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Preface

Concrete cracking is a crucial factor that threatens the durability and strength of concrete.

Especially for concrete building structures with complex working environments such as hydraulic

structures and long-span building structures, concrete cracking seriously threatens the safe operation

of engineering projects. The cracking resistance of concrete is influenced by many factors,

such as mechanical properties, temperature processes, autogenous shrinkage, restrained stress,

creep, etc. The study of the crack resistance of concrete is of great significance for its wide

application. This reprint focuses on the research on the cracking resistance of concrete, including the

formation mechanism of concrete cracking, the relationship between the cracking mechanism and the

performance of various types of concrete, and the resistance and maintenance of concrete cracks.

Weiting Xu

Guest Editor
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Abstract: A series of organic–inorganic composite geopolymer paste samples were prepared with
slag-based geopolymer and three types of hydrophilic organic polymers, i.e., PVA, PAA, and CPAM,
by ordinary molding and pressure-mixing processes. The reaction mechanism between slag-based
geopolymer and organic polymers was studied by FT-IR, NMR, and SEM techniques. The experi-
mental results showed that the slag-based geopolymer with the addition of 3% PVA presented the
highest 28-day flexural strength of 19.0 MPa by means of a pressure-mixing process and drying curing
conditions (80 ◦C, 24 h) compared with the geopolymers incorporating PAA and CPAM. A more ho-
mogeneous dispersion morphology was also observed by BSE and SEM for the 3% PVA-incorporated
slag-based geopolymer. The FT-IR testing results confirmed the formation of a C–O–Si (Al) bond
between PVA and the slag-based geopolymer. The deconvolution of the Q3 and Q2(1Al) species
obtained by 29Si NMR testing manifested the addition of PVA and increased the length of the silicon
backbone chain in the geopolymer. These findings confirmed that a composite geopolymer with high
toughness can be produced based on the interpenetrating network structure formed between organic
polymers and inorganic geopolymer.

Keywords: mechanical performance; reaction mechanism; slag-based geopolymer; organic–inorganic
composite geopolymer; pressure-mixing process

1. Introduction

Slag-based geopolymer is one of the most promising new green cementitious ma-
terials due to its advantages of low energy consumption, small expansion, and strong
corrosion resistance [1–3]. The active silico–aluminate materials are mixed with a strong
alkaline solution such as an alkali metal (Na, K) hydroxide or silicate to synthesize geopoly-
mer. In this environment, a three-dimensional network structure of geopolymers is
formed due to the rapid dissolution and reunion reaction of silica–aluminum active sub-
stances. The geopolymer structure mainly contains three different sialate units [4], namely,
poly sialate (–Si–O–Al–), poly sialate-siloxo (–Si–O–Al–O–Si–), and polysialate-disiloxo
(–Si–O–Al–O–Si–O–Si–), shown in Figure 1. The properties of the final products are highly
dependent on the cross-linking degree of the different silico–aluminate polymeric chains [5].

   
Figure 1. Structural unit model of geopolymer. (The red ball represents oxygen atom, the yellow ball
represents the silica atom, and the purple ball represents the aluminum atom).
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However, the low flexural strength and low fracture toughness of slag-based geopoly-
mer limit its wider application in the construction field. It was found that when steel slag
was used as the main aluminosilicate material to prepare geopolymer mortar, the flexural
strength was only 11.7 Mpa while the compressive strength was 84 Mpa at 28 days [6]. In a
study conducted by Kim et al. [7], the coefficient of flexural toughness was only 0.55 J. The
defects of low toughness can be improved by making geopolymer composites. Many types
of fillers such as various kinds of short and continuous fibers have been introduced into the
geopolymer matrix to improve the mechanical properties [1,8,9]. Sükrü Özkan et al. [10]
examined the effect of the hybrid use of 75% PVA fiber + 25% basalt fiber as additives on the
mechanical performance of geopolymer concrete. The use of fiber in concrete significantly
improved the resistance to the formation of cracks and contributed to increased ductility
and the development of the mechanical strength and energy absorption of the concrete [11].
However, the reinforcement from a single species of fiber only physically improved the
performance and crack resistance of the geopolymer matrix on one scale. The toughness
of the geopolymer matrix itself was not improved. In addition, the compatibility of the
fiber and geopolymer matrix also limited the construction and applications of the resulting
composite materials.

It is noteworthy that a cement–polymer composite called “macro-defect-free (MDF)
cement” with remarkably high toughness emerged in the early 1980s [12–14]. MDF cement
is mainly composed of inorganic cement, water, and small amounts of organic polymer.
The calcium aluminate cement–polyvinyl acetate polymer (CAC-PVAc) composite is one of
the examples characterized by very high flexural strength of up to 70 MPa [15,16]. Based on
micro-structural analysis, PVAc hydrolyzed under the high PH environment of the cement
solution. Acetate ions dissolved from PVAc and subsequently reacted with the dissolved
calcium ions from the calcium silicate in the cement to form calcium acetate [12,17] and,
hence, formed an organic and inorganic bonding structure with high toughness.

The incorporation of various kinds of water-soluble polymers has been proven to
improve the toughness and crack resistance of the cement and geopolymer matrix [18–22].
Catauroa [19] et al. introduced different proportions of polyethylene glycol (PEG) into
metakaolin-based geopolymer and it was found that the PEG content and aging time
affected the mechanical performance of geopolymers. The study also revealed that PEG
leads to a network reorganization by increasing Al–O–Si bonds in the geopolymer matrix
and forming H-bonds with the inorganic phase. Olesia Mikhailova [20] drew the conclusion
that the maximum compressive and flexural strength of geopolymer is obtained with
addition of 10% PEG400 because of the organic–inorganic bonding structure with high
density and few pores. From the previous relevant studies, we have two points that need
to be further studied and discussed.

First, the traditional common molding method may have a limited promotion effect on
the bonding reaction of organic and inorganic compounds, and a better molding method
needs to be explored. Second, the polymerization mechanism of water-soluble polymer
and geopolymer needs more detailed and in-depth study.

The aim of this research is to investigate the influence of organic polymers with differ-
ent functional groups (–OH, –COOH, and –CONH2) on the performances of slag-based
geopolymers and select a suitable organic polymer with a sound modification effect on
the toughness of slag-based geopolymer. In this study, we incorporated three types of
water-soluble polymers, namely, PVA, PAA, and CPAM, as organic additives into slag-
based geopolymer to investigate the mechanical properties and polymerization reaction
mechanism of the organic–inorganic hybrid composite geopolymer. To strengthen the
organic–inorganic bonding reaction, the pressure-mixing process was adopted and com-
pared to the traditional common modeling method in the process of making geopolymer
paste specimens.
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2. Materials and Methods

2.1. Materials

The slag used in this study was the S95 mine powder from Ma’anshan Tianrui slag
trading Co., Ltd., Ma’anshan, China. The chemical composition of the slag examined by
XRF is shown in Table 1. The particle size of the slag was analyzed by a laser particle size
meter, and the particle size distribution is shown in Figure 2.

Table 1. Chemical compositions of slag.

Components (%) CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 MnO LOI

slag 37.12 32.06 14.84 10.77 1.67 1.14 0.92 0.33 1.07
Note: LOI: Loss of ignition.

Figure 2. Particle size distributions of slag.

Based on the oxide components of slag in Table 1, the correlation quality indicators
of the slag were calculated by the following Formulas (1)–(4) [23,24]. According to the
calculation results, the slag was evaluated as being of a high-quality grade.

b =
CaO + MgO + Al2O3

SiO2
=

37.12 + 10.77 + 14.84
32.06

= 1.96 > 1 (1)

H0 =
Al2O3

SiO2
=

14.84
32.06

= 0.46 > 0.25 (2)

M0 =
CaO + MgO
SiO2 + Al2O3

=
37.12 + 10.77
32.06 + 14.84

= 1.02 > 1 (3)

K =
CaO + MgO + Al2O3

TiO2 + MnO + SiO2
=

37.12 + 10.77 + 14.84
32.06 + 0.33 + 0.92

= 1.88 > 1.2 (4)

The alkali activator used in this study was water glass (industrial-grade sodium sili-
cate) provided by Foshan Shengjing New Material Company (Foshan, China). The modulus
of the water glass was 2.44 and the solid content was 46.17%, with 13.70% Na2O and 32.47%
SiO2. Sodium hydroxide (analytical purity, Tianjin Jinhui Taiya Chemical Reagent Co., Ltd.,
Tianjin, China) was adopted to adjust the modulus of the alkaline activator.

The water-soluble organic polymers used in this study were cation polyacrylamides
(CPAM), polyvinyl alcohol (PVA), and polyacrylic acid (PAA). They were purchased from

3
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Shanghai Macklin Chemical Reagent Co., Ltd. (Shanghai, China). Both PVA and CPAM
were granular. During the test, they were respectively pre-mixed with water to form a
solution with 55% concentration for subsequent experiments. PAA was a liquid with a
concentration of 50%.

2.2. Mixing Proportions

Before preparing organic and inorganic composite geopolymers, to achieve a suitable
slag-based geopolymer with high mechanical performance as the inorganic substrate, the
effects of the type, modulus, and concentration of alkali activators on the strength and
polymerization degree of slag-based geopolymer are investigated in Section 3.1.

The mixing proportions of organic–inorganic composite geopolymer pastes are given
in Table 2. It is worth pointing out that the proportions of water-soluble polymers added
were 0.5%, 1%, and 2% for the common molding method and 1%, 3%, and 5% for the
pressure-mixing process.

Table 2. Mixture proportions of pastes in weight (%).

Mix ID
Polymer Type Mix Proportions

Species Weight Water Slag BaCl2 (Na2PO3)6

Reference - - 0.35 1 0.01 0.005
A1 PVA 0.005 0.35 1 0.01 0.005
A2 PVA 0.01 0.35 1 0.01 0.005
A3 PVA 0.02 0.35 1 0.01 0.005
B1 PAA-Na 0.005 0.35 1 0.01 0.005
B2 PAA-Na 0.01 0.35 1 0.01 0.005
B3 PAA-Na 0.02 0.35 1 0.01 0.005
C1 CPAM 0.005 0.35 1 0.01 0.005
C2 CPAM 0.01 0.35 1 0.01 0.005
C3 CPAM 0.02 0.35 1 0.01 0.005

2.3. Ordinary Molding Process

The water-to-solid ratio of the geopolymer pastes was 0.35. All geopolymer pastes
were mixed in a Hobart mixer at an ambient temperature. The alkaline solution was
prepared by an alkali activator and water in advance. Then, the slag was added to the
alkaline solution and stirred for 4 min. Finally, the water-soluble polymer was added
into the geopolymer slurry and slowly stirred for 6 min. All pastes were cast with sizes
of 25 mm × 25 mm × 140 mm and 20 mm × 20 mm × 20 mm for flexural strength and
compressive strength tests, respectively. For the first 24 h, the pastes were sealed with a
layer of polyethylene to prevent the evaporation of moisture. Then, they were demolded,
tightly sealed in plastic bags, and cured in a steam-curing chamber with a temperature of
20 ± 1 ◦C and 99% relative humidity until the testing dates.

2.4. Pressure-Mixing Process

To promote the breaking and repolymerization of more chemical bonds in organic
molecules and aluminosilicates in geopolymers, the pressure-mixing process was used. The
mixer parameter was set to the front and rear roller roll ratio of 1:3, and the roll distance
was 1.5 mm. The plastic organic–inorganic composite geopolymer slurry was subjected to
mixing for 5 min. The obtained mixture was combined by passing it repeatedly through the
nip of two steel roller mills at narrow nip gaps and, subsequently, a higher shearing was
applied to the mixture with higher rotating speeds. A paste sheet was laminated in a mold
with a size of 120 mm × 30 mm × 10 mm and molded by a universal testing machine. In
addition, to explore the influence of curing conditions on strength, the pastes were sealed
by a layer of polypropylene after being demolded for 24 h. Then, half of the pastes were
placed in a steam-curing chamber with 99% relative humidity at 80 ◦C for 24 h, whereas
the remaining pastes were placed in an oven and cured at 80 ◦C for 24 h.

4
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2.5. Mechanical Properties of the Pastes

Pastes were cast into 25 mm × 25 mm × 140 mm, 10 mm × 30 mm × 120 mm, and
20 mm × 20 mm × 20 mm molds for mechanical property tests [25]. The flexural and
compressive strength of the pastes was measured by a fully automatic universal testing
machine at the ages of 3 d, 7 d, and 28 d. Flexural strength tests were carried out using the
three-point bending method at a loading rate of 2 mm/min. The strength result was based
on the average of three testing pastes for each mix.

2.6. The Characterization of Organic–Inorganic Composite Material
2.6.1. Fourier Transform Infrared Reflection (FTIR) Tests

FT-IR (Vertex 70 produced by Bruker, Ettlingen, Germany) tests were conducted in a
transmission model with a scan range of 4000–400 cm−1. The KBr tablet method was used
in the test. The ratio of the powder sample to dry KBr was taken from 1:100 to 1:200 in an
agate mortar for 5 min, and the powder was put into a grinding mixture after no reflection.
The piezoelectric sheet was pressed internally and, finally, the transparent circular sheet
was tested by infrared spectra.

2.6.2. Solid-State 29Si Nuclear Magnetic Resonance (NMR) Tests

Avance III PULS 400 MHz NMR equipment, produced by Bruker, Germany, was
used to identify and quantify different types of silicon. The resonance frequency was
79.3 mHz, the rotation angle was π/2, the pulse width was 4 μs, and the magic angle
rotation frequency was 8 kHz. In addition, PeakFit 4.0 software was used for the peak
fitting of the original map for data processing in this experiment. To accurately separate
peak results, the AutoFit Peaks III Deconvolution program was used, and the relevant
parameter r2 was greater than 0.99.

2.6.3. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) Tests

The concentrations of Si, Ca, and Al ions in the solution were determined by the
ICP-OES method. The mixing ratio of the test solution is shown in Table 3. At 30 min,
60 min, 90 min, 120 min, and 180 min, with centrifugation at 3000 rpm for 10 min, the
solution was separated and collected from the paste, and the clean solution was obtained
after filtration. The plasma gas flow rate was 15 L/min. The atomized gas flow rate was
0.6 L/min. The pump speed was 100 rpm.

Table 3. Mixture proportions for preparing samples in large water–cement ratios.

Alkali Content (%) NaOH (g) Slag (g) Water (g)

2 5.36 20 70
4 10.84 20 70
6 16.12 20 70
8 21.50 20 70

2.6.4. Backscattered Electron (BSE) and Scanning Electron Microscope (SEM) Tests

The morphological characteristics and element distribution of the geopolymer pastes
were assessed using SEM (SU8220, HITACHI, Tokyo, Japan) with BSE. The working distance
was 12 mm and the voltage was 10 kV under the secondary electron (SE) mode.

2.6.5. Mercury Intrusion Porosimetry (MIP) Tests

The pore size distribution of the pastes was determined using the MIP method with the
Micromeritics Auto Pore IV 9500 mercury injection instrument (Micromeritics Instrument
Corporation, Norcross, GA, USA). The test pressure range of the MIP was 0.0036–210 MPa.
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3. Results and Discussion

3.1. The Effects of Different Alkali Contents and Moduli on the Properties of Slag-Based Geopolymer
3.1.1. Mechanical Properties of Pastes

The compressive strength and the flexural strength of slag-based geopolymer pastes
with different alkali activator (sodium hydroxide) contents are shown in Figure 3. The
highest compressive and flexural strength was observed for pastes with 6% alkali content.

For the geopolymer with water glass as the alkali activator, the effect of the modulus
of water glass on the compressive and flexural strength of the pastes is shown in Figure 4.
It can be observed that pastes with a modulus of 1.6 and 6% alkali content presented
the highest compressive strength of 91.0 Mpa and flexural strength of 7.5 Mpa at 28 d,
respectively. Comparing the results of Figures 3 and 4, it is more appropriate to choose
water glass as the activator for geopolymer pastes.

Figure 3. Effect of alkali content on mechanical properties of slag-based geopolymer paste:
(a) compressive strength; (b) flexural strength.

Figure 4. Effect of modulus on mechanical properties of slag-based geopolymer: (a) compressive
strength; (b) flexural strength.

3.1.2. ICP Analysis

The evolution of Si4+, Ca2+, and Al3+ concentrations in the solutions of slag pastes
with different alkali contents is shown in Figure 5. As the alkali content increased, the

6
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high dissolution concentration of Si4+ reduced over time. This was caused by more OH−
and Na+ in the solution, which were available in the network structure of the vitreous
body. Then, Si4+ gradually formed [SiO4]4− combined with [AlO4]5− and Ca2+. Ca2+ and
Al3+ concentrations with a 6% alkali content were extremely high, which was beneficial
for the polymerization reaction. The dissolution–polymerization process equilibrated to
form more hydration products. The concentration changes of Si4+, Ca2+, and Al3+ in the
slag paste solutions with different alkali contents over time are shown in Figure 5. The
dissolved concentration of Si4+ decreased with the extension of time and increased with the
increase in alkali content. This was due to the fact that more OH−, Ca2+, and Al3+ dissolved
in the solution were available in the reticular structure that formed the vitreous body. Si4+

then gradually formed [SiO4]4− and [AlO4]5−, which bonded with Ca2+. When the alkali
content was 6%, the concentrations of Ca2+ and Al3+ in the solution reached the highest
values, which was conducive to promoting the polymerization reaction and forming more
polymerization products.

Figure 5. Ion concentration of slag in slurry with large water–slag ratios and different alkali contents:
(a) Si4+; (b) Ca2+; (c) Al3+.

3.1.3. FTIR Analysis

To study the effect of alkali concentration on the chemical bond of slag-based geopoly-
mer, paste samples were subjected to FTIR analysis. The results are shown in Figure 6. At
1003~1035 cm−1, there was a large diffuse band that lacked periodicity, representing the
characteristic of amorphous Si-Al polytetrahedral. For the geopolymers with 6% alkali

7
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content, the Si-O-Si peaks at 460 cm−1 and the Si-O-Al peaks at 960 cm−1 were sharper
and more intense. This can be attributed to more polycondensation occurring between
[SiO4]4− and [AlO4]5− [26]. In addition, geopolymers with 6% alkali content were found
to have more strength at 891 cm−1, 1021 cm−1, and 1097 cm−1, representing the diverse
characteristic groups of C-(A)-S-H polymerization products (SiO4)4−, (SiO3)2−, and SiO2,
respectively. It is apparent that an alkali content of 6% is the most favorable alkaline
environment to promote the polymerization of slag-based geopolymer [27].

Figure 6. FTIR spectra of slag-based geopolymers prepared with NaOH activators at 28 d with
different alkali contents.

3.1.4. 29Si NMR Analysis

The polymeric structure of geopolymer was studied by the 29Si nuclear magnetic
resonance technique. The distribution of the polymerization degree and main chain length
of slag-based polymers prepared with different alkali contents and different moduli of
activators are shown in Tables 4 and 5. The polymerization degree analysis showed that
the cumulative strength of Q0 was the smallest when the alkali content was 6%, which
indicated that more slag was consumed. The average chain length of C-(A)-S-H in the
hydration product could be calculated by Equation (5) [28]. When the base content was 6%
and the modulus was 1.6, the average chain length was the largest.

MCL =
I
(
Q1(0Al)

)
+ I

(
Q2(0Al)

)
+ 3

2 I
(
Q2(1Al)

)
1
2 I(Q1(0Al))

(5)

Table 4. Polymerization distribution and main chain length of slag-based geopolymers prepared with
NaOH activators with different alkali contents (28 d): (a) 2% NaOH; (b) 4% NaOH; (c) 6% NaOH;
(d) 8% NaOH.

Sample
Qn Cumulative Strength (I/%)

Q0 Q1(1Al) Q1(0Al) Q2(1Al) Q2(0Al) Q3(1Al) Q3(0Al) MCL

(a) 18.91 22.73 20.01 24.23 10.37 - 3.75 6.12

(b) 16.96 23.25 20.59 25.05 9.09 3.67 1.39 6.51

(c) 14.06 25.2 21.62 27.52 9.44 2.10 0.09 6.69

(d) 15.30 26.56 24.19 26.86 7.09 - - 5.91

8



Materials 2024, 17, 734

Table 5. Degree of polymerization distribution and main chain length of slag-based geopolymers
prepared with different modulus activators (28 d): (a) 6%−0.8; (b) 6%−1.2; (c) 6%−1.6; (d) 6%−2.0.

Sample
Qn Cumulative Strength (I/%)

Q0 Q1(1Al) Q1(0Al) Q2(1Al) Q2(0Al) Q3(1Al) Q3(0Al) MCL

(a) 16.45 15.44 21.33 29.53 11.60 3.68 1.97 6.81

(b) 13.67 17.31 18.85 26.54 15.22 5.15 2.96 7.83

(c) 7.64 19.81 17.59 24.44 19.33 6.18 5.01 8.36

(d) 6.53 21.89 25.24 - 36.32 - 10.02 7.49

3.2. Effect of Water-Soluble Polymer Type on Slag-Based Geopolymer Paste
3.2.1. Mechanical Properties

The compressive strength and the flexural strength of slag-based geopolymer with
three water-soluble polymers at the age of 3 d, 7 d, and 28 d are shown in Table 6. For
all the mixtures, 6% water glass with a modulus of 1.6 was used as the alkali activator.
PVA-0.5 showed the highest compressive strength and flexural strength among all the
pastes. Under the same curing conditions, the PAA-Na and CPAM pastes presented lower
flexural strength results than those of the reference mortar.

Table 6. Effect of polymer type and dosage on compressive and flexural strengths of paste.

Compressive Strength (MPa) Flexural Strength (MPa)

3 d 7 d 28 d 3 d 7 d 28 d

Reference 71.8 82 91 5.1 6.4 7.5

A1 77.7 89.6 98.3 6.9 8.3 9.2

A2 73.1 83.4 90.3 6 7.2 8.3

A3 60 70.7 76.2 5.3 6.1 7.3

B1 65 70.2 78.3 4.6 5.2 6.2

B2 62.4 64.3 71.5 4.4 4.9 5.8

B3 58.9 60 62.5 3.7 4.5 5.3

C1 63 65.6 70.9 4.8 5.9 6.6

C2 57.1 59.7 63.2 4.1 5.2 6

C3 51.7 57.8 60.1 4.4 4.7 5.5

3.2.2. FTIR Analysis

FTIR spectra of slag-based geopolymer composite pastes without and with the incor-
poration of 0.5%, 1%, and 2% PVA at 28 d are shown in Figure 7. The absorption peaks
at 452 cm−1 representing the Si-O bending vibration bond gradually moved to the higher
wave number with increases in the PVA dosage, indicated by the paste with 0.5% PVA
(460 cm−1), the paste with 1% PVA (475 cm−1), and the paste with 2% PVA (489 cm−1). The
results show that the addition of PVA led to an increase in the Si–O tetrahedral polymeriza-
tion structure in C–S–H [29–31].

The stretching modes of the SiOn polymers and monomers with n = 4, 3, 2, 1, and 0
in geopolymer corresponded to the absorption bands at 1200 cm−1, 1100 cm−1, 950 cm−1,
900 cm−1, and 850 cm−1, respectively. The silicon of SiOn is prone to being replaced by
aluminum due to the weak Al–O bond. With n from 4 to 0, the expansion pattern of the
absorption band at 1200 cm−1, 1100 cm−1, 950 cm−1, 900 cm−1, and 850 cm−1 shifted
to a lower wave number. It is worth pointing out that the absorption peak at 986 cm−1

was caused by the asymmetric tensile vibration of the Si–O–Si (Al) bond belonging to
the characteristic C–Write in formal instead of italics Write in formal instead of italics
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(A)–S–H [32]. With the increase in the PVA dosage, the absorption peak gradually moved
towards the lower wave number, indicating that the addition of PVA promoted the binding
of [SiO4]4− and [AlO4]5−.

The vibration peak of –OH at 2933 cm−1 in PVA was overlapped by Si–OH in the poly-
merizate. The absorption peak at 3463 cm−1 was attributed to the asymmetric stretching
vibration of the hydroxyl group [33], which broadened with the increase in PVA addition.

It is worth noting that when the PVA dosage was 2.0%, there was a weak absorption
peak at 1180 cm−1 attributed to the C–O–Si (Al) vibration [34] formed by the organic–
inorganic chemical reaction.

Figure 7. FTIR spectra of paste at 28 d.

3.2.3. 29Si NMR Analysis

The 29Si NMR spectra of the reference slag-based geopolymer paste and the geopoly-
mer paste with 0.5% PVA are shown in Figure 8. The polymerization distribution, main
chain length, and reaction degree of polymerization of the [SiO4]4− tetrahedra in the paste
at 28 d were calculated based on the results in Figure 8 and are shown in Table 7.

Figure 8. 29Si NMR spectra of (a) reference geopolymer paste and (b) geopolymer paste with
0.5% PVA.
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Table 7. Polymerization distribution, main chain length, and reaction degree of paste at 28 d.

PVA
Content

Qn Cumulative Strength (I/%)

Q0 Q1(1Al) Q1(0Al) Q2(1Al) Q2(0Al) Q3(1Al) Q3(0Al) MCL α

0% 7.64 19.81 17.59 24.44 19.33 6.18 5.01 8.36 82.85%

0.5% 13.98 17.77 19.22 29.31 18.85 - 0.87 8.70 73.14%

Compared with the reference paste, the paste with 0.5% PVA content did not detect
the Q3(1Al) silica tetrahedron, which may have been due to PVA preventing Al atoms
from replacing Si atoms in the Q3 silica tetrahedron or PVA grafting at a missing bridge
silicon-tetrahedron site to form C–O–Si bonds. From the MCL results, the average chain
length with 0.5% PVA was longer, and the Q1 (0Al) and Q2 (1Al) silicone tetrahedrons had
a higher accumulation intensity, which indicated the presence of more chain structures in
this paste. However, the accumulation intensity of the Q3 (0Al) silicone tetrahedron was
only 0.87%, which indicates that it did not easily form a high polymerization product with
the addition of the PVA. However, according to reference [35], it is known that the main
polymerization structure of influential properties is Q1, Q2, so the 0.5% PVA sample had
better mechanical properties.

The reaction degree (α) of the geopolymer was estimated according to Equation (6). I
[Q0] is proportional to the number of unreacted phases and I [Q1] and I [Q2] are proportional
to the number of reaction products. From the calculation results shown in Table 7, the
reaction degree reactivity of the reference paste was 82.85%, while that of 0.5% PVA was
73.14%. It is possible that the introduction of PVA reduced the degree of polymerization of
aluminosilicate in the slag.

α =

⎡
⎣1 −

I
(

Q0
)

∑2
i=0 I

(
Q2

)
⎤
⎦ ∗ 100% (6)

3.2.4. SEM Analysis

The morphologies of the reference geopolymer paste, geopolymer paste with 0.5%
PVA, and geopolymer paste with 2.0% PVA at 28 d are shown in Figure 9. It apparent that
the hydration product of the reference geopolymer paste was relatively large. The hydration
products of geopolymer paste containing 0.5% PVA exhibited a scale-like structure, and the
bonds between scales were very tight to form a whole structure. When the amount of PVA
in the geopolymer was increased to 2.0%, the hydration products formed thin sheets and
the geopolymer matrix turned fluffy. It is apparent that the excessive addition of PAV may
lead to a decrease in the homogeneity and mechanical strength of the matrix.

 
Figure 9. Morphology of (a) reference geopolymer paste, (b) geopolymer paste with 0.5% PVA, and
(c) geopolymer paste with 2.0% PVA at 28 d.
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3.3. The Effect of the Pressure-Mixing Process of Pastes with Various Dosages of PVA under
Different Curing Conditions
3.3.1. The Mechanical Properties of Pastes with Various Dosages of PVA Prepared by the
Pressure-Mixing Process

The flexural strength of geopolymer pastes with 1%, 3%, and 5% PVA content obtained
by the pressure-mixing process is shown in Figure 10. The incorporation of 3% PVA
noticeably increased the flexural strength of pastes, with maximum values of 10.9 MPa
at 3 d, 11.3 MPa at 7 d, and 12.6 MPa at 28 d, respectively. However, a further increase
in the PVA dosage to 5.0% did not further improve the strength. An excessive increase
in the amount of PVA led to the local agglomeration of organic polymer and reduced the
effective site of the organic–inorganic polymerization reaction, which led to the weakening
of organic–inorganic composite geopolymer. Thus, the dosage of 3% PVA was used for
subsequent experiments. In contrast, using ordinary processes under the same curing
conditions, the flexural strength began to decrease when the PVA content was increased by
1% or more. These results indicate that the pressure-mixing process significantly improves
the flexural strength.

Figure 10. Flexural strength of pastes prepared by pressure-mixing process.

3.3.2. Mechanical Properties of Pastes with 3% PVA under Different Curing Conditions

The flexural strength of pastes with 3% PVA under different curing conditions are
shown in Figure 11. Compared with the pastes cured under normal conditions (20 ◦C, 24 h),
the flexural strengths of pastes under dry curing conditions (80 ◦C oven maintenance, 24 h)
and steaming curing conditions (80 ◦C teaming maintenance, 24 h) were generally enhanced,
especially for the ones under 80 ◦C dry conditions. Thus, dry curing is recommended for
geopolymer pastes containing water-soluble polymers.

Figure 11. Flexural strength of pastes prepared by different curing conditions.
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3.3.3. FTIR Analysis

The FTIR spectra of geopolymer pastes with different PVA dosages prepared by the
pressure-mixing process with different curing regimes at 28 d are shown in Figure 12. As
seen in Figure 12a, with an increase in the addition of PVA, the absorption peak of pastes at
473 cm−1 shifted slightly to the left, indicating that the degree of polymerization between
the Si–O bonds decreased. The tensile vibration peak of the –OH bond was mainly at
3522 cm−1, and the smaller absorption peak at 1655 cm−1 was the bending vibration peak
of H–O–H. With an increase in PVA content, the peak position of both sites shifted to the
right because the hydrogen bond formed by the binding water of the hydration product was
reduced. Compared with the normal molding process, the characteristic peak of C–A–S–H
near 1006 cm−1 was removed by about 50 wave numbers, indicating the formation of a
high polymerization structure. According to Figure 12b, the main absorption peaks of
pastes under different curing regimes in the spectra were basically consistent. However,
the wave numbers of the main absorption peaks were obtained at 3498 cm−1, and the peak
shape was widened for pastes under steaming curing conditions, indicating an increase in
binding water content and hydrogen bonds.

Figure 12. FTIR spectra of pastes prepared by pressure-mixing process with (a) different contents of
PVA and (b) different curing regimes at 28 d.

3.3.4. 29Si NMR Analysis of Pastes with Different Dosages of PVA Prepared by the
Pressure-Mixing Process under Different Curing Regimes

The 29Si NMR spectra of pastes prepared by the pressure-mixing process with 1% PVA
under normal curing conditions, 3% PVA under normal curing conditions, 5% PVA under
normal curing conditions, 3% PVA under dry heat curing conditions, and 3% PVA under
steam curing conditions at 28 d are shown in Figure 13a–e, respectively. The polymerization
distribution of pastes prepared by the pressure-mixing process under different curing
regimes at 28 d are given in Table 8. Compared with Figure 13b,d,e, when the PVA content
was 3%, the original spectrum of the high-temperature cured paste was sharper and less
smooth. The position of the strongest peak gradually shifted to the lower direction of
the magnetic field. Combined with the results in Table 8, it is apparent that Si in the Q2

silico-oxygen tetrahedron in the paste was more easily replaced by a certain amount of Al
atoms. The cumulative strength of Q3 silica tetrahedrons cured at high temperatures was
twice that at normal temperatures, indicating that high-temperature conditions promote the
polycondensation reaction between silica tetrahedrons, which is conducive to the formation
of a one-layer or double-chain high-polymerization structure.

13
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Figure 13. 29Si NMR spectra of pastes prepared by pressure-mixing process with (a) 1% PVA (normal
curing), (b) 3% PVA (normal curing), (c) 5% PVA (normal curing), (d) 3% PVA (dry heat curing), and
(e) 3% PVA (steam curing) at 28 d.

Table 8. Polymerization distribution of pastes prepared by pressure-mixing process under different
curing regimes at 28 d.

Content
Curing Condition

Qn Cumulative Strength (I/%)

Q0 Q1(1Al) Q1(0Al) Q2(1Al) Q2(0Al) Q3(1Al) Q3(0Al)

1% 14.59 21.39 24.57 17.79 17.48 2.31 1.87

3% 19.99 16.63 22.05 18.98 27.28 - 5.07

5% 21.73 18.88 19.45 20.20 15.35 - 4.39

3% dry 9.34 18.39 20.85 25.14 15.80 - 10.03

3% steam 10.07 8.99 16.91 19.50 33.72 - 10.51
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3.3.5. Morphology Analysis
BSE Analysis

The BSE images of pastes prepared by the pressure mixing process with 1% PVA
under normal curing conditions, 3% PVA under normal curing conditions, 5% PVA under
normal curing conditions, 3% PVA under dry heat curing conditions, and 3% PVA under
steam curing conditions at 28 d are shown in Figure 14a–e, respectively. Compared with
Figure 14a–c, it can be observed that when the PVA dosage was 1%, no organic phase was
found, while an organic phase was observed in the paste with a 5% PVA dosage, as shown in
Figure 14c. For the pastes under normal curing conditions, with an increase in PVA content,
cracks in the geopolymer matrix became obvious, maybe due to the different hardening
rates of organic particles and slag-based geopolymer. Compared with Figure 14b,d,e, the
paste under high-temperature curing had a relatively dense structure, and there was no
obvious crack around the organic phase, but the dispersion was still uneven. In addition, by
comparing Figure 14d,e, it can be observed that different high-temperature curing regimes
had different effects on the PVA state in the matrix. With dry heat curing, PVA bonded
more with slag geopolymer, and there was no obvious two-phase interface. For the paste
under steaming curing conditions, the interface between the embedded PVA and the slag
geopolymer matrix was obvious.

 
Figure 14. BSE images of pastes prepared by pressure mixing process with (a) 1% PVA (normal
curing), (b) 3% PVA (normal curing), (c) 5% PVA (normal curing), (d) 3% PVA (dry heat curing), and
(e) 3% PVA (steam curing) at 28 d.

SEM Analysis

The morphology images of pastes prepared by the pressure mixing process with
1% PVA under normal curing conditions, 3% PVA under normal curing conditions, 5% PVA
under normal curing conditions, 3% PVA under dry heat curing conditions, and 3% PVA
under steam curing conditions at 28 d are shown in Figure 15a–e, respectively. As shown in
Figure 15a–c, with an increase in PVA dosage, no characteristic reaction product appeared,
and the geopolymer matrix had a uniform texture, indicating that a good bond formed
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between the organic and inorganic phases under the pressure-mixing process. Compared
with Figure 15b,d,e, the reaction product under different curing conditions had a different
morphology. For the paste under dry curing conditions, there was a characteristic morphol-
ogy of the internal structure of the pomegranate. This was because the PVA, which had
lost water, wrapped some slag particles and rapidly shrunk under dry curing conditions.
This kind of organic–inorganic composite structure is closely combined with the hydration
product so that the material is not prone to brittle cracks during the loading process. For
the paste under steam curing conditions, a variety of reaction products were produced in
the dense matrix due to the early water retention effect.

 

Figure 15. Morphology of pastes prepared by pressure mixing process with (a) 1% PVA (normal
curing), (b) 3% PVA (normal curing), (c) 5% PVA (normal curing), (d) 3% PVA (dry heat curing), and
(e) 3% PVA (steam curing) at 28 d.

3.3.6. Porosity and Pore Size Distribution of Pastes

The pore size distribution and cumulative pore volume of hardened pastes with
3% PVA prepared by different molding processes and curing regimes at 28 d are shown in
Figure 16. Figure 16a shows that the order of the maximum pore size of each sample is paste
prepared by ordinary molding (60.77 μm) > paste prepared by mixing molding > paste
prepared by pressure mixing molding. The results show that the pressure mixing process
eliminated some large pores in the paste matrix. However, the cumulative pore volume of
each paste was contrary to the expected results, which may indicate that some pore defects
were introduced during the pressure mixing process itself, resulting in an increase in the
total pore volume of the paste.
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Figure 16. (a) Pore size distribution of pastes prepared by different molding processes at 28 d,
(b) cumulative pore volume of pastes prepared by different molding processes at 28 d, (c) pore size
distribution of pastes prepared by different curing regimes at 28 d, (d) cumulative pore volume of
pastes prepared by different curing regimes at 28 d.

It is seen from Figure 16 that the order of maximum pore size and cumulative pore
volume of each paste is as follows: paste under room temperature curing sample > paste
under dry heat curing sample > paste under steam curing sample. The results show
that under the high-temperature curing conditions, the reactivity of slag geopolymer was
enhanced. More gel products were produced in the system, and the voids were gradually
filled by slag particles, which reduced the pore size and made the matrix compact.

The maximum pore size and total pore volume of the pastes treated with steam curing
were 50.34 nm and 0.0443 mL/g, respectively, which were the smallest among all the pastes.
The reason for this is that steam curing continued to provide water for the unreacted slag
particles in the later stage of the geopolymer reaction, resulting in more reaction products
to fill the pores, refine the pores, and reduce the total pore volume of the paste. These
results explain the reason for the maximum bending strength of the paste under steam
curing conditions.

4. Conclusions

The effect of water-soluble polymers as additives on the mechanical and structural
properties of slag-based geopolymer was investigated in this study. To reveal the mod-
ification mechanism of organic additives on slag-based geopolymer, the pore diameter
distribution, boning, and polymerization degree of organic–inorganic composite geopoly-
mer were explored. Based on this study, the following conclusions can be drawn:
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1. For geopolymer paste using sodium silicate as an alkali activator (alkali content of
6% and modulus of 1.6) prepared by the ordinary production process under the same
curing age, the flexural strength of the geopolymer paste with 0.5 wt% PVA was
9.2 Mpa, which was 29.33% higher than that of the reference geopolymer paste.

2. By means of the pressure-mixing molding process, the fraction of large capillary pores
in the geopolymer pastes was significantly reduced. The flexural strength of the
paste with 3% PVA was 12.6 Mpa at 28 d, while the flexural strength value increased
markedly to 19.0 MPa due to the acceleration of the polymerization reaction by dry
curing (80 ◦C, 24 h).

3. The FTIR spectrum of 2% PVA modified slag-based geopolymer shows that the
vibration peak near 1180 cm−1 was due to the presence of a C–O–Si bond. The results
show that the -OH functional group in C–(A)–S–H reacted with the –OH in PVA, which
provided the possibility for the formation of an organic–inorganic interpenetration
network. The 29Si NMR spectra demonstrated that the polymerization degree of the
aluminosilicate and the chemical environment around the [SiO4]4− tetrahedra were
affected by the introduction of PAV into the geopolymer matrix. An appropriate PVA
content incorporated into slag-based geopolymer led to the increased generation of
layered-group (Q3) tetrahedra, indicating an increase in the polymerization degree of
aluminosilicate tetrahedra.

4. BSE analysis showed that PVA uniformly dispersed in the inorganic matrix without
an obvious interface under dry curing conditions. Due to the influence of the pressure-
mixing process, the reaction product bound more closely to the unreacted slag.
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Abstract: The objective of this study is to formulate vegetated light porous concrete (VLPC) through
the utilization of various cementing materials, the design of porosity, and the incorporation of mineral
additives. Subsequently, the study aims to assess and analyze key properties, including the bulk
density, permeability coefficient, mechanical characteristics, and alkalinity. The findings indicate
a linear decrease in the volume weight of VLPC as the designed porosity increases. While higher
design porosity elevates the permeability coefficient, the measured effective porosity closely aligns
with the design values. The examined VLPC exhibits a peak compressive strength of 17.7 MPa and a
maximum bending strength of 2.1 MPa after 28 days. Notably, an escalation in porosity corresponds to
a decrease in both the compressive and the bending strength of VLPC. Introducing mineral additives,
particularly silicon powder, is shown to be effective in enhancing the strength of VLPC. Furthermore,
substituting slag sulfonate cement for ordinary cement significantly diminishes the alkalinity of
VLPC, resulting in a pH below 8.5 at 28 days. Mineral additives also contribute to a reduction in the
pH of concrete. Among them, silica fume, fly ash, fly ash + slag powder, and slag powder exhibit a
progressively enhanced alkaline reduction effect.

