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Abstract
While theMgCl2 mixing alite paste causes degradation of themodulus and hard-
ness of C–S–H formed, the underlying degradationmechanismneeds to be better
understood. This study comprehensively analyzed the mechanical properties of
alite pastes mixed withMgCl2 solutions, examining the effects at bothmesoscale
and nanoscale. The in situ X-ray diffraction analysis revealed that the formation
of brucite occurred at a very early age together with the formation of portlandite,
which may induce a loosened packing density of C−S−H and served as the pri-
mary cause of modulus and hardness degradation. We used Bayesian statistical
models to fit the nanoindentation data of C−S−H. By extrapolation at a pack-
ing fraction equal to unity, we were able to extract elastic properties (modulus
and hardness) of the C−S−H nanograins. The nanoscale C−S−H elastic modu-
lus showed no significant alterations in themechanical properties of the C−S−H
nanostructures. Atomistic simulations also suggested that Mg2+ ions preferably
substitute interlayer Ca rather than intralayer Ca in C−S−H, and theMg docking
in CSH induced a very modest volume contraction.
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1 INTRODUCTION

Seawater concrete has drawnmore andmore attention due
to the freshwater shortage problem, especially in regions
like the Middle East, North Africa, and some remote
islands.1,2 By 2030, about 700 million people are predicted
to suffer water scarcity, according to a World Meteorologi-
cal Organization (WMO) report.3 In contrast, about 71% of
the surface of the Earth is covered with seawater. That is a
vast water resource.
The early application of seawater concrete can be traced

back to ancient Roman concrete more than 2000 years
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ago.4 The structures still showed excellent longevity. How-
ever, modern concrete structures rarely use or forbid
seawater in concrete mixing. The high chloride content
in seawater causes the steel bars, the main component in
concrete, to get rusted.5–7 Fortunately, the invention and
application of fiber-reinforced polymer (FRP)may support
promising seawater usage since FRP bars show excellent
corrosion resistance and better durability when exposed to
seawater.8,9
Significant progress has been made in recent years

in the study of seawater concrete, with research focus-
ing on cement hydration,10–15 microstructure10,12–15 and
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mechanical strength.10,12–15 Most studies agreed that sea-
water concrete attains higher early strength than fresh-
water concrete.10,16–18 Moreover, incorporating seawater
would cause the morphology change of hydration prod-
ucts. The main morphological change observed was in
the C−S−H structure. In contrast to the isolated clus-
ters observed in distilled water, the C−S−H formed in
seawater-mixed samples exhibited dense clusters intercon-
nected with needle-like gypsum crystals.19 However, there
are inconsistent research results regarding the mechani-
cal performance of seawater concrete. For instance, Younis
et al. showed that with the incorporation of seawater
as the mixing water, the compressive strength of seawa-
ter concrete is inferior to ordinary concrete after 28 days
(decreased about 7%−10%),10 which was probably due to
leaching of hydration products,20 or sulfate attack.21 While
Shi et al. found that the 28 days compressive strength of
seawater concrete was 22% larger than that of ordinary
freshwater concrete, attributed to the acceleration effect
of seawater and more C−S−H formed.22 This discrepancy
may be due to differences in seawater and cement types.
Seawater is a complicated system, abundant with var-

ious ions, mainly Na+, Mg2+, and Cl. So, some research
has been conducted on single-salt solutions. There were
already some studies on the effects of NaCl on the hydra-
tion of cement23 and alite.24–26 Similar to seawater, an
acceleration effect was also observed. However, when it
comes to the impacts of the MgCl2 solution and seawater,
degradation was observed for the alite pastes despite the
acceleration effect, as indicated by our previous study.24
Effects of different cations based on their chloride salts
were studied, and the results showed that incorporating
Mg2+ would decrease the micro-mechanical properties
(modulus and hardness) of alite pastes.27 Nevertheless, the
impact of Mg2+ incorporation on the mechanical prop-
erties of C−S−H itself at the micro level, excluding the
mesopores among the gels, remains unexplored. Several
studies have suggested that Mg2+ may enter the C−S−H
structure.28,29 A recent study by Liu et al. has combined
multiple techniques to demonstrate that a small amount
of Mg2+ would incorporate into the interlayer of C−S−H
without affecting the structure of C−S−H.30 Also, an
extension model for the uptake of alkaline earth metals
by C−S−H indicated magnesium uptake by C−S−H, but
the amount was limited.31 However, in the previous study,
the effect of Mg2+ on the nanotexture and mechanical
properties of C−S−H is still to be understood from the
nanoscale using the atomistic simulation technique and
experimental analysis.
Nanoindentation has emerged as a valuable tech-

