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Abstract: Concrete coatings show significant promise in shielding concrete substrates from corrosion
by effectively resisting harmful ions and moisture. Thanks to their practicality, high efficiency, and
cost-effectiveness, coatings are considered a potent technique for enhancing the chloride resistance
of reinforced concrete structures. Over recent decades, extensive research has concentrated on em-
ploying coatings to bolster concrete’s ability to withstand chloride penetration. This paper provides
a holistic review of the current studies on chloride infiltration in concrete surfaces treated with
coating materials, primarily focused on chloride resistance improvement efficiency and chloride
transport modeling. Firstly, by comparing the functions of assorted coatings, four inherent protec-
tion mechanisms are summarized and elaborated thoroughly. Afterwards, the chloride resistance
improvement efficiency of assorted coatings reported in current studies are reviewed and compared
in great detail, with a specific focus on inorganic, organic, and organic–inorganic composite coatings.
Furthermore, the theoretical research about methodologies for chloride transport behavior prediction
is summarized. Finally, this paper outlines the potential research directions in this field and the
theoretical, technical, and practical application challenges. This review not only identifies critical
areas necessitating further investigation and problem-solving in this domain but also aids in selecting
appropriate coating materials and refining corrosion management strategies.

Keywords: concrete coating; chloride resistance; improvement efficiency; silane coating; nanomaterial-
modified coating; organic–inorganic composite coating

1. Introduction

Concrete, a bulk construction material, plays an important role in modern infras-
tructure due to its prominent merits in terms of availability, moldability, compressive
strength, durability, and cost [1]. Nevertheless, reinforced concrete (RC) structures in the
marine environment may experience durability failure due to corrosion issues caused by
chloride attack, which may trigger safety failure, demand repair or reestablishment, and
bring economic losses and over-consumption of natural non-renewable resources [2]. For
example, it is reported that the United Arab Emirates (UAE) spent about 5.2% GDP on
repair or rehabilitation of RC structures during 2009–2011 [3]. This reminds stakeholders
to deal with durability issues with discretion. There is an array of strategies available to
prevent steel corrosion and enhance the longevity of RC structures, such as utilizing more
durable cement material, incorporating corrosion inhibitors in concrete mixtures, applying
protective coatings to the concrete surface, using stainless steel reinforcement or galvanized
reinforcement, implementing cathodic protection systems, etc. Among these strategies,
surface coating stands out due to its affordability, simplicity in application, and robust
protective capabilities, and can be utilized during construction or service.
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During the last few decades, the effect of concrete surface coating on chloride pene-
tration has received increasing attention. For example, Saricimen et al. [4] analyzed the
effect of a cementitious material coating, a mixture of Portland cement, fine silica, and
an active chemical agent on the chloride resistance of in situ RC structures. The obtained
chloride profiles of all components showed that chloride content decreased after the ap-
plication of Portland cement coating. Moon et al. [5] investigated the chloride resistance
of calcium–silicate compound-coated concrete using the steady-state chloride migration
test. The results indicated the coated concrete had almost an 80% lower effective chlo-
ride diffusion coefficient compared with the control group. Medeiros and Helene [6]
investigated and compared the chloride diffusion coefficients of concrete coated with a
silane–siloxane mixture dispersed in water, silane–siloxane mixture dispersed in solvent,
acrylic dispersed in solvent, and polyurethane. The results indicated that the aforemen-
tioned coating systems reduced the chloride diffusion coefficients by 9%, 17%, 20%, and
86%, respectively. This indicated the conventional organic coating polyurethane showed
the most effective protection against chloride erosion. However, as is well known, conven-
tional organic coatings represented by polyurethane have fatal defects of environmental
pollution [7]. Kong et al. [8] successfully fabricated a superhydrophobic concrete coating
(with a static contact angle of 159.1 degrees) into a concrete substrate. A non-toxic micro-
diatomaceous earth, nano-Al2O3, and low-energy material were combined to fabricate a
superhydrophobic coating with a micro–nanostructure. This study underscored the efficacy
of protecting concrete against chloride erosion based on dynamic potential polarization
curve measurement. Likewise, Liao et al. [9] put forward a hydrophobic nanocomposite
coating fabricated by the combination of tannic acid, aminopropyl triethoxysilane, and a
low-energy compound, hexadecyltrimethoxysilane (C19H41O3Si). They investigated the
effect of concentration mix ratio on coating performance and advised the best concentra-
tion combination. They also claimed superiority of this coating in economic performance
by comparison with epoxy resin coating. Li et al. [10] investigated the effect of coating
category on the instantaneous and long-term performance of coated concrete. They stated
that although the coated concrete with organic coating showed superior improvement in
instantaneous chloride resistance characterized by passing coulomb electric flux compared
to an infiltrating coating (silane-based coating), the latter showed slower aging under
similar climate exposure conditions and higher chloride resistance in the long run. This
can be attributed to the difference in protection mechanisms of these two kinds of coating.

To conclude, with the efforts of the research community, many concrete surface-coating
materials are presently available to apply. And studies to date have shown encouraging
results on the improvement effect of the surface coatings on chloride resistance, a crucial
indicator of coating efficacy. The coating category, protection mechanism, fabrication
method, etc. affect the performance of coated concrete in chloride resistance (instantaneous
or long term). And different coatings perform differently in economic and environmental
respects. Therefore, a comprehensive review of current research on chloride penetration
in surface-coated concrete is necessary for providing a comprehensive evaluation of these
techniques and guidance for the design and development of new techniques.

This study aims to present a comprehensive review of chloride penetration in coated
concrete, focusing on coating protection mechanisms, improvement efficacy, chloride
transport modeling, etc. Economic and environmental performance, as well as the influence
of construction technology, are also considered, but are not extensively elaborated upon.
Following this introduction, improvement mechanisms for coating on chloride resistance
of concrete are first discussed in Section 2, serving as the basis for the review of the
studies on chloride resistance of coated concrete in Section 3, focusing on inorganic and
organic coatings. Research into the modeling of chloride transport behavior in coated
concrete is outlined in Section 4. Finally, Section 5 presents an outlook, outlining challenges
and offering recommendations for future research directions, with the aim of promoting
practical engineering applications.
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2. Protection Mechanism of Surface Coating

A comprehensive understanding of the protection mechanism of surface coating
against chloride erosion is crucial for evaluating the improvement efficacy of current
techniques in chloride resistance and optimizing their structures and composition to achieve
better performance and characteristics. In this section, studies into the chloride erosion
mechanism in concrete and several protection mechanisms of different coating types are
reviewed, based on which the measurement methods for chloride resistance of surface-
coated concrete are summarized.

2.1. Chloride Erosion Mechanism in Concrete

Under normal circumstances, the pH value of the concrete pore solution is above
12 [11], which is in an alkaline state. And the surface of the embedded steel bar is in a
passivation state in an alkaline state, which does not rust easily [12,13]. With the chloride
erosion and the increase in the surrounding chloride concentration, the pH value decreases,
which leads to the corrosion of the steel bar, and ultimately leads to damage to and
performance decline of the concrete structure. There are two main chloride transport
mechanisms considered in this study: (i) chloride ion diffusion in the pore solution driven
by concentration gradient: the external chloride will diffuse into the concrete as ions along
the pore solution under the concentration gradient during long-term service in high-salinity
environments, such as marine environments or road salts with high chloride content used
for icing prevention; and (ii) penetration of water carrying chloride ions: the external
solution with high chloride concentration will penetrate into the pores of concrete, causing
a chloride concentration change. In addition, the chloride transport process is also affected
by electromigration, physiochemical adsorption, etc. which are not the focus of this review.

2.2. Improvement Mechanism of Surface Coating on Chloride Resistance of Concrete

The protective mechanism is intricately tied to the specific coating type, with varying
coatings offering protection via distinct mechanisms.

According to [6,14], three fundamental protection mechanisms are identified for coat-
ing materials: (i) forming a continuous physical film on the original concrete surface
(Figure 1a); (ii) reacting with certain cementitious material constituents to generate non-
soluble fillers in the pores and cracks of concrete (Figure 1b); and (iii) forming a continuous
waterproof layer on the concrete surface (Figure 1c). It is worth noting that a particular coat-
ing may correspond to a single protection mechanism or it may have multiple protection
mechanisms acting simultaneously.
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When the film is denser than the original concrete structure, it can play a protective role.
The most common film-forming coatings are polymer coatings, such as acrylic emulsion
coatings, epoxy coatings, polyurethane coatings, and fluorocarbon coatings, etc., which
form a uniform film after application through a chemical reaction or physical process
that covers the surface of the substrate. In the study of Barbucci et al. [15], the water
permeability coefficients of a conventional organic polymer coating coated concrete were
decreased by 72–95% when the film thickness was 0.02–0.04 cm. It has been stated that the
adhesion and cracking bridging capacity of polymer coating are excellent [16], although
the aging problem is prominent.

Certain coatings can react chemically with the surface of the concrete and form sub-
stances that fill the pores of the concrete, such as silicate gels. It is reported that the ethyl
silicate can react with water and calcium hydroxide to generate non-soluble fillers, which
means they serve as a kind of penetrant [17]. In addition, ethyl silicate can also form a
layer of silicate film to play a protective role when coated on the surface of the concrete.
The coatings act as both film protection and penetrant can as sealant [17]. Similar coatings
include alkali-activated cement coatings [18]. When the cement in concrete reacts with wa-
ter, it releases basic ions, such as hydroxide ions (OH−) and calcium hydroxide (Ca(OH)2).
These alkaline substances react with carbon dioxide in the air on the concrete surface to
form carbonates. This process is called alkali excitation. The formation of carbonate helps
to fill the pores of concrete, reduce the penetration of water and harmful substances, and
improve the compactness and durability of concrete [18].

The typical pore liner coatings, i.e., silane-based water repellent agents, can form a
continuous waterproof layer on the concrete surface. The silane-based water repellent
agents penetrate into the micropores and capillary pores in the concrete and form hy-
drophilic silyl compounds. These compounds fill the microscopic pores of the concrete,
reducing the ability of water and dissolved salts to enter the interior of the concrete, thereby
reducing the seepage properties of the concrete [19]. Silane coatings have excellent weather
resistance and can resist the influence of natural environmental factors such as ultraviolet
radiation, high temperature, and humidity changes. These characteristics make the coating
not susceptible to aging, discoloration or failure, and maintain a long-term stable protective
effect. In [20], it was suggested that silane-based coating offered a residual water protection
effect even after 20 years of service, with a confidence level of 97%.

With the continuous progress in the field of coatings, additives and materials science,
as well as people’s concern for environmental protection and sustainable development,
scientists’ research investment in waterproof materials and technologies is increasing, and
continuous innovation in materials, processes and construction technologies has promoted
the development and application of the new technology of hydrophobic composite concrete
coating (Figure 2a). The new hydrophobic coating constructs a hydrophobic layer on the
surface of the concrete, reducing the possibility of surface erosion by water. A common
practice is to construct composite coatings using nanomaterials to modify the coating
substrates composed of low-surface-energy substances [21]. Currently, the primary coating
substrates include polymers, copolymers, and polymer blends [22]. Common nanomaterials
are silica, titanium dioxide, graphene oxide and so on. Mechanical mixing or ultrasonic
dispersion can be used to break the van der Waals forces between nanoparticles [23]. Silane
coupling agents and surfactants can be used to graft functional groups on the surface of
nanoparticles to achieve chemical dispersion [24]. This dispersion of nanoparticles allows
the coated surface to reach or approach a superhydrophobic surface, with a water contact
angle of about 150 degrees [25], as shown in Figure 2b.
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2.3. Measurement Methods for Chloride Resistance of Concrete

The methods for measuring the resistance of concrete to chlorine erosion mainly in-
clude the determination of chloride diffusion coefficient and chemical analysis. The former
includes the standardized steady-state migration method according to NT Build 355 [26],
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the non-steady-state chloride migration test according to NT Build 492 [27] and the rapid
chloride permeability test according to ASTM C1202/97 [28]. It worth noting that the rapid
chloride permeability test can only directly obtain total passed charge in coulombs, which
needs to be converted into the chloride diffusion coefficient by the method proposed by
Luping and Nelson [29]. Chemical analysis of chloride concentration (profile) determina-
tion is usually combined with the bulk diffusion test introduced in NT Build 443 [30] or
ASTM C1556 [31], which is also adopted for chloride resistance determination. In addition,
the chloride concentration profile can be obtained by natural diffusion tests, offering a flexi-
ble simulation method that mimics the actual field environment closely [32–35]. Moreover,
the chloride profiles obtained by in situ RC structures are also capable of chloride resistance
determination [4,20,36–39].

3. Chloride Resistance of Surface-Coated Concrete

This section reviews the experimental and theoretical research on chloride ingress
of surface-coated concrete in terms of various coating material categories, including in-
organic, organic, and organic–inorganic composite coatings. By comparing the results
of different studies, the improvement efficacy in chloride resistance is analyzed and
compared emphatically.

It is worth mentioning that for coatings with the same category, the protection mecha-
nisms may differ from each other.

3.1. Inorganic Coatings

Inorganic coatings typically exhibit superior weather resistance and chemical resis-
tance, and can withstand ultraviolet light, temperature fluctuations, pH changes, and
humidity, offering more stable performance in harsh environmental conditions. Further-
more, inorganic coatings demonstrate better stability and are less prone to decomposition,
especially in the case of fire. In this section, we mainly review the studies on inorganic
coatings. Table 1 lists chloride diffusion coefficients of concrete coated with various kinds
of inorganic materials.

Silicate coating, a typical inorganic coating, has been studied by some researchers
in terms of both mechanism and specific performance. The precise mechanism through
which silicate enhances concrete performance remains uncertain. The silicates act as
penetrants/pore blockers due to the generation of SiO2 precipitate [40]. In the study of
Higgins [41], it is stated that the reaction between concrete components, i.e., water, calcium
hydroxide and the silicates, generate calcium silicate hydrate gel (C-S-H). Another theory
suggests that the silicate gel generated can fill the pores in concrete, thereby improving its
performance [40]. The specific mechanisms of application may vary from case to case. The
study of Moon et al. [5] investigated the chloride resistance of mortar coated with a calcium–
silicate compound by steady-state migration test. The results indicated the calcium–silicate
compound decreased the steady-state chloride diffusion coefficient by 87% and 72% for
high strength and low strength, respectively. The analysis results of mercury intrusion
porosimetry (MIP) and scanning electron microscopy (SEM) demonstrated that the hydra-
tion of the main component in the coating, calcium–silicate, generated water-insoluble
silicate compounds, which fill the pores as micro-fillers and form a very dense film on the
surface of the mortar. The study of Thompson et al. [40] found that the aqueous sodium
silicate coating decreased the electric flux by 45% at 38.6% liquid and 32% at 37.6% liquid.
Their studies also indicated that the concentration of solution affected the improvement
efficacy. Franzoni et al. [42] compared the chloride resistance of concrete coated with an
aqueous sodium silicate solution and an ethyl silicate solution. Their research indicated
that sodium silicate exhibited limited effectiveness in protecting against chloride penetra-
tion, regardless of whether it was combined with nano SiO2. SEM-EDS (energy-dispersive
X-ray spectroscopy) analysis found that the sodium silicate-coated concrete surface showed
deposited layers, which were detached and exhibited some visible cracking. Conversely,
the ethyl silicate coating was compact and less detached, which can be attributed to the

6



Materials 2024, 17, 4121

consolidating effect of the generated amorphous silica gel in the concrete pores (Figure 3).
The study of Pigino et al. [43] showed that ethyl silicate coating decreased the chloride
diffusion coefficients of concrete by 98.5% (from 20.4 × 10−12 m2/s to 0.3 × 10−12 m2/s)
when the w/c is 0.65 and by 98.6% (from 7.6 × 10−12 m2/s to 0.1 × 10−12 m2/s) when the
w/c is 0.45. Sandrolini et al. [44] stated that the superior chloride resistance of ethyl silicate
coating can be attributed to (i) the excellent impregnation ability (3–5 mm depth) due to its
viscosity being relatively low and its monomer size relatively small; and (ii) the pozzolanic
reaction with calcium hydroxide. In addition, ethyl silicate coatings have broad application
potential due to their emission of only volatile and non-destructive by-products during the
hardening process [42].
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Figure 3. The reaction of ethyl silicate coating with concrete: (a) hydrolysis; (b) condensation.

Silane coatings refer to coatings prepared based on silane compounds, i.e., alkoxy
and alkyl silanes, a typical molecular structures of which is shown in Figure 4. The
alkoxy groups can react with surface hydration products to generate a silicon oxide layer.
The alkylic groups possess organic properties, usually highly hydrophilic, making water
molecules tend to form droplets on surfaces and slide off quickly, rather than adsorbing into
the surface. This property allows the silicon oxide layer to prevent moisture penetration
and surface moisture to a certain extent, helping to protect the concrete under the coating
from water erosion and moisture erosion. Medeiros and Helene [6] studied the effectiveness
of silane coating on improving chloride resistance. The results indicated that the silane
dispersed in the water and solvent decreased the chloride diffusivity of saturated concrete
by 9% and 17%, respectively. A similar minor reduction magnitude was reported in another
study, which was 11% and 17% [45]. The study of Nanukuttan et al. [36] investigated the
chloride penetration of silane-coated concrete subjected to a natural environment for up to
7 years. The diffusion coefficients obtained by Fick’s second law fitting were similar for
coated and uncoated conditions. However, in the study of Sakr and Bassuoni [46], the silane
effectively improved the chloride resistance of concrete. For example, the chloride diffusion
coefficient of coated concreted decreased from 97.28 × 10–12 m2/s to 11.50 × 10–12 m2/s
(88% reduction) when the w/c ratio was 0.6. Nevertheless, results from their studies
indicated that in terms of improvement in resistance to physical salt attack or frost attack,
silane coating was ineffective. The incorporation of nanomaterials, i.e., nano-silica or
nano-clay, significantly improved the performance of silane-based composite coating. For
example, the chloride diffusion coefficients further decreased by 58%, 58%, 38% and
2% compared with those of single silane-coated concrete when incorporating 5% and
10% dosages of nano-clay and nano-silica, respectively [46]. The improvement efficacy
of nano-clay was superior to that of nano-silica, which may be due to the fact that the
smaller nano-silica particles are more likely to aggregate and disperse less effectively.
Similarly, Ibrahim et al. [47] reported the chloride resistance improvement efficacy of nano-
silica and nano-calcium carbonate-modified silane coating. The results indicated that the
passing charges decreased by 32% for single silane coating compared to a control group.
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Compared with single silane coating, the incorporation of a 2.5% dosage of nano-silica
showed an 80% decreased passing charge value and 76% for nano-calcium carbonate with
the same dosage. In addition, Gu et al. [48] proposed a superhydrophobic coatings based
on nano-silica-modified isobutyltriethoxysilane. The superhydrophobic cellular coating
was sprayed as the top layer of the coating. The results from rapid chloride migration
tests demonstrated that this coating showed superior chloride resistance. The study of
Schueremans et al. [49] demonstrated the superior long-term effectiveness of silane coatings.
Their findings from on-site experiments concluded that the protection system was still
effective even after 12 years.
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Geopolymer is an inorganic polymer material characterized by the formation of a
three-dimensional network structure through the biochemical reaction of alkaline activators
and silica–aluminum skeleton raw materials (such as metallurgical residues, volcanic ash,
etc.) at low temperatures. Compared to traditional cement-based materials, geopolymers
do not require the use of cement as a cementing material, thus significantly reducing
carbon emissions. Geopolymer has excellent mechanical properties, fire resistance, chemical
stability and corrosion resistance, so it is used as a new inorganic coating material. The study
of Zhuang et al. [50] fabricated a compound geopolymer coating composed of granulated
blast furnace slag and metakaolin. Their studies found that this coating showed optimal
properties when the content of granulated blast furnace slag was 10% at a liquid/solid
ratio of 0.60 mL/g. In another published article [51], they investigated the microstructure
and anticorrosion mechanism of this geopolymer coating. The reaction products between
the geopolymer slurry and the concrete components were compact and the average open
pore size was less than 15 nm. Another typical geopolymer is alkali-activated binder. The
study of Phiangphimai et al. [18] fabricated an alkali-activated cement powder composed
of geopolymer powder, Portland cement and silica fume. They found the chloride diffusion
coefficient of coated concrete decreased by 98% when the ratio of sodium silicate to sodium
hydroxide was 1.0 and 97% when the ratio of sodium silicate to sodium hydroxide was 2.0.

Currently, graphene oxide, a promising nanomaterial, has increasingly garnered
attention in research circles. At present, most practices are to add graphene oxide to
cement slurry to improve its performance. Although this approach can improve the
mechanical performance [52–54] and durability [55] of cement pastes, the efficacy is far
from satisfactory and the fresh mixing performance is adversely affected [56,57]. Antolín-
Rodríguez et al. [58] investigated the effectiveness of graphene oxide as a surface treatment
technique on improving the chloride penetration of coated concrete. Their results showed
the chloride diffusion coefficient determined by rapid chloride migration tests decreased
by 4%, 18.9%, 36.6%, 40.3% and 51% when the graphene oxide contents were 26.2, 52.4,
78.6, 104.8, and 131.1 µg/cm2. In the study of Antolín-Rodríguez [59], the SEM analysis
demonstrated that the microstructure of the surface was densified due to the facilitation
effect of graphene on the hydration process. In another study of Antolín-Rodríguez [60],
the amount of graphene oxide coating significantly showed a direct correlation with the
protection efficacy. However, it is essential to determine an optimal level of graphene oxide
content that strikes a balance between efficacy and economy in the treatment process.
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3.2. Organic Coatings

In this study, coatings made of organic chemicals are classified as organic coatings.
Table 2 lists the chloride diffusion coefficients of concrete coated with various kinds of
organic materials.

Table 2. Chloride diffusivity of concrete coated with organic coating materials.

Ref. Coating Type w/c Chloride Diffusion Coefficient
(D = 10−12 m2/s)/Electric Flux (C)

Test
Method

Control
Group

Coating
Process

[63] Acrylic coating 0.6 6.53D RCMT 14.4D /
[63] Epoxy coating 0.6 0D RCMT 14.4D /
[63] Acrylic coating 0.4 3.86D RCMT 6.9D /
[63] Epoxy coating 0.4 0D RCMT 6.9D /
[64] Acrylic coating, AC1 0.45 2.08D IT 19.18D /
[64] Acrylic coating, AC2 0.45 3.49D IT 19.18D /
[64] Polymer emulsion coating, PE1 0.45 8.40D IT 19.18D /
[64] Polymer emulsion coating, PE2 0.45 15.97D IT 19.18D /
[64] Epoxy coating, EP1 0.45 7.67D IT 19.18D /
[64] Epoxy coating, EP2 0.45 2.59D IT 19.18D /
[64] Polyurethane coating, PU1 0.45 1.83D IT 19.18D /
[64] Polyurethane coating, PU2 0.45 0.70D IT 19.18D /
[64] Chlorinated rubber

coating, CR1 0.45 9.56D IT 19.18D /

[64] Chlorinated rubber
coating, CR2 0.45 8.40D IT 19.18D /

[62] Acrylic sealant 0.45 11.2D FT 9.0D Brushing
[62] Polyurethane sealant 0.45 8.8D FT 9.0D Brushing
[62] Acrylic coating 0.45 9.0D FT 9.0D Brushing
[62] Polyurethane coating 0.45 4.7D FT 9.0D Brushing
[65] Polyurethane–SiO2 (0%) 0.6 2110C RCPT / Spraying
[65] Polyurethane–SiO2 (1%) 0.6 1780C RCPT / Spraying
[65] Polyurethane–SiO2 (2%) 0.6 1520C RCPT / Spraying
[65] Polyurethane–SiO2 (3%) 0.6 1470C RCPT / Spraying
[65] Epoxy resin–SiO2 (0%) 0.6 610C RCPT / Spraying
[65] Epoxy resin–SiO2 (1%) 0.6 450C RCPT / Spraying
[65] Epoxy resin–SiO2 (2%) 0.6 390C RCPT / Spraying
[65] Epoxy resin–SiO2 (3%) 0.6 430C RCPT / Spraying
[65] Polyurethane–TiO2 (0%) 0.6 2110C RCPT / Spraying
[65] Polyurethane–TiO2 (1%) 0.6 1670C RCPT / Spraying
[65] Polyurethane–TiO2 (2%) 0.6 1480C RCPT / Spraying
[65] Polyurethane–TiO2 (3%) 0.6 1720C RCPT / Spraying
[65] Epoxy resin–TiO2 (0%) 0.6 610C RCPT / Spraying
[65] Epoxy resin–TiO2 (1%) 0.6 460C RCPT / Spraying
[65] Epoxy resin–TiO2 (2%) 0.6 430C RCPT / Spraying
[65] Epoxy resin–TiO2 (3%) 0.6 490C RCPT / Spraying

[66] Epoxy coating—submicron/
nano carbon (0%) 0.45 102D PT 134D Soaking

[66] Epoxy coating—submicron/
nano carbon (0.25%) 0.45 98D PT 134D Soaking

[66] Epoxy coating—submicron/
nano carbon (0.5%) 0.45 92D PT 134D Soaking

[66] Epoxy coating—submicron/
nano carbon (0.75%) 0.45 78D PT 134D Soaking

[66] Epoxy coating—submicron/
nano carbon (1.0%) 0.45 70D PT 134D Soaking

[67] Modified acrylic
styrene emulsion 0.5 5.944D RCMT 7.799D /

[10] epoxy glass flake paint 0.6 752C RCPT 2745C Brushing
[10] Polyurethane paint 0.6 550C RCPT 2745C Brushing

[46] Poly(methyl
methacrylate) (PMMA) 0.6 17.5D RCPT 97.28D Brushing

2981C OVF
[46] PMMA/nano-clay (5%) 0.6 4.88D RCPT 97.28D Brushing

832C OVF
[46] PMMA/nano-clay (10%) 0.6 4.86D RCPT 97.28D Brushing

785C OVF
[46] PMMA/nano-silica (5%) 0.6 7.14D RCPT 97.28D Brushing

1012C OVF
[46] PMMA/nano-silica (10%) 0.6 11.30D RCPT 97.28D Brushing

1530C OVF

[46] Poly (methyl
methacrylate) (PMMA) 0.4 11.87D RCPT 20.93D Brushing

1785C 4015C
[46] PMMA/nano-clay (5%) 0.4 4.00D RCPT 20.93D Brushing

569C 4015C
[46] PMMA/nano-clay (10%) 0.4 5.78D RCPT 20.93D Brushing

826C 4015C
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Table 2. Cont.

Ref. Coating Type w/c Chloride Diffusion Coefficient
(D = 10−12 m2/s)/Electric Flux (C)

Test
Method

Control
Group

Coating
Process

[46] PMMA/nano-silica (5%) 0.4 4.70D RCPT 20.93D Brushing
761C 4015C

[46] PMMA/nano-silica (10%) 0.4 10.38D RCPT 20.93D Brushing
1542C 4015C

[47] Vinyl ester 0.6 4485C RCPT OVF Brushing
[47] Vinyl ester/nano-clay (2.5%) 0.6 63C RCPT OVF Brushing
[47] Vinyl ester/nano-clay (5%) 0.6 153C RCPT OVF Brushing
[47] Vinyl ester/nano-CaCO3 (2.5%) 0.6 74C RCPT OVF Brushing
[47] Vinyl ester/nano-CaCO3 (5%) 0.6 44C RCPT OVF Brushing
[47] Vinyl ester 0.4 1576C RCPT 2326C Brushing
[47] Vinyl ester/nano-clay (2.5%) 0.4 10C RCPT 2326C Brushing
[47] Vinyl ester/nano-clay (5%) 0.4 66C RCPT 2326C Brushing
[47] Vinyl ester/nano-CaCO3 (2.5%) 0.4 34C RCPT 2326C Brushing
[47] Vinyl ester/nano-CaCO3 (5%) 0.4 23C RCPT 2326C Brushing

[68] TA coating
(Fe(III))—self-polymerization 0.5 4.97D RCPT 5.2D Soaking

1163C 1617C

[68] TA coating (Fe(III))—one
step method 0.5 4.18D RCPT 5.2D Soaking

1114C 1617C

[68] TA coating
(Fe(III))—multi-step method 0.5 4.13D RCPT 5.2D Soaking

1249C 1617C
[9] TA-APTES-HDTMS (1%) 0.5 779C RCPT 1657.81C Soaking
[9] TA-APTES-HDTMS (3%) 0.5 554C RCPT 1657.81C Soaking
[9] TA-APTES-HDTMS (5%) 0.5 494C RCPT 1657.81C Soaking
[9] TA-APTES-HDTMS (7%) 0.5 429C RCPT 1657.81C Soaking
[9] TA-APTES-HDTMS (10%) 0.5 391C RCPT 1657.81C Soaking
[9] TA-APTES-HDTMS (15%) 0.5 367C RCPT 1657.81C Soaking

[69] D-CO2-monoethanolamine
(MEA) (10%) 0.35 10.7D RCPT 13.3D /

296.09C 339.07C
[69] D-CO2-monoethanolamine

(MEA) (30%) 0.35 9.1D RCPT 13.3D /
285.16C 339.07C

[69] F-CO2-monoethanolamine
(MEA) (10%) 0.35 13.6D RCPT 13.3D /

336.30C 339.07C
[69] F-CO2-monoethanolamine

(MEA) (30%) 0.35 13.5D RCPT 13.3D /
336.00C 339.07C

[69] D-CO2-monoethanolamine
(MEA) (10%) 0.4 13.0D RCPT 18.1D /

339.10C 458.9C
[69] D-CO2-monoethanolamine

(MEA) (30%) 0.4 12.4D RCPT 18.1D /
293.77C 458.9C

[69] D-CO2-monoethanolamine
(MEA) (10%) 0.5 19.0D RCPT 20.4D /

440.86C 539.43C
[69] D-CO2-monoethanolamine

(MEA) (30%) 0.5 18.2D RCPT 20.4D
539.43D /

Conventional organic coating refers to coatings made from organic polymers, in-
cluding resins, solvents, and additives. Common organic polymers are polyester resin,
polyacrylic resin, polyurethane resin, and so on. Aguiar et al. [63] evaluated the effect of
acrylic and epoxy polymeric coatings on chloride penetration resistance of concrete. The
results indicated that use of both acrylic and epoxy coatings contributed to a significantly
decreased chloride diffusion coefficient. In the presence of epoxy resin coating, the diffusion
coefficient of concrete even achieved null. Almusallam et al. [64] investigated five generic
types of polymeric coatings. The acrylic, polymer emulsion, epoxy polyurethane, and
chlorinated coating decreased the chloride diffusion coefficients by 89%/82%, 56%/17%,
60%/86%, 90%/96%, and 50%/56%, respectively. The values before and after the slash “/”
represent that the same coating comes from different manufacturers. This suggests that the
determination of coating efficacy should rely on preliminary tests rather on the types alone.
Shi et al. [67] investigated the improvement effect of a modified styrene–acrylic emulsion on
chloride diffusion of coated concrete. Compared with a control group, the penetration depth
decreased from 18.5 mm to 13.25 mm, and the diffusion coefficient decreased by 24% with
polymer thickness of 70 µm. Li et al. [10] investigated and compared the chloride resistance
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and service life prediction of epoxy glass-flake paint, polyurethane paint, cement-based
permeable crystallization waterproof coating, and silane-based water-repellent coating.
The results indicated that the corresponding coulomb electric flux decreases were 92%,
90%, 73% and 80%. Although the chloride resistance of polymer coatings was superior to
silane coatings, the aging test results indicated that weather fastness of silane was more
superior. The excellent weather resistance of silane has also been reported in the study of
Christodoulou et al. [20], which stated that even after 20 years, the silane impregnation still
exhibited a residual hydrophobic effect. Qu et al. [65] studied the improvement effect of
nanomaterial-modified water-based polyurethane and epoxy resin coatings on chloride
resistance of coated concrete. The addition of nano-SiO2 and nano-TiO2 improved the
coulomb electric flux of neat resin coated concrete by 51–74% and 24–27%, respectively. In
addition, the nanomaterials also improved the anti-aging capability of water-based organic
coatings. The long-term anti-aging capability improvement effect of nano-TiO2 was more
significant than that of nano-SiO2. Basha et al. [66] investigated the improvement effect
of epoxy coating modified by submicron/nano-carbon obtained from the waste material
generated from heavy fuel oil ash combustion. The results indicated the submicron/nano-
carbon with dosage of 1% performed best in increasing the chloride resistance of coated
concrete (with 66% reduction). In brief, nanomaterials show promise in enhancing the
performance of conventional organic coatings by effectively filling micropores and the
hydrophobic effect, as shown in Figure 5.
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Although conventional organic coatings show predominance in chloride resistance
improvement, their defects, i.e., bringing toxic by-products during the production process
and releasing voltaic organic compounds during the coating process, are also trouble-
some. Thus, the research community have tried to fabricate novel environmentally friendly
anti-corrosion coatings. Inspired by the robust adhesion between mussels and rock, a
bionic coating for mussels based on polyphenol material tannic acid (TA) for concrete
protection was proposed by Xiao et al. [68]. The results indicated the TA-trivalent iron
cation (Fe(III)) coating showed comparable chloride resistance improvement effect to
conventional organic coatings. On this basis, Liao et al. [9] performed hydrophobic modifi-
cation of the TA coating, seeking to further improve the performance of the coating. They
utilized the organosilicon compound hexadecyltrimethoxysilane (HDTMS) to modify a
TA-aminopropyltriethoxysilane (APTES) coating and successfully fabricated a hydrophobic
nanocomposite coating. They also investigated the effect of TA, APTES, and HDTMS con-
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centration on coating performance and fabricated an optimal TA–APTES–HDTMS coating.
The coulomb electric flux was decreased by more than 70% after coating. Additionally,
methyl methacrylate and vinyl ester, which are not adequately effective to protect con-
crete from chloride erosion alone, can also be used in combination with nanomaterials
for hydrophobic modification and performance improvement. In the study of Sakr and
Bassuoni [46], the chloride resistance of sole and nano-clay- or nano-silica-modified methyl
methacrylate-coated concrete was investigated. The results indicated that the incorporation
of 5% nano-clay, 10% nano-clay, 5% nano-silica, and 10% nano-silica decreased the diffusion
coefficients by 66%/72%, 51%/72%, 60%/59%, and 12%/35%, respectively. The values
before and after the slash “/” represent substrate concretes with w/c of 0.4 and 0.6. In the
study of Ibrahim et al. [47], they investigated the chloride resistance of sole and nano-clay-
or nano-CaCO3-modified vinyl ester-coated concrete. The results indicated that both 2.5%
and 5% nano-clay or nano-CaCO3 incorporated vinyl ester-coated concrete showed almost
100% decreased coulomb electric flux compared with neat vinyl ester-coated concrete. In
addition, Kong et al. [70] synthesized a sustainable superhydrophobic concrete coating
by micro-diatomaceous earth, nano-Al2O3, and stearic acid, which exhibited excellent
anti-corrosion performance on electrochemical corrosion tests. Luo et al. [71] successfully
fabricated a robust superhydrophobic coating with myristic acid and ZrO2 particles. How-
ever, the chloride resistance of this novel hydrophobic coating has not been investigated.

In the study of Han et al. [69], the chloride resistance improvement effect of CO2
dissolved monoethanolamine (MEA) on coated concrete was investigated. The HCO3

−

and CO3
2− in CO2-dissolved MEA solution can react with the hydration product, i.e., Ca

(OH)2, C3S, and C2S, to generate calcium carbonate precipitation, which can act as filler to
densify the surface of the concrete substrate. The test results indicated that the performance
of this coating was affected by various factors, i.e., MEA concentration, the quality of the
substrate, coating time and pre-condition method. The treatment of this coating with a 10%
dosage of MEA on concrete with 0.4 w/c ratio showed optimal chloride resistance (with
31.5% reduction).

3.3. Organic–Inorganic Composite Coatings

Organic–inorganic composite coating refers to the coating system that contains both
organic and inorganic components. It is worth noting that the composite coatings made
by combining an organic resin (such as a polymer) with an inorganic material (such as
silica, zinc oxide, etc.) or inorganic particles (such as nanoparticles) belong to this type,
which have been detailed in previous sections. In this section, the polymer-modified ce-
mentitious/geopolymer coatings are mainly focused on. Table 3 lists the chloride diffusion
coefficients of concrete coated with various kinds of organic–inorganic composite coatings.

Zhang et al. [62] analyzed and compared the interfacial chloride concentration and
pseudo-chloride diffusion coefficient of acrylic-modified cementitious coating and other
pure polymer coatings. The results showed that the interfacial chloride concentration
of composite coating-treated concrete was far lower than that of untreated concrete, but
higher than that of sole acrylic- or polyurethane-treated concrete. The same was found
for the pseudo-diffusion coefficients. Diamanti et al. [72] investigated the influence of
polymer–cement ratio on the improvement efficiency of acrylic-modified ordinary Portland
cement coating in chloride resistance of coated concrete. The results indicated that the
coating porosity decreased with increasing polymer content, and thus the effectiveness of
the barrier to chloride ingress was increased. Liang et al. [73] investigated the influence of
fiber introduction on the protection effectiveness of silicone-modified polyacrylate modi-
fied calcium sulfoaluminate cement coating. The results indicated the polypropylene fiber
showed obvious effects in improving the tensile strength, bonding strength, wear resistance,
and anti-UV aging resistance, and the chloride penetration resistance was significantly
increased (with 49% reduction rate compared to uncoated concrete). Zhang et al. [74]
proposed a waterborne epoxy resin and silane coupling agent-modified metakaolin-based
geopolymer coating, which exhibited excellent performance in shrinkage reduction, ad-
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hesion, anti-abrasion, and chloride corrosion resistance. However, the specific chloride
resistance has not been investigated yet.

Table 3. Chloride diffusivity of concrete coated with organic–inorganic composite coating materials.

Ref. Coating Type w/c Chloride Diffusion Coefficient
(D = 10−12 m2/s)/Electric Flux (C)

Test
Method

Control
Group

Coating
Process

[10] Cement-based permeable
crystallization waterproof coating 0.6 279C RCPT 2745C Brushing

[62] Two-component acrylic-modified
cementitious coating 0.45 4.7D FT 9.0D Brushing

[72] Acrylic–cementitious coating
(PC ratio of 0.35) 0.65 0.50D SSM 8.03D /

[72] Acrylic–cementitious coating
(PC ratio of 0.55) 0.65 0.28D SSM 8.03D /

[72] Acrylic–cementitious coating
(PC ratio of 0.35) 0.5 0.13D SSM 2.41D /

[72] Acrylic–cementitious coating
(PC ratio of 0.55) 0.5 0.15D SSM 2.41D /

[73]
Silicone-modified

polyacrylate-modified
cement-based coating

/ 2665.42C RCPT 4054.00C /

[73]

silicone-modified
polyacrylate-modified
cement-based coating

incorporating polypropylene fiber

/ 2070.64C RCPT 4054.00C /

4. Modeling Chloride Penetration into Surface-Coated Concrete

The goal of modeling chloride penetration into concrete is to predict chloride con-
centration profiles, which are crucial for determining the chloride concentration at the
reinforcement depth and thus forecasting the service life of the concrete structure. Chloride
transport in coated concrete is influenced by several factors, including both the properties
of the concrete substrate and coating. Current studies on chloride transport modeling
typically treat coated concrete as a bilayer material [75] consisting of the treated layer and
the substrate layer, as illustrated in Figure 6. In the case of coatings with a film-forming
mechanism, the treated layer represents the additional physical layer formed by the coating.
For coatings that function through a pore-blocking mechanism, the treated layer corre-
sponds to the concrete surface layer that has been impregnated with coating materials.
However, for coatings that employ a pore-liner mechanism, there is currently a lack of
specific chloride transport modeling approaches.

Compared to the chloride profiles in uncoated concrete, the chloride profiles in coated
concrete often appear as a piecewise function, as illustrated in Figure 7. This is due
to the differing diffusion coefficients between the treated layer and the substrate layer.
Moradllo et al. [36,37] fitted the analytical solution of Fick’s second law (Equation (1))
directly to the chloride profiles of untreated substrate concrete, without accounting for the
chloride profiles of the surface-treated layer. The obtained surface chloride concentration is
termed interfacial chloride concentration Ci; and the obtained diffusion coefficient Da is
termed pseudo-diffusion coefficient [62]. In the study of Moradllo et al. [36,37], the pseudo-
diffusion coefficient was firstly smaller than the true diffusion coefficient of the substrate
concrete D0, and then increased to over D0 with the degradation of coating materials. To put
it simply, both Ci and pseudo-diffusion coefficients are time-dependent, which violates the
premise for the existence of the simple closed-form solution (Equation (1)), that is, both Ci
and pseudo-diffusion coefficients are assumed to be constant. For remedying this limitation,
Petcherdchoo [17] proposed a time-dependent pseudo-coating model (Equation (2)). This
model was validated by comparison with experimental data:

C(x, t) = Ci
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where Da denotes the obtained apparent diffusion coefficient; Ci denotes the interfacial
chloride concentration; t denotes exposure time; D28 denotes the initial chloride diffusion
at 28 days’ curing; m denotes the aging coefficient; C0,l denotes the initial chloride content;
and kl is the fitting constant.
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The pseudo-diffusion coefficient is affected by multiple factors and mechanisms, such
as the diffusion properties of both treated and substrate layers and chloride binding. In
some cases, integrating multiple factors into a one-parameter pseudo-diffusion coefficient
may make decisions more efficient. At the same time, some information may be lost or
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blurred, because the uniqueness of specific factors may be consolidated into an average
or composite value, making decisions based on this integrated value unreasonable and
unscientific. To remedy this limitation, Zhang et al. [76] adopted the finite difference
method to solve the chloride diffusion model in saturated coated concrete. In the diffusion
model (Equations (3)–(6)), the properties of both treated layer and untreated substrate layer
are separately considered. It is worth noting that the water-percolated porosity rather than
the total porosity of the treated layer is used. It is necessary to use the water-percolated
porosity, which contributes to chloride diffusion. For instance, the silane coating may
not alter the total porosity, but obviously decreases the water-percolated porosity. In
addition, Zhang et al. [76] analyzed the dependence of the pseudo-diffusion coefficient on
the chloride diffusion coefficient of treated layer Dst, water-percolated porosity Pst, and the
thickness of treated layer Tst. The results indicated that the pseudo-diffusion coefficient
decreased with Tst, but increased with Pst and Dst.

∂C
∂t

=
∂

∂x

(
D

∂C
∂x

)
(3)

The initial condition:
C = 0, t = 0, x ≥ 0 (4)

Boundary conditions:
x = ∞, C = 0; x = 0, C = C0, t > 0 (5)

where C0 denotes the external chloride content.
The continuity conditions in the interface of the treated layer and concrete substrate layer:

PstDst
∂C
∂x

∣∣∣
x=Tst

= PsuDsu
∂C
∂x

∣∣∣
x=Tst

Cst = Csu
(6)

where Pst denotes water-percolated porosity; Psu denotes the porosity of untreated concrete
substrate; and Dst and Dsu denote the chloride diffusion coefficient of treated layer and
untreated concrete substrate, respectively. Cst and Csu denote the interfacial chloride
content; and Tst denotes the thickness of treated layer.

Although the finite difference method can solve the chloride concentration profile, the
calculation process is inefficient due to the low thickness of the treatment layer and the
high requirement of space division. This limitation is especially prominent in the reliability
calculation based on the Monte Carlo method. In response to this, Wang et al. [77] proposed
an efficient mathematical method for predicting chloride transport in bilayer materials,
that is, a rapid numerical approach. The diffusion equation is usually a partial differential
equation with time and space variables. According to the separation-of-variables method,
the function of the change in chloride ion concentration with respect to time and space can
be written as the product of the part that depends only on space x and the part that depends
only on time t, as in Equation (7). The analytical solution in Equation (7) is only valid when
the diffusion coefficient is constant. By a step function, the chloride diffusion coefficient can
be considered constant at each time step that is small enough. This approximation method
allows the realization of rapid calculation, which significantly improves the calculation
efficiency [75]:

C(x, T) = C0 +
∞

∑
n=1

An fn(xn, λn) exp
(
−λ2

nt
)

(7)

where An is a coefficient that can be determined by known conditions; fn is a function that
can be determined by known conditions; λn and is the characteristic root.

5. Outlook

Effective coating materials for improving the chloride resistance of concrete have
been widely developed and investigated, but more targeted studies are needed to quantify
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chloride transport behavior in coated concrete in the natural environment. This section
presents an outlook for future research based on current studies regarding the chloride
resistance of surface-coated concrete. Future research can focus on the following areas.

(i) There is significant disagreement in current research regarding the efficiency of
silane-based coatings in enhancing concrete’s resistance to chloride. Further detailed studies
are needed, preferably considering the effects of coating processes, coating concentration,
and the properties of concrete itself on improvement efficiency.

(ii) Although traditional coatings have demonstrated excellent performance in enhanc-
ing concrete’s resistance to chloride, their environmental pollution limits their widespread
use. Future work shall focus on developing green, environmentally friendly, safe, efficient,
and low-cost multifunctional composite coatings.

(iii) Existing studies indicate that coating processes, sources of coating raw materials,
and concentration ratios all influence the effectiveness of coatings in enhancing resistance
to chloride. Further research should address this point specifically.

(iv) While current research has investigated the resistance of coatings to chloride, the
focus has primarily been on short-term performance and laboratory studies. Long-term
field tests should be conducted to gather data on the chloride ion transport behavior of
coated concrete under natural climatic conditions.

(v) Current chloride transport modeling of coated concrete only considers diffusion
mechanisms or modified parameters based on Fick’s diffusion law to incorporate convec-
tive phenomena. The effect of coatings on moisture transport, bound and free chloride
conversion, etc., behaviors also need to be considered. Moreover, the change in the treated
layer properties with time will obviously affect the interfacial chloride concentration, thus
affecting the chloride transport behavior. In future research, an effective model with inter-
pretability, strong predictive ability, and practical application feasibility shall be developed,
which can help to predict the service life.

