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Abstract: Low-heat Portland (LHP) cement is a new type of Portland cement that has been widely used in recent years due to
its low heat of hydration, which makes it exceptional in temperature control for mass concrete construction. However, limited
studies have investigated the impact of temperature and magnesium oxide (MgO) content on LHP cement-based materials. This
study utilizes thermodynamic simulations to study the hydration process, pore structure, and autogenous shrinkage of LHP
cement pastes with different water-to-cement ratios (0.3, 0.4, and 0.5), curing temperatures (5, 15, 20, and 30 °C), and MgO
contents (mass fractions of 2%, 4%, and 5%). Higher curing temperature is found to promote the hydration reactions in cement
paste. Moreover, the incorporation of 4% MgO moderately decreases both porosity and dimensional shrinkage in pastes. The
microstructural evolution of different LHP pastes is examined through a comparative analysis, lending insights into LHP
cement-based material applications.
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1 Introduction

Concrete is one of the most prevalent materials
around the world and plays a vital role in the develop-
ment of infrastructure. Scientific study of concrete
materials is imperative for advancing civil engineering
technology. After over a century of research, our under-
standing of concrete materials has grown massively
(van Damme, 2018). However, to meet the high-
performance demands of modern engineering projects,
there is significant need for further development in
concrete materials. Low-heat Portland (LHP) cement,

>4 Shengwen TANG, tangsw(@whu.edu.cn
Shengwen TANG, https://orcid.org/0000-0002-4883-3103

Received Nov. 10, 2024; Revision accepted Jan. 7, 2025;
Crosschecked Apr. 6, 2025

© Zhejiang University Press 2025

also known as high-belite Portland cement, offers ad-
vantages such as low heat of hydration, low energy
consumption, low CO, emissions, excellent crack re-
sistance, good workability, and others (Yang et al.,
2007; Xie et al., 2023). In recent years, LHP cement
has been widely used in large-scale concrete projects.
A notable example is the Wudongde Dam in China,
where LHP cement is used throughout the structure.
LHP cement has proved to be effective in mitigating
cracking associated with mass concrete during dam
construction (Peng et al., 2022).

The principal difference between LHP cement
and ordinary Portland cement is their mineralogical
compositions. Specifically, LHP cement contains a
large amount of C,S and little C,S. Since the heat of
hydration released by C,S is larger and its exothermic
peak occurs earlier than in C,S, reducing C,S and
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increasing C,S content enables significant reduction
in the heat of hydration while still maintaining late
strength (Sinyoung et al., 2017; Gong et al., 2020).
However, the lower degree of hydration of C,S com-
pared to C,S in Portland cement can affect the early
hydration of LHP cement-based materials, potentially
resulting in reduced early compressive strength (Kotsay
and Jaskulski, 2019; Gong et al., 2020; Cuesta et al.,
2021; Wang et al., 2022).

Additionally, most of the remaining hydropower
resources in China are distributed in the West and
Southwest. Because of the large temperature differ-
ences at these locations, it is important to investigate
the microstructural evolution of LHP cement-based
materials at different curing temperatures (Vahedifard
etal., 2010).

Temperature-induced thermal stresses in cement
paste can lead to shrinkage (Yang et al., 2024). The
phenomenon of chemical shrinkage can also arise due
to the volumetric changes from chemical hydration
(Bentz and Jensen, 2004). Shrinkage is a significant
factor impacting crack formation in concrete. As pre-
viously noted, the primary advantage of LHP cement
is its low heat of hydration (Xie et al., 2023), which
endows it with resistance to shrinkage. However, to
accommodate large-scale concrete structures, it is some-
times necessary to introduce admixtures to the con-
crete to achieve better crack resistance. Sourced from
calcined magnesite or magnesium-rich minerals, MgO
has been extensively implemented in some dam pro-
jects since 1980s, demonstrating high efficacy in the
thermal crack mitigation through expansive compen-
sation (Chen et al., 2016). MgO can effectively com-
pensate for part of the autogenous shrinkage due to its
expansive effect, which can lower the cracking risk
(Mo et al., 2014). The amount and reactivity of MgO
in the concrete significantly affects the shrinkage com-
pensation effectiveness.