nique for investigating the micromechanical properties of
cementitious materials.32 This method involves the appli-
cation of controlled forces on a small scale, allowing for

the determination of crucial parameters such as modulus
and hardness. These parameters are essential for com-
paring the properties of hydration products, and their
accurate measurement aids in understanding the mechan-
ical behavior of cementitious materials.33 In addition
to nanoindentation, atomistic simulations offer another
effective approach for studying the underlying mecha-
nisms governing various mechanical behaviors observed
in cementitious materials. By simulating the interactions
between individual atoms, atomistic simulations con-
tribute to unraveling the complex nature of hydration
products and their mechanical response.34,35
By combining various experimental techniques with

atomistic simulations, this study aimed to comprehend
the impact of MgCl2 on the mechanical properties of alite
pastes at both the mesoscale and nanoscale. Through this
understanding, we hope to improve the application of sea-
water concrete and enable the design of its mix more
scientifically.

2 MATERIALS ANDMETHODS

2.1 Materials and sample preparation

Laboratory-synthesized alite was used in this study, and
the synthesis process followed the method proposed by
Li et al.36 Based on the X-ray diffraction (XRD) analysis,
the purity of the raw material reached 94.1 wt.%. Malvern
MS3000 laser particle analyzer was adopted to analyze the
particle size distribution. The average particle size and spe-
cific surface area of the alite powders were 16.9 µm and 7
202 cm2/g, respectively. The details of the properties of alite
can be checked in our previous studies.27
0.42 mol/L MgCl2 (MC) solutions were prepared with

AR-grade reagent. The alite was mixed separately with DI
water and MC solution at a solution-to-binder ratio of 0.5.

2.2 Characterization and analysis
methods

In situ XRD was performed using a Rigaku Smartlab
diffractometer. The power generator operated at 45 kV
and 200 mA. Cu Kα radiation was used. Alite was mixed
with aimed solutions at the solution to the binder of 0.5
for 1 min, then placed on the sample holder. The sam-
ples were coveredwith Kapton polyimide film tominimize
water loss and carbonation effects. During the in situ XRD
test, the data were recorded every 50 min, up to 500 min.
The test range was from 5◦ to 80◦ 2θ with a step width
of 0.02◦ 2θ. The Rietveld refinement was conducted on
the softwater Highscore Plus 4.9, and the external K-factor
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5328 SUN et al.

F IGURE 1 In-situ XRD pattern of hydrating alite paste after
500 min hydration. The pattern of each profile is shown. Rwp refers
to the weighted residue, where a lower value indicates a better
fitting. XRD, X-ray diffraction.

corrected method was selected.37 ZnO was adopted as the
external standard to help modify the K-factor. The Kap-
ton film model was obtained with a Pawley fit with a
ZnO sample covered with Kapton film.38 Using a similar
approach, a water/ZnO ratio of 0.5 sample was used to
determine the water model and a 24 h hydrated alite paste
was used to determine the C–S–H model. The example
for the quantification analysis is shown in Figure 1, where
the contents of alite and portlandite of the pastes can be
determined.
The micro-mechanical properties of the alite pastes

were analyzed with a Nano-indenter (Hysitron TI Premier,
Bruker) equipped with a three-sided pyramid Berkovich
tip. Before the testing, the equipment was calibrated on
a standard sample, fused quartz. The maximum load-
ing of 2 000 µN was applied on the polished surface of
the alite pastes. One hundred data points were collected
for statistical analysis based on each sample’s multivari-
ate cluster modeling approach. The maximum likelihood
estimation39 was adopted, assuming the data followed
a Gaussian mixture model. The nanoindentation results
were further analyzed to get the packing density based on
the method proposed by Ulm et al.40,41 For detailed infor-
mation on the nanoindentation test, we refer to a previous
research publication.27
The structure of C–S–H was studied based on the 29Si

solid-state nuclear magnetic resonance (NMR) spectrome-
ter (JEOL ECZ 500MHZ). One thousand twenty-four scans
were conducted for each test, and the relaxation delay was

20 s. The spectra were then deconvoluted to differentiate
various Si statuses.