Keywords: porosity; mechanical property; alkalinity; permeability coefficient

1. Introduction

In recent years, vegetation lightweight porous concrete (VLPC) has emerged as an
innovative integration of traditional concrete technology with the advantages of
horticulture [1,2]. VLPC boasts a considerable pore volume and a distinctive pore
structure [3–6], resulting in enhanced water permeability [7], efficient heat dissipation
capacity [8], and notable sound absorption capability [9]. These inherent characteristics
render VLPC highly valuable for mitigating urban waterlogging [10], minimizing noise
pollution [11], and fostering urban ecological development. Consequently, VLPC plays
a pivotal role in the implementation of the concept of sponge cities [3]. By integrating
plants within a porous concrete medium, VLPC enables the unhindered movement of
water, air, soil, and roots. This environmentally friendly material finds frequent application
in valley slopes and hilly areas, where it serves to enhance landscaping and to mitigate the
risk of slope landslides. Nevertheless, in practical applications, the predominant cement
used is typically ordinary Portland cement. This type of cement generates a substantial
amount of the hydration product Ca(OH)2 during the hydration process, creating an al-
kaline environment that is unfavorable for vegetation growth [12,13]. The optimal pH
range for plant growth is between 8 and 10, whereas the pH value of ordinary concrete is
approximately 13—clearly unsuitable for the formulation of VLPC [14].
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Numerous researchers have undertaken comprehensive studies with the objective of
creating an internal environment within VLPC that promotes vegetation growth [15–18].
Li et al. [19] observed that, at a water–cement ratio of 0.26 and a targeted porosity of
26%, both the pH value of the soil and the concrete porosity reached their lowest levels.
This condition was identified as providing the most optimal environment for vegetation
growth. These findings underscore the significance of considering the porosity and pH
value as critical factors influencing the growth and development of vegetation in VLPC.
Peng et al. [20] conducted a comparative analysis of the permeability of concrete incorpo-
rating fly ash and silica fume. Their findings revealed that the addition of fly ash or silica
fume led to a reduction in permeability while concurrently improving the strength of the
concrete. Consequently, the determination of the optimal quantity of fly ash or silica fume
in the manufacturing process of VLPC should be guided by primary performance criteria.
Additionally, some scholars have noted that altering the raw material composition has a
positive impact on enhancing the alkaline environment within the concrete. Yang et al. [21]
investigated the evolution process and mechanism of the engineering performance of vege-
tated concrete under atmospheric freeze–thaw (F-T) test conditions. The findings indicated
a decline in the acoustic wave velocity and cohesive forces, coupled with an increase in
the permeability coefficient of vegetated concrete due to the effects of F-T action. The
reduction in cohesive force was closely linked to an overall decrease in the content of the
gelling hydration products in the vegetated concrete. Additionally, the diminished nutrient
retention capacity of vegetated concrete was primarily associated with the disintegration
and fragmentation of larger aggregates induced by F-T action. Cheng et al. [13] devised
10 sets of porous concrete specimens using mixed ratio columns to examine the influence
of various parameters, including fly ash and silica fume contents, on the mechanical prop-
erties, porosity, and pH value of porous concrete. The outcomes of the study revealed
that the compressive strength and porosity of the porous concrete, measured after 28 days,
were at least 13 MPa and 21%, respectively. This suggests that the porous concrete exhibits
suitability for slope protection in practical engineering applications. Additionally, all grass
species thrived in the eco-modified soil and porous concrete environment throughout the
observation period, achieving a vegetation coverage rate of 96% or higher. It was also
observed that the root system permeated the pores of the porous concrete, reaching the
bottom after 8 weeks. Kim et al. [22] conducted a study evaluating the vegetation growth
performance of porous vegetated lightweight porous concrete (VLPC) blocks prepared
with blast furnace slag cement. After placing the test blocks in the field, plant growth was
monitored, and seeds began to germinate a week after sowing. Remarkably, after 6 weeks,
the plant length exceeded 300 mm, and the average coverage reached an impressive 90%.
These findings unequivocally demonstrate that VLPC, prepared with blast furnace slag
cement, is well-suited for environmental remediation projects. Moreover, the selection of
aggregates and cement substitutes was identified as a significant factor influencing the
vegetation growth performance of VLPC. Wang et al. [1] found that soaking in ferrous
sulfate solution for 6 days, oxalic acid solution for 10 days, and water for 26 days can reduce
the pH value of the internal pores of concrete to about 8, indicating that the alkali reduction
effect can be achieved in a short time by using an alkali reduction solution, and the other
properties of vegetation concrete are not significantly affected. Bao et al. [8] pioneered the
development and investigation of vegetation pervious concrete with low alkalinity. The
reduction in concrete alkalinity was achieved through the addition of admixtures to the
cement slurry. The study utilized XRD (X-ray diffraction) and compression tests to examine
the impact of the admixture content on the concrete basicity and compressive strength. The
results indicated a decrease in the alkalinity of the cement samples with increase in the
admixture content and successful vegetation growth on the pervious concrete. Moreover,
by elevating the admixture content to approximately 3.6%, the compressive strength of the
pervious concrete exceeded 25 MPa.

Building upon these findings, the present study undertook the preparation of vari-
ous types of plant-growing lightweight porous concrete. To cater to the requirements of
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vegetation growth, essential performance indicators, including the bulk density, strength,
alkalinity, porosity, and water permeability coefficient, were meticulously examined. The
objective was to furnish a scientific foundation and technical support for the application of
this material in construction engineering, urban greening, as well as energy-saving and
environmental protection initiatives.

2. Materials and Methods

2.1. Materials

P.II 52.5 grade ordinary Portland cement (OPC) (Onoda Cement Factory, Dalian,
China), meeting the Chinese standard GB/T 175-2007 [23], and 52.5 grade slag sulphoa-
luminate cement (SSC) (Polar bear Co., Tangshan, China), meeting the Chinese standard
GB/T 20472-2006 [24], were chosen for the experiment. The specific surface areas of these
cements were 392 m2/kg and 450 m2/kg, respectively. The coarse aggregate utilized was
shale ceramic granule 900 grade lightweight aggregate, with a density of 960 kg/m3 and a
particle size ranging from 10 to 15 mm. Fly ash (Datang Tongzhou thermal power plant,
Tangshan, China) was employed as low-calcium work-grade fly ash (FA) with a density
of 2.13 g/cm3, a fineness of 6% (45 μm sieve-screened), and a water demand ratio of 0.95.
The slag powder used was S95 granulated blast furnace slag (GBFS) (Douhe power plant,
Tangshan, China), characterized by a density of 2.86 g/cm3, a specific surface area of
590 m2/kg, a mobility ratio of 97, and a 28-day activity index of 104. The chemical additive
chosen was JM-2 polycarboxylic (Sobute New Materials Co., Nanjing, Jiangsu, China) acid
water-reducing agent, achieving a water reduction rate of 36.7%. The chemical compo-
sitions of the cement, FA, GBFS, and silica fume (SF) (Elkem Materials Co., Guangzhou,
China) are detailed in Table 1.

Table 1. Chemical composition of SSC, OPC, FA, SF and GBFS.

Oxides% CaO SiO2 Al2O3 Fe2O3 MgO SO3 TiO2 LOI

P.II 52. 5 64.50 22.04 4.76 3.10 0.92 1.90 / 1.01
SSC52.5 39.25 26.95 13.21 0.41 8.51 7.84 0.53 0.31

FA 3.36 57.74 27.08 6.34 1.11 0.18 / 3.61
SF 0.4 91.05 1.73 0.91 0.78 0.27 / 1.02

GBFS 37.19 31.77 15.36 0.63 10.15 1.16 / 1.02

2.2. Mix Design

The preparation of vegetative lightweight porous concrete relies on effectively en-
veloping the coarse aggregate with cementitious material to create uninterrupted voids.
However, conventional concrete proportion design methods do not meet the necessary
criteria for void formation in this specific type of concrete. Therefore, it is essential to devise
novel and effective design principles and techniques for the proportioning of lightweight
and porous vegetative concrete.

The mix ratio of vegetated lightweight porous concrete is influenced by several crucial
factors, including the water–cement ratio (RW/C), the design porosity (Rvoid), the density
(ρ), and the aggregate porosity (νc). The specific calculations can be broken down into the
following steps:

(1) Calculation of the amount of coarse aggregate per unit cubic meter.

WG = α·ρG (kg/m3), (1)

where α represents the correction coefficient, set at 0.98; ρG signifies the compact packing
density of coarse aggregate, measured in kilograms per cubic meter (kg/m3); and WG
denotes the quantity of coarse aggregate per unit cubic meter, expressed in kilograms per
cubic meter (kg/m3).
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(2) Calculation of slurry volume of cementitious materials.

VP = 1000 − α·10·(100 − νc)− Rvoid·10 (L/m3), (2)

where VP denotes the volume of cementitious material (kg/m3); νc denotes the dense pile
porosity of coarse aggregate (%); and Rvoid denotes the design porosity (%).

(3) Calculation of cement and water consumption per cubic meter.

WC =
Vp

RW/C + 1
ρC

(3)

WW = WC·RW/C, (4)

where WW denotes the amount of cement per unit cubic metre (kg/m3); RW/C denotes
the water-cement ratio; ρC denotes the density of cement (kg/m3); and WW denotes the
amount of water used per unit cubic metre (kg/m3).

When incorporating fly ash, slag powder, silica fume, and other mineral admixtures,
the dosage calculations are based on volume conversion corresponding to the volume of the
cementitious material slurry. This involves following the aforementioned steps to calculate
the dosage for each admixture. Typically, when the admixture dosage is small, its volume is
not factored into the total volume of the slurry. The specific calculations for various groups
are detailed in Table 2.

Table 2. Mix proportion (kg/m3).

Number
Design
Porosity

(%)
Cement Aggregate Water FA GBFS SF JM-2

Water-Cement
Ratio

C1 20 406 524 105.6 2.18 0.26
C2 23 356 524 92.6 1.79 0.26
C3 25 322 524 83.7 1.73 0.26
C4 27 288 524 74.9 1.42 0.26
C5 30 234 524 60.8 1.05 0.26
CF 25 170 513 79.2 113.0 1.42 0.28
CG 25 182 513 88.2 122.0 1.52 0.29
CS 25 325 513 79.7 6.6 1.66 0.24
CD 25 177 513 82.6 59.0 59.0 1.48 0.28
S 25 335 524 83.7 1.73 0.26

Note: C stands for common silicate cement; S stands for slag sulfur–aluminate cement. CF, CG, CS, and CD
represent samples with single-doped FA, single-doped GBFS, single-doped SF, and double-doped FA and GBFS,
respectively.

2.3. Specimen Preparation and Maintenance

In contrast to ordinary concrete, the fluidity of VLPC is significantly reduced, at-
tributed to its lower cement content, absence of fine aggregate, and the presence of a
substantial amount of coarse aggregate. The internal friction between the slurry and coarse
aggregate, along with the coarse aggregate itself, is notably high. This results in the slurry
being prone to forming clusters, making it not only challenging to mix but also difficult
to establish a continuous and cohesive structure. To ensure the comprehensive and effec-
tive coverage of the coarse aggregate surface by the cementing material slurry, a novel
stirring process is introduced in the test, as illustrated in Figure 1. The mixing process
involves several steps: initially, cement, mineral admixture, and one-third of the coarse
aggregate are mixed and stirred for 15 s. Subsequently, half of the water and admixture are
added, and the mixture is stirred for 30 s. Following this, a third of the coarse aggregate,
along with a quarter of the water and admixture, is introduced into the concrete, and
mixing is continued for 30 s. Lastly, the remaining coarse aggregate, water, and admixture
are added, and the entire mixture is mixed and stirred for 60 s. The resulting concrete
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is then poured to form the desired structure. Concrete specimens of varying heights
(100 mm × 100 mm × 100 mm and 100 mm × 100 mm × 400 mm) were prepared based
on the mix ratios in Table 2. After 24 h of casting, the concrete specimens were demolded,
followed by a subsequent 28-day curing process in a standard curing room maintained at a
temperature of 20 ± 2 ◦C and a relative humidity of ≥95%.

Figure 1. VLPC mixing process.

2.4. Test Methods and Procedures
2.4.1. Volumetric Weight of Vegetated Lightweight Porous Concrete

Given the substantial differences in composition and structure between vegetative
lightweight porous concrete and ordinary concrete, it is anticipated that their bulk densities
will also vary significantly. The testing procedure followed the mixed bulk density test
used for ordinary concrete, and the concrete was sealed before the test, focusing on Group
C concrete with differing porosities to measure the mixed bulk density.

2.4.2. Porosity and Permeability Coefficient

The porosity of vegetative lightweight porous concrete (VLPC) was assessed in accor-
dance with the specifications outlined in CJJ/T253-2016 [25]. Simultaneously, the perme-
ability coefficient of VLPC was determined using the constant head method, following the
guidelines provided in CJJ/T135-2009 [26], as depicted in Figure 2.

Porosity is determined by measuring the change in water level before and after im-
mersing the sample to ascertain the drainage volume. The formula for calculating the
porosity is provided in Equation (5).

P =
V − S × (H2 − H1)

V
× 100%, (5)

where V denotes the exterior volume of the specimen (cm3); S denotes the cross-sectional
area of the container (cm2); H1 indicates the initial liquid level height (cm); and H2 indicates
the liquid surface height after adding the specimen (cm). When the difference between
the maximum value, the minimum value, and the intermediate value exceeds ±0.5%, the
sample is re-sampled for the test, and the arithmetic average of the three test results is
taken as the final measured value.

The formula for calculating the permeability coefficient is shown in Equation (6):

KT =
QD

AH(t2 − t1)
, (6)
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where K indicates the coefficient of water permeability (cm/s) at water temperature T ◦C;
Q denotes the amount of water (cm3) that passes through the concrete from time t1 to t2; D
denotes the thickness of the macroporous concrete specimen (mm); A denotes the contact
area of the macroporous concrete specimen (cm2); and H denotes the specified head height
(cm). It should be noted that due to the selection of light aggregate with large particle
size to prepare VLPC in this test, its water permeability is very good, and the equilibrium
head is very small, and it is difficult to reach the specified head. Therefore, the method of
balancing the head instead of the specified head is used to calculate the water permeability
coefficient.

 
Figure 2. Measuring instrument for porosity and permeability coefficient. (a) Porosity measuring
instrument; (b) permeability coefficient measuring instrument.

2.4.3. Mechanical Properties

The strength test for VLPC follows the guidelines specified in GB/T50081-2019 [27].
The testing instrument employed is a 300-ton electro-hydraulic servo-pressure testing
machine, with a control loading rate of 0.2 MPa/s. The test ages selected are 7 and 28 days,
respectively. As the test blocks used in this study are non-standard specimens, the test
flexural strength is adjusted by multiplying it by the conversion coefficient of 0.85, and
the test compressive strength is adjusted by multiplying it by the conversion coefficient of
0.95 [27]. The average compressive strength of the three concrete test blocks is considered as
the strength value for the specimen group, with the requirement that the deviation between
the individual strengths and the average strength should not exceed 15%.

2.4.4. Alkalinity

Due to the inhibitory effect of high alkalinity on seed germination and root growth,
the alkalinity of concrete is mitigated by substituting cement types with mineral
admixtures [28,29]. The test was conducted following the procedures recommended in
IS: 3025 (Part II) -1983, and the sample for the alkalinity test was prepared in accordance
with the procedure outlined in ref. [30]. For sample preparation, after reaching the specified
age, the sample is extracted from the standard curing chamber and subjected to crushing
and grinding, followed by passage through a 0.08 mm sieve. Subsequently, 10 g of the
powdered sample is weighed, mixed with 10 times distilled water, and the bottle is sealed
to prevent carbonization. After allowing it to sit for 2 h, the mixture is filtered using filter
paper. The alkalinity of the concrete is then determined based on the pH value of the
filtered solution. The experimental setup for the pH test is illustrated in Figure 3.
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Figure 3. pH Testing. (a) Broken sample; (b) Grinding sample; (c) Sample sieving; (d) Mix with
distilled water; (e) Filter mixture; (f) pH measurement.

3. Results

3.1. Bulk Weight of Concrete

The results of the volumetric weight determination for mixes with different design
porosities are presented in Figure 4. From the figure, it is evident that the bulk weight of
fresh VLPC in Group C1 ranges from 1200 kg/m3 to 1300 kg/m3, approximately half of
the bulk weight of ordinary concrete (2200 kg/m3 to 2500 kg/m3), categorizing VLPC as a
lightweight concrete. With the same mixing ratio, an increase in the design porosity corre-
lates with a decrease in the mix weight, demonstrating a predominantly linear relationship
between them. In essence, an elevation in the design porosity results in a reduced mass of
the active substance within the same volume of concrete, consequently leading to a decline
in the mix’s bulk weight.

Figure 4. Concrete bulk weight test results.

3.2. Porosity and Permeability Coefficient

The effective porosity and water permeability coefficient of five test blocks with
varying design porosities in Group C were determined. The corresponding relationship
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between the design porosity and the effective porosity is depicted in Figure 5, while the
test results for the water permeability coefficients are illustrated in Figure 6.

Figure 5. Effective porosity test results.

Figure 6. Permeability coefficient test results.

From the observations in Figure 5, it is evident that the measured effective porosity
of the lightweight porous concrete is smaller than that of the design porosity. This phe-
nomenon is attributed to the occlusion of some pores during the concrete molding process,
hindering the formation of continuous or semi-continuous effective porosity. Furthermore,
the effective porosity of porous concrete is somewhat influenced by the pressure during
molding and the particle size of the coarse aggregate. In this study, a single primary
distribution particle size of 10 mm to 20 mm was utilized for the lightweight aggregate,
and the disparity between the measured effective porosity and the design porosity was
not significant. When the reserved porosity in the design is larger, it is more likely to
form continuous or semi-continuous effective porosity, resulting in fewer invalid pores
that are completely occluded. Consequently, the larger the design porosity, the closer the
measured effective porosity is to the design value. This trend is highly favorable for porous
concrete. During the molding process, when the mix of porous concrete is subjected to
external forces, the larger reserved pore space can accommodate the movement of the
cementitious material slurry wrapped with coarse aggregate. This reduces the formation of
completely occluded pores, gradually bringing the measured effective porosity closer to the
design porosity.
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As depicted in Figure 6, the water permeability coefficient of VLPC increases with the
rise in design porosity. This is attributed to the larger design porosity, signifying a smaller
amount of cementitious material slurry and a reduced volume of wrapped coarse aggregate
surface. As a result, the formation of occluded pores inside the VLPC is less likely, and
continuous pores naturally increase, enhancing the water permeability performance.

3.3. Mechanical Properties
3.3.1. Effect of Porosity on Mechanical Properties

The compressive and flexural strengths of specimens with five different design porosi-
ties in Group C1 are compared, as illustrated in Figure 7. From Figure 7a, it is evident that
the cubic compressive strength of porous concrete decreases with increasing design porosity
at the same proportion. Notably, at the age of 28 days, the compressive strength of porous
concrete with 30% porosity decreases by more than 50% compared to that with 20% porosity.
This further confirms the significant impact of the pore structure within the porous concrete
on macroscopic strength. For porous concrete intended for engineering applications, it is
necessary for its 28-day compressive strength to be no less than 10 MPa and the porosity
to be not less than 22%. However, based on the trend observed in the figure, there is very
limited scope for improving the compressive strength of porous concrete with an increase
in the designed porosity. Therefore, in order to meet the engineering design requirements
for strength, the design porosity of porous concrete should not be higher than 30%.

Figure 7. Effect of porosity on compressive and flexural strengths. (a) Compressive strength;
(b) flexural strength.

As observed in Figure 7b, the flexural breaking strength of porous concrete decreases
with an increase in the porosity. The higher the porosity, the lower the overall compactness
of the porous concrete, leading to a reduction in its flexural performance. When the
porosity is low, there are relatively fewer pores in the concrete, and the contact area
between the particles is larger. This condition enables effective stress transfer, enhancing
the flexural capacity of the concrete. Furthermore, lower porosity implies fewer voids
within the concrete, reducing internal weak points and promoting a more uniform and
robust structure. This aspect contributes to an enhancement in the flexural strength. As
the porosity increases, more voids are present in the concrete, some of which may lead
to the formation of concentrated stresses and cracks, thereby diminishing the flexural
strength of the concrete. In particular, when the connections between the pores are more
pronounced, there is a higher likelihood of cracks being transmitted between the pores,
further weakening the overall flexural resistance.
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3.3.2. Effect of Mineral Admixtures on Mechanical Properties

The impact of various mineral admixtures on the compressive and flexural strength
of VLPC is illustrated in Figure 8. As shown in Figure 8a, both the 7-day and 28-day
compressive strengths of VLPC with single doping of GBFS, SF, and double doping of
GBFS and FA surpassed that of the C3 group without mineral external dopants. The most
notable improvement was observed with single doping of SF, where the 7-day compressive
strength increased by 107.1% compared to that of the C3 group. The pozzolanic reaction
between Ca(OH)2 and SiO2 in the SF was expedited by the finer texture of SF. Addition-
ally, the formation of C-S-H resulted from the reaction between the amorphous SiO2 in
SF and calcium hydroxide from cement hydration, thereby enhancing the compressive
strength [31]. Liang Fu et al. discovered that the addition of SF to the cement improved the
strength and resistance of the concrete against sulphate attack. These findings align with
the results presented in this study [32]. The strength values of the single-doped GBFS in-
creased significantly, and the double-doped group CD also experienced some improvement.
However, only the compressive strength values of the single-doped FA decreased, aligning
with previous literature reports [33,34]. Ibrahim found that adding FA to concrete reduces
the early compressive strength of concrete because FA is less active [35]. The compressive
strength values in descending order are SF > GBFA > GBFA + FA > Blank > FA.

Figure 8. Effect of mineral admixtures on compressive and flexural strengths. (a) Compressive
strength; (b) flexural strength.

This indicates that the addition of mineral admixtures plays a significant role in
enhancing the compressive strength of VLPC. Similar to ordinary concrete, the introduction
of mineral admixtures improves the uniform distribution of the hydration products in space,
accelerating the hydration of cementitious materials through its microcrystalline nucleation
effect. Moreover, the unique properties of ultrafine micronized powders, such as slag and
silica fume, reduce the amount of water used by cementitious materials. Simultaneously,
they refine the pore structure, improve its size and morphology, and enhance the density of
the cementitious stone. Consequently, these factors collectively contribute to a substantial
increase in the strength performance of porous concrete [36]. The crucial aspect lies in
the addition of slag and silica fume, along with other ultra-fine micronized powder. This
addition facilitates the reduction of the Ca(OH)2 crystal size in the transition zone between
cementitious materials and aggregates, weakening the orientation. As a result, the structure
of the interface transition layer is significantly improved, enhancing the bond between the
cementitious materials and aggregates and inhibiting the destruction of the bond [37].

The impact of mineral external admixtures on the flexural strength of VLPC is il-
lustrated in Figure 8b. The pattern of the effect of mineral external dopants on the
flexural strength of VLPC is essentially the same as that observed for the compressive
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strength. Specifically, the values of the flexural strength are ranked from high to low as
SF > GBFA > GBFA + FA > Blank > FA.

3.4. Alkalinity

The pH of different groups of VLPC was measured, and the test results are depicted
in Figure 9. After the hydration reaction of normal silicate cement, various compounds are
produced, including C-S-H gel, calcium hydroxide, calcium alumina, and hydrated calcium
monosulphoaluminate. The concrete environment is primarily alkaline due to the presence
of Ca(OH)2, with small amounts of sodium hydroxide and potassium hydroxide also
present. Consequently, the Ca(OH)2 content of concrete directly influences the alkalinity of
its environment [38].

Figure 9. pH value of VLPC at different ages.

Comparing the pH changes of group C3 and group S, the pH of porous concrete
prepared with slag sulfoaluminate cement was reduced to less than 8.5 at 28 days, which is
21% lower than that of ordinary silicate cement. This reduction is attributed to the large
amount of ettringite generated by the slag sulfoaluminate cement during hydration. The
relatively low Ca(OH)2 content contributes to the lower alkalinity of the slag sulfoaluminate
cement. Figure 10 illustrates the microstructure of the slag sulfoaluminate cement and
silicate cement after 14 days of hydration. It can be observed that the slag sulfoaluminate
cement contains a significant amount of ettringite, while the ordinary silicate cement
generates a large amount of Ca(OH)2 crystals.

 

Figure 10. SEM images of SSC hydrated with OPC for 28 days. (a) SSC; (b) OPC.

30



Materials 2024, 17, 251

As the SiO2 content in the mineral admixture increases while the CaO content de-
creases, the water-hardness of SiO2 leads it to react with Ca2+ to generate new hydrated
calcium silicate (C-S-H). This reaction consumes some of the Ca2+ ions, thereby reducing
the Ca(OH)2 content in the concrete. In concrete, Ca(OH)2 is the primary alkaline substance
that governs the alkalinity of the concrete. Therefore, as the SiO2 content increases and the
CaO content decreases, the formation of Ca(OH)2 in the concrete decreases, consequently
lowering the pH of the internal voids of the concrete. Specifically, the CaO content in
silica fume, fly ash, and slag powder gradually increases, while the SiO2 content gradually
decreases. Therefore, the increase in SiO2 and the decrease in CaO when using these
mineral admixtures result in a reduced amount of Ca(OH)2 in the concrete. This ultimately
leads to a decrease in the pH of the internal voids of the concrete [39]. This is because the
reaction of SiO2 with Ca(OH)2 reduces the solubility of Ca(OH)2, thereby affecting the
alkaline environment of concrete. The pH of concrete can be adjusted by controlling the
composition and content of mineral admixtures.

The presence of more and larger internal voids in VLPC allows for increased air contact
compared to normal concrete. This heightened exposure to air increases the likelihood of
carbonation, resulting in a lower pH for porous concrete in comparison to plain concrete.
The pH of the internal voids of porous concrete typically decreases to below 10.5 at 28 days.
Furthermore, the pH of the internal voids of VLPC decreases further with the incorporation
of various mineral admixtures. Among them, silica fume has the most significant effect,
reducing its 28-day pH to below 10, sufficiently meeting the growth requirements of
some plants. Additionally, other external admixtures can effectively reduce the pH of
porous concrete. Based on the degree of pH reduction observed in this study, the order is
SF > FA > FA + GBFS > GBFS.

These findings show that the pH value of the interstitials in porous concrete can be
effectively reduced by incorporating various mineral admixtures and using low-alkali
cement to create a suitable environment for plant growth. In addition, the pH reduction
of different admixtures is different, emphasizing the need for careful consideration and
reasonable selection of admixtures according to the specific requirements.

4. Discussion

VLPC employs lightweight aggregate as the coarse aggregate and lacks fine aggregate,
resulting in a density ranging from 1200 kg/m3 to 1300 kg/m3. This is approximately half
of the density of ordinary concrete (2200 kg/m3 to 2500 kg/m3), enhancing the construction
convenience, improving efficiency, and saving materials to a certain extent.

The measured effective porosity of lightweight porous concrete is typically slightly
smaller than the design porosity. However, as the design porosity increases, the mea-
sured effective porosity gradually approaches the design value. This indicates that the
incorporation of larger pre-reserved pores during the molding process assists in forming
continuous or semi-continuous effective pores, reducing the occurrence of completely
occluded pores. Additionally, it enhances the water permeability of the concrete, which is
highly advantageous for porous concrete.

The strength of VLPC decreases with increasing porosity, highlighting the need for a
balanced relationship between the porosity and the mechanical properties in the design of
porous concrete structures. To ensure sufficient strength, it is essential to control the porosity
within an appropriate range, ensuring that the mechanical properties of the concrete meet
the design requirements.

The incorporation of mineral admixtures is crucial for enhancing the strength of VLPC.
Both slag powder and silica fume contribute significantly to early and mid-late strength
development. In cases where economic considerations come into play, a double mix with
an appropriate proportion of fly ash, replacing slag powder, can be employed to achieve
strength improvement. However, it is not advisable to use fly ash alone. This is because,
given that the early strength of vegetative lightweight porous concrete is not inherently
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high, the addition of fly ash could further reduce its early strength, presenting challenges
in the construction of vegetative lightweight porous concrete.

The inclusion of mineral admixtures can variably decrease the alkalinity of VLPC.
Higher SiO2 content in minerals leads to reduced Ca(OH)2 generation, resulting in a lower
pH value. When SSC is utilized, the alkalinity of VLPC is notably diminished compared
to ordinary concrete, primarily due to its main hydration product being dominated by
calcium alumina with a limited Ca(OH)2 content.

5. Limitations and Prospects

5.1. Limitations

In our study, we employed a constrained set of materials, pore size designs, and
mineral additives to fabricate VLPC. However, this restricted selection may not fully
encompass the potential variations and combinations that could optimize the overall
performance of VLPC. Subsequent research and experimentation involving a broader range
of materials are necessary to comprehensively explore and enhance its properties.

Our experiments were carried out in controlled laboratory conditions, neglecting
the potential impact of long-term exposure to environmental factors or aging. In real-
world applications, VLPC may face various weathering conditions, including temperature
fluctuations, moisture, and chemical exposure, which could influence its performance and
durability. Future studies should include field tests or accelerated aging experiments to
evaluate the long-term behavior of VLPC.

5.2. Prospects

VLPC holds significant potential for diverse applications. It proves beneficial in road
and pavement construction, green roofs, retaining walls, and landscaping projects. The
porous structure of VLPC facilitates water infiltration, addressing urban stormwater runoff
issues, and contributing to the enhanced ecological balance of urban environments.

Future research can concentrate on broadening the spectrum of cementitious materials
and mineral additives employed in VLPC production. Through the exploration of diverse
combinations, researchers aim to enhance the mechanical properties, improve durability,
and reduce the costs associated with the manufacturing process.

While VLPC exhibits promise, further studies and practical applications are essential to
validate its performance in diverse environments and construction scenarios. Collaborative
efforts between researchers, engineers, and construction professionals will be crucial to
unlock the full potential of VLPC and to overcome the existing limitations.
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Abstract: To reduce the mining of high-grade magnesite and solve the environmental pollution
caused by magnesite tailings, magnesite tailings were used to produce MgO expansion agent (MEA),
and a detailed study of its performance was carried out in this study. Firstly, the effects of different
calcination times on the calcination products, the specific surface area, and the activity of MEA
were analyzed. Then, the MEA produced by calcinating at 950 ◦C for 1 h was taken as the research
object, and the effects of its content on the expansion performance, compressive strength, and flexural
strength of the mortar were studied. The results showed that the decomposition of magnesite tailings
after high-temperature calcination produced MEA, and the longer the calcination time, the lower the
activity. The calcined tailings could compensate for the shrinkage of the mortar, and the expansion
increased with the increase in curing temperature. What is more, when the content was less than 8%,
the hydration of MEA filled the pores and improved the compactness, so the strength of the mortar
increased with the increase in the expansion agent content. When the dosage was greater than 8%,
excessive expansion increased the porosity, causing harmful expansion of the mortar and damaging
its integrity, leading to a decrease in strength. Fly ash reduced the expansion of mortar, and after
adding 30% fly ash, the expansion decreased by 20.0–36.1%, and the ability to suppress expansion
decreased with the increase in curing temperature.

Keywords: magnesite tailings; MgO expansion agent; mortar; compressive strength; flexural
strength; porosity

1. Introduction

Cement has been widely used as the raw material for concrete. However, when cement
comes into contact with water and reacts, its volume gradually decreases. When shrinkage
is constrained, shrinkage tensile stress is generated, leading to structural cracking [1–3].
This not only reduces the strength of the concrete but also the bearing capacity of the
structure and the durability of the concrete. but also makes it easier for harmful ions to
enter the interior of the concrete, greatly reducing its service life, resulting in a huge loss
of natural resources and economy. The problem of cracking caused by the shrinkage of
cement-based materials has been puzzling engineers and researchers. And as the strength
of concrete increases, the fineness of cement gradually decreases, the C3S content increases,
and the water-to-cement ratio gradually decreases. Although these changes improve the
strength of concrete, the increased shrinkage of concrete makes it more prone to shrinkage
cracks [4–6].

Adding an expansion agent to compensate for the shrinkage of cement by utilizing the
expansion generated by its hydration is a widely recognized method [7–9]. Currently, the
expansion agents commonly used in engineering are sulfoaluminate-type, MgO-type, and
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CaO-type expansion agents. Different from the other two kinds of expansion agents, the
MgO expansion agent (MEA) has many advantages, such as a lower water requirement for
hydration, a more stable reaction-generated substance, Mg(OH)2, an artificially adjustable
expansion rate, and so on. So MEA is widely used in modern concrete [10–12]. Since
the 1970s, a large number of Chinese researchers have begun to study MEA, which is
applied to large-scale buildings such as dams and airport pavement. The shrinkage of
this mass concrete is well compensated by the use of MEA with different activities during
dry shrinkage and temperature shrinkage, which greatly reduces the shrinkage cracks and
improves the durability of the mass concrete [13,14].

Nowadays, the MEA sold on the market is basically produced by calcining high-
grade magnesite. However, with the continuous exploitation of non-renewable minerals,
environmental pollution and resource depletion issues are becoming increasingly serious.
Coupled with the government’s restrictions on the mining of non-renewable mineral
resources, the grade of magnesite resources is decreasing [15–19]. At the same time, a large
amount of low-grade magnesite is discarded every year. These randomly discarded tailings
have caused serious resource waste and also occupied a large amount of land. Therefore,
how to reduce the mining of high-quality magnesite and solve the environmental pollution
caused by tailings has become a very urgent problem.

Some scholars have attempted to use other methods to produce MEA. Temiz [20]
prepared an expansion agent containing MgO using calcined dolomite (CaMg(CO3)2).
However, this expansion agent also contained a large amount of CaO, which had a fast
hydration rate and generated a large amount of expansion before the concrete hardened.
This expansion could not compensate for the shrinkage of hardened concrete. Gao [21] used
industrial by-products (magnesite and serpentine) to produce MgO expansion agents. It
was found that the products of industrial by-products after calcination could also produce
expansion, which could compensate for the shrinkage of dam concrete. However, compared
to the concrete used in buildings and bridges, the strength of dam concrete is not high,
and it is not clear whether the expansion agent produced by by-products has the same
effect on shrinkage compensation as high-strength concrete (greater than 50 MPa). There
are still many concerns about whether the expansion agent produced by by-products will
reduce the strength of high-strength concrete. The above research confirms the necessity
and feasibility of using other methods to produce expansion agents. But there is still a
lack of detailed research on the effects of calcination temperature and time on the mineral
composition, specific surface area, and activity of MEA, which restricts the development of
industrial by-products to produce expansion agents. The above issues are also likely the
main reason for the increasingly scarce and expensive prices of magnesite.

This paper used magnesite tailings from Laizhou (China) to produce MEA, studied
the influence of different calcination methods on the performance of expansion agents, and
analyzed the influence of tailings on the strength and expansion performance of mortar,
which provided a new way to solve the environmental pollution of magnesite tailings.
And at the same time, the study can effectively reduce the price of MEA and promote the
promotion and utilization of expansion agents.

2. Materials and Methods

2.1. Materials
2.1.1. Magnesite Tailing

The magnesite tailings were from Laizhou (Shandong, China), and their chemical
composition is shown in Table 1. It can be seen from Table 1 that the content of MgO is lower
than 43%, the content of SiO2 is higher than 3.5%, and the content of CaO is higher than 1.5%.
The main impurities in tailings are chlorite ((Mg,Fe)4.75Al1.25[Al1.25SiO2.75O10](OH)8) and
talc (Mg3[Si4O10](OH)2), as well as a small amount of dolomite and calcite. According to the
classification of magnesite (Table 2), the useful component MgO in tailings is insufficient,
while other impurities exceed the standard, making it not one of the four types of ores. It
is a low-value tailing with no benefits for mining or processing, so it was often discarded
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arbitrarily in the past, polluting the environment. The mineral composition of magnesite
tailings is shown in Figure 1.

Table 1. Chemical compositions of magnesite tailing.

Material
Chemical Compositions (%)

CaO MgO Al2O3 SiO2 Fe2O3 Loss Total

Magnesite tailing 3.91 41.67 2.45 5.67 0.93 45.13 99.76

Table 2. Magnesite classification.

Grade
Chemical Compositions (%)

MgO CaO SiO2

Top Grade ≥47 ≤0.6 ≤0.6
Grade 1 ≥46 ≤0.8 ≤1.2
Grade 2 ≥45 ≤1.5 ≤1.5
Grade 3 ≥43 ≤1.5 ≤3.5

 
Figure 1. XRD pattern of magnesite tailing.

2.1.2. Cement

The cement was PII 52.5 Portland cement produced by Jiangnan Xiaoyetian Cement
Co., Ltd. (Nanjing, China). Its chemical composition is shown in Table 3, and its mineral
composition is shown in Figure 2. It can be seen from Figure 2 that the main mineral
composition of cement is C3S, C2S, C3A, and C4AF, with a small amount of gypsum and
calcite. The particle size distribution of cement is shown in Figure 3.

Table 3. Chemical compositions of cement.

Material
Chemical Compositions (%)

CaO MgO Al2O3 SiO2 Fe2O3 SO3 Loss Total

Cement 64.73 0.89 4.39 19.41 2.97 2.59 2.40 97.38
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θ

Figure 2. XRD pattern of Portland cement (P·II52.5).

Figure 3. Particle size distribution of cement.

2.1.3. Fly Ash

Fly ash was class I fly ash from Huaneng Power Plant (Nanjing, China). Chemical
composition is shown in Table 4, and mineral composition is shown in Figure 4. The particle
size distribution of fly ash is shown in Figure 5.

Table 4. Chemical compositions of fly ash.

Material
Chemical Compositions (%)

MgO CaO SiO2 Al2O3 Fe2O3 Loss Total

Fly ash 0.92 4.40 47.84 34.71 7.31 3.02 98.20
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θ

Figure 4. XRD pattern of fly ash: An—Andlusite; Mu—Mullite; Q—Quartz; Ma—Magnetite;
K—Kyanite.

Figure 5. Particle size distribution of fly ash.

2.1.4. Sand

The fine aggregate was selected from natural river sand from Nantong (Jiangsu, China).
It was tested according to the Chinese standard GB/T 14684-2022 [22], and the test results
are shown in Table 5 and Figure 6. The fineness modulus of river sand was 2.1, which
belonged to medium sand. The measured cumulative sieve residue of river sand is between
the specified upper and lower limits, meeting the grading requirements.

Table 5. The properties of river sand.

Apparent Density (g/cm3) Bulk Density (g/cm3) Porosity (%)

2.63 1.51 43.5
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Figure 6. Grading curve of river sand.

2.1.5. Mix Design

The sand-to-binder ratio (S/B) and water-to-binder ratio (W/B) of mortar were fixed
at 3 and 0.5, respectively. Four kinds of mortars with different MEA contents were prepared,
and the replacement rates of MEA to cement were 4%, 8%, 12%, and 16%, respectively. In
order to study the effect of fly ash on tailing hydration, two different proportions of fly ash
(0% and 30%) were used instead of cement.

2.2. Experimental Works
2.2.1. Calcination of Tailings

The magnesite tailings were crushed by large, medium, and small jaw crushers in turn.
Then they were milled in a mill for 1.0 h and then screened by a 0.016 mm square hole
sieve. The method of calcination after briquetting was adopted in the test. After stirring
50 g of sieved tailings with 2.0% water and holding the pressure at 6 MPa for 5 s, a cube
of 5 cm × 5 cm × 1 cm was made. Then it was calcined in a box furnace. The calcination
temperature was 950 ◦C, the calcination time was 0.5 h, 1.0 h, 1.5 h, and 2.0 h, respectively,
and the heating rate was 6 ◦C/min. The calcined tailing was cooled rapidly in the air and
passed through a square hole sieve of 0.08 mm after being milled for 3 S by a vibration mill.

2.2.2. Performance Test of MEA

(1) Mineral composition

The mineral composition of MEA was analyzed by X-ray diffraction produced in the
United States, model ARL XTRA.

(2) Specific surface area of MEA

The specific surface area test of MEA was performed by a specific surface area and
micropore analyzer, which is produced in the United States and is model ASAP2020M.

(3) Measurement of f-CaO content

The content of f-CaO in MEA was tested according to the glycerin alcohol substitute
method in “Cement Chemical Analysis Method” (GB/T 176-2008 [23]).

(4) Measurement of MgO content
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The content of MgO in MEA was tested by X-ray diffraction-phase quantitative anal-
ysis (internal standard k-value method). The internal standard material was ZnO, the
content was 10%, the scanning range was 35–45◦, and the scanning speed was 1 ◦/min.

2.2.3. Activity of MEA

First, a beaker containing 200 mL of distilled water and 2 drops of phenolphthalein
indicator was placed in a constant-temperature water bath at 30 ◦C. Then, 1.7 g of MEA
and some citric acid were placed in a beaker and timed with a stopwatch until the solution
turned red. The time recorded by the stopwatch was the active value of MEA. The amount
of citric acid is calculated by Formula (1):

M = 2.84 × X + 2.13 × Y (1)

where M is the amount of citric acid; X is the content of MgO in MEA; and Y is the content
of f-CaO in MEA.

2.2.4. Mortar Test

(1) Expansion test

The mortar specimen was a cuboid of 40 mm × 40 mm × 160 mm. The effect of
MEA on expansion performance was studied by measuring the length variation in mortar
specimens. The calcination temperature of MEA was 950 ◦C, and the calcination time was
1 h. The specimen was demolished after standard curing for 24 h after pouring, and its
initial length (L0) was measured after curing in 20 ◦C water for 2 h. Then the test specimens
were put into water at 20 ◦C for long-term curing, and the length (L1) was measured after
the corresponding age. Three identical specimens were made for each mix proportion of
mortar, and the average expansion of the three specimens was considered the expansion of
the mortar. The calculation formula for the expansion rate (ϕ) of the test piece was:

ϕ = (L1 − L0)/L (2)

where L is the initial effective length of the mortar specimen, taken at 150 mm.

(2) Strength test

The strength test was carried out in accordance with the “Test Method for Strength of
Cement Mortar” (GBT 17671-1999 [24], China), and the mix proportion was the same as that
of the expansion test. Three identical samples were prepared for each dosage in the flexural
strength test. Six identical samples were prepared for each dosage in the compressive
strength test. The average value of the sample was considered the final strength.

(3) Morphology test

The morphology of mortar containing MEA was examined by SEM (HR-8100, Hitachi,
Ltd., Tokyo, Japan).

(4) Porosity and pore size distribution

The porosity and pore size distribution of mortar were measured by a GT-60 mercury
intrusion tester produced by Canta Instruments Co., Ltd. (Florida, USA).

3. Results

3.1. The Effect of Calcination Time on the Calcined Product of Magnesite

Figure 7 shows the mineral composition analysis results of MEA produced by calcining
magnesite tailings at 950 ◦C for 0.5 h, 1.0 h, 1.5 h, and 2.0 h, respectively. From the
comparison of minerals before and after calcination in Figures 1 and 7, it can be seen
that when the calcination temperature and calcination time were up to 950 ◦C for 1 h,
no magnesite, chlorite, talc, calcite, or dolomite were found in the XRD pattern. This
means that there is only a small amount left that cannot be displayed on the XRD pattern.
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In addition, the XRD pattern shows that the main minerals obtained after 0.5 h of heat
preservation were periclase (MgO), as well as a small amount of quartz (SiO2), lime (CaO),
and lamite (C2S). With the prolongation of calcination time, the peaks of MgO, SiO2, and
C2S changed slightly. When the calcination time increased from 0.5 h to 2.0 h, the peak
height of MgO increased slightly, the peak height of SiO2 and CaO decreased gradually,
and the peak height of C2S increased obviously.

