters are summarized in Table 6. Notably, as the fly
ash dosage increases, both the saturated calcium con-
centration (Cg,,) and the liquid-phase calcium con-
centration at the onset of slow C—S—H leaching (x,)
decrease, while the liquid-phase calcium concentra-
tion at the onset of rapid C—S—H leaching (x,) consist-
ently remains at 8 mmol/L. This pattern is attributed
to the pozzolanic reaction of fly ash, which reduces
the concentration of liquid-phase calcium in the pore
solution, thereby diminishing the outward diffusion
gradient of calcium ions [23].

Fly ash serves two distinct functions in composite
binder pastes: (i) as a filler and (ii) as a reactive chem-
ical component [61]. Similar to silica fume—cement
pastes, the CH dissolution stage is reduced with
increasing fly ash content [52]. At a 30% fly ash con-
tent, as illustrated in Fig. 4c, the CH dissolution stage
is barely perceptible due to the complete consump-
tion of CH by the secondary hydration of fly ash.
However, in comparison to pure cement pastes, the
C-S-H content in fly ash—cement composite pastes is
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Table 6 Eitting pa.rarr}etcrs Fly ash
of equilibrium curves in the
fly ash—cement paste group

X (mol/m3)
content (%)

x, (mol/m®)  Cgy (mol/m®)  Cegpyp (Mol/m?®)  Cyy (mol/m?)

0 8.0
10 8.0
20 8.0
30 8.0

23.6
22.5
20.8
20.0

25.6 6820.89 3602.87
232 6606.51 2863.14
21.7 6352.24 2128.89
20.6 6059.74 1399.34

lower, indicating that the secondary hydration effect
of fly ash is weaker than that of silica fume [62]. The
increase in C—S—H gel content from fly ash hydration
does not fully compensate for the reduction caused by
the decreased cement content. A significant drawback

of adding fly ash is the reduction of early strength in
mortars and concrete [63]. Consequently, composite
cement pastes containing fly ash exhibit inferior cal-
cium leaching resistance compared to those contain-

ing silica fume [64].
nilem
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x, (mol/m?)

Cyyry (mol/m®)

Cespo (mol/m?)

Cep (mol/m?)

Table 7 Eitting pmameters Slag con-  x, (mol/m?)

of equilibrium curves in the
tent (%)

slag—cement paste group
0 8.0 23.6
10 8.0 23.0
20 8.0 20.6
30 8.0 18.2
40 8.0 13.8
50 8.0 9.8

25.6 6820.89 3602.87
23.8 6968.68 3119.88
21.4 7032.14 2646.95
18.5 7016.83 2186.92
14.1 6925.17 1743.74
10.4 6756.65 1322.88

3.1.4 Solid-liquid equilibrium curve of slag—cement
pastes in 3% NaCl

Figure 5 displays the solid-liquid equilibrium
curves for slag—cement pastes in a 3% NaCl solu-
tion. Similar to the effects observed with silica fume
and fly ash, the addition of slag maintains the three-
stage leaching process of CH and C—S—H. The fit-
ting parameters for these curves are presented in
Table 7. With an increasing dosage of slag, both
the saturated calcium concentration (Cg,,,) and the
liquid-phase calcium concentration at the onset of
slow C—S-H leaching (x,) show a decreasing trend,
while the liquid-phase calcium concentration at the
onset of rapid C-S—H leaching (x;) remains con-
stant at 8 mmol/L.

As the proportion of slag is increased, the CH
dissolution stage is notably shortened, reflecting the
additional calcium demand created by slag hydration.
This demand is met either by CH resulting from Port-
land cement hydration [58] or by a lower C/S ratio
in the C—S—-H [65]. Additionally, the total concentra-
tion of solid-phase calcium decreases with a rising
slag dosage. However, the C—(A)-S—H content first
increases and then decreases, peaking at a 20% slag
proportion. This peak is attributed to the reduction in
C-S-H due to lower cement content and the concur-
rent increase in C—(A)-S—H from slag hydration.

The hydration process of slag—cement pastes is
more complex compared to pastes containing silica
fume and fly ash, influenced by various factors like
water—cement ratio, temperature, slag reactivity, and
fineness. Consequently, accurately calculating the
initial concentrations of CH and C-S-H (C-A-S-H)
through theoretical derivation is challenging [58].
Therefore, an averaged calcium-silicon ratio of
C-S-H and C-A-S-H was used for the solid-liquid
equilibrium curve, falling between the C/S ratios of

C-A-S-H and C-S-H. As shown in Fig. 5, experi-
mental values in the rapid dissolution stage of C—S—H
are lower than theoretical values, while in the slow
dissolution stage, they are higher.

Despite this, the key focus of this study is the key
parameters of liquid-phase calcium, corresponding to
the inflection points of the equilibrium curves. The
horizontal coordinates of the inflection points in both
experimental and theoretical curves align well, as
seen in Fig. 5. This alignment indicates that the study
successfully captures the crucial aspects of calcium
leaching.