2.3 Atomistic simulation methods

2.3.1 C–S–H model

To describe the disordered molecular structure of C–S–
H, Pellenq et al.34 proposed a realistic model for C–S–H
with the stoichiometry of (CaO)1.65(SiO2)(H2O)1.73. The
C–S–H model was generated by introducing defects in
an 11 Å tobermorite configuration, following a combi-
natorial procedure. 11 Å tobermorite consists of pseudo-
octahedral calcium oxide sheets surrounded by tetrahedral
silicate chains. The latter consists of bridging oxygen
atoms and Q2 silicon atoms (having two bridging and
two non-bridging terminal oxygen atoms). Those nega-
tively charged calcium–silicate sheets are separated by an
interlayer spacing, which contains water molecules and
charge-balancing calcium cations.42 Whereas the Ca/Si
ratio in 11 Å tobermorite is 1, this ratio is increased to
1.7 in the present C–S–H model by randomly remov-
ing electroneutral SiO2 groups. Defects in silicate chains
provide possible sites for the adsorption of extra water
molecules. The adsorption of water molecules in the struc-
turally defective tobermorite model was performed via the
Grand Canonical Monte Carlo method, ensuring equi-
librium with bulk water at constant volume and room
temperature.43 A comprehensive study covering the range
of Ca/Si ratio relevant to C–S–H chemistry (i.e., between 1
and 2) was subsequently carried out by Qomi et al.35,44–46
using reactive interatomic potentials allowing to take care
of reactivity induced by the numerical sample prepara-
tion procedure. When we construct the molecular models
for C–S–H, we may inevitably cause some defects (e.g.,
poorly coordinated structure of surface ions), whichmight
influence the surface stability (reactivity). Therefore, as
conducted in previous studies, we used the reactive inter-
atomic potentials to equilibrate the models by allowing
the chemical bonds to form or break. It was shown that
the used sample here at Ca/Si = 1.7 did not show any sig-
nificant change besides local relaxation and the breakage
of a few water molecules. This was subsequently con-
firmed using ab initio density-functional theory (DFT)
calculations47 (see SI for DFT pair correlation functions).

2.3.2 Exchanging calcium for magnesium

In the context of this work, our atomistic simulation ini-
tiative is mainly inspired by nanoindentation experiments.
The experimental results indicate that Mg ions have a
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SUN et al. 5329

significant impact on the modulus of C–S–H. However, it
cannot be determined whether Mg ions alter the modulus
of C–S–H by entering the molecular structure of C–S–H
itself. Therefore, we considered using atomic simulations
to calculate the hypothetical impact of Mg ions entering
C–S–H on the modulus directly. We explored the pos-
sible set of substitutions, including both interlayer and
intralayer calcium sites in the C–S–H structures, provided
that electro-neutrality is maintained: Ca and Mg share the
same +2 electric charge, Mg being, however, a smaller
species than Ca (Mg–O bond length in MgO is equal to
2.05 Å, while Ca–O bond length in CaO is equal to 2.40
Å, see SI). Still, it remains unclear from NMR experiments
how interlayer Mg can be accommodated in silica chain
vacancies or lacunes, as these are tetrahedral coordination
sites incompatible with magnesium chemistry. Somehow
the same question holds for intralayer sites of the pseudo-
octahedral symmetry, again not a priori compatible with
magnesium chemistry in oxide phases (MgO and CaO
being cubic crystals). In the second stage, the influence of
magnesium substitutions on the mechanical properties of
Mg–C–S–H composite materials will be assessed.