(vi) The determination of the porosity, chloride profiles, and diffusion coefficient of
the treated layer is still unclear, for which advanced techniques may be required to address
this limitation.

(vii) The application and selection of coating shall consider the sustainability of coated
concrete, including material selection, life cycle costs, and environmental impact assess-
ments, to promote its widespread use in engineering practice.

Through the in-depth exploration of the above research directions, the performance
and reliability of coated concrete in practical applications can be further improved, and
more sustainable and durable solutions can be provided for engineering construction.

6. Conclusions

Concrete coatings have increasingly garnered attention for their promising potential
in enhancing the chloride resistance of concrete structures, whether they are new or in
service. A comprehensive review of reported studies on chloride penetration of coated
concrete is presented in this study, including a specific elaboration of protection mech-
anisms, discussion of chloride resistance enhancement efficiency, summary of chloride
transport modeling methodologies, and outlook for future research directions. For protec-
tion mechanisms, coatings can serve as continuous compact physical barriers, penetrants,
waterproof films, or a combination of these three roles. Special emphasis shall be placed
on identifying protective mechanisms, which may significantly influence the effectiveness,
deterioration, and methodologies used to quantify chloride transport in the coatings. For
chloride resistance enhancement efficiency, this study has thoroughly reviewed and com-
pared the data reported in current studies. Although a great volume of research has been
conducted in this field, few studies can provide data for quantitatively analyzing chloride
transport behavior, especially for long-term in situ data, which are crucial for practical
application. For modeling of chloride transport, the current methodologies can provide
a rough quantification of chloride concentration profiles. More accurate physical models
shall be developed in future research. Overall, while substantial progress has been made
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in developing effective coatings and studying the chloride resistance of coated concrete,
further research and development in this critical area are necessary to enable broader
applications of coatings in marine engineering.
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Abstract: With the increasing depletion of high-quality raw materials, siliceous limestone, sandstone
and other hard-to-burn raw materials containing crystalline SiO2 are gradually being used to produce
clinker. This study investigates the influence of the quartz content and particle size in siliceous
limestone on the calcination process and the resultant quality of cement clinker. Two different
siliceous limestones were grinded to different fineness, and calcinated with some other materials.
The content of the clinkers was analyzed with the XRD–Rietveld method and the microstructure
of the clinkers was observed with laser scanning confocal microscopy (LSCM) and field emission
scanning electron microscopy (FESEM). Three key outcomes of this study provide new insights on
the use of siliceous limestone in cement production, namely that (i) reducing the fineness values of
siliceous limestone from 15% to 0% of residue on a 0.08 mm sieve decreases the quantity of these
larger quartz particles, resulting in an increase in C3S content by up to 8% and an increase in 28d
compressive strength by up to 4.4 Mpa, which is 62.30 Mpa; (ii) the morphology of quartz—either
as chert nodules or single crystals—affects the microstructure of C2S clusters in clinker, finding that
chert nodules result in clusters with more intermediate phases, whereas large single crystals lead
to denser clusters; (iii) the sufficient fineness values of siliceous limestone SL1 and SL2 are 5% and
7% of residue on a 0.08 mm sieve, respectively, which can produce a clinker with a 28d compressive
strength greater than 60 Mpa, indicating that for different kinds of quartz in siliceous limestone,
there is an optimum grinding solution that can achieve a balance between clinker quality and energy
consumption without having to grind siliceous limestone to very fine grades.

Keywords: siliceous limestone; clinker; quartz; microstructure; fineness

1. Introduction

Carbon emission reduction in the cement industry is a key and difficult issue in
the implementation of the “double carbon” goal. SiO2 is the main component of cement
raw meal [1], and the crystalline SiO2 in raw meal has a decisive influence on the energy
consumption and clinker quality during the process of calcination. With the increasing
depletion of high-quality raw meal, siliceous limestone, sandstone, shale and other hard-
to-burn raw meal containing crystalline quartz are gradually being used to produce
cement clinker. Studies have shown that the large-size quartz in the raw meal are weak
to abrasion, and may influence the burnability of raw meal and the resultant quality of
cement clinker [2,3]. The question of how to solve the problem of clinker performance
degradation caused by large-size quartz is of great importance to improve clinker strength
and reduce the energy consumption of clinker production.
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SiO2, as the main component of Portland cement raw meal, mainly exists in the form
of quartz minerals and silicate minerals in the raw meal. Quartz is a stable tetrahedral Si-O
structure, with a melting point higher than the clinker calcination temperature, making it
difficult to depolymerize into more reactive [SiO4]4− structure; hence, its ability to combine
with CaO to form C2S and C3S is poor compared to silicate minerals, which is unfavorable
for clinker calcination [4]. Quartz undergoes polymorphic transformations at different
temperatures, but its tetrahedral Si-O structure does not change; thus, its impact on clinker
calcination is still noticeable. However, research has found that the reactivity of different
polymorphs of quartz crystals with CaO does show some differences, typically increasing
in the following order: α-quartz < chalcedony < α-tridymite < α-cristobalite < amorphous
SiO2 [5,6]. Besides, the particle size and content of quartz are other key factors affecting the
calcination of raw meal [7–11].

Currently, it is widely believed that the fineness of quartz particles in raw meal
significantly affects the calcination of clinker [7,8,12–16]. Quartz particles mainly consist
of quartz crystals of various shapes and sizes. Fundal and Christensen et al. [7,17,18]
have proposed that quartz particle sizes exceeding 45 µm can adversely affect clinker
calcination, whereas quartz particles smaller than 45 µm do not impact the reactivity of
raw meal. Jiang et al. [19] investigated the distribution of quartz particles in different
sandstone powders after grinding and their relationship with the content of f-CaO in the
clinker. They found that the coarse quartz particle (125–160 µm) content has a correlation of
about 95% with the content of f-CaO, while quartz particles smaller than 30 µm only have
a correlation of about 50% with the content of f-CaO, indicating that the larger the quartz
particles, the greater the impact on the content of f-CaO. Zhang [9] has used quartz-based
sandstone of different levels of fineness to produce clinker, studying the effect of quartz
particle fineness on the content of f-CaO in the clinker. It was pointed out that when the
sieve residue of quartz particles exceeds 0.89% at 80 µm, the content of f-CaO will exceed
1.5%. It is generally believed that the impact of quartz crystals on calcination is that quartz
crystals affect the formation of belite, thereby affecting calcination and leading to a decline
in quality [15]. However, some studies have pointed out that coarse quartz particles react
with CaO to form different belite clusters. The surface of these belite cluster is dense, which
hinders the reaction between belite and CaO, thus affecting the formation of alite [20,21]
and leading to an increase in the content of f-CaO [22–24].

The current research on the impact of quartz fineness on calcination is primarily
focused on quartz particles, which are mixtures composed of quartz crystals of various
shapes and sizes, and other minerals. This complex and diverse structure cannot accurately
reflect the reaction processes of different quartz crystals and its influence on the calcination
of clinker [25]. Therefore, further studies are needed, and so the purpose of this paper is to
investigate the effect of the fineness and morphology of quartz in siliceous limestones on
the calcination process and quality of the clinker. Two siliceous limestones with different
morphologies of quartz from China were used. The internal standard methods of X-
ray diffraction (XRD) and polarizing microscope analysis were chosen to analyze the
distribution of quartz in raw meal. The XRD–Rietveld method [26] was chosen to determine
the quantity of clinker minerals, and laser scanning confocal microscopy (LSCM) was used
to analyze the microstructure of the clinker. Field emission scanning electron microscopy
(FESEM) equipped with EDS was used to analyze the elemental distribution of clinker
minerals. This investigation is anticipated to advance the knowledge on quartz’s role
in clinker calcination, and offer practical insights for improving the efficiency of clinker
calcination using siliceous limestone.

2. Materials and Methods
2.1. Materials

Siliceous limestones SL1 and SL2, derived from Hongshi Cement Company located in
Sanming, Fujian, China and Southwest Cement Company located in Guiyang, Guizhou,
China, were used. Limestone L1, sandstone S1, aluminum corrective material FA, iron
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corrective material IS and coal derived from South Cement Company located in Hefei,
Anhui, China were used. Table 1 shows the chemical compositions of the raw materials
analyzed according to the standard GB/T 176-2017 [27], with Thermo ARL 9900 X-ray
fluorescence (XRF) (Waltham, America). Siliceous limestones SL1 and SL2 contained 27.02%
and 6.48% SiO2, respectively. While SL1, SL2 and limestone L1 contained 37.00%, 50.91%
and 53.84% CaO, respectively. Siliceous sandstone S1 contained 73.08% SiO2. Aluminum
corrective material FA contained 24.94% Al2O3, and iron corrective material IS contained
45.57% Fe2O3. Figure 1 shows the XRD patterns of three types of limestone determined
according to JY/T 0587-2020. The ICSD card numbers indicating the types of calcite and
quartz minerals in SL1, SL2, and L1 are 079674 and 083849, respectively [28]. The mineral
content of three limestones were collected on a Rigaku Smartlab 3 kW diffractometer
(Tokyo, Japan) using Cu Kα1 radiation (λ = 0.154 nm), operated in the reflection geometry
(θ/2θ) at room temperature, and the X-ray tube was operated at 40 kV and 30 mA. For the
sample powders, data were collected between 5◦ and 70◦, with a scanning speed of 5◦/min.
Limestones SL1, SL2 and L1 were mainly composed of calcite. Siliceous limestones SL1 and
SL2 contained some quartz, while limestone L1 contained a small amount of quartz. The
quartz content in siliceous limestones SL1 and SL2 is 21.7 wt% and 5.4 wt%, obtained by
the XRD internal standard method.

Table 1. Chemical composition of the raw materials.

Samples
Chemical Composition/wt.%

LOI SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O SO3 Total

Siliceous
limestone SL1 28.33 27.02 2.16 0.48 37.00 3.80 0.17 0.07 0.07 99.10

Siliceous
limestone SL2 40.08 6.48 1.08 0.24 50.91 0.24 0.16 0.05 0.07 99.31

Limestone L1 42.83 0.45 0.33 0.12 53.84 0.26 0.03 0.03 0.05 97.94
Sandstone S1 7.25 73.08 3.84 7.21 5.12 0.49 0.71 0.06 0.09 97.85

Fly ash FA 6.29 57.42 5.73 24.94 1.83 1.45 0.67 0.51 0.07 98.91
Iron slag IS 19.34 6.48 45.57 2.24 15.24 3.99 0.51 0.55 0.11 94.03

Coal ash CA 0.45 50.39 5.48 36.30 4.22 0.24 - - 0.08 97.16Materials 2024, 17, x FOR PEER REVIEW 4 of 21 
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Figure 1. X-ray diffraction patterns of siliceous limestone SL1, SL2 and limestone L1.

Figure 2 demonstrates cross-polarized images of the siliceous limestones from thin
sections. The morphology of quartz in SL1 and SL2 varies considerably. Siliceous limestone
SL1 is mainly composed of chert nodules and calcite, and the chert nodules range from 300
to 2500 µm, composed of less than 110 µm quartz crystal. Siliceous limestone SL2 mainly
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consists of calcite and quartz crystals, and the crystal size of quartz in SL2 ranges from 50
to 5500 µm.
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Figure 2. Petrographic microstructure of siliceous limestones (a) SL1 and (b) SL2.

2.2. Analytical Methods
2.2.1. Product Fineness

Cement test ball mill SM-500 is used to produce different fineness raw meal. Siliceous
limestones SL1 and SL2 are ground to 20 ± 2%, 15 ± 2%, 10 ± 2%, 7% ± 2% and 0% of
residue on an 80 µm sieve, while limestone L1 is ground to 10 ± 1% of residue on an 80 µm
sieve. Aluminum corrective material and iron corrective material are ground to 20 ± 1%
of residue on an 80 µm sieve. Pulverized coal is calcined to coal ash and then mixed at
1.5 wt.% with other raw meal.

Based on the three modulus values of the Southwest Cement Company, the lime
saturation factor (KH), silica modulus (SM), and alumina modulus (IM) are set to the
following values: KH: 0.90 ± 0.02, SM: 2.20 ± 0.02 and IM: 1.50 ± 0.02. As shown in
Figure 3, siliceous limestones SL1 and SL2 of different fineness were mixed with other
corrective materials and pressed to form a 60 mm × 60 mm × 10 mm rectangular specimen.
The raw mix design is presented in Table 2. The specimens were then thermally treated in
an electric furnace at a heating rate of 5 ◦C/min to 900 ◦C and then held for 30 min, and
continued to be heated at a rate of 5 ◦C/min to 1450 ◦C and held for 30 min, and were then
cooled rapidly in air.
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Table 2. Raw mix design.

No.
Raw Materials/%

Siliceous
Limestone SL1

Siliceous
Limestone SL2

Limestone
L1

Sandstone
S1

Fly Ash
FA Iron Slag IS Coal Ash

CA

1 - 83.5 - 2.6 7.2 5.4 1.5
2 23.6 - 61.5 - 8.3 5.1 1.5

2.2.2. Measurement of Quartz Content in Siliceous Limestones

The internal standard method of X-ray diffraction was used for the quantitative
measurement of quartz in siliceous limestones. CaCO3 and SiO2, with analytical purity,
were used to prepare the mixtures used for the determination of the work curve. The batch
of the mixture is listed in Table 3. A total of 50% TiO2 with analytical purity was used as
the internal standard substance, and mixed with the prepared mixtures. The X-ray powder
diffraction data were collected by the Rigaku Smartlab 3kW diffractometer at 25 ◦C. X-ray
scanning was carried out at a diffraction angle of 24◦ to 28◦ in steps of 1◦ per minute. The
obtained data include the strongest peak of TiO2 and the strongest peak of SiO2, as shown
by Figure 4. The established relationship between the content of quartz and the ratio of
the peak intensity of quartz to TiO2 in the mixtures of calcite, quartz, and TiO2 is shown in
Figure 5. Figure 5 presents the y-axis of the content of quartz in mixtures as a function of
the (x-axis) ratio of the peak intensity of quartz and TiO2. A best fit linear equation and the
corresponding R2 for the eight data points are shown in Figure 5.

Table 3. Composition of mixtures for determination of work curve.

Sample 1 2 3 4 5 6 7 8

CaCO3 10% 20% 40% 50% 60% 70% 80% 90%
SiO2 90% 80% 60% 50% 40% 30% 20% 10%
Total 100% 100% 100% 100% 100% 100% 100% 100%
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Figure 5. The relationship between the content of quartz and ratio of the peak intensity of quartz to
TiO2 in the mixtures of calcite, quartz and TiO2.

Siliceous limestones with different fineness were dissolved by 1:1 dilute hydrochloric
acid solution, filtered, and then dried in an oven at 105 ◦C for 12 h to obtain the acid
insoluble content of different siliceous limestones. After that, the acid insoluble was mixed
with 50% analytically pure TiO2 powder, and was analyzed with Rigaku Smartlab 3 kW
diffractometer in the 2θ range from 24◦ to 28◦ in steps of 1◦ per minute. The peak intensity
of quartz and TiO2 was calculated, and the content of quartz in siliceous limestones was
determined according to Figure 5.

2.2.3. Quantification of Clinker Minerals

The calcined clinker was finely ground by a vibrating mill to pass through a 0.08 mm
sieve. The free lime content in clinker was detected according to the glycol method in GB/T
176-2017. The XRD–Rietveld method was used to determine the content of C3S, C2S, C3A
and C4AF, respectively. The data were collected by a Rigaku Smartlab 3 kW diffractometer
from 5◦ to 65◦ (2θ) at a rate of 1◦/min. The X-ray tube worked at 40 kV and 30 mA, and
the quantitative analysis was performed with the Rietveld method using HighScore Plus
3.0e software.

2.2.4. Microstructure Analysis

The calcined clinker was crushed and sieved to a particle size range of 2.5–5.0 mm.
The selected clinker particles were inlaid with epoxy resin and cured in an oven at 40 ◦C to
prevent excessive epoxy from penetrating into the clinker pores. Then, the samples were
finely polished with the Buehler AutoMet 250 Grinder Polisher System (Lake Country,
America) to ensure that no scratches were visible on the polished surface. A 1 wt% NH4Cl
solution was selected to etch the polished surface to make each mineral show different
colors in the optical microscope. The polished surface was immersed in 1 wt% NH4Cl
solution for 4–6 s and dried quickly with a hair dryer. An OLS4000 3D measurement laser
confocal microscope (LSCM) (Tokyo, Japan) was used to observe the microstructure of the
clinker phases and the distribution of the clinker minerals. Zeiss Ultra-55 field emission
scanning electron microscopy (FESEM) (Jena, Germany), equipped with Oxford EDS in
working condition with a 10–15 kV accelerating voltage and a vacuum environment of
1 × 10−5 bar, was used to analyze the elemental distribution in the clinker calcinated by
siliceous limestones SL1 and SL2.
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2.2.5. Mechanical Property

The flexural and compressive strength of the cement clinker were tested according to
the standard GB/T 17671-2021 test method of cement mortar strength [29]. The different
clinkers were mixed with 5 wt.% gypsum and ground in a ball mill to form a cement
with a specific surface area of 345 m2/kg. The mortar samples were molded to a size of
40 mm × 40 mm × 160 mm with a water to binder ratio of 0.5, and cured in a curing
chamber at a relative humidity of more than 98% and a temperature of 20 ± 1 ◦C. The
flexural and compressive strength of the specimen were measured at 28 days, and the
instrument used was an ETM Series F electronic universal testing machine from Shenzhen
WANCE Test Equipment Co., Ltd (Shenzhen, China).

3. Results
3.1. Quartz Distribution in Different Particle Size of Siliceous Limestones
3.1.1. Content of Quartz in Different Particle Size of Siliceous Limestones

Based on the internal standard method, the content of quartz in siliceous limestones
SL1 and SL2 were 21.7% and 5.4%, respectively. After grinding, the fineness values of
siliceous limestone SL1 were 19.41%, 14.28%, 9.32%, 5.10% and 0% of residue on an 80 µm
sieve, respectively. While the fineness values of SL2 were 20.22%, 16.34%, 11.39%, 6.86%
and 0% of residue on an 80 µm sieve, respectively. Figure 6 shows the content of quartz in
different particle sizes of siliceous limestone SL1 and SL2. It can be seen from Figure 6a,b
that for different fineness values of siliceous limestone, when the particle size is large than
0.045 mm, the content of quartz in different particle size series is larger than the average
quartz content in the siliceous limestone, which means large grain size quartz crystals and
chert are more difficult to grind than calcite. Additionally, for particle sizes greater than
200 µm, the content of quartz continues to decrease as the fineness of the siliceous limestone
decreases from 20% to 7%, while for other particle size ranges, the trend is not consistent.
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3.1.2. Microstructure of Quartz with Different Particle Size 

Figure 6. Content of quartz in different particle sizes of siliceous limestones: (a) SL1 and (b) SL2.

Figure 7 shows particle size distribution of different fineness values for siliceous
limestones. It can be seen from Figure 7a,b that for siliceous limestone with different
fineness values, when the particle size is greater than 0.08 mm, the powder content of each
particle size gradually decreases. However, for particles with sizes between 0.045 mm and
0.08 mm, the powder content increases, indicating that with the decrease in fineness, the
siliceous limestone powder is mainly concentrated below 45 µm.
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Figure 8. Distribution of quartz content by particle size introduced by different fineness values of 

siliceous limestones in the raw meal: (a) SL1 and (b) SL2. 

3.1.2. Microstructure of Quartz with Different Particle Size 

Figure 7. Particle size distribution of different fineness values of siliceous limestone: (a) SL1 and
(b) SL2.

Figure 8 shows the distribution of quartz content by the particle size introduced by
different fineness values of siliceous limestones in the raw meal. As shown in Figure 8,
the content of quartz decreases with decreasing particle size for siliceous limestones larger
than 0.08 mm, with the exception of SL1 in the 0.08–0.15 mm range, which has a fineness
of 15% on an 80 µm sieve. It is also shown that even with a fineness of 10%, there are still
some quartz crystals large than 0.08 mm. However, when continuing to grind the siliceous
limestone to 0% of residue on a 0.08 mm sieve, the quartz crystals are mainly located in the
particle size range of 0 to 0.045 mm. Siliceous limestones SL1 and SL2 account for 96.82%
and 95.86% of the quartz content in the raw material, respectively.
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3.1.2. Microstructure of Quartz with Different Particle Size 

Figure 8. Distribution of quartz content by particle size introduced by different fineness values of
siliceous limestones in the raw meal: (a) SL1 and (b) SL2.

3.1.2. Microstructure of Quartz with Different Particle Size

The petrographic method was used to analyze the distribution of quartz crystals in
siliceous limestones SL1 and SL2. Figure 9 shows the distribution of quartz with different
particle sizes in SL1. As can be seen from Figure 9, quartz crystals exist independently as
chert nodules in powders with a particle size greater than 0.2 mm, within 0.15–0.2 mm
and within 0.045–0.080 mm. When the particle size was between 0.080 and 0.15 mm, some
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quartz crystals were found to be distributed in the calcite matrix, with only a small amount
of quartz distributed independently.
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Figure 10 shows the distribution of quartz with different particle sizes in SL2. As
shown in Figure 10, for all particle sizes of siliceous limestone SL2, quartz crystals were
found to be distributed independently in the powders, which is a little different from that
of SL1. And this may due to the different morphology of quartz between SL1 and SL2.
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Figure 10. Distribution of quartz crystals with different particle sizes in siliceous limestone SL2.
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3.2. Effects of Siliceous Limestone Fineness on Clinker Minerals
3.2.1. Burnability and Mineral Composition

Free lime content is one of the most important parameters for clinker quality. Figure 11
shows the free lime content of different clinkers calcined with siliceous limestone of different
fineness. As shown in Figure 11, as the fineness of siliceous limestone in the raw meal
decreases, the free lime content of clinker decreases, which indicates that the decrease in
the fineness of siliceous limestone favors the burnability of clinker. With the same fineness
of siliceous limestone, the free lime content of SL1 is lower than that of SL2, which indicates
the burnability of SL1 is better than that of SL2.
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Figure 11. Effect of different fineness values of siliceous limestone on free lime content. (a) SL1 and
(b) SL2.

Figure 12 shows the mineral content of calcined clinker for different fineness values of
siliceous limestones SL1 and SL2. As shown in Figure 12a, as the fineness of the siliceous
limestone decreases from 20% to 15%, the content of C3S increases from 51.2% to 56.7%,
while the content of C2S decreases from 26.7% to 20.7%. However, as the fineness of SL1
decreases from 15% to 10%, the content of C3S only increases by 1%. It can also be seen from
Figure 12a that the content of C3A is much lower than that of SL2. As shown in Figure 12b,
with different fineness values of siliceous limestone SL2 in the raw meal, the content of C3S
and C2S only vary a little. When the fineness of siliceous limestone decreases from 20% to
10%, the content of C3S only increases from 60% to 63%, while the content of C2S decreases
from 18.0% to 16.7%.
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(a) SL1 and (b) SL2. 

3.2.2. Microstructure of Clinker Minerals 

Figure 13 shows the microstructure of the clinker calcined with siliceous limestone 

SL1 with fineness values of 19%, 14%, 9% and 5% of residue on an 0.08 mm sieve. It can 

be seen from Figure 13 that there are obvious C2S clusters in the clinker calcined with 

different fineness values of siliceous limestone, and most of the C2S clusters are within the 

size range of 350–550 µm. In addition, the clinker morphology does not vary much when 

the fineness of the siliceous limestone SL1 decreases from 19% to 5% of residue on a 0.08 

mm sieve. As shown in Figure 14, when the fineness of siliceous limestone SL1 continues 

to decrease to 0% of residue on a 0.08 mm sieve, the size of C2S clusters obviously decrease, 

and most of the C2S clusters are within the size range of 50–200 µm. 
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Figure 12. Mineral content of calcined clinker for different fineness values of siliceous limestone.
(a) SL1 and (b) SL2.
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3.2.2. Microstructure of Clinker Minerals

Figure 13 shows the microstructure of the clinker calcined with siliceous limestone
SL1 with fineness values of 19%, 14%, 9% and 5% of residue on an 0.08 mm sieve. It can be
seen from Figure 13 that there are obvious C2S clusters in the clinker calcined with different
fineness values of siliceous limestone, and most of the C2S clusters are within the size range
of 350–550 µm. In addition, the clinker morphology does not vary much when the fineness
of the siliceous limestone SL1 decreases from 19% to 5% of residue on a 0.08 mm sieve. As
shown in Figure 14, when the fineness of siliceous limestone SL1 continues to decrease to
0% of residue on a 0.08 mm sieve, the size of C2S clusters obviously decrease, and most of
the C2S clusters are within the size range of 50–200 µm.
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Figure 12. Mineral content of calcined clinker for different fineness values of siliceous limestone. 

(a) SL1 and (b) SL2. 

3.2.2. Microstructure of Clinker Minerals 

Figure 13 shows the microstructure of the clinker calcined with siliceous limestone 

SL1 with fineness values of 19%, 14%, 9% and 5% of residue on an 0.08 mm sieve. It can 

be seen from Figure 13 that there are obvious C2S clusters in the clinker calcined with 

different fineness values of siliceous limestone, and most of the C2S clusters are within the 

size range of 350–550 µm. In addition, the clinker morphology does not vary much when 

the fineness of the siliceous limestone SL1 decreases from 19% to 5% of residue on a 0.08 

mm sieve. As shown in Figure 14, when the fineness of siliceous limestone SL1 continues 

to decrease to 0% of residue on a 0.08 mm sieve, the size of C2S clusters obviously decrease, 

and most of the C2S clusters are within the size range of 50–200 µm. 
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Figure 13. Petrographic images of clinker after calcination with different fineness values of siliceous
limestone SL1. (a) 19% residue on 0.08 mm sieve, (b) 14% residue on 0.08 mm sieve, (c) 9% residue on
0.08 mm sieve and (d) 5% residue on 0.08 mm sieve.
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Figure 14. Petrographic images of clinker after calcination with siliceous limestone SL1 with a
fineness of 0% of residue on 0.08 mm sieve.

Figure 15 shows the microstructure of the clinker calcined with siliceous limestone
SL2 with different fineness values. Same as the clinker calcined with SL1, there are also
significant C2S clusters for different fineness values of siliceous limestone. Most of the C2S
clusters are within the size range of 200–600 µm, and the clinker morphology does not vary
much when the fineness of the siliceous limestone SL2 decreases from 20% to 7% residue
on a 0.08 mm sieve. As shown in Figure 16, when the fineness of siliceous limestone SL2
continued to decrease to 0% of residue on a 0.08 mm sieve, a little C2S cluster was found in
the matrix of C3S, indicating that most of the C2S crystals transformed to C3S, with most of
the quartz crystals grinded to less than 0.045 mm.
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Figure 15. Microstructure of C2S cluster of different clinkers after calcination with different fineness 

values of siliceous limestone SL2, (a) 20% residue on 0.08 mm sieve, (b) 16% residue on 0.08 
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Figure 15. Microstructure of C2S cluster of different clinkers after calcination with different fineness
values of siliceous limestone SL2, (a) 20% residue on 0.08 mm sieve, (b) 16% residue on 0.08 mm
sieve, (c) 11% residue on 0.08 mm sieve and (d) 7% residue on 0.08 mm sieve.
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Figure 16. Petrographic images of clinker after calcination with siliceous limestone SL2 with a
fineness of 0% of residue on 0.08 mm sieve.

3.3. Effects of the Morphology of Quartz Crystal on the Microstructure of C2S Clusters

As shown in Figure 2, siliceous limestones SL1 and SL2 are composed of different
morphologies of quartz crystal. Quartz in siliceous limestone SL1 is mainly in the form
of chert nodules, while in SL2 it is mainly in the form of a single quartz crystal. Different
forms of quartz in the raw meal will lead to different microstructure of C2S.

Figure 17 shows the microstructure of a C2S cluster formed by the calcination of
the chert nodule-dominated siliceous limestone SL1. As can be seen in Figure 17, more
intermediate phases are distributed in the C2S cluster, except for the C2S clustered in a
limiting region. And as shown in Figure 17b, a small amount of C3S can be found inside
the C2S cluster. Figure 18 shows the microstructure of a dense C2S cluster formed by the
calcination of large grain size of single quartz crystal-dominated siliceous limestone SL2. It
can be seen from Figure 18 that there is very little of the intermediate phase inside the C2S
cluster regions, and the shape of C2S is not as rounded as the traditional one. The clinker
calcined by SL1 shows more intermediate phase in C2S cluster than that of SL2, which leads
to a better burnability, and this result is consistent with the content of free lime, as shown
in Figure 11. However, even though the chert module-dominated siliceous limestone will
lead to more of the intermediate phase inside the C2S cluster, many C2S clusters will still
be present when some large-grained chert nodules are present in the raw meal, and it will
still affect the quality of the clinker.
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Figure 17. C2S cluster with more intermediate phase formed by calcination of chert nodule-dominated
siliceous limestone SL1, (a) 19% residue on 0.08 mm sieve and (b) 9% residue on 0.08 mm sieve.

Materials 2024, 17, x FOR PEER REVIEW 15 of 21 
 

 

  

Figure 17. C2S cluster with more intermediate phase formed by calcination of chert nodule-domi-

nated siliceous limestone SL1, (a) 19% residue on 0.08 mm sieve and (b) 9% residue on 0.08 mm 

sieve 

  

Figure 18. Dense C2S cluster with little intermediate phase formed by calcination of large grain size 

of quartz crystal-dominated siliceous limestone SL2, (a) 20% residue on 0.08 mm sieve and (b) 

11% residue on 0.08 mm sieve 

3.4. Effect of Fineness of Siliceous Limestones on the Mechanical Properties of Cement 

Figure 19 shows the compressive and flexural strength of cement mortar samples 

molded with clinkers calcined by different fineness values of siliceous limestones SL1 and 

SL2 at 28 days. It can be seen from Figure 19 that with the decrease in the fineness of 

siliceous limestones SL1 and SL2, the comprehensive and flexural strength increase. When 

the residue on an 0.08 mm sieve is about 7%, the 28d comprehensive strength of SL1 and 

SL2 both exceed 60 MPa. When the residue on an 0.08 mm sieve continues to decrease to 

0%, the 28d comprehensive strength of siliceous limestone SL1 and SL2 is 61.7 MPa and 

62.3 MPa, respectively, which is 2.8 MPa and 4.4 MPa higher than that of clinkers calcined 

with 15% residue on an 0.08 mm sieve. 

  

Figure 18. Dense C2S cluster with little intermediate phase formed by calcination of large grain size
of quartz crystal-dominated siliceous limestone SL2, (a) 20% residue on 0.08 mm sieve and (b) 11%
residue on 0.08 mm sieve.

3.4. Effect of Fineness of Siliceous Limestones on the Mechanical Properties of Cement

Figure 19 shows the compressive and flexural strength of cement mortar samples
molded with clinkers calcined by different fineness values of siliceous limestones SL1 and
SL2 at 28 days. It can be seen from Figure 19 that with the decrease in the fineness of
siliceous limestones SL1 and SL2, the comprehensive and flexural strength increase. When
the residue on an 0.08 mm sieve is about 7%, the 28d comprehensive strength of SL1 and
SL2 both exceed 60 MPa. When the residue on an 0.08 mm sieve continues to decrease to
0%, the 28d comprehensive strength of siliceous limestone SL1 and SL2 is 61.7 MPa and
62.3 MPa, respectively, which is 2.8 MPa and 4.4 MPa higher than that of clinkers calcined
with 15% residue on an 0.08 mm sieve.
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Figure 19. Compressive and flexural strength of the clinker calcined by different fineness values of
siliceous limestone SL1 and SL2 at 28 days: (a) SL1 and (b) SL2.

4. Discussion

The purpose of this study is to find out how quartz in siliceous limestone affects the
calcination of raw meal and the quality of cement clinker. Therefore, the present discussion
focuses on the explanation and limitations of the results obtained in this study.

4.1. Effect of Particle Size of Quartz on the Formation of Clinker Minerals

It is generally believed that coarse particles will affect the burnability of clinker,
especially for quartz crystals. In our experiment, siliceous limestones were crushed and
ground to a fineness of 20%, 15%, 10%, 7% and 0% of residue on an 80 µm sieve, and the
content of quartz in different particle size ranges were measured. As shown in Figures 6
and 8, the content of quartz in particles larger than 0.08 mm continues to decrease as the
fineness of siliceous limestones decreases. However, even with a fineness of 10%, the
content of quartz in particles larger than 0.08 mm is 0.60–1.08%. To produce 1 mol of C2S,
1 mol of SiO2 and 2 mol of CaO are required. The density of SiO2 is 2.65 g/cm3 and the
density of C2S is 3.28 g/cm3. Thus, the volume of 1 mol of SiO2 is 22.67 cm3, while the
volume of 1 mol of C2S is 52.46 cm3, which is 2.3 times than that of SiO2. As a result,
1 mol of SiO2 combined with CaO produces 1 mol of C2S with a volume at least 2.3 times
the original volume, which does not include the intermediate phases and holes present
between the C2S crystals. Thus, when the particle size of quartz larger than 80 µm, the size
of the C2S cluster is at least larger than 184 µm, which is consistent with the result that
most of the C2S clusters are within the size range of 200–600 µm. The presence of a C2S
cluster will break the equilibrium between C2S and C3S, and as a result the C2S crystal in
the C2S cluster is hard to convert to C3S, which leads to a reduction of C3S in the clinker.

In order to minimize the drawbacks of quartz, siliceous limestones SL1 and SL2 were
ground to a fineness of 0% of residue on an 80 µm sieve. The microstructure of the clinker
calcinated with the ground siliceous limestones SL1 and SL2 is shown in Figures 14 and 16,
where the size of the C2S cluster decreases significantly, and even almost disappears in
SL2. This means that if siliceous limestone is sufficiently fine, the adverse effects will be
eliminated. However, it is unlikely that siliceous limestone can be ground that fine in
plant production. For siliceous limestone SL1, when the fineness of it decreases to 5%
of residue on an 80 µm sieve, the content of C3S in the clinker is 60.85%, and the 28d
compressive strength is 61.10 MPa, which is sufficient for cement production. While for
siliceous limestone SL2, when the fineness of it decreases to 7% of residue on an 80 µm sieve,
the content of C3S in the clinker is 64.50%, and the 28d compressive strength is 60.30 MPa,
which is also sufficient for cement production. This means, for different siliceous limestones,
there must be an equilibrium where the amount of C2S clusters does not significantly affect
the quality of the clinker, and the siliceous limestone does not need to be that fine.
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4.2. Effects of the Morphology of Quartz Crystal on the Microstructure of C2S Clusters

As shown in Figures 17 and 18, different morphologies of quartz will lead to a different
forms of C2S clusters. A chert nodule in raw meal may lead to a C2S cluster with more
intermediate phase, while large-grained quartz may lead to a dense C2S cluster. A chert
nodule is composed of microcrystalline quartz that exhibits a mosaic texture. The gap
between the microcrystalline quartz may be a path for the diffusion of f-CaO and interme-
diate phase, thus, there is much intermediate phase inside the C2S cluster. As the size of
the chert nodule composed of microcrystalline quartz is still too large, the C2S produced in
the chert nodule region is still hard to convert to C3S in a limited calcination time.

Large-grained quartz is mainly in the form of a single quartz crystal in the raw meal,
and there are few possible paths inside a single quartz crystal, through which f-CaO and
intermediate phase could diffuse. This may explain the fact that little intermediate phase
was found in the clinker calcinated by large-grained quartz-dominated siliceous limestone.
Due to there being very little intermediate phase in the newly formed C2S cluster, no C3S
was found inside the cluster, and the shape of C2S is not as rounded as the traditional one.

Fundal [17] highlighted the finding that a 63 µm C2S cluster was caused by a 44 µm
quartz crystal, and then a series experiments concerning the effects of a quartz size larger
than 44 µm on the burnability of raw meal were conducted. Based on Fundal’s results,
Christensen [7] deduced a relationship between free lime and quartz size, and pointed
out that a quartz size larger than 44 µm will have a bad effect on the burnability of raw
meal. Some other researchers have also made some progress on the effects of quartz size on
the burnability of raw meal [8,9,12–16,20], but all the results were based on the free lime
content, which could not accurately reflect the quality of the clinker. In the latest study by
Joseé [25], the content of different phases in the clinker calcinated by different raw meal
were determined by a high-temperature X-ray diffraction. In their study, raw meal with
a relatively high amount of coarse quartz (>45 µm) shows a relatively high amount of
free lime and a low amount of C3S, which in their conclusion was due to the high content
of coarse quartz in the raw meal. However, that conclusion was deduced from Fundal’s
research and no other evidence was presented. While in our research, more microstructural
analysis was carried out to show how different morphologies of quartz and different sizes
of quartz crystal affect the quality of clinker. Besides, the microstructure of the size of C2S
clusters and calculations of the volume of C2S clusters caused by quartz show that the
volume of the C2S cluster is at least 2.3 times that of quartz. It is not appropriate to state
that a quartz particle size threshold of less than 44 µm or some other size does not affect
clinker quality. With the quantifications of different phases of clinker calcinated by different
fineness values of raw meal and the study of the morphology of the clinker, the critical
grain size of quartz varies for different types of quartz, which need further study.

4.3. The Reason for Low C3A Content in Clinker Calcined from Siliceous Limestone SL1

In order to find out the reason for the low C3A content in the clinker formed by calci-
nation of siliceous limestone SL1, FESEM equipped with EDS was used to analyze the ele-
mental distribution of C2S and C3S in the clinker formed by SL1 and SL2. Figures 20 and 21
show the FESEM images and EDS spectra of C2S and C3S formed by the calcination of
siliceous limestones SL1 and SL2, respectively. As can be seen from Figure 20a,c, there exists
1.01 wt% Al in C2S, and the chemical formula of C2S based on EDS analysis is CaO1.97(SiO2)
(Al2O3)0.04(Fe2O3)0.02(MgO)0.04(Na2O)0.04(K2O)0.01. Figure 20b,d show the FESEM image
and EDS pattern of C3S; the content of Al is 1.18 wt% in C3S, and the chemical formula
of C3S based on EDS analysis is CaO2.89(SiO2)(Al2O3)0.06(Fe2O3)0.03(MgO)0.09(Na2O)0.01.
There is a portion of Al2O3 solidly dissolved in C2S and C3S, thus leading to the lack of
C3A in the clinker calcinated by SL1.
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Figure 21a,c show the microstructure and EDS pattern of C2S formed by the calcination
of SL2; the content of Al is 0.24 wt% in C2S, and the chemical formula of C2S based on EDS
analysis is CaO1.94(SiO2)(Al2O3)0.01(Fe2O3)0.01(MgO)0.01(Na2O)0.01(K2O)0.01. As shown in
Figure 21 b,d, the content of Al in C3S is 0.58%, and the chemical formula of C2S based
on EDS analysis is CaO2.89(SiO2)(Al2O3)0.03(Fe2O3)0.01(MgO)0.04. Comparing the chemical
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formula of the clinker formed by the calcination of SL1 and SL2, the content of Al2O3 in
C2S and C3S calcinated by SL1 is higher than that of SL2, which suggests that more Al2O3
is solidly dissolved in C2S and C3S calcinated by SL1 than SL2, leading to less Al2O3 to
form C3A, and consequently, a lower content of C3A in the clinker.

5. Conclusions

This paper assesses the effects of siliceous limestone on clinker calcination. From our
experiment work, the following major conclusions can be drawn:

1. The research reveals that larger quartz crystals and chert nodules in siliceous limestone
are more difficult to grind than calcite. Decreasing the fineness of siliceous limestone
reduces the quantity of large quartz particles, which is beneficial for the burnability of
raw meal.

2. A direct correlation between the fineness of siliceous limestone and the quality of the
clinker minerals produced is noted. The fineness affects the mineral content of the
clinker, which in turn affects the mechanical properties. As the fineness of siliceous
limestones SL1 and SL2 decreases from 15% to 0% of residue on a 0.08 mm sieve, the
content of C3S increases from 56.74% to 61.02% and 60.87% to 68.40%, respectively,
while the content of C2S decreases from 20.69% to 16.13% and 16.85% to 10.70%,
respectively. The compressive strength increases from 58.90 MPa to 61.70 MPa and
57.90 MPa to 62.30 MPa, respectively.

3. The structure of quartz, whether as chert nodules or single crystals, can produce C2S
clusters during the calcination, affecting the microstructure and mineral content of the
clinker. Chert nodules tend to produce C2S clusters with more intermediate phases,
whereas large-grained single quartz crystals lead to denser C2S clusters with minimal
intermediate phases.

4. It is important to optimize the fineness of siliceous limestone to mitigate the adverse
effects of large quartz particles on clinker quality. The sufficient fineness values
of siliceous limestones SL1 and SL2 are 5% and 7% of residue on a 0.08 mm sieve,
respectively, which can produce a clinker with a 28d compressive strength greater than
60 MPa. Different grinding requirements are needed for the different morphologies
of quartz in the raw meal, to strike a balance between clinker quality and energy
consumption without having to grind siliceous limestone at very fine grades.
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Abstract: In this paper, the effect of waste rock-wool dosage on the workability, mechanical strength,
abrasion resistance, toughness and hydration products of PVA and steel fiber-reinforced mortars
was investigated. The results showed that the fluidity of the mortar gradually decreased with the
increase in the dosage of waste rock wool, with a maximum reduction of 10% at a dosage of 20%.
The higher the dosage of waste rock wool, the greater the reduction in compressive strength. The
effect of waste rock wool on strength reduction decreases with increasing age. When the dosage of
waste rock wool was 10%, the 28 days of flexural and compressive strengths were reduced by 4.73%
and 10.59%, respectively. As the dosage of waste rock wool increased, the flexural-to-compressive
ratio increased, and at 20%, the maximum value of 28 days of flexural-to-compressive ratio was 0.210,
which was increased by 28.05%. At a 5% dosage, the abraded volume was reduced from 500 mm3

to 376 mm3—a reduction of 24.8%. Waste rock wool only affects the hydration process and does
not cause a change in the type of hydration products. It promotes the hydration of the cementitious
material system at low dosages and exhibits an inhibitory effect at high dosages.

Keywords: waste rock wool; fiber-reinforced mortar; mechanical properties; hydration properties;
microstructure

1. Introduction

As a kind of building insulation material, rock wool produces a large number of waste
rock wool in the demolition and construction process of buildings. Waste rock wool is
expected to grow to 2.82 million tons by 2030 [1]. Taiwan produces over 100 thousand tons
of waste rock wool per year [2]. The current treatment of waste rock wool is stacking and
landfilling. A large amount of waste rock wool has produced a series of accumulations and
environmental problems, so use of waste rock wool urgently needs to be resolved [3–5].
In order to reduce the amount of waste rock wool deposited in piles and landfills, Taiwan
encourages industries to recycle and reuse waste rock wool with a price subsidy of TWD
1500 per ton [6].

Waste rock wool is an artificial inorganic fiber mainly produced by basalt under high-
temperature melting, with high tensile strength, high modulus, chemical resistance and
dimensional stability [7–9]. Waste rock wool consists of amorphous components such
as silica, aluminum oxide and iron trioxide, which are potentially chemically active [10].
Unmilled waste rock wool is reported to have an average diameter of 6–8 microns and
a length of 400 microns to 20 mm, and the length of the milled waste rock wool can be
less than 34 microns [3,11–14]. Commonly used construction fibers are steel fibers and
PVA fibers. Commonly used steel fibers have a diameter of 200 microns and a length of
13 mm, and commonly used PVA fibers have a diameter of 30 to 40 microns and a length
of 6–12 mm. Both commonly used fibers are available in millimeter lengths [14,15]. Thus,
waste rock wool, with a diameter of a few micrometers and a length of tens of micrometers,
and its potential chemical activity were expected to play a hardening and enhanced role
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in cement-based materials at the micro-scale. Depending on the particle size and length
of the waste rock wool, it can be used as a partial substitute for fine aggregates and as
a supplementary cementitious material [16–20]. Many scholars [21–23] found that with
the increase in mineral cotton content, the formation of large pores in mortar led to an
increase in porosity and a general decrease in compressive strength. Kubiliute et al. [24],
by collecting the dust from the melting process of a mineral wool raw material (mineral
wool cupola dust) used as a cementitious material to replace cement, found that a dosage
of washed dust below 20% was able to increase the compressive strength of specimens. Lin
et al. [25] found that the incorporation of waste rock wool into cement matrix composites
reduces its dry shrinkage and initial surface absorption and improves its compressive
strength. These performance improvements were due to the filling effect of waste rock
wool and the volcanic ash reaction.

In this paper, based on the optimum volumetric dosage of PVA fibers and steel fibers
obtained by the research team, the effect of waste rock wool as a cementitious material
and fibrous material on the workability, mechanical strength, toughness and hydration
products of PVA fiber and steel fiber mortar was investigated by varying the dosage of
waste rock wool. In this study, the volcanic ash properties of waste rock wool were analyzed
by X-ray diffraction (XRD), heat of hydration, differential thermal analysis (DSC) and the
thermogravimetric method (TG) to assess the effect of waste rock wool on the replacement
of Portland cement from a microscopic point of view.

2. Experimental Program
2.1. Raw Materials

The cement used in the test was 52.5-grade ordinary silicate cement (Jiangnan Onoda
Cement Co., Nanjing, China). Its 28 days of flexural strength and compressive strength
were 8.15 MPa and 54.04 MPa, respectively. Fly ash and silica fume replaced 25% and 5%
of cement, respectively. The waste rock wool came from an environmental company in
Nanjing, and the particle size ranged from 45 µm to 80 µm. The physical properties of
cement are shown in Table 1 [26]. The chemical composition of cement, fly ash and silica
fume is shown in Table 2 [26]. Photographs of waste rock wool, fly ash and silica fume
are shown in Figure 1. The X-ray diffraction patterns of cement, fly ash, silica fume and
waste rock wool are shown in Figure 2. Figure 2b shows that the composition of fly ash
was mainly mullite and quartz. Figure 2c shows that silica fume consists of amorphous
SiO2. Figure 2d shows that the waste rock wool consists of an amorphous substance and
SiO2. As shown in Figure 3, the waste rock-wool form was rod-shaped. Its diameter was
below 20 µm. As shown in Table 3, most of the lengths of waste rock wool were less than
100 µm. The characteristic parameters of PVA fiber and steel fiber are shown in Table 4.
The diameter and length of the PVA fiber were 50 µm and 6 mm, and the diameter and
length of the steel fiber were 220 µm and 13 mm, respectively.