In a previous study, changes in the ion concentra-
tion of the pore solution of Portland cement paste and
various substances in the phase dissolution and precip-
itation process were simulated by establishing a Por-
tland cement thermodynamic database; this was done
after evaluating the thermodynamic data of the Por-
tland mineral phase (Brouwers and de Korte, 2016).

Investigations of the hydration characteristics in
LHP cementitious materials have predominantly de-
pended on experimental approaches, and a modeling

approach could reveal new insights. In addition, LHP
cement-based materials are widely used in hydraulic
projects. However, the influence of MgO and water-to-
cement ratio on the LHP cement-based materials is
still not clear from the view point of computer model-
ing. Therefore, further investigation of the hydration
mechanism in LHP cement-based materials is needed.
In this study, by utilizing computer simulations, we in-
vestigate the hydration and autogenous shrinkage of
LHP cement paste with varying water-to-cement ratios
and different curing temperatures, as well as the impact
of MgO content on the shrinkage of LHP cement pastes.

2 Methods and algorithms
2.1 Hydration simulation method

This study investigates the impacts of curing
temperature, water-to-cement ratio, and MgO content on
the hydration products and shrinkage of LHP cement
paste. Notations for the different pastes and their
mixing proportions are shown in Table 1. The chemi-
cal and mineral compositions of LHP raw clinkers are
shown in Table 2.

Table 1 Paste notations and mixing proportions of LHP
cement pastes

Notation Water—to-. Temperature Mass fraction
cement ratio (°C) of MgO (%)
WC04T5MO 0.40 5 0
WC04T15M0 0.40 15 0
WC04T20M0O 0.40 20 0
WC04T30MO0 0.40 30 0
WC045T5M0O 0.45 5 0
WC045T15M0 0.45 15 0
WC045T20M0 0.45 20 0
WC045T30MO 0.45 30 0
WCO05T5MO 0.50 5 0
WCO05T15MO0 0.50 15 0
WCO05T20M0 0.50 20 0
WCO05T30MO0 0.50 30 0
WC04T20M2 0.40 20 2
WC04T20M4 0.40 20 4
WC04T20M5 0.40 20 5
WC045T20M2 0.45 20 2
WC045T20M4 0.45 20 4
WC045T20M5 0.45 20 5
WC05T20M2 0.50 20 2
WC05T20M4 0.50 20 4
WCO05T20M5 0.50 20 5




Table 2 Chemical and mineral compositions of LHP raw

clinkers
Chemical Mass Mineral Mass
composition fra(i;:;) " composition fraction (%)
CaO 61.86 CS 28.7° (30.7)°
SiO, 23.98 CS 47.0" (44.3)°
Fe,0, 422 C,A 4.1°(3.6)
AlO, 423 C,AF 12.8° (14.1)°
MgO 2.89 Gypsum 3.9
SO, 2.31
R,O" 0.31
Loss on ignition (%)  0.45

* Alkali content (mass fraction): R,0=Na,0+0.658K,0; "From Bogue
analysis; ° From X-ray analysis (Zhou et al., 2023)

GEM-Selektor (GEMS) is a computational suite
specialized for Gibbs free energy minimization, exten-
sively applied for simulating multiphase geochemical
aqueous systems. It focuses on interactive thermody-
namics, including solid-aqueous solution equilibria,
sorption/ion exchange processes, and the metastability
and dispersion of mineral phases (Karpov et al., 1997,
2001; Wagner et al., 2012; Kulik et al., 2013). Initially,
relevant thermodynamic data suitable for LHP cement
should be selected; in this study, the CEMDATA18
database was used (Lothenbach et al., 2019). Subse-
quently, the hydration data of LHP cement, including
standard Gibbs free energy, entropy, and volume were
utilized. The equilibrium hydration products of cement
pastes under different conditions were computed. The
input parameters of the simulation also included the
curing temperature, water-to-cement ratio, and MgO
content. Based on the GEMS thermodynamic simula-
tion results, the initial and in-process stages of hydra-
tion products in the LHP cement paste were visual-
ized using MATLAB to evaluate the effect of input
parameters.