θ  θ  
(a) (b) 

θ  θ  
(c) (d) 

Figure 7. XRD patterns of MEA calcining magnesite tailings at 950 ◦C for different times: (a) 0.5 h,
(b) 1.0 h, (c) 1.5 h, and (d) 2.0 h.

Table 6 lists the content of MgO in MEA produced by calcining magnesite tailings
at 950 ◦C for 0.5 h, 1.0 h, 1.5 h, and 2.0 h. It can be seen from Table 6 that the content of
MgO increased slightly with the prolongation of the calcination time, which indicates that
when the calcination time was 0.5 h, there were still a small amount of magnesia minerals
that were not completely decomposed. With the prolongation of the calcination time, the
decomposition of magnesia minerals was more sufficient, increasing the content of MgO.
According to Figure 7 and Table 6, when the calcination time was more than 1.5 h, MgCO3,
calcite, dolomite, and other minerals in the tailings had almost completely decomposed.
Even if the calcination time continued to increase, the content of MgO in MEA would not
change greatly.

Table 6. Contents of MgO in MEA at 950 ◦C for 0.5 h, 1.0 h, 1.5 h and 2.0 h.

Material
Content of f-MgO (%)

0.5 h 1.0 h 1.5 h 2.0 h

MEA 73.33 73.48 73.60 73.68
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Table 7 lists the content of f-CaO in MEA produced from calcined magnesite tailings at
950 ◦C for 0.5 h, 1.0 h, 1.5 h, and 2.0 h. It can be seen from Table 7 that the content of f-CaO
decreased with the prolongation of calcination time. This phenomenon, combined with the
smaller diffraction peak of SiO2 in Figure 7, collectively indicates that as the calcination
time increased, f-CaO reacted with SiO2 to form C2S in a solid state [18].

Table 7. Contents of f-CaO in MEA at 950 ◦C for 0.5 h, 1.0 h, 1.5 h, and 2.0 h.

Material
Content of f-CaO (%)

0.5 h 1.0 h 1.5 h 2.0 h

MEA 0.94 0.88 0.82 0.56

3.2. Effect of Holding Time on Specific Surface Area of MEA

Table 8 shows the specific surface area of MEA produced by calcined magnesite tailings
at 950 ◦C for 0.5 h, 1.0 h, 1.5 h, and 2.0 h. It can be seen from Table 8 that the specific surface
area of MEA decreased gradually with the extension of the calcination time. This is because
the longer the calcination time, the better the crystallization of MEA and the larger the
crystal size, resulting in a smaller specific surface area of MEA.

Table 8. Specific surface area of MEA at 950 ◦C for 0.5 h, 1.0 h, 1.5 h, and 2.0 h.

Material
Specific Surface Area (m2·g−1)

0.5 h 1.0 h 1.5 h 2.0 h

MEA 22.34 20.36 19.45 18.76

3.3. Effect of Calcination Time on MEA Activity

Table 9 lists the hydration activities of MEA from calcined magnesite tailings with
0.5 h, 1.0 h, 1.5 h, and 2.0 h holding at 950 ◦C. From Table 9, it can be seen that the activity of
MEA decreased with increasing calcination time. This is because the longer the calcination
time, the fewer the crystal defects and the smaller the specific surface area of MEA, resulting
in a slower reaction rate and thus prolonging the reaction time. Therefore, we can produce
different active MEA by changing the calcination time and obtain different expansions to
meet the needs of different constructions.

Table 9. Hydration activity of MEA at 950 ◦C for 0.5 h, 1.0 h, 1.5 h, and 2.0 h.

Material
Hydration Activity (s)

0.5 h 1.0 h 1.5 h 2.0 h

MEA 104 153 187 203

3.4. Effect of MEA on Mortar Deformation

Figure 8 shows the effect of MEA on the expansion of cement mortar when curing in
water at 20 ◦C and 30 ◦C. From Figure 8, it can be observed that the expansion rate of MEA
mortar was fast in the early stage (within 30 d). Subsequently, as MEA was continuously
consumed, its expansion gradually decreased, and there was no phenomenon of expansion
regression, indicating that the products after MEA hydration were stable. The increase in
curing temperature could promote the hydration of MEA and increase the expansion of
mortar. This promoting effect was more obvious in the early stage (within 30 d). For mortar
with 8% MEA added, increasing the curing temperature resulted in an increase of 58.3%
and 25.0% in expansion after 3 d and 28 d, respectively. This means that during actual
construction, we can increase the early curing temperature to improve the ability of MEA
to compensate for shrinkage.
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(a) (b) 

Figure 8. The effect of MEA on expansion of mortars cured in water: (a) 20 ◦C; (b) 30 ◦C.

Figure 9 shows the effect of MEA on the expansion of mortar mixed with 30% fly ash.
It can be seen from Figure 9 that with the increase in MEA content, the expansion of mortar
mixed with 30% fly ash cured in 20 ◦C or 30 ◦C water increased gradually. Compared
with Figures 8 and 9, the expansion rate of MEA mortar was reduced by adding fly ash.
Under the condition of water curing at 20 ◦C, after adding fly ash, the expansion of mortar
mixed with 8%, 12%, and 16% MEA decreased by 35.0%, 30.8%, and 36.1%, respectively, at
120 d. The main reason for this change is that Mg(OH)2 reacted with SiO2 in fly ash to form
C-S-H gel, which consumed the expansion product of MEA hydration, and the generated
gel covered the surface of MEA, inhibiting the continued hydration of MEA and thereby
reducing the expansion of the mortar [7].

  
(a) (b) 

Figure 9. The effect of MEA on the expansion of mortars with 30% fly ash: (a) 20 ◦C; (b) 30 ◦C.

By comparing Figure 8b with Figure 9b, it can be found that after adding fly ash, the
expansion of mortar mixed with 8%, 12%, and 16% MEA decreased by 32.5%, 22.0%, and
27.9%, respectively, at 30 ◦C for 120 d. It can be seen that fly ash inhibited the expansion of
MEA, and the degree of inhibition decreased with the increase in curing temperature.

3.5. Influence of MEA on Mortar Strength

Figure 10 shows the influence of MEA on the compressive strength and flexural
strength of mortar without fly ash. As can be seen from Figure 10, when the content of
MEA was less than 4%, the strength of the mortar increased with the increase in the content
of MEA. Compared with ordinary mortar, the compressive strength and flexural strength
of 4% MEA mortar increased by 12.18% and 7.94%, respectively, at 28 d. However, when
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the content of MEA was greater than 8%, the compressive strength and flexural strength
of the mortar decreased. And the larger the content of MEA was, the more the strength
of the mortar decreased. The compressive strength and flexural strength of mortar with
12% MEA decreased by 7.97% and 9.99%, respectively, at 90 d, and mortar with 16% MEA
decreased by 21.64% and 17.48%, respectively. Therefore, from the perspective of ensuring
the strength of mortar, the content of MEA should not exceed 8%.

(a) 

 
(b) 

Figure 10. The strength of mortars with MEA: (a) compressive strength; (b) flexural strength.

Figure 11 shows the microscopic morphology of mortar without the addition of MEA.
From Figure 11, it can be observed that when MEA was not added, due to the shrinkage of
the mortar, the structure was loose and the compactness was poor. It can be clearly seen
from the picture that there were many small holes. This is also one of the main reasons why
the compressive strength and flexural strength of ordinary mortar were not high.
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Figure 11. Mortar without MEA at 28 d.

Figures 12 and 13 show the SEM of mortar with 4% MEA and 16% MEA added at
28 d, respectively. From Figure 12, it can be observed that the calcined tailings decomposed
to produce MgO. At 28 d, the hydration of MEA generated brucite, resulting in volume
expansion. Brucite was in a columnar or sheet-like structure, interwoven together to fill
the voids in the concrete, which explains why the strength of the mortar mixed with 4%
MEA increased at 28 d. From Figure 13, it can be observed that when the content of MEA
increased to 16%, MEA hydration generated a large amount of expansion, which damaged
the integrity of the mortar and caused cracks, leading to a decrease in mortar strength.

 

Figure 12. Mortar with 4% MEA at 28 d.

3.6. The Pore Size Distribution and Porosity of MEA for Mortar

According to ref. [25], the pores in concrete are divided into four categories based on
their pore size: harmless pores (less than 20 nm), less harmful pores (20–100 nm), harmful
pores (100–200 nm), and more harmful pores (greater than 200 nm). Figure 14 shows the
effect of MEA on the pore size distribution of mortar. From Figure 14, it can be seen that
when 4% expansion agent was added, as the curing time extended, the expansion agent
hydrated and expanded to fill the voids, resulting in a decrease in the total porosity of the
mortar, making it denser, especially for larger pores. The porosity at 28 d decreased by 19%
compared to 7 d.
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Figure 13. Mortar with 16% MEA at 28 d.

Figure 14. Pore size distribution of mortars containing MEA.

However, when the content of MEA increased to 16%, the porosity of the mortar
increased by 30.4% at 7 d, and as the curing time increased, the porosity further increased,
indicating that excessive expansion caused harmful expansion and damaged the integrity
of the mortar. The results of porosity testing are consistent with those of strength testing.
When the dosage was less than 8%, the expansion agent compensated for the shrinkage of
the mortar, reduced the porosity, and optimized the pore structure. Therefore, the strength
increased with the increase in MEA content. The reduction in porosity will also improve
the impermeability of concrete, which will improve its durability [26–28]. On the other
hand, when the dosage reached 16%, excessive MEA would lead to excessive expansion,
resulting in more macropores at 28 d compared with pores at 7 d. Therefore, in future
engineering applications, it is not only necessary to consider the calcination time of tailings
but also to carefully select a reasonable content.

The freezing point of the pore water in the cementitious pore is very low (about
−78 ◦C), which is not easy to freeze and has little influence on frost resistance. Although
the freezing point of pore water in macroporous pore is high (about −1 ◦C), it is not easily
saturated and has a buffering effect after freezing, so its impact on frost resistance is also
small [29]. Among these three types of pores, the capillary pore has a significant impact on
the frost resistance of concrete. It has a freezing point of −12 ◦C and is easily filled with
water. From the pore structure data (Figure 14), after adding 4% MEA, the porosity of the
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capillary pore decreased at 28 d, indicating that the expansion agent can improve the frost
resistance of concrete, which is of great significance for pouring large volumes of concrete
in cold cities in Northern China. However, similarly, excessive MEA can also increase the
porosity of the pores, so adding expansion agents reasonably is of great significance for
improving the durability of concrete.

4. Conclusions

Considering the gradual decrease in high-grade magnesite and the environmental
pollution caused by magnesite tailings, this paper attempted to use magnesite tailings
to produce MEA. In this way, it can not only effectively protect the environment but
also reduce the price of MEA and promote the promotion and application of MEA. This
paper analyzed the effect of different calcination times on the material properties of MEA
and focused on the effect of MEA produced at 950 ◦C for 1 h on the performance of mortar.
The main conclusions are as follows:

(1) Similar to high-grade magnesite, magnesite tailings can also be used to produce MEA
with different activities and different expansion properties by changing the calcina-
tion time. We can set reasonable production conditions to make use of magnesite
tailings, which not only reduces environmental pollution but also compensates for the
shrinkage of concrete. The longer the calcination time, the better the crystallization
of MEA, the fewer crystal defects, and the smaller the specific surface area of MEA,
resulting in a lower activity of MEA.

(2) The expansion of the mortar increased with the increase in MEA content. The early
expansion rate was relatively high. With the consumption of MEA, the expansion
in the later stage gradually slowed down and tended to stabilize, and there was
no expansion regression in the later stage, indicating that the hydration products
were stable. Therefore, using calcined magnesite tailings to compensate for concrete
shrinkage is effective and safe.

(3) The expansion of MEA increased with the increase in curing temperature, and this
increase was more pronounced in the early stage (within 30 d). At 7 d, the expansion of
mortar cured at 30 ◦C increased by 58.3% compared to that cured at 20 ◦C. Therefore,
we can increase the early curing temperature during construction to improve the
ability of MEA to compensate for shrinkage.

(4) When the content did not exceed 8%, the strength of the mortar increased with the
increase in MEA. In the early stage, the porosity of the mortar was large, and with
the increase in curing time, the expansion agent hydration expanded to fill the pores.
Compared to 7 d, the porosity of 28 d was reduced by 19%, and the pore structure was
optimized, thus improving the strength and durability of the mortar. On the other
hand, when the content was greater than 8%, the MEA produced harmful expansion,
reducing the strength of the mortar. Especially when the content reached 16%, MEA
produced excessive expansion, resulting in the enlargement of the porosity at 28 d,
and this harmful expansion led to cracks in the mortar, destroying the integrity of the
mortar. Therefore, it is recommended that the content of expansion agents not exceed
8% in engineering construction.

(5) After using MEA and fly ash simultaneously, fly ash inhibited the expansion of
MEA. A total of 30% fly ash reduced the expansion of mortar by 20.0–36.1%, and
the inhibitory ability decreased with the increase in curing temperature. In order to
reveal the underlying reasons for the reduction in expansion caused by fly ash, future
research should further analyze the impact of fly ash on the hydration of MEA. In
addition, the impact of tailings on the durability of mortar and concrete also needs to
be studied. Therefore, the influence of tailings on concrete properties will be discussed
comprehensively, which provides a theoretical basis for engineering application.
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18. Paholič, G.; Mateová, K. Stimulating the Thermal Decomposition of Magnesite. Thermochim. Acta 1996, 277, 75–84. [CrossRef]
19. Liu, Z.; Wang, S.; Huang, J.; Wei, Z.; Guan, B.; Fang, J. Experimental Investigation on the Properties and Microstructure of

Magnesium Oxychloride Cement Prepared with Caustic Magnesite and Dolomite. Constr. Build. Mater. 2015, 85, 247–255.
[CrossRef]

20. Temiz, H.; Kantarcı, F.; Inceer, M.E. Influence of Blast-Furnace Slag on Behaviour of Dolomite Used as a Raw Material of MgO-type
Expansive Agent. Constr. Build. Mater. 2015, 94, 528–535. [CrossRef]

49



Materials 2023, 16, 7082

21. Gao, P.; Lu, X.; Geng, F.; Li, X.; Hou, J.; Lin, H.; Shi, N. Production of MgO-type Expansive Agent in Dam Concrete by Use of
Industrial By-Products. Build. Environ. 2008, 43, 453–457. [CrossRef]

22. GB/T 14684-2022; Sand for Construction. National Standard of The People’s Republic of China: Beijing, China, 2022. (In Chinese)
23. GB/T 176-2008; Methods for Chemical Analysis of Cement. National Standard of The People’s Republic of China: Beijing, China,

2008. (In Chinese)
24. GBT 17671-1999; Method of Testing Cements—Determination of Strength. National Standard of The People’s Republic of China:

Beijing, China, 1999. (In Chinese)
25. Wu, Z.W.; Lian, H.Z. High Performance Concrete; China Railway Press: Beijing, China, 1999; pp. 22–27. (In Chinese)
26. Mohan, M.K.; Rahul, A.; Van Stappen, J.F.; Cnudde, V.; De Schutter, G.; Van Tittelboom, K. Assessment of pore structure

characteristics and tortuosity of 3D printed concrete using mercury intrusion porosimetry and X-ray tomography. Cem. Concr.
Compos. 2023, 140, 105104. [CrossRef]

27. Fernandes, B.; Khodeir, M.; Perlot, C.; Carré, H.; Mindeguia, J.-C.; La Borderie, C. Durability of concrete made with recycled
concrete aggregates after exposure to elevated temperatures. Mater. Struct. 2023, 56, 25. [CrossRef]

28. Medina, D.F.; Martínez, M.C.H.; Medina, N.F.; Hernández-Olivares, F. Durability of rubberized concrete with recycled steel fibers
from tyre recycling in aggresive enviroments. Constr. Build. Mater. 2023, 400, 132619. [CrossRef]

29. Lin, Z. Cementing Materials Science; Wuhan University of Technology Press: Wuhan, China, 2014; pp. 110–125. (In Chinese)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

50



Citation: Zhao, X.; Mao, Z.; Huang,

X.; Luo, P.; Deng, M.; Tang, M. Effect

of Curing Conditions on the

Hydration of MgO in Cement Paste

Mixed with MgO Expansive Agent.

Materials 2023, 16, 4032. https://

doi.org/10.3390/ma16114032

Academic Editor: Weiting Xu

Received: 6 May 2023

Revised: 19 May 2023

Accepted: 23 May 2023

Published: 28 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Effect of Curing Conditions on the Hydration of MgO in
Cement Paste Mixed with MgO Expansive Agent

Xuefeng Zhao 1,*, Zhongyang Mao 1, Xiaojun Huang 1, Penghui Luo 1, Min Deng 1,2 and Mingshu Tang 1,2,*

1 College of Materials Science and Engineering, Nanjing Tech University, Nanjing 211800, China;
5967@njtech.edu.cn (X.H.); 202162103025@njtech.edu.cn (P.L.)

2 State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing 211800, China
* Correspondence: 202061103120@njtech.edu.cn (X.Z.); tangmingshu@njtech.edu.cn (M.T.);

Tel.: +86-136-0518-4865 (M.T.)

Abstract: Using the volume expansion generated by the hydration of the MgO expansive agent to
compensate for the shrinkage deformation of concrete is considered to be an effective measure to
prevent concrete shrinkage and cracking. Existing studies have mainly focused on the effect of the
MgO expansive agent on the deformation of concrete under constant temperature conditions, but
mass concrete in practical engineering experiences a temperature change process. Obviously, the
experience obtained under constant temperature conditions makes it difficult to accurately guide the
selection of the MgO expansive agent under actual engineering conditions. Based on the C50 concrete
project, this paper mainly investigates the effect of curing conditions on the hydration of MgO in
cement paste under actual variable temperature conditions by simulating the actual temperature
change course of C50 concrete so as to provide a reference for the selection of the MgO expansive
agent in engineering practice. The results show that temperature was the main factor affecting the
hydration of MgO under variable temperature curing conditions, and the increase in the temperature
could obviously promote the hydration of MgO in cement paste, while the change in the curing
methods and cementitious system had an effect on the hydration of MgO, though this effect was
not obvious.

Keywords: MgO expansive agent; variable temperature curing; hydration degree; curing condition

1. Introduction

Although concrete has been used as a building material for a long time, some basic
problems have not been completely solved. The shrinkage deformation of concrete leading
to the decline of durability is one of the most important problems [1–4]. The shrinkage
deformation of concrete is a non-external deformation caused by the combined action of
physics and chemistry. In actual structures, this volume deformation is often limited by
external constraints, resulting in stresses within the concrete [5]. The cracking of concrete
not only reduces the mechanical properties of the structure and affects the beauty of the
concrete building but also provides a convenient channel for harmful ions to enter the
concrete interior, which could further affect the durability of the concrete and reduce the
service life of the concrete structures [6]. When the durability of the concrete decreased
seriously, a large amount of production materials was spent on either the maintenance or
even the reconstruction of the concrete structure, which is contrary to the concept of energy
conservation and the emissions reduction proposed today.

In order to reduce the negative effects caused by the shrinkage cracking of concrete, re-
searchers have attempted to use a variety of anti-cracking measures in engineering practice
and achieved better anti-cracking effects. The anti-cracking measures for concrete mainly
were considered in the following three directions: (1) Reduce the shrinkage deformation
generated by the concrete itself: For example, covering the surface of concrete in a timely
manner after it has been formed and spraying water on the surface periodically as a means
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of maintaining surface moisture to reduce the risk of surface cracking [7]; reducing the peak
temperature of concrete which decreases the impact of the temperature drop shrinkage (for
mass concrete, the value of the temperature rise of concrete can be more than 40 ◦C, plus the
initial temperature value of concrete can be up to 75 ◦C~85 ◦C, so the concrete produces a
huge shrinkage stress in the cooling stage). The means of reducing the peak temperature of
concrete include embedding cooling water pipes inside the mass concrete, taking away part
of the heat by cooling circulating water [8,9], using low and medium-heat Portland cement
to reduce the heat release of cement hydration, replacing part of the cement with mineral
admixtures such as fly ash to reduce the heat of hydration of cementitious [10,11], etc.
The use of shrinkage reducers to reduce the tension of the internal capillaries of concrete
can provide a means of reducing shrinkage due to a lower relative humidity inside the
concrete [12–14]. The use of internal curing agents (water-saturated low-density aggre-
gates and highly absorbent polymeric materials, etc.) to slow down the drying shrinkage
during the hydration of cement by releasing water stored inside the curing agent [15–17],
etc. (2) Improving the cracking resistance of concrete by adding fibers to concrete increases
its tensile strength by virtue of the tensile capacity of the incorporated fibers and inhibits the
possibility of internal microscopic cracks that can develop into macroscopic cracks [18–21].
(3) Adding an expansion component to concrete by adding expansion sources to concrete
can compensate for the shrinkage deformation of concrete through the volume expansion
generated by the expansion component during hydration, thereby alleviating or avoiding
the generation of shrinkage cracks [22–24].

The above anti-cracking means have proved their effectiveness through long-term
practice, but the shortcomings of some anti-cracking measures have also been found in
the process of this practice. For the mitigation of the thermal shrinkage of mass concrete,
the use of the cooling water pipe can play a role in reducing thermal shrinkage, but there
are problems, such as complex construction, the high cost of cooling facilities and a long
construction cycle [8,25]. In addition, adding fiber to concrete can enhance the tensile
properties of the concrete, but there are also some problems such as the addition of fiber
which leads to the poor fluidity and workability of concrete. Additionally, how to make
the fiber uniform distribution in the concrete is also a problem to be solved [26]. Relatively
speaking, adding an expansive agent to concrete is an economical, simple and effective
control method [23].

At present, the common expansive agent mainly includes a sulfur aluminate type
expansive agent, calcium oxide expansive agent and magnesium oxide expansive agent.
The sulfur aluminate expansive agent hydration requires a large amount of water, and the
thermal stability of sulfur aluminate hydration products is poor, meaning it can undergo
dehydration decomposition at temperatures higher than 70 ◦C [24,27]. The hydration rate
of the expansion of the calcium oxide expansive agent is very fast, and it is not easy to
control [8,28]. Compared to calcium oxide and sulfur aluminate type expansive agents, the
hydration expansion of the MgO expansive agent requires less water, and the physical and
chemical properties of hydration products are more stable. Moreover, the expansion rate of
magnesium oxide can also be regulated and designed, which makes the application of the
MgO expansive agent in engineering practice more and more common [29,30].

Although the MgO expansive agent has a good effect on preventing concrete cracking,
existing studies mainly focus on the influence of the MgO expansive agent on concrete
deformation under constant temperature conditions, while engineering mass concrete
experiences a variable temperature process, especially for high-strength concrete, due to a
large amount of cementitious material, with higher temperature rises. In order to provide
some guidance for the selection of the MgO expansive agent under actual engineering
conditions based on C50 concrete engineering, this paper mainly studies the effect of curing
conditions on MgO hydration in a cement paste-mixed MgO expansive agent under the
actual variable temperature condition. In addition, the hydration of MgO in cement paste
formed with two kinds of cementitious systems that are commonly used in engineering
was compared.
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2. Materials and Methods

2.1. Materials

The raw materials used in this experiment included Portland cement, secondary fly
ash, S95 slag powder and the MgO expansive agent (i.e., MEA). Among them, Portland
cement was P·II52.5 cement produced by Jiangnan Onoda Cement Co., Ltd., Nanjing, China,
and secondary fly ash and S95 mineral powder was provided by Nanjing Pudi Concrete
Company, Nanjing, China. Four kinds of MgO expansive agents were provided by Wuhan
Sanyuan Special Building Materials Company and Jiangsu Sobute Company. According to
the citric acid method [31], the reactivity values of four kinds of MgO expansive agent were
120s, 180s, 240s and 330s. Additionally, they were named MEA-120, MEA-180, MEA-240
and MEA-330, respectively. Table 1 shows the chemical composition of Portland cement,
secondary fly ash, S95 slag powder and the four kinds of magnesium oxide expansive agent
used in the experiment.

Table 1. Chemical compositions of raw materials.

Item
Chemical Components (%)

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O LOSS

Portland cement 65.32 18.55 3.95 3.41 1.01 2.78 0.72 0.17 2.88
Fly ash 4.07 50.53 31.65 4.48 0.91 1.32 0.67 1.26 2.77

Slag 38.00 33.72 17.74 0.77 6.35 1.04 0.41 0.40 −0.72
MEA-120 1.89 3.38 0.54 0.66 85.23 0.92 - - 3.12
MEA-180 3.90 5.17 0.64 0.68 85.57 0.75 - - 2.97
MEA-240 1.88 4.07 0.85 0.78 90.45 0.03 - - 1.53
MEA-330 4.37 5.82 0.71 0.61 85.71 0.60 - - 1.88

2.2. Methods
2.2.1. Simulation of the Temperature Change Process of Mass Concrete

In this experiment, the simulation of the temperature change process of mass concrete
was based on the actually measured temperature data of C50 mass concrete in engineering,
and the curing box and external temperature acquisition module were used to realize the
stage temperature change.

The temperature simulation process was as follows: the temperature change process
of concrete was broken down into several small temperature change stages. Additionally,
the temperature was adjusted every 4 h during the heating phase until it increased to
the maximum temperature; the temperature was adjusted every 8 h during the cooling
phase until it dropped to an ambient temperature. The heating and cooling rate of the
temperature was determined according to the concrete temperature data measured in
the engineering. Figure 1 shows the temperature variation process inside two groups of
concrete walls that were measured in a C50 mass concrete engineering project. As can be
seen from Figure 1, the internal temperature of concrete reached its maximum value around
24–48 h (taking its time when concrete began to be poured as the initial zero point), and the
internal temperature of concrete was basically consistent with the ambient temperature
at 14 d, i.e., the cooling process was basically over. The simulation of the temperature
variation process in this study was based on the temperature variation in the data of mass
concrete obtained from engineering practice (as shown in Figure 1), and Figure 2 shows
the variable temperature curing environment with peak temperatures at 65 ◦C and 85 ◦C,
which were simulated by a curing box based on the temperature change data obtained in
engineering practice.
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Figure 1. Temperature variation process of mass concrete measured.

  
(a) 65 °C (peak temperature) (b) 85 °C (peak temperature) 

Figure 2. Variable temperature curing environment simulated by curing box: (a) 65 ◦C (peak
temperature); (b) 85 ◦C (peak temperature).

2.2.2. Preparation and Curing of Cement Pastes

The tests involved a total of two cementitious systems, and the raw material for-
mulation of the formed cement paste is shown in Table 2. The MEA content in the two
cementitious systems accounted for 8% of the total mass of the cementitious materials. The
cement paste test block used to test the hydration of MgO was molded in Φ25 mm × 30 mm
columnar rigid PVC molds with a water-cement ratio of 0.32. Before forming, the raw
materials were evenly mixed by a mixer, and the evenly mixed cement paste was put into
the test mold by a cement paste purifying mixer with water for mixing. Then, the test mold
was placed on a shaking table for 60 s to eliminate the air inside the paste. The prepared
cement paste specimens were maintained in the curing environment shown in Figure 2 to
observe the hydration of MgO in the cement paste.

Table 2. Mix proportion of cement paste/g.

System Cement Fly Ash Slag MEA Water

a 66 18 8 8 32
b 74 18 - 8 32
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The experiment involved two curing methods: water curing and non-wet curing. The
prepared cement paste specimens were cured directly with a mold (the mold could be
sealed with a cover), and the mold was wrapped with plastic wrap to isolate water so
as to realize the not-wet curing. The specimens of the cement paste cured in water were
removed from the mold and placed in water for curing after 20 h of curing with the mold.
In addition, paste specimens with curing ages of 1 d, 3 d, 7 d and 14 d were selected to
complete the characterization of MgO’s hydration degree under the whole temperature
course (take the preparation time of ready cement paste as the initial zero point).

2.2.3. Determination of the Remaining MgO Content in Cement Paste

The K-value method (XRD) was used to determine the content of MgO in the cement
paste for hydration. ZnO was chosen as the internal standard substance (the dosage is
2 wt.%). The scanning range was 35◦–45◦, and the scanning speed was 1◦/min. ZnO
and MgO powders were, respectively, weighed according to the mass ratio of 1:1, and
the powders were ground with an agate mortar to obtain a homogeneous mixed powder
sample. The milled powder sample was subjected to X-ray diffraction analysis, and the
integrated area of the strongest diffraction peaks of ZnO and MgO in the diffraction pattern
was calculated using MDI Jade software. The ratio of the integrated area of the strongest
diffraction peaks of ZnO and MgO was the K value, which was calculated to be 0.57. The
position of the strongest diffraction peak of ZnO was d101 = 2.47, and the position of the
strongest diffraction peak of MgO was d200 = 2.11. The remaining content of MgO in the
cement paste was calculated by Equation (1):

ωMgO = K
(1−ωZnO)

ωZnO

IZnO

IMgO
(1)

where ωMgO is the remaining content of MgO in the cement paste. ωZnO is the doping
amount of the internal standard substance ZnO. IZnO is the integrated intensity of the
strongest diffraction peak of the internal standard substance ZnO, and IMgO is the integrated
intensity of the strongest diffraction peak of MgO. K is the characteristic constant (K = 0.57).

3. Results and Discussion

3.1. Effect of Curing Temperature on MgO Hydration in Cement Paste

In this section, the effect of the curing temperature on MgO hydration in cement paste
was studied. The cement paste was prepared according to the raw material ratio of “system
a” in Table 2. Figure 3 shows the hydration process of MgO when mixed with four types of
MEA cement paste under a 65 ◦C variable temperature with water curing conditions. It
can be seen from Figure 3 that the changes in the MgO content in the cement paste mixed
with four types of MEA generally showed a trend of first fast and then slow. The hydration
rate of MgO in the cement paste was the fastest before 1 d, and then the hydration rate of
MgO in the cement paste began to gradually slow down. When the curing age was 1 d,
the content of MgO in the cement paste mixed with MEA-120, MEA-180, MEA-240 and
MEA-330 was reduced by 3.48 wt.%, 2.85 wt.%, 2.45 wt.% and 2.33 wt.%, respectively. In
contrast, the content of MgO in the cement paste mixed with MEA-120, MEA-180, MEA-240
and MEA-330 was reduced by 0.99 wt.%, 0.81 wt.%, 0.88 wt.% and 0.63 wt.% at the curing
age from 1 d to 3 d, respectively. In addition, the higher the activity of MEA, the faster
the hydration at the early stage, and the lower MgO remained in the cement paste during
the cooling stage. The cement pastes with MEA-120 had the lowest residual MgO content
throughout the process, while the cement paste with MEA-330 had the highest residual
MgO content throughout the process. The residual MgO content of the cement paste with
the other two activities always lay between them.
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Figure 3. Content of periclase for different ages in cement pastes with MEA cured in water at 65 ◦C
variable temperature condition.

Figure 4 shows the hydration process of MgO mixed with four MEA cement pastes
under 85 ◦C variable temperature water curing conditions. As can be seen from Figure 4,
the trend in the change in the MgO content in cement paste mixed with four kinds of
MEA at 65 ◦C and 85 ◦C and under a variable temperature water curing condition was
basically similar. The hydration rate of MgO in the cement paste was the fastest at 1 d, and
then the hydration rate started to decrease gradually. However, compared to the 65 ◦C
variable temperature water curing condition, the residual content of MgO in the cement
paste under an 85 ◦C variable temperature water curing condition at a curing age of 1 d
was significantly reduced. Moreover, the reaction rate of MgO in the cement paste became
slower during the cooling stage, and the content of MgO in the cement paste of multiple
MEA-doped groups appeared as a “plateau period”., i.e., the content of MgO remained
essentially unchanged.

Figure 4. Content of periclase for different ages in cement pastes with MEA cured in water at 85 ◦C
with variable temperature conditions.

Figure 5 shows the comparison of the remaining MgO content of the cement paste
mixed with the same active MEA at 65 ◦C and 85 ◦C under variable temperature water
curing conditions. By comparison, it was found that the residual content of MgO in the
cement paste mixed with MEA-120, MEA-180, MEA-240 and MEA-330 at the curing age
of 1 d under an 85 ◦C variable temperature and the water curing condition is reduced
by 0.2 wt.%, 0.54 wt.%, 0.57 wt.% and 0.24 wt.%, respectively, compared with that under
a 65 ◦C variable temperature water curing condition. Moreover, the MgO content in
the cement paste mixed with MEA-120 under a 65 ◦C variable temperature water curing
condition and MEA-120, MEA-180 and MEA-240 under an 85 ◦C variable temperature
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water curing condition showed a “plateau period” during the cooling stage (3–14 d). This
was not significantly observed for other cement pastes when mixed with other active MEAs
under the same curing condition. In comparison, it was found that the MgO content in
the cement paste of these four groups started to show signs of a “plateau” mostly at the
age of 3 d (i.e., the cooling stage). At this time, the MgO content in the cement paste was
mixed with MEA-120 under a 65 ◦C variable temperature water curing condition, MEA-120,
MEA-180 and MEA-240 was under an 85 ◦C variable temperature water curing condition
and were 2.33 wt.%, 2.01 wt.%, 2.17 wt.% and 2.38 wt.%, respectively. The other four groups
of cement pastes without this situation had a higher MgO content at a curing age of 3 d
compared to the MgO content values at the time of plateauing. In addition, it could also
be found that the increase in the curing temperature had a slightly different effect on the
promotion of the hydration reaction of different active MEAs. The low activity of MEA
seemed to be more sensitive to the temperature, and the increase in the temperature was
more effective when promoting the hydration of low-activity MEA. This may also be due
to the rapid reaction of the highly reactive MEA, resulting in a premature approach to the
“plateau content” of MgO in the cement paste mixed with a highly reactive MEA.

  
(a) MEA-120 (b) MEA-180 

  
(c) MEA-240 (d) MEA-330 

Figure 5. Content of periclase for different ages in cement pastes mixed with the same MEA cured in
water at 65 ◦C, 85 ◦C variable temperature: (a) MEA-120; (b) MEA-180; (c) MEA-240; (d) MEA-330.
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3.2. Effect of Curing Methods on the Hydration of MgO in Cement Paste

In order to clarify the effect of water curing and non-wet curing on MgO hydration
in the cement paste under variable temperature conditions, the hydration of MgO in the
cement paste was compared under two curing methods according to “system a” forming
cement paste. Figure 6 shows the comparison of MgO residual content in cement paste
mixed with the same active MEA by different curing methods under variable temperature
conditions of 65 ◦C and 85 ◦C.

  
(a) MEA-120 (b) MEA-180 

  
(c) MEA-240 (d)MEA-330 

Figure 6. Content of periclase for different ages in cement pastes mixed with the same MEA under
different curing conditions: (a) MEA-120; (b) MEA-180; (c) MEA-240; (d) MEA-330.

As can be seen in Figure 6, for cement paste mixed with the same active MEA curing in
the same variable temperature environment, the effect of non-wet curing and water curing
on the hydration of MgO in the cement paste was not as great as the effect of temperature on
the hydration of MgO. The effect of moisture on MgO hydration in the MEA mixed cement
paste was mainly reflected in the period before the curing age of 3 d, and the promotion
effect of moisture on MgO hydration in the cement paste in the subsequent process seemed
not to be not obvious. It can be seen from the changing curve of MgO content in the
cement paste underwater with non-wet curing at a 65 ◦C variable temperature that the
difference between non-wet and water curing methods on MgO hydration was very small
at the curing age of 1–3 d, and the remaining MgO content in the cement paste under the
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two curing methods of MEA-120, MEA-180, MEA-240 and MEA-330 was basically the same.
In addition, in the subsequent cooling process, no significant difference was observed in the
content of MgO on the paste under two curing conditions, even with the different curing
methods. As can be seen from the variation curves of the content of MgO in cement paste
under 85 ◦C variable temperature conditions for water and non-wet curing, compared with
non-wet curing, the remaining content of MgO in the cement paste mixed with MEA under
water curing significantly decreased at this stage before the curing age of 3 d, where no
significant difference was found in the change in the MgO content in the paste under the
two curing methods of water and non-wet curing in the cooling stage after 3 d.

When comparing the hydration process of MgO in the cement paste in Figure 6c, it
was found that the content of MgO in the cement paste mixed with MEA was significantly
reduced when the temperature peak of variable temperature curing increased from 65 ◦C to
85 ◦C under the same non-wet condition. Compared to 65 ◦C variable temperature non-wet
curing, the residual content of MgO in the cement paste at 85 ◦C variable temperature
non-wet curing ages of 1 d, 3 d, 7 d and 14 d decreased by 0.50 wt.%, 0.69 wt.%, 0.76 wt.%
and 0.21 wt.%, respectively. However, under the same 65 ◦C variable temperature curing
condition, when the curing method changed from non-wet curing to water curing, there
was no significant difference in the content of MgO in the cement paste when mixed with
MEA-240 during the whole age. In addition, it could also be found that the MgO content
in the cement paste mixed with MEA-240 was basically the same in this stage before the
maintenance age of 3 d under the condition of water curing and non-wet curing at a 65 ◦C
variable temperature curing. However, when the temperature peak of variable temperature
curing from 65 ◦C increased to 85 ◦C, compared with the non-wet curing, the content of
MgO in the water-curing cement paste mixed with MEA-240 decreased significantly by
0.35 wt.% at the curing age of 3 d. The variation in the MgO content in the cement paste
when mixed with other active MEA in Figure 6 was also similar to the results shown in
Figure 6c.

3.3. Effect of Cementitious System on MgO in Cement Paste

In order to clarify the effect of the cementitious system on MgO hydration in the
cement paste under variable temperatures and non-wet curing conditions, the hydration of
MgO in the cement paste was formed according to the cementitious system a and b was
compared. Figure 7 shows the comparison of the MgO residual content in cement paste
mixed with the same active MEA under the condition of variable temperature and non-wet
curing at 65 ◦C and 85 ◦C.

As can be seen from Figure 7, for the cement paste formed according to the cementing
systems a and b and mixed with the same active MEA, there was little difference in the
variation in the MgO content in the cement paste under the same curing condition. The
content of MgO in cement paste formed according to cementing system b was lower than
that of the cement paste formed according to system a at all ages. This may be caused by
the addition of an 8 wt.% S95 slag powder in system a to replace part of the cement without
changing the yield of fly ash. According to Figure 7d, under variable temperature and non-
wet curing at 65 ◦C, the residual content of MgO in the cement paste was formed according
to the cementitious system a and was 0.12 wt.%, 0.14 wt.%, 0.10 wt.% and 0.04 wt.% higher
than that in the cementitious system b at the age of 1 d, 3 d, 7 d and 14 d, respectively.
Therefore, it can be considered that the addition of the 8 wt.% slag powder with the same fly
ash content could inhibit the hydration of MgO in the cement paste; however, the inhibition
effect was not obvious.

59



Materials 2023, 16, 4032

  
(a) MEA-120 (b) MEA-180 

  
(c) MEA-240 (d) MEA-330 

Figure 7. Content of periclase at different ages in cement pastes prepared by Cementitious system a
and system b cured in non-wet conditions at different variable temperatures: (a) MEA-120; (b) MEA-
180; (c) MEA-240; (d) MEA-330.

In addition, by comparing MgO hydration in the cement paste after the cementitious
system and temperature change in Figure 7, it was found that the effect of temperature
variation on MgO hydration in the cement paste was obviously greater than that of the
cementitious system., i.e., the temperature was still the main factor affecting MgO hydration
in cement paste.

4. Conclusions

1. Under variable temperature curing conditions with a peak temperature of 65 ◦C and
85 ◦C, the hydration of MgO in cement paste presented a trend that produced first
fast and then slowly changed. The MgO of the cement paste mixed with highly active
MEA was nearly half hydrated at the curing age of 1 d. After that, the change in the
remaining content of MgO in the cement slurry slowed down significantly.

2. When the peak temperature of variable temperature curing increased from 65 ◦C
to 85 ◦C, it accelerated the hydration rate of MgO in the cement paste in the early
stage (1–3 d), and the increase in the curing temperature led to a plateau period for
the change in the MgO content in cement paste. It was observed that when there

60



Materials 2023, 16, 4032

was a plateau of the MgO content change, MgO in the cement paste was nearly 70%
hydrated (remaining content above 2.0 wt.%).

3. When the curing temperature and the cementitious system were the same, the effect of
curing methods on the hydration of MgO in the cement paste was mainly reflected in
the early stage (1–3 d). With the increase in the curing age, the difference in the MgO
content caused by curing methods gradually decreased. In addition, the increase in
the variable curing temperature could aggravate the effect of curing methods on MgO
hydration in the cement paste.

4. By comparing the effects of temperature, the curing methods and the cementitious
system on MgO hydration in the cement paste, it was found that temperature was the
main factor affecting the hydration of MgO. The increase in the temperature could
significantly promote the hydration of MgO in cement paste, under the condition
of non-wet curing, compared to 65 ◦C variable temperature non-wet curing. The
residual content of MgO in cement paste at a 85 ◦C variable temperature with non-wet
curing ages 1 d, 3 d, 7 d and 14 d decreased by 0.50 wt.%, 0.69 wt.%, 0.76 wt.% and
0.21 wt.%, respectively; the other two had effects on the hydration of MgO, but this
effect was not obvious.
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Abstract: Methyl methacrylate (MMA) material is considered to be a suitable material for repairing
concrete crack, provided that its large volume shrinkage during polymerization is resolved. This study
was dedicated to investigating the effect of low shrinkage additives polyvinyl acetate and styrene
(PVAc + styrene) on properties of the repair material and further proposes the shrinkage reduction
mechanism based on the data of FTIR spectra, DSC testing and SEM micrographs. The results
showed that PVAc + styrene delayed the gel point during the polymerization, and the formation of
two-phase structure and micropores compensated for the volume shrinkage of the material. When
the proportion of PVAc + styrene was 12%, the volume shrinkage could be as low as 4.78%, and the
shrinkage stress was reduced by 87.4%. PVAc + styrene improved the bending strength and fracture
toughness of most ratios investigated in this study. When 12% PVAc + styrene was added, the 28 d
flexural strength and fracture toughness of MMA-based repair material were 28.04 MPa and 92.18%,
respectively. After long-term curing, the repair material added with 12% PVAc + styrene showed a
good adhesion to the substrate, with a bonding strength greater than 4.1 MPa and the fracture surface
appearing at the substrate after the bonding experiment. This work contributes to the obtaining of
a MMA-based repair material with low shrinkage, while its viscosity and other properties also can
meet the requirements for repairing microcracks.