Table 1. Physico-mechanical properties of Portland cement.

Grade Density
(kg/m3)

Specific
Surface Area

(m2/kg)

Water Requirement
of Normal

Consistency
(wt%)

Initial
Setting
Time
(min)

Final
Setting
Time
(min)

Flexural
Strength

(MPa)

Compressive
Strength

(MPa)

3 d 28 d 3 d 28 d
P·II 52.5 3060 372 28 135 261 5.10 8.15 30.75 54.04

Table 2. Chemical compositions of the three cementitious materials.

SiO2 CaO Al2O3 Fe2O3 SO3 MgO K2O LOI

Fly ash (%) 50.87 3.06 32.42 7.56 0.37 0.78 1.84 1.84
Cement (%) 20.87 63.66 4.42 2.89 2.10 0.94 0.51 3.30

Silica fume (%) 92.88 0.06 0.62 0.28 - 0.02 0.03 3.85
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Table 4. Characteristic parameters of fibers.

Fiber Diameter
(µm)

Lengths
(mm)

Tensile Strength
(MPa)

Elongation at Break
(%)

Modulus of Elasticity
(GPa)

Densities
(g/cm3)

PVA 50 6 1600 7.0 35 1.27
Steel 220 13 ≥2000 10 220 7.80
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2.2. Mix Design

The sand-to-cement ratio for all mortars specimens was 3:1, with 1350 g of sand and
450 g of cementitious materials. As shown in Table 5, in 450 g of cementitious material,
the dosages of fly ash and silica fume were fixed at 25% and 5%, respectively, and the
remainder was the dosage of cement. When the dosage of waste rock wool increased by
5%, the dosage of cement was reduced by 5% accordingly. The water/cement ratio was
0.5 s The volumes of polyvinyl alcohol fiber and steel fiber were 0.09% and 0.13% of the
mortar specimens volume, respectively. The preparation process of fiber-reinforced mortar
is shown in Figure 4. After mixing cement, fly ash, silica fume, water and waste rock wool
for 30 s, sand was added with low-speed mixing for 30 s and then high-speed mixing for
60 s, after which steel fibers and PVA fibers were added with low-speed mixing for 240 s to
obtain the fiber-reinforced mortar. The mortar was packed into 40 mm × 40 mm × 160 mm
molds and cured at 20 ± 2 ◦C and 95% relative humidity for 24 h, before being cured for 7,
28 and 90 days.

Table 5. Mortar ratios and fluidity.

Mix No W/C Cement
(%)

Waste
Rock Wool

(%)

Fly Ash
(%)

Silica Fume
(%)

PVA
Fiber
(%)

Steel Fiber
(%)

Fluidity
(mm)

R0 0.5 70 0 25 5

0.09 0.13

210
R5 0.5 65 5 25 5 205

R10 0.5 60 10 25 5 199
R15 0.5 55 15 25 5 194
R20 0.5 50 20 25 5 189

Note: Rx denotes the replacement of cement by rock-wool with a mass fraction of x on the basis of the base
proportion of cementitious materials; Fiber dosage is (mortar specimen) volume dosage.
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2.3. Test Methods
2.3.1. Slurry Fluidity

The fluidity test of mortar refers to GB/T 2419-2005 [27]. The fluidity test of mortar is
shown in Figure 5. After 25 jumps on the table, we measured the diameter of the mortar in
two directions perpendicular to each other and took the average value as the test result.
The entire flow test process, from the mixing of the mortar with water to the end of the
diameter measurement, should be controlled within 6 min.
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2.3.2. Mechanical Strength

The test of mechanical strength in this experiment was in accordance with GB/T 17671-
1999 [28]. The compressive strength and flexural strength of specimens at 7, 28 and 90 days
were measured by a Universal Testing Machine (Wance, Shenzhen, China) at a loading
speed of 2.4 kN/s and 0.05 kN/s, respectively. Specimen sizes for tests of flexural strength
and compressive strength were 40 mm × 40 mm × 160 mm and 40 mm × 40 mm × 40 mm,
respectively. There were three flexural strength test specimens in each group, and the
average of the three specimen test results was calculated, which was the result of the
flexural strength test. If the test result was more than 10% of the average value, the value
was discarded and the average value of the remaining values was taken as the result. The
flexural strength test was conducted using the fracture of the six test pieces as compressive
strength test specimens, and we calculated the average value of the test results of the six
test pieces, and the average value was the compressive strength test results. If there was
more than 10% of the average value in the test results, the value was discarded, and the
average of the remaining values was taken as the result.
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2.3.3. Impact Resistance

The test method of impact resistance referred to GB/T 38494-2020 [29]. The specimen
for the impact resistance test was a plate of 300 mm × 300 mm × 30 mm. When the
specimen was cured for 28 days, the impact test was carried out on the specimen using the
falling ball method. The schematic diagram of the impact test is shown in Figure 6. The
height of the falling ball was fixed to fix the impact energy, and the impact strength of the
specimen was used as an index for evaluating the impact resistance of the specimen. The
first visible cracks that appeared in the impact process of the specimen were taken as the
number of initial impacts N0, and the number of impacts when the specimen was damaged
or a crack width greater than 3 mm was taken as the number of final impacts NX. Impact
energy dissipation and impact strength were calculated according to Equations (1)–(3):

W0 = N0mgh (1)

Wx = Nxmgh (2)

S =
Wx

t2 (3)

where W0 and Wx refer to the impact energy consumption of initial and final crack(J),
respectively; N0 and Nx refer to the impact number of initial and final crack, respectively.
m was the mass of the steel ball (g). In this test, m was 1040 g; h refers to the drop height
(m). In this test, h was 0.35 m; g refers to the acceleration of gravity (m/s2). In this test,
g was 9.81 m/s2; S refers to the impact strength (J/mm2); and t refers to thickness of the
specimen (mm).
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2.3.4. Abrasion Resistance

The abrasion resistance test of the hardened mortar after 28 days was carried out
with reference to GB/T 3810.6-2016 [30]. An abrasion resistance tester and test samples
are shown in Figure 7, and the feeding rate of the abrasive was 100 ± 10 g/100 r. Vernier
calipers were used to measure the chord length of the abrasion pit after 150 r of the friction
steel wheel. The mass of the test block was measured before and after the abrasion test,
and the mass loss of the test block before and after the experiment was used to express the
abrasion mass. The abrasion resistance of the test block was characterized by the volume of
the abrasion pit, which was calculated according to Equations (4) and (5):

V =
(π·α

180
− sinα

)
×
(

h × d2

8

)
(4)
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sin
α

2
=

L
d

(5)

where V refers to abrasion volume (mm3); L refers to the chord length (mm); α refers to
the angle formed by the chord length and the center of the rotating steel wheel (◦); h refers
to the thickness (mm), which in this test h was 10 mm; and d refers to the diameter of the
rotating steel wheel (mm), which in this test h was 200 mm.
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2.3.5. Microstructure Testing Methods

The microscopic morphology of mortar was obtained by scanning electron microscopy
(SEM, JSM-5900, Japan Electronics Corporation, Osaka, Japan). The effect of waste rock
wool on the hydration of cement was investigated by thermogravimetry-differential scan-
ning calorimetry (TG-DSC, STA 449 F1, Netzsch, Selb, Germany). The effect of waste
rock wool on cement hydration products was studied using an X-ray diffractometer (XRD,
0031D max/RB, Rigaku Corporation, Tokyo, Japan). The influence of waste rock wool on
the total heat release and heat release rate of cement was studied using a cement isothermal
calorimeter (Calmetrix, Boston, MA, USA).

3. Results and Discussion
3.1. Slurry Fluidity

As shown in Table 5, waste rock wool reduced the fluidity of the mortar, which
gradually decreased with the increase in the dosage. When the dosage was 20%, the fluidity
decreased from 210 mm to 189 mm, a decrease of 10.00%, but the fluidity of the mortar still
met the requirements of the actual construction. Waste rock wool leads to the reduction of
mortar fluidity mainly due to two factors: on the one hand, the waste rock wool has a high
water-absorption rate, and with the increase in the dosage, its water-absorption ability was
more and more obvious [31]. On the other hand, the fiber morphology of the waste rock
wool makes it interlaced, forming a three-dimensional network system, which increases
the resistance to the flow of the slurry.

3.2. Mechanical Strength

Figure 8 shows the compressive strength and flexural strength of mortar with waste
rock wool at different ages. Figure 8a reflects the decreasing compressive strength of mortar
at 7, 28 and 90 days with the increase in waste rock-wool dosage. The compressive strength
of the mortar decreased the most when the dosage of waste rock wool was 20%, and the
decrease in compressive strength decreased with the extension of the age period. The
7 days of compressive strength of the mortar decreased from 37.17 MPa to 20.6 MPa (a
decrease of 44.58%), the 28 days of compressive strength decreased from 55.32 MPa to
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35.85 MPa (a decrease of 35.20%), and the 90 days of compressive strength decreased from
61.67 MPa to 42.15 MPa (a decrease of 31.66%).
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In general, the increase in the packing density of cementitious materials in mortar has
a positive effect on its mechanical strength. The compressive strength showed a decreasing
trend, and as the dosage of waste rock wool increased, the proportion of cement decreased,
the dosage of cement hydration products decreased, and the internal structure of the mortar
was loosened. The negative effect on the compressive strength was more significant—the
combined performance of the compressive strength of the mortar was reduced. However,
the increase in compressive strength of the mortar increases with age, which indicates
that the detrimental effect of spent rock wool on the later strength of the mortar decreases.
This was due to the high water absorption of waste rock wool, which reduces the early
hydration rate, and in the later stages of the hydration reaction, waste rock wool can release
the absorbed water, which has the effect of internal curing. Klyuev [18] reported similar
research results.

Figure 8b demonstrates similar results to the compressive strength, where the flexural
strength of the mortar shows a decreasing trend with the increase in the dosage of waste
rock wool. The greatest decrease in flexural strength was observed when the waste rock-
wool dosage was 20%, and the 7, 28 and 90 days of flexural strength were reduced by
34.93%, 17.27% and 17.19%, respectively. At the age of 28 days, the reduction of the flexural
strength of the mortar decreased, the reduction of the flexural strength of the mortar was
smaller when the waste rock-wool dosage was less than 10%, and the reduction of the
flexural strength continued to increase when the waste rock-wool dosage was more than
10%. When the dosage of waste rock wool was 10%, the flexural strength decreased from
9.09 MPa to 8.66 MPa, which was only 4.73% lower. In order to achieve the requirement of
28 days of flexural strength not less than 8 MPa, the dosage of waste rock wool should be
controlled within 10%. At the age of 90 days, the change rule of mortar flexural strength
with the dosage of waste rock wool was consistent with the change rule of 28 days of
flexural strength with the dosage of waste rock wool. At the age of 90 days, the change
rule of mortar flexural strength with the dosage of waste rock wool was consistent with
the change rule of 28 days of flexural strength with the dosage of waste rock wool. When
the dosage of waste rock wool was 10%, the flexural strength of mortar decreased from
9.54 MPa to 9.09 MPa, which was a decrease of 4.75%.
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3.3. Toughness
3.3.1. Flexural to Compressive Ratio

In this paper, the flexural and compressive ratio was used to characterize the toughness
of cementitious materials, and the flexural and compressive ratio data of 7-, 28- and 90-day
ages of waste rock-wool mortar are shown in Table 6. Waste rock wool improves the 7,
28 and 90 days of flexural compression ratios of mortar, which indicates that the waste
rock wool has a certain toughening effect. From the data in Table 6, it can be seen that
the flexural and compressive ratio of the mortar increases with the dosage of waste rock
wool, with an optimal dosage of 20%. At the age of 7 days, the flexural and compressive
ratio of mortar increased from 0.191 to 0.224—an increase of 17.28%. At the age of 28 days,
the flexural and compressive ratio of mortar increased from 0.164 to 0.210—an increase of
28.05%. At the age of 90 days, the flexural and compressive ratio of mortar increased from
0.155 to 0.187—an increase of 21.13%.

Table 6. Flexural and compressive ratio of mortars.

Mix No. 7 d 28 d 90 d

R0 0.191 0.164 0.155
R5 0.202 0.173 0.163
R10 0.201 0.175 0.177
R15 0.201 0.183 0.173
R20 0.224 0.210 0.187

3.3.2. Impact Resistance

The increase in the flexural and compressive ratio of the mortar was due to the fact
that the reduction in the compressive strength of the mortar was greater than the reduction
in the flexural strength. It was not reasonable to express the toughening effect of waste rock
wool by the flexural and compressive ratio alone. Therefore, this research further explored
the effect of waste rock wool on the toughness of mortar using the falling ball method.

As can be seen from the data in Table 7, waste rock wool reduced the number of initial
and final cracking impacts on the mortar specimens. Increasing the dosage of waste rock
wool reduced the impact of initial cracking effects from 16 to 2 (a reduction of 87.50%)
and the number of final cracking effects from 60 to 25 (a reduction of 58.33%). The impact
strength of the specimen with the increase in waste rock-wool dosage also has a similar
rule of change: in 20% of the dosage, the impact strength decreased from 53.56 J/cm2 to
22.32 J/cm2 (a decrease of 58.33%), which indicates that the waste rock wool weakened
the impact resistance of the mortar. Thus, the larger the dosage, the more significant
the weakening effect. Waste rock wool plays a role in bridging cracks and preventing
microcracks from sprouting and expanding inside the matrix, but its adverse effect on the
internal structure of the material was more significant and therefore shows a negative effect
on the impact resistance.

Table 7. Effect of waste rock wool on the impact resistance of mortar.

Mix No. Number of First Crack
Impacts N0

Number of Final Crack
Impacts N1

Impact Strength S/(J/cm2)

R0 16 60 53.56
R5 14 48 42.85
R10 10 38 33.92
R15 4 32 28.57
R20 2 25 22.32

Figure 9 shows the effect of waste rock wool on the total impact energy consumption of
mortar. With the increase in waste rock-wool dosage, the total impact energy consumption
of mortar at the first and final cracking decreases at the same time. The differences between
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the two also decreased; the differences were 157.12 J, 121.41 J, 99.98 J, 99.99 J, and 82.13 J.
The total energy difference between the initial and final cracking impacts was reduced to
the lowest value at a 20% waste rock-wool dosage, indicating that the addition of waste
rock wool reduced the toughness of the mortar.
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3.4. Abrasion Resistance

The incorporation of waste rock wool improved the abrasion resistance of the mortar
to a certain extent, and the specific test data are shown in Table 8. The optimum dosage
of waste rock wool was 5%, at which time the abrasion volume and abrasive mass of the
mortar were 376 mm3 and 0.85 g. This was reduced by 24.80% and 29.75%, respectively,
compared with R0. The abrasion resistance of the specimens decreased continuously
after the dosage of waste rock wool was higher than 5% (except for R15). Because R15
has a uniform distribution of fibers in the abrasion region without agglomeration, its
abrasion volume and abrasion mass were instead lower compared to R10. In contrast, the
phenomenon that the mortar’s chord length of abrasion volume and abrasion volume were
lower than that of the control group while the abrasion mass was higher than that of the
control group at 10% dosing was attributed to the increase in abrasion mass due to the
shedding of steel fiber in the blended fibers during the abrasion test.

Table 8. Effect of waste rock wool on abrasion resistance of mortar.

Mix No. Chord Length of
Abrasion Volume (mm) Abrasion Volume (mm3) Mass Loss (g)

R0 39.0 500 1.21
R5 35.5 376 0.85
R10 37.5 444 1.29
R15 35.0 361 0.89
R20 40.5 561 1.34

3.5. Heat of Hydration

The hydration process of cement not only involved the generation of hydration prod-
ucts but was also accompanied by the release of a large dosage of heat. The dosage of heat
released and the hydration rate of cement hydration were closely related to its hydration
degree, so the hydration rate and the heat of hydration can be used to characterize the
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hydration degree of cement. As can be seen in Figure 10a, the waste rock wool delayed
the emergence of the hydration-induced period of the composite slurry. Compared with
R0, the dosage of 5%, 10%, 15% and 20% of waste rock wool delayed the appearance of
the hydration exothermic peak by 0.55 h, 0.83 h, 1.04 h and 1.59 h, respectively. In the
second hydration peak, the shoulder associated with the aluminate hydration reaction
and the eventual formation of calculite was also observed [32]. This indicates that the
role of waste rock wool in the system was dominated by physical filling, and the increase
in the dosage of waste rock wool leads to a decrease in the percentage of cement in the
cementitious material, and therefore an increase in the effective water/cement ratio in the
system, leading to a decrease in the concentration of calcium ions in the pore solution and
therefore an increase in the time required to reach the supersaturated state [33]. The peak
of the hydration rate decreases continuously with the increase in waste rock-wool dosage,
which was attributed to the dilution effect of waste rock wool that reduces the dosage of
C3A and C3S in the cementitious system, thus slowing down the hydration process [34].
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The hydration exotherm of the cementitious material system with different dosages
of waste rock wool is shown in Figure 10b, and the dosage of waste rock wool reduces
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the hydration exotherm of the system. Compared to R0, the exothermic heat of hydration
was reduced by 4.54%, 9.86%, 16.81% and 21.28% at dosages of 5%, 10%, 15% and 20%,
respectively. At 5% and 10% dosages, the decrease in exothermic capacity is lower than
the dosage of waste rock wool, while the two dosages of 15% and 20% lead to a greater
decrease in exothermic capacity than the dosage of waste rock wool, which indicates that
waste rock wool has a promoting effect on hydration when the mass fraction is not greater
than 10%. This was because the waste rock wool has very low activity and hardly reacts,
which can increase the effective water/cement ratio of the system when it replaces cement
in mortar with a low dosage, thus promoting the early hydration of cement. When the
dosage is greater than 10%, waste rock wool will inhibit the hydration process of the
cementitious system, which can be attributed to the high water absorption of waste rock
wool. When the dosage is larger, it absorbs more water, resulting in a reduction in the
effective water/cementitious ratio of the system, which results in a reduction in the degree
of the early hydration of cement.

3.6. X-ray Diffraction

Figure 11 shows the X-ray diffraction patterns of the net cement paste at the age
of 3 days and 28 days with different waste rock-wool dosages. From the figure, it can
be seen that the main crystalline phases in the composite system were AFt, C2S, C3S,
CaCO3, Ca(OH)2 and quartz, of which C2S and C3S were the main clinker phases of the
cement, AFt and Ca(OH)2 were the hydration products, and CaCO3 was the result of the
carbonation of Ca(OH)2. Comparing the control and test groups in Figure 11a,b, it was
found that there was no change in the position of the diffraction peaks of the hydration
products, which indicated that no new hydration products were generated by the waste
rock-wool admixture, and it only affected the relative intensity of the diffraction peaks.
From Figure 11a, it can be seen that a 5% to 10% waste rock-wool dosage increased the
relative intensity of the diffraction peaks of Ca(OH)2 corresponding to 2θ = 34.0◦, whereas
the relative intensity of the Ca(OH)2 diffraction peak gradually decreased at dosages of
15% to 20%. The results are consistent with those of the early hydration analysis of cement.
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Comparing Figure 11a,b, it can be found that the relative diffraction peaks of the
clinker phases C3S and C2S decreased significantly with the increase in the age of curing,
which indicates that the degree of cement hydration further increased. In contrast, the
relative diffraction peak intensity of Ca(OH)2 decreased, which indicates that the aluminous
and siliceous components in fly ash and silica fume had a secondary hydration reaction
with Ca(OH)2 and consumed part of Ca(OH)2.
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3.7. TG-DSC Analysis

It was demonstrated that the temperature ranges of 60~150 ◦C, 390~460 ◦C and
540~800 ◦C corresponded to the volatilization of free water and the dehydration of C-H-S
gels, the hydrolysis of calcium hydroxide and the decomposition of calcium carbonate,
respectively [35–37].

As can be seen from Figure 12a, the mass loss of calcium hydroxide was 2.16%, 2.42%,
2.18%, 1.96% and 1.82% for R0, R5, R10, R15 and R20 at the age of 3 days, respectively. The
content of calcium hydroxide showed an increase and then decrease with the increase in
waste rock-wool dosage, which indicated that the waste rock wool promoted the hydration
of cement at a low dosage, while the high dosage reduced the degree of cement hydration.
This conclusion is consistent with the results of the analysis of the heat of hydration. From
Figure 12b, it can be seen that the mass loss of calcium hydroxide was 2.44%, 2.44%,
1.93%, 2.04%, and 1.84% for R0, R5, R10, R15, and R20 at the age of 28 days, respectively.
Comparing the mass loss of calcium hydroxide at the age of 3 days and 28 days, it can
be seen that the content of calcium hydroxide increases less or even decreases with the
increase in age, which indicates that in the hydration of the cementitious material system,
fly ash, silica fume and calcium hydroxide undergo a secondary hydration reaction, which
further improves the degree of hydration of the cementitious material system, in agreement
with the analytical results of the XRD diffractograms.
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3.8. SEM Analysis

Figure 13a shows the micro-morphology of hydration products of R0 (without waste
rock wool) mortar, and Figure 13b shows the micro-morphology of hydration products
of R5 (contains 5% waste rock wool) mortar. As can be seen in the figure, the hydration
product type of the mortar remains the same, regardless of the presence or absence of waste
rock wool, and C-S-H gel, layered Ca(OH)2, ettringite and spherical fly ash particles could
be clearly observed in the SEM image of both groups of mortars.

Materials 2024, 17, x FOR PEER REVIEW 15 of 18 
 

 

  
(a)  

  
(b)  

Figure 13. Microscopic morphology of waste rock-wool mortar: (a) R0; (b) R5. 

  

  

Figure 13. Microscopic morphology of waste rock-wool mortar: (a) R0; (b) R5.

The presence of defects such as microcracks inside the cement mortar as well as
the self-contraction of the mortar can lead to the generation of microcracks, which are
susceptible to stress concentration under loading, leading to the emergence of more and
larger cracks [38–40]. In cementitious materials, fiber consumes energy through fiber
bridging, fiber pullout, fiber breakage and crack deflection to improve the toughness of
cement mortar. Different fibers have different effects on the material improvement, and
a size of less than 100 µm waste rock wool fills the internal structure and inhibits the
initiation and extension of the micro-cracking role. As shown in Figure 14a–c, the waste
rock wool with a size less than 100 µm can be used as a filler to fill the internal pores of
the mortar. It can also reduce the stress concentration at the crack tip through bridging
actions, crack deformations and other action mechanisms. Energy is absorbed to inhibit
microcrack expansion and improve the toughness of the mortar through the two destructive
forms of tension and pullout (Figure 14a,b). However, when the dosage was too much,
the phenomenon of fiber agglomeration occurs, as shown in Figure 14c, and the fiber
agglomerates form defects, resulting in the weakening of the toughening effect. Figure 14d
shows the effect of PVA fibers and steel fibers. The PVA fibers transmit stress and absorb
energy in the form of twisting and deformation or even fracture, while the steel fibers
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consume energy by overcoming friction with the substrate and pulling it out of the substrate.
In addition, in Figure 14b,c, the waste rock wool is randomly distributed around the PVA
fibers, while in Figure 14d, it is randomly distributed around steel fibers. This indicates
that the waste rock wool, PVA fibers and steel fibers play the roles of crack-blocking and
toughening at different structural levels to achieve the layered reinforcement effect.
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Figure 14. SEM image of multi-scale fiber-reinforced mortar. (a) Fibre fracture; (b) Fibre extraction;
(c) Fibre agglomeration; (d) Fibre bridging.

4. Conclusions

In this paper, the effect of waste rock-wool dosage on the workability, strength, tough-
ness, abrasion resistance, and hydration properties of PVA- and steel-fiber hybrid fiber
mortar was investigated, and the mechanism of the effect of waste rock-wool dosage on
the hybrid fiber mortar was summarized from a microscopic point of view. The research
results were as follows:

1. Waste rock wool reduces the flexural strength and compressive strength of the mortar,
and in the range of the selected dosage, the larger the dosage of waste rock wool, the
greater the reduction in strength. However, with the increase in age, the effect of the
reduction of strength was gradually reduced. When the dosage of waste rock wool
was 10%, the 28 days of flexural and compressive strengths were reduced by 4.73%
and 10.59%.

2. The effect of waste rock wool on the flexural-to-compressive ratio and impact tough-
ness varied. With the increase in waste rock-wool dosage, the flexural-to-compressive
ratio of the mortar at all ages increased, and the maximum value of the flexural-
to-compressive ratio of the mortar at 28 days under 20% dosage was 0.210, which
increased by 28.05%. The impact toughness decreased with the increase in the dosage,
and the impact strength of the mortar at 20% doping was 22.32 J/cm2, which de-
creased by 58.33%. Multi-scale hybrid combinations of waste rock wool, polyvinyl
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alcohol fibers and steel fibers were able to achieve toughening effects at different
structural levels.

3. When waste rock wool was used as cementitious material, it consumed waste rock
wool and reduced the dosage of cement and auxiliary cementitious materials. This
is in line with the concept of green development. Waste rock wool has low activity
or even no activity and can only play the role of physical filler. Therefore, in order
to maintain high mechanical strength, the amount of waste rock wool should not be
higher than 10%.
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Abstract: In the laboratory study of alkali–silica reaction (ASR), models attempt to predict the service
life of concrete due to ASR by correlating the performance of concrete at high and low temperatures.
However, the consequences of elevating temperature are not so encouraging. In this paper, the
influence of temperature on the expansion of 2-graded concrete and 3-graded concrete caused by
ASR was investigated by curing the concrete under different temperatures ranging from 40 ◦C to
80 ◦C. Increased temperature resulted in rapid expansion at the early stages, but the expansion rate
of concrete prisms cured at the higher temperatures (70 ◦C and 80 ◦C) was slowed down at the
later stages, and concrete prisms cured at 50 ◦C or 60 ◦C showed the highest expansions during the
experimental period. The chemical analysis results of the pore solution expressed from the concrete
show that the ASR expansion is significantly influenced by the [OH−]: the decrease in [OH−] leads
to the retardation of the ASR expansion. The decrease in [OH−] is attributed to the consumption
of OH− ions for the alkali–silica reaction and the decrease in activity of NaOH(aq) influenced by
the temperature. For large cross-section specimens, the OH− within the concrete for alkali–silica
reactions cannot be effectively compensated by the external alkali solution. In the accelerated test to
evaluate ASR for large cross-section specimens, a curing temperature of less than 60 ◦C is suggested.
This study provides critical insights into the temperature dependency of ASR expansion of concrete,
offering a curing temperature range for developing predictive models of ASR expansion under varied
environmental conditions.

Keywords: curing temperature; ASR expansion; pore solution; concentration of OH− ions; activity
of NaOH(aq)

1. Introduction

An alkali–silica reaction (ASR) is a chemical reaction between the reactive silica compo-
nent contained in aggregate and hydroxyl ions (OH−) from the pore solution of concrete [1].
This reaction produces alkali–silicate gel (ASR gel), which can absorb water and cause dele-
terious expansion, even cracking, in the concrete. Structures can be severely damaged by
ASR expansion and are irreparable. It is, therefore, very important to assess the risk of ASR
in concrete and to take appropriate measures in advance to prevent ASR expansion. The use
of non-reactive aggregates is the most reliable measure to prevent concrete deterioration
due to ASR. However, this option is often not practical due to the limited availability of
non-reactive aggregates in many locations. In China, alkali-reactive aggregates are widely
distributed [2], and their use may be an unavoidable choice, e.g., the dam concretes for
the Jinping Hydroelectric Project located in Sichuan Province have no choice but to use
alkali-reactive sandstone as a coarse aggregate.

Although ASR is adequately understood, it is still a challenge to assess the risk of
deterioration in concrete containing alkali-reactive aggregates. In the laboratory study
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of ASR, in order to correlate the performance of concrete at high and low temperatures,
experimental studies on concrete specimens are typically performed under accelerated
conditions by increasing the curing temperature, and some ASR models are proposed to
predict the future performance and progression of ASR in structures in service. Although
many studies have investigated the influence of temperature on the expansion rate and the
final expansion [3–5], the relationship between the final expansion and the temperature
dependence remains unclear. Tang et al. [6] and Poole et al. [7] presented models based on
an Arrhenius equation to extrapolate from laboratory experiments to the field. They found
that the measured rate constants of ASR at different temperatures fit the Arrhenius equation
well, and the reaction rate at normal temperature could be estimated by extrapolating the
regression line through the results at higher temperatures. According to Larive’s work [8],
temperature does not affect the final expansion, but it does affect the expansion kinetics [9],
and the temperature dependence of the kinetics of ASR expansion follows Arrhenius’ law.
The expansion curve at a certain reference temperature has been required to estimate some
parameters, and models have been developed by Ulm et al. [10], Farage et al. [11], and
Comi et al. [12]. However, Diamond et al. [13] reported that the final expansion was greater
at 20 ◦C than at 40 ◦C. Kawabata et al. [14] proposed the alkali-wrapped concrete prism
test (AW-CPT) to evaluate the effect of temperature on ASR expansion, avoiding the effect
of alkali leaching and moisture loss, and the results showed that the final expansion was
greater at 40 ◦C than at 60 ◦C. Chatterji et al. [15] studied the alkali–silica reaction of two
types of sand, and the results showed that for any sand and salt concentration, the expan-
sion increased with the decreasing temperature. Fournier et al. [3] discussed the results of
an interlaboratory study on the accelerated concrete prism test (i.e., 60 ◦C, RH > 95%) for
ASR. With increasing temperature, the main expansion phase of the test prisms at 60 ◦C
is often complete after 3 months of testing. Lindgård et al. [16] discussed how exposure
conditions influence prism expansion: for prisms exposed to 60 ◦C, the rate and amount
of alkali leaching is the main controlling factor for the prism expansion. Ideker et al. [17]
reported that expansions due to alkali–silica reaction (ASR) in the accelerated concrete
prism test (ACPT-60 ◦C) showed a significant reduction at 13 weeks compared to 52 weeks
testing in the standard concrete prism test (CPT-38 ◦C).

Temperature is a critical factor in the alkali–silica reaction, while the expansion pres-
sure exerted by the ASR gel inside the reactive aggregates is a key factor in the expansion
process of concrete. Some ASR expansion models describing the expansion behavior
associated with the chemical reaction have been developed by Dunant et al. [18], Putatat-
sananon et al. [19], Multon et al. [20], Takahashi et al. [21], and Miura et al. [22]. However,
the present evaluation methods are mainly based on the results of mortar bars or concrete
specimens (75 mm × 75 mm × 250 mm, CPT prism), in which the aggregate size is smaller
than that of practical concrete. The crack pattern, such as onion skin or sharp cracks [23] in
the aggregate, is strongly dependent on the reactive rock type and the random distribution
of the expansion sites in the aggregate. The size of the aggregate can strongly affect the
alkali transfer pathways and the ASR gel trapped within the aggregate [24]. The results
obtained from the mortar bar or CPT prism are not well correlated with the ASR expansion
behavior of actual concrete.

The development of accurate and reliable performance tests for the durability of
concrete is still a challenge. As stated by Thomas et al. [25], the appropriate benchmark
of a laboratory performance test is against real concrete structures or, as a surrogate,
against large concrete blocks exposed to natural weathering conditions. However, such
field experience is extremely time-consuming. Therefore, an accelerated performance test
to evaluate the ASR expansion of concrete is very necessary. According to Hobbs [26]
and Glasser [27], the key parameters influencing the rate and extent of alkali–silica re-
actions are temperature, alkali content, and humidity. In this paper, the 3-graded con-
crete prism with 300 mm × 300 mm × 500 mm and the 2-graded concrete prism with
150 mm × 150 mm × 550 mm were cast using the practical aggregate, Jingping sandstone.
Compared to the CPT prism, the cross-section of samples was enlarged, even for the
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3-graded concrete cured in an alkali solution, to avoid alkali leaching. The influence of
curing temperature on the ASR expansion of large concrete blocks was studied. It tends to
evaluate the effect of temperature on ASR expansion and the temperature dependence of
ASR expansion.

2. Materials and Methods
2.1. Materials

The coarse aggregate selected for this study was sandstone used in a dam located in
Liangshan, Sichuan Province, China. The aggregate shows a mosaic structure consisting
of quartz, mica, feldspar, calcite, and chlorite, according to the petrographic analysis. A
total of 10% of microcrystalline quartz was considered to be the reactive phase, which is
aggregated in the rock. The expansions according to the accelerated mortar bar method
(ASTM C1260 [28]) in 14 days and the concrete prism test method (ASTM C1293 [29]) in
1 year are 0.19% and 0.04%, respectively. The coarse aggregate is potentially alkali reactive.
The fine aggregate used in the concrete was non-reactive river sand. Portland cement was
selected on the basis of its alkali content. Cement LA is a low-alkali cement (0.56% Na2Oeq
by mass) and the chemical composition of the cement is given in Table 1. Polycarboxylate
superplasticizer (SP, 1.49% Na2Oeq by mass) was added to the concrete to ensure good
workability. Chemical-grade sodium hydroxide NaOH was used to adjust the alkali content
of the concrete.

Table 1. Chemical composition of the cement.

Sample
Chemical Composition/wt.%

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O L.O.I Total

Cement LA 19.56 4.28 4.17 63.61 1.27 2.05 0.53 0.21 3.19 98.87

2.2. Sample Preparation and Curing Conditions

The 3-graded concrete and the 2-graded concrete prisms were cast, respectively. The
mixes of the laboratory concrete were based on those of the field concretes, but some
parameters were adjusted: the alkali content in the concrete was increased to 5.25 kg/m3 by
adding NaOH to the mixing water, and fly ash was replaced by cement. The water–cement
ratio of concrete is 0.5. For the 3-graded concrete, the sand ratio is 39%, and the mass
ratio of 5–20 mm aggregate/20–40 mm aggregate/40–80 mm aggregate is 3:3:4. For the
2-graded concrete and the reference concrete, the sand ratio is 30%, and the 5–20 mm
aggregate/20–40 mm aggregate is 5:5 by mass. For the reference concrete, the alkali content
was 1.60 kg/m3, and alkali was supplied only by the cement and superplasticizer. The
mixing proportions of the concretes are given in Table 2. Polycarboxylate superplasticizer
was added to the fresh concretes to ensure they had the same slump.

Table 2. Mix proportions of the concretes.

Concrete
Type

Na2Oe
/(kg/m3)

Mix Proportions/(kg/m3)

Cement Water
Fine

Aggregate
Coarse Aggregate

SP
5–20 mm 20–40 mm 40–80 mm

3-graded 5.25 204 102 605 468 468 624 1.8
2-graded 5.25 280 140 614 715 715 - 1.8
Reference 1.60 280 140 614 715 715 - 1.1

The 3-graded concrete prisms with a size of 300 mm × 300 mm × 500 mm, the 2-graded
concrete prisms with a size of 150 mm × 150 mm × 550 mm, and the reference concrete
prisms with a size of 150 mm × 150 mm × 550 mm were cast. A strain gauge was embedded
in the concrete (Figure 1) to measure ASR expansion. In addition, 12 prisms of the 3-graded
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concrete with dimensions of 300 mm × 300 mm × 500 mm and 18 cubes of the 2-graded
concrete with dimensions of 150 mm × 150 mm × 150 mm were cast for pore solution
extraction at a specific period. Samples were cured for 5 days at 22 ± 1 ◦C and RH ≥ 95%
and then stored in the curing boxes. Prisms of the 3-graded concrete were immersed in
0.7 mol/L NaOH solution. Prisms or cubes of the 2-graded concrete were stored above
water, i.e., cured in the moisture. All concrete prisms were stored vertically in the curing
boxes, and the curing temperature was set at 40, 50, 60, 70, and 80 ◦C, respectively.
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2.3. Expansion Measurement

Strain gauges embedded in the concrete were used to measure the deformation due to
ASR expansion. The sensors were linked to the microcontroller unit (MCU) system, and
deformation data was collected at 12 h intervals.

2.4. Internal Moisture Content and Open Porosity of Concrete

The evaporable water content was determined to represent the internal humidity of
the concrete, and the open porosity of the concrete was calculated. Concrete cubes with
sizes of 100 mm × 100 mm × 100 mm were cast and cured in moisture at 40 ◦C, 60 ◦C,
and 80 ◦C, respectively. After a long-term (1 year) saturation by the moisture in the curing
boxes, the mass of the specimens was measured, then they were finally dried at 105 ◦C
and weighed. The internal moisture content (Cm) and the concrete open porosity (p) are
calculated using the following equations:

Cm =
m0 − mi

mi
× 100% (1)

p =
Vwater

Vconcrete
=

(m0 − mi)·ρconcrete

m0·ρwater
× 100% (2)

where Vwater is the pore volume in concrete, Vconcrete is the volume of concrete, m0 is the
mass of the moisture-saturated specimen, mi is the mass of the dry specimen, ρconcrete is the
density of concrete, and ρwater is the density of water.

2.5. Ion Concentration of Pore Solution

The concretes for pore solution were cured at 40, 60, and 80 ◦C, respectively. The
3-graded concrete prisms were immersed in 0.7 mol/L NaOH solution, while the 2-graded
concrete cubes were cured in moisture. At certain ages, the power supply to the curing
chambers was deactivated, allowing the containers to cool to ambient temperature. Cores
with the diameter of 160 mm and the length of 200 mm (Φ160 mm × 200 mm) were taken
out from the 3-graded concrete and divided into two parts: the inner and the outer with the
size of Φ160 mm × 100 mm. Samples for pore solution were crushed and then subjected to
high-pressure expression (1200 MPa), following the method outlined by Barneyback [30].
Following expression, approximately 200 µL of pore solution (with an accuracy of 5 µL)
was transferred to a 50 mL volumetric flask and diluted with deionized water to reach
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volume. The concentration of Na and K were determined using a flame photometer. The
concentration of OH− ions was assessed through direct titration with 0.01 mol/L HCl (with
an accuracy of 0.0001 mol/L) using the phenolphthalein endpoint. Chemical analysis was
carried out at 22 ± 2 ◦C. In the experimental process, some measures were taken to keep
the pore solution from carbonating, such as fresh deionized water was always used.

3. Results and Discussion
3.1. Deformation of the Reference Concrete

The deformation of the concretes includes the expansion due to ASR and the shrink-
age due to the cement hydration. Figure 2 presents the deformation at different curing
temperatures obtained on the reference concrete. It is evident that the concrete experiences
shrinkage and this shrinkage becomes more pronounced with higher temperatures. The
rapid hydration of cement at elevated temperatures leads to increased shrinkage, partic-
ularly during the early age. The reference concrete with low alkali content (1.60 kg/m3

Na2Oeq) is regarded as non-reactive concrete, though they were cast by reactive aggregate.

Materials 2024, 17, x FOR PEER REVIEW 5 of 12 
 

 

concentration of OH− ions was assessed through direct titration with 0.01 mol/L HCl (with 
an accuracy of 0.0001 mol/L) using the phenolphthalein endpoint. Chemical analysis was 
carried out at 22 ± 2 °C. In the experimental process, some measures were taken to keep 
the pore solution from carbonating, such as fresh deionized water was always used.  

3. Results and Discussion 
3.1. Deformation of the Reference Concrete 

The deformation of the concretes includes the expansion due to ASR and the shrink-
age due to the cement hydration. Figure 2 presents the deformation at different curing 
temperatures obtained on the reference concrete. It is evident that the concrete experiences 
shrinkage and this shrinkage becomes more pronounced with higher temperatures. The 
rapid hydration of cement at elevated temperatures leads to increased shrinkage, partic-
ularly during the early age. The reference concrete with low alkali content (1.60 kg/m3 
Na2Oeq) is regarded as non-reactive concrete, though they were cast by reactive aggregate.  

0 50 100 150 200 250 300 350
-125

-100

-75

-50

-25

0

25

80℃

70℃

60℃

50℃

40℃

D
ef

or
m

at
io

n 
/ 1

0_ 6

time /d
 

Figure 2. Deformation of the reference concrete stored over water. 

3.2. ASR Expansion 
Figures 3 and 4 show the deformation at different curing temperatures obtained on 

the 3-graded concrete and the 2-graded concrete, respectively. The induction period of the 
expansion depends on the curing temperature. At a low temperature (40 °C), the curves 
show an S-shape, indicating a very slow expansion rate at first, then a rapid increase, and 
finally, a gradual slowing down. As the temperature increased, the specimens expanded 
rapidly after a short latent period, followed by a low rate of expansion. For the 3-graded 
concrete prisms immersed in alkali solution, the expansions in 1 year under five curing 
temperatures of 40, 50, 60, 70, and 80 °C are 0.050%, 0.084%, 0.099%, 0.057%, and 0.046%, 
respectively. The prism cured at 60 °C produced the highest expansion during the exper-
imental period. For the 2-graded concrete prism cured in moisture at 70 °C, the curve in-
dicates a very rapid ASR expansion rate in the first 25 days, then a gradual slowing down 
in the period of 25–150 days. After 150 days, the expansion remains almost unchanged, 
and the expansion up to a final asymptote is 0.027%. For the 2-graded concrete prism 
cured at 60 °C, it expands rapidly in the first 40 days, then a gradual slowing down in the 
period of 40–250 days. The specimen remains stable after 250 days, with an expansion of 
0.035% at 420 days. For the prism cured at 50 °C, the expansion rate remains relatively fast 
before 100 days, then slows down. The expansion at 420 days is 0.061%. For the prism 
cured at 40 °C, after a latent period of about 25 days, the specimen begins to expand with 
the slowest expansion rate. However, in the later age, its expansion exceeds that of speci-
mens cured at 60 °C and 70 °C. At 420 days, the expansion is 0.040%. The prism cured at 
50 °C in moisture shows the highest expansion. The expansion of the 2-graded concrete 
prism cured in moisture is always lower than that of the 3-graded concrete prisms im-
mersed in alkali solution at the same curing temperature. Whether the concrete is cured 

Figure 2. Deformation of the reference concrete stored over water.

3.2. ASR Expansion

Figures 3 and 4 show the deformation at different curing temperatures obtained
on the 3-graded concrete and the 2-graded concrete, respectively. The induction period
of the expansion depends on the curing temperature. At a low temperature (40 ◦C),
the curves show an S-shape, indicating a very slow expansion rate at first, then a rapid
increase, and finally, a gradual slowing down. As the temperature increased, the specimens
expanded rapidly after a short latent period, followed by a low rate of expansion. For the
3-graded concrete prisms immersed in alkali solution, the expansions in 1 year under five
curing temperatures of 40, 50, 60, 70, and 80 ◦C are 0.050%, 0.084%, 0.099%, 0.057%, and
0.046%, respectively. The prism cured at 60 ◦C produced the highest expansion during the
experimental period. For the 2-graded concrete prism cured in moisture at 70 ◦C, the curve
indicates a very rapid ASR expansion rate in the first 25 days, then a gradual slowing down
in the period of 25–150 days. After 150 days, the expansion remains almost unchanged,
and the expansion up to a final asymptote is 0.027%. For the 2-graded concrete prism cured
at 60 ◦C, it expands rapidly in the first 40 days, then a gradual slowing down in the period
of 40–250 days. The specimen remains stable after 250 days, with an expansion of 0.035% at
420 days. For the prism cured at 50 ◦C, the expansion rate remains relatively fast before
100 days, then slows down. The expansion at 420 days is 0.061%. For the prism cured
at 40 ◦C, after a latent period of about 25 days, the specimen begins to expand with the
slowest expansion rate. However, in the later age, its expansion exceeds that of specimens
cured at 60 ◦C and 70 ◦C. At 420 days, the expansion is 0.040%. The prism cured at 50 ◦C
in moisture shows the highest expansion. The expansion of the 2-graded concrete prism
cured in moisture is always lower than that of the 3-graded concrete prisms immersed in
alkali solution at the same curing temperature. Whether the concrete is cured in moisture
or alkaline solution, within the curing temperature range of 40–80 ◦C, the higher the curing
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temperature, the faster the initial ASR expansion of concrete prisms. Increasing the curing
temperature significantly accelerates the ASR expansion process of concrete. However,
increasing the curing temperature will also shorten the duration of the rapid expansion
stage of concrete, and the earlier the ASR expansion of concrete tends to stabilize. The
prisms cured at lower temperatures have a slower initial expansion rate, but they maintain
stable growth in the later ages. The expansion rate of concrete prisms cured at the higher
temperatures (70 ◦C and 80 ◦C) was slowed down at the later ages, and concrete prisms
cured at 50 ◦C or 60 ◦C showed the highest expansions during the experimental period.
ASR expansion of prism cured at the higher temperature is not necessarily larger.
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3.3. Internal Moisture Content and Porosity

The internal moisture content and the open porosity of concrete samples cured at
40 ◦C, 60 ◦C, and 80 ◦C were tested, and the results are shown in Table 3. The internal
moisture content within concrete increases with increasing curing temperature, indicating
that concrete samples can maintain a high RH level even at an elevated temperature to
ensure that ASR expansion proceeds [16]. The open porosity of the concrete also increased
with increasing temperature.

Table 3. Internal moisture content and porosity of the 2-graded concrete cured in moisture.