2.2 Determination of pore structure

The mechanical properties and durability of cement-
based materials are mainly determined by their pore
structure (Zhong et al., 2022a, 2022b, 2023a, 2023b,
2024). In this study, the disk filling method algorithm
was employed to calculate the porosity of LHP cement
paste at specific stages (Song et al., 2019). In this algo-
rithm, the pores are assumed to be filled by disks. The
size of the disks increased as the reaction progressed
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once all the pores were filled. As a result, the overall
porosity of LHP cement pastes could be determined.

2.3 MgO expansion simulation method

Based on the visualization obtained from MATLAB,
a 100 umx100 pmx>100 pum cube and a resolution of
0.1 um were adopted in this work (Zhang et al., 2010;
Ma and Li, 2013). To investigate the impact of MgO
content on the microstructural evolution of LHP cement
paste, an autogenous shrinkage model for the cement
paste was developed. The shrinkage was assumed
to be primarily induced by volumetric changes in the
hydration products. Autogenous shrinkage refers to
the overall deformation of cement-based materials
in a closed, isothermal system. It is mainly caused by
autogenous drying, which is a result of volume shrink-
age during cement hydration. This shrinkage is re-
lated to the surface tension between liquid and gas
phases in capillary pores (Zhang, 2022).

The autogenous shrinkage model consisted of three
main parts: the input module, the autogenous drying
module, and the capillary pressure and shrinkage de-
formation modules. In the input module, the 3D micro-
structure was incorporated. Hydration products and
relative humidity of the cement paste were simulated
using GEMS and thermodynamic models. In the au-
togenous drying module, the distributions of moisture
and empty capillary pores within the cement paste were
considered. In the capillary pressure and shrinkage de-
formation modules, the capillary pressure within the
cement paste was calculated using the Kelvin equation
and the Young-Laplace equation. Capillary pressure
was assumed to uniformly distribute across a 3D grid
of the pastes. A finite element method was used to
simulate the deformation of the cement paste due to au-
togenous drying, and a discrete algorithm integrated
the deformations over time to yield the self-induced
shrin-kage of the cement paste (Jawed et al., 1976;
Hilpert and Miller, 2001; Qian et al., 2010).

3 Results and discussion

3.1 Effect of temperature on hydration of LHP
paste

In this work, distinct colors were used to repre-
sent particles and phases of the cement paste, as shown
in Table 3. To facilitate the analysis, cross-sectional
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Table 3 Distinct colors for particles and phases of the cement

paste
Particle Color Phase Color
C,S Red Pore or water Dark blue
C,S Pink Crystals and gel* Purple
CA Orange | MH crystals” Cyan
CAF Deep Outer hydration ~ Green
yellow product

Other non-hydrated Grey Inner hydration ~ Light

raw clinker product yellow
MgO Black

“ Crystals and gel include C—S—H, CH, AFt, AFm, and hydrotalcite;
® MH crystals are from the hydration of MgO particles (Zhou et al., 2023)

diagrams of different simulated pastes were collected
for comparative examination. Fig. 1 is a cross-section
of Paste WC04T5MO. References to color refer to the
online version of Figs. 1-21. Fig. 1a represents the
initial state of Paste WC04T5MO, where the scattered
spheres represent different cement particles within
the paste; Fig. 1b shows the hydration state of Paste
WCO04T5MO0 when the curing time is 1 d, which re-
veals that particles within the paste have commenced
hydration reactions, with yellow internal hydration pro-
ducts closely enveloping the particles. Some green ex-
ternal hydration products are observed, which exhibit
a dispersed structure compared to the internal products.
Notably, certain areas intertwine with purple phases,
which are distributed broadly throughout the paste,
facilitating potential connections between the previously
isolated cement particles.

In Fig. lc, it can be observed that at a curing
duration of 3 d, there is a significant increase in the
content of purple phases within the paste, indicating
the formation of a relatively loose skeletal structure.
Internal hydration processes continue, leading to a
noticeable thickening of the layer of hydration products
surrounding the cement particles. In contrast, if we
observe Fig. 1d, after 27 d of curing, a substantial
quantity of hydrated products has filled the original
voids, resulting in a dense microstructure in the paste.
It is evident that some of the small particles hydrate
quickly, whereas large particles may keep non-hydrated
regions in their cores. This may be attributed to the
development of a compact layer of internal hydration
products over the prolonged hydration period, which
hinders water penetration into the interior of cement

Fig. 1 Cross-sectional diagram of Paste WC04T5MO0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

particles and the subsequent precipitation of internal
hydrated products (Bullard et al., 2011).