Keywords: methyl methacrylate; concrete repair material; low shrinkage; shrinkage stress;
mechanical properties

1. Introduction

Concrete is one of the most commonly used building materials in the world, but
cracks are always present in concrete owing to its shrinkage, external freeze-thaw, chemical
erosion and other processes [1,2]. They can destroy the strength of the concrete and shorten
its service life, and can even cause further structural damage if left untreated [3]. Therefore,
it is necessary to repair cracks of concrete in time, whether from the perspective of economy
or environmental protection [4].

At present, repair materials commonly used in the world can be divided into three
types [5]: inorganic repair material, which is the most widely used material to repair cracks
in the world, mainly including sulphoaluminate cement, magnesium phosphate cement
and expansive cement [6–8]; organic repair material, which usually refers to polymer resins
such as polyurethane, epoxy and acrylate [9–11]; and organic–inorganic composite repair
material, which combines the advantages of organic material and inorganic material in the
form of polymer-modified mortar/concrete, polymer-impregnated mortar/concrete and
polymer mortar/concrete [12–14].

Grouting is a method that can be used to fill the cracks with appropriate seriflux to
achieve the purpose of reinforcement and antiseepage, and it is widely used in the repair
works of microcracks [15,16]. Penetration capability is an important evaluation criterion for
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the success of grouting; especially for those microcracks with a width less than 0.5 mm [17],
the grouting performance of cement-based repair materials and organic–inorganic compos-
ite repair materials is very limited due to their particle size [18,19], while the organic repair
materials with excellent fluidity are the best repair materials for microcracks [20]. Epoxy
resin is a typical organic repair material, with high strength, excellent chemical resistance
and good adhesive property. However, its relatively high viscosity makes it limited in
repairing microcracks [21]. Furfural/acetone dilution system is usually used to reduce
the viscosity of epoxy resin, but furfural is toxic and volatile, which will cause harm to
human body and environment [22]. Its high brittleness and poor toughness also greatly
limit its application [23]. Polyurethane is also a commonly used chemical grouting material,
which has good impermeability and high strength [24]. However, the curing process of
polyurethane requires reaction with water, so polyurethane is mostly used in the repair of
water conservancy engineering [25]. In addition, polyurethane also needs diluent to reduce
its viscosity [26]. Therefore, it is very important to develop an organic grouting material
with strong permeability and excellent mechanical properties.

The viscosity of methyl methacrylate (MMA)-based repair material can be as low as
0.8 mPa·s, and it is even suitable for repairing microcracks with a 0.05 mm width due to
its good fluidity [27,28]. Moreover, it has good chemical resistance and strong adhesion
with old concrete [29]. However, the biggest disadvantage of MMA-based repair material
is its high shrinkage during polymerization, which can reach about 21%; this disadvantage
limits its application in repairing engineering to a great extent [30]. The main cause of
volume shrinkage is the transformation of van der Waals forces between MMA monomers
into covalent bonds after polymerization [31]. This results in a smaller molecular distance
and thus tighter arrangement, and creates shrinkage stress that would affect the bonding
effect, so it is vital to reduce its volume shrinkage [32,33]. Common methods to effectively
reduce polymerization shrinkage include (1) synthesizing low-shrinkage resin, (2) adding
inorganic filler and (3) adding low-shrinkage additives [34–37]. A vast number of studies
on the reduction of volume shrinkage of MMA have been carried out, but there remains no
guarantee that the viscosity can meet the requirements for repairing microcracks. Han [38]
found that after adding perchloroethylene, the shrinkage of the MMA repair material
decreased to a certain extent and then decreased significantly after the further addition of
inorganic filler calcium carbonate, down to about 7%. However, the addition of calcium
carbonate led to an increase in the viscosity of the resin, which prevented the calcium
carbonate from being well dispersed in the system and thus reduced the bending strength
of the material. Wang [39] used epoxy resin to modify the MMA material, with the results
showing that the bonding strength of the repair material increased, but the viscosity also in-
creased considerably, with continual addition of diluent being needed. Wu [40] synthesized
MMA, epoxy and polyurethane prepolymer by using the interpenetrate polymer network
technique. Polyurethane improved the volume stability and the flexibility but also had a
significant impact on the viscosity of the system. Compared with other repair materials,
MMA possesses a low viscosity as its unique advantage, so it is important to pay attention
to its viscosity change while modifying it. In order to repair microcracks, in addition to
maintaining good fluidity and high mechanical properties, the high shrinkage of MMA-
based repair material also needs to be reduced. The addition of low-shrinkage additives can
effectively reduce the shrinkage of the resin. Styrene is a nonpolar low-shrinkage additive
that can form a two-phase system with resin, thereby reducing the shrinkage. The effect
of reducing shrinkage is general, but its mechanical strength is relatively high. Polyvinyl
acetate (PVAc) is a polar-low shrinkage additive that forms a homogeneous system with
resin before curing and evenly separates phases after curing. It has an excellent shrinkage
reduction effect but poor mechanical strength. PVAc + styrene low shrinkage additives
have good overall performance in terms of shrinkage and mechanical strength.

In this study, in order to obtain a repair material that meets the requirements for
repairing microcracks, the effects of PVAc + styrene as low-shrinkage additives on the
shrinkage, viscosity, bond strength, bending strength and tensile strength of MMA-based
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repair material were investigated. The modification mechanism of low-shrinkage additives
was also studied using SEM, FTIR and DSC.

2. Materials and Experiments

2.1. Raw Materials

Methyl methacrylate (MMA), the initiator benzoyl peroxide (BPO), the plasticizer
dioctyl phthalate (DOP), the accelerator N-N-dimethylaniline (DMA) and styrene were all
supplied by Yonghua Chemistry Co., Ltd. (Suzhou, China). Polyvinyl acetate (PVAc) was
provided by Shanghai Meryer Chemical Technology Co., Ltd. (Shanghai, China).

2.2. Specimen Preparation

In order to ensure the normal progress of polymerization, it is necessary to remove the
polymerization inhibitor which is added to MMA during the storage process. Although
the content is relatively low, generally not more than 0.001%, this can also have an impact
on the polymerization reaction. Therefore, the following method was used to remove the
inhibitor before polymerization: MMA monomer was subjected to open distillation for
10 min in a water bath at 50 ◦C.

Table 1 shows the raw material ratio of the MMA-based repair material. The mass
ratio of PVAc to styrene was 7:3, and PVAc was poured into styrene to dissolve. The
mass ratio of MMA: BPO: DOP: DMA was 100:0.6:30:0.6. After weighing was completed,
MMA, PVAc + styrene, BPO and DOP were added together into a three-mouth flask and
then stirred constantly in a water bath at 80 ◦C. During the reaction process, in order to
prevent the explosive polymerization phenomenon, it was important to be clear about the
change of viscosity of the solution. If the viscosity of the system was found to be large, the
three-mouth flask would be immediately removed from the water bath and cooled down.

Table 1. Raw material ratio of MMA-based repair material (wt%).

NO.
PVAc +

Styrene/%
MMA BPO DOP DMA PVAc Styrene

PS0 0 76.22 0.46 22.86 0.46 0 0
PS10 10 68.60 0.41 20.58 0.41 7.00 3.00
PS11 11 67.83 0.41 20.35 0.41 7.70 3.30
PS12 12 67.08 0.40 20.12 0.40 8.40 3.60
PS13 13 66.32 0.39 19.90 0.39 9.10 3.90
PS14 14 65.56 0.39 19.66 0.39 9.80 4.20

2.3. Testing Method
2.3.1. Shrinkage

The type of shrinkage of MMA-based repair material measured in this experiment was
chemical shrinkage, which was tested using the following method: first, the volume of test
tube V1 was obtained using the mass and density of the distilled water. Then, the repair
material prepared in Section 2.2 that was mixed with DMA was used to fill the test tube
and was cured at room temperature. Therefore, the volume of the specimen before curing
was V1, and the mass of the specimen before curing was determined from the difference
in the mass of the test tube before and after the addition of the repair material and noted
as m1. After the specimen was cured, the test tube was broken, the specimen after curing
was weighed to obtain the mass m2, and then the volume V2 of the cured specimen was
measured using the drainage method. The chemical volume shrinkage was calculated as
shown in Equation (1).

S =

m2
V2

− m1
V1

m1
V1

× 100% (1)
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where S is the volume shrinkage of the specimen (%); m1 and m2 are the mass of the
specimen before and after curing (g), respectively; and V1 and V2 are the volume of the
specimen before and after curing (mL), respectively.

2.3.2. Shrinkage Stress

The rotation rheometer of Anton Paar MCR 302 was used to test the change of internal
stress of the polymer during curing under the controlled strain mode with a strain value of
1% and a frequency of 1 Hz.

2.3.3. Viscosity

The pointer type NDJ-1 rotary viscometer was used to measure the viscosity of the
repair material. First, the repair material was placed in a beaker, and then the appropriate
rotor and rotational speed were selected according to the viscosity of the solution. Finally,
the rotor was immersed vertically in the solution, the starting switch was pressed, and the
data were read after the indicator was stable.

2.3.4. Bond Strength

Ordinary Portland Cement mortar (cement:sand:water = 1:3:0.5 by weight) was used
to test the bond strength. When OPC mortar was cured for 28 d under standard curing
conditions (at 20 ± 2 ◦C and RH 95%), it was first fractured under the flexural strength
test using the universal testing machine (ETM-F), and then the distance between the two
fractured specimens was kept at 3 mm and pasted with tape. After the gap was filled
with MMA-based repair material, the specimen was put into an oven at 40 ◦C for 4 h and
then placed in a standard curing box; the repair model is shown in Figure 1a. The flexural
strength was used as an index to measure the bond strength of the repair material and
the OPC mortar. As shown in Figure 1b, if the fracture surface of the specimen appears at
the bonding interface, the obtained flexural strength value is the bond strength, and if the
fracture surface occurs inside the mortar specimen, the bond strength of the repair material
and the OPC mortar is greater than the obtained flexural strength.

 
 

(a) (b) 

Figure 1. (a) The repair model and (b) two types of fracture surfaces.

2.3.5. Bending Strength

After accelerator DMA was added to the prepared repair material, the material was
poured into a mold with dimensions of 100 mm × 15 mm × 5 mm, and finally the maximum
load of bending failure of the specimen was recorded by using the strength testing machine.
The bending strength of the repair material was calculated according to Equation (2):

R f =
3F f L f

2b f h f
2 (2)
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where Rf is the bending strength of the repair material (MPa); Ff is the maximum load
of bending failure of the repair material (N); Lf is the distance between two points of the
repair material under force (mm); and bf and hf are the width and height of a cross-section
of repair material (mm), respectively.

2.3.6. Tensile Strength

After the repair material was poured into a mold with a size of 40 mm × 10 mm × 2 mm,
tensile test was carried out on a strength testing machine. The tensile load was applied
along the length of the specimen at a rate of 1 mm/min until the tensile failure of the
specimen. The tensile stress–strain curve was plotted, from which the tensile strength and
elongation at break of the material could be discerned. The tensile strength and elongation
at break of the material were calculated according to Equations (3) and (4):

σt =
Ft

bt·ht
× 100% (3)

where σt is the tensile strength of the material (MPa); Ft is the maximum load of tensile
failure of the specimen (N); and bt and ht are the width and height of a cross-section of
specimen fracture (mm), respectively.

εt =
Gt1 − Gt0

Gt0
× 100% (4)

where εt is the elongation at a break of the specimen (%), Gt1 is the initial marking dis-
tance of the specimen (mm), and Gt0 is the marking distance where the specimen was
fractured(mm).

2.3.7. Microscopic Characteristics and Morphology

The molecular structure of the repair material were determined with an infrared spec-
trometer (Nicollet Nexus 670, Shanghai, China), and the polymerization between the MMA
monomer and other additives was studied by analyzing the functional groups. The glass
transition temperature (Tg) of the polymer was determined with a differential scanning
calorimeter (DSC 404 F1 Pegasus®, Shanghai, China). The microscopic morphology of the
polymerization product was observed using SEM (JSM-6510, Shanghai, China).

3. Results and Discussion

3.1. Effect of PVAc + Styrene on Chemical Shrinkage of MMA-Based Repair Material

When no admixture was added, the chemical volume shrinkage of MMA-based
concrete repair material was as high as 21%, which would definitely affect its use in repair
engineering. The volume shrinkage of the material will create stress toward the interior of
the material at the bonding interface, which may lead to the failure of the interface bonding
or even secondary cracking [41]. Theoretically, the higher the chemical volume shrinkage
of a material is, the higher its shrinkage stress, so it is necessary to add low 0hrinkage
additives to reduce its shrinkage. The PVAc + styrene solution was added into MMA to
prepare the repair material, and the variation law of chemical shrinkage of MMA-based
repair material with different contents of PVAc + styrene was investigated, with test results
being presented in Table 2.

As can be seen from the Table 2, after the addition of low-shrinkage additives, the
chemical volume shrinkage and the shrinkage stress of the material decreased signifi-
cantly with the increase of the proportion of additives; notably, when the proportion of
PVAc + styrene was 12%, the chemical volume shrinkage was as low as 4.78%, and the
shrinkage stress reduced from −5.08 N to −0.64 N, which decreased by 87.4% (negative
stress values indicate shrinkage). After the addition of low-shrinkage additives, one of
the reasons for the significant reduction in chemical shrinkage of the material was that
polystyrene was formed in the polymerization process, and polystyrene is a nonpolar
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low-shrinkage additive, which can reduce the chemical shrinkage of MMA resin to a certain
extent. When the proportion of PVAc + styrene exceeded 12%, the chemical shrinkage of
the MMA-based repair material gradually increased with the increase in the proportion
of additives. Previous study has shown that the low-shrinkage additives act only as inert
materials at contents higher than the upper limit of the effective content [42]. However,
compared with 22.67% of the blank specimen without additives, the chemical volume
shrinkage of the repair material was still very low.

Table 2. Shrinkage results of MMA-based materials with different PVAc + styrene contents.

NO.

Before Curing After Curing
Volume

Shrinkage/%
Shrinkage
Stress/NMass/g

Volume
/mL

Density
/g·mL−1 Mass/g

Volume
/mL

Density
/g·mL−1

PS0 3.75 4.30 0.87 3.68 3.44 1.07 22.67 −5.08 *
PS10 4.17 4.10 1.02 3.88 3.55 1.09 7.46 −2.23
PS11 4.20 4.05 1.04 4.16 3.75 1.11 6.97 −0.78
PS12 4.19 4.02 1.04 4.03 3.69 1.09 4.78 −0.64
PS13 4.26 4.29 0.99 4.19 3.83 1.09 10.17 −0.71
PS14 4.18 4.39 0.95 3.98 3.65 1.09 14.51 −2.95

* Negative stress values indicate shrinkage.

3.2. Effect of PVAc + Styrene on the Polymerization Process of MMA-Based Repair Material

Viscosity is used to characterize the rheological property of the polymer, which varies
with time [43]. A low viscosity of the polymer means that it has better fluidity and thus can
penetrate into microcracks more easily. One of the most prominent advantages of MMA-
based repair material compared with other repair materials is its low viscosity, which can
repair microcracks smaller than 0.5 mm in width, so it is vital to test the change rule of
the viscosity of MMA-based repair material in modification experiments. The effect of the
reaction time on the viscosity of the MMA-based repair material was investigated by testing
the viscosity of the repair materials with 0% and 12% PVAc + styrene, and the change in
shrinkage stress during the polymerization was also measured to determining the reason
for its reduction, with the results being shown in Figure 2.
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Figure 2. The curing process of MMA-based repair materials with different dosages of PVAc + styrene.
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The polymerization process of MMA, as shown in Figure 2, is similar to that reported
in the previous research results, which can be basically divided into two stages, and the
viscosity increases approximately exponentially with time [44,45]. Before gelation, the
initiator decomposes into free radicals, so the viscosity almost remains constant. Then after
gelation, with the increase in the number of free radicals and chain activation centers, the
main chain of PMMA increases, and the viscosity of the system also changes significantly
with reaction time. It should be noted that as the reaction proceeds, the viscosity increases
sharply, making it difficult to remove the polymerization heat from the system, so it is
necessary to control the reaction time to prevent explosion at this stage. The inflection point
of the curve is considered to be the gel point. Since the movement of the macromolecules
is relatively free before gelation, the shrinkage stress can be effectively released, while
after gelation, the spatial network structure is formed, the movement of the molecular
chains is difficult, and so the shrinkage stress gradually increases. Therefore, it can be
seen that the shrinkage stress of the repair materials without and with 12% PVAc + styrene
increases sharply after 39 min and 43 min of the gel point until reaching the maximum
value, respectively.

In addition, by comparing the viscosity of MMA-based repair materials without
PVAc + styrene and with 12% PVAc + styrene at the same time, we found that the gel point
of the polymerization process was delayed after adding low-shrinkage additives. This
is because with the addition of additives, the free radicals decomposed by the initiator
activate not only the MMA molecules but also the styrene molecules. Therefore, the growth
of the main chain of PMMA slows down, the rate of forming network structure decreases
correspondingly, and the fluidity of the main chain increases, thus reducing the shrinkage
stress. Therefore, the delay in the gel point retards the development of the stress and thus
reduces the shrinkage of the material, which is similar to results reported elsewhere [46].

3.3. The Shrinkage Reduction Mechanism of PVAc + Styrene on MMA-Based Repair Material

In order to investigate the effect of PVAc + styrene on the structure of MMA-based
repair material, MMA repair materials without and with 12% PVAc + styrene were tested
using FTIR, DSC and SEM.

Figure 3 shows the FTIR spectra for the MMA-based repair materials with the ratios
of PS0 and PS12 in the range of 500–4000 cm−1, with m1 being the PS0 repair material
and m2 being the PS12 repair material. It can be noticed that there was no characteristic
peak of C=C in either curve, indicating that during the reaction, both MMA and styrene
underwent polymerization. In the m1 curve, the presence of the bands representing -CH3,
-CH2-, C=O and C-O demonstrated the formation of polymethyl methacrylate. In the m2
curve, in addition to all the absorption bands of m1, the bands at 3021 cm−1 and 704 cm−1

were associated with the vibration of C-H in the benzene ring, the bands at 1484 cm−1 and
1435 cm−1 were attributed to the stretching vibration of C-C in the benzene ring, and these
bands represented the formation of polystyrene.

Subsequently, for specifying whether the polymerization between MMA and styrene
occurred, DSC analysis was carried out. MMA-based repair materials with and without 12%
PVAc + styrene were ground into powder for DSC testing, and the obtained experimental
results were shown in Figure 4.

As can be seen from the Figure 4, the glass transition temperature (Tg) of the MMA-
based repair material was about 111.1 ◦C without the low-shrinkage additives, while the
Tg of the material decreased to 60.8 ◦C after the low-shrinkage additives were incorporated.
This is mainly because after the addition of the low-shrinkage additives, the free radicals
decomposed by the initiator activated not only the MMA molecules but also styrene
molecules so that in the heating process, MMA and styrene in the system underwent
copolymerization, which reduced the glass transition temperature.
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Figure 3. FTIR spectra of the polymerization products.of PS0(m1) and PS12(m2).

  
(a) (b) 

Figure 4. DSC curve of repair material (a) without and (b) with 12% PVAc + styrene.

The fractured surfaces of polymerization products with the ratios of PS0 and PS12
were also observed using SEM. In Figure 5a of, it can be seen from the specimen without
additives that the overall morphology was a single-phase structure, dominated by the
dense MMA continuous phase. As seen in Figure 5b,c with 12% PVAc + styrene, the
fractured surface of the specimen showed a two-phase structure clearly, with the PVAc
phase dispersed in the MMA phase in the form of particles. There were microvoids around
the particles, which could compensate for the volume shrinkage to some extent. In addition,
in Figure 5c, it can be seen that the polystyrene was unevenly dispersed in the MMA phase
in the form of microbeads, which counteracted the volume shrinkage of the resin with its
own sufficient expansion.
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(a) 

  
(b) (c) 

Figure 5. SEM micrographs of the polymerization products with different contents of PVAc + styrene.
(a) No PVAc + styrene; (b,c) 12% PVAc + styrene.

As seen in Table 2, the shrinkage of MMA-based repair materials begins to decrease
when the PVAc + styrene is greater than 12%. The reasons for the decrease were investigated,
and the SEM of the polymerization products of the MMA-based repair materials of PS12
and PS14 is shown in Figure 6.

(a) (b) 

Figure 6. SEM micrographs of the polymerization products with different contents of PVAc + styrene.
(a) 12% PVAc + styrene; (b) 14% PVAc + styrene.

As can be seen from Figure 6a, when the dosage of PVAc + styrene was 12%, the PVAc
particles were spherically dispersed in the repair material, with a size of about 1–3 μm,
and there were micropores around them with a size less than 1 μm, which considerably
reduced the shrinkage. When the dosage of PVAc + styrene increased to 14%, as shown in
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Figure 6b, the size of the PVAc particles became larger due to the agglomeration, showing
lumpy and long stripes, and the size of some particles was even larger than 5 μm, which
would affect its uniformity in the repair material and reduce the number and volume of
micropores, making the effect of shrinkage reduction worse.

From the above analysis of the copolymerization products, including FTIR spectra,
DSC curves and SEM images, combined with the analysis on the shrinkage characteristics
of unsaturated resins [47–49], the shrinkage reduction mechanism of this system can be
deduced as follows:

1. Phase separation stage: PVAc is dissolved in styrene solution as sphere-like particles,
and each particle occupies a certain volume. However, styrene is a nonpolar solvent, while
PVAc is a polar polymer, which eventually leads to a decrease in the compatibility of PVAc
with styrene, resulting in phase separation, which is shown schematically in Figure 7a.

   
(a) (b) (c) 

Figure 7. Mechanism of PVAc + styrene for MMA repair material. (a) Stage of phase separation;
(b) Stage of macroscopic gel phase; (c) Stage of creating microspores and expanded.

2. Macroscopic gel phase stage: In the process of polymerization, when the tempera-
ture rises, the initiator BPO begins to decompose into free radicals, which undergo addition
reactions with MMA or styrene. During this period, the polymerization reactions between
MMA and MMA, between styrene and styrene and between MMA and styrene take place,
forming a continuous phase of MMA, a dispersed phase of PVAc and a random copolymer
of MMA-St within the system, which gradually produces a macroscopic gel as the degree
of polymerization increases. The final structure of the copolymer surrounded by PVAc
particles is shown in Figure 7b. In the newly formed structure, the benzene ring linked to
the main chain of MMA produces repulsion and hindrance, forming a steric effect, which
reduces the volume shrinkage to a certain extent.

3. Microspore creation and expansion stage: As shown in Figure 7c, when the reaction
rate is about to reach its maximum, PVAc plays a role in accumulating styrene, as the
heat formed by the polymerization reaction allows PVAc and unreacted styrene monomer
to expand, compensating for the volume shrinkage. As the temperature of the system
decreases, MMA phase and PVAc phase shrink at the same time. When the temperature is
higher than Tg,PMMA, the coefficients of thermal expansion of these two phases are basically
the same. When the temperature is reduced to higher than Tg,PVAc and lower than Tg,PMMA,
the contraction effect of the PVAc phase is greater than that of the MMA phase, resulting in
the formation of micropores at the interface between the two phases, and the micropores
become larger and larger until the temperature is gradually reduced to Tg,PVAc, (Tg,PVAc
is 30 ◦C, Tg,PMMA is 105 ◦C). During the formation of micropores, the internal stress is
partially released, so the shrinkage stress of the material is reduced after the addition of
low-shrinkage additives.

3.4. Effect of PVAc + Styrene on the Mechanical Properties of MMA-Based Repair Material

Based on the results in Sections 3.1–3.3, it can be concluded that PVAc + styrene can
improve the shrinkage of MMA-based repair material to a certain extent, but its effect on
the mechanical properties of repair material still needs to be investigated. The interface of
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organic–inorganic composites is the main factor affecting their overall mechanical proper-
ties, so it is important to study the interfacial bonding property. The results of the bond
strength of repair materials with different PVAc + styrene ratios at different ages are shown
in the Table 3.

Table 3. Effect of PVAc + styrene contents on bond strength of MMA-based repair materials.

No.

3 d 7 d 28 d

Bond
Strength/MPa

Fracture
Location

Bond
Strength/MPa

Fracture
Location

Bond
Strength/MPa

Fracture
Location

PS0 >4.62 * M * >5.32 M >5.51 M
PS10 2.60 I * 3.90 I >4.21 M
PS11 3.84 I >4.07 M >4.39 M
PS12 2.93 I >4.04 M >4.10 M
PS13 2.83 I >3.97 M >4.13 M
PS14 2.63 I 3.83 I >4.03 M

* “M” represents the fracture surface occurring inside the mortar specimen. “I” represents the fracture surface
appearing at the bonding interface. “>” represents a bond strength greater than the obtained flexural strength.

As can be seen from the Table 3, the variation of bond strength at different ages with
different proportions is basically the same. At 3 d, the bond strength of the repair material
with low-shrinkage additives was relatively low, and all specimens fractured at the bonding
interface. At 7 d, the bond strength was significantly higher than that at 3 d, and some
specimens had fractures inside the OPC mortar. The specimens at 28 d all had fractures
inside the OPC mortar, implying that the bond strength was greater than the strength value
obtained, which was highly beneficial for the actual repair engineering. The two types of
fracture surfaces of bonding specimens are shown in Figure 8. Figure 8a shows that the
fracture surface appeared at the bonding interface between the repair material and the OPC
mortar, indicating that the bonding surface was the weak link of the specimen. Figure 8b
shows that the fracture surface occurred inside the OPC mortar, demonstrating a good
interfacial bonding performance.

  
(a) 

  
(b) 

Figure 8. Two types of fracture surfaces: (a) fracture surface at the bonding interface and (b) fracture
surface inside the OPC mortar.
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Comparing the bond strength of the repair material without and with PVAc + styrene,
we can surmise that after adding PVAc + styrene, the bond strength of repair material
decreased, especially in the early stage. This may be because the addition of PVAc + styrene
causes a significant decrease in shrinkage stress, leading to the reduction of local void
phenomenon at the bonding interface, as shown in Figure 9, and the improvement of bond
strength. However, at the same time, micropores generated inside the material, as shown in
SEM micrographs, reduce the bond strength, and the degree of reduction is greater than the
degree of improvement, so the overall bonding performance of the material becomes worse.

 
Figure 9. Shrinkage interface between the repair material and concrete.

As a material for repairing cracks, it should be able to resist the bending moment
without fracture within a certain range. To determine this fracture resistance, this experi-
ment tested the effect of different proportions of PVAc + styrene on the bending strength of
MMA-based repair material; the results obtained are shown in Table 4.

Table 4. Bending strength of the repair materials.

No. PS0 PS10 PS11 PS12 PS13 PS14

Bending
strength
/MPa

3d 19.69 21.73 22.97 20.74 18.78 24.28
7d 25.93 31.38 30.25 26.25 23.79 31.11

28d 27.52 31.48 31.56 28.04 26.17 32.81

It can be seen from the Table 4 that with the extension of the curing time, the bend-
ing strength of the material gradually increased and the difference between the bending
strength at 7 d and 28 d was not significant. After the addition of additives, the change
trend of the bending strength became complex, but most of the bending strengths increased
to a certain extent. When the proportion of PVAc + styrene was 14%, the bending strength
of the material could reach 32.81 MPa. This is mainly because after the admixture of
additives, during the polymerization reaction, the free radicals decomposed by the initiator
activate not only the MMA molecules but also the styrene molecules, so the growth rate of
PMMA main chain slows down. At the same time, during the curing process, the steric
hindrance generated would reduce the reaction rate and the heat release, so as to avoid
the internal scorching of the repair material due to the large amount of exotherm, which
has little impact on the bending strength. Therefore, the incorporation of low-shrinkage
additives results in a substantial increase in the bending strength of the repair material.

Tensile strength is one of the most important mechanical properties and reflects the
resistance of the material to the lateral forces after repair engineering. Two repair materials,
PS0 and PS12, were used to make tensile specimens and conduct the experiments, and the
tensile stress–strain curves were plotted as shown in Figure 10.
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Figure 10. Tensile stress–strain curve of the MMA-based repair material.

From the curves, it can be discerned that the specimen without PVAc + styrene was
pulled out with a tensile load up to 258.26 N, the corresponding elongation at break was
26.46%, the tensile strength was 12.91 MPa, and the elastic modulus was 70.79 MPa. After
the addition of 12% PVAc + styrene, the material broke at a tensile load of 165.57 N, with
an elongation at break of 92.18%, a tensile strength of 8.28 MPa and an elastic modulus
of 54.35 MPa. As seen in Figure 10, the stress–strain curves of the repair materials were
basically smooth, which is consistent with the characteristics of plastic materials. When
PVAc + styrene was not incorporated, the deformation of the material after yielding
was small. At this time, the elongation at the break of the repair material was small,
and the tensile strength and elastic modulus were large, demonstrating hard and strong
characteristics. After the incorporation of 12% PVAc + styrene, the deformation of the
material after yielding was greater, the elongation at the break increased significantly, with
improved fracture toughness of the material.

It can be seen that the addition of 12% PVAc + styrene reduced the elastic modulus
of MMA-based repair material. Generally, the lower elastic modulus corresponded to the
smaller shrinkage stress. This occurred because the lower elastic modulus can make the
stress dissipate better in the polymerization process, so the shrinkage stress was 87.4%
lower than that of the material without low-shrinkage additives, as shown in Table 2.
Because the generated two-phase system had poor compatibility and was not conducive to
stress transmission, the tensile strength of the repair material added with low-shrinkage
additives decreased, and the existence of micropores and steric hindrance also affected it.
Although the tensile strength of the material decreased, its elongation at break increased
significantly, indicating that it would not cause brittle fracture immediately when subjected
to tension.

From the measurements of shrinkage, viscosity and mechanical properties, it can be
concluded that PVAc and styrene as a low-shrinkage additives had a considerable effect
on the overall performance of the MMA-based repair material. Based on the results of
this study, it was found that the addition of low-shrinkage additives had a favorable effect
on the shrinkage and shrinkage stress of the repair material but a more variable effect on
the mechanical properties. This is because the two-phase structure and the formation of
micropores compensate for the volume shrinkage and reduce the shrinkage stress, but the
presence of micropores also has an adverse effect on some mechanical properties of the
material. It is possible to obtain MMA-based repair material with specific requirements by
varying the content of low-shrinkage additives to repair concrete microcracks.
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4. Conclusions

The main conclusions are as follows:
1. The addition of the low-shrinkage additives of PVAc and styrene significantly

reduced the volume shrinkage and shrinkage stress of the MMA-based repair material and
delayed the polymerization reaction to some extent. When the content of PVAc + styrene
was 12%, the volume shrinkage of the repair material was the lowest, only 4.78%, and the
shrinkage stress decreased by 87.4%.

2. During the polymerization process, styrene and MMA undergo copolymerization,
which reduces the volume shrinkage to a certain extent through a steric hindrance effect.
The polystyrene generated during the polymerization counteracts the curing shrinkage
mainly by thermal expansion. The formation of micropores at the interface between
the continuous phase of MMA and the dispersed phase of PVAc also offsets part of the
volume shrinkage.

3. After the addition of low-shrinkage additives, the bond strength of the MMA-based
repair material was relatively low after 3 d, and the fracture surfaces all appeared at the
bonding interface between the repair material and the OPC mortar. At 28 d, the specimens
all had fractures inside the OPC mortar in testing, showing a good bonding performance.

4. PVAc + styrene improved the bending strength of most of the repair materials in the
ratios investigated in this study; when the proportion was 12%, the 28 d bending strength
of the material reached 28.04 MPa, and the elongation at break and the tensile strength of
the MMA-based repair material were 92.18% and 8.28 MPa, respectively.
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Abstract: Shrinkage deformation of concrete has been one of the difficulties in the process of concrete
performance research. Cracking of concrete caused by self-shrinkage and temperature-drop shrinkage
has become a common problem in the concrete world, and cracking leads to a decrease in the
durability of concrete and even a safety hazard. Mineral admixtures, such as fly ash and mineral
powder, are widely used to improve the temperature drop shrinkage of mass concrete; fly ash can
reduce the temperature rise of concrete while also reducing the self-shrinkage of concrete, there are
different results on the effect of mineral powder on the self-shrinkage of concrete, but the admixture
of fly ash will reduce the strength of concrete, and mineral admixtures have an inhibitory effect
on the shrinkage compensation effect of MgO expander(MEA). The paper investigates the effect
of mineral admixtures on the mechanical and deformation properties of C50 mass concrete with a
MgO expander(MEA), aiming to determine the proportion of C50 mass concrete with good anti-
cracking properties under working conditions. The experiments investigated the effect of fly ash
admixture, mineral powder admixture and MgO expander admixture on the compressive strength
and deformation of concrete under simulated working conditions of variable temperature and
analyzed the effect of hydration of magnesite in MgO expander and pore structure of cement paste
on deformation. The following main conclusions were obtained: 1. When the concrete compounded
with mineral admixture was cured under variable temperature conditions, the compounded 30% fly
ash and mineral powder decreased by 4.3%, 6.0% and 8.4% at 7d age, and the compounded 40% fly
ash and mineral powder decreased by 3.4%, 2.8% and 2.3% at 7d age, respectively. The incorporation
of MEA reduced the early compressive strength of concrete; when the total amount of compounding
remained unchanged, the early compressive strength of concrete was gradually smaller as the
proportion of compounding decreased. 2. The results of concrete deformation showed that when the
temperature rose, the concrete expanded rapidly, and when the temperature dropped, the concrete
also showed a certain shrinkage, and the deformation of concrete basically reached stability at 18d.
3. The compounding of 30% fly ash and mineral powder As the compounding ratio decreases, the
deformation of concrete increases, and the 28d deformation of concrete with a compounding ratio of
2:1 is 280 × 10−6, while the final stable deformation of concrete with a compounding ratio of 2:1 in
compounding 40% fly ash and mineral powder is the largest, with a maximum value of 230 × 10−6,
respectively. Overall, the concrete with a total compounding of 30% and a compounding ratio of 2:1
has the best shrinkage resistance performance.

Keywords: mineral admixture; MEA; fly ash; mineral powder; self-shrinkage; compressive strength

1. Introduction

Concrete is one of the most commonly used construction materials in our life and has
superior capacity under compressive loads, but it suffers from some serious defects. These
defects are caused by drying shrinkage, thermal shrinkage, self-shrinkage and carbonation
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shrinkage, which cause the concrete volume to shrink [1,2]. This is the case with high-
performance concrete (HPC), which has very good compatibility, mechanical properties and
impermeability and is very widely used in engineering. However, the low water-cement ra-
tio and additives make the hydration reaction much faster, which leads to a substantial and
rapid temperature drop and a large self-shrinkage [3]. Self-shrinkage of high-performance
concrete under certain conditions can lead to excessive concrete stresses, which can lead
to cracks [4,5]. Early cracking seriously affects the durability and serviceability and even
the safety performance of concrete structures. Therefore, expansion additives are used
to compensate for shrinkage, traditionally with sulfate aluminate, aluminate clinker or
grass-based [6]. These traditional expansion additives tend to be too dependent on wet
curing, which occurs within 14 days of expansion, and early expansion is too fast; they do
not compensate for the shrinkage of the concrete after 14 days of construction [7]. Among
these expansion agents, MEA has the advantage of stable hydration products and long
expansion time and is often used to prepare magnesium-based compensatory shrinkage
cement, which is widely used in water conservancy construction [8]. MEA can improve
concrete porosity and change concrete pore size distribution [9,10]. In the general mix,
MEA content is 3–8%, which can not only compensate for the normal volume shrinkage
but also improve the compressive performance, shrinkage performance and durability of
concrete [11–14].

For large-volume concrete, with severe shrinkage deformation and high requirements
for restriction, it is necessary to incorporate a large amount of MEA, but the delayed
expansion of MEA can lead to shrinkage in concrete that is often overcompensated at a
later stage, resulting in cracks and a reduction in all properties [15]. To prevent damage to
concrete by MEA, some studies tend to reduce the delayed hydration expansion of MEA
concrete but ignore the resistance to shrinkage that can enhance the concrete matrix and
better coordinate the role of both, which should constrain expansion and compensate for
significant shrinkage in the early stages of hydration [16,17]. The faster shrinkage of cement
and slower expansion of MEA at ambient conditions can lead to shrinkage stress cracking,
so we need to find an auxiliary cementitious material that coordinates the two. Fly ash
and mineral powder, as a popular mineral admixture, are very likely to solve this problem
depending on their properties in cement [18–20].

In recent years, the increasing cross-sectional size of the component, cement strength
level and the amount of cement per unit volume resulted in a significant enhancement in
the internal temperature rise during the hardening of concrete. This makes the difference
between the standard curing temperature in the laboratory and the temperature in the actual
structure, which also leads to a large gap between the strength of the specimen measured
in the laboratory and the strength of the concrete in the actual structure. Based on this, this
paper investigates the mechanical and shrinkage properties of mineral admixtures (fly ash
and mineral powder) on MgO-based concrete in the context of the prevalence of concrete
cracking in mass concrete and the actual curing temperature. The changes in expansion and
mechanical properties under variable temperature conditions are studied macroscopically,
and the effects of mineral admixtures on concrete are analyzed microscopically in terms of
pore structure and micromorphology. By simulating the variable temperature environment
inside the actual mass concrete, the concrete is mixed and formed, and then cured in
the variable temperature environment; the properties of the concrete are measured, its
development pattern is grasped, and its mechanism of action is studied, which can be used
to guide the actual engineering projects in the future.

2. Materials and Methods

2.1. Raw Materials

The cement selected in this experiment is P·II52.5 Portland cement produced by Onoda
of Nanjing, and the strength grade is C50; Fly ash is grade II fly ash of Nanjing Pukou
power plant; The Minera powder is S95 grade Minera powder from the Pukou area of
Nanjing; The expansion agent is MgO expansion agent produced by Jiangsu Subut New
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Materials Co. The fine aggregate is river sand with a fineness modulus of 2.7; the coarse
aggregate is crushed stone with a continuous gradation of 5–31.5 mm; the water-reducing
agent is polycarboxylic acid high-performance water-reducing agent produced by Jiangsu
Subutech New Material Co. The chemical composition of raw materials is shown in Table 1.

Table 1. Chemical compositions of raw materials.

Material SiO2 (%)
Al2O3

(%)
Fe2O3

(%)
CaO (%) MgO (%) K2O (%) Na2O (%) SO3 (%) Loss (%)

Cement 18.55 3.95 3.41 65.32 1.01 0.72 0.18 2.78 2.88
Fly ash 44.06 42.06 2.91 3.80 0.40 0.49 0.16 0.75 2.48
Mineral
powder 33.39 11.89 0.63 41.51 8.82 0.53 0.67 / 0.28

MEA 3.87 1.03 0.88 1.98 89.37 0.08 / 0.06 2.38

2.2. Sample Preparation

In order to study the effect of mineral admixture on MgO-based concrete under vari-
able temperature conditions, the total amount of cementitious material used is 450 kg/m3,
and the amount of mineral admixture is 30% and 40% of the amount of cementitious
material when fly ash is compounded with mineral powder, as this paper studies the
effect of the admixture of mineral admixture on the performance of concrete, fly ash is
extremely effective in improving the ease of ready-mixed concrete, but the concrete Early
and medium-term strength development is slow, mineral powder relative to fly ash on the
concrete strength development of each age faster, but poorer than fly ash, the two double
admixture of concrete after each age strength and mix compatibility are better, the best
ratio of 30% to 40% of the mass of cement [21]. In the compound admixture, the best mass
ratio of fly ash to slag powder is 2:1, and the workability of C50 concrete is improved in
the process of increasing the amount of external admixture from 0% to 30% [22]. So this
paper also selects these two total admixture ratios, where the ratio of fly ash to mineral
powder is 3:1, 2:1 or 1:1. MgO expander is mixed internally, and the admixture amount is
selected as internal admixture, 8% of the cementitious material, which is higher than the
conventional application. The sand rate was 0.39, the water-cement ratio was 0.32, and the
water-reducing agent was blended at 2.8% of the cementitious material. The concrete mix
ratios are shown in Table 2. The various raw materials were prepared and mixed in a mixer,
and then water was added to continue the mixing. After the concrete was mixed, it was
poured into a mold of a specific size and removed after one day.

Table 2. Mix proportions of concrete.

Name Cement (kg/m3) Fly Ash (kg/m3) Mineral Powder (kg/m3) MEA (kg/m3) Water (kg/m3) Water Reducer

C4-0 315 101.2 33.8 0 144 2.8%
C4 279 101.2 33.8 36 144 2.8%
C5 279 90 45 36 144 2.8%
C6 279 67.5 67.5 36 144 2.8%

C7-0 270 135 45 0 144 2.8%
C7 234 135 45 36 144 2.8%
C8 234 120 120 36 144 2.8%
C9 234 90 90 36 144 2.8%

2.3. Experimental Methods
2.3.1. Heat of Hydration

The temperature difference generated by the heat of hydration released from the
hydration of cementitious materials is the main cause of cracks in mass concrete, so a
hydration calorimeter (TAM AIR, New Castle, DE, USA) was used to determine the early
hydration process of concrete slurry containing MEA. Due to the small water-cement ratio
of the cement slurry mixture, it could not be stirred in the calorimeter. Therefore, the
calorimeter needs to be placed at a constant temperature of 20 ◦C for 24 h before testing,
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and 10.00 g of the test slurry is weighed with an accuracy of 0.01 g and loaded into the test
cup of the reaction vessel to continuously follow the exothermic process of hydration of the
net cement slurry over a period of time (72 h) to obtain a typical isothermal calorimetric
curve, including the exothermic rate and the total exothermic amount with time.