Samples Cured at Internal Moisture Content/% Porosity/%

40 ◦C 6.41 7.81
60 ◦C 6.47 9.30
80 ◦C 6.55 9.72
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3.4. Alkali Content in Pore Solution

Table 4 shows the ion concentrations of the pore solution in the 2-graded concrete
cured in moisture. Table 5 shows the ion concentrations of the pore solution in the 3-graded
concrete cured in 0.7 mol/L NaOH solution. For each storage temperature, the [Na+], [K+],
and [OH−] of the pore solution in concretes, whether cured in moisture or in alkali solution,
tend to decrease with the development of ASR for up to 1 year, except at 40 ◦C in 7 days,
where an increase in the [Na+] and [K+] is observed. Moreover, the ion concentrations in
the pore solution decreased more rapidly as the curing temperature increased. Compared
to the concrete cured in moisture, the ion concentrations of concrete cured in alkali solution
decreased more slowly. For concrete cured in moisture at 60 ◦C and 80 ◦C for 1 year, the
[OH−] of the pore solution is too low to be detected. For concrete cured in alkali solution,
the [K+] in the pore solution of the inner concrete at any curing temperature is always
higher than that of the outer concrete. The [OH−] in the pore solution of the inner concrete
cured at 40 ◦C, 60 ◦C, and 80 ◦C for 28 days and at 40 ◦C for 60 days is higher than that of
the outer concrete, but it inverses for concrete cured for 60 days at 60 ◦C, 80 ◦C, and for
1 year at each curing temperature. Similar results to the [Na+] are also observed in Table 5.

Table 4. Ion concentration of the pore solution in concrete cured in moisture.

Curing Time/Days 0 7 14 28 180 365

[K+]/(mmol/L)
40 ◦C

212.3
231.6 193.0 155.7 130.7 39.8

60 ◦C 141.5 111.2 102.5 70.8 26.5
80 ◦C 128.9 106.2 56.6 25.0 23.6

[Na+]/(mmol/L)
40 ◦C

523.5
616.0 557.4 451.8 372.6 262.2

60 ◦C 443.7 353.4 300.4 179.3 201.7
80 ◦C 403.4 419.5 236.6 94.9 143.4

([K+] +
[Na+])/(mmol/L)

40 ◦C
735.8

847.6 750.4 607.5 503.3 302.0
60 ◦C 585.2 464.6 402.9 250.1 228.2
80 ◦C 532.3 525.7 293.2 119.9 167.0

[OH−]/(mmol/L)
40 ◦C

515.8
496.2 441.8 394.9 346.8 220.3

60 ◦C 375.3 336.0 233.6 161.4 -
80 ◦C 302.3 293.6 112.9 78.2 -

0 d: the sample for pore solution cured at 22 ± 2 ◦C, RH 100% for 1 day. -: the OH− concentration is too low to
be detected.

Table 5. Ion concentration of the pore solution in concrete cured in 0.7 mol/L NaOH solution.

Curing Time/Days

Ion Concentration of Pore Solution/(mmol/L)

40 ◦C 60 ◦C 80 ◦C

[K+] [Na+] [OH−] [K+] [Na+] [OH−] [K+] [Na+] [OH−]

0 331.5 786.7 658.4 331.5 786.7 658.4 331.5 786.7 658.4

28
Outer 212.3 676.6 484.0 252.5 558.2 379.4 185.1 455.1 285.4
Inner 297.3 748.6 503.4 261.0 564.7 453.8 245.4 530.6 301.2

60
Outer 225.6 595.0 378.1 177.9 505.8 287.8 109.2 451.8 165.9
Inner 253.2 608.1 409.5 160.7 427.3 268.2 148.6 441.0 153.3

365
Outer 88.9 630.4 348.9 56.3 412.8 213.9 26.5 363.0 60.5
Inner 100.3 546.8 322.7 70.2 402.7 179.4 45.0 388.9 29.3

0 d: the sample for pore solution cured at 22 ± 2 ◦C, 100% RH for 1 day.

3.5. Discussion

The results described in this paper show that the expansion of concrete either cured in
moisture or cured in alkali solution and the [OH−] in concrete pore solution are greatly
influenced by temperature. In general, increasing the curing temperature from 40 ◦C to
80 ◦C can accelerate the rate of ASR expansion at early ages. However, in this experiment,
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the higher temperature of 80 ◦C did not result in higher final expansion. The results are
different from those of Liu [31] and Ke [32]. In their experiments, mortar bars were cured
in 1 mol/L NaOH solution, and the results showed that the ASR expansion increased with
increasing temperature, i.e., the mortar bar cured at 80 ◦C showed the highest expansion in
the experimental periods.

3.5.1. Contradiction to the Alkali Leaching

As mentioned in the Introduction, the reduction in the final expansion of concrete
stored over water at elevated temperatures has been attributed to the alkali leaching.
Many researchers explained that alkali leaching would reduce the alkalinity of the pore
solution in the concrete, thus significantly reducing the final expansion [16,20,33]. In this
experiment, alkali leaching is inevitable in the 2-graded concrete stored over water, though
some measures were taken to avoid or reduce the leaching of alkali from the concrete, such
as increasing the cross-section of the concrete prism, prolonging the pre-storage period at
room temperature. It cannot be denied that alkali leaching made an important contribution
to the reduction in ASR expansion of concrete cured at an elevated temperature in moisture,
even when immersed in water. However, for the 3-graded concrete immersed in 0.7 mol/L
NaOH solution, the prisms were surrounded by the alkali ions, and alkali leaching from
the concrete to the simulated solution was negligible. In addition, the concentration of
NaOH solution decreased to 0.6 mol/L after 1 year at 80 ◦C, indicating that the alkali had
penetrated into the concrete to compensate for alkali consumption. At this storage condition,
which is similar to that of Ke and Liu’s experiments, the prism cured at 60 ◦C showed
the highest expansion, unlike Ke and Liu’s results: the higher the curing temperature, the
higher the expansion obtained. This phenomenon, which occurred in the 3-graded concrete,
cannot be explained by alkali leaching.

3.5.2. The [OH−] Influenced by Temperature

The OH− ions in the pore solution were produced by the hydration of the cement
and the dissolution of NaOH in the mixing water. Lothenbach et al. [34] investigated
the change in concentration of OH− ions in Portland cement paste cured at temperatures
ranging from 5 ◦C to 50 ◦C. Their results showed that the [OH−] increased with increasing
temperature and the evolution of hydration. Durand et al. [35] showed a similar result that
the [OH−] of the pore solution in Portland cement paste cured at 38 ◦C was maintained at
a high level at later ages. It can be concluded that the [OH−] will not vary dramatically in
concrete if no OH− ions are consumed. In our experiments, comparing Figure 4 and Table 4,
the 2-graded concrete prisms cured in moisture expanded rapidly at the early ages with
the decline in [OH−] in concrete pore solution, followed by a decrease in the rate until a
long-term asymptote was reached, accompanying the [OH−] decreased to a very low level.
Comparing Figure 3 and Table 5, for the 3-graded concrete, prisms expanded continuously
after the rapid expansion at the early ages. Simultaneously, the [OH−] decreased due to
the consumption of OH− ions in concrete, though the concrete prisms were immersed in
alkali solution. For concrete prism cured at 80 ◦C for 1 year, the concentration of OH− ions
in the inner concrete decreased to a very low level of 0.029 mol/L, far from the threshold
[OH−] of 0.25 mol/L suggested by Diamond [36]. In our laboratory, the dissolution kinetics
of reactive silica in Jingping sandstone exposed to NaOH solution was studied, and the
experimental results indicate that ASR behaves as a first-order reaction, accompanied
by the exponential decrease in the [OH−] with time [37]. The alkali content and the
concentration of OH− in the concrete pore solution play a major role in the development of
ASR, especially the role of [OH−] in the evolution of ASR [9]. Therefore, the change in alkali
content and OH− concentration in the pore solution can well interpret the rate and extent
of ASR during laboratory performance testing. The alkali and OH− ions permeate into
sandstone aggregates and react with the microcrystal silica phase, producing expansive
ASR gels. At the early ages, the alkali–silica reaction proceeds rapidly for the high [OH−],
and the reaction rate increases with the increasing temperature. Accordingly, the concrete
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prisms expand rapidly. As the alkali–silica reaction proceeds, OH− ions are continuously
consumed, resulting in a decrease in [OH−]. When the [OH−] decreases to the threshold
for initiating ASR expansion, the reaction becomes very slow, and no apparent expansion
is observed. For the mortar bar immersed in the alkali solution, ASR expansion of the
specimen with small scale section occurred in an alkali-supply environment, but for the
prism in 300 mm × 300 mm × 500 mm cured in 0.7 mol/L NaOH solution, the alkali ions
in pore solution cannot be compensated effectively from the outside alkali solution.

3.5.3. The Effective [OH−] Influenced by Temperature

The effective [OH−] in the pore solution of concrete is also influenced by the curing
temperature. NaOH in concrete pore solution will dissociate into Na+ and OH−, as
NaOH(aq) is a strong electrolyte. The degree of ionization depends on the concentration
and temperature of the solution. According to the results of Pabalan et al. [38], activity
coefficients of NaOH(aq) at 1 bar or saturation pressure are shown in Figure 5. When
the concentration of sodium hydroxide is greater than 0.25 mol/L, the activity coefficient
increased slightly with the temperature increase from 0 ◦C to 50 ◦C, then it declined
gradually. When the concentration is less than 0.25 mol/L, the activity coefficient decreases
with the increasing temperature. This means that the amount of effective OH− ions in
the pore solution of concrete cured at a lower temperature (40 ◦C) is greater than that
of concrete cured at a higher temperature (80 ◦C) if the concrete has the same content
of NaOH.
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The effective OH− ions play a major role in the ASR expansion of concrete. When
the specimen with the 2-graded aggregate cured at 70 ◦C in moisture for 220 days (the
expansion had reached a long-term asymptote) was transferred to the conditions of 40 ◦C,
it re-expanded rapidly and continuously (Figure 6). As mentioned in Table 4, moisture
content in concrete decreased with the decrease in temperature, so the re-expansion of the
concrete prism is not attributed to the wet swelling of concrete. Notably, samples cured at a
high temperature show a high porosity, which means that the re-expansion needs more
ASR gel to fill the confined space compared to the prism cured at 40 ◦C all the time [39].
With the temperature decreased, the amount of effective OH− ions increased, and ASR
proceeded again, leading to the re-expansion of the concrete prism.
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3.5.4. Temperature Dependency of ASR Expansion

The ASR expansion of concrete is influenced by the effective alkaline ion concentration
of the concrete pore solution. At the initial curing stage of concrete, the concentration of
alkali ions in the pore solution is high, and the alkali–silica reaction rate is rapid, leading to
more ASR gel generation and prisms expanding rapidly at various temperatures. As the
curing age prolongs, the concentrations of K+, Na+, and OH− ions continue to decrease,
and the rate of alkali–silicate reaction slows down; as a result, the expansion of the prism
cured at various temperatures also slows down.

The influence of elevating temperature on ASR expansion may manifest in the follow-
ing ways: (1) When the alkali content in the concrete pore solution is adequate, elevating
temperature will accelerate the process of alkali–silica reaction, and ASR gels are mostly
confined in a limited space within the aggregate, which induces the rapid ASR expansion,
i.e., in the early ages, the higher curing temperature, the greater ASR expansion; (2) As the
temperature increases, the [OH−] in the concrete pore solution decreases faster to the thresh-
old for initiating ASR expansion, which slows down the rate of ASR expansion; (3) The
activity coefficients of OH− ion may decrease with the increasing temperature, which
means that the amount of effective OH− ions in pore solution of concrete cured at a higher
temperature is less than a lower temperature if the concrete has the same content of NaOH,
and this may decrease ASR expansion; (4) Elevating temperature boosts the exudation of
ASR gels from the sandstone into the pore solution, which reduces ASR expansion [5,37].
Thus, ASR expansion is comprehensively affected by the curing temperature.

4. Conclusions

This study investigated the influence of curing temperature on the ASR expansion
of concrete containing reactive sandstone as the coarse aggregate. Two sets of tests were
carried out, namely, (1) 3-graded concrete with 300 mm × 300 mm × 500 mm cured in alkali
solution and (2) 2-graded concrete with 150 mm × 150 mm × 550 mm cured in moisture.
The following conclusions are obtained:

• ASR expansion of concrete shows a strong temperature dependency. Increasing the
curing temperature accelerates the expansion rate of ASR in the early ages, which
exhibits a positive temperature dependency, while increasing the temperature also
accelerates the [OH−] reduction, decreases the effective [OH−], and boosts the exu-
dation of ASR gels from aggregates, which shows a reduced, negative temperature
dependency.

• The ASR expansion is significantly influenced by the [OH−] in the pore solution of
concrete. Increasing the curing temperature may accelerate the decrease in [OH−] and
shorten the duration of the rapid expansion stage of concrete. Specimens cured at
50 ◦C or 60 ◦C showed the highest expansion during the experimental period. The
ASR expansion of specimens cured at higher temperatures was not necessarily greater.

• For the 300 mm × 300 mm × 500 mm specimens, the OH− within concrete for ASR
cannot be compensated effectively from the outside alkali solution.
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• The temperature dependency of ASR expansion in the large cross-section concrete
prisms should be considered when correlating concrete performance at high and low
temperatures. In the accelerated test to evaluate ASR for large cross-section specimens,
a curing temperature of less than 60 ◦C is suggested.
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Abstract: Despite extensive research, the relationship between the progression of the alkali–silica
reaction (ASR) and the expansion of concrete due to ASR, particularly for the heterogeneous aggregate
with slow reactivity, is not thoroughly understood. In this paper, the dissolution kinetics of reactive
silica present in sandstone when exposed to NaOH solutions, alongside the expansion characteristics
of rock prisms under ASR conditions, were studied. The experimental results indicate that ASR
behaves as a first-order reaction, accompanied by an exponential decrease in the concentration of
OH− over time, and the dissolution rate of silica is predominantly governed by diffusion dynamics.
Notably, increasing the temperature accelerates ASR, which augments the expansive pressure in a
confined and limited space, leading to more significant aggregate expansion. Conversely, higher
temperatures also result in a diminished retention of ASR gels within the aggregate, leading to the
mitigation of ASR expansion. Our findings underscore that larger aggregates retain a greater quantity
of gels, resulting in more pronounced expansion. To establish an ASR prediction model based on the
relationship of the ASR expansion of concrete to high and low temperatures, the parameters such as
the range of curing temperatures and the grading size of aggregates should be carefully considered
for the experiments.

Keywords: alkali–silica reaction; kinetics; sandstone; rock prism; mechanism of ASR expansion

1. Introduction

The alkali–silica reaction (ASR) is a complex chemical reaction taking place between
the reactive silica in the aggregate and hydroxyl ions (OH−) from the pore solution in
concrete [1,2]. ASR gel may adsorb water and cause the expansion and cracking of concrete.
In general, two steps are involved in the ASR process: (1) the chemical reaction to form ASR
gel, and (2) the expansion of gel due to the uptake of water [3]. Correspondingly, the ASR
expansive behavior of concrete depends on: (1) chemical factors influencing the chemical
reaction rate and degree, such as temperature [4,5], pore solution chemistry [6,7], and the
reactivity of silica; (2) the response of physical factors to expansive pressure, such as the
confined conditions of ASR gel [8–11], the distribution of reactive silica in the aggregate [12],
and the rheological behavior of the gel [13]. Therefore, it is necessary and important to
comprehensively understand the influence factors and expansion mechanism of ASR for
establishing the ASR prediction model.

1.1. Chemistry of Alkali–Silica Reaction

The kinetics is equally important because the rate at which silica dissolves in the pore
solution can largely control the overall rate of ASR. The explanation of the chemical process
was given by Glasser et al. [14], and in more detail, by Bulteel et al. [15]. The topochemical
rupture of the siloxane bonds possibly acts as follows:

≡ Si-O-Si ≡ + 2OH− ⇔ 2
(
≡ Si-O−

)
+ H2O (1)
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But it may occur in two steps [15]:

(1) The formation of Q3 sites due to siloxane bonds first breaking up by hydroxide ion
attack, as follows:

2SiO2 + OH− → SiO−5/2 + SiO5/2H (2)

(2) The dissolution of silica due to continued hydroxide ion attack on the Q3 sites to form
silica ions, as follows:

SiO−5/2 + OH− +
1
2

HO2 → H2SiO2−
4 (3)

As the reactive silica structures (≡Si-OH, ≡Si-O-Si≡) gradually break down, they also
attract the soluble alkali hydroxides (sodium hydroxide, NaOH, and/or potassium hydrox-
ide, KOH), then form the hydrated alkali–silicate gel within the aggregate. Dron et al. [16]
argued that ASR involves mainly ionic reactions in the pore solution. Different chemical
equilibriums are possible, depending on the pH of the pore solution and the ionic species
in the solution. Balachandran et al. [17] proposed a three-stage behavioral model to explain
the dynamic relationship between ASR progression and pore solution composition. A high
calcium ASR product (C–S–H- type gel) or a low calcium ASR product (ASR-type gel) was
dictated by their accessibility to the pore solution.

The dissolution rate of silica is influenced by various factors, such as the pH, tem-
perature, surface area of the reactive silica, the reactivity of silica, and the concentrations
of K+, Na+, and Ca2+ present in concrete [18,19]. Dron et al. [20] studied the kinetics of
the dissolution of opal in NaOH solution according to the conditions described in ASTM
C289 [21]. Bulteel [15] and Verstraete et al. [22] quantified the reaction degree of flint
dissolved in 0.79 mol/L KOH solution at different temperatures. Maraghechi [23] studied
the dissolution rate of soda–lime–silica glass, and the results showed that it is highly related
to both pH and temperature. Up to pH = 14 and at 60 ◦C, the dissolution rate of glass
was found to be a function of [OH−]0.2. Kim et al. [19] investigated the chemical reaction
sequence and kinetics of ASR by exposing α-cristobalite to 0.7 mol/L KOH or NaOH
with the presence of solid calcium hydroxide (Ca(OH)2). They subsequently presented
the results on the kinetics of the chemistry of the pore solution in a cementitious system
containing the highly reactive aggregate [24].

1.2. Effect of Aggregate Properties

Whether or not concrete structures suffer ASR damage during service is fundamentally
determined by the content of reactive silica in the aggregates and their properties. Aggre-
gates are commonly classified as: non-reactive, moderately reactive, highly reactive, or very
highly reactive, according to the results of standardized tests (e.g., the accelerated mortar
bar test (AMBT, ASTM C1260 [25]) or the concrete prism test (CPT, ASTM C1293 [26])).
Amorphous SiO2 (e.g., opal, natural, or synthetic glass) is known to be the most reactive,
followed by metastable crystals (e.g., cristobalite and tridymite), microcrystalline silica,
and other crystalline forms containing many lattice defects, residual strains, or internal
microcracks. If the aggregate particle is composed entirely of reactive silica, such as opal or
glasses, which have uniform composition throughout their volume, the aggregate surface
may react quickly with the alkaline pore solution to form ASR gel at the surface. Onion
skin cracks can be observed when alkali ions diffuse uniformly into the highly reactive
aggregate [27,28]. Ichikawa et al. [27] proposed a reaction rim model to describe the ASR
evolution. However, if the reactive silica is absent at the surface and is mostly contained
as fine reactive particles distributed within a non-reactive matrix of the aggregate, such
as many sandstones, greywackes and siliceous limestones, it takes time for the alkaline
pore solution to penetrate into and contact with the reactive silica. As a result, the reaction
proceeds more slowly, and the gel forms within the aggregate, leading to sharp cracks
throughout the aggregate. As a type of slow-reacting aggregate, the mineralogy and fabric
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of rocks are responsible for different manifestations of the alkali–silica reaction [29,30].
Based on the results, Dunant et al. proposed a gel pocket model [31]. In the gel pocket
model, expansive pressure forms at the random location of a reactive site (gel pocket),
i.e., the origin of expansion is randomly distributed inside the aggregate [28,32].

The porosity degree of aggregate particles also plays a vital role in the rate of ASR
expansion. According to the study by Ben et al. [30], it was reported that highly porous
aggregates suffered more ASR expansion as compared to the aggregates with lower porosity.
It was found that the alkali ions are more easily diffused in the porous aggregate particles
than in the less porous aggregates, which then initiates aggregate dissolution leading
to ASR.

The kinetics of the highly reactive aggregates, such as opal, glass, flint, and α-
cristobalite, has been studied by many researchers, while for the slow-reacting aggregates,
the reactive silica randomly distributed within the non-reactive matrix of the aggregates,
few studies have focused on the kinetics of silica dissolution. On the other hand, for the
same aggregate, the expansion of ASR gel at different temperatures and aggregate sizes
varies. The cause of the expansion induced by ASR gel remains controversial. In this
paper, the kinetics of ASR in sandstone was investigated, and the corresponding induced
expansion was discussed.

2. Materials and Methods
2.1. Materials

Sandstone, a clastic sedimentary rock, was used in this study, which also adopted
the dam concrete for the Jinping Hydroelectric Project located at Sichuan Province, China,
as the coarse aggregate. The sandstone is mainly composed of 72.0 wt.% SiO2, 11.2 wt.%
Al2O3, 4.5 wt.% Fe2O3, 1.4 wt.% CaO, 3.6 wt.% MgO, 2.0 wt.% K2O, and 1.0 wt.% Na2O; and
the ignition loss is 4.1 wt.%. The rock exhibits a mosaic structure consisting of quartz, mica,
feldspar, calcite, and chlorite, according to the petrographic analysis using a LEICA DM750P
Polarization Microscope (Leica Microsystems, Tokyo, Japan) (Figure 1a). Microcrystalline
quartz is considered to be the reactive phase, which distributes as an aggregate in the rock
(Figure 1b). The amount of microcrystalline quartz in the rock is approximately 10 wt.%. A
continuous foliation can be distinguished, and the direction of the foliation planes is shown
by a black arrow in Figure 1c. Minerals in the rock were also confirmed by X-ray diffraction
(XRD, Bruker D8 Focus, Billerica, MA, USA, Cu, 40 kV, 40 mA, 5◦/min, ), and the results
are shown in Figure 2. The expansion of the mortar was 0.19% at 14 days according to
the accelerated mortar bar method (ASTM C1260 [25]), and the expansion of the concrete
prisms was 0.04% at 1 year according to ASTM C1293 [26]. This indicates that sandstone is
potentially alkali-reactive, and that it is a slow-reacting aggregate. Chemical grade NaOH
(NaOH ≥ 95%) was used to prepare alkali solutions with deionized water.
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Figure 1. Petrographic analysis of sandstone with a crossed polarizer. (a) Clastic texture of sandstone;
(b) microcrystalline quartz aggregated in sandstone; (c) direction of foliation planes. Q—quartz;
C—calcite; F—feldspar; M—mica.
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2.2. Experimental Methods
2.2.1. Kinetics of Silica Dissolution

The extent of the reaction between the NaOH solution and sandstone was determined
using ASTM C289, while some conditions were adjusted: (1) The crushed sandstone
particles with the size fraction of 0.315–0.630 mm instead of that of 0.15–0.3 mm, described
in ASTM C289, were used in the experiment. (2) The reaction conditions, such as different
temperatures (40 ◦C, 60 ◦C, and 80 ◦C) and the different concentration of NaOH solution
(1.0 mol/L, 0.5 mol/L, 0.3 mol/L and 0.2 mol/L), were used in the experiment. (3) The
duration of the reaction was prolonged to 90 days.

Two batches of test specimens were prepared for the experiment. One is used for in-
vestigating the influence of temperatures designated at 40 ◦C, 60 ◦C, and 80 ◦C, respectively,
and the concentration of NaOH solution is 1.0 mol/L. Another batch of specimens is used
for investigating the influences of NaOH concentration, for which the concentrations are set
to 0.5 mol/L, 0.3 mol/L, and 0.2 mol/L, respectively, at a specific temperature of 60 ◦C. A
total of 25.0 g of sandstone particles was placed into a polypropylene copolymer container.
Prior to the mixing of sandstone and the NaOH solution, they were separately preheated
to the reaction temperature. Following this, 25 mL of NaOH solution was added into the
container. The containers were sealed and stored at the preset temperature conditions.

ASR products are present in two forms: (1) free silica ions in alkali solution, and
(2) precipitated silica to form sodium silica hydrates (N-S-H, ASR gels). At the end of the
exposure periods, the container was cooled immediately, and the liquid was filtered. The
filtrates were collected, and the content of dissolved silica and the reduction in alkalinity
were detected according to the method described in ASTM C289. The residues were dried
at 105 ◦C for 24 h, then ground into powders by passing them through a 0.045 mm sieve. A
total of 5.0 g of the powders were immersed in 500 mL of 1:1 dilute hydrochloric acid (HCl)
and stirred for 0.5 h [19]. This acid treatment was intended to dissolve the ASR gels in the
solids and dilute the silicate ions for silica content detection. The dissolution solution was
filtered, and the content of dissolved silica was measured, according to ASTM C289.

The reaction degree of the silica was calculated at different ages. The reaction degree
α is defined as:

α =
Sidissolved

Si∞ =
Sisolution + Sigel

Si∞ (4)

where Sisolution is the amount of free silicate ions in alkali solution at time t, Sigel is the
amount of ASR gels, Si∞ is the asymptotic value for t = ∞, of which the value was obtained
through curve-fitting, described by Gao [33]. The Si∞ is 2.4 g in the reaction system with
25.0 g of sandstone.
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2.2.2. Expansion of Rock Prism

The test method for potential alkali reactivity of carbonate rocks was used for ref-
erence [34], but some parameters were altered in this experiment: (1) Sandstone in-
stead of carbonate rock was used in the rock prism test method [35]; (2) Rock prisms
of 10 mm × 10 mm × 35 mm and 20 mm × 20 mm × 60 mm instead of cylinder sample
Φ9 mm × 35 mm were prepared. Each batch of rock prisms contains three mutually per-
pendicular specimens. Stainless steel reference studs were fixed on the mid-points at the
end faces of the rock prisms. Specimens were immersed in deionized water at a room
temperature (22± 1 ◦C), and the length was measured at different intervals until the change
in length in a 24 h water immersion period did not exceed 0.02%. The stable datum is used
as the initial length of rock prism. Following this, the specimens were immersed in 1 mol/L
NaOH solution and cured at 60 ◦C and 80 ◦C, respectively. The ratio of the NaOH solution
to the solid (by mass) is 3. When the concentration of OH− ions of the alkali solution was
less than 0.7 mol/L, an NaOH tablet was added to improve the concentration of OH−

ions to 1.0 mol/L [35]. Prior to the length measurement, the specimens were removed
and cooled down to the room temperature (22 ± 1 ◦C). The length change was calculated
as follows:

∆l =
li − l0

l0
× 100% (5)

where ∆l is the length change at the test age, li is the length in mm at the test age, and l0 is
the initial length after equilibrium in water. In the three mutually perpendicular specimens,
the max expansion specimen was used for plotting.

3. Results and Discussion
3.1. Kinetics of ASR in Sandstone
3.1.1. Reaction Degree of Silica in Sandstone

As mentioned previously, the total dissolved silica consisted of (1) free silicate ions in
solution, and (2) precipitated silica as ASR gels. A specific reaction degree α1 is defined
as follows:

α1 =
Sisolution

Si∞ (6)

α2 is determined by the difference between total dissolved silica and free silica in
solution α1:

α2 = α − α1 (7)

The reaction degree of sandstone immersed in 25 mL 1 mol/L NaOH solution, cured
at 40 ◦C, 60 ◦C, and 80 ◦C, respectively, is given in Figure 3.
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Figure 3. Reaction degree α as a function of time at different temperatures. (a) 40 °C, (b) 60 °C, (c) 

80 °C. 
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Figure 3. Reaction degree α as a function of time at different temperatures. (a) 40 ◦C, (b) 60 ◦C, (c) 80
◦C.

At 40 ◦C, the reaction degree α was increased continuously in the experimental period.
In the early stages, α increased rapidly, which was mainly due to the rapid increase in α2.
After a short plateau at 6 days, α1 increased steadily. When sandstone was immersed in
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1 mol/L NaOH solution for 90 d, the α, α1, and α2 were 0.08, 0.03, and 0.05, respectively.
At 60 ◦C, α increased continuously, which is similar to the reaction at 40 ◦C. The difference
is that α2 was increased to reach an asymptotic value of 0.06. As the temperature increased
to 80 ◦C, the silica dissolved in solution increased rapidly in 28 d, with the highest reaction
degree of 0.38, and thereafter, it reached a plateau. The precipitated silica was increased
rapidly in the early stages, and then reached a steady value of around 0.04. During the
reaction period from 28 d to 90 d, the precipitated silica increased slowly, with the value of
α2 increased from 0.04 to 0.06.

3.1.2. Dissolution Rate Constant

The dissolution of silica is influenced by many factors, such as mineral type of silica,
particle size, surface area, pH value, and composition of the solution [36]. In this model, it
is assumed that the formation and dissolution of ASR gel is a dynamic equilibrium process,
which simplifies the diffusion process of ions in the alkali silica reaction system. The rate of
a solid–liquid reaction is usually controlled by chemical dynamic or diffusional dynamic.
The chemical control model is usually described as follows [37]:

1− (1− α)
1/3 = krt (8)

And the diffusional control model is described as [37]:

1 + 2(1− α)− 3(1− α)
2/3 = kdt (9)

where α is the reaction degree, k is the dissolution rate constant, and t is the reaction time.
To determine the experimental dissolution rate constants (k), the relationships between the
reaction degree (α) and the time (t) were explored according to Equations (8) and (9) for the
reaction systems at 40 ◦C, 60 ◦C, and 80 ◦C, respectively. The results are listed in Table 1.

Table 1. Values of dissolution rate constant (k) at 40 ◦C, 60 ◦C, and 80 ◦C, respectively.

Time/Days
40 ◦C 60 ◦C 80 ◦C

α kr kd α kr kd α kr kd

1 0.015 5.071 × 10−3 7.842 × 10−5 0.024 7.932 × 10−3 1.902 × 10−4 0.050 1.690 × 10−2 8.526 × 10−4

3 0.018 2.054 × 10−3 3.844 × 10−5 0.035 3.907 × 10−3 1.375 × 10−4 0.085 9.724 × 10−3 8.375 × 10−4

5 0.020 1.347 × 10−3 2.749 × 10−5 0.042 2.827 × 10−3 1.196 × 10−4 0.114 7.887 × 10−3 9.110 × 10−4

6 0.022 1.257 × 10−3 2.869 × 10−5 0.046 2.620 × 10−3 1.230 × 10−4 0.125 7.268 × 10−3 9.253 × 10−4

14 0.033 7.882 × 10−4 2.614 × 10−5 0.072 1.768 × 10−3 1.296 × 10−4 0.282 7.462 × 10−3 2.178 × 10−3

28 0.047 5.657 × 10−4 2.676 × 10−5 0.105 1.298 × 10−3 1.384 × 10−4 0.359 4.918 × 10−3 1.847 × 10−3

63 0.068 3.693 × 10−4 2.549 × 10−5 0.150 8.384 × 10−4 1.284 × 10−4 0.366 2.240 × 10−3 8.598 × 10−4

90 0.082 3.141 × 10−4 2.623 × 10−5 0.184 7.291 × 10−4 1.375 × 10−4 0.377 1.623 × 10−3 6.421 × 10−4

As shown in Table 1, the values of kd = 1+2(1−α)−3(1−α)
2/3

t at a certain temperature

are roughly equal, while the values of kr =
1−(1−α)

1/3

t are discrete. The standard deviation
values (SD) via ANOVA are listed in Table 2.

Table 2. SD of dissolution rate constant (k) at 40 ◦C, 60 ◦C, and 80 ◦C, respectively.

SD

40 ◦C 60 ◦C 80 ◦C

kr 0.00157 0.00236 0.00481
kd 1.8 × 10−5 2.2 × 10−5 5.5 × 10−4

Obviously, the SD of kr is much greater than that of kd at each temperature. This means
that the rate of silica dissolved in alkali solution is controlled by the diffusional dynamic.
The average value of kd (only the roughly equal values) represents the dissolution rate
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constants (k) for the reaction system at each temperature. The influence of temperature on
the dissolution rate of the silica in sandstone was examined using the Arrhenius equation,
and the results are shown in Figure 4. The activation energy (Ea) for the dissolution of silica
in sandstone is 80.0 kJ/mol. The value is a little higher than that for flint (78 kJ/mol) [15]
and α-cristobalite (73.05 kJ/mol) [19].
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Figure 4. Arrhenius plot for the reacting systems with sandstone immersed in 1 mol/L NaOH.

3.1.3. Reaction Order

To determine the order of the alkali–silica reaction, only the [OH−] was changed for
all of the reaction systems. Assuming the reaction order is n, the kinetics of the reaction
could be described as:

r ∝ k
[
OH−

]n (10)

where r is the rate of reaction, k is the reaction rate constant depending on the reaction
temperature, and n is the reaction order. The following relationship can be deduced from
Equation (10) when the temperature is fixed:

lgr ∝ nlg
[
OH−

]
(11)

The influence of the concentration of NaOH on silica dissolution at 60 ◦C is shown in
Figure 5. The amount of dissolved silica is the sum of silica in solution and the precipitated
silica. The dissolved silica increases rapidly in the first 3 days, and it is mainly precipitated
in inner part of sandstone particles. After that, at each concentration of NaOH, the amounts
of dissolved silica are approximately proportional to the reaction time. Figure 6 shows
the relationship between the magnitude of dissolved silica and the reaction time when
different NaOH concentrations were used, and the slope of the fitted line to the different
concentration of NaOH represents the reaction rate. The relationship between r and [OH−]
was plotted according to Equation (11), shown in Figure 6. The slope represents the reaction
order, n, which is 1.3, indicating that ASR is a first-order reaction. Obviously, the reaction
rate is proportional to the [OH−].
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Figure 5. The reaction rate of silica in NaOH solution.
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Figure 6. The order of alkali–silica reaction.

3.2. Expansion of Rock Prism

The expansion of rock prisms with the size of 10 mm × 10 mm × 35 mm and
20 mm × 20 mm × 60 mm, cured in 1 mol/L NaOH at 60 ◦C and 80 ◦C, respectively, is
shown in Figure 7. In the early ages, prisms of 10 mm× 10 mm× 35 mm showed a higher ex-
pansion at either 60 ◦C or 80 ◦C, while at the later stage, prisms of 20 mm × 20 mm × 60 mm
showed a higher expansion. For the prisms of 10 mm × 10 mm × 35 mm, the expansions
obtained in 330 days at 60 ◦C and 80 ◦C are 0.20% and 0.36%, respectively. For the prisms
of 20 mm × 20 mm × 60 mm, the expansions obtained in 228 days at 60 ◦C and 80 ◦C
are 0.28% and 0.53%, respectively. With increasing temperature, the expansion of the rock
prism increased.
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Figure 7. ASR expansions of rock prism cured in 1 mol/L NaOH solution at 60 ◦C and 80 ◦C.

3.3. Discussion

The deterioration of concrete structures due to ASR expansion is usually initiated
by the chemical reaction accompanying the formation of swelling gels. In sandstone, the
microcrystalline quartz particles (reactive SiO2) are surrounded by other minerals (non-
alkali-reactive matrix). The alkali solution diffuses into the sandstone through pores and
other channels, and then the chemical reaction takes place at the surface of the microcrys-
talline quartz to form ASR gels. As the reaction progresses, the amount of ASR gel around
the reactive silica sites increases. On the one hand, the ASR gels will diffuse and fill the dif-
fusion channels, leading to a decrease in the diffusion coefficient. On the other hand, cracks
generated by ASR expansion will enhance the diffusion coefficient. With the evolution of
the reaction, gels increased within the sandstone, and they would create pressure if the
gels formed in a confined and limited space, but the gels would exude from the confined
space into the alkali solution to release the pressure, accompanied by an increase in free
silica ions in the alkali solution. In addition, the reactant NaOH is continuously consumed,
and the concentration of OH− constantly decreases. Therefore, the diffusion of OH− is
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not steady. In this model, it is assumed that the formation and dissolution of ASR gel is a
dynamic equilibrium process, which simplifies the diffusion process of ions in the alkali
silica reaction system.

3.3.1. Effect of the Temperature

The temperature plays an important role in the alkali–silica chemical reaction and
ASR gel behavior in the sandstone aggregate. As a chemical reaction, the kinetics of
ASR in sandstone follow Arrhenius’ law, which means that increasing the temperature
may accelerate the process of ASR, forming more products. In many laboratory studies
on assessing the performance of concrete due to ASR, it is common to use temperature
elevation to accelerate the rate of reaction and to explore the correlation between the
expansion of ASR at high and low temperatures for predicting the performance of concrete
in service. It is worth noting that the ASR expansion is related to the reacted fraction of
aggregates, but it is also affected by the amount of ASR gel retained in the aggregate and
confined in a restricted space. As shown in Figure 3, in the early stage, α2 is greater than α1,
which means that the amount of gel is always higher than that of the free silicate ions. As
the reaction proceeds, the amount of silicate ions in the alkali solution increases gradually.
Elevated temperature boosts the exudation of ASR gels from the sandstone into the alkali
solution. Figure 8 shows the content of ASR gels inside the particle at different temperature,
in which the content of gels is defined as α2/α.
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Figure 8. Content of ASR gels inside the particle at different temperatures.

With increasing temperature, the content of ASR gels decreased dramatically. At 40 ◦C,
the reacted silica is mainly in the form of ASR gels, with an amount of 5% at 90 d, and the
amount of gel were increased continuously. At 60 ◦C or 80 ◦C, the amounts of ASR gel
retained in the sandstone came to a plateau, at 6% and 4%, respectively. Although more of
the reactive silica reacted at a higher temperature, the products mostly exist in the form of
silicate ions in the alkali solution. Research results show that high temperature decreases
the viscosity of ASR gel [13,38], which means that the higher temperature enhances the
movement of ASR gel, making it more likely to flow out through the pores or cracks.
The amount of ASR gels retained inside the aggregate decreased with the increase in
temperature, which will reduce the ASR expansion [39].

3.3.2. Effect of Hydroxyl Ions

According to the chemical reaction described in Equations (2) and (3), the hydroxyl
ions play a vital role in the dissolution rate of silica, since it acts as a reactant attacking
the reactive silica. The results show that the dissolution of reactive silica within sandstone
attacked by OH− ions can be expressed as a first-order reaction, which means that the
dissolution rate of reactive silica is only proportional to the concentration of OH− to the
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power of one. As ASR proceeds, the hydroxide ions consume continuously, and the [OH−]
reduces gradually. The drop in alkalinity is shown in Figure 9.
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Figure 9. Reduction of alkalinity of 1 mol/L NaOH reacted with sandstone.

During the first 3 days, the concentration of OH− ions dropped rapidly at every
temperature, which might be attributed to the rapid alkali–silica reaction. At the later
stages, the decline in the concentration of OH− ions became slow. It should be noted that
the [OH−] in the solution at 80 ◦C remained around 0.6 mol/L, even though the reaction
degree of silica reached a plateau. It can thus be inferred that the reaction in the system
with 25.0 g of sandstone and 25 mL of 1 mol/L NaOH did not come to end, but to an
equilibrium of dissolution.

Therefore, the effect of OH− ions could be described as follows: at the early stage,
with a high concentration, OH− ions rapidly attack the reactive silica, producing abundant
gels, leading to a rapid ASR expansion; at the late stage, with a declining concentration, the
reaction rate slows down, with a slow growth of ASR gels.

Ca(OH)2 presented in the alkali–silica reaction plays an important role in ASR expan-
sion [40]. Struble et al. [41,42] reported that for a homogenous amorphous silica aggregate,
the silica minerals merely dissolved and remained in the solution in the absence of calcium
(Ca), while with the presence of Ca, the reaction rim of the aggregates was formed in a
confined space and therefore, produced the expansion of concrete. Unlike the homoge-
nous silica aggregate, sandstone itself provides restricted spaces for accommodating the
expansive ASR gels. In the absence of Ca in this experiment, the rock prisms expand
continuously (Figure 7), but it can be inferred that the presence of Ca(OH)2 accelerates the
rate of ASR expansion. High-alkali and low-calcium silica hydrates [C-(Na/K)-S-H) with
higher viscosity form on the surface of the aggregate, which can reduce the exudation of
gels from the particles [10,13].

3.3.3. Effect of Particle Size

The amount of gel retained inside the aggregate is also influenced by the prism size.
Figure 7 shows the ASR expansion of the sandstone rock prisms with different cross-
sections. In the experimental system of the rock prism and 1 mol/L NaOH solution, with
the increasing size of the rock prism, the expansion of the rock prism increased. Figure 10
shows the micrographs of rock prisms cured at 80 ◦C. Obviously, ASR damage to the
20 mm × 20 mm × 60 mm prism seems more serious. Ke [43] performed an experiment
using the same sandstone as that used in this study. In Ke’s experiment [43], the aggregates
with sizes of 0.63–1.25 mm and 2.5–5.0 mm were used, respectively, and mortar bars with
20 mm × 20 mm × 80 mm were cast. The effect of the curing temperature on the ASR
expansion of mortar bar was explored, and the results are shown in Figure 11. At the same
temperature, the expansion of mortar bar with 2.5–5.0 mm aggregates is usually greater
than that of the mortar bar with the 0.63–1.25 mm aggregates. Larger aggregates tends
to retain a higher amount of gels inside for the longer distance of diffusion, leading to a
higher expansion and more serious damage.
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4. Conclusions

The study of the kinetics of the alkali–silica reaction (ASR) in sandstone has provided
significant insights into the dissolution behavior of reactive silica under varying conditions,
and the following conclusions can be drawn:

(1) The ASR of sandstone is a first-order reaction. The alkali–silica reaction in sandstone
conforms to a first-order kinetic model. The reaction rate is directly proportional
to the concentration of hydroxide ions ([OH−]) and decreases exponentially over
time as the OH− ions are consumed. This indicates that without the introduction
of new hydroxide ions, the silica dissolution rate will progressively diminish. The
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reaction kinetics adhere to the principles outlined by Arrhenius’ law, demonstrating
that temperature is a critical factor in the reaction rate.

(2) There is a temperature influence on ASR dynamics. Elevated temperatures signifi-
cantly accelerate the ASR process, increasing the rate of silica dissolution and subse-
quent gel formation. However, higher temperatures also reduce the retention of ASR
gels within the aggregate particles, which mitigates the overall expansion caused by
the reaction. This dual effect underscores the complexity of predicting ASR behavior
solely based on temperature. Larger aggregates tend to retain more ASR gels, leading
to greater expansion, which is a crucial consideration for understanding and modeling
ASR in real-world scenarios.

(3) The implications for predictive modeling are as follows: The study highlights the
necessity of incorporating various parameters, such as temperature and aggregate
size, into predictive models for ASR. These factors must be meticulously controlled
in experimental setups to ensure the accuracy and applicability of the models. The
relationship between ASR expansion at different temperatures and the structural
properties of the aggregate provides a basis for developing more reliable predictive
tools for concrete deterioration due to ASR.

This study primarily focuses on the behavior of sandstone aggregates under controlled
laboratory conditions. While the insights are valuable, real-world conditions often present
additional variables, such as fluctuating environmental temperatures and varying chem-
ical compositions of concrete. Future studies should aim to replicate these conditions to
further validate the findings. By addressing these aspects, the understanding and man-
agement of ASR in concrete can be significantly improved, leading to a more durable and
resilient infrastructure.
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Abstract: In order to further optimize the performance of PMMA (Polymethyl Methacrylate) repair
mortar. In this paper, fly ash, talcum powder and wollastonite powder are used as fillers to modify
the PMMA repair mortar. The effects of these three fillers on the working performance, mechanical
performance and durability of PMMA repair mortar were explored. The study shows that the three
fillers have good effect on the bond strength of the repair mortar, in which the fly ash has the best
effect on the mechanical performance. The mechanical properties of PMMA repair mortar were
best when the amount of fly ash was 60 phr (parts per hundred, representing the amount of the
material added per hundred parts of PMMA). At this time, the 28 d compressive strength was
71.26 MPa and the 28 d flexural strength was 28.09 MPa, which increased by 13.31% and 15.33%,
respectively. Wollastonite powder had the least negative effect on the setting time of the PMMA
repair mortar. When the dosage of wollastonite powder was increased to 100 phr, the setting time
was only extended from 65 min to 94 min. When the talc dosage was 60 phr, the best improvement in
salt freezing resistance was achieved. After 100 cycles of salt freezing, the mass loss rate and strength
loss rate decreased to 0.159% and 4.97%, respectively, which were 75.1% and 37.7% higher than that
of the control group. The addition of all three fillers reduced the porosity and the proportion of
harmful pores in the mortar. This study contributes to a comprehensive understanding how different
types of fillers affect PMMA repair mortars, and it also provides theoretical support for the further
development of low-temperature rapid repair mortars.

Keywords: PMMA repair mortar; filler; working performance; mechanical performance;
durability performance

1. Introduction

With the increase in vehicle driving speeds, heavy transportation and the impact of
extreme weather, the number of concrete pavement damages and the degree of damage
are increasing year by year, which leads to an increasingly severe situation of road mainte-
nance [1]. The common damage of cement concrete pavement can be divided into structural
damage and non-structural damage. The latter is often referred to as thin-layer disease,
and its main forms of damage are categorized into cracks (cracks on the road surface),
exposed bones (exposure of aggregates inside the concrete), pitted surfaces (the loss of
bonding material on pavement surface) and surface potholes (deteriorated road surfaces
with potholes) [2–4]. The method used for repairing thin-layer damage is to pave a new
thin layer of repair material in the damaged area, so that the old and new pavements are
bonded to each other to form a unified whole. Ultimately, the effects of repeated loads and
changes in the external environment on the pavement are shared [5].

The most direct method of repair is to place a layer of cement mortar or concrete
with the same material as the old concrete pavement over the damaged area. However,
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this method has a long maintenance time. Ordinary silicate cement mortar is prone to
brittle fracture and high shrinkage, which is not conducive to the compatibility between
the repair mortar and the concrete pavement. In order to solve this problem, some scholars
added various types of fibers or used early-strength or fast-hardening special cement for
modification and optimization [6–13], which greatly improved the toughness of the repair
mortar and shortened the maintenance time. Another part of scholars choosed to use
epoxy resin, polyurethane, methyl methacrylate and other polymers as repair materials to
replace cement mortar [14–17]. Compared with inorganic repair materials, polymer repair
materials have higher bond strength and durability, and can be cured quickly, but its cost
is also several times higher than inorganic repair materials [15]. Therefore, some scholars
proposed the method of composite organic repair materials with inorganic repair materials.
The composite repair material they developed fully combines the advantages of organic
and inorganic materials. This composite repair material not only significantly improves
the mechanical performance and durability of the repair material, but also reduces the cost
significantly compared to pure organic repair materials. It is currently a popular material
used to repair surface defects in concrete structures [18–20].