2.3.3 Interatomic potentials

Modeling and simulating complex hydrated oxides require
a well-defined and carefully characterized energy model
that can simultaneously reproduce their mechanical prop-
erties and structural configurations. In our C–S–H struc-
ture, there are different chemical environments for the
same elements, we need to combine different potential
functions to describe the interactions between atoms in
the C–S–H model. Different types of atoms and a diverse
bonding environment for a certain atom shadow the trans-
ferability of candidate potentials. For instance, oxygen
atoms can be either in silica chains, octahedral calcium
sheets or water molecules, exhibiting different behaviors
in each chemical environment. It is covalently bonded in
silica chains, interacts with different species of calcium
atoms in an ionic-covalent fashion and constructs water
molecules with hydrogen atoms. The force field method
describes the interaction between different species by
grouping common interatomic potentials. The force field
employed in this study uses a combination of Lennard–
Jones, Buckingham, Morse, Coulombic, and three-body
terms to construct the potential energy. The calculation of
electrostatic interactions between pairs of ions is carried
out using the 3D-Ewald summation method. The core–
shell model is applied to reproduce the polarizability of
oxygen atoms in the structure effectively.34,48 The anion
oxygen atoms in the layers and water molecules are mod-
eled as polarizable entities consisting of a core and a shell

linked via an elastic spring. The transferability of this force
field has been checked against numerous experimental
data and quantum-mechanical calculations regarding the
Ca, Mg, Si, O, OH/H2O system.48,49 More specifically, the
transferability of geometrical and mechanical properties
was checked for brucite, Mg(OH)249 and Lizardite (Mg-
containing silicate mineral50). All potential expressions
and parameters are given in the Supporting information
of this work, along with results for the mentioned series of
Mg-containing crystalline solids. Note that the core–shell
potential approach gives reasonable results for both textu-
ral and elastic properties. In this work, we used the GULP
simulation code48 to perform free energy minimization
at room temperature using the Hessian diagonalization
approach, as outlined in the Supporting information.

3 RESULTS AND DISCUSSION

3.1 Mesoscale analysis

The experimental results for the nanoindentation test are
shown in Figure S1. It showed that there were still some
data in the range of over 40 GPa, indicating some anhy-
drous alite. It meant that even though at 90 d, more alite
was hydrated in theMC system. However, the amount was
limited. For both systems, the hydration degree was very
high, and most phases were hydration products.
For the C–S–H, it can be further divided into three

phases (pores/defects, low-density (LD) C–S–H and high-
density (HD) C–S–H).51 The deconvolution results are
shown in Figure 2. The results indicated that the modu-
lus and hardness of all three phases decreased when alite
was mixed with MC solution compared to the DI sys-
tem. In the case of pores/defects, the modulus decreased
from 8.45 ± 0.43 GPa for the DI system to 5.17 ± 1.19 GPa
for the MC system, while the hardness decreased from
0.18 ± 0.03 to 0.08 ± 0.07 GPa. Similar tendencies were
observed for the properties of LD C–S–H and HD C–S–
H. These results indicated a degradation in the hydration
products, consistent with our previous study.27
The packing densities were calculated based on the

method proposed by Ulm et al.,40,41 the sample was con-
sidered as a porousmaterial consisting of two components:
a cohesive and frictional solid phase with a packing den-
sity, and an empty pore space, which can be calculated as
1—packing density. The packing density can be correlated
with the Er and H by the following equations:

Er

𝑚𝑠
= Π𝑀 (𝜐𝑠, 𝜂, 𝜂0)

𝐻

𝑐𝑠
= Π𝐻 (𝛼𝑠, 𝜂, 𝜂0, 𝜃)
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(A) (B)

F IGURE 2 Deconvolution results of (A) modulus and (B) hardness of alite pastes mixed with DI and MC solutions and cured for 90 days.

F IGURE 3 The packing density distribution of alite pastes.

where 𝑚𝑠 indicates the modulus when packing density
(𝜂) is close to 1, 𝜐𝑠 is Poisson’s ratio, cohesion is repre-
sented by 𝑐𝑠, the friction coefficient is 𝛼𝑠, and 𝜂0 is the solid
percolation threshold. With a hundred testing points, an
inverse fitting was applied to fit each parameter. The pack-
ing density results were plotted in Figure 3. There were
more weak pores/defects for theMC system, and the pack-
ing density was 0.50 ± 0.01, while the value for the DI
system was 0.58 ± 0.01. The packing density for LD C–S–
H also decreased from 0.63 ± 0.01 to 0.59 ± 0.01 when the
alite was mixed with DI and MC solutions. For the HD C–
S–H, the packing density for the DI systemwas 0.69± 0.01,
while the value for the MC system was 0.66 ± 0.01.
In order to study the phase evolution at the early