To investigate the influence of curing tempera-
ture on the hydration of LHP cement pastes, corre-
sponding simulations were performed as illustrated in
Figs. 2—4. A comparative analysis of Figs. 1—4 reveals
that, for equivalent hydration durations, high tempera-
tures correlate with an increased quantity of hydration
products and greater reactivity of the cement particles
within the investigated temperature range. In summary,
it can be concluded that high curing temperatures
facilitate the cement hydration reaction. Specifically,
at a curing temperature of 30 °C, the overall micro-
structure of the paste is denser compared to that at 5 °C
for the same hydration time. Notably, for hydration times
of 1 and 3 d, Figs. 1b and 1c distinctly illustrate the
temperature-induced differences, showing that high
temperatures yield larger quantities of hydration pro-
ducts and a denser paste structure. However, when
curing for 27 d, a comparison of Figs. 1d—4d indicates
that the structural differences are not as pronounced.
This suggests that, at 27 d, temperature may no longer
be a primary factor affecting the continued hydration
of cement.

Previous work also confirmed that high curing
temperature might eliminate ion diffusion by forming
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Fig. 2 Cross-sectional diagram of Paste WC04T15M0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Fig. 3 Cross-sectional diagram of Paste WC04T20MO0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

a thick covering layer upon the non-hydrated particles,
and thus, reduce the long-term strength of the cement
paste (Yi et al., 2005). Other studies also pointed out
that this covering layer exerts a delaying effect on the
precipitation of hydrated products (Kjellsen and Detwiler,

Fig. 4 Cross-sectional diagram of Paste WC04T30MO0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

1992, 1993; Fang and Fall, 2018). The phenomena
observed in this simulation aligns with the findings of
previous studies, indicating that rapid early hydration
under high temperature curing indeed leads to the
formation of a relatively dense layer of hydration pro-
ducts surrounding the cement particles. This layer
hinders the further precipitation of hydration products
and the continued hydration of particles, resulting in a
diminished influence of temperature on the hydration
process during prolonged hydration periods.

3.2 Effect of water-to-cement ratio on hydration
of LHP paste

To investigate the effect of the water-to-cement
ratio on the hydration of LHP cement pastes, three
water-to-cement ratios (0.40, 0.45, and 0.50) were tested.
Cross-sectional diagrams of Pastes WC045T5MO,
WC045T15M0, WC045T20M0, WC045T30MO,
WCO05T5M0, WCO5T15M0, WC05T20MO0, and
WCO05T30MO with water-to-cement ratios of 0.45 and
0.50 are shown in Figs. 5-12. From a comparison of
Figs. 1-12, it can be concluded that under the same
hydration time and curing temperature, a high water-to-
cement ratio usually results in more hydrated products
in the paste. In other words, a high water-to-cement
ratio corresponds to a high degree of cement particle



310 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2025 26(4):305-319

Fig. 5 Cross-sectional diagram of Paste WC045T5M0:
(a) initial state; (b) curing for 1 d; (c¢) curing for 3 d;
(d) curing for 27 d

Fig. 7 Cross-sectional diagram of Paste WC045T20M0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Fig. 6 Cross-sectional diagram of Paste WC045T15M0:
(a) initial state; (b) curing for 1 d; (c¢) curing for 3 d;
(d) curing for 27 d

hydration. For instance, as shown in Figs. 2d, 6d, and
9d, after 27 d of curing at 15 °C, all cement pastes
show a significant quantity of hydrated products and
a relatively dense skeletal microstructure. However,
due to the differences in water-to-cement ratios, the

Fig. 8 Cross-sectional diagram of Paste WC045T30MO0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

porosity of the pastes follows the trend WC04T15M0<
WC045T15MO<WCO5T15M0. Notably, for the pastes
with a water-to-cement ratio of 0.50, the cement par-
ticles have thick internal and external hydrated product
layers.
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Fig. 9 Cross-sectional diagram of Paste WC0ST5SMO:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;