Composite repair materials are subdivided into three categories: polymer impreg-
nated mortar/concrete (PIM/PIC), polymer-modified mortar/concrete (PMM/PMC) and
polymer mortar/concrete (PM/PC). PM/PC consists only of aggregates and polymers,
and it uses polymers as the binder, which drastically reduces the curing time compared
to ordinary cement concrete. PM/PC not only has excellent strength and durability, but
also has good bonding ability with the substrate, so it is widely used in pavement repair
projects. The commonly used polymers in PM/PC are epoxy resin, polyurethane and
unsaturated polyester, etc., and the repair materials made from them have good mechanical
performance and durability [21–24]. Methyl methacrylate (MMA) has the advantages of
good fluidity and strong adhesion. Moreover, it has a wider temperature range [25–27]
that can be used in temperatures ranging from −30 ◦C to 45 ◦C. Using MMA as the binder
material for the repair mortar is expected to provide a composite repair mortar that cures
quickly at low temperatures and has high strength for thin-layer lesions on pavements in
winter or cold regions.

However, it was found during the study that PM/PC undergoes an exothermic re-
action of monomer polymerization during the setting process. The high temperatures
resulting from the exothermic reaction cause a large difference in the coefficient of thermal
expansion between PM/PC and the concrete substrate. The bonding interface between
PM/PC and the substrate can also be subject to large stresses at the interface due to tem-
perature changes, resulting in poor thermal compatibility between the repair material
and the substrate [28,29]. In order to solve this problem, researchers have found that the
addition of fillers can reduce the coefficient of thermal expansion and modulus of elasticity
of polymer mortar through extensive experiments [30]. The smaller particle size of the filler
can uniformly fill the internal pores of the repair mortar, thus preventing the expansion of
micro-cracks and increasing cohesion. Besides, the addition of filler can also reduce the
cost of the polymer mortar.

Rebeiz and Gorninski et al. [31,32] investigated the effect of fly ash filler incorporation
on unsaturated polyester mortar. The results showed that the incorporation of fly ash not
only significantly improved the mechanical properties and bond strength of the polymer
mortar, but also reduced the coefficient of thermal expansion. Pham [33] studied the effect
of cement on the mechanical strength of polymer concrete when used as a filler. The
findings showed that the filler significantly increased the flexural and compressive strength
of polymer concrete. They used a tensile testing machine to test the bond strength of a
300 mm thick PC layer to a substrate. It was found that at low polymer dosages, fillers
enhanced the bonding strength. However, at higher polymer levels, the bonded specimens
fractured on the substrate with or without fillers. This indicates that the bonding is effective.
Guanjie Li et al. [34] analyzed the changes in the performance of epoxy repair mortars
filled with different forms of fillers. It was found that any form of filler could improve
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the densification of the epoxy mortar, thus increasing its compressive and tensile bond
strengths and reducing its shrinkage. Among them, the spherical particles of coal gasifier
slag can transfer the internal stress of the mortar more uniformly, so its improvement
effect on the densification of epoxy mortar is the most significant. Chandrasekaran [35]
studied the effect of heavy calcium carbonate and fly ash on the performance of unsaturated
polyester mortar. It was finding that spherical fly ash enhanced the PM strength more
significantly with almost zero water absorption as compared to heavy calcium carbonate.
Yemam [36] investigated the effect of sand washing waste on epoxy resin mortar. The
results showed that a certain amount of sand washing waste could significantly improve
the mechanical properties and bond strength of epoxy mortar. They concluded that sand
washing waste can be used as a potential filler for epoxy resin mortar, but specific issues
such as dimensional compatibility need to be further explored.

In this study, PMMA repair mortar for quick repair at low temperature of −10 ◦C is
used as the base proportion. Fly ash in micro-spherical form, talcum powder in flake form
and wollastonite powder in pin-rod form were used as fillers. By changing the amount of
fillers, the effects of each form of fillers on the working performance, mechanical properties
and durability of PMMA repair mortar were investigated. The structural changes of PMMA
repair mortar after the addition of fillers were also analyzed by microscopic morphology. It
is expected to obtain the best choice of filler type and dosage to optimize the performance
of PMMA repair mortar and reduce the cost, so as to lay the foundation for its wider
application.

2. Materials and Experiments
2.1. Raw Materials

MMA prepolymer was prepared by using methyl methacrylate as polymerization
monomer, benzoyl peroxide (BOD) as initiator, dioctyl phthalate (DOP) as the plasticizer,
N, N-dimethylaniline (DMA) as curing agent, and polyvinyl acetate (PVAc) + styrene as
low shrinkage additives. Bagged ISOA standard sand from Xiamen Aceo Standard Sand
Co., Ltd. was used as fine aggregate. Spherical fly ash, lamellar talc and needle-and-rod
wollastonite powder were used as fillers, and the particle size distribution map, micro-
morphology map and particle size distribution data are shown in Figure 1 and Table 1.
The average particle size of fly ash, talcum powder and wollastonite powder are 11.55 µm,
8.82 µm and 18.58 µm. The γ-methacryloxypropyltrimethoxysilane (KH570) from Shanghai
Yuanye Biotechnology Co. Ltd. (Shanghai, China) was used as the silane coupling agent.
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Table 1. Particle size distribution of fillers.

Materials D10/µm D50/µm D90/µm D (mean)/µm

fly ash 1.06 11.55 47.21 21.44
talc 1.75 8.82 31.82 13.92

wollastonite 2.62 18.58 47.39 22.26

2.2. Specimen Preparation
2.2.1. Preparation of MMA Prepolymers

Through the preliminary study [37], 12% of (PVAc+ Styrene) was selected as the low
shrinkage additive. The dosage is the percentage of the mass of the solution formed by
PVAc dissolved in styrene to the total mass of the whole MMA prepolymer. The distribution
of each component of the prepared MMA prepolymer is shown in Table 2. Finally, the
MMA prepolymer is a light yellow transparent and homogeneous fluid, free of impurities,
without precipitation and delamination.

Table 2. Raw material ratio of MMA prepolymer/wt%.

MMA BPO DOP PVAc Styrene

67.38 0.41 20.21 8.40 3.60
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2.2.2. Preparation of PMMA Repair Mortar

The basic ratio of PMMA repair mortar is PMMA:DMA:standard sand:silane coupling
agent = 100:4:550:0.75 (mass ratio),its performance is shown in Table 3. The difference is
the addition of different types of fillers in different dosages. Different dosages of fly ash,
talc and wollastonite powder were used as fillers to modify the PMMA repair mortar. The
amount of filler is defined on the basis of 100 parts of PMMA, i.e., when the amount of
filler is 40 parts, the mass ratio of filler:PMMA is 40:100. Phr is parts per hundred, which
stands for the amount of the substance added per hundred parts of PMMA. F1, F2, F3, F4,
and F5 represent fly ash in dosages of 20, 40, 60, 80, and 100 parts, and similarly T1–5 and
W1–5 represent talc and wollastonite powders in dosages of 20–100 parts.

Table 3. Results of the performance tests of the benchmark PMMA repair mortar.

Fluidity
(mm)

Setting Time
(min)

Flxural Strength (MPa) Compressive Strength
(MPa) 28 d Bonding Condition

1 d 7 d 28 d 1 d 7 d 28 d
Bonding
Strength

(MPa)
Fracture Surface

220.00 65.00 21.65 23.59 24.79 50.88 60.13 61.79 >6.25 Reference mortar
specimen

In order to simulate the real construction process. Prior to the preparation of the
PMMA repair mortar, the MMA prepolymer, curing agent and silane coupling agent
KH570 prepared in Section 2.2.1 were left at −10 ◦C for 24 h and taken out before preparing
the mortar. When preparing the repair mortar, the MMA prepolymer is first added to the
corresponding proportion of hardener and silane coupling agent and stirred well. Then,
the sand, filler and mixed solution are poured into the mixing pot and stirred into shape.
After molding, put the specimen together with the mold into the curing box at −10 ◦C,
take off the mold after 24 h and put it into the curing box at −10 ◦C again to curing to the
corresponding age.

2.3. Testing Method
2.3.1. Mechanical Strength of Repair Mortars

After the resulting PMMA repair mortar was maintained to the corresponding test
age, the flexural strength and compressive strength were tested with reference to GB/T
17671-2021 [38]. The compressive strength and flexural strength of the specimens were
determined with WDW-20E microcomputer-controlled electronic universal testing machine
under the loading speeds of 2.4 kN/s and 0.05 kN/s. The test results were as follows.

2.3.2. Fluidity

Referring to GB/T 2419-2005 [39], NLD-3 cementitious sand fluidity tester (Wuxi Jianyi
Building Material Instrument Factory, Wuxi, China) was used to conduct the test. Firstly,
the PMMA repair mortar was divided into two layers and quickly put into the test mold
and pounded. After pounding, the test mold was gently lifted upward and immediately
rotated on the beating table, completing 25 beatings in 25 ± 1 s at a frequency of once
per second. After jumping, use a steel ruler to measure the diameter of the bottom of the
PMMA repair mortar perpendicular to each other in both directions, and the average of the
two diameters obtained is the flow of the PMMA repair mortar.

2.3.3. Setting Time

(1) The setting time of the polymer PMMA was determined by filling the test tube with
the polymer solution. Start timing from the MMA prepolymer add curing agent
mixing, pour the solution into the test tube, tilt the test tube from time to time. When
the liquid no longer flows while the test tube is placed flat, which means that the
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liquid in the test tube loses its fluidity, the timing is stopped. And this time is the
setting time of PMMA.

(2) Determination of setting time of PMMA repair mortar with reference to JGJ/T
70-2009 [40]. Fill and smooth the fresh repair mortar mix into a slurry container
with an inner diameter of 140 mm and a height of 75 mm, and place it in a mainte-
nance box at −10 ◦C for maintenance. It was taken out every 10 min and tested using
ZKS-100 mortar setting time tester (Tianjin Beichen Testing Instrument Factory, Tianjin,
China). The penetration resistance method was used to determine the setting time of
the PMMA repair mortar by the resistance generated by the mortar to the penetrating
test needle, which was measured every 2 min as it approached the setting time.

2.3.4. Bonding Strength

The baseline mortar specimens were broken in the center after being cured for 7 d
under standard curing conditions. Put half of the broken specimen into a mold with the
size of 40 mm × 40 mm × 160 mm, and pour PMMA repair mortar into the other side
of the mold. Finally, the resulting specimens were cured at −10 ◦C until 28 d. After the
maintenance was completed, the flexural bond strength of the bonded specimen was tested
according to the test method of flexural strength introduced in Section 2.3.1 as shown in
Figure 2. The two fracture surfaces of the specimen after fracture are shown in Figure 3. If
the fracture surface occurs at the bond interface between the repair mortar and the reference
mortar, the resulting flexural strength is the bond strength of the repair mortar. But if the
bond specimen fractures on the reference mortar specimen, the bond strength of the repair
mortar is greater than the value of the resulting flexural strength.
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2.3.5. Abrasion Resistance

The abrasion resistance test was carried out with reference to GB/T 3810.6-2016 [41],
and the abrasion volume and abrasion mass were used to characterize the abrasion resis-
tance of the material. The abrasion mass was determined by the mass difference of the
specimen before and after the abrasion resistance test, and the abrasion pit volume was cal-
culated from the measured chord length of the abrasion pit through Equations (1) and (2):

V =
(π·α

180
− sinα

)
×
(

h × d2

8

)
(1)

sin
α

2
=

L
d

(2)

where the V is the volume of the grinding pit (mm3), the L is the chord length of the
grinding pit (mm), the α is the angle formed between the chord length of the grinding pit
and the center of the friction wheel (◦), the h is the thickness of the friction wheel, which is
10 mm in the present test, and d is the diameter of the friction wheel, which is 200 mm in
the test.

2.3.6. Water Absorption Capability

Referring to the test method in DL/T5126-2021 [42] for determination. The specimen
was cured in the curing box at −10 ◦C until 28 d, and then put into the oven at 80 ± 2 ◦C
for 48 h and taken out, then put in the desiccator to cool to room temperature and quickly
weigh the weight of the specimen at this time, G0, and then put the specimen into the water
at 20 ± 2 ◦C for 48 h. During the immersion process, the upper surface of the specimen
should be more than 50 mm away from the water surface. After the end of the immersion
with a wet cloth to wipe off the surface water and quickly weigh the weight of the test
piece G1. Finally, the water absorption rate is calculated according to the Equation (3):

W =
G1 − G0

G0
× 100% (3)

where W is the water absorption rate (%) of the specimen; G0 is the mass of the specimen
after drying (g); G1 is the mass of the specimen after water absorption (g).

2.3.7. Salt Scaling Resistance

The PMMA repair mortar specimens were cured in a curing box at −10 ◦C for up
to 24 d. Subsequently, the specimens were immersed in a salt solution configured with a
mass ratio of 97% distilled water and 3% NaCl at 20 ◦C for 4 d. Remove the specimens
immediately after the end of immersion, dry the surface with a damp cloth and weigh
it. Each salt freezing cycle should be frozen in a freezer at −20 ◦C for more than 4 h and
then immediately thawed in salt solution at 20 ◦C for more than 4 h. The specimens were
weighed and tested for compressive strength at the end of every 25 cycles. The rate of loss
of compressive strength and the rate of mass loss of the PMMA repair mortar were used to
express its resistance to salt freezing. The rate of loss of compressive strength is calculated
in Equation (4):

∆ fc =
fc0 − fcn

fc0
× 100 (4)

where ∆fc is the compressive strength loss rate (%) of the repair mortar after N salt freezing
cycles, fc0 is the compressive strength measurement value (MPa) of the repair mortar in the
blank group without salt freezing cycles, and fcn is the compressive strength measurement
value (MPa) of the repair mortar after N salt freezing cycles.

The rate of mass loss is calculated according to Equation (5):

∆Wni =
W0i − Wni

W0i
× 100 (5)
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where ∆Wni is the mass loss rate (%) of the i-th mortar specimen after N salt freezing cycle,
W0i is the mass (g) of the i-th mortar mortar before salt freezing cycle, and Wni is the mass
(g) of the i-th mortar specimen after N salt freezing cycle.

2.3.8. Volumetric Deformation

Referring to JC/T 603-2004 [43], PMMA repair mortar was filled into 25 mm × 25 mm
× 280 mm molds that had been pre-assembled with measuring nail heads. After 24 h of
curing in the curing box at −10 ◦C and demolding, the initial length L0 of the mortar should
be determined by a specific length meter within 30 min after demolding, and then continue
to be placed at −10 ◦C for curing to different ages to measure its length. The formula for
shrinkage at different ages is:

Sn =
L0 − Ln

Le
× 100 (6)

where Sn is the shrinkage (%) of the specimen at different age n, L0 is the initial length of
the specimen (mm), Ln is the length of the specimen at different age n (mm), and Le is the
effective length of the specimen with the nail head portion removed, which is 250 mm in
the present experiment.

2.3.9. Pore Size Distribution

The internal pore size distribution of PMMA repair mortar was tested by using
mercuric pressure method. The operation steps are shown below:

(1) Use a firm hammer to knock the PMMA repair mortar specimen into 3~5 mm size
granular sample;

(2) Put it into a constant temperature blower drying oven to dry the moisture;
(3) Put the sample into the Quantachrome PoreMaster 60 mercury pore analyzer for testing.

2.3.10. Scanning Electron Microscopy

A scanning electron microscope (SEM) model JSM-5900 was used to observe and ana-
lyze the internal structure of the PMMA repair mortar and the bonding interface between
the PMMA repair mortar and the reference mortar in terms of microscopic morphology.
The test procedure is shown below:

(1) Crack the PMMA repair mortar and select the particles of which the diameter is about
10 mm;

(2) Place the selected mortar particles in a constant temperature blast drying oven to dry
the moisture;

(3) Use conductive adhesive to fix the sample to be tested in the sample stage, to be
coated and processed into the scanning electron microscope observation.

3. Results and Discussions
3.1. Working Performance

Figure 4 shows the effect of filler on the working performance of PMMA repair mortar.
It can be seen that the increase in the amount of filler significantly affects the working
performance of the mortar system. Unlike talc and wollastonite powder, the flowability
of the mortar shows a tendency to increase and then decrease as the amount of fly ash
increases. his is due to the spherical fly ash has a rolling ball effect, which enhances
the wetting ability of PMMA, so with the increase of fly ash dosage, the ease of PMMA
repair mortar can be improved. However, when the dosage of fly ash is too much, the fly
ash particles will appear localized agglomeration phenomenon, so the fluidity is reduced
again. Talc and wollastonite powder, due to the special morphology of lamellar and needle
and rod on their surfaces, respectively, make them adsorb more PMMA while filling the
internal voids of the PMMA repair mortar, so the proportion of PMMA used in the bonding
aggregate decreases, thus reducing the fluidity of the repair mortar.
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In addition, all three fillers dosages extended the setting time of the PMMA repair
mortar at −10 ◦C environment. When adding more fillers, the lower the proportion of
PMMA components in the mortar system that play a cementing role, the smaller the
exothermic effect during the reaction, the lower the speed of the final formation of a
continuous polymer network, which leads to prolonging the setting time of the mortar.
The setting time of PMMA repair mortar with fly ash, talc and wollastonite powder
increased from 65 min to 586 min, 112 min and 94 min, respectively, when the dosage of
the three fillers was increased to 100 phr. In addition, at the same dosage, the effect of fly
ash in retarding the setting was much stronger than that of the other two fillers. This is also
related to the unique spherical particles of fly ash, which have a smooth surface and play a
certain dispersing effect on PMMA, making the intermolecular distance of PMMA larger,
thus substantially delaying the setting time of PMMA repair mortar. Wollastonite powder
has the least effect on the setting time of PMMA repair mortar, which is more suitable to be
used in the project of rapid repair of pavement.
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3.2. Mechanical Performance
3.2.1. Flexural and Compressive Strength

From Figure 5, it can be seen that the strength of PMMA repair mortar increases and
then decreases with the increase of filler dosage. The addition of all three fillers increased
the flexural and compressive strength of PMMA repair mortar at 28 d to different degrees.
When the dosage of fly ash was 60 phr, it had the best reinforcing effect, and the flexural
and compressive strengths at 28 d reached 28.09 MPa and 71.26 MPa, which were 13.31%
and 15.33% higher than that of the reference group. When the dosage of talc was 40 parts,
there was an increase in flexural and compressive strength at 28 d by 7.94% and 8.32%.
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At 60 phr of wollastonite powder, the increased flexural and compressive strength of
PMMA repair mortar at 28 d compared to the reference group were 2.38% and 5.13%. In
summary, Dosing of fly ash at 60 phr had the most significant effect on the improvement
of mechanical performance of PMMA repair mortar. Compared with lamellar and needle-
and-rod particles, microspherical particles can more evenly transfer the external force to
the resin matrix, reducing the stress concentration inside the PMMA repair mortar, thus
reducing or delaying the generation and expansion of microcracks.
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Since fly ash substantially prolongs the setting time of mortar, its 1 d early strength
is reduced when used as a filler compared to no filler. However, its enhancement is best
in the later stages of strength development. Talc and wollastonite powders were more
effective in enhancing the 1 d early strength than the 28 d late strength. This may be due
to the fact that in the early stage of the maintenance of PMMA repair mortar, there is still
some MMA that has not reacted with the curing agent, so the filler contributes more to the
strength of PMMA repair mortar. At the late stage of maintenance, the PMMA has been
cured completely. At this time, although the addition of filler can still increase the strength
of PMMA repair mortar, but the enhancement effect is not as obvious as in the early stage.
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3.2.2. Bond Strength

In addition to the mechanical performance of PMMA repair mortar itself, the bond
strength between the repair mortar and the reference mortar is also an important factor
affecting the actual use of PMMA repair mortar. From Table 1, it is known that the base
proportion of PMMA repair mortar has good bonding performance with the reference
mortar, so it is also necessary to study the effect of the addition of filler on the bonding
performance of PMMA repair mortar under the temperatures at −10 ◦C, the results are
shown in Table 4.

Table 4. Influence of fillers contents on the flexural bonding strength of PMMA repair mortar.

Dosage/phr
Fly Ash Talc Wollastonite

Flexural
Bonding

Strength/MPa

Fracture
Surface

Flexural
Bonding

Strength/MPa

Fracture
Surface

Flexural
Bonding

Strength/MPa

Fracture
Surface

20 >5.97 M >6.32 M >5.99 M
40 >5.88 M >5.92 M >5.81 M
60 >6.13 M >6.04 M >6.04 M
80 >5.98 M >6.19 M >6.17 M

100 >6.01 M >6.23 M >5.92 M

Note: “M” in the table represents the fracture on the reference mortar specimen.

As can be seen in Table 4, the addition of filler did not reduce the flexural bond strength
between the PMMA repair mortar and the reference mortar. The fracture surfaces of all
the filler-added bond specimens were still located on the reference mortar specimen. This
indicates that the flexural bond strength of the filled PMMA repair mortar is 5.5 MPa higher
than that of the reference mortar.

3.2.3. Abrasion Performance

The results of the effect of different filler dosages on the abrasion performancer of
PMMA repair mortar maintained at −10 ◦C for 28 d are shown in Table 5.

As the filler fills the voids of PMMA repair mortar with tiny particle size, it increases
the denseness of the mortar, which improves the mechanical performance of the mortar,
so the abrasion resistance of PMMA repair mortar is also greatly improved. The abrasive
volume and mass of PMMA repair mortar were found to decrease and then increase with
the increase of filler dosage. It can be learned from Table 5 that the optimum dosage of
the three fillers were 60 phr of fly ash, 40 phr of talc, and 60 phr of wollastonite powder,
separately. Compared to the reference group, the abraded volumes were 83 mm3, 95 mm3

and 107 mm3, which were 28.45%, 18.10% and 7.76% lower, and the abraded masses were
0.25 g, 0.27 g and 0.31 g, reduced by 21.88%, 15.63% and 3.13%, respectively. Compactness
is the main factor affecting the abrasion performance of PMMA repair mortar, and the
PMMA repair mortar under these ratios corresponds to the best mechanical performance,
so it has the highest compactness and the best abrasion resistance. The 28 d compressive
strength increased at any amount of fly ash, so the abrasion resistance of PMMA repair
mortar with fly ash as filler was superior to that without filler.
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Table 5. Influence of fillers contents on the wear resistance of PMMA repair mortar.

Sample Dosage/phr Chord Length of
Abrasion Pit/mm

Abrasion
Volume/mm3

Abrasion
Mass/g

A0 0 24.0 116 0.32
F1 20 22.3 92 0.27
F2 40 22.0 89 0.27
F3 60 21.5 83 0.25
F4 80 21.9 88 0.25
F5 100 23.5 109 0.30
T1 20 23.0 102 0.31
T2 40 22.5 95 0.27
T3 60 22.7 98 0.29
T4 80 23.2 105 0.31
T5 100 23.5 109 0.31
W1 20 23.8 112 0.32
W2 40 23.5 109 0.31
W3 60 23.3 107 0.31
W4 80 24.0 116 0.33
W5 100 24.3 123 0.33

3.3. Anti Salt Freezing Performance

In cold regions or in winter, freeze-thaw cycles can lead to microcracks in concrete
pavements that have been hardened. Especially when the environment temperature is
−10 ◦C or below, deicing salt is usually sprinkled and spreaded on the pavement. The salt
solution causes much more concrete damage than water, and the presence of salt solution
on the surface during freezing can cause more serious erosion damage. Since this study
is about PMMA repair mortar with a maintenance temperature of −10 ◦C, it is necessary
to investigate the salt freezing performance of PMMA repair mortar. Adopting cyclic
conditions of air freezing and 3% NaCl solution thawing to investigate the effect of filler
dosage on the rate of mass loss and compressive strength loss of PMMA repair mortar, and
the results are shown in Figure 6.

As can be seen in Figure 6, the addition of filler can effectively reduce the rate of
mass loss and compressive strength loss to PMMA repair mortar in a number of salt
freezing cycles. After 100 cycles of salt freezing, there was a mass loss of 0.638% and a
compressive strength loss of 7.98% in the reference group. The lowest mass loss rate of
0.332%, 0.159% and 0.334% were achieved when fly ash was used with a dosage of 20 phr,
Talc with a dosage of 80 phr, and wollastonite powder with a dosage of 20 phr, respectively.
The loss of compressive strength reached its lowest rate at 4.86%, 4.97% and 6.22% when
the dosage of fly ash was 60 phr, talc was 40 phr and wollastonite powder was 60 phr,
respectively. Among the three fillers, talc had the best effect on the improvement of salt
freezing performance of PMMA repair mortar.

According to the analysis of the mechanism of salt freezing damage [44,45], the overall
good resistance of PMMA repair mortar to salt freezing is due to the dense polymer
film formed during the molding process that can block the intrusion of foreign media. In
addition, the filler’s refinement of the pore size makes the PMMA repair mortar matrix more
compact, so it has a stronger blocking capacity and better reduce the expansion stress caused
by salt freezing. Talc has an overlapping arrangement of the palace structure, which makes
the invasion path of foreign media more tortuous, more difficult to penetrate. Therefore,
the PMMA repair mortar with talc as filler has higher anti-salt freezing performance.
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3.4. Shrinkage

Shrinkage is an important performance indicator of repair mortar, which is related to
the volume compatibility of repair mortar and reference mortar after repair. Shrinkage of
the newly laid repair mortar will generate internal stresses at the repair interface, and if
the shrinkage rate is too large, the repair interface will be prone to cracking and lead to
repair failure. Therefore, the effect of filler dosage on the shrinkage of PMMA repair mortar
was investigated under the condition of maintenance at −10 ◦C. The results are shown in
Figure 7.

As can be seen from Figure 7, the shrinkage of PMMA repair mortar with added filler
is lower than that of PMMA repair mortar without filler, and it can reduce the shrinkage at
all ages. The final shrinkage of PMMA repair mortar without filler is about 0.071%. With
the increase of filler dosage, the shrinkage of PMMA repair mortar are first reduced and
then increased. When the dosage of fly ash is 60 phr, its final shrinkage is about 0.021%,
which is 70.42% lower than that of the unfilled mortar. When the dosage of talc is 40 phr, its
final shrinkage is about 0.038%, which is 46.48% lower than when no filler is added. When
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the dosage of wollastonite powder is 60 phr, its final shrinkage is about 0.023%, which is
67.61% lower than when no filler is added.
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Among the three kinds of fillers, fly ash has the strongest effect in reducing shrinkage,
followed by wollastonite powder and finally talcum powder. The role of filler to reduce
shrinkage is, on the one hand, filler particles dispersed in the PMMA resin, the PMMA
resin shrinkage played a role in hindering; on the other hand, small particle size filler can
be filled in the gap between the PMMA resin and aggregates to improve the denseness of
the PMMA repair mortar, the two aspects of the joint effect of the reduction of the shrinkage
of the PMMA repair mortar.

3.5. Discussion

Mortar is a porous material and pore structure is inseparable and closely related to the
macroscopic properties [46–48]. For analyzing the influence mechanism of filler on PMMA
repair mortar from a microscopic point of view, the porosity of PMMA repair mortar was
tested by using piezomercury method. Through the experimental results of the mechanical
and durability performance, it was found that for the fillers, 60 phr fly ash, 40 phr talc
and 60 phr wollastonite powder had the best comprehensive performance. Therefore,
these three mortars and the filler-free PMMA repair mortar were selected for mercury
compression testing, and the obtained pore structure parameters and the distribution ratio
of each pore size are shown in Table 6 and Figure 8, respectively.

Table 6. Pore structure parameters of several PMMA repair mortars.

Total Pore
Volume/mL/g

Average Pore
Size/nm Porosity/%

A0 0.05 18.41 9.39
F3 0.02 10.67 6.03
T2 0.02 10.15 5.75
W3 0.03 12.07 6.84
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Figure 8. Distribution rate of each pore size of PMMA repair mortar with different ratios.

From Table 6, it can be seen that the addition of all three fillers significantly reduced
the porosity and average pore size of the mortar. Since the porosity and average pore size
of the mortar after mixing the filler are mainly related to the particle size of the filler itself,
the effects of the three fillers on the porosity of the PMMA repair mortar are talcu > fly
ash > wollastonite powder in descending order, which coincides with the average particle
size data of the three fillers in Table 1. However, according to the mechanical property test
results, it can be found that although the porosity of PMMA repair mortar mixed with talc
is the lowest, but its strength is not the highest. Therefore, although the porosity can reflect
the strength, the porosity is not directly proportional to the strength.
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Micropores in concrete can be categorized into four types: harmless pores (pore
size less than 20 nm), less harmful pores (pore size 20–50 nm), harmful pores (pore size
50–200 nm), and multi-hazardous pores (pore size greater than 200 nm) [49]. Figure 8
shows the histogram of the pore size distribution ratio of each repair mortar, from which
it can be seen that the filler can effectively improve the proportion of harmless pores in
PMMA repair mortar. It can be observed that the proportion of harmless pores is 65.01%,
64.52% and 53.36% when 60 phr fly ash, 40 phr talc and 60 phr wollastonite powder are
incorporated, respectively. Comparing the strength data obtained in 3.2.1, the strength of
PMMA repair mortar was the highest when fly ash was used as filler, which corresponded
to the largest proportion of harmless pores to the total porosity. Therefore, we can learn
that the proportion of harmless pores in the pore structure of mortar is the main factor
affecting the strength of mortar.

Figure 9 represents the effect of filler dosage on the water absorption of PMMA repair
mortar after 28 d of curing at −10 ◦C. It is known that with the increase of filler dosage, the
water absorption of PMMA repair mortar all showed a trend of decreasing first and then
increasing. Same as the porosity test results, the water absorption of PMMA repair mortar
was lowest when the amount of fly ash was 60 phr, talc was 40 phr, and wollastonite powder
was 60 phr. The water absorption was reduced by 38.23%, 47.21% and 40.61%, respectively,
compared with that when no filler was added. Because of the lamellar structure of the
talc, in addition to filling the pore effect, it can also block the pore channel, so the water
absorption of PMMA repair mortar with talc is reduced to the greatest extent. Compared
to wollastonite powder, fly ash has a smaller average particle size and a higher ability to
fill pores. Therefore, the PMMA repair mortar with fly ash has the second highest water
absorption, while the PMMA repair mortar with wollastonite powder has the relatively
highest water absorption among the three fillers.

As can be seen from the Figure 10, the fracture surfaces of the three mortars are
obviously rough and uneven. Fly ash and talcum powder are embedded in the repair mortar
matrix in the form of microspheres and lamellar layers, respectively. And the wollastonite
powder in the repair mortar disappears, leaving only its pin-rod-like pits. The filling of
filler increases the compactness of PMMA repair mortar. When subjected to external forces,
the filler will play an obstructive role in the development of microcracks in the path of
the need for additional de-attachment of the filler work and pull-out work to increase the
development of microcracks consumed by the energy to impede the propagation of cracks.
When subjected to the same torque, fly ash particles and talc particles are still embedded
in the mortar, wollastonite powder is “pulled out”, proving that the degree of adhesion
between wollastonite powder and PMMA repair mortar is not as high as that of fly ash and
talc. From the particle size data of the fillers in 2.1, it can be seen that the average particle
size of wollastonite powder is significantly larger than that of fly ash and talc. This is one
of the reasons why wollastonite powder has a weaker effect on the strength enhancement
of PMMA repair mortar than fly ash and talcum powder.

Figure 11 shows the effect of filler amount on the coefficient of thermal expansion of
PMMA mortar. The coefficient of thermal expansion of ordinary cement concrete pavement
is 8 − 12 × 10−6/◦C, and the coefficient of thermal expansion of PMMA repair mortar
without filler is 50.03 × 10−6/◦C, which is 4–5 times of the coefficient of thermal expansion
of ordinary cement concrete pavement. And when the filler dosage was 100 phr, the
coefficients of thermal expansion of mortar doped with fly ash, talc, and wollastonite
powder were 29.8 × 10−6/◦C, 34.1 × 10−6/◦C and 34.1 × 10−6/◦C, respectively, which
were 40.44%, 31.84%, and 39.24% lower than that of the mortar with no filler added,
respectively. When the external temperature changes, if the material in contact with each
other can be free deformation, it will not produce internal stress inside the material. But
the material is the interaction force and mutual binding force between the two, if the
difference in the coefficient of thermal expansion between the two is too large, it will lead
to the production of internal stresses in the material, thus affecting the bonding situation
between the two [50]. After adding 100 phr filler, the coefficient of thermal expansion
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of PMMA repair mortar decreased by 30–40% compared with that without filler. The
thermal compatibility between PMMA repair mortar and ordinary concrete pavement was
significantly improved by adding filler.
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Figure 11. Influence of fillers contents on thermal expansion coefficient of PMMA mortar.

Pore structure, water absorption and SEM analysis revealed the role of different types
of fillers in repair mortars. On the one hand, fillers filled the internal pores of the mortar,
reduced the pore size, decreased the proportion of harmful pores, and provided better
densification. On the other hand, the uniformly distributed fillers increased the energy
required for the diffusion of microcracks, thus achieving the effect of increasing the strength
of the PMMA repair mortar. Finally, the results of the coefficient of thermal expansion test
showed that the filler, in addition to improving the performance of the repair mortar itself,
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can greatly improve the thermal compatibility between the PMMA repair mortar and the
cement concrete pavement, and reduce the damage due to temperature stress fatigue.

4. Conclusions

In this paper, the effects of fly ash, talc and wollastonite powder on the working perfor-
mance, mechanical performance and durability of PMMA repair mortar were investigated,
and the main conclusions are as follows:

(1) 60 phr of fly ash has the greatest effect on the overall performance of PMMA repair mortar.
(2) All three fillers prolonged the setting time of the PMMA repair mortar. Wollastonite

powder had the least negative effect on the setting time of the repair mortar. The
larger the dosage of talc and fly ash, the lower the fluidity of the mortar. With the
increase in the amount of fly ash, the fluidity of the mortar tended to increase and
then decrease.

(3) All fillers improved the mechanical properties of the repair mortar itself to different
degrees. Among them, fly ash had the most significant enhancement effect on the
mechanical performance. The addition of fillers had no negative effect on the bond
strength of the PMMA repair mortar to the reference mortar.

(4) The filler effectively improved the anti-salt-freezing performance of PMMA repair
mortar. Thanks to the unique overlapping layer structure of talcum powder, its
comprehensive anti-salt freezing performance was the most excellent. Since the filler
itself does not shrink, so the shrinkage of the PMMA repair mortar after the addition
of the filler was also significantly reduced.

(5) Fillers improve the densification of PMMA repair mortars. The inclusion of fillers
greatly improves the thermal compatibility between the PMMA repair mortar and the
cement concrete pavement, reducing damage at the bond interface due to temperature
stress fatigue.
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Abstract: This study investigated the influences of ultrafine fly ash (UFA) and ultrafine slag powder
(USL) on the compressive strengths, autogenous shrinkage, phase assemblage, and microstructure
of magnesium potassium phosphate cement (MKPC). The findings indicate that the aluminosilicate
fractions present in both ultrafine fly ash and ultrafine slag participate in the acid–base reaction of the
MKPC system, resulting in a preferential formation of irregularly crystalline struvite-K incorporating
Al and Si elements or amorphous aluminosilicate phosphate products. UFA addition mitigates early
age autogenous shrinkage in MKPC-based materials, whereas USL exacerbates this shrinkage. In
terms of the sustained mechanical strength development of the MKPC system, ultrafine fly ash is
preferred over ultrafine slag powder. MKPC pastes with ultrafine fly ash show greater compressive
strength compared to those with ultrafine slag powder at 180 days due to denser interfaces between
the ultrafine fly ash particles and hydration products like struvite-K. The incorporation of 30 wt%
ultrafine fly ash enhances compressive strengths across all testing ages.

Keywords: magnesium potassium phosphate cement; ultrafine fly ash; ultrafine slag powder;
compressive strength; microstructure; chemically bonded ceramics

1. Introduction

Magnesium phosphate cement (MPC) is a ceramic type formed via hydration solidifi-
cation between dead-burned magnesium oxide and phosphate, such as NH4H2PO4 and
KH2PO4 [1]. In the case of MKPC, this hydration process is represented by Equation (1) [2,3]:

MgO(s) + KH2PO4(s) + H2O(l)→MgKPO4·6H2O(s) (1)

Compared to conventional silicate cement, magnesium phosphate cement offers sev-
eral advantages, including rapid condensation, great early-age strength, environmental
friendliness, and good bonding strength [4,5]. Its applications range widely, including
effective fixation of metal contaminants [6], repair grouting [4,7–10], storage of radioactive
waste [11], and biomedical applications [12]. However, MPC faces limitations as a repair
material, including the fact that it is non-waterproof, excessive condensation time, and
reduced validity under high environmental temperatures or when used in large volumes.
In order to enhance MPC properties, mineral admixtures like blast furnace slag [13], fly
ash [13,14], calcined kaolin [15], and silica powder [16] are commonly used in MPC paste.
However, the impact of mineral admixtures on MPC properties varies based on their variety,
phase composition, and additive amount.

In the traditional sense, fly ash was typically viewed as a mere inert material or retarder
in the MPC reaction [16]. Its special micromorphology enhances the operability of MPC
because it is spherical [8,11]. When combined with silica powder in MKPC, fly ash was
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reported to enhance water resistance by refining pore structures [16]. Nevertheless, some
studies have suggested that adding fly ash decreases MPC’s tensile and residual strength
under high temperature curing [17,18]. Recent studies have begun to show that fly ash is
more than just a filler in MPC systems [13,19]. Xu et al. [19] used a two-component formula
to prepare MKPC mortar mixed with fly ash. When the water–cement ratio was the same,
fly ash was regarded as inert or active. In the first recipe, FA was applied as a substitute
for two MKPC raw materials (dead-burned magnesium oxide and phosphate) so that the
magnesium–phosphorus ratio in the fixed formulation remained constant at 8:1. In another
recipe, FA was considered as a substitute only for dead-burned magnesium oxide so that
the magnesium–phosphorus ratio in the MKPC changed to 5:1. Due to fly ash’s chemical
reaction, replacing MgO alone with fly ash improved the setting time, operability at the
end of the stirring, and mechanical properties of MKPC more than replacing both MgO
and KH2PO4 with fly ash [19]. Nicholson and Wilson [20] pointed out that the aluminum–
silicon glass phase of FA may hydrate with phosphate after dissolution to produce a gelling
material that is conducive to the development of mechanical properties and relatively stable
in volume.

The current research indicates that MPC represents a novel gel material characterized
by a rapid setting time, high strength, and environmental friendliness. This innovative gel
material has found extensive applications in areas such as quick-drying concrete repairs,
artificial bone manufacturing, and the treatment of solid waste [21]. Nevertheless, signifi-
cant challenges persist regarding the practical application of magnesium phosphate cement
(MPC), particularly its high preparation cost attributed to the expensive nature of a key
ingredient, magnesia. Identifying low-cost alternatives to magnesia beyond conventional
magnesite sources is a potential solution to this economic constraint. To mitigate the practi-
cal issues associated with MPC, Yang et al. [22] and Li et al. [23] studied the effect of FA
on the durability of MKPC in water and salt solutions (sulfate and chloride) and found
that the incorporation of fly ash can improve the mechanical properties of MKPC and its
pore structure, leading to an improved durability of MKPC with fly ash. Xu et al. [24]
found that the addition of FA with a high CaO content, up to 50 wt%, can significantly
improve the compressive strength of MKPC. When the fly ash content exceeded 50 wt%, the
observed decrease in MKPC strength could be attributed to the formation of CaK3H(PO4)2
and Mg3(PO4)2·22H2O. Mo et al. [25] demonstrated that the addition of FA can improve
the pore structure of MKPC. Gardner et al. [26] found that FA (or slag) additions at 50 wt%
(based on the sum of MgO, KH2PO4, and H2O) resulted in a compact microstructure in
the MKPC hardened matrix with an improved mechanical strength at a water-to-solids
ratio of 0.24. In summary, incorporating FA can markedly enhance several properties of
magnesium potassium phosphate cement (MKPC). These improvements include enhanced
workability, mechanical strengths, and durability, alongside a reduction in the heat of
hydration and an extension of the setting time. Moreover, employing FA, an industrial
by-product, can significantly lower MKPC production costs without adversely affecting its
mechanical performance.

With the development of modern civil engineering and environmental engineering,
higher requirements have been put forward for the mechanical properties and durability of
cementitious materials. Based on this, researchers have developed ultrafine fly ash (UFA)
and ultrafine slag powder (USL) using innovative processing techniques on fly ash and slag.
UFA is the second superfine grinding product of fly ash, a byproduct from thermal power
plants. The ultrafine grinding of fly ash releases the smaller microspheres contained in the
larger/hollow fly ash particles [27]. Ultrafine slag powder is the abbreviation of ultrafine
granulated blast furnace slag powder, which is a kind of high-quality cement admixture.
The industrial solid waste slag obtained from the smelting of pig iron in the blast furnaces
of iron plants is mainly composed of calcium silicaluminate as the molten substance. Most
of the industrial solid waste slag obtained after water quenching and grinding is glassy
and has potential water hard gelling properties. At present, UFA and USL are widely used
as mineral admixtures in high performance concrete [28,29]. UFA is an ideal material to
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utilize due to its smaller particles, which, when mixed with Portland cement, can lead
to the formation of ultrahigh-performance concretes [29] and accelerated hydration [30].
These systems were demonstrated to have an improved filling effect associated with the
fine particle size of UFA [31], leading to detectable improvements in physical properties,
microstructures, and durability [30,32,33]. Similarly, USL, as a common auxiliary hydraulic
cementing material, can be incorporated well in the hydration reaction when mixed with
Portland cement, thereby improving its performance. In geopolymers, the inclusion of UFA
also leads to a reduced porosity [34]. The above studies indicate that UFA could better
improve the properties of cementitious materials compared to FA. The performance of solid
waste-based MPC is mainly manifested in two aspects: mechanical properties and stability.
Current research results have proven that the heavy metal elements in solid waste will
result in a decrease in the mechanical properties and stability of MPC in most cases, while
the silicon and aluminum elements are able to improve the performance of MPC. Therefore,
solid wastes with high silicon and aluminum contents, such as UFA, are appropriate to be
solidified and stabilized by MPC. In addition, solid wastes with a low silica–aluminum
content and a high content of other elements should be used for a comparative study of
specific reaction effects in MKPC.

Therefore, this study investigated the reaction behavior and mechanism in MKPC
pastes containing ultrafine fly ash/ultrafine slag powder. The inclusion of ultrafine mineral
additives, especially at higher levels, can alter the reaction conditions (such as acidity and
alkalinity, degree of hydration, ion mobility, etc.) within the MKPC system, potentially
affecting its reaction behavior, microstructure formation, and subsequent strength develop-
ment. This study seeks to explore how ultrafine fly ash and ultrafine slag powder impact
the microstructure, compressive strength, and volume stability of MKPC pastes at five
different substitution levels: 0 wt%, 20 wt%, 30 wt%, 40 wt%, and 50 wt% of the total
MgO weight. Additionally, we examined the potential chemical reactions of ultrafine fly
ash and ultrafine slag powder within the same MKPC paste system using XRD, TG/DSC,
and SEM/EDS. Moreover, we measured the early volumetric self-shrinkage properties
of MKPC mortar for the first time using a German Micro-Epsilon displacement sensor
(MICRO-EPSILON MESSTECHNIK GmbH & Co. KG, Ortenburg, Germany), which has
not been widely used in this field before. This also opens up new research perspectives
and provides a more direct and reliable method for future researchers. This research aims
to offer foundational insights into the properties of MKPC altered by ultrafine fly ash
or ultrafine slag powder, along with their associated mechanisms, which is valuable for
advancing the properties of MKPC.

2. Experimental
2.1. MKPC Paste Preparation

Yancheng Hua Nai Magnesium Industry Co., Ltd., Yancheng, China, provided the
dead-burned MgO, which was obtained by calcining magnesite at 1500 ◦C. Shi fang Dingli
Co., Ltd. in Sichuan, China supplied industrial-grade KH2PO4. Sodium tetraborate was
added as the solidification retarder in a constant amount of 10.0 wt% relative to the weight
of MgO. Ultrafine fly ash and ultrafine slag powder were used to partially substitute MgO.
The chemical compositions of MgO, ultrafine fly ash, and ultrafine slag powder are outlined
in Table 1. Specifically, the ultrafine slag powder contains 11.89 wt% Al2O3, 33.39 wt% SiO2,
and 41.51 wt% CaO. In contrast, the ultrafine fly ash has higher levels of Al2O3 and SiO2,
at 31.65 wt% and 50.53 wt%, respectively. Al2O3 and SiO2 in the ultrafine slag powder are
primarily present as amorphous aluminosilicate, while in the ultrafine fly ash, they exist as
mullite crystalline phases and a glassy aluminosilicate phase. Additionally, a portion of
quartz is present in the ultrafine fly ash. The ultrafine fly ash and ultrafine slag powder
used in this paper are in accordance with T/CBMF194-2022 [35] China Building Materials
Association standard industry document specifications. Particle size distributions of dead-
burned magnesium oxide, ultrafine fly ash, and ultrafine slag powder were analyzed using
a powder laser particle size analyzer, as displayed in Figure 1.
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Table 1. Chemical compositions of raw materials/wt%.