2.3.2. Mechanical Properties

According to Chinese standard GB/T 50081-2019, MgO-based concrete is used in
Table 2 ratio; after concrete mixing, molding 150 mm × 150 mm × 150 mm cubic specimens,
the molded concrete specimens together with touching tools are wrapped with cling film,
input into a large plastic bag, tied with a tie, and put into the variable temperature curing
box for curing. Through a whole temperature curve course, after which the specimens
are removed and continued to be cured in 20 ◦C water. The WAW-600C microcomputer
controlled electro-hydraulic servo universal testing machine (YiNuo, Jinan, China) was
used to measure the 3d, 7d, 28d and 60d compressive strength of concrete. There were
3 concrete specimens in each group, and the compressive strength was taken as its flat
value.

Variable temperature curve course as shown in Figure 1, this curve comes from
the actual large volume C5 concrete building internal temperature curve measured from
the figure, 0–40 h time, the internal temperature of the concrete rose rapidly, reaching a
maximum value in the 40thh, the highest temperature of 70 ◦C, after 40 h temperature
began to decline until 18d, the internal temperature of the concrete down to a stable state,
continue to measure until 28d, the temperature did not change significantly.

Figure 1. Variable temperature curve process.

2.3.3. Autogenous Deformation

Concrete was mixed and poured in Φ160 mm × 400 mm PVC pipe, pouring in the
center of the specimen buried strain gage, and then a slight vibration until no air bubbles
were generated. After the completion of the pouring, maintenance 20 ◦C environment, after
the initial setting of the concrete will be closed with paraffin at both ends of the specimen
to prevent the influence of water vapor, and then the specimen will go into the variable
temperature curing box, continuous monitoring of the deformation of concrete, the concrete
specimens are shown in Figure 2. After a whole temperature curve course, remove the
specimen and continue curing at 20 ◦C environment until 28d.
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Figure 2. Concrete deformation sample.

2.3.4. Thermal Analysis

The gravel-free concrete mixes were sealed up and placed in a variable temperature
curing chamber using ages of 1d, 3d and 7d. The degree of hydration of MgO was evaluated
by thermal analysis. The specimens were cut into slices, soaked in anhydrous ethanol for
3d and dried in a vacuum drying oven at 60 ◦C for 24 h. The specimens were ground into
powder and sieved through a 0.08 μm square hole sieve. The DSC-TG method was used to
heat the specimens under the N2 atmosphere with a temperature rise rate of 20 ◦C/min
from 30 ◦C to 1000 ◦C.

Since the temperature in the natural environment shows periodic changes, the hy-
dration of MEA will lead to constant changes in the volume of concrete. In order to be
able to continuously track the volume deformation of MgO concrete, this experiment uses
the MCU-32 automatic measuring instrument produced by Nanjing GeNan Industrial
Company in China. To track the strain gauge, strain variables of the test and the acquisition
time interval is 1 h. Since the temperature change under natural conditions will cause the
volume of concrete to deform, the result calculated by Equation (1) is the strain variation of
the concrete specimen after excluding the temperature deformation.

εml = k × ΔF + (b − α)ΔT (1)

In Equation (1) εml —Strain of concrete after deducting the effect of temperature.
k —Measurement sensitivity of strain gauges (10−6/F).
ΔF —Measurement difference of strain gauges.
b —Thermal expansion coefficient of strain gauge (13.5 × 10−6/◦C).
α —Coefficient of thermal expansion of the concrete specimen under test

(5.5 × 10−6/◦C).

2.3.5. Pore Structure

Determination of pore structure and porosity of concrete mixes by Poremaster GT-60
mercury compression meter (Quantachrome, Boynton Beac, FL, USA). The samples of 1d
age were cut into small pieces of 2–3 mm in size, put into anhydrous ethanol to terminate
hydration, soaked for 3d, and then dried in a vacuum drying oven at 60 ◦C for 24 h before
being taken out for testing. The pore pressure was 415 Mpa, and the pore range was
0.007 μm–360 μm.
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2.3.6. SEM Morphology

Samples were taken from the pressed concrete specimens, soaked in anhydrous ethanol
to terminate hydration, soaked for 3d, dried at a temperature of 60 ◦C for 24 h and then
removed, the specimens were coated with gold, and the microscopic morphology of con-
crete was observed using a JSM6480 scanning electron microscope(Thermo Fisher Scientific,
Waltham, MA, USA), and the relationship between strength and concrete structural densi-
ties was desired.

3. Results and Discussion

3.1. Hydration Heat

Figure 3 shows the heat flow in 3 d for different mineral admixtures. The results
show that the induction period occurs mainly within 2 h. The accelerated period has
a faster exothermic rate and lasts for about 11 h. The accelerated and delayed periods
take a total of 13 h, which is basically consistent with the initial setting time of concrete.
The longer induction time is due to the fact that less free water in the system inhibits the
diffusion of Ca2+ and OH−. On the other hand, the high concentration of SP also inhibited
the nucleation growth of unhydrated cement particles and the formation of Ca(OH)2,
which led to a slower hydration process in the HPC system [23]. It is presumed that the
early expansion of concrete may be caused by the temperature increase; after that, as the
hydration of the system enters the deceleration period, which lasts about 20 h, at the early
stage of deceleration, the exothermic heat of hydration is greater than the exothermic heat,
so the internal temperature of concrete is still rising until the maximum temperature, and
when the exothermic heat is smaller than the exothermic heat, the temperature starts to fall
until the room temperature. It can be presumed that concrete accelerates expansion in the
early stage of hydration and starts shrinking in the late stage of hydration. Eventually, the
whole system of cementitious material hydration is basically stable, and the heat dissipation
is small.

Figure 3. Effect of mineral admixtures on heat flow rate.

As shown in Figure 3, C4 leads to a slowing down of the heat flow of hydration when
8% MEA is incorporated compared to C4-0. Additionally, increasing the total amount of
mineral admixture to 40% did not show a longer induction period and acceleration cycle but
only a significant reduction in the hydration heat flow. As seen in the figure, changing the
admixture of fly ash and mineral powder thus leads to a change in the release of hydration
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heat flow; when the admixture of fly ash is 20% and the admixture of mineral powder is
20%, the heat release peak is significantly wider and shows longer induction period and
acceleration period. For MgO-based shrinkage-compensated cement, the incorporation
of mineral admixture enhances the aluminate reaction and diminishes the effect of MEA
in accelerating the thermodynamic reaction [24]. Therefore, changing the ratio of mineral
admixtures can reduce the possibility of MgO-based large-volume concrete cracking due to
temperature stresses.

3.2. Autogenous Shrinkage

Figure 4 depicts autogenous shrinkage of fly ash and S95 ore pulverized concrete
after deducting the influence of temperature. Figure 4a depicts the self-deformation of the
concrete compounded with 30% fly ash and S95 mineral powder in 28d net of temperature
effects. The red line in the figure shows the temperature change curve for the whole test,
which shows that the test reaches the highest temperature at 1d, about 75 ◦C, and then
proceeds to a slight decrease to room temperature of 20 ◦C at 18d. All samples were
expanding rapidly during the early temperature rise period, but the C4-0 sample showed
a lack of subsequent expansion, which was smaller than that of the MEA-doped sample,
and eventually began to shrink after experiencing the highest temperature and showed
contraction after 28d. The early expansion of the C6 sample was the largest, indicating that
fly ash had an inhibitory effect on early expansion under variable temperature conditions.
The samples doped with MEA eventually exhibited expansion after 28d, which indicates
that MEA compensates well for early shrinkage.

 
(a) (b) 

Figure 4. Autogenous Shrinkage of fly ash and S95 ore pulverized concrete after deducting the
influence of temperature. (a) Total dosage is 30%; (b) Total dosage is 40%.

Figure 4b depicts the self-deformation of the concrete compounded with 40% fly ash
and S95 mineral powder in 28 days net of temperature effects. The C9 samples started with
greater volume expansion than C8 and C7, and subsequently, the generated Ca(OH)2 and
Mg(OH)2 stimulated the volcanic ash activity of the fly ash, producing large amounts of
C-S-H, C-A-H, and M-S -H [25,26]. The maximum volume deformation of concrete with
30% secondary fly ash and 10% mineral powder without MEA is 90 × 10−6, and the stable
value is −50 × 10−6, showing a shrinkage state. In the proportion of concrete mixed with
MEA, the maximum volume deformation of concrete mixed with 30% second-grade fly ash
and 10% mineral powder is 220 × 10−6, and the stable value is 150 × 10−6. The maximum
volume deformation of concrete with 26.7% second-grade fly ash and 13.3% mineral powder
is 230 × 10−6, and the stable value is 180 × 10−6. The maximum volume deformation of
concrete with 20% secondary grade fly ash and 20% mineral powder is 250 × 10−6, and
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the stable value is 170 × 10−6. It can be seen from the above data that the concrete mixed
with 26.7 secondary fly ash and 13.3% mineral powder has the smallest shrinkage with the
decrease in temperature, and the concrete has the best shrinkage resistance.

3.3. Compressive Strength

Figure 5a depicts the compressive strengths at 3d, 7d, 28d and 60d for concrete com-
pounded with 30% fly ash and S95 mineral powder. The compressive strength gradually
decreases with increasing the ratio of fly ash to mineral powder 3:1, 2:1 and 1:1, and the
incorporation of MEA also leads to a decrease in compressive strength. For the mineral
admixture concrete system, the compressive strength of C4, C5 and C6 samples at 3d age
decreased by 2.76 Mpa, 3.3 Mpa and 5.6 Mpa, respectively, compared to C4-0 samples,
while the compressive strength of C4, C5 and C6 samples at 60d age decreased by 0.6 Mpa,
2.3 Mpa and 3 Mpa, respectively, compared to C4-0 samples. The effect was greater at
the early stage and had almost No effect. It was found that the adverse effect on the
compressive strength of concrete may be due to the fact that MEA reduces the volume
fraction of cement, while hydration products, such as magnesium hydroxide, contribute
less to the strength [27]. In addition, it is also possible that the hydration products have
relatively small crystals and are less strong than the cement hydration products, resulting
in lower mechanical properties [28].

(a) (b) 

Figure 5. Compressive strength of fly ash and S95 ore pulverized concrete. (a) Total dosage is 30%;
(b) Total dosage is 40%.

Figure 5b shows the histogram of compressive strength with age for concrete with
40% total mineral admixture under variable temperature conditions. We found that the
compressive strength of concrete mixed with MEA was generally higher than that of the
unmixed 40% mineral admixture, but unlike the 30% mineral admixture, the compressive
strength of concrete at age 7d surprisingly increased with the decrease of fly ash admixture
and the increase of mineral powder admixture. The compressive strength at the 3d age
of concrete mixed with MEA decreased by 1.3%, 3.4% and 7.6%, respectively, compared
with that of unmixed. The compressive strength of 3d concrete decreased with decreasing
amount of secondary fly ash and an increasing amount of mineral powder. 3d compressive
strength of concrete mixed with 30% secondary fly ash and 10% mineral powder was
the highest in concrete mixed with MEA. 28d age, for the blank group, they decreased
by 1.5%, 3.3% and 6.2%, respectively. At the age of 60d, the compressive strength of the
concrete mixed with MEA was lower than that of the blank group by 2.6%, 3.6% and 6.6%,
respectively. It indicates that the massive admixture of fly ash has a positive effect on the
development of concrete strength under variable temperature conditions.
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3.4. XRD

Figure 6 describes the XRD patterns of C5, C4, C8 and C9 samples at 1d, 3d and 7d.
The unhydrated magnesite in C4 samples exceeded C5 on day 7. With the increase of
fly ash content, the unhydrated magnesite content in cement slurry increased, indicating
that fly ash inhibited the hydration of MEA at the early stage of the variable temperature
environment. The unhydrated cubic magnesite in the C8 sample exceeded C5 on the 7th
day, which was also the concrete with a 2:1 dosage ratio. The content of unhydrated cubic
magnesite in the cement slurry with a total content of 30% was lower than that in the
cement slurry with a total content of 40%, indicating that mineral admixtures could inhibit
the hydration of MEA. In the MgO-SiO2-H2O system, MgO can not only be chemically
synthesized into Mg(OH)2 but also react with SiO2 to form M-S-H. Among them, the energy
required to complete the second reaction is less than the first one [29]. With the addition of
fly ash, the CaO content decreases and the SiO2 content increases. This way, the residual
SiO2 combines with MgO and Mg(OH)2 as much as possible to form M-S-H [30–34].

Figure 6. XRD spectra of C5, C4, C8 and C9.

3.5. Hydration Degree of MgO

The TG curves of C4, C5, C6, C7, C8 and C9 samples at d 1d, 3d and 7d are shown in
Figure 7. In the temperature range of 30–330 ◦C, some hydration products, for example,
C-A-H, C-S-H and Afm, decompose when heated to a certain temperature [35]. What we
need to understand is that Mg(OH)2 and Ca(OH)2 undergo thermal decomposition at a
temperature range of 330–420 ◦C and 420–500 ◦C, respectively [36,37].

The equations of the calculation equation are displayed in Equations (2) and (3). The
fraction of the mass of the sample at 1d age under variable temperature conditions is
displayed in Table 3. Therefore, the content of Mg(OH)2 can be calculated according to
Equation (4) and Table 3, and the results are shown in Figure 8.

Mg(OH)2 → MgO + H2O (2)

Ca(OH)2 → CaO + H2O (3)

WMg(OH)2
= ΔW330–420◦C

MMg(OH)2

MH2O
(4)
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In Equations (2)–(4) WMg(OH)2
is the mass fraction of Mg(OH)2 (%); MMg(OH)2

and
MH2O are the molar masses of Mg(OH)2, H2O (g/mol). ΔW330–420◦C expresses the mass
loss fraction in the temperature range of 330–420 ◦C.

Figure 8 shows the content of Mg(OH)2 in the pure pulp of Grade II fly ash and
mineral powder cement mixed with 30% and 40% at variable temperatures. It can be seen
from the figure that, The Mg(OH)2 content of concrete slurry with 22.5% secondary fly
ash, 7.5% ore powder, 20% secondary fly ash 10% ore powder, 15% secondary fly ash, 15%
ore powder, 30% secondary fly ash 10% ore powder, 26.7% secondary fly ash 13.3% ore
powder and 20% secondary fly ash 20% ore powder at 7 days age, respectively is 9.24%,
9.51%, 9.86%, 8.60%, 8.60% and 9.73%. 15% secondary fly ash has the largest Mg(OH)2
content and corresponding deformation, with an expansion of 350 με at 7d, while 30%
secondary fly ash 10% mineral powder has the lowest Mg(OH)2 content and the lowest
deformation, with an expansion of 170 με at 7d. The curve in the figure also decreases with
the increase of secondary fly ash content and the decrease of mineral powder content. For
example, the C6 curve in the figure is above C5. It can be seen that the incorporation of
fly ash weakens the hydration process of magnesium oxide to some extent. Although the
Mg(OH)2 content of 15% secondary fly ash and 20% secondary fly ash is very similar at 3d
age, the expansion of the former is 120 με larger than that of the latter. From the point of
view of total shrinkage compensation, the concrete mixed with 20% secondary fly ash and
10% mineral powder is the most suitable.

  
(a) (b) 

 

 

(c)  

Figure 7. Hydration product contents at different ages. (a) 1 day of age; (b) 3 days of age; (c) 7 days
of age.
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Table 3. Mass fraction of 1-day-old samples at different temperatures.

Name C4 C5 C6 C7 C8 C9

330 ◦C 92.67% 92.36% 92.20% 92.67% 92.32% 93.07%
420 ◦C 90.53% 90.23% 89.91% 90.46% 93.18% 90.95%

Figure 8. The content of Mg(OH)2 at different ages.

3.6. Microstructure
3.6.1. Pore Structure

Figure 9a depicts the pore structure of the different mineral admixtures at the age of
7d. It can be seen that the pore sizes of the samples are mainly distributed in the range
of 0.007 to 0.03μm. Compared with the C5 sample, the pore size peak of the C9 sample is
significantly shifted to the right, indicating that the multiple admixtures of mineral powder
lead to larger pores of the whole system. During the admixture of fly ash, the pores become
less, which will make the concrete denser and strengthen the mechanical properties of
concrete. It indicates that fly ash can stabilize the MEA and improve structural compactness.
As in Figure 9b, the magnitude of porosity in the samples is C4, C5 < C9, indicating that the
increase in the total admixture of mineral admixture leads to an increase in the porosity of
cement paste in concrete but a significant decrease in the average pore size. Increasing the
admixture of mineral powder also leads to an increase in porosity, which is not conducive
to the stability of the concrete structure. Overall, the distribution curve of pore size is
generally shifted towards smaller pore sizes. Therefore, a larger proportion of fly ash can
mitigate the self-shrinkage of concrete more effectively.

3.6.2. SEM

In order to have a deeper understanding of the differences in the mechanical strength
development of C4 and C6 samples from 3d to 60d, Figure 10 shows the SEM observation.
There is no flocculation on the surface of C4 samples at 60 days, and there is no fracture
layer at the links, which indicates that the multiple admixtures of fly ash have a positive
effect on the later tissue growth of C5 samples. While SEM of the C6 sample at 60 days, flocs
were formed on the surface, and these flocs were flake structures, and this structure was not
conducive to the development of concrete strength. The loose structure of these Mg(OH)2
crystals is related to the hydration of MgO, which leads to premature swelling. Strongly
demonstrates the positive effect of fly ash on improving the structural compactness of
concrete. There are two possible reasons for this positive effect. One is that fly ash attenuates
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the delayed over-swelling by reducing Mg(OH)2, and the other is that it forms a better
cement matrix.

μ  μ

(a) (b) 

Figure 9. Pore size structure of slurries with different mineral admixtures. (a) Total dosage is 30%;
(b) Total dosage is 40%.

  

Figure 10. SEM images of test specimens.

4. Conclusions

In this topic, the effects of mineral admixtures on MgO concrete under variable
temperature conditions were systematically studied from some aspects, such as shrinkage
properties, mechanical properties and microstructure. Based on the experimental results,
the following conclusions can be obtained.

1. Compared with the sample without MEA, the addition of MEA can significantly
reduce the heat flow of cement, increase the mineral admixture can, reduce the heat
of hydration and inhibit the delayed overexpansion of concrete, improve the later
mechanical properties of concrete, and reduce the risk of cracking of concrete.

2. The results of the self-shrinkage show that concrete expands sharply and then shrinks
under variable temperature conditions. However, concrete without MEA eventually
exhibits shrinkage, while concrete with MEA exhibits expansion. The incorporation
of mineral admixtures prevents cracking of the concrete due to self-shrinkage and
prevents delayed over-expansion of the concrete in the later stages.

3. Under variable temperature conditions, the addition of mineral admixtures will lead
to a decrease in the mechanical properties of concrete, but the amount of reduction is
very small and meets the actual needs. Under variable temperature conditions, the
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mechanical properties decrease with the decrease of fly ash content, indicating that
the incorporation of fly ash is conducive to the mechanical properties of concrete.

4. The XRD and TG results show that under variable temperature conditions, fly ash
leads to weaker shrinkage resistance of concrete in the early stages by reducing the
hydration of MEA inside the concrete, and in the later stages, mineral admixtures
form stronger concrete cementing substances through secondary reactions. Overall,
fly ash can harmonize the relationship between shrinkage resistance and shrinkage of
concrete.

5. MIP analysis shows that the porosity of the C5 sample with 10% ore powder of 20%
fly ash is 16%, while the porosity of 20% ore powder of 20% fly ash is 17%. Increasing
the ore powder content can increase the porosity, indicating that a large amount of ore
powder is not conducive to the thinning of pore size. The addition of fly ash makes
the pore size refined continuously, the porosity reduced, and the hydration products
closer to each other. It will make the structure of concrete more dense and strengthen
the mechanical properties of the content.

5. Recommendation

By studying the laws of mineral admixtures on the mechanical and shrinkage proper-
ties of concrete under variable temperature conditions. When working on mass concrete,
we need to fully consider its internal temperature rise due to the hydration of cement,
where temperature gradient changes can lead to cracking of the concrete, thus, affecting
the durability performance of concrete and even safety hazards. In order to reduce the
temperature rise of concrete, we can take the internal buried cooling pipes and also add
mineral admixtures. The above study found that adding 30% of mineral admixture is the
most suitable, and 30% of the total amount of compounding, compounding ratio 2:1, and
the best case, its final deformation for the expansion state, to solve the cracking of concrete
because of shrinkage, also will not occur excessive expansion of concrete, its mechanical
properties are also to meet the project requirements.
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Abstract: The rapid drop in internal temperature of mass concrete can readily lead to temperature
cracks. Hydration heat inhibitors reduce the risk of concrete cracking by reducing the temperature
during the hydration heating phase of cement-based material but may reduce the early strength of
the cement-based material. Therefore, in this paper, the influence of commercially available hydration
temperature rise inhibitors on concrete temperature rise is studied from the aspects of macroscopic
performance and microstructure characteristics, and their mechanism of action is analyzed. A fixed
mix ratio of 64% cement, 20% fly ash, 8% mineral powder and 8% magnesium oxide was used. The
variable was different admixtures of hydration temperature rise inhibitors at 0%, 0.5%, 1.0% and
1.5% of the total cement-based materials. The results showed that the hydration temperature rise
inhibitors significantly reduced the early compressive strength of concrete at 3 d, and the greater the
amount of hydration temperature rise inhibitors, the more obvious the decrease in concrete strength.
With the increase in age, the influence of hydration temperature rise inhibitor on the compressive
strength of concrete gradually decreased, and the decrease in compressive strength at 7 d was less
than that at 3 d. At 28 d, the compressive strength of the hydration temperature rise inhibitor was
about 90% in the blank group. XRD and TG confirmed that hydration temperature rise inhibitors
delay early hydration of cement. SEM showed that hydration temperature rise inhibitors delayed the
hydration of Mg(OH)2.

Keywords: hydration heat inhibitor; heat of hydration; concrete; degree of hydration

1. Introduction

After the mass concrete is poured, with the cement hydration and heat release, the
internal temperature of the mass concrete will change sharply. With the increase in curing
time, the strength of concrete increases [1], and the structure is constrained (foundation
constraint, new and old concrete contact surface constraint, etc.). Uneven temperature dis-
tribution and different constraints within concrete will lead to large temperature stress [2,3].
Once the temperature stress exceeds the permissible tensile strength of concrete, tempera-
ture cracks will occur [4,5]. This not only affects the function of the building structure and
reduces its stiffness but also affects the durability of the concrete. It has a great negative
effect on the mechanical properties and application properties of concrete. Studies show
that, with the increase in temperature, the hydration heat release rate of C3S accelerates
significantly [6]. Therefore, the commonly used measures to control the heat of hydration
include using low-heat cement, increasing aggregate content during mixing, controlling
the concrete placement temperature and cooling with water [7]. In addition, concrete
admixture is also an effective means to improve the thermodynamic properties of concrete,
and this method has been widely used in engineering [8,9]. From then on, the choice of
concrete admixture is the key to solve the problem of concrete cracking. Hydration heat
inhibitors [10–12] is a new type of concrete admixture, prepared by acid hydrolysis of
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corn starch. It is used to solve the problem of temperature cracking caused by excessive
thermal stress in mass concrete [13,14]. Studies have shown that adding hydration heat
inhibitors to concrete can effectively reduce the heat release rate of cement in the hydration
acceleration stage without affecting the total heat release of hydration. That is, temperature
rise inhibitors can regulate the hydration process and reduce the heat release rate of hy-
dration [15,16]. The main components of existing hydration heat inhibitors are hydroxyl
carboxylic acid esters, starch or dextrin and its derivatives, active heat-absorbing salts, etc.
In addition, the hydration heat inhibitor can be modified to form a new type of hydration
heat inhibitor. Relevant studies [15] have shown that the addition of hydration heat in-
hibitors has a significant impact on the nucleation of C-S-H, which is mainly manifested as
reducing the main peak of hydration reaction. Hydration heat inhibitors cement hydration
mainly by regulating the induction and acceleration time of C3S hydration, and the hydra-
tion heat inhibitors’ effect on the early stage of cement hydration is greater than that in the
later stage because, once the nucleus is formed, the growth of C-S-H will be very stable
and will not be affected by hydration heat inhibitors. Many domestic and foreign scholars
have studied the effect of hydration heat inhibitors on cement hydration [17] and concrete
hydration [11]. These studies basically focus on the effects of hydration heat inhibitors on
pre-hydration or post-hydration, and they often ignore the coordination between the two.
Specifically, hydration heat inhibitors can reduce the early strength of concrete, delay the
concrete setting time, etc. This limits its application in engineering cast-in-place structural
concrete. Therefore, it is necessary to develop a hydration heat inhibitor that has less
influence on the setting time and early strength of concrete.

In this paper, the effects of adding different hydration heat inhibitor dosages on cement
concrete were studied from macroscopic properties and microscopic structure characteris-
tics. Macroscopic performance shows that the addition of hydration heat inhibitor has the
effect of delaying cement hydration and can relatively reduce the internal temperature rise
of concrete and delay the temperature rise. Based on the characteristics of microstructure,
the mechanism of hydration heat inhibitor on concrete was analyzed from the aspects of
phase composition, pore structure and morphology.

2. Materials and Methods

2.1. Materials

The cement selected for the experiment was Nanjing Onoda PII 52.5 silicate cement;
the fly ash was secondary ash; the mineral powder was S95 grade mineral powder; the
expansion agent was MgO expansion agent produced by Jiangsu Subote New Materials
Joint Stock Company (Zhenjiang, China); the fine aggregate was river sand with a fineness
modulus of 2.7; the coarse aggregate was 5–31.5 mm continuously graded crushed stone;
the water reducing agent was poly(carboxylic acid) high-performance water reducing agent
produced by Jiangsu Subote New Materials Joint Stock Company. The water reducing agent
is poly-carboxylic acid high-performance water reducing agent produced by Jiangsu Subote
New Materials Co. (Nanjing, China) The water reducing agent is the high-performance
water reducing agent of polycarboxylic acid produced by Jiangsu Subote New Materials Co.
Hydration heat inhibitor is the product of Jiangsu Subote New Materials Co., hereinafter
referred to as SBT.

The chemical composition of the raw material is shown in Table 1. The functional
groups test of the SBT is shown in Figure 1. In Figure 1, the functional group test of
the SBT is performed using Fourier transform infrared spectroscopy (Bruker Equinox 55,
resolution 0.4 cm−1). The absorption peaks of 3436.79 cm−1, 2927.68 cm−1, 1030.63 cm−1

and 766.30 cm−1 correspond to the tensile vibrations of hydroxyl (-OH), C-H, C-O and
C-O-C, respectively.
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Table 1. Chemical composition of raw materials/%.

Raw Materials SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 Loss

Cement 18.55 3.95 3.41 65.32 1.01 0.72 0.18 2.78 2.88
FA 44.06 42.06 2.91 3.80 0.40 0.49 0.16 0.75 2.48
S95 33.39 11.89 0.63 41.51 8.82 0.53 0.67 / 0.28

MEA 3.87 1.03 0.88 1.98 89.37 0.88 / 0.06 2.38

Figure 1. FTIR spectra of SBT with a resolution of 0.4 cm−1.

2.2. Sample Preparation

In order to study the effect of hydration temperature rise inhibitor on concrete temper-
ature rise and its mechanism, first of all, the concrete fit used in the experiment is shown
in Table 2. The dosage of hydration temperature rise inhibitor was 0%, 0.5%, 1.0% and
1.5% of the total dosage of cementing material, respectively. Then, the specific experimental
method is to stir these ingredients under dry conditions, and then add quantitative water
to continue to stir evenly. The fully mixed slurry is placed in a mold of a specific size for
the internal temperature rise of concrete and the 3 d, 7 d and 28 d compressive strength
of concrete. In addition, without considering the addition of coarse and fine aggregates,
after the raw materials are fully stirred, part of the slurry is put into a specific mold for a
medium to 3 d, 7 d and 28 d age, which is used for micro-tests, such as hydration heat and
thermogravimetry.

Table 2. Concrete proportioning (kg/m3).

Number Cement FA S95 MEA Sand Stones Water Water Reducing Agent SBT

Blank 288 90 36 36 700 1100 144 12.6 0
0.5%SBT 288 90 36 36 700 1100 144 12.6 2.25
1.0%SBT 288 90 36 36 700 1100 144 12.6 4.5
1.5%SBT 288 90 36 36 700 1100 144 12.6 6.25

2.3. Methods
2.3.1. Macroscopic Experimental Methods

The macroscopic experimental methods in this paper include hydration heat test,
concrete temperature rise test and mechanical test. The heat of hydration test adopts
dissolution method, that is, isothermal calorimeter. Firstly, a certain amount of fresh cement
paste was placed in the test tube, and then the data were monitored for 3 days. Finally,
the hydration heat and cumulative heat release data of the cement paste were obtained.
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The temperature rise test of concrete uses a thermometer to measure, the concrete is mixed
into a fixed mold and then the thermometer is added to record the change in its internal
temperature in real time. The insulation device uses an iron bucket with a bottom diameter
of 300 mm and a height of 300 mm. The bottom and outside of the bucket are wrapped with
5 cm thick rubber and plastic insulated cotton. After the wrapping is completed, the whole
bucket is put into the insulation bucket of the same size. The thermometer is inserted into
the center of the concrete, and the thermometer connecting module records the internal
temperature in real time. The mechanical properties were tested by universal pressure
testing machine. In each age, 3 specimens were used to test the compressive strength, and
their average values were recorded.

2.3.2. Microscopic Experimental Analysis

In this paper, the microscopic characterization techniques include XRD, TG, MIP, SEM,
etc. At the end of the mechanical test, appropriate amount of the broken sample was
soaked in anhydrous ethanol to stop hydration for a week, and then dried in vacuum
at 80 ◦C for 2 days. After taking out the sample, it was used for SEM. The powder
sample is then prepared, and the sample is ground into powder and passed through a
200-mesh screen to prepare the sample for XRD and TG analysis. The phase composition
of the sample was characterized by XRD and TG. XRD analysis was used to observe the
difference in the composition of crystalline mineral phase in the hydration products. The
quantitative analysis of Mg(OH)2 in cement slurry was performed by TG analysis. Obtained
by STA 409PC Luxx at 10 ◦C/min from 30 ◦C to 1000 ◦C in a nitrogen atmosphere. The
pore structure was characterized by mercury porosity method in the pressure range of
10–100 kPa, corresponding to pore size range of 1.7–300 nm. The microstructure of the
concrete was characterized by SEM, in which the dry powder required prior spraying of
gold, and scanned using Merlin Compact scanning electron microscopy.

3. Results and Discussion

3.1. Macroscopic Properties
3.1.1. Mechanical Property

As shown in Figure 2a, the compressive strength of concrete increases gradually with
the increase in age. In the concrete mixed with SBT, the compressive strength decreases
with the increase in the amount of SBT. In the first 3 days, it decreased significantly with
the increase in variables. However, the reduction degree of compressive strength at 28 days
decreased compared with that at 3 days. For example, the compressive strength of 0.5%SBT1
and 1.5%SBT1 was 14.4% and 37.2% lower than blank at 3 d, and 4.0% and 11.6% lower
than blank at 28 d, respectively. The reason may be that SBT hindered the nucleation and
growth of C-S-H in the early stage but did not affect the degree of hydration in the later
stage [10].

Figure 2b shows the compressive strength of concrete specimens at different ages
when they are placed in a curing box at variable temperature. The compressive strength of
concrete increases under variable temperature conditions. For example, the compressive
strength of 0.5%SBT2 and 1.5%SBT2 at 3 d increases by 24.1% and 20%, respectively,
compared with that at normal temperature. This is because the higher the temperature, the
higher the internal hydration rate and the higher the strength of the concrete.
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(a) (b) 

Figure 2. Compressive strength of concrete specimens at different ages. (a) is the compressive
strength of concrete specimen under normal temperature curing; (b) is the compressive strength of
concrete specimen under variable-temperature curing.

3.1.2. Temperature Rise Experiment

Figure 3 shows the internal temperature changes in concrete specimens after adding
different amounts of SBT. As shown in the figure, with the increase in the amount of SBT,
the temperature inside the concrete began to rise relatively late, and its peak temperature
also decreased relatively. For example, the peak temperature of 0.5%SBT is 10.6 h later
than blank, and the peak temperature is 4.5% lower. Further, 1.5%SBT is delayed for
32.3 h and the peak temperature is reduced by 7.5%. Equipment error is negligible. The
reason is that the addition of SBT will hinder the nucleation and growth of C-H-S inside
the concrete, thus reducing the hydration rate inside the concrete, resulting in a smaller
internal temperature, resulting in a lower temperature rise inside the concrete. This is
consistent with the conclusion above; that is, the temperature rise of concrete is slow, the
peak temperature is low and the compressive strength of concrete specimens decreases.

Figure 3. Internal temperature of concrete specimen.

3.1.3. Hydration Heat

Figure 4 shows the heat of hydration of the cement slurry in 3 d. According to
previous conclusions, MEA can enhance the release of hydration heat, which is manifested
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as advanced induction period and increase in heat flow [18]. When SBT is added, the
induction period and heat release peak are delayed relatively. With the increase in SBT
incorporation, the early internal heat release decreased gradually. Therefore, for cement
slurry, the addition of SBT will inhibit the internal hydration reaction, thus reducing the
internal temperature rise and temperature peak. By extension, it can be concluded that
the addition of hydration heat inhibitors can effectively reduce the temperature difference
between inside and outside of concrete in the early stage, thus reducing the risk of concrete
cracking.

Figure 4. Heat map of hydration of cement paste.

3.2. Microstructural Characteristics
3.2.1. XRD

As can be seen from Figure 5, compared with the base group, the Ca(OH)2 diffraction
peak strength of the cement slurry mixed with different amounts of SBT is lower than that
of the base group, the Ca(OH)2 diffraction peak strength of the cement slurry mixed with
0.5%SBT hydration temperature rise inhibitor is the strongest among the three groups and
the calcium hydroxide diffraction peak strength of the cement slurry mixed with 1.5%SBT
is the lowest. The principle of cement hydration degree was tested by referring to CH
quantitative test method. It is concluded that different amounts of SBT can effectively delay
cement hydration, and, with the increase in its dosage, its inhibition effect will be better.

3.2.2. TG

Figure 6 shows the TG curves of the sample containing 1.0% SBT hydration heat
inhibitor at 1, 3, 7 and 28 days. It corresponds to the dehydration decomposition of
hydration products C-S-H, C-A-H, AFm, AFt, etc. [19]. Mg(OH)2, Ca(OH)2 and CaCO3
will thermal decompose at peak absorption temperatures of 330–420 ◦C, 420–500 ◦C and
600–750 ◦C, respectively [20,21]. The relevant equations are shown in Equations (1)–(3).
Table 3 shows the mass scores of blank and 1.0%SBT at different temperatures. Meanwhile,
Mg(OH)2 content can be calculated according to Equation (4) and Table 3, and the results
are shown in Figure 7.

Mg(OH)2→MgO + H2O, (1)

Ca(OH)2→CaO + H2O (2)

99



Materials 2023, 16, 2992

CaCO3→CaO + CO2 (3)

WMg(OH)2 = ΔW330–420◦C
MMg(OH)2

MH2O
(4)

where WMg(OH)2 is the mass fraction(%) of Mg(OH)2; MMg(OH)2 is the molar mass of
Mg(OH)2 (g/mol); ΔW330–420 ◦C represents the mass loss fraction(%) in the 330–420 ◦C
temperature range.

 
(a) (b) 

 

(c) (d) 

Figure 5. XRD pattern of cement slurry, where (a) is blank reference group; (b) the hydration temper-
ature rise inhibitor group containing 0.5%SBT; (c) is the dosage of 1.0%SBT hydration temperature
rise inhibitor group; (d) is the dosage of 1.5%SBT hydration temperature rise inhibitor group.
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(a) (b) 

Figure 6. TG diagrams of cement slurry at 1 d, 3 d, 7 d and 28 d. (a) The TG curves of the blank
group at 4 instars; (b) is the TG curve of 4 instars of hydration temperature rise inhibitor containing
1.0%SBT.

Table 3. The mass fraction of each sample at different temperatures.

Temperature (◦C) 30 330 420 500 600 750

Blank

1 d 100 92.62 90.92 88.67 87.93 86.77
3 d 100 91.97 90.15 87.63 86.96 85.98
7 d 100 90.83 88.57 86.42 85.75 84.79
28 d 100 90.68 88.25 86.16 85.44 84.46

1.0%SBT

1 d 100 92.44 92.44 91.01 90.35 89.22
3 d 100 92.08 92.08 90.23 89.49 88.11
7 d 100 90.63 90.63 88.58 87.81 86.96
28 d 100 89.16 89.16 87.35 86.68 85.62

Figure 7. The degree of hydration of MgO at each age.

The degree of hydration of MgO can be discussed through quantitative analysis in the
figure. As can be seen from Figure 7, Mg(OH)2 of 1.0%SBT decreased in each age compared
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with blank, but the total amount still increased with age. The decrease in Mg(OH)2 after
the addition of SBT was due to the fact that SBT could adsorb on the surface of MEA and
prevent the hydration of MgO, thus leading to the decrease in Mg(OH)2. On the other hand,
it is also possible that Mg(OH)2 reacts with SiO2 to form M-S-H and then Ca(OH)2, which
also relatively reduces the degree of hydration of Mg(OH)2.

3.2.3. MIP

Another important parameter to reflect the microstructure is to observe the pore
structure. It can be obtained from the aperture distribution and cumulative aperture
distribution as shown in Figure 8. The pore size of blank group and 1.0%SBT group was
mainly distributed between 10 nm and 100 nm. It can be seen from 3 d and 7 d data that
the primary aperture of blank group and 1.0%SBT group at 7 d is larger than that of 3 d
group. It can be seen from the figure that the main pore diameter of the sample after adding
1.0%SBT is larger than that of the blank group. In addition, it can be seen from Figure 8b
that the porosity values from large to small are 1.0%SBT3d, blank3d, 1.0%SBT7d, blank7d.
The microstructure of cement slurry without hydration heat inhibitor is denser and its
corresponding compressive strength is relatively higher.

 
(a) (b) 

Figure 8. 3 d and 7 d mercury injection maps of blank cement paste group and 1.0%SBT. (a) is the
aperture distribution diagram of each specimen; (b) is the cumulative aperture distribution diagram
of each specimen.

3.2.4. SEM

In order to better understand the differences in mechanical properties between blank
group and 1.0%SBT group in early stage, the concrete specimens were photographed by
electron microscopy. Figure 9 shows SEM observations of concrete of corresponding age.
On the whole, the concrete structure is relatively loose, and there are obvious voids and
holes in the structure. As can be seen from Figure 9a, hydration products, such as acicular
ettringite, hexagonal crystalline calcium hydroxide and flocculent calcium silicate hydrate,
exist in the surface topography of concrete, and no other special substances are observed.
In addition to the above substances, some white crystals circled as shown in the picture are
also observed in Figure 9b, which are partially incomplete SBT residue and partially MgO,
indicating that the hydration heat inhibitor delays the hydration process of cement and
also reduces the degree of MgO hydration.
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(a) (b) 

Figure 9. SEM image of 3 d concrete specimen. (a) SEM diagram of concrete specimen without
water-added temperature rise inhibitor 3 d; (b) SEM diagram of concrete specimen doped with
1.0%SBT hydration temperature rise inhibitor.

4. Conclusions

In this paper, the effect and mechanism of hydration heat inhibitors on the temperature
rise of concrete are studied systematically from two aspects of macroscopic property
and microscopic structure. According to the above experimental results, the following
conclusions can be drawn.

1. The compressive strength of concrete with hydration heat inhibitors decreased by
14.4–37.2% at 3 d. This indicates that the addition of heat of a hydration inhibitor can
significantly reduce the early compressive strength of concrete. It was reduced by
about 10% at 28 d to show that it had little effect on the concrete in the later stage.

2. It can be seen from the internal temperature rise diagram and hydration heat map
of concrete that hydration heat inhibitor delays the time of concrete reaching the
temperature peak by 10–30 h. Adding hydration heat inhibitors significantly reduces
the heat flow and heat release rate of cement, prolongs the setting time of cement,
inhibits the early hydration process of cement and improves the mechanical properties
of cement in the later stage.

3. XRD and TG results show that the hydration heat inhibitor does not stop the hydra-
tion process of cement and has no effect on the type and morphology of hydration
products. It can only delay the hydration process of cement and reduce the content of
magnesium hydroxide and calcium hydroxide in hydration products. Hydration heat
inhibitors can delay cement hydration.