hydration, an in situ XRD test was conducted, and the rep-
resentative patterns are shown in Figure 4. At 150 min,
there was already a peak of the brucite formation. It indi-
cated the early formation of brucite. That was consistent

with our previous simulation and experimental results.24
There was already a peak for portlandite at 200 min in the
MC system. It was consistent that the incorporation of MC
would accelerate the hydration rate. At 400 min, the peak
for brucite became more evident. Even though portlandite
was formed in the DI system, the content was far less than
in the MC system. The in situ XRD results were further
quantified and summarized in Figure 5. The consumption
of alite was an index for the hydration degree. It was found
that before 150 min, the consumption of alite was limited
for both groups. It was because theywere in their induction
period. Afterward, the consumption rate started to show
a difference. At 500 min, about 53% of the total alite was
consumed, much higher than in the DI system. Another
critical phase in alite hydration was portlandite. The for-
mation of portlandite was faster in the MC system than in
the reference system. At 500 min, the portlandite content
formed in the MC system was over four times the value in
the DI system. That was mainly due to the increase in the
ionic strength of the solution so that the dissolution of alite
and calcium concentration increased.24 Even though the
incorporation of MC accelerated the hydration process of
alite at an early age, the faster hydration may lead to faster
desaturation of the large pores, which would hinder the
growth of hydration products. That can be another possi-
ble reason for the modulus and hardness degradation of
C–S–H.52

3.2 Microscale analysis

In this work, we used atomistic simulations to explore the
ability of C–S–H to dock magnesium ions in substitutions
for calcium ones. As described in Section 2.3.2, considering
the structural characteristics of C–S–H and the coordina-
tion structures of Mg2+ and Ca2+ ions, Mg ions can enter
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SUN et al. 5331

F IGURE 4 Selected in situ XRD patterns of alite mixed with DI water and MC solutions, hydrated for 150, 200, and 400 min. XRD, X-ray
diffraction.

F IGURE 5 Quantification results for the variation of alite and portlandite content.

the interior of C–S–H in two possible ways: by substituting
Ca2+ ions within or between the layers. Figure 6 shows the
energy changes of the system when Mg2+ replaces Ca2+
ions in these two positions separately. Focusing on inter-

layer substitutions only (see Figure S2), from one to two
Mg2+ → Ca2+ levels of substitutions lead to a decrease of
energy by about a maximum of 3–4 eV/ Mg2+. Due to the
smaller radius of Mg2+ ions than Ca2+ ions, when Mg2+
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5332 SUN et al.

F IGURE 6 (A) Potential energy change upon 1 Mg2+ → 1 Ca2+ substitution(s) for both inter- and intra-layer Ca sites. (B) The C–S–H
model showing the different inter- and intra-layer Ca sites that are substituted by Mg ions. The substituted Ca atoms are magnified and the
peculiar Ca sites with significantly lower potential energies are labeled for clarity.

replaces Ca2+, the newly formed Mg–O bonds are shorter
than Ca–O bonds. The Mg–O interactions are stronger
than the Ca–O interactions, resulting in a greater release
of energy and a lower total energy of the system. It is con-
sistent with the fact that Mg2+ size is smaller than that of
Ca2+, leading to a larger contribution of the electrostatic
interaction.
In general, interlayer substitutions stabilize the system

more than intralayer ones since the former results in lower
potential energy on average. However, it is worth not-
ing that there are some peculiar inter- and intra- layer
Ca sites (e.g., Nos. 10, 11, 15) featuring significantly lower
potential energy after the Mg substitution. It is under-
standable based on the structure model in Figure 6B.
As mentioned above, the decrease in potential energy is
due to the newly formed Mg–O interactions is stronger
than the original Ca–O interactions. Therefore, the weaker
the original Ca–O bonds, the lower the potential energy
after the Mg substitution. Compared with most inter-layer
Ca sites possessing stronger interactions with the silicate
chains, sites 10 and 15 exhibit weaker Ca–O bonds with
water and OH– ions. Similarly, the intra-layer Ca site 11
is almost in the inter-layer region due to the defective
porous nature of the C–S–H network, where the Ca–O
interactions are much weaker than that of Ca sites in the
intra-layer region.53 Thus, the Mg substitution energy of
site 11 is apparently lower than the other intra-layer Ca
sites.
To analyze the C–S–H texture closely uponMg exchange