Raw Material MgO CaO Fe2O3 Al2O3 SiO2 LOI

Magnesia 95.39 1.57 0.73 0.17 1.54 0.32
Ultrafine fly ash 0.92 4.07 4.48 31.65 50.53 2.77

Ultrafine slag powder 8.82 41.51 0.63 11.89 33.39 −0.28
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The mechanical properties of MPC are significantly affected by the M/P ratio [36,37].
Previous research has shown that the best mechanical performance of MKPC is achieved
with an M/P molar ratio of 3~4:1 [38,39]. In this study, the control mix had an initial
magnesium-to-phosphorus ratio of 3:1. Nine sets of MKPC were prepped, with ultrafine
fly ash and ultrafine slag powder utilized as partial substitutes for MgO alongside the
control. Table 2 details the composition of alkaline components in MKPC. Various levels of
substitution of MgO with ultrafine fly ash and ultrafine slag powder were tested, ranging
from 20 wt% to 50 wt%. The water–cement ratio remained at 0.18. Before adding water, the
powdered raw materials (including magnesium oxide, KH2PO4, sodium tetraborate, UFA,
and USL) were pre-blended to ensure uniformity.

Table 2. The proportions of alkaline components in MKPC/wt%.

Mix ID MgO UFA/USL

Control 100 0
UF20/US20 80 20
UF30/US30 70 30
UF40/US40 60 40
UF50/US50 50 50

UFA: ultrafine fly ash, USL: ultrafine slag powder.

Then, water was added to the MKPC mixture and mixed continuously until a homogeneous
mixture was achieved. The resulting mixture was poured into a 40 mm× 40 mm× 40 mm
mold to form a cubic mortar at a temperature of 20 ± 2 ◦C and a relative humidity (RH)
of 50 ± 5% in a laboratory environment. The mold was covered with plastic film and left
to stand for 2 h. The specimens were then removed from the molds and cured at room
temperature for different times: 2 h, 24 h, 28 days, and 180 days.
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2.2. Compressive Strength Test

The compressive strengths of MKPC-bonded specimens were evaluated in multiple
stages, specifically at 2 h, 24 h, 28 days, and 180 days. For each examination, an average
compressive strength value was derived from five individual paste cubes.

2.3. Autogenous Shrinkage Test

The German Micro-Epsilon displacement sensor was used to test the early volume
shrinkage of the mortar. The length of the threaded pipe was 42 cm, the outer diameter was
28 mm, and the inner diameter was 20 mm. One end of the threaded pipe was fixed and
the sensor probe was adjusted so that the shrinkage or expansion of the mortar was within
the measuring range of the instrument. During the test, the threaded tube device and laser
equipment were kept stable, and the ambient temperature was controlled at 20 ± 3 ◦C.

2.4. Mineral Phase Examination

The required samples were examined using an X-ray diffractometer. The samples
were prepared using the powder diffraction method by first drying the specimens at 50 ◦C,
then grinding them to less than 80 µm using an agate mortar and pestle, and then placing
the fine powder into a 0.5 mm-deep glass sample stage and slightly compacting the powder
surface using a smooth glass sheet. For XRD measurements, the device was set to work
with a target of Cu Kα, a tube current of 100 mA, and a tube voltage of 40 kV. The scanning
was carried out with a speed setting of 10◦/min and covered an angular range of 5◦ to 60◦.

2.5. Pore Structure Test

The pore composition within set MKPC was meticulously examined utilizing a Pore
Master GT-60 Mercury Intrusion Porosimeter (MIP). To prepare for this analysis, the
solidified MKPC paste was fragmented into diminutive pieces ranging from 2 to 5 mm.
These fragments were then submerged in pure ethyl alcohol to cease hydration processes,
followed by a vacuum drying process at a temperature of 45 ◦C to ensure complete dryness
prior to the pore size evaluation.

2.6. Microstructure Examination Using SEM

A selected sample from a newly damaged area of the cured MKPC specimen was
soaked in pure ethanol to stop continued reaction. After halting hydration, the sample
was dried at 50 ◦C and thinly coated with gold. The microstructural characteristics and
composition of emerging compounds within the MKPC pastes were examined using an LEO
1530VP Scanning Electron Microscope (SEM) (Zeiss AG, Baden-Württemberg, Germany)
equipped with an Oxford Energy Dispersive Spectroscopy (EDS) system.

Moreover, for further examination, a cubic piece of the set MKPC paste was sectioned
into thin slices, underwent a similar cessation of hydration in absolute ethyl alcohol, and
was then vacuum-dried. The arid specimen was infused with an epoxy resin, polished to
achieve a smooth surface, coated with carbon to make it conductive, and analyzed with
the SEM operated in the backscattered electron (BSE) mode for high-contrast imaging.
Concurrently, the EDS was used to carry out a precise elemental analysis of selected areas
of interest.

3. Results and Discussion
3.1. Phase Assemblage in MKPC Pastes

Figure 2 presents XRD spectra of MKPC pastes at 28 d with different doses of ultrafine
fly ash and ultrafine slag powder. Regardless of the presence of ultrafine fly ash or ultrafine
slag powder, struvite-K was still the primary crystalline hydration product in all MKPC
specimens, as shown in the figure. No new crystalline phases were detected as the curing
period extended to 28 d, indicating the complete reaction of KH2PO4 upon the addition of
ultrafine fly ash or ultrafine slag powder. Across all MKPC pastes, abundant unreacted
MgO was evident in all test samples, as indicated by XRD spectra. Similarly, the inclusion of
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ultrafine fly ash and ultrafine slag powder did not lead to the formation of novel crystalline
products compared to the control sample.
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Figure 2. Powder diffraction patterns for MKPC pastes at 28 days of curing: (a) mixed with ultrafine
fly ash and (b) mixed with ultrafine slag powder. Pe: periclase, S: struvite-K, Q: quartz, M: mullite.

Figure 3 illustrates TG/DSC curves at 28 d for MKPC pastes with additions of ultrafine
fly ash or ultrafine slag powder. Endothermic peaks can be observed around 100 ◦C in
all MKPC pastes, attributed to dehydration of hydration products like struvite-K. Within
the temperature range of 60–150 ◦C, MKPC paste mass losses were 14.4 wt%, 14.9 wt%,
13.6 wt%, 12.6 wt%, and 12.2 wt% for UF20, UF30, UF50, US20, and US40, respectively,
primarily due to struvite-K dehydration. Consequently, adding 30 wt% ultrafine fly ash
slightly increased the struvite-K quantity compared to UF20 paste, but UF50 showed lower
mass loss than UF30. Substituting MgO with 30 wt% UFA increased the water for cement
reaction owing to dilution, facilitating the reaction somewhat. However, it reduced MgO
and KH2PO4 quantities, potentially decreasing the overall struvite-K quantity. For UF50,
decreased total MgO and KH2PO4 quantities might mainly reduce the struvite-K quantity.
Unlike in MKPC pastes with ultrafine slag powder, the struvite-K quantity gradually
decreased with the increasing dosage. Exothermic peaks around 420 ◦C can be observed in
MKPC pastes with ultrafine fly ash or ultrafine slag powder, albeit with no obvious mass
losses (Figure 3a). Further investigation is needed to understand this phenomenon. No
endothermic peak indicating KH2PO4 dehydration, typically occurring within 200–300 ◦C,
was observed, indicating the absence of KH2PO4 in the pastes, consistent with XRD analysis.
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Figure 3. TG/DSC curves for MKPC pastes with ultrafine fly ash or ultrafine slag powder (28 d).
(a) TG curves and (b) DSC curves.

3.2. Compressive Strength

Figure 4 illustrates the compressive strengths of MKPC mortars at various time points:
2 h, 24 h, 28 days, and 180 days. The compressive strength of the control mortar was
34.5 MPa at 2 h, rising to 82.1 MPa and 99.6 MPa at 28 days and 180 days, respectively.
UF30 displayed notably higher compressive strengths compared to the control mixture
at the same age. As shown in Figure 4a, at 180 days, the compressive strengths of the
control, UF20, UF30, UF40, and UF50 were 99.6 MPa, 108.7 MPa, 110.9 MPa, 107.4 MPa,
and 99.3 MPa, respectively. However, ultrafine slag powder exhibited varied effects on
the compressive strengths of MKPC. For example, US20, US30, and US40 showed higher
compressive strengths than the control at the early stage of 2 h (Figure 4b), but they did not
progress as well as the control at later stages (180 d). The increased addition of ultrafine
fly ash in MKPC mortar from 30 wt% to 50 wt% led to a slight decline in compressive
strength in the early stages of curing at 2 h, 24 h, and 28 days. Nevertheless, at 180 days,
UF50 achieved a compressive strength proximate to the control. Compared to MKPC
containing ultrafine slag powder, MKPC containing ultrafine fly ash demonstrated superior
strength development overall. For example, the compressive strengths of UF30 at 2 h,
28 days, and 180 days were 39.5 MPa, 96.1 MPa, and 110.9 MPa, respectively, higher
than the corresponding 37.6 MPa, 76.5 MPa, and 90.0 MPa of US30. Furthermore, at the
higher incorporation rate of 50 wt%, more significant variations were observed between
the compressive strengths of MKPC mortar with ultrafine fly ash and that mixed with
ultrafine slag powder at 180 days. This indicates that ultrafine fly ash contributes more to
the long-term compressive strength development of MKPC mortar compared to ultrafine
slag powder.
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Figure 4. Compressive strengths of the MKPC pastes containing different doses of (a) ultrafine fly
ash and (b) ultrafine slag powder.

114



Materials 2024, 17, 2556

3.3. Autogenous Shrinkage

In this study, the early volume autogenous shrinkage of MKPC mortar was examined
using a Micro-Epsilon displacement sensor from Germany. Figure 5 illustrates the impact of
ultrafine fly ash and ultrafine slag powder on the autogenous shrinkage of MKPC mortar. It
is evident from Figure 5 that the incorporation of ultrafine fly ash has a positive effect on the
early volume autogenous shrinkage of magnesium phosphate cement-based materials. The
final volume autogenous shrinkage of the UF30 mortar was 251 µε, which represents a 26%
reduction compared to the control group mortar at 339 µε. More notably, the MKPC mortar
with 50 wt% ultrafine fly ash (UF50) exhibited a final volume autogenous shrinkage of
65 µε, achieving an 80.8% decrease compared to the final volume autogenous shrinkage of
the control group mortar. In contrast, the addition of ultrafine slag powder demonstrated a
different effect by increasing the early autogenous shrinkage of the magnesium phosphate
cement mortar. For instance, compared to the control group mortar, the final volume
autogenous shrinkage of the US20 mortar increased by 348 µε. This phenomenon may be
associated with the consumption of retarders due to the addition of ultrafine slag powder.
In summary, the incorporation of ultrafine fly ash is more beneficial for improving the early
volume stability of MKPC cement mortar.
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Figure 5. Autogenous shrinkage of MKPC mortar mixed with ultrafine fly ash or ultrafine
slag powder.

3.4. Microstructure
3.4.1. Pore Structure Analysis

Figure 6 depicts the pore structures of MKPC pastes with and without the inclusion
of ultrafine fly ash/ultrafine slag powder. The addition of 30 wt% ultrafine fly ash (UF30)
resulted in a decrease in the volume of pores with diameters ranging from 0.1 to 10 µm at
28 days compared to the control (Figure 6b). However, similar pore structures between
UF50 and US40 were observed within the 0.1 to 10 µm range at 28 days. With an increase in
the addition of ultrafine fly ash to 50 wt% (UF50), there was a notable increase in the volume
of pores with diameters larger than 0.1 µm, leading to a higher total porosity compared to
the control and UF30.

The addition of ultrafine slag powder in moderate amounts had a similar effect on
the pore microstructure of MKPC as the incorporation of ultrafine fly ash. US20 showed
fewer pores with diameters from 0.1 µm to 10 µm and a smaller porosity of 10.7% at
28 days compared to the control. In comparison to MKPC containing ultrafine slag powder,
MKPC supplemented with ultrafine fly ash had a visibly denser structure with less porosity,
especially at the 30 wt% addition. For example, the total porosity of UF30 was 4.2%, which
is less than the total porosity of 10.7% for US20 at 28 days (Figure 6a).
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Figure 6. Pore structure analysis plots of MKPC pastes with or without the addition of ultrafine fly
ash/ultrafine slag powder: (a) porosity and (b) pore size distribution.

3.4.2. Morphology

Figure 7 displays the typical struvite-K morphology observed in the control paste. The
formation location heavily influences the morphology of struvite-K. In porous and loose
regions, struvite-K generally forms sizable tissues (Figure 7a). Large lamellar structures
(Figure 7a) and laminated ribbed particles (Figure 7b) are visible within pores, as depicted
in Figure 7, consistent with previous findings indicating struvite-K’s propensity to grow
larger in open spaces like pores [40]. In contrast, in closed regions, irregular but tightly
packed crystals emerge (Figure 7c). Ding et al. [34] identified two common forms of struvite-
K in solidified paste: crystalline and amorphous phases. MKPC paste reaction products
exhibit visible cracks. Previous studies attributed cracks to potential product dehydration
under a vacuum [41]. However, Ma et al. [42] proposed that cracks represent gaps between
portions of attached struvite-K particles because vacuum drying at room temperature does
not dehydrate struvite-K. Sample processing, such as fracturing and vacuum drying, may
induce micro-cracks. Furthermore, our research indicates that product gaps appear in large
crystals with regular shapes (e.g., as depicted in Figure 7a,b), resembling cracks under SEM
observations, especially in BSE mode.

Figure 8 showcases scanning electron microscope pictures of MKPC containing either
ultrafine fly ash or ultrafine slag powder. In a manner akin to the control, a number
of large lamellar structures formed within a pore in the UF30 sample (Figure 8a). Far
from pores, distinct ultrafine fly ash pellets with a spherical shape were embedded in the
solidified UF30 paste (Figure 8b). Careful observation of the region delineated by a white
square revealed irregular struvite-K formation, contributing to a denser microstructure
compared to the control paste. Trace amounts of Si and Al elements were discernible in
the EDS spectra at spot P8-1 (Figure 8c), suggesting the integration of Si and Al elements
into products. There were also some cracks in the reaction product of the MKPC paste
containing ultrafine fly ash, but the number of cracks was significantly lower than in the
control sample.

In the MKPC incorporating ultrafine slag powder, depicted in Figure 8d, lumpy
reaction products of variable shapes developed surrounding particles of ultrafine slag
powder. Based on the EDS energy spectrum at spot P8-2, these reaction phases comprised
struvite-K with certain levels of Si and Al (Figure 8d). Likewise, as illustrated in Figure 8e,
layered mass crystals formed around particles of ultrafine slag powder, also recognized as
struvite-K, yet showing more pronounced peak intensities of Si, Al, and even Ca in the EDS
spectrum at hydration spot P8-3. It is worth noting that with the addition of ultrafine fly
ash or ultrafine slag powder, the resultant reaction product, struvite-K, exhibited irregular
phase shapes, a rough interface, and bulges in comparison with the control. This occurrence
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could be attributed to the integration of Al and Si elements into the struvite-K crystals or
the presence of fresh aluminum silicate potassium phosphate crystals [13].

Figure 9 displays a representative backscatter picture of the reference. The solidified
MKPC was composed of struvite-K and numerous unreacted magnesia particles. Large
prismatic crystals, demonstrating a large prismatic structure, were commonly located in
close proximity to pores or within porous areas (Figure 9b). In the central portion of
Figure 9a, larger aggregates of crystals with fissures are noticeable. Struvite-K crystals
developed around the columnar magnesium oxide fractions. However, it appears that not
all magnesium oxide fractions were effectively bound to reaction products due to noticeable
gaps between the original blended cement and the MgO pellets. Several fissures were
evident in the paste, aligning with the observations from SEM analyses.

Figure 10 showcases standard BSE images of MKPC pastes incorporating ultrafine
slag powder. As depicted in Figure 10a, particles of ultrafine slag powder were distributed
across the MKPC paste, leading to a porous microstructure with many cracks, in contrast to
UF30. A detailed inspection of the area indicated by a white square unveiled the creation
of compact hydration products encasing the ultrafine slag powder particles (Figure 10b).
EDS examination at point P10-1 confirmed the existence of Al, Si, and Ca elements in the
product, aligning with the SEM analysis.
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compared to the control paste. Trace amounts of Si and Al elements were discernible in 
the EDS spectra at spot P8-1 (Figure 8c), suggesting the integration of Si and Al elements 
into products. There were also some cracks in the reaction product of the MKPC paste 
containing ultrafine fly ash, but the number of cracks was significantly lower than in the 
control sample. 

In the MKPC incorporating ultrafine slag powder, depicted in Figure 8d, lumpy re-
action products of variable shapes developed surrounding particles of ultrafine slag pow-
der. Based on the EDS energy spectrum at spot P8-2, these reaction phases comprised 
struvite-K with certain levels of Si and Al (Figure 8d). Likewise, as illustrated in Figure 8e, 
layered mass crystals formed around particles of ultrafine slag powder, also recognized 
as struvite-K, yet showing more pronounced peak intensities of Si, Al, and even Ca in the 
EDS spectrum at hydration spot P8-3. It is worth noting that with the addition of ultrafine 
fly ash or ultrafine slag powder, the resultant reaction product, struvite-K, exhibited ir-
regular phase shapes, a rough interface, and bulges in comparison with the control. This 
occurrence could be attributed to the integration of Al and Si elements into the struvite-K 
crystals or the presence of fresh aluminum silicate potassium phosphate crystals [13]. 

Figure 7. SEM microscopy morphology of the control group at 28 d: (a) loosely agglomerated sheeted
struvite-K crystals, (b) compact columnar struvite-K crystals, (c) irregularly shaped struvite-K. Note:
“+” is the location of the DES scanning point.
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Figure 8. SEM images of MKPC pastes with and without ultrafine fly ash or ultrafine slag powder: 
(a) control, (b,c) UF30, (d) US40. Note: “+” is the location of the DES scanning point, and the white 
area is the significant accumulation area of struvite-K. 

Figure 9 displays a representative backscatter picture of the reference. The solidified 
MKPC was composed of struvite-K and numerous unreacted magnesia particles. Large 
prismatic crystals, demonstrating a large prismatic structure, were commonly located in 
close proximity to pores or within porous areas (Figure 9b). In the central portion of Figure 
9a, larger aggregates of crystals with fissures are noticeable. Struvite-K crystals developed 
around the columnar magnesium oxide fractions. However, it appears that not all mag-
nesium oxide fractions were effectively bound to reaction products due to noticeable gaps 
between the original blended cement and the MgO pellets. Several fissures were evident 
in the paste, aligning with the observations from SEM analyses. 

  

Figure 8. SEM images of MKPC pastes with and without ultrafine fly ash or ultrafine slag powder:
(a) control, (b,c) UF30, (d) US40. Note: “+” is the location of the DES scanning point, and the white
area is the significant accumulation area of struvite-K.
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Figure 9. BSE images of the control paste: (a) low magnification, (b) high magnification, and close 
observation of the white square-marked area in (a). Note: ʺ+ʺ is the position of the DES scanning 
point, and the white area is the enlarged observation area. 

Figure 10 showcases standard BSE images of MKPC pastes incorporating ultrafine 
slag powder. As depicted in Figure 10a, particles of ultrafine slag powder were distributed 
across the MKPC paste, leading to a porous microstructure with many cracks, in contrast 
to UF30. A detailed inspection of the area indicated by a white square unveiled the crea-
tion of compact hydration products encasing the ultrafine slag powder particles (Figure 
10b). EDS examination at point P10-1 confirmed the existence of Al, Si, and Ca elements 
in the product, aligning with the SEM analysis. 

  

Figure 9. BSE images of the control paste: (a) low magnification, (b) high magnification, and close
observation of the white square-marked area in (a). Note: “+” is the position of the DES scanning
point, and the white area is the enlarged observation area.
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Figure 10. BSE images of the MKPC with ultrafine slag powder: (a) paste morphology, (b) paste 
with higher magnification, and (c) backscatter surface scanning images and elemental maps. Note: 
ʺ+ʺ is the position of DES scanning point, and the white area is the interface area between USL and 
paste. 

Figure 11b exhibits an MKPC paste with 30 wt% ultrafine fly ash at 28 days. Ultrafine 
fly ash particles were embedded in the UF30 paste matrix, resulting in a denser paste with 
fewer cracks compared to the control and US20 pastes (Figures 9 and 10). Moreover, dis-
tinct hydration product rims encased the ultrafine fly ash particles, establishing a signifi-
cantly denser surface between the ultrafine fly ash fraction and the original cement (Figure 
11a). EDS analysis (Figure 11a) indicated that the hydration products were composed of 
the elements Mg, O, P, K, Si, and Al, suggesting that silicon and aluminum were integrated 
in the structure, consistent with the observations in Figure 10. Gardner et al. [13] also 
noted the integration of Al and Si into the combined substrate of MKPC incorporating FA 
based on BSEM images and elemental plots. This integration was attributed to the solu-
bilization of the glassy portion of aluminosilicates in the FA, leading to the creation of an 
aluminosilicate potassium phosphate-binding phase [13]. Secondary electron microscopy 
demonstrated that struvite-K crystals effectively encapsulated the ultrafine fly ash pellets, 

Figure 10. BSE images of the MKPC with ultrafine slag powder: (a) paste morphology, (b) paste with
higher magnification, and (c) backscatter surface scanning images and elemental maps. Note: “+” is
the position of DES scanning point, and the white area is the interface area between USL and paste.

Figure 11b exhibits an MKPC paste with 30 wt% ultrafine fly ash at 28 days. Ultrafine
fly ash particles were embedded in the UF30 paste matrix, resulting in a denser paste with
fewer cracks compared to the control and US20 pastes (Figures 9 and 10). Moreover, distinct
hydration product rims encased the ultrafine fly ash particles, establishing a significantly
denser surface between the ultrafine fly ash fraction and the original cement (Figure 11a).
EDS analysis (Figure 11a) indicated that the hydration products were composed of the
elements Mg, O, P, K, Si, and Al, suggesting that silicon and aluminum were integrated in
the structure, consistent with the observations in Figure 10. Gardner et al. [13] also noted the
integration of Al and Si into the combined substrate of MKPC incorporating FA based on
BSEM images and elemental plots. This integration was attributed to the solubilization of
the glassy portion of aluminosilicates in the FA, leading to the creation of an aluminosilicate
potassium phosphate-binding phase [13]. Secondary electron microscopy demonstrated
that struvite-K crystals effectively encapsulated the ultrafine fly ash pellets, indicating
favorable tissue compatibility between them [19]. Nonetheless, a number of ultrafine fly
ash particles exhibited noticeable gaps at the boundary with struvite-K. Within the UF30
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paste, certain MgO particles remained unreacted. As can be observed in Figure 11b, needle-
like or bulk phases were interspersed with amorphous struvite-K, creating an intensive
blend microstructure. The hybrid phase may represent an aluminosilicate-rich product.
This blend structure is presumed to enhance strength.
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Figure 11. BSE images of the MKPC paste with ultrafine fly ash: (a) UF30, (b) UF30 with higher 
magnification, and (c) backscatter surface scanning images and elemental maps of UF30. 
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3.5. Discussion 

Figure 11. BSE images of the MKPC paste with ultrafine fly ash: (a) UF30, (b) UF30 with higher
magnification, and (c) backscatter surface scanning images and elemental maps of UF30. Note: “+” is
the position of DES scanning point.
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3.5. Discussion
3.5.1. Physicochemical Effects of Ultrafine Fly Ash and Ultrafine Slag Powder in
MKPC System

The reactions of ultrafine fly ash and ultrafine slag powder in MKPC have both
physical and chemical effects. Physically, the incorporation of ultrafine fly ash or ultrafine
slag powder has a diluting impact on the MKPC paste. In this study, the addition of a high
volume of ultrafine admixture actually increased the amount of water reacting between
MgO and KH2PO4 due to the fixed water–cement ratio. Despite incorporating ultrafine fly
ash instead of raw materials, the quantities of reaction products, particularly struvite-K,
appeared similar or showed only a slight difference (as indicated by XRD and DSC/TG)
compared to those of the control. This suggests that MKPC pastes with UFA achieved a
great degree of reaction. Given the constant water–cement ratio, the inclusion of UFA or
USL may impact pH levels and consequently affect the hydration. According to Rouzic
et al. [29], the kind of hydration product in MKPC systems heavily relies on the acidity and
alkalinity. For example, newberyite is dominant in a pH range of four to six, a combination
of newberyite and struvite-K typically forms at pH six to seven, and struvite-K becomes the
primary product when the pH exceeds seven. Furthermore, the dispersion of ultrafine fly
ash or slag powder particles within MKPC pastes provides nucleation sites for struvite-K
precipitation, thereby influencing the position distribution of reaction products.

Regarding the chemical points, both UFA and USL participate in the reaction process,
albeit to varying degrees. When either UFA or USL was added, as observed in X-ray
diffraction (XRD) patterns, no other product was formed in MKPC apart from struvite-
K. However, scanning electron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS) reveals that in the presence of either UFA or USL, a number of Si
and Al elements are present in the hydration product, struvite-K. Gardner et al. [26]
discovered through microstructure characterization and multi-nuclear NMR spectra that
the aluminosilicate glassy fractions of both fly ash and GBFS dissolve within the MKPC
binders under near-neutral pH conditions and subsequently form second-reactive species
rich in silicon and aluminum. This has the potential to form an aluminosilicate potassium
phosphate phase.

In our study, binding products containing Si and Al were also observed in the MKPC
pastes with either UFA or USL (Figures 10 and 11). This phenomenon suggests that Si and
Al elements are bound to main hydration products. Additionally, amorphous hydration
products, such as the potassium aluminosilicate phosphate phase, might form due to
the geopolymer synthesis of soluble aluminum silicate species. However, owing to their
amorphous character, they cannot be analyzed via X-ray diffraction. Apart from aluminum,
it has been reported that other components of FA, particularly magnesium and calcium,
compete against magnesium oxide and react with KH2PO4, forming phosphate-containing
colloids, thereby altering the initially designed M/P molar ratios and potentially enhancing
mechanical properties [19]. A fraction of magnesium oxide in FA is anticipated to contribute
to the formation of struvite-K [19]. The calcium component of FA also hydrates with
KH2PO4 to form an amorphous calcium phosphate product [43]. Ma et al. [42] proposed
that synergistic effects between GBFS and MKPC might largely be due to the fact that
CaO in GBFS reacts with KH2PO4 to create calcium phosphate, given that GBFS contains
a higher CaO content and exhibits better mechanical properties. Nevertheless, our study
appears to contradict this assumption, since ultrafine fly ash has a lower content of calcium
oxide but still achieved better mechanical properties.

Alumina oxide demonstrates reactivity and can potentially result in the formation
of magnesium alumina phosphate in MPC [44]. As elaborated by Wagh [44], in a phos-
phate solution, alumina dissolves and reacts with phosphate ions in solution to produce
AlH3(PO4)2·H2O, which then further reacts with the remaining alumina to yield the ulti-
mate product of AlPO4. It is recognized as an amorphous gel-like tissue that can form under
ambient temperatures [44–46] or at elevated temperatures ranging from 50 to 100 ◦C [47].
From the structural analysis of the products, substituting a fraction of the magnesium

121



Materials 2024, 17, 2556

atoms with aluminum possibly results in a material resembling a geopolymer within the
MPC matrix [48,49]. Ultrafine fly ash demonstrates higher chemical instability compared
to alumina, primarily attributable to the presence of its glassy aluminosilicate phase and
the structural disruption induced by milling. The envisaged reaction mechanism suggests
that, within the acidic or nearly neutral conditions of the MKPC environment, Al could
leach from ultrafine fly ash, likely in an aluminosilicate phase. Subsequently, the Al-rich
entities could serve as attachment sites or furnish crystallization sites for the deposition of
K+, Mg2+, and PO4

3− ions, culminating in the formation of struvite-K.
The factors affecting the solubilization rate of aluminum silicate in slag, fly ash, and

other admixtures containing silica–alumina phases have been reported, including the
temperature, alkalinity, crystallinity, dissolution type, and structural defects [50,51]. Due to
the high content of the aluminosilicate glass phase in ultrafine fly ash, it exhibits an elevated
rate of dissolution in the acidic or nearly neutral milieu of the magnesium potassium
phosphate cement (MKPC) system. Within this system, ultrafine fly ash demonstrates
enhanced reactivity, potentially resulting in reaction products such as struvite-K containing
increased levels of aluminum and silicon. Given the significant role of pH levels, our
forthcoming research endeavors will delve into the dissolution behaviors of ultrafine fly
ash and slag powder within MKPC systems.

3.5.2. Influence of Ultrafine Fly Ash or Ultrafine Slag Powder on the Microstructure
of MKPC

The integration of ultrafine fly ash and ultrafine slag powder into the MKPC matrix
forms a ternary composite structure. This structure comprises the unreacted magnesium
oxide (MgO), the ultrafine constituents (fly ash/slag powder), and the hydration products,
notably amorphous aluminosilicate phosphate and struvite-K. The incorporation of these
ultrafine materials modifies the positional distribution of other amorphous reaction prod-
ucts and struvite-K. These products precipitate around the MgO particles and the ultrafine
components, fostering a cohesive matrix by connecting these particles. Incorporating
30 wt% of ultrafine fly ash or 20 wt% ultrafine slag powder into the MKPC paste leads to a
reduction in pore size and overall porosity, enhancing the material’s density. Conversely,
increasing the content of these ultrafine materials beyond these proportions to 40 wt% or
50 wt% inversely affects the paste’s total porosity, making it more porous. Specifically,
comparing compositions with 30 wt% ultrafine fly ash (UFA) and 20 wt% ultrafine slag
powder (USL), the paste containing 30 wt% UFA showcases a more compact microstructure
compared to the 20 wt% USL variant. This densification correlates with a notable decrease
in total porosity, especially in the reduction in pores within the 0.1 µm to 10 µm range, likely
due to the enhanced reactivity of ultrafine fly ash within the MKPC pastes. An interesting
observation is the decreased incidence of cracks within the MKPC paste matrix following
the addition of ultrafine fly ash. This phenomenon could be attributed to the augmented
strength and improved interconnectivity among the amorphous reaction products, which
contribute to the structural integrity of the paste.

The microstructural characteristics of struvite-K are fundamental to the mechanical
performance, transport characteristics, and longevity of magnesium potassium phosphate
cement (MKPC). The present study observes that struvite-K within MKPC pastes mani-
fests in two distinct forms: crystalline and amorphous. The occurrence of these forms is
contingent upon the specific precipitation sites within the matrix. Crystalline struvite-K
is typically precipitated within pores or porous areas, while amorphous struvite-K forms
in denser or more constrained spaces. The formation of voids within MKPC pastes is
predominantly a result of water evaporation during the reaction process, with higher water
contents leading to an increased void volume. Consequently, the water content critically
influences the crystalline structure and the morphological traits of the hydration products
in magnesium phosphate cement (MPC) mortar. Supporting evidence can be found in the
literature [52], where an elevation in water content from 5 wt% to 8 wt% was observed to
correlate with the augmented formation of crystalline magnesium ammonium phosphate
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hexahydrate. It is worth noting that the morphological and structural attributes of the
struvite-K crystals are key indicators of the MKPC’s physical properties. The delicate
balance between crystalline and amorphous phases, driven by the water content in the
mix, plays a pivotal role in optimizing the material’s attributes for enhanced durability
and performance.

Previous studies have reported that the morphological characteristics of struvite-K
are influenced by the magnesium–phosphorus ratio, as well as the acidity or alkalinity
of the solution [36,53,54]. Specifically, at a magnesium–phosphorus ratio of 3, struvite-K
was found to crystallize into a mixture of needle-like and plate-like forms. When the
ratio was elevated to 5, the crystalline structure transitioned into a distinctly prismatic
configuration. However, at a Mg–P ratio of 10, the resulting struvite-K was characterized
by an indistinct shape [36]. Chau et al. [55] observed that a pH value of 6 fostered the
formation of struvite-K crystals with a plate-like morphology, while at a pH of 7.5, prismatic
crystals were predominant. A converse relationship between pH and crystal size was noted,
with smaller struvite-K crystals forming as the pH diminished [56]. However, our study
discovered that the addition of UFA or USL promoted the genesis of amorphous products.
This suggests that the involvement of silicon and aluminum ions during the deposition
process significantly alters the conventional crystalline structure of struvite-K.

3.5.3. Effect of Ultrafine Fly Ash or Ultrafine Slag Powder on the Mechanical Properties
and Volume Stability of MKPC

In the case of MKPC, the presence of both unreacted dead-burned magnesium oxide
and the hydration product forms a sturdy substrate, contributing to its strength [57]. The
unreacted MgO plays the role of an adsorption aggregate within the paste, thereby helping
to improve its mechanical properties [57,58]. Considering the excellent surface properties of
calcined magnesium oxide, the mechanical strength can be comprehensively improved by
increasing proportion of MgO, i.e., increasing the magnesium oxide content in the MPC [36].
Nevertheless, there is an optimal ratio of unreacted MgO “hard core” to struvite “binder”
to achieve optimal mechanical properties [4,36]. Beyond this optimal ratio, increasing the
initial MgO content may actually decrease the compressive strength because of reduced
hydraulicities [36]. It has also been argued that the strength of MKPC pastes is largely
derived from the bond strength between unreacted dead-burned magnesium oxide and
the hydration product [58]. In our study, there is still an observable excess of unreacted
MgO in the MKPC pastes compared to KH2PO4 due to its stoichiometry. However, there
appeared to be insufficient binding between the MgO and the struvite-K, as a clear gap was
observed on the SEM. Similar to the unreacted magnesium oxide, the remaining ultrafine
fly ash/ultrafine slag powder can also serve as a filler in the MKPC matrix. Moreover,
higher dosages of ultrafine fly ash/ultrafine slag powder in MKPC result in decreased
residual magnesium oxide. The ultrafine doped particles are softer than the dead-burned
MgO particles, leading to reduced bonding between unreacted MgO and struvite-K crystals
and enhanced bonding between ultrafine fly ash/ultrafine slag powder and struvite-K. As
indicated by the pronounced hydration rims around the ultrafine fly ash particles, a robust
bond appears to form between the ultrafine fly ash and the product, which is believed to
positively impact the mechanical properties. At the same time, when ultrafine fly ash is
used as a filler in MKPC and there is an early increase in the dosage of MgO and phosphate,
the fast reaction bond is reduced and the volume stability is gradually improved. In the
right amount, ultrafine slag powder can play a role as a filler to reduce porosity; however,
if the dosage continues to increase, the ultrafine slag powder calcium ions and retarder
reaction also increase, resulting in early rapid contraction of the MKPC hardening reaction
and increased volume shrinkage. With the addition of 50 wt% UFA, the amount of reaction
products formed in the MKPC pastes was not sufficient to effectively bind all of the UFA
particles to the unreacted MgO. Hence, the added 50 wt% UFA slightly reduced the strength
of the MKPC pastes, especially at early ages.
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Densification of the cement paste has a great influence on the mechanical properties
of MKPC. Introducing 30 wt% ultrafine fly ash (UFA) and 20 wt% ultrafine slag (USL)
reduces the overall porosity, yet it has varying effects on the strengths of MKPC paste over
time. Specifically, adding 20 wt% ultrafine slag powder slightly reduces the compressive
strength, while incorporating 30 wt% ultrafine fly ash substantially enhances the MKPC
paste’s compressive strength. However, further increasing the addition of ultrafine slag
powder/ultrafine fly ash to 40 wt%/50 wt% raises the total porosity of the MKPC paste,
leading to significant decreases in compressive strengths. This suggests that factors other
than microstructure (pore structure) can affect the mechanical properties of MKPC. It is
possible that the glass-like aluminosilicate fractions in UFA react in the aqueous phosphoric
acid solution of the MKPC–UFA system, leading to the formation of secondary amorphous
products with silico-phosphates [20]. These emergent products amalgamate with struvite-K,
thereby enhancing the integrity of the entire hardened body and consequently augmenting
its mechanical robustness. Additionally, the morphological attributes of struvite-K may
contribute to this phenomenon. The development of a cohesive structure, facilitated by
the entanglement and linkage of struvite-K particles, is pivotal for the augmentation of
mechanical properties [57]. Higher MKPC specimen strengths are also typically associated
with improved crack resistance. First, the high-strength cement design results in a denser,
more homogeneous paste matrix that provides better crack resistance. This dense matrix
reduces the permeability of the cement sample, limiting the entry of water, chemicals,
and other harmful substances that can cause cracking over time. In addition, the MKPC
hydration process is an important factor in strength development and crack resistance
enhancement. During the cement mixing process, a properly designed MKPC specimen
promotes repeated hydration of the internal particles, resulting in a more cohesive and
durable slurry that is less likely to crack. Tchakouté [59] synthesized phosphate metakaolin-
based geopolymer cementitious material in a laboratory setting, achieving a strength
of 54 MPa at 28 d post-formation, by initiating a reaction between metakaolin and a
phosphoric acid solution. Their findings indicate that the dispersion of berlinite within the
matrix, serving to fortify the matrix, was a primary factor behind the observed strength
enhancement. Although such berlinite inclusions were not detected in the MKPC paste
incorporating UFA, the formation of a fortified hybrid microstructure was nonetheless
observed (Figure 11a). Moreover, the intrinsic physical properties of struvite-K may also
influence the overall strength of MKPC pastes, although this aspect has not been explored
within the current research. In summary, the long-term compressive strength of MKPC
mixed with ultrafine fly ash is higher than that of MKPC mixed with ultrafine slag powder
observed after a long curing time. This is mainly attributed to the activation degree and
structure of ultrafine fly ash in the MKPC system, which causes (I) the aluminum and silicon
elements present in the struvite-K to contribute to the formation of adhesive and reinforced
structures, (II) the formation of excess secondary amorphous aluminosilicate phosphate
products beyond struvite-K, and (III) denser interfacial structures that are formed between
ultrafine fly ash particles and crystals.

4. Conclusions

The effects of ultrafine fly ash and ultrafine slag powder on the microstructure and
properties of MKPC were studied. From our experimental work, the following main
conclusions can be drawn:

1. Whether ultrafine fly ash (UFA) or ultrafine slag powder (USL) is added, the primary
hydration phase formed in MKPC paste is still struvite-K. Both ultrafine fly ash (UFA) and
ultrafine slag powder (USL) contribute aluminosilicate fractions to the acid–base hydration
reactions of MKPC. Consequently, aluminum and silicon are integrated into the struvite-K
crystals in the cured MKPC pastes containing either of the two ultrafine mineral admixtures.
However, in the MKPC paste containing ultrafine slag powder, Al, Si, and even Ca elements
are present in the resulting struvite-K product.
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2. The addition of ultrafine slag powder initially increases the compressive strength
of the MKPC paste at early ages, but it does not perform as well as the control paste at
later ages. In contrast, the positive effect of ultrafine fly ash on the strength of MKPC is
clearly observed at later testing ages. At 28 d of curing, the compressive strength of MKPC
containing 30 wt% ultrafine fly ash was increased by 17.1% compared to the control group.
Notably, at 180 days of curing, the MKPC mortar with 50 wt% ultrafine fly ash achieved a
compressive strength similar to that of the control paste. Overall, the MKPC phases with
ultrafine fly ash show better compressive strength development compared to those with
ultrafine slag powder. The incorporation of 30 wt% ultrafine fly ash enhances compressive
strengths across all testing ages. This is due to the formation of a stronger microstructure in
MKPC mixed with ultrafine fly ash and denser interfaces between the hydration products
and ultrafine fly ash particles.

3. Regardless of the addition of ultrafine fly ash or ultrafine slag powder, the MKPC
mortar presents the phenomenon of autogenous shrinkage under the rapid reaction of the
paste in the early stage. The addition of ultrafine fly ash effectively improves the autogenous
shrinkage of MKPC mortar in the early stage, while the addition of ultrafine slag powder
significantly increases the early autogenous shrinkage of MKPC. It is noteworthy that the
final volumetric autogenous shrinkage of MKPC mortar with 50 wt% UFA addition was
reduced by as much as 80.8% compared to the control mortar. The German Micro-Epsilon
displacement sensor technology is not only applicable to the displacement measurement of
cement and other cementitious materials but also can be applied to sensing the deformation
of products in a fixed space in order to improve the quality and safety of actual products;
however, there are some limitations, such as the sensor accuracy, environmental adaptability,
and cost constraints. Further research can be devoted to addressing these limitations to
further advance the development and application of the technology.

4. The addition of 30 wt% ultrafine fly ash and 20 wt% ultrafine slag powder effectively
refines the paste structure of MKPC, reducing the total porosity, particularly in the pore
volume within the diameter range of 0.1~10 µm, thereby enhancing internal bonding
compactness. For example, the MKPC with the addition of 20 wt% ultrafine slag powder
had fewer pores with pore sizes from 0.1~10 µm at 28 d compared to the control, with
a porosity of 10.7%. In comparison to MKPC containing ultrafine slag powder, MKPC
supplemented with ultrafine fly ash had a visibly denser structure with less porosity,
especially in the 30 wt% addition. The total porosity of UF30 is 4.2%, which is less than
the total porosity of 10.7% for US20 at 28 days. However, the total porosity of MKPC also
increases with the elevated dosage of ultrafine admixture. Moreover, with the addition of
an appropriate quantity of ultrafine admixture, particularly ultrafine fly ash, amorphous
aluminosilicate phosphate products intercalate with struvite, promoting the development
of long-term strength properties in MKPC.
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Abstract: Prestressed pipe piles are common concrete components characterized by dense concrete
structures and favorable mechanical properties, and thus, extensively used as coastal soft soil foun-
dations. However, their durability in harsh environments has not been fully clarified. In this study,
leachate from an actual landfill site was collected from the east coast of China as the corrosive
medium, and the corrosion process was accelerated by electrifying prestressed pipe piles. The results
demonstrated that the concentration of chloride ions in the concrete of the prestressed pile increased
with the increase in corrosion time. Moreover, the experimental corrosion of these prestressed piles in
the drying–wetting cycle proved to be the most severe. However, a protective layer of epoxy resin
coating can effectively inhibit the diffusion of chloride ions into the interior of the piles. The final
theoretical corrosion amounts of the piles were 1.55 kg, 1.20 kg, and 1.64 kg under immersion, epoxy
resin protection, and a drying–wetting cycle environment. The application of epoxy resin reduced
chloride penetration by 22.6%, and the drying–wetting cycle increased chloride penetration by 5.8%,
respectively, with corresponding corrosion potentials following similar patterns. The actual corrosion
depth of the welding seam was 3.20 mm, and there was a large corrosion allowance compared with
the requirement (6.53 mm) for the ultimate bending moment. In summary, these prestressed piles
exhibited good durability in a leachate environment.

Keywords: prestressed piles; harsh environments; leachate; durability

1. Introduction

With the acceleration of urbanization in China, the demand for land resources has
increased dramatically, and an increasing number of buildings have to be constructed
in harsh landfill environments [1,2]. As a common category of foundations, prestressed
concrete pipe piles are inevitably used in landfills. In landfills, domestic and industrial
wastes can form leachate under the combined action of rainwater and surface runoff. The
leachate accumulates in the soil layer of landfills and is not easily absorbed. Further, the
underground soil of landfills fills with leachate in the long run. Landfill leachate constitutes
a weak alkaline solution with a complex composition and many hazardous ions, and the
corrosive media include Cl−, SO4

2−, NH4
+, and organic biomass [3]. Due to the inherent

pores and microcracks in the concrete, these corrosive media may penetrate the interior
of reinforced concrete materials, which would affect the durability of the concrete, thus
reducing the service life of concrete structures [4–6].

Compared with ordinary concrete structures, prestressed concrete piles require a series
of special processes, such as prestressing [7], centrifugation [8,9], and steam curing [10–12].
They have a higher density, lower porosity, and greater bending capacity [13,14]. Special
production processes and hollow shapes contribute to the superiority of these piles over
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ordinary reinforced concrete in terms of microstructures and mechanical properties. In
particular, prestressed high-performance concrete (PHC) piles are generally considered to
have favorable durability.

In recent years, scholars have conducted in-depth research on the durability of pre-
stressed concrete piles. In 1965 and 1970, a Japanese company constructed two factory
buildings, A and B, using prestressed concrete (PC) piles as pile foundations. The durability
of relevant units in the factory buildings and the PC piles in the foundation was investigated
32–37 years after operation [15]. It was found that the compressive strength of the concrete
of these piles was still higher than the design requirement. The elastic modulus was higher
than 4 × 104 MPa, the maximum neutralization depth was 1 mm, and the tensile strength
of the steel reinforcement inside the pile was not significantly reduced. Japan’s Kao Group
conducted a field exposure test on the long-term durability of PC piles in 1968 [16–18]. The
pile concrete was mixed with calcium chloride equivalent to 0.05%, 0.5%, 1.0%, 2.0%, and
4.0% of the cement mass. After 32 years, the PC steel bar elongation of the test piles with
4.0% of calcium chloride added was less than 1%; after 50 years, the PC steel bar of the test
piles with 4.0% of calcium chloride added fractured. No obvious rust was found on the PC
steel bars of the rest of the test piles, and the depth of neutralization was less than 2 mm.
Zhan et al. [19] investigated the effects of maintenance and admixture on the durability of
prestressed piles. They found that the prefabrication of the prestressed piles with a polycar-
boxylic water reducer and 8 h steam curing provided the highest cost-effectiveness in terms
of durability, with an electrical flux of 85 ◦C and a chloride ion migration coefficient of
0.54 × 10−12 m2/s. Liu et al. [20] simulated pipe pile joints immersed in 5% NaCl solution
for 50 years through energized acceleration. They revealed that the seams of the joints
did not crack after deterioration, and that the welding seams of the welded square pile
joints rusted mildly after deterioration. Li et al. [21] predicted effects on pipe piles under
a chlorine ion environment by solving the diffusion equations of the chlorine ions in the
layered structure of the piles. The results confirmed that increasing the thickness of the
mortar layer shortened the diffusion and corrosion periods, thereby significantly reducing
the service life. Increasing the thickness of protective layers and sealing pile ends were
identified as effective measures to extend the service life of prestressed concrete piles.

In underground environments, dry and wet cycles often occur, and leachate envi-
ronments are no exception. In recent years, scholars have studied the effects of dry and
wet cycling on concrete corrosion and concluded that dry and wet coupling cycles and
the diffusion of chloride ions increased the development of cracks and pores within the
concrete structure and accelerated the transport of the chloride ions through the concrete.