4. The results of MIP experimental analysis and SEM image observation show that the
addition of hydration heat inhibitors can increase the main pore size and porosity
of cement, which is also the result that the hydration heat inhibitor delays the early
hydration degree of cement. At the same time, the microstructure of concrete has not
changed much. Specifically, the concrete structure is relatively loose, obvious voids
and holes can be observed and only part of the MgO and hydration heat inhibitors are
not fully reacted. This further indicates that the addition of heat of hydration inhibitor
is not conducive to the microstructure densification of cement slurry and delays the
degree of hydration of MgO.
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Abstract: Currently, mass concrete is increasingly utilized in various engineering projects that demand
high physical properties of concrete. The water-cement ratio of mass concrete is comparatively
smaller than that of the concrete used in dam engineering. However, the occurrence of severe
cracking in mass concrete has been reported in numerous engineering applications. To address this
issue, the incorporation of MgO expansive agent (MEA) in concrete has been widely recognized
as an effective method to prevent mass concrete from cracking. In this research, three distinct
temperature conditions were established based on the temperature elevation of mass concrete in
practical engineering scenarios. To replicate the temperature increase under operational conditions,
a device was fabricated that employed a stainless-steel barrel as the container for concrete, which
was enveloped with insulation cotton for thermal insulation purposes. Three different MEA dosages
were used during the pouring of concrete, and sine strain gauges were placed within the concrete
to gauge the resulting strain. The hydration level of MEA was studied using thermogravimetric
analysis (TG) to calculate the degree of hydration. The findings demonstrate that temperature has
a significant impact on the performance of MEA; a higher temperature results in more complete
hydration of MEA. The design of the three temperature conditions revealed that when the peak
temperature exceeded 60 ◦C in two cases, the addition of 6% MEA was sufficient to fully compensate
for the early shrinkage of concrete. Moreover, in instances where the peak temperature exceeded
60 ◦C, the impact of temperature on accelerating MEA hydration was more noticeable.

Keywords: MgO expansive agent; autogenous shrinkage; temperature

1. Introduction

The utilization of mass concrete has become increasingly prevalent in various civil en-
gineering projects such as high-rise buildings, tunnels, and box girders, due to the upsurge
in demand for such projects. Concrete is a fragile material with a lower tensile strength
compared to its compressive strength, and mass concrete possesses the attributes of high
total heat release and a large volume. The substantial size of the concrete impedes the timely
dissipation of the heat generated from hydration, causing a rapid and considerable tem-
perature increase in the mass concrete, with a significant temperature differential between
the interior and exterior. Previously, dams utilized concrete with a high water-cement
ratio and a relatively small amount of cement, leading to low heat of cement hydration
and internal temperatures below 50 ◦C. However, in contemporary large-scale projects
like retaining walls and bearing platforms, the utilization of mass concrete necessitates a
smaller water-cement ratio, resulting in high heat of hydration and central temperatures
above 70 ◦C, generating tensile stress that surpasses the concrete’s tensile limit, ultimately
leading to cracking [1,2].
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In the context of mass concrete with a low water-cement ratio, autogenous shrinkage
is a crucial factor that contributes to cracking. In engineering, autogenous shrinkage is
particularly pronounced in high-strength concrete, self-consolidating concrete, and mass
concrete. Research indicates that high-strength concrete with a water-cement ratio of less
than 0.3 can experience an autogenous shrinkage of 300–400 με and that the magnitude of
autogenous shrinkage increases with the amount of cement per unit volume [3]. According
to Erika Holt, the impact of the water-cement ratio on the autogenous shrinkage of concrete
is generally insignificant when the ratio is greater than 0.4, but significant when it is less
than 0.4 [4]. The autogenous shrinkage of concrete can be influenced by various factors
such as the water-cement ratio, type of cement used, and mineral admixtures. According to
Li’s investigation, the self-shrinkage of concrete without mineral admixtures is higher than
that of concrete containing mineral admixtures. The self-shrinkage of mineral admixture
concrete stabilizes after seven days, while non-admixture concrete continues to exhibit high
levels of self-shrinkage for up to three weeks. While the self-shrinkage of pure cement is
greater than that of mineral admixture concrete, it generates lower stress, and the cracking
time of non-mineral admixture concrete is delayed [5]. Similarly, Lee’s research reveals
that the self-shrinkage of slag concrete is greater than that of non-slag concrete, and the
degree of self-shrinkage is directly proportional to the amount of slag present. This can
be attributed to the fact that the particle size of slag concrete is finer than that of cement,
resulting in a greater surface area, and denser pore structure following hydration. The
chemical shrinkage value of concrete containing slag is higher compared to pure cement
concrete [6]. A study conducted by Aveline revealed that while the autogenous shrinkage of
slag cement concrete is higher, the time to cracking is longer than Portland cement concrete.
However, under restrained conditions, slag cement concrete is more prone to cracking [7].
Laurent Barcelo’s investigation into the influence of SO3 content in cement on the dry
shrinkage of concrete demonstrated that the dry shrinkage of concrete reduces as the SO3
content increases, as long as it does not surpass 3.1%. On the other hand, if it exceeds 3.1%,
the trend is reversed [8]. Currently, there are several methods available for early concrete
shrinkage measurement, including the volume method, length method, embedded sensor
method, and other methods. Every approach has its own merits and demerits. When it
comes to concrete, the volume method cannot be utilized due to the likelihood of aggregates
causing harm to rubber bags. On the other hand, the length method is intricate and has a
high probability of human errors. The most appropriate approach for measuring the initial
deformation of concrete is through embedded sensors, although sine strain gauges are
costly and non-reusable [9–11]. In this research, to precisely evaluate the early autogenous
deformation of concrete, the embedded sensors are employed to determine the initial
shrinkage of concrete.

Expansive agents are commonly utilized in dam engineering to counteract the notable
shrinkage of mass concrete and to forestall cracking. The MgO expansive agent (MEA)
is a particularly promising candidate due to its superior expansion performance and the
adjustability of its expansion behavior [12,13]. In recent years, the application of MEA in
practical engineering projects in China [14–17] has yielded systematic achievements in both
the understanding of the expansion mechanism and the control of expansion amount [18,19]
leading to the establishment of a comprehensive compensating system for mass concrete.
The expansion performance of MEA is influenced by various factors, including the water-
cement ratio, mineral admixtures, and curing temperature, with the latter being a significant
determinant of MEA’s performance. Extensive research has confirmed that temperature
exerts a profound impact on the reactivity of MEA. Specifically, a higher curing temperature
accelerates the hydration rate of MEA, as evidenced by several studies [20–22]. Liu posits
that the hydration process of mildly calcined MgO, akin to cement hydration, comprises
five stages, including the initial, induction, acceleration reaction, deceleration reaction, and
stable stages. The influence of temperature on the hydration reaction of MgO is significant,
leading to pronounced temperature sensitivity in the expansion behavior of the MEA-
cement slurry [23]. However, the hydration process of MEA in cement differs from that in
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pure form because of the competition for water between MEA and cement, leading to a
significantly slower hydration rate of MEA in cement [24].

Given the high temperature sensitivity of both MEA and cement, investigating the
impact of temperature on the deformation of MEA concrete is a crucial endeavor. There
have been several investigations concerning the impact of curing temperature on the perfor-
mance of MEA concrete. However, these studies were carried out mostly under conditions
of high water-cement ratios and constant curing temperatures, which are inconsistent with
the conditions encountered in large-scale vertical walls and load-bearing platforms where
the temperature of the concrete can significantly increase due to the heat of hydration.
Such engineering projects often require the use of a large number of cementitious mate-
rials and a relatively high water-cement ratio for dam concrete to achieve high concrete
strength. Consequently, the central temperature of the concrete may reach over 70 ◦C, and
the temperature is not constant. The use of constant temperature conditions in studying
MEA concrete does not reflect the actual conditions encountered in engineering projects. To
address this limitation, this study employs an insulation tool that can simulate the tempera-
ture change process of concrete under working conditions. By incorporating temperature
and sine-type strain gauges into the concrete and monitoring the temperature and strain
development of the concrete, the study aims to simulate the concrete strain in engineering
structures and investigate the deformation performance of MEA concrete under different
engineering temperatures.

2. Materials and Methods

2.1. Materials

In this study, ordinary Portland cement (OPC, P. II52.5) manufactured by Onoda
Cement in Nanjing, China was employed. Fly ash (FA) was procured locally in Nanjing,
China, while granulated blast furnace slag powder, designated as S95 mineral powder, was
provided by Jiangsu Huailong Building Materials Co, Nanjing, China. The fine aggregate
(fineness modulus of 2.7) had a well-graded size distribution and a well-rounded shape.
Three types of coarse aggregate with the size grading of large size stone (20–25 mm), middle
size stone (10–20 mm), and small size stone (5–10 mm) were used in the ratio of 2:5:3. The
MEA used in the study was supplied by Jiangsu Subot, Nanjing, China, and was tested
to have reaction values of 300 s using the citric acid method. The chemical composition,
particle size, and specific surface area of the various adhesive materials used are presented
in Table 1. It is noteworthy that the MEA had an average particle size of 22.76 μm. The
particle size distribution curves of the materials are shown in Figure 1. The high-efficiency
water-reducing agent (SP) used was polycarboxylate superplasticizer and was supplied by
Jiangsu Subot, China. The water reduction rate of SP was determined to be 30%.

Table 1. Chemical compositions and physical properties of the raw materials.

Chemical Composition OPC FA SLAG MEA

CaO (%) 65.32 3.8 44.06 1.88
SiO2 (%) 18.55 44.06 42.06 4.07
Al2O3 (%) 3.95 42.06 3.8 0.86
Fe2O3 (%) 3.41 2.91 0.57 0.57
MgO (%) 1.01 0.4 2.91 90.45
K2O (%) 0.72 0.49 0.49 /
Na2O (%) 0.18 / 0.75 /
SO3 (%) 2.78 0.75 / /
LOI (%) 2.88 2.48 2.28 1.53
physical properties
specific surface area (m2/g) 1.24 0.973 1.46 1.28
D50 (μm) 16.083 24.438 12.428 22.762
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Figure 1. The particle size distribution curves of the materials.

2.2. Tools for Simulating the Temperature of Working Conditions

This study aimed to develop tools that could simulate working conditions’ temper-
atures. The tools consisted of a stainless-steel barrel used as a container for the concrete,
which was wrapped with insulation cotton around its exterior. The tool’s ability to simulate
various temperature changes was achieved by adjusting the volume of the concrete and
the thickness of the insulation layer and by selecting different insulation materials. Three
tools were selected from the fabricated tools to match the actual temperature rise curve
of the poured concrete. The simulation tools are visually represented in Figures 2 and 3.
The chosen insulation material is rubber and plastic thermal insulation cotton, with a
thermal conductivity coefficient of 0.0302 W/m·K. The concrete volume and insulation
layer thickness selected for the tools are shown in Table 2. A comparison of the temperature
rise of concrete in the simulation tools with the actual wall temperature is presented in
Figure 4. Temperature measurement was carried out by inserting a temperature sensor into
the concrete. Temperature conditions were categorized based on the temperature peak,
with the curve having the lowest temperature peak referred to as temperature condition A,
the curve with a moderate temperature peak referred to as temperature condition B, and
the curve with the highest temperature peak referred to as temperature condition C.

Figure 2. Schematic diagram of the simulation tool.
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Figure 3. The simulation tools.

Table 2. The concrete volume and the thickness of insulation layer selected for the tools.

Tool A Tool B Tool C

Concrete Vlome/m3 0.02 0.05 0.07
Thickness of insulation layer/cm 5 10 15

To ensure that the simulation tools can effectively mimic the actual engineering struc-
tures, this study referred to the temperature-rise curve of a large thin-wall structure in a
real project. The wall has a total length of 24 m, a height of 3.4 m, and a thickness of 1.1 m.
The temperature rise was measured by using built-in strain gauges at the center, surface,
and bottom of the wall, and the temperature rise of the wall is shown in Figure 5. The
temperature rise at the center of the wall was the highest, reaching a peak temperature
of 75.4 ◦C after 34 h of pouring; followed by the surface temperature rise, which reached
a peak temperature of 67.8 ◦C after 22 h of pouring; the lowest temperature was at the
bottom of the wall, reaching a peak temperature of 57.6 ◦C after 22 h of pouring.

2.3. Preparation of Concrete

Table 3 displays the mixture proportions of High-Performance Concrete (HPC) contain-
ing varying levels of MEA. The incorporation of MEA was achieved via internal admixture,
at proportions of 0%, 6%, 8%, and 10% of the total cementitious material. The water-binder
ratio for the concrete was set at 0.32. The manufacturing process involved weighing the
raw materials in accordance with the mix proportions specified in Table 3, followed by the
mixing of aggregates and binders in a mixer for one minute. Subsequently, water and a
water-reducing agent were added to the mixer and stirred for five minutes. The dosage of
polycarboxylate is 2.5% of the weight of the cementitious material. Following the mixing
process, the concrete was poured into the simulation tools described in Section 2.2 for
curing, in a completely dry state. The temperature rise is shown in Figure 5.
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Figure 4. Comparison of the temperature rise of concrete in the simulation tools with the actual
wall temperature.

Figure 5. Temperature rise of the large thin wall.

Table 3. Mix proportions of HPC matrix (kg/m3).

OPC FA Slag MEA Fine Aggregate
Coarse Aggregate

Water
5–10 mm 10–20 mm 20–30 mm

310 90 40 50 136 220 550 330 157
320 90 40 40 136 220 550 330 157
330 90 40 30 136 220 550 330 157
360 90 40 0 136 220 550 330 157
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2.4. Test Methods
2.4.1. Mechanical Properties

Based on the Chinese standard GB/T 50081-2019 [25], following the completion of
the HPC mixing, the composite material was introduced into a mold with dimensions of
150 mm × 150 mm × 150 mm. Subsequently, the resulting specimens were transferred into a
high-temperature maintenance box and subjected to incremental heating to replicate diverse
temperature rise conditions for the compressive strength assessment. The compressive
strength of the HPC samples for each mixture proportion at 3 d and 7 d was determined
using a 2000 kN testing machine. To ensure the precision of the outcomes, three specimens
were tested in each experimental group, and the mean compressive strength value of the
three specimens was adopted as the final result.

2.4.2. Autogenous Deformation

Temperature and Autogenous deformation of concrete at early ages were measured
by using the tools described in Section 2.2, and three simulations were selected to simulate
three temperature rise conditions. The tools were placed in a room with a constant tempera-
ture of 20 ◦C. The concrete was mixed with a mixer. After mixing, the concrete was vibrated
with a vibrating table and then poured into the simulation tool with a built-in strain gauge
to detect the temperature rise and strain of the concrete. The temperature and strain of the
concrete changed rapidly in the early stage, so to be able to track them continuously, the
strain gauges were tracked by an automatic measuring instrument manufactured by Ge
Nan Industrial Co., Nanjing, China. The collection interval was 5 min. The total monitoring
time was 14 days.

2.4.3. Thermal Analysis

To evaluate the hydration extent of MgO, the thermogravimetric technique was em-
ployed on HPC mixtures lacking aggregate at the 3 d and 7 d stages in accordance with
the Chinese standard GB/T 22314-2008 [26]. Following curing, the cement pastes were
sectioned into small fragments, immersed in anhydrous ethanol for a minimum of 24 h to
stop the hydration, and subsequently dried in a blast oven maintained at 60 ◦C for 24 h. The
resultant small fragments were pulverized into a fine powder and filtered using a 0.075 μm
square hole sieve. The powder was then subjected to heating from 30 ◦C to 1000 ◦C at a
temperature ramp rate of 20 ◦C/min under an N2 atmosphere via the use of a TAQ600
synchronous thermal analyzer.

2.4.4. SEM Morphology

To examine the microstructure of cement hydration products containing MEA, small
portions of the cement pastes were sectioned, soaked in anhydrous ethanol for a minimum
of 24 h to stop the hydration, and subsequently dried at 60 ◦C for 24 h. The resulting
samples were then coated with gold and visualized using the Hitachi Regulus 8100 scanning
electron microscope.

3. Results and Discussion

3.1. Mechanical Properties

Figure 6 depicts the compressive strength of high-performance concrete (HPC) con-
taining MEA at 3 day, 7 day, and 14 day intervals under three different curing temperatures,
A, B, and C. The results indicate that an increase in MEA content causes a gradual decrease
in the compressive strength of HPC. Specifically, when cured under temperature A, the
compressive strength at 14 days decreased by 1.2 MPa, 4.7 MPa, and 7.9 MPa for HPC
samples containing 6%, 8%, and 10% MEA content, respectively, in comparison to samples
without MEA. Similarly, when cured under temperature B, the compressive strength at
14 days decreased by 2.3 MPa, 6.3 MPa, and 7.7 MPa for HPC samples containing 6%,
8%, and 10% MEA content, respectively, in comparison to samples without MEA. Addi-
tionally, when cured under temperature C, the compressive strength at 14 days decreased
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by 1.5 MPa, 4.2 MPa, and 10.1 MPa for HPC samples containing 6%, 8%, and 10% MEA
content, respectively, in comparison to samples without MEA. These findings align with
previous studies that indicate the addition of MEA has a detrimental effect on concrete
compressive strength because MEA partially replaces cement in the binding material.,
leading to a reduction of calcium hydroxide and other essential materials that contribute
to strength [27–30]. Furthermore, the weakened mechanical properties of the MEA HPC
composite system could be attributed to the relatively diminutive crystal phase of the
hydrated MgO products, shown in Equation (1), which possess inferior strength when
compared to the cement hydration products. This fact implies that the strength of the
system is significantly affected [31].

Mg2+ + 2 OH− → Mg(OH)2 (1)

Figure 6. Effects of temperature conditions on the compressive strength of HPC mixed with MEA.

It is worth noting that the decline in strength observed at temperature C is relatively
less pronounced compared to temperatures A and B, which could be attributed to the swift
hydration of cement at high temperatures, which offsets the deleterious effects of MEA on
the compressive strength of concrete.

3.2. Autogenous Deformation

Figure 7 presents the autogenous shrinkage behavior of concrete with varying amounts
of MEA content over a 14 day period, while subjected to similar temperature conditions.
Concrete samples without MEA exhibited significant shrinkage at all three temperature
conditions, with respective shrinkage values of 218.3 με, 111.6 με, and 145.7 με at tem-
peratures A, B, and C. The samples demonstrated faster shrinkage rates prior to day 4,
and the trend of shrinkage became relatively stable after day 4. As evident, higher MEA
content resulted in greater expansion of concrete. Specifically, under temperature condition
B, concrete samples containing 6%, 8%, and 10% MEA exhibited expansion rates of 159.7 με,
361.0 με, and 57.2 με, respectively. Similarly, under temperature condition C, concrete
samples with MEA contents of 6%, 8%, and 10% exhibited expansion rates of 257.1 με,
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657.9 με, and 713.3 με, respectively. It is important to note that at temperature condition A,
adding 6% of MEA was not sufficient to fully offset the concrete shrinkage after 14 days.
However, adding 8% of MEA at temperature condition A exhibited an adequate mitigating
effect on shrinkage, while adding 6% of MEA proved effective at reducing shrinkage at
temperature conditions B and C.

 

Figure 7. Effect of MEA content on early autogenous deformation of concrete at different temper-
ature conditions. (a) Autogenous deformation at temperature A; (b) Autogenous deformation at
temperature B; (c) Autogenous deformation at temperature C.

Figure 8 displays the impact of varying temperature conditions on autogenous de-
formation while maintaining a constant MEA content. The findings reveal that the per-
formance of MEA improves with elevated concrete temperatures. In the case of concrete
with 6% MEA content, it experiences a shrinkage of 37.37 με under temperature condition
A, while it undergoes expansion under temperature conditions B and C, with expansion
values of 159.7 με and 257.1 με, respectively. For concrete with 8% MEA content, under
temperature conditions B and C, the expansion values increase by 55.7% and 183.8%, re-
spectively, compared to condition A. Likewise, under temperature conditions B and C, the
expansion values of concrete with 10% MEA content increase by 128.33% and 184.60%, re-
spectively, compared to condition A. The effect of temperature on the performance of MEA
has been established in previous studies, which have demonstrated that MEA undergoes a
hydration process similar to cement, and its expansion value increases with higher curing
temperatures [32].
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Figure 8. Effect of temperature on autogenous deformation of MEA concrete at early stage.
(a) autogenous deformation, containing 0% MEA. (b) autogenous deformation, containing 6% MEA.
(c) autogenous deformation, containing 8% MEA. (d) autogenous deformation, containing 10% MEA.

3.3. Hydration Degree of MgO

Figure 9 shows the TG/DTG curves of cement specimens mixed with MEA for 3 d
and 7 d. As shown in Figure 9b,d, there are three different weight loss peaks on the DTG
curve at 310–400 ◦C, 400–460 ◦C, and 650–750 ◦C, which correspond to the decomposition
of Mg(OH)2, Ca(OH)2, and CaCO3, respectively. The degree of hydration of Mg(OH)2 and
MgO(H MgO) was calculated using Equations (2) and (3), respectively, according to the
literature [33,34].

Mass Mg(OH)2 =
58 × Mass loss(310 ◦C ∼ 400 ◦C)

18
(2)

HMgO =
40 × Mass loss(310 ◦C ∼ 400 ◦C)

n × 18 × [1 − Mass loss(950 ◦C)]
(3)

where the Mass Mg(OH)2 represents the content of Mg(OH)2 formed in the hydrated
cement pastes; the n represents the amounts of MEA in cement paste.
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Figure 9. TG/DTG curves of the cement paste containing 8 wt% and 10 wt% MEA under different
temperatures at 3 d and 7 d. (a) TG curves, at 3 d; (b) DTG curves, at 3 d; (c) TG curves, at 7 d;
(d) DTG curves, at 7 d.

Table 4 illustrates the concentration of Mg(OH)2 and the extent of MgO hydration
in cement paste that incorporates MEA. It can be observed that the addition of MEA
results in an increase in the content of Mg(OH)2 in the samples, and a higher dosage of
MEA corresponds to a greater degree of MgO hydration. For instance, under temperature
condition A, the degree of MgO hydration after seven days was 32.41% and 38.19% when
8% and 10% of MEA were added to the cement, respectively. By comparing the degree
of MgO hydration at three different temperature conditions, it can be inferred that the
extent of MgO hydration escalates with an increase in the curing temperature. When the
MEA concentration is 8%, the degree of MgO hydration at temperatures A, B, and C are
32.41%, 65.71%, and 84.34%, respectively. When the MEA concentration is 10%, the degree
of MgO hydration at temperatures A, B, and C are 38.19%, 74.98%, and 84.40%, respectively.
Evidently, higher curing temperatures facilitate the hydration of MgO. The degree of MEA
hydration at temperature A is only 30%, whereas, at temperature B, it surpasses 60%. After
seven days of hydration at temperature C, the degree of MEA hydration is around 80%.
This implies that MEA hydrates expeditiously when the temperature exceeds 60 ◦C, and
the rate of hydration does not increase proportionally with the temperature. The enhancing
effect is relatively feeble before 60 ◦C.
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Table 4. Estimated quantity of Mg(OH)2 and hydration degree of MgO in cement pastes contain-
ing MEA.

A 8% A 10% B 8% B 10% C 8% C 10%

3 d 7 d 3 d 7 d 3 d 7 d 3 d 7 d 3 d 7 d 3 d 7 d

Mass loss at 320–400 ◦C/wt% 0.84 0.89 1.07 0.87 1.25 1.80 2.06 2.01 1.68 2.23 2.09 2.25
Mass Mg(OH)2/% 2.69 2.86 2.80 3.46 4.04 5.80 6.63 6.49 5.41 7.19 6.74 7.25

H MgO 30.44 32.41 31.29 38.19 44.54 65.71 67.17 74.98 74.76 84.34 79.48 84.40

3.4. Morphology

Figure 10 exhibits the morphological changes that occur during the hydration of MEA
in cement slurry at different temperatures. The formation of Mg(OH)2, which initiates
at the surface of MEA particles and then progresses toward the center, is the primary
product of this hydration process. An analysis of the figures indicates that the quantity
of MEA hydration products increases with higher curing temperatures. For instance,
in Figure 10a, the quantity of Mg(OH)2 is limited, and its observation is challenging.
Conversely, Figure 10c depicts a substantial amount of Mg(OH)2 densely spread on the
surface of spherical particles. Additionally, Figure 10e reveals the internal hydration of
MEA particles, suggesting that MEA hydration is accelerated by higher temperatures.
The figures also reveal that the density of the cement slurry increases with the curing
temperature. Figure 10b clearly displays the pores generated during cement hydration,
which are considerably reduced in Figure 10d,f.

 

Figure 10. SEM images of hydration product in cement containing 8% MEA at 7 days (a) Micro-
scopic morphology under temperature condition A; (b) Pore structure under temperature condition A;
(c) Microscopic morphology under temperature condition B; (d) Microscopic morphology of Mg(OH)2

under temperature condition B; (e) Microscopic morphology under temperature condition C;
(f) Microscopic morphology of Mg(OH)2 under temperature condition C.
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3.5. Discussion

The impact of temperature on the performance of MEA is of great significance. The
addition of MEA to concrete under temperature conditions B and C results in a larger
expansion value compared to temperature condition A, which has a lower temperature
peak. In temperature condition A, the early autogenous shrinkage of concrete cannot
be fully compensated by the addition of 6% of MEA, while the addition of 8% of MEA
only barely compensates for it. On the other hand, adding 6% of MEA at temperatures
B and C leads to a significant expansion of the concrete. While the addition of 6%, 8%,
and 10% of MEA does not differ much in expansion value at temperature A, there is a
significant difference in expansion value at temperatures B and C with the addition of
different amounts of MEA. Based on the thermogravimetry (TG) analysis, it is evident that
the hydration of MEA is more complete at higher temperatures, which explains why the
expansion of the concrete under temperature condition C is larger than under temperature
conditions B and A. At temperature condition A, the hydration degree of MEA is only 30%,
while at temperature condition B, the hydration degree of MEA has already reached over
60%. After 7 days of hydration at temperature condition C, the hydration degree of MEA
is about 80%. This indicates that the hydration of MEA is rapid at temperatures above
60 ◦C, and the promoting effect is relatively weak before 60 ◦C, with the hydration rate not
proportional to the temperature increase.

4. Conclusions

1. The effects of three different temperature conditions on the mechanical properties,
autogenous shrinkage, and microstructure of high-strength concrete with MEA were
studied. The main conclusions are as follows:

2. This investigation examined the impact of MEA incorporation on concrete’s compres-
sive strength under different temperature conditions. The results demonstrate that
the addition of MEA to concrete at different levels results in a decrease in compressive
strength, and this reduction becomes more significant with increased MEA content.
Notably, the decline in compressive strength at a higher temperature C is less pro-
nounced than that observed in temperatures A and B. This outcome is attributed to
the rapid hydration of cement at high temperatures, which offsets the detrimental
effects of MEA on the compressive strength of concrete. This suggests that adding a
higher amount of MEA could be considered in engineering processes where higher
temperatures are involved.

3. In comparison to temperature condition A, which exhibits a lower temperature peak
value, the use of MEA in concrete mixtures under temperature conditions B and
C resulted in significantly greater expansion values. Under temperature condition
A, the addition of 6% MEA failed to fully offset early autogenous shrinkage in the
concrete. When 6% of MEA was used in mixtures under temperature conditions B
and C, significant expansion was observed. While mixtures containing 6%, 8%, and
10% of MEA exhibited minimal differences in expansion values under temperature
condition A, there were substantial differences in expansion values observed under
temperature conditions B and C for mixtures containing varying amounts of MEA. In
previous construction projects, the addition of 8% MEA has been a common approach
to mitigate the impact of shrinkage on concrete stability. However, this study suggests
that a lower concentration of 6% MEA is sufficient to compensate for the shrinkage in
two out of three tested temperature conditions. Therefore, it may be worthwhile to
reduce the amount of MEA in order to maintain the stability and strength of concrete.

4. MEA hydration is more complete at elevated temperatures, which accounts for the
greater expansion of concrete at temperature C compared to temperatures A and
B. At temperature A, MEA achieves only 30% hydration, while at temperature B, it
achieves more than 60%. The degree of hydration for MEA after 7 days at temperature
C is approximately 80%. MEA undergoes rapid hydration at temperatures exceeding
60 ◦C, and the rate of hydration is not directly proportional to temperature. Further-
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more, the enhancing effect of temperature on the hydration of MEA is relatively weak
before 60 ◦C.

5. This paper investigated the compressive strength and autogenous deformation of
MEA concrete under three temperature conditions. However, the actual temperature
rise of mass concrete in engineering applications is diverse. More temperature condi-
tions should be studied. In addition, this study only used one type of MEA, and more
types of MEA can be investigated in the future.
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Abstract: The high adiabatic temperature rise and low heat dissipation rate of mass concrete will
promote rapid hydration of the cementitious material and rapid consumption of water from the
concrete pores, which may significantly accelerate the development of concrete autogenous shrinkage.
In this study, the effect of the water-binder ratio on the autogenous shrinkage of C50 concrete
mixed with MgO expansion agent (MEA) was explained with respect to mechanical properties, pore
structure, degree of hydration, and micromorphology of the concrete based on a variable temperature
curing chamber. The results show that the high temperature rise within the mass concrete accelerates
the development of early (14 d) autogenous shrinkage of the concrete, and that the smaller the water-
binder ratio, the greater the autogenous shrinkage of the concrete. With the addition of 8 wt% MEA,
the autogenous shrinkage of concrete can be effectively compensated. The larger the water-binder
ratio, the higher the degree of MgO hydration, and in terms of the compensation effect of autogenous
shrinkage, the best performance is achieved at a water-binder ratio of 0.36. This study provides a
data reference for the determination of the water-binder ratio in similar projects with MEA.

Keywords: MgO expansion agent; autogenous shrinkage; C50 mass concrete

1. Introduction

High-strength concrete is being used more widely due to the increasing demands of
modern construction [1,2]. Compared with ordinary concrete, high-strength concrete has
a lower water-binder ratio (typically ≤ 0.4) due to the addition of high-efficiency water-
reducing agents [3–5]. When the water-binder ratio of concrete is less than 0.40 [6], autogenous
shrinkage accounts for a greater proportion of the total shrinkage, which is an important
factor causing concrete cracking [7–10]. The study of autogenous shrinkage in high-strength
concrete needs more attention as it shortens the service life of concrete structures.

A great deal of research has been carried out and solutions have been proposed,
both nationally and internationally, on how to reduce the autogenous shrinkage of con-
crete [11–13]. There are currently two mainstream methods. One method is to add
lightweight aggregates [14–18], or highly absorbent polymers [19,20] and other internal
curing materials to the concrete for internal curing, in order to reduce the rate of self-drying
inside the concrete and thus reduce the autogenous shrinkage of high-strength concrete.
However, there are few practical engineering applications due to the disadvantages of
reducing the strength of concrete and the high cost. The second method is to add an
expansion agent to the concrete to compensate for the autogenous shrinkage of the concrete
through the expansion effect produced by the expansion agent. There are three main types
of concrete expansion agents commonly used in practical engineering: sulfate of alumina,
calcium oxide, and magnesium oxide [21,22]. The sulfate of alumina expansive agent
requires a large amount of water—in concrete with a low water-binder ratio, its expansion
effect cannot be fully achieved. Moreover, its hydration product, calcium alumina, is easy to
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decompose at high temperatures, and there is a risk of expansion collapsing. Calcium oxide
expansion agents’ hydration is too fast, and the effect of shrinkage compensation for aged
concrete is weak. On the contrary, magnesium oxide expansion agents have the advantages
of low water requirements, stable products, and controlled expansion rates; therefore, they
are often used to compensate for the long-term shrinkage of mass concrete [23].

Under normal temperature conditions, the use of MEA to compensate for autogenous
shrinkage of concrete has been well documented [24,25]. However, in some large volume
straight wall concrete with special applications, the poor thermal conductivity of bulk
concrete and the large amount of heat of hydration given off by the hydration of cement
can cause the temperature of the structural concrete to rise rapidly, which may significantly
accelerate the development of concrete autogenous shrinkage [26–28] and affect the use
of MEA. Therefore, the effect of temperature must be considered when using MEA to
compensate for shrinkage. The effect of maintenance temperature on the expansion of MEA
on concrete has been extensively studied [29–32]. However, MgO has a strong temperature
sensitivity [33] and the expansion effect of MEA is influenced by the internal temperature
history of bulk concrete, so the performance of MEA cannot be predicted according to a
constant temperature. Li et al. [34] investigated the synergistic effect of MEA and internal
curing materials on the shrinkage compensation of concrete under variable temperature
conditions, relying on urban railway projects. Wang et al. [35] studied the compensating
effect of a magnesium oxide expander with different activity and different dosing levels on
the shrinkage of panel concrete. Li et al. [36] demonstrated the expansion performance of a
magnesium oxide expander with different reactivity in ship lock concrete and combined it
with different temperature histories. Ou et al. [22] used a self-developed temperature stress
testing machine to study the crack mitigation properties of different reactive magnesium
oxide expansion agents in concrete under different engineering conditions. These studies
show that the compensatory effect of MEA on shrinkage varies in different projects. The
current application of MEA in engineering is mostly focused on its reactivity and the
amount of admixture, ignoring the effect of concrete mixing water on the compensatory
shrinkage performance of MEA at variable temperatures. At room temperature, the autoge-
nous shrinkage is higher with the reduction of the water-binder ratio [37,38]. Cao et al. [39]
proved that the larger the water-binder ratio, the better the compensation effect when
using MEA to compensate for concrete shrinkage at room temperature. However, based
on the temperature history of actual projects, there are still few reports on whether the
effect of temperature on the autogenous shrinkage of different water-binder ratios—or
the effect on the expansion of MEA—can have a cross-matched effect, and what kind of
water-binder ratio can achieve the best effect. This may lead to the incorrect use of MEA in
practical engineering.

This study is based on a large volume straight wall concrete project, using the same
concrete mix ratio as that of the straight wall on site (8 wt% of MEA). Through a simulation
of the site temperature history (high temperature peak and low cooling rate), the effect
of the water-binder ratio on the autogenous shrinkage of concrete with MEA under the
variable working temperature conditions was investigated, in order to provide a basis for
the selection of the water-binder ratio of concrete for engineering structures.

2. Materials and Methods

2.1. Materials

In this research, Ordinary Portland cement (OPC) was provided by Jiangnan Onoda
Cement Co., Ltd. (Nanjing, Jiangsu Province, China). Fly Ash (FA) was supplied from
Nanjing, and blast furnace slag (BFS) was provided by Mabel Ltd. (Nanjing, Jiangsu
Province, China), which were used as the supplementary cementitious materials. The
MEA was supplied by Nanjing Subote New Material Co., Ltd. (Nanjing, Jiangsu Province,
China), of which the reactivity value was 200 s. Its reactivity was estimated by the citric acid
method in accordance with Chinese standard CBMF-2017 [40]. The chemical compositions
of OPC, FA, BSF, and MEA are provided in Table 1. Distributions of particle size of these
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cementitious materials are presented in Figure 1. A polycarboxylate superplasticizer (SP),
provided by Nanjing Subote New Material Co., Ltd., was used for maintaining a consistent
slump of concrete, whose water reduction rate was 30% and solid content was 40%.

Table 1. Chemical compositions of raw materials.

Chemical
Compositions

OPC FA BFS MEA

CaO (%) 65.32 4.07 38.00 1.98
SiO2 (%) 18.55 50.53 33.72 3.87

Al2O3 (%) 3.95 31.65 17.74 1.03
Fe2O3 (%) 3.41 4.48 0.77 0.88
MgO (%) 1.01 0.92 6.35 89.37
K2O (%) 0.72 1.26 0.41 0.08

Na2O (%) 0.18 0.68 0.41 -
SO3 (%) 2.78 1.32 1.04 0.06
LOI (%) 2.88 2.77 −0.72 2.38

Figure 1. Particle size distribution of raw materials.

2.2. Mixture Proportions of Concrete

Four concrete mixtures (numbered from C1 to C4) containing 8 wt% MEA are shown in
Table 2, whose water-binder ratios range from 0.28 to 0.40. Mixtures C5–C8 were designed
as references, which were mixed without MEA in this research. In mixtures C1–C4, FA,
BFS, and MEA were used as a partial replacement for cement in order to reduce the total
hydration heat release and the temperature peak of bulk concrete, which may decrease the
high risk of concrete cracking. The amount of sand (S) and gravel (G) used is also shown in
Table 2, and the sand percentage is 38%. The quantity of MEA is determined according to
the actual project, in which the addition of MEA at 8 wt% of the total cementitious materials
restrained the cracking of concrete walls, whereas 6 wt% did not. This is also supported by
the research of Yu [41].
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Table 2. Mixture ratio of concrete (kg/m3).

Sample W/B
Mix Proportion/(kg/m3)

OPC FA BFS S G MEA SP

C1 0.28 360 90 40 680 1100 40 3.3%
C2 0.32 360 90 40 680 1100 40 2.6%
C3 0.36 360 90 40 680 1100 40 1.9%
C4 0.40 360 90 40 680 1100 40 1.6%
C5 0.28 320 90 40 680 1100 0 3.2%
C6 0.32 320 90 40 680 1100 0 2.5%
C7 0.36 320 90 40 680 1100 0 1.7%
C8 0.40 320 90 40 680 1100 0 1.4%

2.3. Methods
2.3.1. Mechanical Properties

A variable temperature curing chamber was used to simulate the history of changes
in the central temperature of straight walls in engineering. Figure 2a presents a typical
temperature history profile for large volume straight wall concrete of civil engineering,
which has a high temperature rise and low cooling rate. The central temperature of the
concrete achieves a temperature peak at around 30 h and drops to room temperature
at around 14 days. Figure 2b presents the curve of temperature change simulated in
the laboratory.

Figure 2. Temperature curves: (a) temperature history of straight walls; (b) temperature history of
the test chamber simulation.

According to Chinese standard GB/T 50081-2019 [42], the concrete was poured into
molds whose dimensions were 150 mm × 150 mm × 150 mm. Cured in the variable
temperature oven for 24 h, concrete specimens would be removed from molds and wrapped
in plastic wrap, after which they continued to be cured. The compressive strength of
concrete was tested at 3 d, 7 d, and 28 d—and an average for each sample, at each age, was
taken from triplicate tests.

2.3.2. Autogenous Deformation

Considering that the concrete of the straight walls in the project was in a sealed
state before the early demolding, which would have exacerbated the autogenous drying
shrinkage, the autogenous deformation test was performed. The test for autogenous
shrinkage of concrete is carried out using the buried strain gauge method with reference to
SL/L 352-2020 [43]. After the concrete mixing was completed, fresh concrete was cast into
a cylindrical PVC pipe (Ø 160 mm × 400 mm) and a W-15 sine-type strain gauge, as well
as a moisture meter, was buried in the middle part of the specimen (Figure 3). Finally, the
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concrete surface was sealed with paraffin wax. The concrete mixtures loaded in PVC pipes
were cured by the variable temperature curing chamber according to the above temperature
curve, and the shrinkage was recorded every half hour over 28 days. The final setting time
of the concrete was set as the “zero time” for autogenous shrinkage [44].

Figure 3. PVC pipe and PVC pipe in a variable temperature curing chamber.

2.3.3. Thermal Analysis

At 1 d, 3 d, and 7 d, the mixtures of concrete without sand were analyzed to calculate
the hydration of magnesium oxide. After being cut into pieces, the samples were soaked in
the anhydrous ethanol for a week for the purpose of terminating their hydration. Then,
the samples were placed in a vacuum drying oven at 60 ◦C until the mass was stable.
After, those dried samples were ground into powders of no more than 0.080 μm. The
powder samples were tested using NETZSCH STA 449F1 thermogravimetry under a N2
atmosphere, heated from room temperature to 950 ◦C.

2.3.4. Pore Structure

The pore structure of concrete specimens was tested using a mercury intrusion
porosimeter (MIP). According to the sample preparation requirements, the samples main-
tained in the variable temperature oven were taken out. Concrete specimens were cut into
3~5 mm pieces and soaked in anhydrous ethanol, which was aimed at terminating the
hydration of samples. Afterward, the samples were placed in an oven at the temperature
of 60 ◦C until the mass was stable.

3. Results

3.1. Effect of Water-Binder Ratio on the Compressive Strength of Concrete with MEA

Figure 4 illustrates the compressive strength of the concrete with different water-binder
ratios at different ages. As indicated in Figure 5a, the compressive strength under variable
temperature conditions of curing was consistently over 50 MPa at 28 d, and more than 85%
of the 28 d strength could be achieved at 7 d. Similar to normal temperature curing, the
compressive strength of concrete decreases as the water-binder ratio increases. Compared
with the concrete without MEA, which is presented in Figure 4b, MEA hardly affects the
compressive strength of concrete. Before 7 d, the compressive strength of the concrete
with MEA is slightly lower than that of the concrete without MEA. However, when the
concrete is cured for 28 days, both are almost equal in compressive strength. This may
be attributed to MEA replacing part of the cement, which lessens the contribution of the
hydration products of MgO to strength [45]. In addition, MgO of MEA will compete with
cement for water in the early stage, affecting the early hydration of cement; hence, the early
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strength of concrete mixed with MEA is lower than that of concrete not mixed with MEA.
As the reaction proceeds, the slurry structure becomes denser, and the compressive strength
of MEA-doped concrete does not differ significantly from that of non-MEA-doped concrete.

Figure 4. Compressive strength of the concrete with different water-binder ratios: (a) with MEA;
(b) without MEA.

Figure 5. Effect of water-binder ratios on the autogenous deformation and internal relative humidity
of concrete: (a) autogenous deformation, without MEA; (b) internal relative humidity, without MEA;
(c) autogenous deformation, with MEA; (d) internal relative humidity, with MEA.
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3.2. Autogenous Deformation and Internal Relative Humidity in Concrete

Figure 5 represents the autogenous deformation of concrete with different water-
binder ratios under variable temperatures. As demonstrated in Figure 5a, the autogenous
deformation of concrete without MEA shows a tendency toward a smaller water-binder
ratio, the larger the autogenous deformation. Concrete whose water-binder ratio is 0.28 had
the greatest autogenous deformation at 18 d, up to −218 microstrain. However, when the
water-binder ratio was 0.40, the concrete produced 38 microstrain expansion. This confirms
the direct link between autogenous deformation of concrete and internal moisture, and
it can be concluded that the water-binder ratio of 0.40 is the cut-off at which the issue of
autogenous deformation should be taken into account. After 14 d of curing, the autogenous
shrinkage tends to steady. The results of the compressive strength of the concrete show
that there is little difference between the 7 d compressive strength and the 28 d strength
of the concrete. This means that most of the hydration has been completed at 7 d under
the simulated temperature history. The self-drying caused by hydration is the main reason
for the autogenous shrinkage of the concrete, and therefore, the autogenous shrinkage of
the concrete tends to be stable after 14 d. Figure 5c shows the autogenous deformation of
concrete with different water-binder ratios after the addition of 8 wt% MEA. As shown in
Figure 5c, the autogenous deformation of concrete consistently shows expansion, especially
before 7 d, in the period when the autogenous deformation of concrete develops rapidly.
After 7 d, it reaches a stable stage of development, and within 28 d, it produces an inverse
shrinkage within 100 microstrain. The autogenous deformation of the concrete samples
with the water-binder ratios of 0.36 and 0.40 are essentially the same at 28 d, at around
600 microstrain. Compared to the concrete without MEA, that with MEA has a better
compensation effect on autogenous shrinkage when the water-binder ratio is 0.36.