3.2 Relationship between key parameters of
equilibrium curve and SCM proportion

The solid-liquid equilibrium curve is essential for
understanding the relationship between calcium con-
centration in cement hydrates and pore solutions. It
facilitates the calculation of the dissolution rate of
solid-phase calcium in the transport-reaction equation
of calcium ions. Within this curve, Crgy and Ceyg
are derived from the chemical and mineral composi-
tion of cementitious materials, while x;, x,, and Cg,,
are influenced by the material composition and ero-
sive environment, necessitating experimental data
fitting. Section 3.1 establishes that x; remains con-
stant at 8 mmol/L in a 3% NaCl solution and does not
change with SCM proportions. Therefore, this study
focuses on the functional relationship between x, and
C, as influenced by SCM content.

3.2.1 Concentration of calcium ions x, at the onset

of C—S-H slow leaching

X, indicates the concentration of calcium ions at

the onset of C—S—H slow leaching. Figure 6 depicts
the relationship between SCM content and x,.

niem
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Fig. 6 Critical parameter x, for different composite cement pastes: a silica fume—cement paste, b fly ash-cement paste, ¢ slag—

cement paste, d relationship between Cy,, and x,

The fitted curves show a strong linear relationship
between SCM content and x,, with over 90% accu-
racy, regardless of SCM type. This suggests that with
higher SCM proportions within their maximum dos-
age range, the calcium ion concentration at the start
of C—S—H decalcification decreases, which can slow
down the C-S—-H leaching process by reducing the
concentration gradient. Previous studies have used
empirical relationships to determine x, in relation to
the saturated calcium ion concentration [40, 47, 66].
Figure 6d further examines the relationship between
x, and C,,, revealing a consistent linear relationship
with a slope of approximately 90%, aligning with
findings reported in [30].

3.2.2 The saturated concentration of calcium ions
in the pore solution

Cqaw 1s a crucial parameter representing the solubil-
ity of solid-phase calcium in a 3% NaCl solution. A
higher C,, indicates a greater concentration gradient
between the pore solution and the external environ-
ment, enhancing the dissolution of calcium ions from
cement hydrates. While C,, is higher in aggressive
solutions compared to deionized water, the addi-
tion of SCMs can reduce it. Figure 7 illustrates the
relationship between C,,, and SCM content. Results
show a robust linear correlation between C,, and
SCM content, with over 90% accuracy, regardless of
SCM type. Figure 7d compares the impact of SCM
content on the saturated calcium ions concentration,



Materials and Structures (2024) 57:47

Page 13 0of 17 47

26k o C,,, insilica fume
o Fitted curve
m]
o 24r
o R*=0.936
é 22+
d [u]
DE 20
y=-0.512x + 26.24 (0 <x < 15)
18 [ 1 1 1 ?
0 5 10 15
Silica fume content (%)
(a)
28 i D Cmtu in SIag
0 Fitted curve
24 + a
O R=0.971
m]

C,up, (mmol/L)
—_— [\]
o S

&
12k ¥=-0.309 x +26.68 (0 < x < 50)

m]
8 1 1 1 1 1 1
10 20 30 40 50
Slag content (%)
(c)

26 o Cmtu in ﬂy aSh
- Fitted curve
o 24}
E o R™=0.954
£
> 20 »=-0.165x + 25.25 (0 <x < 30) o
18 L 1 1 1
0 10 20 30
Fly ash content (%)
(b)
27T ——silica fume
24 F —7— fly ash
= —/—slag
2 21}
g
g 18
5 15f
O 5
12F
9F 1 L L . ; ;
0 10 20 30 40 50
Content (%)
(d)
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cement paste, d comparison of C,, for different SCM contents

demonstrating that silica fume-cement systems
exhibit a more significant decrease in calcium ion sat-
uration for the same SCM proportion change. Hence,
controlling silica fume content in composite cement
pastes is vital. Within the maximum SCM propor-
tion range, a high slag content can lead to the lowest
saturated concentration of calcium ions, potentially
enhancing the leaching resistance of cementitious
materials.

3.3 Comparison of leaching resistance for different
SCM proportions in composite cement pastes

In this section, we compare the leaching resistance of
composite cement pastes with varying proportions of
SCMs. The solid-liquid equilibrium curve effectively

illustrates the calcium leaching stages in cementi-
tious materials, simulating the leaching process under
various aggressive conditions and material proper-
ties. This curve primarily depicts the decalcification
process of cementitious materials at the microscopic
pore scale. Therefore, we can only assess the calcium
leaching resistance based on solid-phase calcium con-
tent and calcium ion concentration gradients.