Epoxy resin is one of the polymer materials with the best chemical resistance, the best
adhesion with all kinds of concrete, no volatile by-products from curing, small shrinkage
from curing, and excellent anti-corrosion performance. Epoxy resin coating can be used for
the corrosion protection of prestressed pipe piles.

In summary, prestressed piles exhibit favorable long-term durability performance
in ordinary environments or mildly corrosive environments. However, there is a lack of
research on the deterioration process of prestressed piles in harsh environments, such as the
waste leachate field. The issue of the durability of precast piles in leachate environments is
closely related to the longevity of buildings in leachate environments, and the present study
is undoubtedly pioneering as leachate environments are unique environments that have
emerged in the course of modern urbanization. In this study, the durability of prestressed
piles in the landfill leach field was evaluated by combining the energized accelerated test
with the actual situation of the project. These findings may provide a theoretical basis for
the protection and application of prestressed concrete piles in landfill environments.

2. Materials and Methods
2.1. Raw Materials

In this test, P-II 52.5 silicate cement produced by Onada Cement Corp (Nanjing, China)
was used. The specific surface area was 366 m2/kg, the initial setting time was 163 min,
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and the final setting time was 220 min. The slag powder was a by-product of granulated
blast furnace production from Ningbo Ziheng Building Materials Technology (Ningbo,
China). The ratios of cement to slag powder are shown in Table 1. The coarse aggregate
used was continuously graded gravel produced by the Ningbo Guoding Mining Industry
(Ningbo, China), with the size ranging from 5 mm to 32 mm. The fine aggregate used
was mechanism sand produced by the Ningbo Guoding Mining Industry, with a fineness
modulus of 2.8. The Point-C300 high-efficiency concrete water-reducing agent produced by
Kozijie New Materials (Nanjing, China) was selected as the water-reducing agent.

Table 1. Chemical composition of cement and slag powder (%).

Chemical
Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 R2O L.O.I.

Cement 19.40 4.73 2.98 64.04 2.30 2.58 0.68 2.80
Slag Powder 38.27 8.41 1.58 42.65 7.40 0.14 0.45 1.10

The diameter of the prestressed reinforcement was 10.7 mm, and the tensile strength
and elongation after the fracture of the prestressed reinforcement were 1490 MPa and
8.8%. The spiral stirrup was a cold-drawn mild steel wire with a diameter of 5.0 mm, and
the tensile strength and elongation after the fracture of the spiral stirrup were 620 MPa
and 4.5%.

The leachate was extracted from a landfill site on the eastern coast of China and had
a brown-black color and a strong, irritating odor. The pH value was 7.9, the ammonium
nitrogen content was 2.55 g/L, the sulfate content was 7.43 mg/L, and the chloride content
was 3.14 g/L.

2.2. Prestressed Piles and the Mix Ratio of Concrete

The prestressed concrete pipe was PHC 400(95) AB, using grade C80 concrete mix,
and its strength was 84.1 MPa on day 28. The outer diameter of the pipe pile was 400 mm,
the thickness of the protective layer was 41 mm, and seven prestressed reinforcements were
uniformly arranged.

The concrete mixing ratio is shown in Table 2, and its quality meets the requirements
of the Zhejiang Provincial Atlas G22 (Pre-tensioned Prestressed Concrete Pipe Pile) [22]. The
reinforcement of the test pile is illustrated in Figure 1, with a pitch spacing of 80 mm for
the helical reinforcement and no densified zone at either end.
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Table 2. The mix ratio of concrete (kg/m3).

Grade Cement Water Fine
Aggregate

Coarse
Aggregate
(5–16 mm)

Coarse
Aggregate

(16–32 mm)
Slag Powder Water

Reducer

C80 414 160 690 537 537 62 5.7

After the prestressed pile had been prepared, it underwent steam curing. Following
28 days of steam curing, the pile was cut and welded to form samples, as illustrated in
Figure 2. The test piece was cut into a 1000 mm test pile.
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Figure 2. Test pile cutting diagram.

A total of four prestressed concrete pipe piles were used in the test, named PHC-1,
PHC-2, PHC-3, and PHC-4, respectively. PHC-1 was a common pipe pile with both
ends blocked, PHC-2 was a pile with an epoxy coal tar protective layer applied to the
body, PHC-3 was a pile formed by welding two ordinary piles together with a joint, and
PHC-4 was a common pile placed in a drying–wetting cycle leachate environment with a
cycle of 8 days/time. After demolding, the test pile was fabricated and cured in a steam
environment (85 ◦C) for 6 h, with the empty holes at both ends of the piles sealed before
the test.

An electric field was applied to accelerate the migration rate of the solution ions at
both ends of the pile. Electrified acceleration can increase the corrosion degree of reinforced
concrete specimens in a shorter period of time compared to reinforced concrete specimens
corroded for a longer time in the natural environment. Figure 3 illustrates the accelerated
corrosion of a test pile, where the positive pole is the steel bar and the negative pole is the
stainless steel mesh surrounding the pile.

Before the test, it was necessary to calculate the natural resistance of the piles in a
harsh environment. After the test piles were placed into the maintenance box, they were
submerged in the leachate from the landfill, covering the top of the test piles by at least
10 cm. After 10 days, the resistance was measured by a multimeter; the resistance results of
PHC-1, PHC-2, PHC-3, and PHC-4 were 6.0 Ω, 6.2 Ω, 6.0 Ω, and 5.9 Ω, respectively. Taking
6.0 Ω as the natural resistance of the test piles in this environment, it can be calculated that
with an applied voltage of 10 V, the corrosion of the piles corresponded to the corrosion
for 30 years and 50 years in the natural environment after applying electricity for 96 d
and 160 d.
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Figure 3. The electric acceleration device.

2.3. Test Methods
2.3.1. The Chloride Ion Concentration at Different Depths of Piles

The sampling procedure was performed with the aid of a core drilling machine. Then,
the specimen was drilled to the location of the reinforcement and the pile was repaired
after the coring procedure had been completed. The mortar in the concrete at the depths of
5 mm, 10 mm, 20 mm, 30 mm, and 40 mm from the surface of the test pile was ground into
powder, respectively. According to JGJ/T 322-2013, Technical specification for test of chloride
ion content in concrete [23], the mortar powder was mixed with 100 mL of distilled water,
followed by stirring and boiling. Subsequently, the upper clear liquid was collected. The
chloride ion content at different depths was calculated by measuring the Cl− content in the
clear liquid using AgNO3.

Samples were taken after the production of the experimental piles was complete; the
concentration of chloride ions in the concrete was 0.018%. In the experiment, the chloride
ion concentration was measured every 16 days. The initial chloride ion concentration
of PHC-1, PHC-2, and PHC-4 was taken when they had been soaked in the leachate for
10 days without electricity, and the subsequent chloride ion concentration was measured
after the accelerated corrosion of the experimental pile had been energized.

2.3.2. Electric Current and Corrosion Potential

Faraday’s first and second laws describe the relationship between electrons and matter
in the electrochemical process. According to the laws, the mass of the substance precipitated
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(or dissolved) on the electrode (∆m) is proportional to the total amount (‘) of electricity
through the electrolyte, expressed by the formula

∆m = KQ (1)

where ∆m is the mass of precipitated (or dissolved) material on the electrode; K is the electro-
chemical equivalent, related to the precipitated (or dissolved) substance; the electrochemical
equivalent is equal to the mass of the substance precipitated (or dissolved) by 1 coulomb of
electricity; and Q is the amount of electricity passed through the electrolyte solution.

When the total amount (Q) of electricity through each electrolyte is the same, the mass
of each substance precipitated (or dissolved) on the electric plate (∆m) is proportional to
the chemical equivalent (C) of the substance, expressed by the formula

∆m ∝ C (2)

where C is the chemical equivalent, which is the ratio of the molar mass (M) of the substance
to its valency (Z), which means that C = M/Z.

According to Formula (2), the following relation can be obtained by introducing
Far-aday’s constant F:

∆m =
MIt
ZF

(3)

where M represents the molar mass of the substance (the molar mass of Fe is 56 g/mol);
I represents the electrification current; t represents the electrification time; Z represents
the valency of the substance (the valency of an iron atom is 2); and F represents Faraday’s
constant, which has a value of 96,484 C/mol.

The product of the electric current and time can be used to calculate the mass of steel
corrosion in concrete, thus assessing the corrosion of the steel in the pile. The current
change was recorded three times per day in the test and the current change curve was
plotted. The corrosion potential was measured using TST-XS310, a steel corrosion meter
from TAster (Beijing) Testing Technology Co., Ltd. (Beijing, China), with a measuring
accuracy of ±1 mV.

As shown in Figure 4, the test grid was first arranged on the pile surface during
the corrosion potential test. The grid size was 20 × 20 cm (along the axis of the pile),
with the grid intersection points serving as the test points. The DC power supply was
disconnected one hour before data collection, and the wires connecting the main bar and the
DC power supply were disconnected at the same time. The measured corrosion potential
was compared with the corrosion potential evaluation standard to calculate the probability
of steel bar corrosion.

Materials 2024, 17, x FOR PEER REVIEW  7  of  15 
 

 

1256

10
00

 
Figure 4. Test points of corrosion potential. 

2.3.3. Changes in Weld Depths 
Ten equidistant test points were marked at the welded joint of PHC-3. The rust pit 

depths were measured using a welding seam inspection ruler, and the changes in weld 
heights at different ages were recorded. The weld depth was measured by a weld gauge 
with an accuracy of 0.01 mm. Figure 5 illustrates test points 4, 5, and 6 at the welded joint. 

 
Figure 5. Test points at the welded joint. 

3. Results 

3.1. The Chloride Ion Concentration at Different Depths of Prestressed Piles 

Chloride  ions are abundant  in  leachate, posing significant hazards  to  the safety of 
steel bars in precast piles. The samples were taken from the depths of 0–5 mm, 5–10 mm, 
10–20 mm, 20–30 mm, and 30–40 mm from the surface of the test pile in mortar. 

Figure 6 illustrates the chlorine ion concentration of the prestressed piles at different 
depths. In the early and middle stages, the chloride ion concentration on the surface in-
creased faster than that in the interior. In the middle and later stages, the increase rate of 
the chloride ion concentration accelerated in the interior, eventually reaching a uniform 
concentration throughout the pile. 

   

Figure 4. Test points of corrosion potential.

134



Materials 2024, 17, 2497

2.3.3. Changes in Weld Depths

Ten equidistant test points were marked at the welded joint of PHC-3. The rust pit
depths were measured using a welding seam inspection ruler, and the changes in weld
heights at different ages were recorded. The weld depth was measured by a weld gauge
with an accuracy of 0.01 mm. Figure 5 illustrates test points 4, 5, and 6 at the welded joint.
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3. Results
3.1. The Chloride Ion Concentration at Different Depths of Prestressed Piles

Chloride ions are abundant in leachate, posing significant hazards to the safety of
steel bars in precast piles. The samples were taken from the depths of 0–5 mm, 5–10 mm,
10–20 mm, 20–30 mm, and 30–40 mm from the surface of the test pile in mortar.

Figure 6 illustrates the chlorine ion concentration of the prestressed piles at different
depths. In the early and middle stages, the chloride ion concentration on the surface
increased faster than that in the interior. In the middle and later stages, the increase rate of
the chloride ion concentration accelerated in the interior, eventually reaching a uniform
concentration throughout the pile.

In the early stages of corrosion testing, the chloride ion concentration of PHC-1 and
PHC-2 in the leachate at a depth of 5–10 mm started to increase after 0 d, while that of
PHC-4 started to increase significantly after 16 d. The chloride ion concentration inside the
prestressed pile was similar to that in the surface layer in the early stage. In the middle
stage, the chloride ion concentration inside the pile began to increase continuously. The
chloride ion concentration inside PHC-1 and PHC-2 gradually approached the surface
chloride ion concentration. The increase rate of the chloride ion concentration at the depths
of 0–5 mm, 5–10 mm, and 10–20 mm in PHC-4 decelerated after 96 d. However, the chloride
concentration inside the prestressed pile increased faster, and its chloride concentration
at the depths of 0–5 mm and 5–10 mm increased more slowly after 160 d. The chloride
concentration in the prestressed pile was found to be higher than that at the depths of
0–5 mm and 5–10 mm.
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Figure 6. The chloride concentration at different depths of the prestressed piles. Figure 6. The chloride concentration at different depths of the prestressed piles.
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The epoxy resin protective layer inhibited leachate corrosion. From day 48, the chloride
ion concentration in PHC-2 was lower than that in the other precast piles in the leachate
environment. On day 0, the surface chloride ion concentration was 0.027%, while the
chloride ion concentration at the depths of 5–10 mm, 10–20 mm, 20–30 mm, and 30–40 mm
was 0.024%, 0.023%, 0.018%, and 0.19%, respectively, which was close to that of PHC-1 and
PHC-4. On day 48, the gap between the chloride ion concentration in the surface layer of
the pipe piles in PHC-2 and the rest of the leachate environment started to increase, until
day 160, when the chloride ion concentration in the surface layer was only 0.059%, which
was 0.010% less than PHC-1.

In terms of the chloride ion concentration, the epoxy applied to the surface of the
prestressed pile inhibited 20%, 23%, 14%, 7%, and 19% of the chloride ions in the concrete
0–5 mm, 5–10 mm, 10–20 mm, 20–30 mm, and 30–40 mm from the surface, respectively,
compared to PHC-1. The dry and wet cycling conditions accelerated the diffusion of the
chloride ions into the concrete, increasing the chloride ions by 35%, 34%, 39%, 35%, and
41% in the concretes 0–5 mm, 5–10 mm, 10–20 mm, 20–30 mm, and 30–40 mm from the
surface, respectively, compared to PHC-1.

Direct titration with AgNO3 was performed on the core samples on day 160, as
illustrated in Figure 7. The core samples of PHC-1 and PHC-4 had white precipitates at a
depth of about 0–10 mm, while that of PHC-2 was protected by the epoxy resin, and the
chloride ion concentration in the interior of the concrete was not enough to cause AgNO3
to produce white precipitates.
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3.2. Electric Current and Corrosion Potential

The process of steel corrosion is accompanied by an increase in resistance, leading to a
decrease in the current under a constant voltage. According to Faraday’s law, the amount
of steel corrosion is proportional to ∑It. Therefore, the changes in the image integral caused
by the current changes during the pile corrosion testing can effectively reflect the law of
steel corrosion in the pile.

As illustrated in Figure 8, the overall trend of the electric current in the pile foundations
was decreasing and tended to level off eventually. The current integrals of PHC-1, PHC-2,
and PHC-4 were 61.85 A·day, 47.45 A·day, and 65.37 A·day, respectively, from day 0 to 160,
for values of 1.55 kg, 1.20 kg, and 1.64 kg after conversion into the corrosion amount.
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Figure 8. Current changes in prestressed piles.

The currents of PHC-1 and PHC-2 displayed the same trend in the early stage, and
hazardous ions did not penetrate the interior completely at this stage. After 22 d, the electric
current of PHC-1 was larger than that of PHC-2. Due to the protective layer, hazardous ions
had difficulty entering PHC-2. The final corrosion amount of PHC-2 was 0.35 kg, which
was smaller than that of PHC-1. The current of PHC-3 in the drying and watering cycle
environment tended to level off on day 75 and decreased again after 140 d. The corrosion
amount of PHC-3 was higher than that of PHC-1, but only by 0.09 kg. This indicated that
although the drying–wetting cycle can accelerate precast pile corrosion, this effect was
smaller compared with the effect of electrification.

When the experiment was over, PHC-2 with the epoxy resin avoided 22.6% of the
amount of corrosion compared to PHC-1, while PHC-4 in a drying–wetting cycle leachate
environment increased the amount of corrosion by 5.8%.

The corrosion potential of the test pile was measured every 16 d after energization,
and energization was stopped 1 h before the test. The test piles were taken out, and the
surface rust was cleaned. The grid area was divided according to the requirements. A
steel bar was cut out and tested using a steel bar corrosion meter. Figure 9 illustrates the
corrosion potential of the prestressed piles.

The change rule of the corrosion potential was similar to that of the current. Specifically,
the three piles exhibited the same trend from day 0 to 32 but diverged from day 32 to 64.
The corrosion potential of PHC-1 decreased faster in this stage and reached −341 mV on
day 64. The corrosion potential of PHC-4 decreased rapidly after 48 d, approaching that
of PHC-1 on day 80. The corrosion potential of these three piles tended to level off after
90 d, consistent with the changing trend of the electric current. On day 48, the corrosion
potential of PHC-2 was −284 mV, 48 mV higher than that of PHC-1 and 5 mV higher than
that of PHC-4. With the increase in time, there was a growing gap between PHC-2 and
PHC-1 or PHC-4.
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When the corrosion potentials of PHC-1, PHC-2, and PHC-3 were −369 mV, −326 mV,
and −399 mV at the end of the experiment, there was an increase of 43 mV in the corrosion
potential of PHC-2, which used the epoxy resin, and a decrease of 30 mV in the corrosion
potential of PHC-4, which was subjected to the drying–wetting cycle.

The corrosion potential values of PHC-1 and PHC-4 were less than −350 mV on day
160, while those of PHC-2 coated with the epoxy resin protective layer were −324 mV and
−326 mV on days 144 and 160, larger than −350 mV. According to the evaluation standard
of the corrosion potential of steel reinforcement in structural concrete, PHC-1 and PHC-4
were at level 3 and PHC-2 was at level 2 [24].

3.3. Changes in Weld Depths

PHC piles are mainly connected by end plate welding to meet the design pile length
requirements, and the durability of the welding in harsh environments needs to be emphasized.

The appearance of the welding seams of PHC-3 in harsh environments from day 0 to
160 is illustrated in Figure 10. The welding seam was a new one, with obvious metallic
luster on day 0, and it was corroded by electricity by day 16. There was no metallic luster
at the welding seam, and there were more rust deposits on the skirt plate and the welding
seam. The thickness of the skirt plate was about 1.5 mm, and it had corroded completely
within 50 years.

The depth change in the weld is illustrated in Figure 10. A large depth change was
observed in the early stage and tended to level off in the later stage. The final corrosion
depth was 3.2 mm.
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The prestressed piles had a load value of 106 kN under the ultimate bending moment
condition. When calculating the tensile bearing capacity of a single pile according to the
connection strength of the prestressed concrete piles, the welded connection should be
calculated according to the following formula:

N ≤ 1
4

(
d2

1 − d2
2

)
f w (4)

where N represents the single pile design value of the pullout force (kN); d1 represents the
weld outer diameter (mm), 398 mm; d2 represents the weld inner diameter (mm), 376 mm;
and fw represents the weld tensile strength design value, 170 MPa.

When the weld depth decreased, the weld outer diameter d1 and its pull-out bearing
capacity decreased.

Table 3 shows the results corresponding to the corrosion allowance of the weld depth
of pile joints under the simulated 50-year corrosive environment. This corresponds to
the requirements of the pile cracking moment, and there was a considerable corrosion
allowance for the welding seam. The accelerated test in the underground corrosive solution
of the landfill indicated that the welded joints of prestressed piles had favorable durability
after 50 years in the high Cl− environment.
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Table 3. The depth corrosion allowance of the welded joints of the prestressed piles under the
simulated 50-year corrosive environment.

The Load Condition Corresponds to the Calculated Values of the Weld
Depth (mm) 50-Year Equivalent

Corrosion Depth (mm)
Corrosion Allowance

(mm)Loading Condition Loading Intensity
(kN)

Corresponding Weld
Depth (mm)

Cracking moment
(kN·m) 64 4.36

3.20
4.44

Ultimate bending
moment (kN·m) 106 6.53 2.27

3.4. Discussion

The external current method can be employed to accelerate the diffusion of chloride
ions in pile concrete; in this case, it energized and accelerated the prestressed piles for 160 d,
equivalent to 50 years of service in the landfill landscape. In general, the steel corrosion
rate in the prestressed piles decelerated with an increase in age. This may be attributed
to a decrease in the cross-sectional area of the steel during corrosion, which increasingly
blocked the passage of the electric current. Therefore, the corrosion rate of the piles reached
the maximum within 16–32 d, followed by a gradual decrease in the corrosion rate of the
subsequent prestressed piles.

When the prestressed piles were in an immersion environment, the chloride ion
concentration in the surface layer of the pile concrete started to rise first. The concentration
of the chloride ions inside the concrete began to rise in the middle and late stages until
the concentration of the chloride ions inside the concrete was equal to that on the surface.
This conformed to the permeation law of chloride ions in concrete. From day 0 to 16, the
chloride ion concentration of the prestressed piles in the drying–wetting cycle environment
was smaller than that of the prestressed pile concrete in the immersion environment. As
the drying–wetting cycle and energization exerted more significant effects on chloride ion
diffusion, the chloride ion concentration of PHC-4 was higher than that of PHC-1. The
surface layer of the core sample of PHC-1 and PHC-4 can be stained white by AgNO3 on
day 160. The drying–wetting cycle increased chloride penetration by 5.8%; a coating on the
surface of pipe piles can effectively prevent the diffusion of chloride ions into the inside of
the pipe piles, and the application of the epoxy resin reduced chloride penetration by 22.6%.
This result was verified in the tests on electric current and half-cell corrosion potential,
resulting in minimal rusting and maximum half-cell corrosion potential.

After the accelerated corrosion continued for 160 d, the skirt plate of the welded pile
was corroded completely. The average change in the weld depth was 3.2 mm. Compared
with the maximum corrosion depth of 6.53 m allowed by the standard, there was a large
rust allowance to meet the requirements of the project.

The size, prestress, and reinforcement of prestressed piles will affect the corrosion.
This paper only takes PHC 400(95) as the research object, which is the most used in a
leachate environment, aiming to provide practical guidance for most projects.

The current acceleration experiment only accelerated the corrosion of chloride ions,
and has little effect on sulfate and ammonia roots. How to couple the effects of these will
be an interesting discussion point.

4. Conclusions

In the corrosion test of prestressed piles in a landfill leachate environment, the
electrification-accelerated corrosion of prestressed piles has presented favorable dura-
bility. The implications of these findings for the design and maintenance of prestressed
concrete structures in leachate environments are significant. In general, prestressed piles
can meet the conditions of use in leachate-soaked environments with a building design life
of 50 years. When in a drying–wetting cycle leachate environment, prestressed piles can
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also be used, but some protective measures are recommended. The specific conclusions are
elucidated as follows:

(1) The chloride ion concentration in piles increased gradually with an increase in time
and leveled off at the later stage of tests. The chloride ion concentration in the
surface layer of the pile concrete began to rise first, while the internal chloride ion
concentration started to rise in the middle and later stages. Finally, the internal
chloride ion concentration was equal to the surface one.

(2) The corrosion rate of the pile in the drying–wetting cycle environment accelerated
in the middle and late stages, and the drying–wetting cycle increased chloride pen-
etration by 5.8% at 160 d. After 64 d, the corrosion potential of the pipe pile in the
drying–wetting cycle decreased faster, and its resistance also began to increase faster.
In addition, the current decreased faster, the chloride ion concentration increased
rapidly, and the corrosion potential decreased faster.

(3) Applying a layer of epoxy resin protective layer on the pile can inhibit the chloride
ion erosion and prevent the chloride ions from entering the pile concrete effectively,
and the application of the epoxy resin reduced chloride penetration by 22.6% at 160 d.
The chloride ion concentration was the lowest and the corrosion potential was the
highest in the test piles coated with epoxy resin. In practical engineering applications,
the test results showed that applying a protective layer on the surface of prestressed
piles can improve the durability of precast piles.

(4) Under the accelerated corrosion for 160 d, the actual corrosion depth of the welding
seam was 3.20 mm. Compared with the maximum corrosion depth of 6.53 mm
permitted by the standard, there was a large corrosion allowance. Therefore, the
prestressed piles can be welded in a leachate environment.
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Abstract: Expansion damage in medium–low reactivity dolomite limestone poses significant chal-
lenges in construction and engineering projects. This study investigates the potential of fly ash in
inhibiting expansion damage in such limestone formations based on RILEM AAR-5 method. Through
a series of laboratory experiments, various proportions of fly ash instead of cement, respectively,
were prepared and subjected to varying alkali content conditions immersion tests to simulate ex-
pansion conditions. The expansion rates and extents were monitored and compared between pure
limestone samples and those mixed with different proportions of fly ash. Additionally, scanning
electron microscopy (SEM) analysis was employed to investigate the microstructure of the dolomite
limestone–fly ash mixtures to understand the inhibition mechanisms. Results indicate that fly ash
demonstrates promising inhibitory effects on expansion damage in medium–low reactivity dolomite
limestone across the addition of 40% fly ash and alkali content of 0.70%. The reaction products
are calcite, brucite, and a mixture of Mg-Si-Al phases and the reaction area is within 100 µm from
the boundary when the cement alkali content is 1.50% without any fly ash. However, no reaction
products were found at the boundary after adding 40% fly ash when lowering the cement alkali
content to 0.70%. This research contributes to a better understanding of the interaction between
fly ash and dolomite limestone in inhibiting expansion damage, providing valuable insights for
engineering applications.

Keywords: alkali–carbonate reaction; dolomitic limestone; inhibition; cement alkali content; fly ash

1. Introduction

Alkali–aggregate reaction (AAR) is a phenomenon that may occur in concrete struc-
tures, typically referring to the reaction between the alkaline components in concrete and
certain aggregates containing reactive minerals (such as siliceous or carbonate rocks) [1].
This reaction can result in expansion and cracking, ultimately leading to damage to the
concrete structure. AAR typically falls into two types: alkali–silica reaction (ASR) and
alkali–carbonate reaction (ACR). ASR refers to the reaction of alkalis with the siliceous
minerals in the aggregate, producing a gel-like material that causes the expansion of con-
crete volume [2]. ACR involves the reaction of alkalis with carbonate minerals (such as
dolomitic rocks), resulting in the formation of alkali metal carbonates, which also leads to
volume expansion.

In the early 1950s, Canada and other countries successively discovered severe mesh
cracking in concrete using carbonate aggregate. In 1963, Gillott [3] discovered and proposed
the ACR, in which in the presence of alkali, dolomite crystals inside dolomite, dolomitic
chert, and gray dolomite, which are used as concrete aggregates, react with alkali to form
brucite, calcite, and CO3

2−. According to thermodynamic calculations, this reaction process
occurs spontaneously. In addition, the hydrated Ca(OH)2 in the concrete slurry, which
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undergoes hydration, continues to react with the CO3
2− ions in Equation (1) to produce

hydroxide ions once again, with the reaction formula shown in Equations (1) and (2):

CaMg(CO3)2 + 2OH− = Mg(OH)2 + CaCO3 + CO3
2− (1)

CO3
2− + Ca(OH)2 = CaCO3 + 2OH− (2)

Cody and Deng [4,5] favored the dedolomitization reaction (ADR) to describe ACR.
Chen et al. [6,7] illustrated the capability to differentiate between ASR and ACR within
carbonate systems using Tetramethylammonium hydroxide (TMAH). They further asserted
that the primary culprit behind ACR is the ADR. Li [8] discovered that the dolomitization
reaction process primarily involves OH− initially reacting on the surface of dolomite.

Dolomitic rocks are widely distributed in China (as seen in Figure 1) and are the most
commonly used rock aggregate in concrete due to their ease of extraction and processing.
Since Deng discovered severe cracking damage in concrete structures using carbonate
rock aggregates in Shandong Province and Tianjin, China, some other locations have also
experienced similar issues, as indicated in Figure 2. Analysis and research identified the
cause as ACR. Due to the formation mechanism of carbonate rocks, the limitations of
engineering conditions, and economic factors, it is impractical to use entirely non-alkaline
reactive aggregates. Identifying aggregate activity and adopting corresponding inhibition
measures against alkali–aggregate reaction types are the main methods to prevent damage
from alkali–aggregate reactions. This study proposes corresponding inhibition measures
and methods to avoid significant economic losses caused by alkali–aggregate reactions in
concrete structural engineering, which is of great guiding significance.

To mitigate ACR, numerous researchers both domestically and internationally have
conducted extensive investigations into preventive measures. A plethora of experimental
studies and engineering practices have demonstrated that the inclusion of fly ash in concrete
mixtures not only retards or suppresses ACR but also enhances other concrete properties,
conserves resources, and safeguards the environment [9–11]. Mineral admixtures such as
silica fume, pulverized fly ash and granulated blast furnace slag are widely used to inhibit
ACR expansion [12–14]. The effectiveness of mineral admixtures in controlling ACR is
generally derived from the decreasing of content of cementitious materials, lowering OH−

concentrations in pore solutions by the adsorption of low Ca/Si C-S-H gels and resisting
the migration of ions in pore solutions of concrete by fining pores [15]. Nevertheless, there
has been limited research into ACR inhibition. Deng [5] conducted an assessment of the
inhibitory effects of mineral admixtures, sulfoaluminate cement, and persulfate cement on
rocks in the Kingston, Canada, utilizing the concrete microbar method. Sulfoaluminate
cement, persulfate cement, and low-alkali Portland cement, blended with high dosages
of PFA (pulverized fuel ash), BFS (blast furnace slag), or SF (silica fume), effectively
prevented concrete expansion and cracking induced by alkali–dolomite reaction. In cases
where Portland cement with an equivalent alkali content of 0.43% and reactive dolomitic
limestone from Kingston, Canada, was employed, it became imperative to substitute the
cement with 70% PFA, 90% BFS, or 30% SF. The essence of the issue lies in significantly
lowering the pH of the concrete pore solution. Shehata [16] assessed the prolonged impacts
of supplementary cementitious materials (SCMs) on ACR over a span of up to 10 years
utilizing a concrete prism test. While certain types of SCMs exhibited greater effectiveness
in diminishing expansion, none proved efficacious in curbing it over the long haul. Blending
10% reactive aggregate with 90% non-reactive aggregate proved effective in attaining the
threshold of achieving expansion below 0.040% at the end of the first year. However,
the expansion of the specimen escalated to 0.074% after a decade of placement at room
temperature. Joshaghani [17] evaluated the effectiveness of ACR inhibition in both short
and long terms using two types of admixtures, namely trass and fly ash. The experiments
revealed that trass was not highly effective in inhibiting ACR compared to fly ash. Ren [18]
conducted studies using the concrete microbar method and concrete prism method to
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investigate the impact of mineral admixtures on ACR expansion in dolomitic rocks. They
found that 30% fly ash could temporarily inhibit alkali carbonate reaction, with the primary
mechanism being the refinement of pore structure and reduction in the migration rate of
Na+ and K+ ions into the pore solution.

Figure 1. Regions of dolomitic limestone distribution, including Beijing, Tianjin, Hebei, Shanxi,
Sichuan, Shandong, Guizhou, Anhui, Jiangsu, Yunnan, and Guizhou.

Figure 2. Cases of ACR damage. (a) Runway surface for aircraft takeoff in Shandong, China (b)
Pedestrain walkway in Shandong, China (c) Bridge piers in Tianjin, China (d) Bridge in Tianjin, China.
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In published papers, although there are many reports related to AAR inhibition by fly
ash, this is mostly for ASR, with very few reports for ACR. There is still no definitive answer
as to whether the use of fly ash has an inhibitory effect on ACR, and many of the inhibition
methods are currently based on a modification of the alkali activity test method (RILEM
AAR-5; RILEM AAR-2), which is based on a conditioning environment of 80 ◦C, 1 mol/L
NaOH solution with a cement alkali content of 1.50%. This will have an accelerating effect
in the experiment, but due to the harshness of the curing environment in the past, it could
not be suppressed even with the use of fly ash, and cements with such a high alkali content
would not be used in practical engineering applications.

The objective of this study was to investigate the effect of fly ash on the inhibition
of alkali carbonate reaction (ACR) in low and moderately reactive dolomitic limestones
and to assess the suitable conditions for the application of fly ash in these two types of
dolomitic limestones by using different alkaline environments. In this study, the efficacy of
fly ash in inhibiting the alkali carbonate reaction (ACR) swelling of dolomitic limestone
in different alkaline environments was evaluated by adjusting the admixture ratio of fly
ash using the concrete micro-column test method based on the RILEM AAR-5 standard.
Scanning electron microscopy (SEM) was utilized to observe the morphology of dolomite
limestone after the reaction in order to observe the inhibition effect of fly ash on dolomite
limestone, and then application guidelines are proposed for the specific conditions of
dolomite limestone.

2. Materials and Methods
2.1. Materials
2.1.1. Cement

The cement used in the experiment was P•II 52.5 cement produced by Nanjing Jiang-
nan Onoda Co., Ltd., Nanjing, China with an alkali content of (Na2Oeq = Na2O + 0.658K2O)
of 0.54%. The chemical composition is shown in Table 1, and the XRD is shown in Figure 3.

Table 1. Chemical compositions of cement from the Jiangnan Onoda Cement Company/wt%.

Component LOI. CaO MgO SiO2 Al2O3 Fe2O3 K2O Na2O SO3 Total

wt 2.81 64.00 2.35 19.43 4.73 2.96 0.47 0.26 2.58 99.59

Figure 3. XRD pattern of P•II 52.5 cement.

2.1.2. Fly Ash

The fly ash (FA) used in the experiment is Class II, which complies with the GB/T
1596-2017 standard [19], produced by Pudi Mixing Station in Nanjing, China. Its density is
2.24 g/cm3. Its chemical composition is shown in Table 2. Figure 4 shows the XRD pattern
of FA, wherein the primary components identified are mullite and quartz.
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Table 2. Chemical composition of FA/wt%.

Component LOI. CaO MgO SiO2 Al2O3 Fe2O3 K2O Na2O SO3 Total

wt 1.81 4.40 1.11 50.10 29.77 8.95 0.89 0.39 1.15 98.57

Figure 4. XRD pattern of FA.

2.1.3. Aggregates

The dolomitic rocks selected for this experiment were sourced from the dolomitic
limestone designated as SJW and YM, located in the quarry of Sansui County, Guizhou.
The experiment used aggregate with a particle size of 5–10 mm, with a single gradation.
Figure 5 shows the petrographic map of SJW and YM, revealing a mosaic-type structure in
the dolomite of these rocks. From the chemical composition table provided in Table 3 and
the XRD pattern depicted in Figure 6, it is evident that the primary components of both
rocks are calcite and dolomite.

Figure 5. Petrographic micrographs of dolomitic rocks SJW and YM.

Table 3. Chemical compositions of rocks/wt%.

Simple LOI. SiO2 Fe2O3 Al2O3 CaO MgO Total

SJW 40.58 5.99 0.26 1.49 45.68 2.55 96.55
YM 37.19 11.18 1.03 2.80 42.26 2.48 96.94
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Figure 6. XRD patterns of rocks SJW and YM.

2.2. Experimental Methods
2.2.1. Inhibition Experiments with Simulated Pore Solutions

In this study, the ultra-accelerated mortar bar method (RILEM AAR-2) [20] was em-
ployed to investigate the potential alkali–silica reactivity of SJW and YM rock samples,
while rapid preliminary screening test for the carbonate aggregate method (RILEM AAR-
5) [21] was utilized to assess their alkali–carbonate reactivity. Subsequently, based on
the RILEM AAR-5 concrete microbar method, concrete microbars with dimensions of
40 mm × 40 mm × 160 mm were prepared. The aggregate mass was 900 g, and the cement-
to-aggregate mass ratio was 1:1, with an aggregate particle size ranging from 5 mm to
10 mm. P•II 52.5 silicate cement with an alkali content of 0.54% was used. The alkali
content of the cement was adjusted to 1.50 wt% and 0.70 wt% using analytically pure
NaOH reagent. Additionally, 0, 20%, 30%, and 40% of fly ash were substituted for an
equal mass of cement, with a water-to-binder ratio of 0.32. After molding for 24 h and
demolding, the initial length L0 of the specimens was measured using a length comparator.
Subsequently, the concrete microbars with different alkali contents were placed in 80 ◦C
solutions of 60 mL 1.5 mol/L and 60 mL 0.7 mol/L NaOH for curing. To minimize the in-
fluence of external curing solutions on the microbars, they were placed in boxes measuring
45 mm × 45 mm × 180 mm and filled with two 5 mm × 40 mm × 160 mm acrylic plates to
fill the gaps, the model is as shown in Figure 7. After a specific curing period, the concrete
microbar specimens were retrieved and their lengths, LD, were accurately measured after
cooling. Through this series of experiments, the aim was to elucidate the reaction activity
of SJW and YM rock samples under different alkali concentration environments.

The formula for calculation is as follows:

Pt = (L0 − 2b)/(Lt − L0) × 100%

where:
Pt is the expansion rate after t days of curing, in %;
Lt is the test piece length after t days of curing, in mm;
L0 is the initial length of the test piece, in mm;
b is the length of the nail embedded in the concrete, in mm.
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Figure 7. Curing of concrete microbar specimens.

2.2.2. Micro-Structure Analysis

To investigate the microstructural changes in concrete microbars after 120 days of
reaction, SEM samples need to be prepared. Selected samples of SJW with a cement alkali
content of 1.50%, maintained at 80 ◦C, SJW with a cement alkali content of 1.50% doped with
40% FA, and SJW with a cement alkali content of 0.70% doped with 40% FA were selected
for the study. Firstly, the concrete microbars were gently crushed, and the rock particles
were carefully extracted. Next, the reacted rock particles were placed into a mold and filled
with epoxy resin for curing. Then, precise cutting was performed until the rock surface
was fully exposed. Subsequently, the surfaces of the rock samples were finely polished
and made into slides using the AutoMet 250 grinder–polisher produced by Buehler, Lake
Bluff, IL, USA. After ensuring a smooth and traceless surface, the samples were polished.
This preparation work aimed to enable the better observation and analyzation of the
microstructures of the rock samples. Figure 8 shows a photomicrograph of SJW sample
production. Finally, the rock samples were observed using the Ultra55 field emission
scanning electron microscope from Carl Zeiss, Oberkochen, Germany. Additionally, the
composition of the samples was analyzed using energy dispersive X-ray spectroscopy
(EDS) to understand their chemical compositions.

Figure 8. Photomicrograph of SJW sample production.

Through these meticulous operations and the use of advanced equipment, a deeper
understanding of the microstructural changes in concrete microbars after 120 days of
reaction can be achieved, providing valuable data support for research.
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3. Results
3.1. Concrete Microbar Experiment
3.1.1. Aggregate Alkali Activity

In Figure 9, the expansion rates of SJW and YM at 28 days are 0.128% and 0.227%,
respectively. According to RILEM AAR-5 standard, their expansion levels have exceeded
the threshold of 0.1%, indicating the alkali–carbonate reaction activity of both SJW and
YM aggregates. On the other hand, in Figure 10, the expansion rates of SJW and YM at
14 days are 0.062% and 0.682% (could be rounded down to 0.1%), respectively. According to
RILEM AAR-2 standard, they do not exceed the critical value of 0.1%, indicating that SJW
aggregates do not possess alkali–silica reaction activity. Therefore, combining the data from
Figures 8 and 9, it can be inferred that SJW and YM aggregates exhibit alkali–carbonate
reaction activity but do not possess alkali–silica reaction activity.

Figure 9. Expansion of the concrete microbars prepared according to RILEM AAR-5.

Figure 10. Expansion of the mortar bars prepared according to RILEM AAR-2.

3.1.2. Effect of Cement Alkali Content on Concrete Microbar

Figure 11 illustrates that when the cement alkali content is 1.50%, the expansion rates
of concrete microbars made with SJW and YM rapidly increase, reaching 0.406% and
0.416%, respectively, after 120 days of reaction. As the cement alkali content decreases to
0.70%, the expansion rates of both types of rocks continue to show an increasing trend,
with expansion rates reaching 0.22% and 0.32%, respectively. This result indicates that
reducing the cement alkali content does not completely eliminate the expansion tendency
of concrete microbars but rather exerts an inhibitory effect, slowing down the rate of
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expansion. It suggests that changes in cement alkali content have a direct and significant
impact on the expansion performance of concrete microbars. Excessive or insufficient
cement alkali content may lead to an increase in the expansion rate of concrete microbars,
thereby affecting their long-term performance and durability. Therefore, when designing
concrete mixtures, careful consideration should be given to the cement alkali content to
optimize both the microstructure and macroscopic performance of concrete.

Figure 11. Expansion of SJW and YM when cement alkali content of 1.50% and 0.70%.

3.1.3. Effect of Fly Ash on Concrete Microbars

In Figure 12, the comparative curve chart illustrates the influence of fly ash content at
0%, 20%, 30%, and 40% on the AAR expansion of concrete microbars made with SJW and
YM, with a cement alkali content of 1.50%. It can be observed from the graph that without
the addition of fly ash, the expansion rates of concrete microbars made with SJW and YM
are relatively high. However, as the content of fly ash increases, there is a decreasing trend
in the expansion rates. This result suggests that the addition of fly ash appears to suppress
the alkali–aggregate reaction expansion of concrete microbars made with SJW and YM.

Figure 12. Expansion curves of concrete microbars with different fly ash contents under the same
curing conditions and alkali content of 1.50% for SJW and YM.

Based on the experimental results, the following conclusion can be drawn: With the
increase in fly ash content, the AAR expansion of concrete microbars made from both types
of rocks gradually decreases. This indicates that the addition of fly ash helps to mitigate
the expansion of concrete microbars.
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At 28 days, the expansion rates of concrete microbars without fly ash exceeded the
failure criterion of 0.10%, reaching 0.13% and 0.21%. In contrast, the expansion rates of
concrete microbars containing 20%, 30%, and 40% fly ash were 0.06%, 0.03%, and 0.02%,
respectively, significantly lower than those without fly ash.

After 120 days of curing, the expansion rates of concrete microbars containing 20%,
30%, and 40% fly ash for both SJW and YM were all below the failure criterion of 0.10%,
with values of 0.08%, 0.05%, and 0.03% for SJW and 0.04%, 0.06%, and 0.04% for YM.

Comparing the two types of rocks, although concrete microbars made with YM exhib-
ited higher expansion rates at the same fly ash content, this difference may be attributed to
the inherent properties of YM rock and requires further investigation.

Overall, the addition of fly ash significantly reduced the expansion rate of concrete
microbars. The experimental data also reveals a notable trend: as the fly ash content
increases, the extent of AAR expansion in concrete microbars made from SJW and YM
significantly decreases. When the fly ash content is increased to 20%, 30%, and 40%, the
expansion rate of SJW decreases by 48%, 74%, and 91%, respectively, while the expansion
rate of YM decreases by 65%, 86%, and 95%, respectively. This series of data indicates
that fly ash addition can significantly suppress AAR-induced expansion in the short term
(28 days) and remains effective in the long term (120 days). After 120 days of curing, the
expansion rates of SJW concrete microbars containing 20%, 30%, and 40% fly ash decreased
by 34%, 47%, and 67%, respectively, while those of YM concrete microbars decreased by
8%, 18%, and 53%, respectively. This suggests that with increasing fly ash content, the
long-term expansion performance of concrete microbars is further improved.

These results demonstrate that the addition of fly ash can effectively suppress AAR
expansion in concrete microbars, enhancing their durability.

Based on the experimental data in Figure 13, the following analysis can be conducted:
When the cement alkali content is 0.70%, the expansion rates of SJW and YM concrete
microbars without fly ash at 56 days are 0.12% and 0.14%, respectively, exceeding the failure
criterion of 0.10%. This indicates that without fly ash, the concrete microbars exhibit some
AAR expansion. After adding 30% and 40% fly ash, the expansion rates of SJW and YM
concrete microbars at 56 days significantly decreased. The expansion rates of SJW decreased
by 83% and 88%, respectively, while those of YM decreased by 72% and 78%, respectively.
This suggests that the addition of fly ash effectively suppresses AAR expansion in concrete
microbars. After 120 days of curing, although the expansion rates of SJW and YM concrete
microbars with 30% and 40% fly ash increased slightly, they still remained below the 0.10%
failure criterion. The expansion rates of SJW decreased by 48% and 76%, respectively, while
those of YM decreased by 61% and 79%, respectively. This further confirms the effectiveness
of fly ash addition in the long-term suppression of AAR expansion.

Figure 13. Expansion curves of concrete microbars with different fly ash contents under the same
curing conditions and alkali content of 0.70% for SJW and YM.
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3.2. Micro-Structure Analysis

Concrete microbars with a cement alkali content of 1.50%, without fly ash, derived
from SJW samples, were subjected to 120 days of curing at 80 ◦C. Detailed observations
were conducted using BSEM. Figure 14 presents the BSEM images of SJW rock after reacting,
revealing evident dedolomitization reactions within the region approximately 100 µm from
the boundary, while no reactions were observed in the central area.

Figure 14. (a) BSEM images of dolomitic limestone SJW rock after reacting; (b)dedolomitization
reactions within the region approximately 100 µm from the boundary; (c) no reactions were observed
in the central area.

Through BSEM examination, the reactions were predominantly manifested in three
forms: in Figure 15b, the dolomite region was magnified from Figure 15a, revealing
distinct reaction rims around the dolomite grains. According to the EDS analysis results
in Figure 15c–f, the surroundings of dolomite exhibited significant enrichment of clay
minerals (primarily consisting of silicon and aluminum elements), with the presence of
magnesium–silicon–aluminum phases detected within the reaction rims. Based on Li’s
research findings [22], this indicates that upon dissolution of dolomite, magnesium ions
react with clay minerals to form magnesium–silicon–aluminum phases. The formation of
such phases impedes further erosion by alkaline substances, thereby resulting in relatively
lower levels of erosion experienced by dolomite.

In Figure 16a, we observed the image of another dolomite, finding two distinct reaction
regions. In reaction region 1, the surface of dolomite underwent a reaction, displaying
a rough granular texture. Through EDS analysis, seen in Figure 16b,c, we identified the
reaction products such as calcite and brucite, likely occurring in the initial stages of the
reaction, forming a structure where reacted and unreacted dolomite are intergrown [23]. In
contrast, reaction region 2 represents a fully reacted area, where the predominant reaction
product is brucite. From these observations, we can conclude that the reaction of dolomite
in cement is a complex process involving various forms of reactions and products.
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Figure 15. (a) BSEM images of SJW; (b) magnification of zone dolomite; (c) Mg map of magnified
zone dolomite; (d) Ca map of magnified zone dolomite; (e) Si map of magnified zone dolomite; (f) Al
map of magnified zone dolomite.