Figure 5b,d show the internal humidity curves of concrete for different water-binder
ratios. As presented in the subfigures, the addition of MEA has little effect on the internal
humidity of concrete. However, it is worth noting that the internal humidity of concrete
decreases significantly during 1–7 d, which corresponds to the rapid development of
early autogenous shrinkage of concrete. After being cured for 14 d, the humidity slowly
decreases, which also explains why the autogenous shrinkage of concrete remains near
stable after 14 d. The variation in the internal humidity of the concrete essentially matches
the variation of the curing temperature, with high temperatures accelerating the depletion
of moisture within the concrete and the development of autogenous deformation.

3.3. Thermal Analysis

Figure 6 shows the TG and DSC profiles of the concrete specimens with different
water-binder ratios. As shown in Figure 6b,d,f, there is an obvious endothermic peak that
appears at 320–400 ◦C, which corresponds to the decomposition of Mg(OH)2. Based on
Mo [46], the quantity of Mg(OH)2 and the hydration degree of MgO can be calculated by
Equations (1) and (2):

QMg(OH)2
=

58 × Mass loss(320 °C−400 °C)

18
(1)

HMgO =
40 × Mass loss(320 °C−400 °C)

n × 18 ×
[
1 − Mass loss(950 °C)

] (2)

Table 3 provides the amount of Mg(OH)2 and the hydration degree of MgO in the
samples. It is clear that there is a rapid increase in the hydration degree of MgO during
the first 3 d. The water-binder ratios (0.28, 0.32, 0.36, 0.40) are 53.1%, 52.3%, 55.2%, and
67.4%, respectively, which are highly dependent on the curing temperature at which the
specimens are maintained, once again confirming the temperature sensitivity of the MEA
and that high temperatures accelerate the hydration of MgO. The hydration degrees of
MgO in concrete with different water-binder ratios are relatively close at 3 d, which is
probably attributable to the fact that there is sufficient water inside the concrete in the early
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stages and MgO competes with cement for water. When at 7 d, there is a notable difference
between different water-binder ratios. The hydration degrees of MgO in the concrete with
the water-binder ratios of 0.40, 0.36, and 0.40 are 72.6%, 66.9%, and 62.8%, respectively,
whereas the hydration degree is only 58.9% when the water-binder ratio is 0.28. Combined
with the changes of humidity in Figure 5, the reduction in moisture in the concrete impedes
the hydration of MgO. The lower the water-binder ratio, the less free water is available for
MgO, or the lower the rate. It is obvious that internal moisture becomes critical in the later
stages of curing.

Figure 6. TG/DSC curves of the concrete containing MEA with different water-binder ratios: (a) TG
curves at the ages of 1 d; (b) DSC curves at the ages of 1 d; (c) TG curves at the ages of 3 d; (d) DSC
curves at the ages of 3 d; (e) TG curves at the ages of 7 d; (f) DSC curves at the ages of 7 d.
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Table 3. Quantity of Mg(OH)2 and hydration degree of MgO in concrete pastes containing MEA.

0.28 + 8% MEA 0.32 + 8% MEA 0.36 + 8% MEA 0.40 + 8% MEA

1 d 3 d 7 d 1 d 3 d 7 d 1 d 3 d 7 d 1 d 3 d 7 d

Mass loss at 320–400 ◦C/wt% 2.1 2.8 3.1 2.2 2.9 3.2 2.2 3.2 3.3 2.2 3.6 3.4
Quantity of Mg(OH)2/% 6.8 9.3 10.0 7.2 9.5 10.4 8.2 10.5 10.7 7.2 11.7 11.1

Hydration degree of MgO/% 39.2 53.1 58.9 40.5 52.3 65.8 42.7 55.2 66.9 51.7 67.4 72.6

3.4. Pore Structure and Microstructure

Figure 7 shows the pore structures of concrete specimens mixed with MEA (8 wt%) and
different water-binder ratios at 3 d. As illustrated in Figure 7a, the pore size of the samples
added with MEA is mostly distributed in the range of 7~70 nm. As the water-binder ratio
increases, the peak of the pore size moves to the right and the pore size < 50 nm increases,
probably due to the higher hydration degree of the silicate cement and the formation of
more gel pores. Figure 7b indicates that the cumulative porosity of the specimens is also
increased. Figure 8 shows the relative pore volume distribution of MgO concrete with
various water-binder ratios. It is obvious that the larger the water-binder ratio, the fewer
pores there are above >50 nm. The increase in water contributes to the migration of Mg+,
which allows more Mg(OH)2 products to grow inside the pores, thus changing the pore
size distribution inside the pastes and refining the pore size.

Figure 7. Pore size distributions of the concrete containing MEA with different water–binder ratios at
3 d: (a) incremental volume; (b) cumulative volume.

Figure 8. Relative pore volume distribution of concrete pastes.
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Figure 9 presents the microscopic morphology of the specimens with the water-binder
ratios of 0.32 and 0.36. As illustrated in Figure 9b, under high temperature maintenance,
the Mg(OH)2 crystals are mainly in the form of flakes of different sizes, which grow near
the MgO particles. Ca2+ has an inhibitory effect on the diffusion of Mg2+ and promotes the
growth of Mg(OH)2; therefore, Mg(OH)2 crystals generally grow near Ca(OH)2 crystals.
The lamellar Mg (OH)2 crystals in Figure 9d are denser and fill in the pores, which explains
the smaller pore size of the specimen with a water-binder ratio of 0.36 compared to that
with a ratio of 0.28.

Figure 9. SEM images of hydrated MgO in concrete pastes at 7 days: (a) w/c = 0.32, ×5000;
(b) w/c = 0.32, ×10,000; (c) w/c = 0.36, ×5000; (d) w/c = 0.36, ×10,000.

4. Discussion

Bulk high-strength concrete generally has a high adiabatic temperature rise due to the
great amount of cementitious material and the slow dissipation of heat from the concrete.
In large volume straight wall concrete projects, temperatures in the center of the concrete
can reach over 70 ◦C (and even 80 ◦C) and do not drop to room temperature until 14 d.
The high temperature changes within the bulk straight wall concrete not only accelerate
the development of autogenous concrete deformation but also promote the hydration of
MgO. Although the addition of MEA mitigates the autogenous shrinkage of the concrete,
the effect of different water-binder ratios on the deformation of concrete under variable
temperature conditions varies slightly. Compared to concrete with a water-binder ratio
of 0.28, an increased water-binder ratio not only reduces the autogenous shrinkage of the
concrete itself but also contributes more to the hydration of MgO and the production of
more Mg (OH)2. The thermal analysis shows that there is little difference in the degree of
hydration of MgO in concrete with different water-binder ratios at 3 d. However, at 7 d, the
hydration degree of MgO in concrete with a water-binder ratio of 0.40 is 72.6% compared to
58.9% with a water-binder ratio of 0.28. Sufficient water is supplied to MgO to produce Mg
(OH)2, which counteracts the pore pressure and is the key to compensating the autogenous
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shrinkage of concrete. Meanwhile, Ca2+ has an inhibitory effect on the diffusion of Mg2+,
which promotes the nucleation and growth of Mg (OH)2. Thus, Mg (OH)2 crystals mostly
grow overlappingly in pores not far from the MgO particles. Moreover, the higher the water-
binder ratio, the denser the hydration product of MgO. The early arrival of the hydration
period of MgO allows the crystalline growth pressure of the Mg (OH)2 crystals to resist
the early shrinkage deformation of the concrete. However, the autogenous deformation of
mass concrete in practical projects is more complex, as the restraint of reinforcement, the
large temperature difference between day and night, and the method of construction all
affect the autogenous shrinkage of concrete. Increasing or changing the water-binder ratio
alone will not completely overcome the problem of autogenous deformation of concrete
and needs to be carried out in cooperation with other effective measures according to the
actual situation of the project at the time. This study was carried out based on a large
volume of straight wall concrete and is intended to provide a reference for similar projects
with MEA.

5. Conclusions

The internal temperature variations of C50 bulk straight wall concrete structures
in practical projects were simulated in the laboratory. On this basis, the influence of
different water-binder ratios on the compressive strength, autogenous shrinkage, pore
size, and micromorphology of concrete with MEA was studied. The key conclusions are
the following:

1. The hydration process of MgO is accelerated under variable temperature curing. The
addition of 8 wt% MEA reduces the compressive strength of the concrete, but the
effect is minimal (no more than 5 MPa). In this experiment, the compressive strength
of the concrete at 7 d can reach 85% or more at 28 d.

2. High temperature accelerates the early self-shrinkage of concrete, especially within
7 d. Increasing the water-binder ratio can reduce the autogenous shrinkage of concrete.
When the water-binder ratio is 0.40, the concrete deformation is slightly expanded.
Compared to the reference group without MEA, the best effect of compensating for
autogenous shrinkage is achieved by adding 8% MEA with a water-binder ratio of
0.36. Therefore, in actual projects, the water-binder ratio can be relaxed to 0.36 or even
0.40 under the premise of ensuring strength.

3. At high temperatures, the hydration product of MgO, Mg(OH)2 crystals, appear as
lamellar in the cement system, growing mainly in the pores not far from the MgO
particles and overlapping each other. As the water-binder ratio increases, the MgO
hydrates more and the Mg(OH)2 crystals become denser, which fills the pores better
and counteracts the autogenous shrinkage of the concrete.
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Abstract: Concrete surface defects are very complex and diverse, which is a great test for repair
materials. The efficiency and durability of the repair system depend on the bonding effect between
the concrete and the repair material. However, the rapid increase in system viscosity during the
reaction of repair materials is an important factor affecting the infiltration effect. In the present work,
the infiltration consolidation repair material was prepared, and its basic properties (viscosity, surface
drying time and actual drying time, infiltration property) and mechanical properties were evaluated.
Finally, the infiltration depth, film-forming thickness, and anti-spalling ability of concrete under a
single-side freeze–thaw cycle are revealed. The results showed that using ethyl acetate could rapidly
reduce the viscosity of the repair material, and the repair material could penetrate 20–30 mm into
the concrete within 10 min. It was found by laser confocal microscopy that the thickness of the film
formation after 3 days was only 29 μm. In the mortar fracture repair test to evaluate the bond strength,
the bond strength of the repaired material reached 9.18 MPa in 28 days, and the new fracture surface
was in the mortar itself. In addition, the freeze–thaw cycle test was carried out on the composite
specimens under salt solution to verify the compatibility of the designed repair material with the
concrete substrate. The data showed that the average amount of spalling was only 1704.4 g/m2 when
10% ethyl acetate was added. The penetrating repair material in this study has good infiltration
performance, which can penetrate a certain depth in the surface pores and form a high-performance
consolidation body, forming a “rooted type” filling.

Keywords: surface defect; repair material; ethyl acetate; infiltration performance

1. Introduction

With the dramatic increase in traffic volume in recent years, concrete pavement bears
more and more load. The long-term load and impact pressure, coupled with the destruction
of the natural environment (freeze–thaw cycles, dry–wet cycles, corrosive substances),
concrete pavement withstands varying degrees of damage [1]. Once the defects appear,
they provide a channel for the corrosive medium, aggravate the failure of the concrete,
and seriously reduce the service quality of the pavement [2–4]. Excavating and re-paving
the damaged road surface inevitably causes a waste of manpower and material resources
as well as an inconvenience to open traffic and fast navigation [5,6]. Therefore, it is an
urgent problem to repair concrete pavement quickly and efficiently. Selecting appropriate
repair materials can effectively delay the sustainable development of concrete micro-cracks
and improve the durability of concrete, which requires the repair materials to have low
viscosity, excellent mechanical properties, and strength stability [7–9].

At present, the materials used for concrete repair are mainly divided into three cate-
gories. The first category is inorganic repair materials which mainly include silica cement,
fast-hardening Portland cement, magnesium phosphate cement, and so on [10,11]. The
second category is organic repair materials which mainly include epoxy resin, acrylic
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resin, polyurethane, and acrylamide [12]. The third category is polymer repair materials
compounded by organic and inorganic materials, for example, vinyl polyester acid emul-
sion modified cement mortar, propyl cement mortar, and epoxy mortar concrete [13,14].
However, there are many kinds of repair materials, and they all have different advantages
and disadvantages.

The research on concrete repair materials now focuses on good compatibility with
concrete, good durability, and low viscosity for easy grouting and repair. Kim et al. [15] used
a combination of epoxy resin injection and surface pretreatment by a dipping agent. For
the freeze–thaw cycle test, both the relative dynamic elastic modulus and durability index
were greater than 80% after 300 cycles when the exposure ended for all the specimens, and
the chloride resistance test results confirmed that repair methods, including impregnation,
had a penetration effect 2–3.5 times greater than the epoxy repair method. Hassan et al. [16]
used an acrylic copolymer and a cement/aggregate/admixture mixture to form a polymer-
modified repair mortar (PMC). The PMC repair mortar showed the most appropriate
properties in terms of dimensional stability with concrete due to a similar elastic modulus
and low shrinkage strains when compared to the parent concrete. Khalina et al. [17]
studied the effect of aliphatic reactive diluents on the properties of two different epoxy
resins, bifunctional and multifunctional epoxy resins. It was found that as the diluent
was gradually incorporated into the epoxy resin, the damage mode of the epoxy resin
specimens changed from brittle to more ductile under the bending test. The fracture strain
of the bifunctional resin increased by 75%, and that of the multifunctional resin increased
by more than 24%. The diluent content enhanced the fracture toughness of the epoxy resin
by about 20% and 29% for the bifunctional and multifunctional resins, respectively.

As surface defects contain many tiny cracks, it is difficult for high-viscosity organic
repair materials to penetrate the surface layer to a certain depth. Moreover, the higher the
viscosity, the poorer the wettability of repair materials, most of which remain on the concrete
surface to form thick polymers [18–21]. At present, the viscosity of organic repair materials
is high, and it is difficult to penetrate a certain depth of concrete surface, and it is unable
to complete the effective plugging of pores [22]. In addition, the surface cures to form a
thick polymer film, which is easily removed, resulting in a poor repair effect. Therefore,
reducing the viscosity of the prepolymer is important to ensure excellent permeability.

In view of this, tetrachloroethylene was selected as a shrinkage reducer [23], and
anhydrous ethanol, ethyl acetate, and acetone were used as inactive diluents. The influence
of diluent addition on the material properties (viscosity, grouting depth, gel time) was
clarified, and a series of studies were completed on the mechanical properties of the
materials. This paves the way for penetrating repair materials to repair pavement defects.

2. Materials and Methods

2.1. Raw Materials

The design strength grade of an ordinary concrete specimen is C30, in which the
cement is Conch brand P·O 42.5 ordinary Portland cement. The aggregate is a well-graded
crushed stone with a particle size of less than 30 mm and a fineness modulus of 2.5 medium
sand. See Table 1 for the specific mix ratio.

Table 1. Proportioning of C30 Concrete.

Water Cement Sand Coarse Aggregate

205 kg/m3 340 kg/m3 705 kg/m3 1150 kg/m3

Methyl methacrylate (MMA) is the main raw material, dibenzoyl peroxide (BPO) is
the initiator, dibutyl phthalate (DBP) is the plasticizer, tetrachloroethylene (PCE) is the
shrinkage agent, N,N-dimethylaniline (DMA) is the curing agent, and the three diluents are
absolute ethanol, ethyl acetate, and acetone. Table 2 shows the proportion of raw materials
used to prepare MMA-based repair materials.
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Table 2. Proportion of raw materials.

NO.
MMA

/g
BPO
/%

DBP
/%

DMA
/%

PCE
/%

Anhydrous
Ethanol

/%

Ethyl
Acetate

/%

Acetone
/%

KB 80 1.5 30 0.5 10 0 0 0
W5 80 1.5 30 0.5 10 5 0 0
W10 80 1.5 30 0.5 10 10 0 0
W15 80 1.5 30 0.5 10 15 0 0
E5 80 1.5 30 0.5 10 0 5 0
E10 80 1.5 30 0.5 10 0 10 0
E15 80 1.5 30 0.5 10 0 15 0
A5 80 1.5 30 0.5 10 0 0 5

A10 80 1.5 30 0.5 10 0 0 10
A15 80 1.5 30 0.5 10 0 0 15

2.2. Preparation of the Penetrating Repair Materials

1. Preparation of the MMA-based repair materials

MMA is used as the main raw material, BPO as the catalyst, DBP as the plasticizer,
and PCE as the shrinkage agent to modify the repair material. The preparation process is
as follows.

• A certain amount of MMA was poured into a beaker, stirred at a speed of 300/min,
and distilled in a water bath at 50 ◦C for 10 min.

• After distillation to remove the inhibitor, 1.5% BPO, 30% DBP, and 10% PCE was added
and continuously stirred for 2 min.

• The curing agent DMA was added to the prepolymer and stirred evenly until the set
time of the test was reached. The three-flask was quickly put into cold water to slow
down the polymerization reaction, and the MMA-based repair material was obtained.

2. Preparation of the MMA-based penetrating repair materials

Infiltration-type repair materials penetrate a certain depth of concrete surface by self-
weight. In order to ensure good infiltration performance of the repair materials, thinner is
used to reduce the viscosity of the repair materials, and DMA is used to promote curing to
prepare the penetrating repair materials. The preparation process is as follows.

• The configured prepolymer was added with a certain amount of DMA and stirred for
2 min at 300 r/min.

• After an average of 60 min, diluent was added and stirred at 300 r/min for 3 min to
obtain permeable repair material.

2.3. Pretreatment of the Concrete Specimen

A number of 100 × 100 × 100 mm concrete specimens were prepared and placed in
a laboratory with a temperature of (20 ± 2) ◦C and a relative humidity of (65 ± 5)% for
28 days. The cured specimens adopt the single-side freeze–thaw method according to the
long-term performance and durability test method of ordinary concrete (GBT50082-2009)
so that the infiltration surface of the repaired material is closer to the damaged concrete
with surface defects. The specific specimen is shown in Figure 1.
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Figure 1. Surface of concrete specimen after pretreatment.

2.4. Test Methods
2.4.1. Viscosity Test

The initial viscosity of the repair material has a great influence on the infiltration
performance. The smaller the viscosity of the repair material, the stronger its fluidity. In
this study, the NDJ-1 rotary viscometer (Shenzhen, China) was used to measure the viscosity
of the repair material. The viscometer equipment is shown in Figure 2. By analyzing the
ratio of raw materials in Table 2, the initial viscosity of the repair material was measured at
20 ◦C ± 2 ◦C, and the average viscosity of 60 min was used as the evaluation index.

Figure 2. Pointer rotary viscometer NDJ-1.

2.4.2. Surface-Drying Time and Through-Drying Time

The surface-drying time is determined according to the provisions of GB/T 1728-2020
method B (refers to trigger), and the surface of the coating film is considered dry when
no paint adheres to the finger after touching the surface of the coating film. The through-
drying time is determined according to the provisions of GB/T 1728-2020 in method C
(blade method), and the coating film is considered dry by cutting and scraping the coating
film on the template with a blade and observing that there is no adhesion phenomenon in
the bottom layer and film.
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2.4.3. Determination of the Film-Forming Thickness

Film forming thickness is an important index to evaluate the surface properties of
the tunnel. The thinner the film thickness is, the less influence it has on the original
excellent friction property of the concrete surface. In this study, a laser confocal microscope
(OLYMPUS, Japan) was used to observe a section of the concrete specimen after 6 h, 24 h,
and 3 d of curing of the coated repair material at 25 ◦C. The equipment is shown in Figure 3.
The curing specimens were cut in the middle, and the average thickness of five uniform
points in the section was taken as the film thickness.

Figure 3. Laser confocal microscope.

2.4.4. Infiltration Performance

The infiltration performance of the repair material is evaluated by measuring the
infiltration depth. A 100 × 100 × 100 mm concrete specimen is used, and the concrete
surface is first cleaned of floating ash before applying the repair material. The repair
material is applied three times with a 10-min interval between each application. The
repaired specimen is then cured at room temperature for 3 d. The concrete block is cut,
and the infiltration of the solidified repair material is observed from the cut surface. Three
points with relatively uniform infiltration are selected, and the infiltration depth at each
point is observed. The average of the infiltration depths at the three points is taken as the
final infiltration depth of the repair material on the surface of the concrete.

2.4.5. Bond Strength

Using P·O 42.5 cement, mortar specimens with dimensions of 40 × 40 × 160 mm
were prepared. The specimens were cured under standard conditions (temperature of
(20 ± 2) ◦C and relative humidity of 95%) for 28 d. After curing, the specimens were placed
in a drying oven at 105 ◦C for 6 h to serve as the dry interface specimens for bond strength
testing. The specimens that had completed standard curing were used as the wet interface
specimens for bond strength testing. The mortar flexural strength testing machine was used
to break the specimens, and according to the Japanese standard JISA6024-1998, a gap of
3~5 mm was left between the two broken sections of the specimen and fixed in place. MMA
prepolymer was then injected into the gap [24]. As shown in Figure 4, after being cured in
a 60 ◦C oven for 4 h, the repaired material experienced some volume shrinkage. Therefore,
the cracks were filled again with MMA prepolymer. The flexural strength of the specimens
was tested, and the fracture location was observed after being cured at room temperature
(temperature of (20 ± 2) ◦C and relative humidity of 60%) for 3 d, 7 d, and 28 d.
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Figure 4. The model view of specimen for bond test.

2.4.6. Freeze–Thaw Cycle Test

The freeze–thaw cycle test after concrete repair can reflect the performance of the
repaired material in an environment of large temperature difference [25]. According to the
long-term performance and durability of ordinary concrete test method GBT50082-2009,
this test adopts a single-side freeze–thaw method. The specimens that have reached the
specified curing age are placed in a laboratory with a temperature of (20 ± 2) ◦C and
a relative humidity of (65 ± 5)% to dry for 28 d. The side of the 100 × 100 × 100 mm
specimen is coated with Sikaflex neutral silicone sealant and sealed with aluminum foil
paper. All sides are sealed to prevent side peeling and ensure that the specimens are in a
single-sided water absorption state. When adding the test liquid (3% NaCl solution) to
the test container, care was taken to avoid wetting the top of the specimen, which is in a
capillary absorption state. The specimens are immersed in NaCl solution to a depth of
about 10 mm. Each group of tests consists of 5 specimens, and measurements are taken
every four cycles. Ultrasonic cleaning is used to collect the peeling materials, as shown in
Figure 5a,b for specific operating steps.

(a) (b)

Figure 5. Preparation of freeze–thaw specimens: (a) prepared specimen; (b) ultrasonic cleaning.

The calculation and treatment of test results comply with the following provisions:

μs = μb − μ f (1)

The mass of crushed concrete debris on the surface of the specimen μs is calculated
according to equation (1), where μs is the quality of concrete slag on the specimen surface;
μ f is the quality of filter paper; and μb is the total mass of filter paper and concrete slag
after drying.

After N freeze–thaw cycles, the total mass of detached particles per unit testing surface
area of an individual specimen is calculated using Equation (2).

mn=
∑ μs

A
× 106 (2)
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where mn is the N freeze–thaw cycles, single specimen unit test surface area total mass of
exfoliation (g/m2); μs is the spalling mass of the specimen obtained from each test gap; and
A is the surface area of a single specimen test surface (mm2).

The arithmetic mean value of the total spalling mass per unit area of each group of
specimens was taken as the measurement value of the total spalling mass mn.

2.4.7. SEM

A JSM-IT200 scanning electron microscope (Beijing, China) was used to observe the
high-resolution microstructure of cement mortar. The equipment is shown in Figure 6. The
samples used were taken from the broken parts of the mortar surface and scanned point by
point with a focused high-energy electron beam, magnifying 10–100,000 times.

 
Figure 6. Scanning electron microscope.

3. Results and Discussion

3.1. Preparation Technology of the MMA-Based Repair Materials

In this study, a curing agent was mainly added to accelerate the curing of repair
materials. Therefore, the content of the curing agent has a great impact on the properties
of the repair materials. In order to obtain the best preparation technology for infiltration
consolidation repair materials, the average viscosity at 60 min, surface drying time, and
tensile strength were used as evaluation indexes. The experiment investigated the addition
of 0.3%, 0.5%, 0.7%, and 1% of the curing agent to the prepolymer with the proportion of
MMA 60, BPO 1.5%, DBP 30%, and PCE 10%.

3.1.1. Effect of Preparation Technology on the 60-Min Average Viscosity

The initial viscosity of the repair material is an important factor affecting the repair
effect. Using the average viscosity after 60 min of adding the curing agent as the evaluation
index, Figure 7 shows the variation range of the average viscosity of the repair material
after adding different amounts of curing agent.
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Figure 7. 60-min average viscosity range.

As shown in Figure 7, the 60-min average viscosity of the repair material generally
showed a slow-then-fast trend. In the early stage of polymerization, when the synthesis
time is short, the number of activated centers for MMA monomers is small, and the
polymerization chains are not long, resulting in a small polymerization rate. Therefore, the
viscosity of the repair material does not change much with increasing synthesis time. At
a reaction time of 25 min, the viscosity of the repair material with 0.3% DMA content is
20 mPa·s, while that of the repair material with 1% DMA content is 38 mPa·s. Within the
time interval of 25 to 40 min, the viscosity curve of the material shows a steady increase,
maintaining below 100 mPa·s. As the reaction progresses from 40 to 60 min, the viscosity
of the system increases significantly. The viscosity of the repair material with 1% DMA
content increases sharply, and the average viscosity at 60 min reaches 284 mPa·s, which is a
46.12% increase compared to the average viscosity of 153 mPa·s for the repair material with
0.3% DMA content. Therefore, DMA content has a significant impact on the viscosity of the
repair material. When the concentration of the curing agent is too high, the polymerization
reaction rate will accelerate, generating a large amount of heat. If it cannot dissipate in time,
the viscosity will suddenly increase, causing explosive polymerization, seriously affecting
the repair effect.

3.1.2. Effect of Preparation Technology on the 60-Min Drying Time

The drying time of the repair material directly affects the work performance and can
also greatly shorten the construction period. The prepolymer is applied to the template
and cured at 25 ◦C. The drying time and actual drying time of the repair material were
discussed, and the effect of different curing agent dosages on the drying time and actual
drying time of the material was analyzed, as shown in Figure 8.
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Figure 8. Influence of curing agent content on drying time.

From Figure 8, it can be observed that the drying time and actual drying time of the
material decrease with an increase in the curing agent content. When the DMA content
is 1%, the drying time and actual drying time of the repair material reach 0.8 h and 1.5 h,
respectively, which are 60 and 67% shorter than the drying time and actual drying time
of the repair material with 0.3% DMA content. It can be seen that the proportion of the
curing agent in the MMA-based repair materials is the main factor affecting the curing rate
of the system. When the amount of curing agent added is too small, it cannot participate
in the reaction fully, or the performance of the cured product is poor and cannot meet the
requirements. On the other hand, when the amount of curing agent added is too large,
the curing rate of the system increases significantly, resulting in the production of a large
number of bubbles during curing, which seriously affects the physical properties of the
material itself. Therefore, in practical applications, the amount of curing agent should be
adjusted reasonably according to different usage conditions, which can achieve a dual
adjustment of the curing rate and the performance of the cured product [26].

3.1.3. Effect of Preparation Technology on the 60-Min Bond Strength

After filling the cracks with prepolymers containing 0.3%, 0.5%, 0.7%, and 1% mass
fraction of the curing agent using the bonding strength test method described in 2.4.7, the
repaired specimens were cured for a certain period of time and then subjected to a flexural
strength test. The location of the fracture surface was observed, and the average flexural
strength of three specimens for each dosage was taken as the final result of the bonding
strength of the repair material, which was compared with the strength of mortar when
broken. The test results are shown in Figure 9a–d, corresponding to different dosages of
the curing agent.
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(a) (b) 

  
(c) (d) 

Figure 9. Relationship between wet and dry interface and bond strength: (a) 0.3% DMA; (b) 0.5%
DMA; (c) 0.7% DMA; (d) 1% DMA.

It can be seen from Figure 9 that the bonding strength of the repair material at the dry
interface and wet interface mostly exceeds the flexural strength of the mortar specimens
themselves when broken. When the content of the curing agent is 0.3%, the bonding
strength of the repair material at the dry interface and wet interface after 28 days is
7.53 Mpa and 7.18 Mpa, respectively. When the content of the curing agent is 0.5%, the peak
bonding strength of the repair material at the dry interface and wet interface after 28 days
is 10.99 Mpa and 9.24 Mpa, respectively. As the content of the curing agent increases, the
bonding strength of the repair material gradually decreases. When the curing agent content
is 1%, the bonding strength of the repair material on the dry interface and the wet interface
after 28 days decreases to 5.82 Mpa and 4.47 Mpa, respectively, which is reduced by 47.0%
and 51.6% compared with the 0.5% content. This indicates that with the increase in the
curing agent content, the bonding strength of the repair material first reaches a peak and
then gradually decreases.

The comparison of the bond strength of the repair material on the dry and wet
interfaces shows that the bond strength on the wet interface is reduced by 3.8 to 29.9%
compared to that on the dry interface. This indicates that the surface moisture of concrete
directly affects the repair effect of the MMA-based repair materials. The presence of
surface moisture affects the degree of curing of the material at the interface and reduces
the roughness of the concrete interface, resulting in a decrease in the adhesion of the
repair material to the concrete and a decrease in the bond strength. In contrast, on the
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dry interface, the penetrating repair material can penetrate the concrete to a certain depth,
and the acrylic resin molecules can wrap and anchor the concrete, thereby enhancing the
mechanical strength of the concrete to a certain extent [27].

3.2. Optimization of the Composition for the Penetrating Repair Material

Based on the optimal preparation process of MMA-based repair materials determined
in Section 3.1, the average viscosity, drying time, and bonding properties of the repair
materials with a DMA content of 0.3%, 0.5%, 0.7%, and 1% were comprehensively tested
to further elucidate the variation law of material properties with DMA content. To ensure
good infiltration performance of the repair material, a diluent was added to reduce the
initial viscosity of the material, allowing it to penetrate the concrete surface to a certain
depth without participating in the curing reaction.

3.2.1. Penetration Depth

To determine the trend of permeability of the MMA-based repair materials under
different diluents, the effect of diluent type and content on the permeability of the repair
materials was analyzed based on the determined optimal preparation process. The results
are shown in Figure 10.

Figure 10. The influence of different diluent contents on the penetration depth.

As shown in Figure 10, the penetration depth of the three diluents increased with
the increase in their content. The penetration depth of the three diluents at 5% content
ranged from 2–18 mm, while at 10% content, it ranged from 3–24 mm. When the content
increased to 15%, the penetration depth reached 6–35 mm. This indicates that increasing
the diluent content can increase the penetration depth of the repair material. The presence
of the diluent reduces the concentration of the system, and the viscosity of acetone at
room temperature is 0.31 mPa·s, which significantly reduces the viscosity of the repair
material system, enabling it to penetrate the concrete surface layer up to 35 mm under
specified conditions. The viscosity of anhydrous ethanol at room temperature is 1.17 mPa·s.
Due to the hydrophobic interaction between PMMA and anhydrous ethanol, when they
are mixed, non-covalent binding occurs between PMMA particles, resulting in a white
flocculent matter that severely affects the penetration performance of the repair material. In
the mixture, PMMA is absorbed and forms white crystalline PMMA. Generally, at the same
temperature, the initial viscosity has a critical impact on the infiltration performance of
the material. Therefore, repair materials containing acetone and ethyl acetate can infiltrate
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10–35 mm deep into the concrete, effectively sealing the pore structure on the concrete
surface and improving its mechanical properties. Figure 11a–c shows the penetration of the
repair materials with different diluents in concrete and the cross-sectional laser microscope
images. It can be seen that the repair materials exist in the microcracks and pores of the
concrete, penetrate to a certain depth on the surface, and form a high-performance solid
structure, forming a “rooted type” filling.

(a) (b)

(c)

Figure 11. Infiltration condition: (a) anhydrous ethanol; (b) ethyl acetate; (c) acetone.

3.2.2. Surface Film Thickness

In order to elucidate the effect of the three diluents on the film thickness of the repaired
concrete surface, blank samples and infiltrated solidified repair materials with different
proportions were prepared. The film thickness of the repair material on the concrete surface
was measured using laser confocal microscopy at 6 h, 24 h, and 72 h after preparation. The
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samples that were not completely cured and those that were fully cured were compared.
The results are shown in Figures 12a–d and 13.

From Figure 12a–d, it can be seen that with the increase in time, the thickness of
the repair material added with three different diluents showed a trend of rapid decrease
followed by a slow decrease during the curing process. The thickness of W10, E10, and
A10 after 72 h were 97 μm, 35 μm, and 26 μm, respectively, which decreased by 46.7%,
80.8%, and 85.7% compared to the repair material without diluent. The results showed
that the addition of acetone resulted in the most significant reduction in film thickness,
and the repair materials with diluents were able to penetrate the surface of the concrete
well, reducing the film thickness on the surface and significantly reducing the impact on
the excellent friction performance of the concrete surface. The fundamental reason for
this lies in the low initial viscosity and high surface tension of the repair material in the
first stage. Capillary action occurs between the material and the concrete capillary pores,
and the additional pressure generated by the capillary action provides the driving force
for penetration during the penetration process [28]. The greater the surface tension of
the material and the smaller the contact angle between the material and the concrete, the
more favorable it is for the material to penetrate the concrete structure [29]. In the second
stage, as the oxidation–reduction reaction of the material continues, the already penetrated
material gradually solidifies and forms a “rooted type” filler, while the material that has
not penetrated accumulates and solidifies on the concrete surface to form a polymer film.

  
(a) (b) 

  
(c) (d) 

Figure 12. Effect of different diluents on film thickness: (a) anhydrous ethanol; (b) ethyl acetate;
(c) acetone; (d) control.
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Figure 13. Results observed under a laser confocal microscope.

Figure 13 shows the comparison photos of thickness taken by laser confocal microscope.
It can be clearly seen that the thickness of W15, E15, A15, and KB after 72 h are 79 μm,
29 μm, 13 μm, and 182 μm, respectively, which are decreased by 26.2%, 30.9%, 45.8%, and
13.3% compared to the thickness after 6 h. The results show that the addition of acetone in
the repair materials leads to a significant decrease in the final film thickness with time. This
is because acetone has a low viscosity, greatly reducing the initial viscosity of the repair
material, expanding its surface tension, and providing a large amount of driving force for
the infiltration process.
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3.2.3. Freeze–Thaw Cycling Test

The influence of the freeze–thaw cycles on the repaired concrete was investigated. By
simulating temperature changes, the protective effect of the repair materials on the concrete
was tested. The final results were converted into the amount of peeling per square meter as
the evaluation standard for the concrete’s resistance to the freeze–thaw cycles. The results
are shown in Figure 14a,b.

(a)

(b) 

Figure 14. Effect of diluent content on freeze–thaw cycle: (a) effect of different contents of ethyl ace-
tate on spalling amount; (b) effect of different acetone contents on spalling amount.
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As shown in Figure 14a,b, it can be seen that the repair material added with 10%
ethyl acetate has the best protective performance on concrete, and the average spalling
amount per unit area is only 1704.4 g. Adding 5% acetone repair material for concrete
protection performance is the worst, with an average spalling amount per unit area of
2080.8 g. Whether it is ethyl acetate or acetone, when the content is 5%, the amount of
spalling shows a trend of slow and then fast, and when the content is 15%, the overall
spalling speed is faster, which is because the mechanical strength of the repair material
itself is significantly reduced, even if the penetration performance is excellent it cannot
be well bonded and solidified with concrete, so the amount of solvent added should be
between 10–15%.

3.2.4. SEM

Samples W10, E10, and A10 were applied to the surface of the concrete and cured
for 28 days under natural conditions. Samples were taken from the surface of the broken
parts and observed under SEM to investigate the bonding between the repair materials and
cement paste. The results are shown in Figure 15.

Figure 15. SEM images of three types of diluents.

Figure 15 shows the microstructure of the three samples. In the W10 sample, the repair
material mostly remains on the surface of the cement paste, and the mortar surface is very
rough and contains a large number of micropores, which provide channels for harmful
substances to penetrate the interior of the concrete and do not provide effective protection.
For the E10 sample, a polymer film was clearly visible on the surface of the mortar, and the
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repair material formed a tightly interwoven structure, which is conducive to preventing or
delaying the penetration of corrosive media in the mortar. In contrast to the previous two
samples, the A10 sample showed pinholes due to the rapid volatilization of solvents [30].
This is because when the repair material is dried, the volatilized solvent will form bubbles
on the surface of the material. If the bubbles cannot be eliminated in time, pinhole-like
small holes will be left on the surface of the coating.

4. Conclusions

1. In general, the optimum amount of curing agent is determined by adjusting the
content of the curing agent. Then, by adding diluent, the repair material has good
infiltration performance and can be consolidated in a certain depth of concrete surface,
forming a “rooted type” filling so that the mechanical strength and durability of the
concrete surface can be improved.

2. It was found that the 60-min average viscosity of the repair material increased first
and then decreased as the content of DMA added was 0.3%, 0.5%, 0.7%, and 1%.
When the reaction time reached 40–60 min, the viscosity of the system increased
significantly. The viscosity of the repair material with 1% DMA content reached
284 mPa·s at 60 min, which was 46.12% higher than that of 0.3% DMA on average.
Considering the controllability of viscosity and the prevention of explosion, DMA
content in the range of 0.3–0.5% is more suitable.

3. After conducting surface-drying time, through-drying time, and bonding strength
tests, it was found that the surface-drying time and through-drying time of the repair
material with 1% DMA content were 0.8 h and 1.5 h, respectively, which were 60%
and 67% shorter than those of the repair material with 0.3% DMA content. However,
excessive addition of the curing agent can lead to a sharp increase in the reaction of
the repair material, resulting in the formation of tiny bubbles. When the curing agent
content was 0.5%, the bonding strength reached its peak, with values of 10.99 MPa and
9.24 MPa at the dry interface and wet interface, respectively. Therefore, the optimal
curing agent content was determined to be 0.5%.

4. A comparison study of three different diluents showed that sample E10 had a pen-
etration depth of 24 mm and a film thickness of only 35 μm after 72 h. After the
freeze–thaw cycling test, E10 showed the best protective performance for concrete,
with an average peeling strength of only 1704.4 g/m2. SEM showed that the poly-
mer formed a tightly interwoven protective film on the surface of the cement paste,
effectively preventing the ingress of corrosive substances.
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Abstract: The shrinkage of core concrete during construction is the key reason for the separation
of steel pipes and core concrete. Utilizing expansive agents during cement hydration is one of the
main techniques to prevent voids between steel pipes and core concrete and increase the structural
stability of concrete-filled steel tubes. The expansion and hydration properties of CaO, MgO, and
CaO + MgO composite expansive agents in C60 concrete under variable temperature conditions
were investigated. The effects of the calcium–magnesium ratio and magnesium oxide activity on
deformation are the main parameters to consider when designing composite expansive agents. The
results showed that the expansion effect of CaO expansive agents was predominant in the heating
stage (from 20.0 ◦C to 72.0 ◦C at 3 ◦C/h), while there was no expansion in the cooling stage (from
72.0 ◦C to 30.0 ◦C at 3 ◦C/d, and then to 20.0 ◦C at 0.7 ◦C/h); the expansion deformation in the
cooling stage was mainly caused by the MgO expansive agent. With the increase in the active reaction
time of MgO, the hydration of MgO in the heating stage of concrete decreased, and the expansion of
MgO in the cooling stage increased. During the cooling stage, 120 s MgO and 220 s MgO resulted in
continuous expansion, and the expansion curve did not converge, while 65 s MgO reacted with water
to form brucite in large amounts, leading to its lower expansion deformation during the later cooling
process. In summary, the CaO and 220 s MgO composite expansive agent in the appropriate dosage
is suitable for compensating for the shrinkage of concrete in the case of a fast high-temperature rise
and slow cooling rate. This work will guide the application of different types of CaO-MgO composite
expansive agents in concrete-filled steel tube structures under harsh environmental conditions.

Keywords: CaO and MgO composite expansive agent; reaction time of MgO; temperature history;
expansion properties

1. Introduction

Concrete-filled steel tubes, as composite structures, can enhance the performance of
concrete and steel. It has a higher bearing capacity, stability, and economic benefit when
compared to the individual components; hence, it is frequently utilized in large bridge
structures [1–3]. Materials scientists and structural engineers have made great progress on
its wide application, and hundreds of concrete-filled steel tube arch bridges have been built
or are under construction worldwide, which has resulted in a wide range of structural forms
and significant progress in the building of long-span arch bridges [4–7]. However, in the
construction of concrete-filled steel tubes, the problems of interface voids and debonding
are common, affecting the synergy between them and endangering structural safety [8,9].
The debonding and voiding of concrete-filled steel tubes happen for a variety of reasons,
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including axial compression, shrinkage and creep of the concrete itself, and internal and
exterior temperature variations caused by sunlight [10–12]. The interface void problem
occurs once the construction period of most arch bridges is finished, indicating that the
shrinkage of concrete during the construction period is the primary reason for voids [13].
The core concrete in the steel tube has a high strength grade in general, and it experiences a
severe temperature drop during its early hydration period. Uneven internal and exterior
deformations will cause the concrete surface to debond from the steel. In the later stage, the
superposition of concrete temperature-drop-induced shrinkage and autogenous shrinkage
will further aggravate the void problem. Therefore, controlling the shrinkage of concrete in
concrete-filled steel tubes has emerged as an important topic [14].