(d) curing for 27 d

Fig. 11 Cross-sectional diagram of Paste WC05T20MO0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Fig. 10 Cross-sectional diagram of Paste WC05T15M0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Remarkably, while the overall quantity of hydrated
products is low for the case of a high water-to-cement
ratio, the cement particles can easily reach a high
degree of hydration, resulting in efficient utilization
of the particles. A similar trend is observed across the

Fig. 12 Cross-sectional diagram of Paste WC05T30MO0:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

groups with different curing temperatures. Moreover,
in pastes with low water-to-cement ratios, as the
hydrated products gradually fill in the voids, the pre-
cipitation of hydrated products onto the cement parti-
cles becomes hindered. In contrast, pastes with high
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water-to-cement ratios offer more space for the cement
particles to continue reacting. It is noteworthy those the
low-heat cement used in this study contains a relatively
high amount of C,S, and under high water-to-cement
ratios, the hydration rate of C,S surpasses those of
other raw clinker materials. After 14 d, the changes in
hydrated product contents within the paste are likely
driven primarily by C,S hydration. This indicates that
with sufficient hydration time, a high water-to-cement
ratio not only enhances the hydration of raw clinker
materials, but also promotes the hydration of C,S
(Pérez-Bravo et al., 2021; Kurihara and Maruyama,
2022). Bentz (2006) suggested that the instantaneous
hydration rates of cement particles were linearly re-
lated to the volume fractions of water-filling voids
and non-hydrated cement (along with fillers), while
the final degree of hydration was strongly dependent
on the initial water-to-cement ratio. Consequently,
the initial water-to-cement ratio to some extent deter-
mines the ultimate degree of hydration of the cement
pastes.

3.3 Effect of MgO content on the hydration and
porosity of LHP paste

The hydration of MgO forms Mg(OH),, which
significantly affects the hydration and pore structure
of LHP pastes (Park et al., 2020). Figs. 13—15 illus-
trate the hydration states of LHP cement pastes with a
water-to-cement ratio of 0.40 and different contents of
MgO. In these figures, MgO particles with black color
are randomly dispersed within the paste. It can be ob-
served that the amount of cyan-colored MH crystals
increases with larger MgO content. Since highly reac-
tive MgO is used in this study, as hydration time pro-
gresses, MgO tends to react fully, leading to an in-
creased presence of MH crystals in the paste. Figs. 16—
18 depict the hydration states of LHP cement pastes
with a water-to-cement ratio of 0.45 for different con-
tents of MgO. From a comparison of Figs. 13—18, the
primary difference is that an increased water-to-cement
ratio results in a diluted paste. Figs. 19-21 depict the
hydration states of LHP cement pastes with a water-to-
cement ratio of 0.50 and varying contents of MgO.
A higher water-to-cement ratio could provide sufficient
space for the reaction of MgO, and MgO seems to
rapidly react to form many MH crystals. However, the
overall compactness of the paste is still primarily de-
termined by the water-to-cement ratio; Figs. 13-21

Fig. 13 Cross-sectional diagram of Paste WC04T20M2:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Fig. 14 Cross-sectional diagram of Paste WC04T20M4:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

only reflect the distributions of MgO within the paste
at a macroscopic level. Therefore, in this study, the
porosities of the paste at different hydration stages are
estimated in order to investigate the impact of MgO
on the pore structure.
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Fig. 15 Cross-sectional diagram of Paste WC04T20MS5:

(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Fig. 17 Cross-sectional diagram of Paste WC045T20M4:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Fig. 16 Cross-sectional diagram of Paste WC045T20M2:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

Figs. 22-24 present porosities of LHP pastes with
water-to-cement ratios of 0.40, 0.45, and 0.50. As shown
in these figures, the trend of porosity with hydration
time presents as a typical “L” shape. This indicates

Fig. 18 Cross-sectional diagram of Paste WC045T20MS:
(a) initial state; (b) curing for 1 d; (c¢) curing for 3 d;
(d) curing for 27 d

that the rapid reduction in porosity occurs primarily
during the early stages of paste hydration (Shi et al.,
2020). However, it is also evident from Figs. 22-24
that, regardless of MgO content, the differences in
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Fig. 19 Cross-sectional diagram of Paste WC05T20M2:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d
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Fig. 20 Cross-sectional diagram of Paste WC05T20M4:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d

carly-stage porosity are smaller compared to those ob-
served at 27 d. This may suggest that the influence of
MgO on the porosity of cement paste becomes more
pronounced over the long term. For WC04T20MO,
the porosity ranges from 17.27% to 5.37% over the