(inter- and intra-sites), we calculated the Mg–O (solid)
and the Mg–O (water) pair correlation functions as shown
in Figure S4. The Mg–O (solid) distance in the C–S–H
model shows a first correlation peak at 2.05 Å, fairly close
to that found in brucite (with the same Mg–O potential:
2.12 Å), contrasting with the Mg–O (water) at 2.75 Å.
Figure 7 shows that in either case (intra- or inter-layer

substitution sites), Young’s modulus for one substitution
remains relatively constant and close to that of the pristine
C–S–H structure (65 GPa).
Figure 8 presents the variation of the averaged interlayer

distance as a function of the level of interlayer substi-
tutions. The systems tend to have a steady but modest
shrinkage from Mg/(Mg+Ca) > 0.01 upon increasing sub-
stitutions. When theMg substitution level is less than 10%,
the interlayer spacing does not show significant changes
(−0.5% to +0.5% range). However, when the Mg substi-
tution level exceeds 10%, the interlayer spacing gradually
decreases with increasing Mg substitution. This is because
the difference in ionic radii (Mg2+ ions have a smaller
radius than Ca2+ ions) leads to an accumulating contrac-
tion between the layers, which becomes more pronounced
over time. The Mg content reflects on Young’s modulus
of the Mg–C–S–H systems (Figure 9). As expected in the
swelling domain (Mg/(Mg+Ca) < 0.12), it was observed
a decrease in Young’s modulus while in the shrinkage
domain, an increase of Young’s modulus is obtained,
which is in agreement with the expected behavior of
Young’s modulus of materials with increasing density.54
This inducedmodulus increase byMg substitution has also
been observed in calcium sulfoaluminate hydrates.55,56 It
was noted that below the swelling–shrinkage threshold
transition, the Young’s modulus of Mg–C–S–H’s tends to
be lower than that of the pristine structure while above
(i.e., at larger Mg content), the Young’s modus of C–S–
H’s tends to be larger than that of the initial model. This
overall impact of the Mg intake in C–S–H is also reflected
in Figure 10, which shows that Young’s modulus in the
shrinkage domain is generally above the value of the pris-
tine C–S–H (with an interlayer spacing at 12 A) by contrast
to that obtained in the swelling regime that corresponds
to Young’s modulus values lower than that of the initial
C–S–H structure. Overall, low values of the Mg/(Mg+Ca)
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SUN et al. 5333

F IGURE 7 Variations for the Young’s modulus for 1 Mg2+ → Ca2+ substitution in intra- and inter-layer sites.

F IGURE 8 The variation of the interlayer distance upon Mg2+

→ Ca2+ inter-layer substitutions.

ratio (less than 12%) tend to induce a modest swelling of
the Mg–C–S–H structures with a significant decrease of
the Young’s modulus, while a larger Mg/(Mg+Ca) ratio is
prone to induce shrinkage and an increase of the Young’s
modulus of the Mg–C–S–H’s.
To compare the simulation with the experiment, the

modulus and hardness of alite pastes were modeled to a
density close to 1 (Figure 11). A similar indentation mod-
ulus occurred when the packing density came to 1. Even
higher indentation hardness for theMC group when pack-
ing density comes to 1. For DI samples, the stiffness was
60.003 GPa, which was quite similar to the value for the
MC group (60.189 GPa). As for the cohesion, the value
increased from 0.256 to 0.289 GPa, as MgCl2 was incorpo-
rated. The obtained results differed from the predictions
of the atomistic simulation, which suggested that a lim-
ited substitution of Mg would lead to a decrease in the
modulus of C–S–H. Consequently, we aimed to address
this inconsistency through a discussion. While some liter-

ature suggested the possibility of Mg2+ incorporation into
the C–S–H structure,29 the amount seemed to be very low
or can be ignored. That was also indicated by Bernard
et al., who emphasized the lack of direct experimental
evidence for Mg uptake by C–S–H.57 Therefore, based on
the results above, it can be concluded that such incorpo-
ration would not result in the degradation of the C–S–H
gel.
The spectra of the NMR and deconvolution results are