Decreasing the shrinkage or causing the slight expansion of the concrete in the steel
pipe could be crucial to preventing the separation of the steel pipe and concrete. Utilizing
expansive agents during cement hydration is one of the main techniques to prevent voids
between the steel pipe and core concrete and increase the structural stability of concrete-
filled steel tubes [15]. In cement and concrete, three types of expansive agents are commonly
used: sulfoaluminate hydrated ettringite [16–18], calcium oxide (CaO) hydrated calcium
hydroxide [19,20], and magnesium oxide (MgO) hydrated magnesium hydroxide [21–23].
The classic calcium sulfoaluminate expansive agent has the disadvantages of high water
demand and unstable hydration products at high temperatures, limiting its usage in high-
strength concrete with a lower water–binder ratio [24,25]. The calcium oxide expansive
agent is widely used in concrete-filled steel tube structures [26], but its hydration speed
is too fast, the adjustability of the expansion process is poor, and its hydration is largely
ineffective before the formation of the concrete slurry aggregate structure (that is, the plastic
stage) [27]. According to previous studies [28,29], the compensatory impact of calcium
oxide expansive agents on the cooling shrinkage and drying shrinkage of high-strength
concrete is insignificant. Compared with the CaO expansive agent, the hydration products
of the MgO expansive agent are more stable, and its expansion process can be much easier
to control [30,31]. The MgO expansive agent has been widely used to compensate for
the cooling shrinkage and autogenous shrinkage of hydraulic mass concrete [32,33]. Yao
et al. [34] and Cai et al. [35] examined the deformation properties of a microexpansive
concrete-filled steel tube with a MgO-based expansive agent at room temperature.

Since the temperature of concrete changes during the construction process, the perfor-
mance of concrete at room temperature cannot reflect its application performance in the
actual building. For example, for a steel tube filled with C50~C80 concrete with a large
pipe diameter, the central temperature of core concrete can reach 50~60 ◦C. Due to heat
dissipation to the environment, the concrete will undergo a rapid temperature drop after
reaching the temperature peak. For example, during the construction of the Zangmu Bridge
in Tibetan areas in China, the average temperature drop rate of the core concrete reached
3 ◦C/d after the temperature rise, which created a big challenge and required building non-
void concrete-filled steel tubes. Thus, studying the effect of an expansive agent exposed to
the actual temperature history is more valuable for engineering applications.

Furthermore, utilizing a single type of expansive agent to compensate for the shrinkage
deformation of concrete in different stages is not sufficient. Liu et al. [36] designed a
magnesium oxide composite expansion agent composed of specific proportions of high-
activity MgO, low-activity MgO, and CaO at 20 ◦C, which effectively eliminated the early
autogenous shrinkage of high-performance concrete and markedly inhibited its drying
shrinkage. Yu et al. [37] also explored a type of multisource expansive agent mixed with
different proportions of calcium oxide, calcium sulfoaluminate, and MgO in high-strength
concrete, which revealed that the multisource expansive agent can effectively compensate
for the drying shrinkage of high-strength concrete at normal temperatures in the later stage.
Thus, previous research on cement-based materials mixed with CaO and MgO composite
expansive agents has mainly focused on strength and deformation development at constant
temperatures. Recently, Zhao et al. [38] studied the effect of a blended MgO-CaO expansive
agent on the hydration of cement paste at an early age by using low-field nuclear magnetic

154



Materials 2023, 16, 1780

resonance technology, and they found that the curing temperature has a great impact on
the hydration of the cement paste mixed with the MgO-CaO blended expansive agent.
However, the influence of the activity of MgO in the CaO and MgO composite expansive
agent on the deformation properties has not been studied. Additionally, there are few
studies on the influence of the calcium-to-magnesium ratio of CaO and MgO composite
expansive agents on the deformation of concrete when they are under variable temperature
conditions during the construction process.

This work investigates the deformation performance of C60 concrete mixed with dif-
ferent contents of a CaO expansive agent, MgO expansive agent, and CaO-MgO composite
expansive agents under the condition of a simulated temperature history. The temperature
variation process used in this work was first monitored for a part of the core concrete in
the steel tubes of the Zangmu Bridge in Tibet in China. This temperature history could be
suitable for simulating the deformation performance of concrete under the typically closed
condition of the harsh plateau environment. Afterward, a reasonable amount of a calcium
oxide and magnesium oxide composite expansive agent was mixed with concrete and
poured into tubes. The effect of the CaO-MgO ratio of the composite expansive agent on the
concrete was investigated by testing its deformation performance by using an SBT-CDMI
wireless monitoring system, and the activity time of MgO on the deformation was consid-
ered. Finally, the hydration products and microstructures of cement pastes with different
types of expansive agents were also studied. These findings will guide the use of CaO-MgO
composite expansive agents in concrete-filled steel tubes and other non-shrink concrete.

2. Materials and Methods

2.1. Materials

The cement used in this study was ordinary Portland cement 42.5, which was pro-
duced by Conch Cement Plant, and conformed to the Chinese standard GB175-2007 [39].
Fly ash was Class II fly ash from the Huaneng Power Plant. Natural river sand with a
fineness modulus of 2.60 was used. The aggregate was basalt gravel. The particle size
of small stones was 5–20 mm. The particle size of medium stones was 20–40 mm. The
superplasticizer was PCA polycarboxylic acid superplasticizer produced by Jiangsu Sobute
New Materials Co., Ltd., Nanjing, China.

Three MgO expansive agents with different active reaction times (65 s, 120 s, and 220 s)
were prepared by calcining magnesite in a suspension kiln. The 65 s, 120 s, and 220 s MgO
expansive agents were calcined from magnesite powder (particle size ≤ 160 μm) at 800 ◦C,
950 ◦C, and 1050 ◦C, respectively, in a suspension kiln. The citric acid method was used to
determine the active reaction time of the MgO expansive agent [40]. The active reaction
time was determined by using 1.70 ± 0.1 g of the MgO expansive agent to completely
neutralize 200 mL of a 0.07 mol/L citric acid solution at 30 ± 1 ◦C, which was used as
a measure for evaluating the activity of the MgO expansive agent. Obviously, a shorter
active reaction time means higher activity [30]. The CaO expansive agent was prepared by
calcining limestone and a mineralizer in a rotary kiln at 1350 ◦C. Both the MgO expansive
agent and CaO expansive agent were provided by Jiangsu Sobute New Materials Co., Ltd.,
Nanjing, China. The chemical components of cement, the MgO expansive agent, and the
CaO expansive agent are demonstrated in Table 1.

The XRD patterns of MgO expansive agents and CaO expansive agents are shown in
Figure 1. The 65 s MgO, 120 s MgO, and 220 s MgO expansive agents have MgO as the
main mineral and contain small amounts of SiO2 and CaO. The primary mineral of the
CaO expansive agent is CaO, containing a small amount of CaSO4.

2.2. Experiments
2.2.1. Mix Design of Concrete

Table 2 displays the concrete proportion for the C60 strength grade. MgO and CaO
expansive agents were mixed internally. The slump of the concrete was controlled by the
superplasticizer and other admixtures at 180–200 mm with 3.0–5.0% air content. The table
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also shows the amount of fly ash in the design of C60 concrete. Single CaO expansive agents,
single MgO expansive agents, and compound expansive agents in C60 concrete were added
to the mixture. It can be seen from the table that 6% CaO + 2% 65 s MgO indicates that the
6% calcium oxide expansive agent and the 2% magnesium oxide expansive agent with an
active reaction time of 65 s are mixed in the concrete.

Table 1. Chemical compositions of cement, CaO expansive agent, and MgO expansive agents with
different reaction times.

Raw Material Reaction Times (s)
Chemical Composition (wt%)

MgO CaO SO3 SiO2 Al2O3 Fe2O3 Loss

Conch Cement - 1.35 60.05 3.35 23.60 3.95 5.43 1.15

65 s MgO 65 90.17 1.87 - 1.83 1.39 2.15 2.59

120 s MgO 120 90.93 1.96 - 1.71 1.24 2.00 2.16

220 s MgO 220 91.38 2.24 - 2.36 1.32 1.12 1.58

CaO expansive agent - 1.27 87.5 3.41 1.72 4.79 3.78 0.94

  
(a) (b) 

Figure 1. XRD patterns of expansive agents: (a) MgO expansive agents and (b) CaO expansive agents.

Table 2. Concrete mix designs of C60.

No. W/C

Mix Ratio (kg/m3)

Cement Fly Ash
CaO Expansive

Agent

MgO
Expansive

Agent
Water Sand

Small
Basalt

Medium
Basalt

C60-ref 0.29 416 104 0 0 151 720 249 746

6% CaO + 2% 65 s MgO 0.29 416 62.4 31.2 10.4 151 720 249 746

6% CaO + 2% 120 s MgO 0.29 416 62.4 31.2 10.4 151 720 249 746

6% CaO + 2% 220 s MgO 0.29 416 62.4 31.2 10.4 151 720 249 746

6% CaO + 4% 65 s MgO 0.29 416 52 31.2 20.8 151 720 249 746

6% CaO 0.29 416 72.8 31.2 0 151 720 249 746

8% CaO 0.29 416 62.4 41.6 0 151 720 249 746

4% 65 s MgO 0.29 416 83.2 0 20.8 151 720 249 746

4% 120 s MgO 0.29 416 83.2 0 20.8 151 720 249 746
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Replacing a portion of the cement with fly ash can reduce the amount of heat released
in concrete, the adiabatic temperature rise in concrete, and the autogenous shrinkage of
concrete, which decreases the risk of concrete cracking, particularly in concrete containing
a large amount of fly ash. Therefore, fly ash was used in this design for its application in
concrete-filled steel tubes. The added content of MgO was selected according to T/CECS
10082—2020 Calcium and Magnesium Oxides Based Expansive Agent for Concrete [41].

2.2.2. Test of Deformation Performance of C60 Concrete under Variable
Temperature Conditions

The test was conducted using a temperature and humidity environment simulation
test chamber for concrete made by Nanjing Huanke Testing Equipment Co., Ltd., Nan-
jing, China., to simulate the temperature history of a C60 concrete-filled steel tube. The
temperature and humidity environment simulation test chamber for concrete is shown in
Figure 2. First, fresh C60 concrete was poured into polyvinyl chloride (PVC for short) pipes
(Φ160 mm × 400 mm, shown in Figure 3). Then, a temperature–strain sensor was embed-
ded in the center of the PVC pipe that had been filled with concrete (shown in Figure 4). The
upper part of the PVC pipe was sealed with tin foil. Finally, the PVC pipes were put into
the test chamber to simulate the environment (shown in Figure 5). The experiments used a
pore water pressure testing device to measure the development of pore water pressure in
concrete to determine the setting time [42]. An SBT-CDMI wireless monitoring system for
the concrete temperature and strain was used to monitor the concrete’s deformation and
temperature history. The wireless monitoring system and the pore water pressure testing
device were provided by Jiangsu Sobute New Materials Co. Ltd., Nanjing, China.

Figure 2. Temperature and humidity environment simulation test chamber for concrete.

  
(a) (b) (c) 

Figure 3. PVC pipe and PVC pipe filled with concrete and temperature–strain sensor embedded in
the central part: (a) PVC pipe, (b) PVC pipe containing concrete, and (c) schematic diagram.
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(a) (b) 

Figure 4. Monitoring by SBT-CDMI wireless monitoring system for concrete temperature and strain:
(a) sensor and (b) data receiving system.

  
(a) (b) 

Figure 5. Concrete deformation and temperature monitoring test: (a) test molds and devices and
(b) data receiving system.

The C60 concrete in the PVC pipe was in a state of absolute humidity. The concrete
deformation recorded by the wireless monitoring system was mainly caused by autogenous
volume deformation and temperature deformation. The temperature history of the concrete
was mainly controlled by the environmental temperature change in the test chamber. Firstly,
the test chamber was started, and the initial temperature inside the chamber was controlled
at (20.0 ± 1.0) ◦C. After 20 h at a constant temperature, the test chamber was heated up
to (72.0 ± 1.0) ◦C at 3 ◦C/h, then cooled down to (30.0 ± 1.0) ◦C at 3 ◦C/d, and then
cooled down to (20.0 ± 1.0) ◦C at 0.7 ◦C/h. After the temperature fell to (20.0 ± 1.0) ◦C,
the test chamber was turned off. The temperature of concrete varied with the external
environment. The temperature variation process used in this work was first monitored
for a part of the core concrete in the steel tubes of the Zangmu Bridge in Tibet in China.
Its typical temperature history can be used to simulate the deformation performance
of concrete embedded in large-diameter tubes under the closed condition of the harsh
plateau environment.

2.2.3. Hydration Heat

Samples were placed at a constant temperature of 20 ◦C about 24 h before the experi-
ment. Then, 10.0 g of the expansive agent was weighed and put into an ampoule bottle,
and 10 mL of water was injected into the bottle with a syringe. Then, the paste was stirred
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quickly and evenly and put into the test channel of a TAM AIR isothermal calorimeter. The
hydration and cumulative heat release rates were tested for 3 consecutive days.

2.2.4. Measurement of Hydration Degree of MgO Expansion Agent under Variable
Temperature Conditions

To prevent the influence of components such as sand and gravel aggregate on the anal-
ysis of experimental results, the experiment was conducted with a cementitious material
paste specimen. The expansive agent replaces the fly ash in an equal amount and does not
replace the cement. The cement paste specimen was made according to a water–binder
ratio of 0.29. After the paste sample was stirred evenly, it was poured into a 100 mL plastic
test tube (shown in Figure 6). The plastic test tube and the above PVC pipes filled with
concrete were put into the environmental simulation test chamber. After the variable-
temperature experiment, the plastic test tube was taken out. The sample was put into an
agate mortar, mixed, and ground with an appropriate amount of absolute ethanol until
it passed through an 80 μm square sieve. The test instrument was a D8 Advance X-ray
diffractometer manufactured by Bruker Company in Ettlingen, Germany, with a voltage of
40 kV, current of 200 mA, and scanning angle range of 5◦~70◦. The quantitative analysis of
Rietveld full-spectrum fitting was performed with Jade 6 software.

 
(a) (b) 

Figure 6. Cementitious material paste specimen poured into a 100mL plastic test tube: (a) cement
paste in a plastic test tube and (b) cement paste sample dehydrated in anhydrous ethanol solution.

2.2.5. SEM Analyses of Cement Paste Mixed with Expansive Agent

The micromorphology of cement paste with the expansive agent was characterized by
SEM. The samples were processed as follows: cutting the two ends of the hardened paste in
the plastic bottle to 5 mm, crushing the rest into small pieces, putting them into anhydrous
ethanol for dehydration for 24 h (shown in Figure 6), drying them to constant weight, and
sealing them for storage. A Quanta 250 field-emission scanning microscope manufactured
by FEI Company in Hillsboro, OR, USA, was used to observe the micromorphology of a
fresh fracture in the slurry. The fracture surface was presprayed with gold film.

3. Results and Discussion

3.1. Expansion Properties of CaO Expansive Agents in C60 Concrete under Variable
Temperature Conditions

The autogenous volume deformation and temperature history of C60 concrete with
0%, 6%, and 8% CaO expansive agents under simulated variable temperature conditions are
shown in Figure 7. The experiment used a pore water pressure testing device to measure
the development of pore water pressure in concrete to determine the setting time. The
time was taken as the initial setting time when the pore water pressure in concrete reached
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10 kPa [42]. With the initial setting time as the zero point, the C60-ref reference concrete
in the heating stage underwent 298 με expansion deformation, and the temperature rose
to 52.5 ◦C. Moreover, C60 concrete with the 6% CaO expansive agent in the heating stage
gave rise to 672 με expansion deformation, and the temperature rose to 53.1 ◦C. In addition,
C60 concrete with the 8% CaO expansive agent in the heating stage triggered 761 με

expansion deformation, and the temperature rose to 53.4 ◦C. C60 concrete containing the
CaO expansive agent was still in an expansion state at 24.5 days after the initial setting time
under variable temperature conditions.

 
Figure 7. Deformation and temperature history of C60 concrete with 0%, 6%, and 8% CaO expan-
sive agents.

The deformation process of C60 concrete with 0%, 6%, and 8% CaO expansive agents
in the cooling stage is depicted in Figure 8. The shrinkage of C60-ref reference concrete
was 637 με at 23 d of age in the cooling stage, while the shrinkage of C60 concrete with the
6% CaO expansive agent was 626 με. Furthermore, the shrinkage of C60 concrete with the
8% CaO expansive agent was 657 με. Among them, the shrinkage of C60 concrete with
the 6% CaO expansive agent in the cooling phase was similar to that of C60-ref concrete,
while the shrinkage of concrete with the 8% CaO expansive agent in the cooling phase was
slightly larger than that of C60-ref concrete.

 

Figure 8. Deformation process of C60 concrete with 0%, 6%, and 8% CaO expansive agents in
cooling stage.
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The hydration of the CaO expansive agent in concrete to form Ca(OH)2 crystals will
result in the volume expansion of concrete, especially with higher amounts of the CaO
expansive agent. Details are provided in Section 3.7.

Figure 9 illustrates the expansion deformation of 6% and 8% CaO expansive agents
and the base concrete (C60-ref)’s net deformation effects, with the initial setting time as the
zero point. The expansion of the CaO expansive agent was significant during the heating
stage of the concrete. The concrete reached the temperature peak at 1.46 d after the initial
setting time, and the 6% CaO expansive agent generated 382 με expansion deformation.
Subsequently, the 6% CaO expansive agent generated 18 με expansion deformation during
the cooling stage from 1.46 d to 3.00 d. At 24.5 d, the expansion produced by the 6% CaO
expansive agent was 389 με. During the cooling stage from 1.46 d to 24.5 d, the expansion
of the 6% CaO expansive agent increased by only 7 με. The concrete with the 8% CaO
expansive agent reached the temperature peak at 1.46 d after the initial setting time, and
the 8% CaO expansive agent generated 466 με expansion deformation. During the cooling
stage from 1.46 d to 3.00 d, the expansion of the 8% CaO expansive agent was reduced by
17 με. From the initial setting time to 24.5 d, the 8% CaO expansive agent generated 445 με

expansion deformation. During 24.5 days after the initial setting time, the expansion of the
6% CaO expansive agent in the heating stage accounted for 98.2% of the total expansion.
The expansion of the 8% CaO expansive agent in the heating stage decreased by 4.5% at
24.5 d.

 
Figure 9. Expansion performance of 6% and 8% CaO expansive agents after deducting deformation
of C60-ref.

As further demonstrated by the above experimental results, the expansion effects
of 6% and 8% CaO expansive agents were predominantly reflected in the heating stage,
while there was no expansion in the cooling stage. The CaO expansive agent might have
been consumed by hydration in the early high-temperature heating stage. So, there was
almost no expansion in the cooling stage. With the increase in the amount of the CaO
expansive agent, the expansion deformation of concrete in the heating stage increased, and
consequently, the internal expansion stress of concrete increased. C60 concrete with the
8% CaO expansive agent triggered higher expansion stress in the heating stage, which led
to the augmentation of concrete creep in the cooling stage. Accordingly, the expansion
amount with the 8% CaO expansive agent appeared to shrink back in the cooling stage.

3.2. Expansion Properties of MgO Expansive Agents in C60 Concrete under Variable
Temperature Conditions

As revealed by the above experimental findings, the distinction in the expansion
effects of CaO expansive agents at distinct dosing levels was primarily reflected in the
heating stage. For C60 concrete structures, CaO expansive agents could only compensate
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for the early autogenous shrinkage of concrete. The autogenous volume deformation
and temperature history of C60 concrete with 0%, 4% 65 s MgO, and 4% 120 s MgO
expansive agents subjected to a simulated temperature history are displayed in Figure 10.
C60 concrete with the 4% MgO expansive agent was in a state of shrinkage at 24.5 d after
the initial setting time. With the initial setting time as the zero point, C60 concrete with the
4% 65 s MgO expansive agent in the heating stage resulted in 422 με expansion deformation.
Furthermore, C60 concrete with the 4% 120 s MgO expansive agent gave rise to 359 με

expansion deformation. The reaction rate of the highly active MgO (65 s) expansive agent
was faster in the heating stage of this temperature history.

Figure 10. Deformation and temperature history of C60 concrete with 0%, 4% 65 s, and 4% 120 s MgO
expansive agents.

The expansion curves of 4% 65 s MgO and 4% 120 s MgO expansive agents in the
cooling stage are shown in Figure 11, after deducting the deformation of C60-ref concrete
and temperature effects. The deformation of the 4% 120 s MgO expansive agent continued
to increase in the cooling stage. The 4% 65 s MgO expansive agent can also produce
expansion deformation in the cooling stage. In comparison with the 65 s MgO expansive
agent, the 120 s MgO expansive agent triggered continuous expansion and generated 69 με

expansion deformation at 15 d in the cooling stage. As the active reaction time rises, the
hydration of MgO in the heating process of concrete decreases, and the expansion in the
cooling phase increases.

As demonstrated by the above experimental findings, in this temperature history, CaO
expansive agents can only compensate for the early concrete shrinkage and store early
expansion stress and have no expansion compensation effect in the cooling stage. If CaO
expansive agents are employed to increase the amount of concrete expansion, there would
be an increment in concrete creep during the cooling stage. Using the single admixtures of
MgO expansive agents, C60 concrete with the 4% 65 s MgO or 4% 120 s MgO expansive
agent was in a shrinkage state at 24.5 d after the initial setting time and had not reached the
expansion or non-shrinkage state. If the experiment raises the amount of MgO to realize the
objective of non-shrinkage, the workability of concrete will be seriously decreased, leading
to the formation of cavities between the steel pipe and concrete. The experiments of single
MgO expansive agents also show that with this temperature history, the activity reaction
time of MgO increases, the hydration of MgO in the concrete heating stage decreases, and
the expansion of MgO in the cooling stage rises.

3.3. Expansion Properties of Expansive Agents of 6% CaO and 2% MgO with Different Active
Times in C60 Concrete under Variable Temperature Conditions

Whether the delayed expansion of MgO could be employed to compensate for the
shrinkage of concrete during the cooling stage and realize the compensation for shrinkage
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deformation in concrete remains for the complete process to be determined. For the
sake of selecting suitable CaO and MgO composite expansive agents to compensate for
the shrinkage of C60 concrete in the whole process, the expansion deformation laws of
expansive agents with 2% MgO (active time of 65 s, 120 s, or 220 s) and 6% CaO composite
were compared and analyzed.

 

Figure 11. Expansion performance of 4% 65 s MgO and 4% 120 s MgO expansive agents in cooling
stage after deducting deformation of C60-ref.

The volume deformation and temperature history of C60 concrete with 0%, 6% CaO,
and 6% CaO + 2% MgO expansive agents under simulated variable temperature are
depicted in Figure 12. Compared with the base concrete (C60-ref), the expansion defor-
mation of C60 concrete with 6% CaO + 2% MgO increased in the heating stage, while
the temperature development history of each proportion of concrete was similar. As a
consequence, it could be assumed that the increment in expansion was due to the hy-
dration of expansive agents. With the initial setting time as the zero point, C60 concrete
with 6% CaO + 2% 65 s MgO in the heating stage was the highest with 731 με expan-
sion deformation, and the temperature rose to 53.0 ◦C. Moreover, C60 concrete with the
6% CaO + 2% 120 s MgO expansive agent in the heating stage gave rise to 675 με expan-
sion deformation, and the temperature rose to 48.9 ◦C. Additionally, C60 concrete with the
6% CaO + 2% 220 s MgO expansive agent in the heating stage triggered 689 με expansion
deformation, and the temperature rose to 48.8 ◦C.

The deformation process of C60 with 0%, 6% CaO, and 6% CaO + 2% MgO ex-
pansive agents in the cooling stage is depicted in Figure 13. The shrinkage of C60 con-
crete with CaO + 2% MgO composite expansive agents was reduced compared to the
base concrete (C60-ref) during the cooling stage. The expansive agents of CaO are con-
sumed by hydration in the early heating process, which demonstrates that the expan-
sion in the cooling phase originates from the hydration of MgO, which could undergo
expansion during an appropriate cooling course to compensate for the shrinkage. Dur-
ing the cooling stage, deducting the influence of the shrinkage of C60-ref concrete, the
6% CaO + 2% 65 s MgO expansive agent generated 20 με expansion deformation. In addi-
tion, the 6% CaO + 2% 120 s MgO expansive agent resulted in 81 με expansion deformation.
Most significantly, the 6% CaO + 2% 220 s MgO expansive agent triggered 115 με expan-
sion deformation, indicating that 220 s MgO exhibits the best compensation effect in the
cooling stage.
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(a) (b) 

Figure 12. Deformation and temperature history of C60 concrete with 0%, 6% CaO, and
6% CaO + 2% MgO expansive agents: (a) deformation history and (b) temperature history.

 

Figure 13. Deformation process of C60 with 0%, 6% CaO, and 6% CaO + 2% MgO expansive agents
in cooling stage.

Figure 14 illustrates the expansion deformation of the 6% CaO expansive agent and
6% CaO + 2% MgO expansive agents and the base concrete (C60-ref)’s net deformation and
temperature effects, with the initial setting time as the zero point. The expansion effect of
CaO expansive agents was predominantly reflected in the heating stage. The expansion
deformation during the cooling stage was mainly caused by the MgO expansive agent.
Using 120 s MgO and 220 s MgO resulted in continuous expansion during the cooling stage,
and the expansion curve did not converge. Using the 220 s MgO expansive agent produced
more expansion than 120 s MgO, whereas 65 s MgO did not produce significant expansion
deformation in the cooling phase (shown in Figure 14). During the heating process of the
concrete, the majority of 2% 65 s MgO may have reacted with water to form brucite, leading
to the observed phenomenon. Thus, with the increase in the active reaction time of MgO,
the hydration of MgO in the heating stage of concrete decreased, and the expansion of
MgO in the cooling stage increased.
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Figure 14. Expansion performance of 6% CaO and 6% CaO + 2% MgO expansive agents after
deducting the deformation of C60-ref.

3.4. Expansion Properties of Expansive Agents of 6% CaO and 65 s MgO in Different Proportions
in C60 Concrete under Variable Temperature Conditions

The autogenous volume deformation and temperature history of C60 concrete with
0%, 6% CaO + 2% 65 s MgO, and 6% CaO + 4% 65 s MgO expansive agents under simulated
variable temperature conditions are shown in Figure 15. With the initial setting time as
the zero point, C60 concrete with 6% CaO + 2% 65 s MgO in the heating stage gave rise
to 729 με expansion deformation, and the temperature rise was 52.7 ◦C. Moreover, C60
concrete with 6% CaO + 4% 65 s MgO in the heating stage triggered 953 με expansion
deformation, and the temperature rise was 53.0 ◦C. With the increase in MgO content, the
expansion of concrete in the heating stage increases.

 
Figure 15. Deformation and temperature history of C60 concrete with 0%, 6% CaO + 2% 65 s MgO,
6% CaO + 4% 65 s MgO expansive agents.

The deformation process of C60 concrete with 0%, 6% CaO + 2% 65 s MgO, and
6% CaO + 4% 65 s MgO expansive agents at in cooling stage is depicted in Figure 16.
With the increase in MgO content, the shrinkage of concrete in the cooling stage decreases.
The shrinkage of C60 concrete with 6% CaO + 4% 65 s MgO decreased by 35 με at 23 d
compared with C60 concrete with 6% CaO + 2% 65 s MgO.
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Figure 16. Deformation process of C60 with 6% CaO and 6% CaO + 4% MgO expansive agent at
cooling stage.

Figure 17 illustrates the expansion deformation of 6% CaO + 2% 65 s MgO and
6% CaO + 4% 65 s MgO expansive agents and the base concrete (C60-ref)’s net deformation
and temperature effects, with the initial setting time as the zero point. The expansion of
MgO in the cooling stage increased with the increment in 65 s MgO content. In comparison
to 2% 65 s MgO, 4% 65 s MgO continued to expand in the cooling stage of C60 concrete,
which demonstrates that expansion can also occur in the cooling stage as the amount of
high-activity MgO increases.

 
Figure 17. Expansion performance of 6% CaO + 2% MgO and 6% CaO + 4% MgO expansive agents
in cooling stage after deducting deformation of C60-ref.

As revealed by the experimental results, the CaO expansive agent has the advantages
of a fast hydration rate, large expansion deformation, and a certain amount of expansion
stress in concrete in the heating stage. In the cooling stage, concrete-filled steel tubes can
achieve a microexpansion or non-shrinkage state by using the delayed expansion property
of the MgO expansive agent. The hydration rate of longer-sintered MgO is higher. For
the temperature history used, 2% 65 s MgO did not show significant expansion in the
cooling stage, while expansion compensation could also be produced in the cooling stage
when 65 s MgO expansive agent doping was increased to 4.0%. Under these temperature
conditions, 220 s MgO with low activity demonstrated superior compensation for the
cooling shrinkage. The expansion performance of 220 s MgO compounded with CaO and
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MgO composite expansive agents demonstrated strong temperature sensitivity, which
is suitable for compensating for the shrinkage of C60 structural concrete with a high-
temperature rise and slow cooling rate.

3.5. Isothermal Calorimetry of Different Expansive Agents

The exothermic courses of hydration of distinct expansive agents in pure water are
demonstrated in Figure 18. At a constant temperature of 20 ◦C, the hydration rates of
CaO expansive agents were faster. Furthermore, the accumulated exothermic heat was
stabilized within 2 days. The 65 s MgO, 120 s MgO, and 220 s MgO expansive agents
exhibited continuous augmentation in the accumulated exotherm over 2 days and yet did
not show convergence, and the exothermic rate of hydration was significantly lower than
that of CaO expansive agents. Additionally, the exotherm rate of hydration of 65 s MgO
was significantly faster than that of 120 s and 220 s MgO. For CaO expansive agents in
20 ◦C water, the hydration reaction rates are fast, with the basic reaction complete in 2 days.
In line with Arrhenius’s law, the reaction rate of CaO and MgO expansive agents must
increase exponentially when the temperature rises. It is deduced that the CaO expansive
agents completely reacted in the heating stage of this temperature history of C60 core
concrete in the steel tube arch.

 
(a) (b) 

 
(c) 

Figure 18. Hydration heat liberation of distinct expansive agents in pure water (paste) at 20 ◦C:
(a) heat flow of CaO and CaO + MgO, (b) heat flow of MgO, and (c) total heat release of the
expansive agent.

3.6. Hydration Degree of MgO Expansive Agent in Cement Paste under Variable
Temperature Conditions

After being cured under variable temperature conditions, as shown in Figure 7, the
XRD patterns of the cement paste (4% MgO, 16% fly ash, 80% cement, and water–binder
ratio of 0.29) mixed with the 4% 120 s MgO expansive agent and the cement sample
without an expansive agent (20% fly ash, 80% cement, and water–binder ratio of 0.29)
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were obtained and are shown in Figure 19. It can be seen that at 24.5 d after the initial
setting time, the cement paste with the 4% 120 s MgO expansive agent contained MgO
and Mg(OH)2 minerals. Table 3 shows the hydration degree of MgO in cement pastes with
6% CaO + 4% 65 s MgO, 4% 65 s MgO, and 4% 120 s MgO expansive agents at variable
temperatures. At the same age, the hydration degree of 65 s MgO was higher than that of
the 120 s MgO expansive agent. This shows that highly active MgO has higher hydration
activity and a higher hydration rate. Whether the CaO expansive agent was added to
the cement paste had little effect on the hydration degree of MgO. Under this variable
temperature condition, more than 85% of the 65 s MgO expansive agent was almost
completely hydrated. About 30% of MgO in the cement paste mixed with the 4% 120 s
MgO expansive agent was not hydrated. The hydration degree of the MgO expansive agent
is consistent with the change rule of the expansion amount of the MgO expansive agent
(shown in Figure 10). The MgO expansive agent with high activity (65 s MgO) undergoes
a large expansion in the early stage and a small expansion in the later stage. The MgO
expansive agents with low activity (120 s MgO and 220 s MgO) undergo a small expansion
in the early stage and a large expansion in the later stage.

Figure 19. Comparison of XRD patterns of cement pastes with and without MgO expansive agent.

Table 3. Hydration degree of MgO in cement paste under variable temperature conditions.

No. 6% CaO + 4% 65 s MgO 4% 65 s MgO 4% 120 s MgO

Hydration
degree/% 87.3 85.5 70.3

3.7. SEM Analyses of Cement Paste Mixed with Expansion Agent

After being cured under variable temperature conditions, as shown in Figure 7, the
morphologies of cement pastes with 0%, 4%, and 6% CaO expansive agents were observed
by SEM and are shown in Figure 20. A large number of hexagonal plate Ca(OH)2 crystals
appeared in the cement paste after adding the CaO expansive agent. As the content of
the CaO expansive agent increased, the content of Ca(OH)2 generated by hydration also
increased. As can be seen in Figure 20c, microcracks appeared in the cement paste with
the 6% CaO expansive agent. The formation of microcracks may be caused by the volume
expansion of Ca(OH)2 generated by the hydration of the CaO expansive agent. Microcracks
were not observed in the cement paste containing the 4% CaO expansive agent. The reason
for this could be that the crystallization pressure of Ca(OH)2 crystals generated by the
4% CaO expansive agent in the cement paste does not exceed the tensile strength of the
cement paste [43].
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(a) (b) (c) 

Figure 20. Morphologies of cement pastes with 0%, 4%, and 6% CaO expansive agents: (a) 0% CaO
expansive agent, (b) 4% CaO expansive agent, and (c) 6% CaO expansive agent.

Figure 21 shows Ca(OH)2 with a hexagonal plate structure formed by the hydration of
the CaO expansive agent. The energy spectrum test results of EDS Spot 2 in the microscopic
picture of the cement paste with the 6% CaO expansive agent show that the hexagonal
plate material consists of Ca(OH)2 crystals [44] (shown in Figure 22).

 

Figure 21. Ca(OH)2 with hexagonal plate structure formed by hydration of CaO expansive
agent (×10,000).

Figure 22. The energy spectrum test results of EDS Spot 2 in the microscopic picture of cement paste
with 6% CaO expansive agent.

After being cured under variable temperature conditions, as shown in Figure 7, the
morphologies of cement pastes with 4% MgO expansive agents were observed and are
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shown in Figure 23. No obvious microcracks were found in the cement paste with the
4% MgO expansive agent. MgO and hydrated Mg(OH)2 are not easy to observe under an
electron microscope. The energy spectrum test results of EDS Spot 5 in the microscopic
picture of the cement paste with the 4% 120 s MgO expansive agent are shown in Figure 24.
At EDS Spot 5, Mg(OH)2 was formed.

  
(a) (b) 

Figure 23. Morphologies of cement pastes with 4% MgO expansive agents: (a) 4% 65 s MgO and
(b) 4% 120 s MgO.

Figure 24. The energy spectrum test results of EDS Spot 5 in the microscopic picture of cement paste
with 4% 120 s MgO expansive agent.

After being cured under variable temperature conditions, as shown in Figure 7, the
morphology of the cement paste with the 6% CaO + 2% 220 s MgO expansive agent was
observed and is shown in Figure 25. As can be seen from the figure, a large number of
hexagonal plate Ca(OH)2 crystals appeared in the cement paste, and microcracks appeared
in the cement paste with the 6% CaO and 2% 220 s MgO expansive agent.

The microscopic analysis shows that the CaO expansive agent can produce a large
number of hexagonal plate Ca(OH)2 crystals in the cement paste. Microcracks appeared
in the cement paste with the 6% CaO expansive agent. The formation of microcracks
may be caused by the volume expansion of Ca(OH)2 generated by the hydration of the
CaO expansive agent. In the cement paste with the 4% MgO expansive agent, no obvious
microcracks were found, whereas microcracks appeared in the cement paste with the
6% CaO and 2% 220 s MgO expansive agent.

3.8. Discussion and Analysis

As mentioned above, different types of expansive agents have different hydration and
expansion characteristics. In actual projects, the autogenous shrinkage and temperature-
fall-induced shrinkage generated in C60 concrete in the early and middle hydration stages
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are large, with a wide temperature variation range. The large expansion of concrete should
be compensated. In addition, the later autogenous shrinkage and temperature-fall-induced
shrinkage of concrete are smaller, and microexpansion is needed to compensate for them,
thus inhibiting their shrinkage to stabilize the expansion precompression stress formed in
the early stage. Finally, shrinkage-free concrete should be achieved in all hydration stages.

Figure 25. Morphology of cement paste with 6% CaO + 2% 220 s MgO expansive agent (×5000).

The CaO expansive agent is beneficial to early expansion, while the MgO expansive
agent can achieve middle- and late-age expansion; thus, a potentially good method to
realize shrinkage-free concrete throughout the whole process is to design multicomponent
expansive agents with CaO and MgO compounds.

In this study, the influence of the temperature history of core concrete in a steel tube
arch on the expansion of C60 concrete with specific-activity MgO and CaO expansion
components in certain proportions, a single CaO expansive agent, and a single MgO
expansive agent in C60 concrete was investigated. The experimental results showed that
the expansion effect of CaO expansive agents was predominantly reflected in the heating
stage, while there was no expansion in the cooling stage. The reason for this is that CaO
expansive agents completely reacted in the heating stage of this temperature history of
C60 core concrete in a steel tube arch, according to microthermal experimental results.
Moreover, the microscopic morphology showed that the expansion energy of the CaO
expansive agent is larger. Microcracks appeared in the cement paste with the 6% CaO
expansive agent. Liu et al. [45] found that the hydration degree of a CaO expansive agent
is large at early ages, such that the hydration degree is 39.94% after being hydrated for
0.5 h at 10 ◦C in pure water, while the hydration degree is 52.47% after being hydrated
for 5 min at 40 ◦C. Xia et al. [46] also stated that the hydration rate of the CaO expansive
agent is fast in the early stages. The expansion deformation in the cooling stage was mainly
caused by the MgO expansive agent. The 120 s MgO and 220 s MgO expansion agents
resulted in continuous expansion during the cooling stage, and the expansion curve did
not converge. The 220 s MgO expansive agent produced more expansion than 120 s MgO.
The 65 s MgO expansive agent did not produce significant expansion deformation in the
cooling phase. During the heating process of the concrete, the majority of 2% 65 s MgO
reacted with water to form brucite, leading to the observed phenomenon. With the increase
in the active reaction time of MgO, the hydration of MgO in the heating stage of concrete
decreased, and the expansion of MgO in the cooling stage increased.

Following the actual temperature history of concrete, selecting the proper activity
of MgO expansive agents and the ratio of CaO and MgO in multicomponent expansive
agents could compensate for concrete shrinkage throughout the whole process. Zhao
et al. [47] also found that a CaO and MgO composite expansive agent can compensate for
concrete shrinkage not only during the early stage but also during the later stage at normal
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temperatures. Thus, the CaO and 220 s MgO composite expansive agent shows strong
temperature sensitivity, which is suitable for compensating for the shrinkage of concrete in
the case of a high-temperature rise and slow cooling rate. Furthermore, the CaO and 120 s
MgO composite expansive agent is suitable for compensating for the shrinkage of concrete
in the case of a low-temperature rise and fast cooling rate.

4. Conclusions

Utilizing appropriate expansive agents during cement hydration is one of the main
techniques to compensate for concrete shrinkage and prevent voids and debonding be-
tween the steel pipe and core concrete in concrete-filled steel tubes. In this work, calcium
oxide and magnesium oxide composite expansive agents were designed with different
calcium/magnesium ratios and various types of MgO activities with different calcination
temperatures and times. Their expansion and hydration properties in C60 concrete under
variable temperature conditions were investigated, with the aim of simulating the real
construction process. Subsequently, the effect of the calcium–magnesium ratio and magne-
sium oxide activity on deformation was analyzed. The main conclusions are summarized
as follows:

(1) The expansion effects of 6% and 8% CaO expansive agents were predominantly
reflected in the heating stage (from 20.0 ◦C to 72.0 ◦C at 3 ◦C/h), while there was no
expansion in the cooling stage (from 72.0 ◦C to 30.0 ◦C at 3 ◦C/d, and then to 20.0 ◦C at
0.7 ◦C/h). The CaO expansive agent was hydrated in the early high-temperature heating
stage, resulting in almost no expansion in the cooling stage. With the increase in the amount
of the CaO expansive agent, the expansion deformation of concrete in the heating stage
increased, and consequently, the internal expansion stress of concrete increased.

(2) The expansion deformation in the cooling stage was mainly caused by the MgO
expansive agent. The 120 s MgO and 220 s MgO expansive agents resulted in continuous
expansion during the cooling stage, and the expansion curve did not converge. The
220 s MgO expansive agent produced more expansion than 120 s MgO. During the heating
process of the concrete, the majority of 2% 65 s MgO reacted with water to form brucite
in large amounts, leading to its lower expansion deformation in the later cooling process.
With the increase in the active reaction time of MgO, the hydration of MgO in the heating
stage of concrete decreased, and the expansion of MgO in the cooling stage increased.

(3) The construction and building temperatures show a remarkable influence on the
expansion performance of CaO and MgO composite expansive agents. In actual projects, the
temperature history of concrete varies immensely from structure to structure on account of
many factors, such as the material, environment, and structural dimensions. In accordance
with the actual temperature history of concrete, selecting the proper activity of MgO and
the ratio of CaO to MgO could compensate for concrete shrinkage throughout the whole
process. The CaO and 220 s MgO composite expansive agent shows strong temperature
sensitivity, which is suitable for compensating for the shrinkage of concrete in the case of a
fast high-temperature rise and a slow cooling rate.

This work will guide the application of different types of CaO-MgO composite expan-
sive agents in concrete-filled steel tube structures. More work should be conducted in the
future to build a theoretical model of temperature effects on different components of the
expansive agent to guide engineering projects.
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