Fig. 21 Cross-sectional diagram of Paste WC05T20MS5:
(a) initial state; (b) curing for 1 d; (¢) curing for 3 d;
(d) curing for 27 d
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Fig. 22 Porosity of LHP pastes with a water-to-cement ratio
of 0.40

hydration time from 1 to 27 d. While the ranges of
porosities of WC045T20M0 and WCO05T20MO are
from 24.04% to 12.06% and 29.34% to 17.99%, re-
spectively, the porosity decreases by an average of
approximately 11.74%. The porosity values obtained
from this simulation are similar to those that were
obtained using the mercury intrusion porosimetry
method for high-belite cement in related studies; the
data trend also aligns with the findings of such studies
(Shirani et al., 2021).

In Figs. 22-24, it is noteworthy that the addition
of MgO enables refinement of the pore structure of
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Fig. 24 Porosity of LHP pastes with a water-to-cement ratio
of 0.50

all the pastes, due to the expansive effect of MgO.
When the water-to-cement ratio is 0.40, a clear trend
is observed: as the MgO content increases, its effect on
porosity becomes more pronounced. For WC04T20M2,
WC04T20M4, and WC04T20MS5, the porosity ranges
are 17.16%-4.72%, 16.92%4.04%, and 16.51%—
3.59%, respectively. Among these, WC04T20MS5 Paste,
where the effect of MgO is most significant, shows a
porosity decrease of 1.78% compared to WC04T20MO
Paste after 27 d of hydration. This indicates that the
addition of MgO can reduce the porosity of the cement
paste (Abdel-Gawwad et al., 2018; Nobre et al., 2020).
However, for WC045T20M2, WC045T20M4, and
WC045T20MS, the porosity ranges are 23.75%—
11.49%, 23.30%-10.78%, and 23.04%—10.42%, re-
spectively. For Pastes WC05T20M2, WC05T20M4,
and WCO05T20MS5, the ranges are 29.10%—17.51%,
28.54%—16.72%, and 28.72%—16.58%, respectively.
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After 27 d of hydration, Pastes WC045T20M5 and
WCO05T20MS5, where the effects of MgO are most
significant, show porosity differences of 0.99% and
0.61%, respectively, compared to WC045T20MO and
WCO05T20MO.

Especially for pastes with a water-to-cement
ratio of 0.50 once the MgO content exceeds a certain
level, the effect of MgO on the porosity of the paste
becomes limited. The expansive effect of MgO is
known to persist over time (Walling and Provis,
2016), and the effect of MgO on the pore structure
of cement paste is more pronounced for the case of
low water-to-cement ratios. Previous findings have
confirmed that due to the high water demand in ce-
ment pastes with MgO, when the water content in
such pastes is lower, the effect on the pore structure
becomes more obvious (Bernard et al., 2023). Xie
et al. (2023) conducted a review of the porosity of
LHP cement pastes, and pointed out that porosities
of LHP cement pastes with a water-to-cement ratio
of 0.40 were 33.7% and 24.7% at 3 and 28 d, respec-
tively, with pore size ranging between 3 nm and
1000 um; this is consistent with the trend of our re-
sults presented in Fig. 22. The main discrepancies in
the simulated and experimental results lie in the in-
vestigated pore ranges.

3.4 Effect of MgO content on the shrinkage of LHP
paste

Figs. 25-27 respectively show the autogenous
shrinkage values of pastes with water-to-cement ratios
of 0.40, 0.45, and 0.50. Expectedly, as the hydration
time increases, the autogenous shrinkage values be-
come large, but the rate of increase decreases. After
27 d of hydration, the autogenous shrinkage variation
ranges of cement pastes with a water-to-cement ratio
0f0.40, 0.45, and 0.50 are 351-367, 339-372, and 331
348 pum/m, respectively. Overall, a large water-cement
ratio corresponds to a small autogenous shrinkage of
the cement paste. In Section 3.2, it is discussed that a
cement paste with a large porosity always has many
large capillary pores. According to the Kelvin equa-
tion and the Young-Laplace equation, the diameters of
these capillary pores are inversely proportional to the
capillary pressure (Rijfkogel et al., 2019). Remarkably,
for the case of water-cement ratio, the increase in
capillary pressure implies a larger value of autogenous
shrinkage. This is consistent with the results of Zhou
etal. (2014).
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Fig. 25 Autogenous shrinkage value of pastes with a water-
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Fig. 27 Autogenous shrinkage value of pastes with a water-
to-cement ratio of 0.50