By analyzing changes in the saturated calcium ions
concentration, total calcium concentration, and the
relative content of CH and C—S—H, the leachability of
different composite cement pastes is compared. The
saturated calcium ion concentration in the pore solu-
tion reflects the maximum concentration gradient for
the outward diffusion of calcium ions. A larger gradi-
ent facilitates more calcium dissolution from cement
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Table 8 Comparison of leaching resistance performance of
composite binder pastes with different SCMs (The experimen-
tal group of SL-50 has the best leaching resistance)

ID Resan Rewesu Rrotal Score
SF-5 0.953 0.683 1.052 2.688
SF-10 0.844 0.403 1.110 2.356
SF-15 0.703 0.195 1.175 2.073
FA-10 0.906 0.82 1.101 2.827
FA-20 0.848 0.634 1.229 2711
FA-30 0.805 0.437 1.397 2.639
SL-10 0.93 0.848 1.033 2.81

SL-20 0.836 0.713 1.077 2.625
SL-30 0.723 0.590 1.133 2.445
SL-40 0.551 0.477 1.202 2.230
SL-50 0.406 0.371 1.290 2.067

hydrates, implying that pastes with higher leaching
resistance have lower saturated calcium ion concen-
trations. The total calcium concentration, indicative
of CH and C-S-H content before leaching, correlates
with leaching resistance, with higher total solid-phase
calcium suggesting better resistance. Additionally,
the C—S—H gel is crucial for cement hydrates, with
high C-S-H content generally signifying greater
leaching resistance. However, CH is a double-edged
sword: while it serves as a reserve for concrete alka-
linity, its rapid dissolution can increase porosity and
accelerate calcium leaching. Therefore, the ratio of
CH to C-S—-H is an important indicator of leaching
resistance, with lower CH content under the same
solid-phase calcium concentration indicating better
resistance.

Each composite cement paste was scored for its
leaching resistance using Eq. (19), with the results
presented in Table 8. R, is the ratio of saturated cal-
cium ion concentration in composite binder pastes to
that in pure cement pastes. Rqyycsy and Ry, represent
the ratios of calcium phases and total calcium phases
in composite binder pastes to those in pure cement
pastes, respectively. The experimental condition yield-
ing the lowest Score indicates the best calcium leach-
ing resistance. For silica fume—cement pastes, a 15%
silica fume proportion showed the best resistance. For
fly ash-cement pastes, a 30% fly ash proportion was
optimal. For slag—cement pastes, a 50% slag proportion
exhibited the best resistance. A comprehensive com-
parison reveals that composite cement pastes with 50%

slag are the most optimal. These findings align with
previous studies by Tang et al. [51], Han et al. [50],
and Roziere et al. [67], which conducted accelerated
leaching experiments on various composite cement
pastes. This concurrence validates the reasonable-
ness and scientific accuracy of this study in assessing
leaching resistance from the perspective of solid-lig-
uid equilibrium curves. However, the Score is calcu-
lated based on equal weighting of the three indicators’
impact on leaching resistance performance. The results
are semi-quantitative, and further accelerated leaching
tests are necessary to validate the study’s findings, tak-
ing into account various factors such as microstructure,
mechanical properties, and phase compositions.

Score = R g, + Rewcsu + Rrol 19

4 Conclusions

In this study, the solid-liquid equilibrium curves of
calcium in composite binder paste exposed to 3%
NaCl were investigated. A functional relationship
between the key parameters of the leaching curves
(x;, x,, and Cg,,) and the proportions of SCMs was
established, and the leaching resistance of these
pastes was evaluated from the perspective of leaching
curves. These findings provide a theoretical founda-
tion for developing concrete deterioration models and
guidance for designing anti-leaching concrete. The
specific conclusions are as follows:

e The calcium leaching process in NaCl solution
followed a similar three-stage pattern as in deion-
ized water. When comparing only the saturated
concentration of calcium ions, calcium leaching in
cement pastes exposed to 3% NaCl accelerated by
approximately 14% compared to that in deionized
water.

e In a 3% NaCl environment, both the saturated
concentration of calcium ions (Cg,,) and the lig-
uid-phase calcium concentration at the onset of
slow C-S-H leaching (x,) demonstrated a linear
decrease with increasing SCM content, while the
liquid-phase calcium concentration at the onset of
rapid C-S-H leaching (x,) consistently remained
at 8 mmol/L.
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e An analysis of the saturated concentration of
calcium ions, the initial total solid-phase cal-
cium content, and the relative content of CH and
C-S-H revealed that composite binder pastes with
15% silica fume, 30% fly ash, and 50% slag exhib-
ited enhanced leaching resistance. Notably, silica
fume had the most substantial effect on C,,,,, with

50% slag in the composite cement pastes showing

the best overall leaching resistance.

Future research should focus on several key areas:
(1) Conducting accelerated leaching experiments
in a 3% NaCl solution to validate the optimal SCM
proportions; (2) Developing a concrete deteriora-
tion model incorporating calcium leaching based on
solid—liquid equilibrium curves, and comparing its
outcomes with accelerated leaching experiments; (3)
Investigating the calcium leaching process in various
NaCl concentrations and other aggressive solutions.
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