shown in Figure 12 and Table 1 separately. The decon-
volution method was a combination of Lorentzian and
Gaussian functions. The status of the SiO4 tetrahedronwas
classified by Qn, where n referred to the number of bridg-
ing oxygen of the tetrahedron.58 Overlapped Q0 species
were deconvoluted to three different peaks, representing
the unhydrated alite phase.59,60 Compared to the DI group,
the positions of these peaks did not vary much. How-
ever, the integration of Q◦ for the MC group was 11.6 %,
lower than the value for the DI group (18.2%). That indi-
cated more alite was hydrated for the MC group. Q1 and
Q2 species represented the tetrahedrons at the end and
the middle of the C–S–H chains.61 The positions of these
two peaks (Q1 and Q2) did not vary much between these
two groups. That indicated that the structure of C–S–H did
not vary much with the incorporation of MC. As shown
in Table 1, the MC mixed alite paste was richer in Q1

species. That meant the C–S–H formed in the MC sys-
tem had more end-chain tetrahedra, which indicated a
shorter mean chain length (MCL) and lower polymeriza-
tion degree (PD) of C–S–H. These two parameters were
calculated as MCL = 2 × (Q1 + Q2)/Q1 and PD = Q2/Q1.24
The breaking of C–S–H chains caused a decrease in MCL
and PD, which may be due to more cations (Ca2+ and
Mg2+) to break the network of silicate chains.24,62 The exis-
tence of Mg2+ might be incorporated into the gap of the
SiO4 tetrahedron.29 However, the effect was limited. Also,
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F IGURE 9 Young’s modulus as a function of the level of Mg2+ → Ca2+ substitutions.

F IGURE 10 Variation of the Young’s modulus as the systems evolves from shrinking to swelling upon Mg2+ → Ca2+ substitutions.

TABLE 1 Deconvolution results of the 29Si MAS NMR spectra for the samples.

δ (29Si) (ppm) and integration (%)
Samples Q0-1 Q0-2 Q0-3 Q1 Q2 MCL PD (%)
DI −68.9 (2.0) −71.3 (6.4) −73.6 (9.8) −79.2 (58.6) −84.7 (23.2) 2.79 39.5
MC −68.9 (0.6) −71.6 (4.7) −73.8 (6.3) −79.0 (64.0) −84.8 (24.4) 2.76 38.2

atomistic simulations reveal that incorporating Mg2+ in
the C–S–H structure does not affect the micro-mechanical
properties. So, the changes in the C–S–H induced by
Mg2+ upon Ca2+ substitutions at the nanoscale are not

the main reason for the observed degradation. Based on
the nanoindentation analysis, the degradation was due
to the decrease in the packing density induced by the
early formation of brucite. Since the micro-mechanical
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(A) (B)

F IGURE 11 The relationship between micro-mechanical properties and packing density.

F IGURE 1 2 29Si magic-angle spinning (MAS) NMR spectra of hydrated alite mixed with DI water and MC solution at 90 days.

properties of C–S–H when the packing density close to
1 were not affected, the possible degradation mechanism
was possibly due to porosity. The incorporation of Mg2+
mainly causes the formation of lower packing density
C–S–H, which is the main reason for the degradation
effect.

4 CONCLUSIONS

Themechanical properties (modulus andhardness) of alite
pastes were studied by mixing Alite with DI water and
MgCl2 solutions at both mesoscale and microscale lev-
els. The analysis indicated that at the mesoscale level, the
formation of brucite occurred rapidly togetherwith the for-
mation of portlandite thatmay lead to a faster desaturation
of large pores in the pastes and hider the growth of hydra-
tion products, leading to a decrease in the packing density

of alite hydration products and subsequent degradation.
At the microscale level, using atomistic simulations, Mg2+
ions were found to preferably substitute interlayer Ca
rather than intralayer Ca in C–S–H. Atomistic simulations
also showed a modest swelling to shrinkage behavior at
the nanoscale with increasing Mg2+ → Ca2+ substitutions.
Overall, the results suggest that the incorporation of Mg2+
would not significantly alter the structure and mechanical
properties of C–S–H at the nanoscale, clearly demonstrat-
ing that Mg inclusion in C–S–H modulus and hardness
degradation and overall swelling mainly comes from the
formation of Mg-containing phases such as brucite at the
mesoscale.
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