When considering the influence of MgO content,
similar trends for cement pastes are observed. In the
early stages of hydration, the autogenous shrinkage of
cement pastes for varying MgO content is relatively
similar. However, as the hydration time increases, the

differences in autogenous shrinkage become more ob-
vious. Compared with the blank groups (WC04T20MO,
WC045T20MO0, and WCO05T20MO0), the addition of
MgO significantly reduces the autogenous shrinkage
of pastes at 27 d, due to the expansion caused by the
hydration of MgO that generates Mg(OH), (Mo et al.,
2012). Deng et al. (1990) discovered that such expan-
sion was highly dependent on the location and size of
the Mg(OH), crystals. During the initial stage, the ex-
pansion of the pastes is attributed to the swelling force
generated by the water absorption of fine Mg(OH),
crystals. As the crystals grow, the crystal growth pre-
ssure from Mg(OH), becomes the dominant expansive
force.

Therefore, the expansion generated at an early
age is relatively small and can only compensate for a
small part of the autogenous shrinkage. As MgO con-
tinuously hydrates, the shrinkage of cement paste is
gradually compensated for by the expansion gener-
ated by the hydration of MgO. Therefore, the differ-
ences in shrinkage become more obvious with the in-
crease of age. Compared with autogenous shrinkages
of cement pastes with MgO reported in literature
(Mo et al., 2010, 2012; 2015, 2019; Zhang, 2022;
Chen et al., 2023) and those in this work, even if the
dosage and reactivity of the incorporated MgO are
similar, there are still great differences in the autoge-
nous shrinkage of pastes at the same age. The rea-
sons for this may be the proportion of cement clinker
present, the water-cement ratio, and the utilization of
admixtures.

Across the investigated range of MgO content,
we find other interesting phenomenon. Under the con-
ditions of this study, the shrinkage compensation effect
is the best in cement pastes when the MgO content is
4%, which is consistent with the results of Li et al.
(2019). The MgO used in our simulation has high re-
activity, and thus, presents a large specific surface area.
Such MgO may be prone to agglomeration when its
content is high. Apparently, such agglomeration has a
negative effect on expansion caused by hydration of
MgO. Additionally, previous findings showed that once
Mg(OH), crystals were quickly generated and wrapped
on the surfaces of non-hydrated particles, this was not
conducive to the formation of large crystals and led to
poor expansion effect (Zhang, 2022). Regardless, our
simulation results are in accordance with practical engi-
neering requirements: when the content of MgO is



within 5%, the reduction in mechanical properties is
very small (Huang et al., 2019).

4 Conclusions

Based on computer simulations, we conducted
an in-depth investigation of the hydration process, pore
structure, and autogenous shrinkage of LHP cement
pastes with different water-to-cement ratios, curing
temperatures, and MgO contents. High curing temper-
ature was found to be beneficial for promoting hydra-
tion reactions in cement paste. However, in the long-
term curing process, the influence of temperature
on the hydration process gradually weakens. For the
same hydration time and curing temperature, a high
water-to-cement ratio results in a larger number of
hydrated products in the cement paste. A high water-to-
cement ratio corresponds to a large porosity of the
paste, which can provide a large space for the cement
particles to continue to react. The degree of hydration
of cement particles in pastes with high water-to-cement
ratios is also relatively high. Moreover, the addition of
MgO can reduce the porosity of the paste to a certain
extent.

The higher the water-to-cement ratio, the smaller
the autogenous shrinkage of the cement paste. With the
increase of hydration time, MgO continuously hydrates,
and its influence on the autogenous shrinkage continu-
ously grows. When the content of MgO is 4%, the
shrinkage compensation effect is found to be the best.
This study provides valuable insights for the use of
low-heat Portland cement, and future work may extend
the analysis to other types of cement.
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