In Figure 17, the BSEM image after adding 40% fly ash is depicted. Figure 16b clearly
reveals subtle variations at the edges of rock particles. It is noteworthy that in these edge
regions, only a small amount of dolomite has undergone dedolomitization reaction. Upon
further observation, it is found that in the areas closer to the interior, the effects of alkali
attack are no longer present, and dolomite retains its original morphology. This finding is
thought-provoking, as it suggests that the addition of fly ash not only inhibits the diffusion
of alkali–aggregate reactions but also limits the extent of their impact.

In Figure 18, BSEM images after reducing the cement alkali content to 0.70% are
presented. In these images, dolomite near the edges exhibits intact and distinct boundaries,
contrasting sharply with previous observations. In this region, no generation of black-and-
white intergrown structures or black reaction rims is observed.
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Figure 16. (a) BSEM images of SJW; (b) Mg map of magnified dolomite; (c) Ca map of magni-
fied dolomite.

Figure 17. (a) BSEM image of SJW; (b) magnification of (a).
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4. Discussion

A comparison of the swelling curves of the two rocks at different cement alkali contents
revealed a sharp increase in the swelling rate at a cement alkali content of 1.50%. However,
by reducing the alkali content to 0.70%, a significant reduction in the expansion rate was
observed, although expansion was still observed. This suggests that simply lowering the
cement alkali content is not an effective strategy for inhibiting the alkali carbonate reaction
for aggregates with moderate to low reactivity. In practice, although cement alkali content is
typically maintained below 1.50%, a cement alkali content of 0.70% is considered reasonable
according to national standards. The causes of AAR include water, sufficient alkali, and
active aggregate [2]. To inhibit ACR, the alkali content can be reduced. However, previous
studies have shown that while reducing the cement alkali content can alleviate ACR, it
cannot fully inhibit it [24]. There are two main reasons for this. Firstly, reducing the cement
alkali content does not alter the pore structure of the slurry. Excessive harmful pores [25]
in the slurry still facilitate the migration of OH− into the aggregate. Secondly, cement
hydration continues to produce Ca(OH)2, which also provides OH− for ACR [26]. Further
experiments revealed that even at a cement alkali content of 1.50% and a fly ash content of
up to 40%, the alkali–carbonate reaction of medium- and low-reactive dolomitic limestone
aggregates (SJW and YM) was not significantly suppressed. According to the alkali activity
test criteria, when the cement alkali content was reduced to 0.70%, the late expansion
exceeded 0.10%, which still indicated that the aggregates were potentially reactive and
might pose a threat to the concrete structure. Data for fly ash contents between 20% and 40%
showed that 20% and 30% fly ash contents failed to control expansion effectively. However,
when the fly ash content was raised to 40%, the expansion curves leveled off and no upward
trend was observed, implying the effectiveness of 40% fly ash content in suppressing the
alkali–carbonate reaction expansion in both types of rocks. This is because the addition
of fly ash refines the porosity, and at the same time, fly ash reacts with cement hydration
Ca(OH)2 to generate C-S-H, which lowers the pH value inside the slurry and reduces the
migration of OH− to the inside of the aggregate, thus inhibiting the ACR [18,25].

In Qian’s study [27], it was found that the pH of the aggregate surface is higher than
that of the interior, indicating a significant presence of OH− on the aggregate surface,
initiating the reaction from the surface. Li’s study [22] further demonstrated that the
reaction products are dolomite and calcite. When the clay content is excessively high,
Mg-Si-Al rings are formed, and the reaction gradually migrates towards the interior of the
aggregate. This aligns with the experimental results. Using this criterion, the observation
of the reaction area can reveal the effectiveness of adding fly ash. BSEM images further
revealed the specific products of dedolomitization reactions. The study indicated that the
main cause of alkali carbonate reaction is the dedolomitization reaction, with its products
mainly including brucite and calcite. In cases where the clay content around dolomite is
high, a reaction ring of Mg-Si-Al phase can form. In rock samples without fly ash, reaction
products were mainly concentrated within 100 µm of the rock edge. However, with a
40% fly ash content, the reaction was significantly inhibited, with only a small amount of
reaction found at the edge, possibly due to excessive external alkali content. When the
cement alkali content decreased to 0.70%, no significant reaction was observed in the edge
area. These results corroborate the concrete microbar expansion results, providing solid
evidence for the study.

In summary, the addition of fly ash is an effective measure to improve the durability
and long-term performance of concrete microbars, especially for concrete structures used
in alkaline environments. However, it should be noted that the amount of fly ash added
should be appropriate to ensure that the mechanical properties of concrete are not affected.

5. Conclusions

The aim of this study is to evaluate the ACR inhibition effect of medium- and low-
activity dolomite limestone by observing the effect of fly ash. The concrete microcolumn
method (RILEM AAR-5) was used as an evaluation criterion to experimentally seek the op-
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timal combination of conditions for ACR inhibition in medium- and low-activity dolomite
limestone. FESEM was utilized in the study to evaluate the ACR inhibition effect. Through
the experimental results, this paper draws the following conclusions:

(1) Experimental results indicate that under a cement alkali content of 1.50%, it is chal-
lenging to accurately assess the inhibitory effect of fly ash on alkali carbonate reaction.
When the alkali content is reduced to 0.70%, although the expansion rate decreases
compared to the 1.50% alkali content condition, it still exceeds the threshold of 0.10%
in the short term, indicating that reducing the alkali content may not effectively inhibit
alkali carbonate reaction.

(2) In concrete microbars made with two different cement alkali contents and incorpo-
rating 20–40% fly ash, when the cement alkali content is 1.50%, none of the different
proportions can inhibit alkali carbonate reaction. When the alkali content is reduced
to below 0.70%, incorporating 20% and 30% fly ash still fails to suppress the reaction,
while 40% fly ash achieves inhibitory effects.

(3) Through BSEM images, the products of dedolomitization reactions can be clearly
observed. Analysis and observation of the reaction areas reveal that dedolomitization
reactions mainly produce brucite, calcite, and Mg-Si-Al phases, with reactions pri-
marily concentrated at the boundaries of the rocks. With the addition of fly ash, the
reaction area significantly decreases, and when the cement alkali content decreases to
0.70%, successful control of the alkali carbonate reaction is achieved.

The results of these studies highlight that the incorporation of 40% fly ash in concrete
structures containing moderately low reactive dolomitic limestone aggregates is effective
in mitigating the alkali carbonate reaction, especially when the cement alkali content is
controlled at 0.70%. Based on the experimental results, future work can include large-
scale concrete exposure experiments for long-term observation. These experiments should
include testing for flexural and compressive strength, as well as density, to verify the
applicability of the working conditions.
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Abstract: Supplementary cementitious materials (SCMs) are eco-friendly cementitious materials that
can partially replace ordinary Portland cement (OPC). The occurrence of early-age cracking in OPC-
SCM blended cement is a significant factor impacting the mechanical properties and durability of the
concrete. This article presents a comprehensive review of the existing research on cracking in OPC-
SCM concrete mix at early ages. To assess the effects of SCMs on the early-age cracking of concrete,
the properties of blended cement-based concrete, in terms of its viscoelastic behavior, evolution of
mechanical performance, and factors that affect the risk of cracking in concrete at early ages, are
reviewed. The use of SCMs in OPC-SCM concrete mix can be an effective method for mitigating
early-age cracking while improving the properties and durability of concrete structures. Previous
research showed that the shrinkage and creep of OPC-SCM concrete mix are lower than those of
conventional concrete. Moreover, the lower cement content of OPC-SCM concrete mix resulted in a
better resistance to thermal cracking. Proper selection, proportioning, and implementation of SCMs
in concrete can help to optimize the performance and reduce the environmental impact of OPC-SCM
concrete mix.

Keywords: restrained shrinkage; early-age cracking; SCMs; degree of restraint; thermal cracking;
model prediction

1. Introduction

In the field of civil engineering, the shrinkage, creep, and temperature cracking of
concrete are crucial issues that have a profound impact on the structural stability and
durability of buildings. The causes and effects of these problems require in-depth un-
derstanding and research to effectively control and prevent them during the design and
construction process.

Concrete shrinkage refers to the decrease in volume during the drying or hardening
process. When concrete dries, the internal moisture gradually evaporates, resulting in a
decrease in the concrete volume. This shrinkage is particularly evident during the early
stages of concrete hardening and may result in surface cracks.

Creep refers to the deformation of concrete under long-term loading. Unlike elastic
deformation, creep deformation is slow and increases with time. Creep can reduce the
load-bearing capabilities of structures and may lead to a decrease in structural safety
and stability.
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Temperature cracks are caused by temperature changes in concrete. Due to poor
thermal conductivity, when the temperature changes, there is an uneven temperature
distribution inside and outside the concrete, leading to thermal expansion and contraction
and ultimately the formation of temperature cracks. These cracks may affect the durability
and waterproofness of the structure.

With the ongoing progress in science and technology, researchers have been searching
for more environmentally friendly and efficient building materials. One increasingly
popular option is the application of fly ash (FA) and slag to partially replace cement in
concrete [1]. This new type of concrete not only has excellent engineering properties but
also significantly reduces carbon emissions, contributing to the green development of the
construction industry.

Fly ash and slag are both industrial waste products, but they can play unique roles in
concrete. Fly ash, a fine ash collected from the smoke of coal combustion, has high volcanic
activity and can partially replace cement while enhancing the density of concrete. Slag, on
the other hand, is a waste product produced during manufacturing that can be used as
a binder in concrete after proper treatment. This not only reduces the production cost of
concrete but also achieves the resource utilization of waste products.

The application of fly ash and slag to replace some of the cement in concrete has
significant advantages. First, this type of concrete has higher strength and durability [2,3].
Due to the characteristics of fly ash and slag, the internal structure of concrete is denser
than that of the other materials, decreasing susceptibility to external environmental factors
and improving durability. Second, the production process of this type of concrete has
lower carbon emissions. Compared to traditional cement production processes involving
significant carbon emissions, using fly ash and slag significantly reduces carbon emissions
during concrete production, which aligns with the green building development trend.
Finally, this type of concrete has better economic benefits. The production cost of concrete
can be reduced, and the utilization rate of waste products can be improved by using
industrial waste products to partially replace cement, achieving a win–win situation for
both economic and environmental benefits.

However, using fly ash and slag to replace cement in concrete also comes with some
challenges. For example, ensuring the quality and stability of concrete is a crucial concern.
Additionally, the rational utilization of waste products to avoid secondary pollution to the
environment is also a consideration. Therefore, when using this new type of concrete, it
is necessary to combine specific project needs with actual circumstances and implement
reasonable blending and quality control measures.

Fly ash and GGBFS can lead to different cracking risks compared to conventional
concrete. For instance, Gao et al. [4] conducted a self-designed elliptical ring test and the
results showed that introduction of fly ash can effectively improve the crack resistance of
concrete. Similar results were also found by Wang et al. [5], who demonstrated that the
effect of the pozzolanic reaction of fly ash was of benefit to the thermal cracking resistance
of mass concrete. For GGBFS concrete, Liu and Ma [6] illustrated that the cracking risks of
GGBFS concrete were lower than those of OPC concrete because GGBFS can fill the space
among the cement particles, leading to a reduced surface area of the interfacial transition
zone (ITZ).

Moreover, researchers have explored the impact of supplementary cementitious ma-
terials (SCMs) on various concrete properties, including mechanical strength, shrinkage,
and creep characteristics. However, there is limited documentation on the evaluation of
cracks in concrete incorporating SCMs at early ages. The occurrence of cracking in an
OPC-SCM concrete mix at early ages is a multifaceted phenomenon influenced by factors
like the mechanical properties, thermal gradient, restraint, shrinkage, and creep charac-
teristics of the concrete [7]. The existing review articles mainly focus on discussing the
behavior of early-age cracking of OPC concrete [8–10]. As such, a comprehensive review of
cracking of SCMs blended with cementitious materials at early ages is lacking. This paper
presents relevant research studies on the cracking of cementitious materials at early ages
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and identifies the gaps in the existing literature, as well as the proposed methodology for
further research.

2. Supplementary Cementitious Materials (SCMs)
2.1. Fly Ash

Fly ash (FA) is an industrial waste material with volcanic ash activity that can be used
as an admixture in concrete to improve its performance. When fly ash is added to concrete,
its performance undergoes a series of changes. First, the flexural strength and compressive
strength of concrete mixtures can be enhanced by fly ash. This is due to the small particles of
fly ash filling the gaps between cement particles, which densifies the concrete and thereby
improves its mechanical properties. Second, fly ash can reduce the drying shrinkage
of concrete, improving its durability and crack resistance. This is because fly ash can
absorb excess moisture in concrete and form a dense film that effectively prevents moisture
evaporation and the erosion of harmful substances, thereby enhancing the durability of the
concrete [11–13]. As such, fly ash can increase the autogenous shrinkage [14], but the total
shrinkage of fly ash concrete is comparable to that of OPC concrete due to the compensation
of low drying shrinkage [15].

Furthermore, fly ash enhances concrete durability by bolstering resistance against
sulfate attack and inhibiting chloride ion penetration. This is because certain chemical
components in fly ash can react with sulfates and chloride ions, reducing their erosive effect
on concrete and improving the density of the microstructure [16].

Fly ash can notably diminish the early-age heat of hydration, attributed to a dilution
effect, resulting in a reduced risk of thermal cracking [17,18]. Dockter [19] suggested that
FA concrete could mitigate the volume changes due to the alkali–silica reaction (ASR). The
ASR mitigation of fly ash in concrete is influenced by alkali binding, diffusion control, and
reduction in available Ca(OH)2 [20]. Ling et al. [21] observed a slower strength development
in FA concrete compared to normal concrete. Additionally, Naik et al. [22] reported that
the permeability and porosity of concrete could be reduced by incorporation of FA in
the mixtures.

Fly ash alters the early-age behavior of concrete at the microscopic level. Fládr et al. [23]
reported that the increase in the level of fly ash replacement led to an increase in micro-
porosity, and fly ash reduced the presence of low-density C-S-H but increased that of
high-density C-S-H. When fly ash was incorporated, the concrete pore structure was
influenced due to the pore-filler effect and densification due to the pozzolanic reaction. The
cumulative pore volume in fly ash concrete notably rises within the medium capillary pore
zone [24].

As such, when using fly ash in concrete, issues such as activity requirements, particle
size distribution, dosage control, curing conditions, and storage and transportation need
to be considered. Selecting fly ash that meets the requirements and comprehensively
considering various performance indicators of the concrete can improve the performance
and stability of the concrete [25].

2.2. Slag

Slag is a common industrial waste that can be used as an admixture in concrete to
improve its performance. When slag is added to concrete, its performance undergoes
a series of changes [26]. First, slag contributes substantially to the enhancement of both
flexural and compressive strength in concrete. This is due to the small particles of slag filling
the gaps between cement particles, which densifies the concrete and thereby improves its
mechanical properties. In addition, certain chemical components in slag can react with
certain components in cement to form a stronger crystal structure. Second, slag can enhance
the toughness and crack resistance of concrete [27,28]. This is because slag can absorb
excess moisture in the concrete and form a dense film that effectively prevents moisture
evaporation and the erosion of harmful substances, thereby enhancing the durability of
the concrete. In addition, the small particles of slag can also form small voids in the
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concrete, which can relieve stress concentration and thereby improve the toughness of the
concrete [29].

Regarding the microscopic behavior of GGBFS-based concrete, Zhang et al. [30] illus-
trated that the addition of GGBFS can decrease the content of portlandite and improve the
compactness of the ITZ, as well as refine the pore structure of concrete. Yalçınkaya and
Çopuroğlu [31] reported that GGBFS can lead to elephant skin formation of UHPC because
most of the air bubbles of UHPC cannot escape from the fresh cement matrix.

Furthermore, slag can also improve concrete durability by bolstering resistance against
sulfate attack and inhibiting chloride ion penetration. This is because certain chemical
components in slag can react with sulfates and chloride ions, reducing their erosive effect
on the concrete. According to the work of Li et al. [32], the hydration reaction of ground
granulated blast furnace slag (GGBFS) occurs at a slower rate compared to that of cement,
resulting in a prolonged setting time.

3. Time-Dependent Behaviors
3.1. Autogenous Shrinkage

Concrete autogenous shrinkage refers to the decrease in volume during the hardening
process due to chemical reactions and capillary action. This type of shrinkage typically
begins immediately after concrete placement and may continue over a period. The autoge-
nous shrinkage of ordinary concrete is affected by different factors, such as the aggregate
content and type, water-to-cement (w/c) ratio, and type of cement. This process is in-
fluenced by many factors, including environmental humidity, temperature, and concrete
curing conditions [33]. Autogenous shrinkage is regarded as an inherent aspect of shrink-
age as the reduction in volume takes place without the concrete losing moisture to the
surrounding environment [34].

However, when certain additives are added to concrete, such as FA and GGBFS, the
nature and degree of autogenous shrinkage may change. The effect of fly ash on autogenous
shrinkage is still being debated. First, it was reported that incorporation of FA can mitigate
autogenous shrinkage in high-performance concrete (HPC) [35]. Yan and Chen [36] stated
that autogenous shrinkage of fly ash concrete quasi-linearly decreased with the increase in
the addition of fly ash. The results showed that the greater the FA substitution rate, the less
autogenous shrinkage occurred. This is mainly because fly ash can fill the capillaries in
concrete, reducing moisture evaporation and thus reducing autogenous shrinkage. Some
studies reported that fly ash can increase autogenous shrinkage. For example, according
to the study of Termkhajornkit et al. [14], FA exerted a notable impact on autogenous
shrinkage during the early ages but had only a minimal effect at later ages.

On the contrary, GGBFS yielded contrasting outcomes regarding autogenous shrinkage
compared to FA. As illustrated in Figure 1, GGBFS concrete exhibited a late reaction and
contributed to higher autogenous shrinkage than the reference concrete [37]. The HPC
containing GGBFS tended to enhance autogenous shrinkage [38]. Lim et al. [39] observed
accelerated compressive strength development and heightened autogenous shrinkage in
concrete mixtures containing GGBFS. Wei et al. [40] asserted that GGBFS has the potential
to decrease early-age shrinkage due to the delayed pozzolanic reactions compared with the
cement hydration; however, in the long-term, autogenous shrinkage surpassed that of the
plain concrete due to sustained reactions involving GGBFS.
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3.2. Drying Shrinkage

Concrete drying shrinkage refers to the decrease in volume of concrete after hardening
caused by moisture evaporation. This type of shrinkage typically begins within a period
after concrete placement and may continue for a period of months or even years [41].
The drying shrinkage of ordinary concrete is affected by different factors, including the
water-to-cement ratio, type of cement, and aggregate type and content. This process is
influenced by many factors, including environmental humidity, temperature, and concrete
curing conditions.

Extensive research has been conducted on the drying shrinkage of concrete mixes
containing FA and GGBFS. Drying shrinkage of the concrete can be effectively reduced with
the increased FA replacement ratio in the mixture [41]. It was reported that incorporation
of 40% of FA in concrete can reduce drying shrinkage by up to 20% after 180 days of
drying [41]. Comparable findings were presented by Seo et al. [42], who emphasized the
advantageous reduction in drying shrinkage for mitigating the risk of concrete cracking
under restrained conditions. The drying shrinkage reduction effect of FA is mainly because
FA can fill the capillaries in concrete, reducing moisture evaporation and thus reducing
drying shrinkage.

In terms of GGBFS, Yuan et al. [43] concluded that GGBFS-containing concrete tends to
have lower drying shrinkage than a pure cement mixture. The decline in drying shrinkage
became more pronounced with an increase in the level of cement replacement with GGBFS.
This phenomenon is attributed to the slag particles, which can effectively occupy the pores
in the concrete, mitigating capillary strength and consequently decreasing drying shrink-
age. In the study by Saluja et al. [44], the investigation focused on the drying shrinkage
behavior of GGBFS-containing concrete exposed to varying temperature conditions. The
findings revealed a direct correlation with drying shrinkage temperature, as temperature
significantly influences water loss.

For exposed concrete surfaces without sealing, the speed of moisture dissipation
relies significantly on external conditions like airflow, humidity, sunlight exposure, and
surrounding temperature [45]. In the case of substantial concrete structures prone to early-
age thermal and autogenous distortions, the impact of drying shrinkage strains is typically
less pronounced in the initial days post-concrete placement. Ensuring appropriate curing
methods and adhering to sound construction practices becomes crucial in curtailing the
repercussions of confined drying shrinkage [46,47]. Moreover, incorporating substances
like fly ash or slag can contribute to alleviating these consequences [48].
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3.3. Creep

The phenomenon where the deformation of concrete progressively intensifies over
time under a sustained, long-term load is known as concrete creep. This deformation
initiates promptly after the casting of concrete and can endure for numerous months or
potentially extend over several years. The creep behavior of concrete is primarily associated
with time, typically exhibiting a rapid increase in the early stage followed by a gradual
decline, reaching stability within 2 to 5 years [49,50]. In situations where concrete shrinkage
encounters restriction, tensile creep emerges, resulting in tensile stress relaxation. This
aspect requires consideration while the tensile stress needs to be calculated.

Extensive research has been conducted on the creep performance of concrete incor-
porating FA and GGBFS. In terms of the difference of the creep behavior of concrete with
the added FA and GGBFS, broadly speaking, the inclusion of fly ash tends to diminish
concrete creep, whereas the incorporation of slag may increase the creep. Zhao et al. [51] in-
vestigated the creep properties of the concrete with FA under varying curing temperatures.
Their findings revealed that the microstructure of C-S-H gel and reaction degree of the raw
materials played a critical role in influencing the creep behavior of FA concrete. This is
primarily because FA can fill the capillaries in concrete, mitigating moisture evaporation
and thereby decreasing creep.

Wei et al. [52] reported that the evolution of tensile strain and stress of the concrete
containing GGBFS was more rapid and substantial under higher curing temperatures.
The influence of GGBFS was not pronounced within a 12-day testing period [52]. Khan
et al. [53] found that the tensile creep strength of GGBFS-containing concrete exceeded that
observed in cement-only samples at early ages. Similar findings were reported by Shariq
et al. [54]. The presence of micro-spherical slag particles, which can fill the pores in concrete
and reduce capillary action, might contribute to an escalation in concrete creep, as shown
in Figure 2.
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3.4. Thermal Effects

Temperature-induced cracks are the cracks that are presented both internally and on
the concrete surface as a consequence of fluctuations in temperature. These cracks typically
emerge during the hardening process of concrete and are primarily caused by factors such
as internal and external temperature differences and cement hydration heat [55]. The shape
and size of temperature cracks vary, potentially impacting the structural strength and
durability of concrete [56].
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Since the thermal conductivity of the concrete is low, the enhanced internal tempera-
ture of the concrete caused by the hydration of cement can result in the thermal gradients
between the surface and interior of concrete [55]. The tensile stress can be introduced by
the thermal gradients, potentially causing surface cracks, while the element’s interior expe-
riences compressive stress. When the environment temperature is lower than that of the
surface of the concrete, the interior encounters tensile stress due to the external constraints
and thermal gradient. This scenario may result in the development of penetrating cracks.
Figure 3 illustrates the mechanisms behind cracking induced by temperature variations
in concrete.
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The formation of cracks in concrete due to temperature is closely connected to the
deformations induced by temperature variations in the concrete. The water-binder ratio,
and content and type of cementitious material, affect the quantity of generated heat of
the mixture. The thermal strain resulting from temperature changes is determined by the
concrete’s coefficient of thermal expansion (CTE). Therefore, the CTE serves as a crucial
parameter in concrete, offering a method for calculating thermal strain and facilitating
precise determination of thermal stress. The CTE refers to the rate of change in the concrete
length or volume per unit temperature change [58]. In the work of Kada et al. [59], the
significant variations in the CTE of curing concrete within initial hours after the casting of
the concrete were observed. Consequently, when assessing the behavior of thermal stress
of concrete in its early stages, depending on an unchanged CTE value calculated for fully
cured concrete is unreliable. Neglecting to consider changes in CTE during the early stages
may lead to an undervaluation of temperature-induced stress evolution.

Regarding the changes in concrete temperature cracks after adding fly ash and slag,
generally speaking, fly ash can reduce concrete temperature cracks, while slag may increase
concrete temperature cracks. This is mainly because fly ash can lower the hydration
heat of concrete, thereby reducing the generation of temperature cracks. Slag, due to
its micro-spherical particles, can fill the pores in concrete, reducing capillary action and
potentially increasing temperature cracks. Moreover, it has been reported that GGBFS
particle hydration is highly related to the ettringite formation because of aluminate phases
for ettringite formation, leading to the long setting time and low early-age mechanical
properties and hydration heat flow [60].

3.5. Mechanical Properties

The emergence of tensile stress from restricted shrinkage is influenced by both defor-
mation and evolution of mechanical properties, such as modulus of elasticity, characteristics
of tensile relaxation, the extent of external constraint, and tensile strength. Moreover, in the
case of mass concrete experiencing a substantial temperature rise from cement hydration,
especially within 24 to 36 h post-placement, the mechanical properties of concrete, partic-
ularly the modulus of elasticity, exhibit rapid development [61]. Research findings from
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ref. [62,63] indicate that the increase in the elastic modulus surpasses that of tensile strength
during this period, suggesting a notable escalation in tensile stress. Nevertheless, investiga-
tions into stress progression in concrete at early ages have highlighted the importance of
concrete’s viscoelastic behavior, which can lead to substantial stress relaxation. Previous
studies suggested that up to 60% of the stress generated from shrinkage can be alleviated
by tensile relaxation [63,64]. As shown in Figure 4, it has been reported that the residual
stress of concrete reduced with increasing GGBFS replacement [65]. The above discussion
emphasizes the necessity of comprehensively examining the behavior of concrete while
investigating the stresses induced by restrained shrinkage, including factors like tensile
creep, free shrinkage, susceptibility to cracking, and temperature elevation. Specifically, the
evolution of mechanical properties has to be performed with a temperature history akin to
that of the core section of the concrete element.
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As previously mentioned, comprehensively examining concrete behavior is necessary
when investigating the evolution of tensile stresses induced by restrained shrinkage. This
examination should consider temperature elevation, tensile creep, shrinkage, and sensitivity
of cracking. In particular, the assessment of mechanical properties has to be performed
under a temperature history akin to that experienced by the core section of the concrete.

4. Factors Influencing Cracking in Concrete
4.1. Degree of Restraint

In concrete restrained cracking, the degree of constraint refers to the degree to which
external factors restrict the free deformation of the concrete. These constraints can be
caused by factors such as internal shrinkage, external loads, and temperature changes.

This constraint is closely related to the cracking behavior of concrete [56,66,67]. When
the constraint on concrete is low, the free deformation is large, and the concrete is less
likely to crack. As the constraint increases, the free deformation of the concrete is restricted,
increasing the susceptibility to cracking. Furthermore, the generated stress is a combination
of distinct stress components arising from external and internal constraints. The stress
from internal constraints originates from the uneven distribution of temperature inside
the concrete elements. The stress from external restraints can be generated as the contrac-
tion or expansion of a structural element encountering impediments from foundations,
surrounding structures, and the underlying subsoil. The magnitude of external restraint is
mainly contingent upon the comparative modulus of elasticity and dimensions of both the
restraining elements and concrete.

Kawabata et al. [68] examined the impact of the restraint degree on the patterns of
cracking and expansive pressure in concrete. Their observations indicated a significant
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correlation between expansion behavior and the restraint degree, as shown in Figure 5.
Zych [69] investigated the external constraint of wall elements in reinforced concrete. In
engineering practice, the degree of constraint can be adjusted by controlling factors, such
as the mix ratio of concrete, curing conditions, and load conditions, to avoid or mitigate
concrete cracking. The cracking of concrete is related not only to the degree of restraint, but
also to other factors, such as the material properties of the concrete and the environmental
conditions. Therefore, in practical engineering, various factors need to be comprehensively
considered based on specific situations to prevent or mitigate concrete cracking.
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4.2. Effect of Concrete Constituents

The mechanical properties of concrete can be negatively affected by the added SCMs
(such as FA and GGBFS) at early ages. Consequently, the occurrence of cracking in concrete
at early ages is notably influenced by the type of cementitious materials [70]. Altoubat
et al. [71] investigated the influence of fly ash on early-age cracking by performing a
restrained shrinkage test. The findings indicated that the relaxation behavior and cracking
resistance of the mixture can be enhanced by introduction of FA compared to a cement-only
mixture. Furthermore, the curing conditions, including air curing, 3-day water curing,
and 7-day water curing, also play a role in determining the potential for cracking. The
application of water curing can notably reduce cracking at early ages compared to air
curing alone. Regarding concrete with GGBFS, Shen et al. [72] asserted that the addition
of 50% slag can mitigate the restrained strain, resulting in improved cracking resistance
compared to that observed in the cement-only mixture.

The selection of the binding materials determined the temperature evolution of the
mass concrete. The previous literature [73–77] has indicated that the use of ASTM Type II
or Type IV cement, as well as partial replacement of OPC with SCMs, tends to markedly
diminish the temperature elevation in concrete compared with the concrete made by Type I
cement. Furthermore, elevating the w/b ratio results in a decrease in the hydration heat
and decelerates the release rate of the heat during the early-age hydration.

Batog and Giergiczny [76] investigated the impact of incorporating FA and GGBFS
into cement on the hydration heat and hardening temperature of concrete. The outcomes
of their investigation are depicted in Figure 6. As the proportions of FA or GGBFS in the
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cement mixtures increased, there was a notable reduction in both the quantity and rate of
heat generated. This effect was particularly obvious in mixtures containing FA.
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isothermal conditions (20 ◦C, w/c = 0.5 [76].

Despite the potential for SCMs to mitigate the rise of temperature in concrete structures,
the occurrence of cracking remains a possibility. As noted by Springenschmid et al. [61],
this is attributed to the slow development of the elastic modulus in the initial hardening
stage, specifically within the first 12 h. Consequently, there is insufficient formation of
compressive stresses within this timeframe to counteract the tensile stresses arising at the
subsequent cooling stage. Furthermore, the decreased hydration rate leads to a lower
tensile strength, which hinders the impact of thermal stresses.

As previously mentioned, further investigation is needed to explore the impact of
SCMs on both total shrinkage and the evolution of mechanical properties, including
strength, modulus of elasticity, heat evolution, and creep coefficient in mass concrete.

5. Analytical Models That Predict Factors Affecting Early-Age Concrete Cracking
5.1. Analytical Models for Predicting Shrinkage

The shrinkage behavior is a highly intricate physical and chemical process, influ-
enced by numerous factors. Material-related aspects, including the quantity and type of
cement, content of aggregate, and w/c ratio, as well as the type and quantity of SCMs
and admixtures, exert a substantial impact on shrinkage. Construction and environmental
considerations, such as the relative temperature surrounding the concrete structure, play

169



Materials 2024, 17, 2288

a pivotal role in affecting shrinkage. Structurally, factors like nominal section size and
volume-to-surface ratio, among others, bear a significant influence on drying shrinkage.
Therefore, to quantitatively estimate concrete shrinkage, it is also necessary to comprehen-
sively consider the above three aspects.

The ACI209-92 model proposed by The American Concrete Institute (ACI) in 1992
was subsequently reconfirmed and adopted in 2008 [78]. This model considers numerous
factors, including the content of sand, type and content of cement, porosity, slump, duration
and temperature of curing, curing humidity, temperature of concrete, content of water, and
shape and size. The European Concrete Commission and the International Prestressed
Concrete Association proposed the fib Model Code 2010 model [79]. This model accounts
for the age of the concrete element at the beginning of drying, duration of drying, concrete
age, 28-day compressive strength, type of cement, notional size, relative humidity, etc.
Bazant et al. derived statistics and conducted analysis based on the B3 model and proposed
a more applicable B4 model in 2015 [80]. In the B4 model, the autogenous and drying
shrinkage models are split. The B4 model considers the aggregate type, effective thickness,
cement type, elastic modulus, relative humidity, shape, age of concrete at the beginning of
drying, etc. Note that this model also applies to concrete-containing admixtures. In 1993,
the GZ 1993 model was introduced by Gardner and Zhao, formulated through an analysis
of numerous results from long-term shrinkage tests; subsequently, Gardner and Lockman
proposed the GL 2000 model by improving the GZ 1993 model [81]. The GL 2000 model
requires the 28-day compressive strength, element size, and relative humidity as inputs.
This model can be used regardless of the type of admixture, temperature, or curing regime.

In 2018, a shrinkage prediction model was introduced by the Australian Concrete
Association AS3600 [82]. This model requires compressive strength, time, location factor,
notional size, etc., as inputs. The shrinkage prediction model introduced by the European
Concrete Association in the Eurocode 2 model [83] considers the type of cement, relative
humidity, notional size, compressive strength, etc. Table 1 summarizes the parameters
needed for different prediction models.

Table 1. Required parameters for different shrinkage prediction models.

Parameters ACI209-R92 fib 2010 GL 2000 B4 AS3600-2018 Eurocode 2

Compressive strength at 28 days Yes Yes Yes Yes
Elastic modulus of concrete at loading Yes

Type of cement Yes Yes Yes Yes
Curing method Yes Yes Yes

Age of concrete at loading Yes Yes Yes Yes Yes Yes
Relative humidity Yes Yes Yes Yes Yes

Volume to surface ratio Yes Yes Yes Yes
Slump Yes

Fine aggregate content Yes
Air content Yes

Shape of section Yes
w/c ratio Yes
a/c ratio Yes

Admixtures Yes
Hypothetical thickness Yes Yes

Location Yes

Goel et al. [84] compared shrinkage test results and prediction models for various
grades of concrete. They found that the shrinkage prediction by the GL 2000 model was the
closest to the corresponding experimental results. Al-Manaseer and Prado [85] summarized
and analyzed the RILEM and NU-ITI concrete databases and concluded that the ACI209R
model was the closest to the test results, followed by the B3 and fib 2010 models. Shariq
et al. [54] compared various models and shrinkage test results for slag concrete and found
that the ACI209-R92 model had the lowest prediction results, while the GL2000 model
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had the highest prediction results. Kataoka et al. [86] also conducted a shrinkage test and
reported that the ACI209R and GL 2000 models provided acceptable predictions. However,
these prediction models are calibrated for OPC-based concrete instead of FA- and GGBFS-
based concrete. As a result, additional shrinkage tests should be performed on the basis of
the SCM-based concrete.

5.2. Analytical Models for Predicting Creep

The choice of a creep prediction model for concrete is related to the accuracy of the
creep prediction values. Researchers worldwide have proposed different creep prediction
models, but these models are all empirical formulas based on many experiments.

The ACI 209R model [78] can estimate the ultimate creep value by employing a
hyperbolic function and expressing the computed value as a function of time. This model
can calculate the creep of Type I and Type III cement under the relative humidity range
from 40% to 100%, considering both steam and standard curing conditions. The concrete
age at loading, sample size, surrounding temperature, relative humidity, conditions of
curing, and the portion of the fine aggregate are the main factors determining the shape
and limit of the curve.

The fib Model Code 2010 model [79] emerged from a multitude of experimental tests.
It can be applied to concrete under ambient temperature (5–30 ◦C) and relative humidity
levels from 40% to 100%, with a strength within the range of 12 to 80 MPa. The applied
maximum strength has to be lower than 40% of the compressive strength. This model is
divided into two classifications, namely basic creep and drying creep. The compressive
strength, specimen size, ambient relative humidity over time, etc., are considered. The
model also innovatively proposes that the temperature effect of concrete is equivalent to the
adjusted age of concrete, and the adjusted age is used to predict the creep of the concrete.

In 1995, Bazant et al. [87] established the B3 model and divided creep into two classifi-
cations: drying creep and basic creep. They deduced the calculation expressions of drying
creep and basic creep through consolidation theory and diffusion theory. Thus, this model
is a semi-empirical and semi-theoretical formula according to theoretical and experimental
data. The B3 model considers the influence of the w/c ratio, cement type, cement content,
coarse and fine aggregate contents, concrete drying period, ambient relative humidity,
concrete density, age of concrete at loading, etc. The B3 model also calculates the concrete
creep strain through the compliance function, which is divided into the elastic compliance
function, basic creep compliance, and drying creep compliance. Nevertheless, this model is
usually not suitable for early-age creep. Østergaard et al. [88] introduced the parameter q5
to adjust viscoelastic parameter 2 of the B3 model to obtain the modified early-age creep
model. D’Ambrosia [89] also affirmed the suitability of the modified B3 model for early-age
concrete through performing the early-age creep tests.

On the other hand, the B4 model can be applied to estimate the creep of more types of
concrete, such as concrete mixes with FA, silica fume, superplasticizer, air-entraining agent,
and other admixtures, while the effect of admixtures on creep has not been considered by
other models [80]. Moreover, a simplified model was also proposed, and concrete creep
can be predicted accurately when only the 28-day compressive strength of the concrete
is known.

The GL2000 model [81] takes into account various factors, including relative humidity,
volume/surface ratio, duration of loading, initial loading, and drying period of concrete.
This model offers enhanced convenience in calculation as it does not differentiate between
basic and drying creep, ensuring accurate calculations.

The AS3600-2018 model [82] takes into consideration the total creep without separate
calculations for basic and drying creep. The strength factor, creep factor, age of loading
thickness, location, temporal development of creep are considered in this model.

For the Eurocode 2 model [83], the relative humidity, the time of loading, nonlinear
creep factor, compressive strength, and temporal development of creep are considered. This
model can be employed for predicting the creep of concrete under ambient temperature
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from −40 to 40 ◦C and relative humidity from 40% to 100%. Table 2 summarizes the
parameters needed for the different prediction models.

Table 2. Required parameters for different creep prediction models.

Parameters ACI209-R92 fib 2010 GL 2000 B4 AS3600-2018 Eurocode 2

Compressive strength at 28 days Yes Yes Yes Yes Yes
Elastic modulus of concrete at loading Yes Yes Yes Yes Yes Yes

Type of cement Yes Yes Yes Yes
Curing method Yes Yes Yes

Age of concrete at loading Yes Yes Yes Yes Yes Yes
Relative humidity Yes Yes Yes Yes Yes

Volume to surface ratio Yes Yes Yes Yes
Slump Yes

Fine aggregate content Yes
Air content Yes

Shape of section Yes
w/c ratio Yes
a/c ratio Yes

Admixtures Yes
Hypothetical thickness Yes Yes

Location Yes
Nonlinear creep Yes Yes Yes

Goel et al. [84] compared creep tests and prediction models for various grades of
concrete. They found that the compressive creep prediction by the GL 2000 model was the
closest to its experimental results. Al-Manaseer and Prado [85] summarized and analyzed
the RILEM and NU-ITI concrete databases and concluded that the ACI209-R92 model was
the closest to the test results, followed by the B3 and GL2000 models. Shariq et al. [54]
compared various models and compressive creep test results for slag concrete and found
that the ACI209-R92 model had the lowest prediction results, while the GL2000 model had
the highest prediction results.

The above models do not specify whether they can be used to predict compressive or
tensile creep. However, these models were deduced based on compressive creep test results.
According to the previous discussion, the mechanisms and characteristics of tensile and
compressive creep are different under a certain stress level. As such, if the above models
are used to predict tensile creep directly, considerable deviations and variations between
the prediction and test results will be observed.

Dabarera et al. [90] measured the tensile creep of HPC employing TSTM and dog-bone
samples and compared the test results with the basic creep model of the fib Model Code
2010. The findings showed that the fib Model Code 2010 model significantly underestimates
the tensile basic creep of HPC at early ages. Thus, they introduced a modified basic tensile
creep model derived from the basic compressive creep model of the fib 2010 model. The
validity of the proposed model was affirmed through validation against experimental
results conducted by Ji et al. [91] and Atrushi [92]. Zhang et al. [93] proposed a tensile creep
model for FA and GGBFS concrete based on specific test conditions (23 ◦C and 50%). They
successfully verified the applicability of the proposed model for estimating tensile stress
during the restrained shrinkage ring test.

There are still many concerns to be addressed in the study of tensile creep models:
(1) The establishment of a compressive creep model is based on experimental statistical
data, the statistical data of tensile creep are insufficient, and the uncertainty of the model
is difficult to measure quantitatively. (2) The linear creep coefficient model constitutes
a binary function characterized by two parameters: the initial loading age and the load
holding time. However, the comprehensive consideration of the influence of the initial
loading age on the creep model remains incomplete. (3) The size effect of tensile creep and
the influence of temperature and humidity parameters still lack systematic research.
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5.3. Analytical Models for Predicting Evolution of Tensile Stress during the Restrained Ring Test

Normally, the cracking of concrete due to the constrained shrinkage at early ages
can be tested by using three test methods: the restrained ring test (RRT) [94,95], the
restrained shrinkage test in one dimension [96,97], and the restrained shrinkage test in
two dimensions [98,99]. Among these approaches, the RRT is the most frequently utilized
experimental technique to assess the susceptibility of concrete to cracking under constrained
shrinkage. This preference arises from its practical implementation compared to the other
two test methods [100–102].

Hossain and Weiss [100] introduced a method to assess both the evolution of stress
relaxation and residual stress through the RRT. Both residual stress and theoretical elastic
stress can be quantitatively estimated using their approach. To study the influence of tensile
creep on cracking performance of concrete at early ages, Khan et al. [66] used both the tensile
creep test and RRT. Their findings revealed that the coefficients of tensile creep obtained
from tensile creep tests can effectively be applied to assess the tensile creep-induced stress
relaxation during the RRT.

The method of computing tensile stress evolution in concrete, based on testing the
strain of the steel of the steel ring, is not suitable for predicting such development and
can only be used to analyze the results of ring tests [100]. Moreover, the theoretical elastic
stress model proposed by Hossain et al. [100] enables the estimation of concrete tensile
stress based on the restraint degree, modulus of elasticity, and free shrinkage, but does not
consider the effect of tensile creep. To address this limitation, Zhang et al. [67] introduced a
model to analyze the RRT that captures the effects of tensile creep and restrained shrinkage
using the method of the age-adjusted effective modulus, as shown in Equations (1) and (2).
According to experimental data capturing the time-dependent evolution of the tensile creep,
total free shrinkage, and modulus of elasticity, the analytical model effectively forecasts
the tensile stress in restrained concrete rings. The model’s accuracy and reliability were
confirmed through successful validation using numerical finite element simulation.

σcs = DR εsh Ee (1)

where σcs is the tensile stress experienced by the restrained concrete rings, DR is the
restraint degree and can be estimated using Equation (2), and Ee is the age-adjusted
effective modulus.
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OC+R2

OS
R2

OC−R2
OS

Ee
Es
· [(1+νs)R2

IS+(1−νs)R2
OS]

(R2
OS−R2

IS)
+

[(1+νc)R2
OC+(1−νc)R2
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(R2
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where ROS is outer radius of the steel ring and RIS is inner radius of the steel ring; ROC
is the exterior circumference of the concrete ring; and νc and νs are the Poisson’s ratios of
concrete and steel, respectively.

5.4. Analytical Models That Predict the Risk of Cracking at Early Ages

The risk coefficient, determined by the RRT, is employed to evaluate the potential for
early-age concrete cracking. It can be expressed as the ratio of time-dependent tensile stress
(σact) to the time-dependent tensile strength ( ft), as shown in Equation (3).

R(t) =
σact(t)

ft(t)
(3)

A value of 0 for the risk coefficient indicates no evolution of tensile stress in the
mixture, preventing the occurrence of cracking. As the risk coefficient increases with the
gradual development tensile stress, the risk of cracking also rises. In the work by Khan
et al. [53], for GGBFS concretes with strengths greater than 40 MPa, the cracking time was
slightly greater than that of the reference concretes. Moreover, the 60% GGBFS concrete mix
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cracked earlier than the 40% GGBFS mixture because the tensile strength of the concrete
with 60% GGBFS was less than that of the concrete with 40% GGBFS. Among the tested
mixes, the FA concretes exhibited the best performance. This is because the tensile creep
and tensile strength of FA concrete were similar to those of reference concretes, but the
lower free shrinkage development of FA concretes led to less tensile stress being generated,
and the cracking time was subsequently delayed. Thus, the risk coefficient is a frequently
employed parameter to evaluate the potential of concrete cracking at early ages.

6. Conclusions and Recommendations

This paper conducts a thorough review of a diverse range of literature associated
with cracking in OPC-SCM cement-based concrete at early ages. The experimental in-
vestigations into early-age cracking of normal concreate have predominantly centered on
time-dependent behaviors, such as crack patterns, creep, and shrinkage. However, there
has been a limited comprehensive examination of the combined effects of these factors.
Additionally, the environmental advantages of SCMs have garnered research attention,
but their specific impacts on concrete cracking at early ages remain inadequately explored.
Furthermore, there is a noticeable gap in the study of modeling concrete cracking at early
ages, particularly for the prediction of time-dependent behaviors of concrete. Consequently,
future research exploration of factors influencing the cracking of FA and GGBFS concrete at
early ages can be conducted, with a focus on temperature, tensile creep, shrinkage, tensile
stress, and temperature evolution of concrete, as follows:

1. In terms of shrinkage, past research has shown that OPC-SCM concrete mixes have
a lower shrinkage rate than ordinary concrete, primarily due to the optimized combination
of fine aggregates and high-efficiency water-reducing agents. However, the shrinkage
rate of these materials is still relatively high, increasing susceptibility to cracking. Future
research should focus on further reducing the shrinkage rate and improving the anti-
cracking performance. This can be achieved through optimized selection of raw materials,
fine-tuned mix design, and improved construction techniques.

2. In terms of creep, OPC-SCM concrete mixes exhibit significantly better creep perfor-
mance than ordinary concrete. However, as time passes and as environmental conditions
change, creep performance may vary, potentially impacting structural performance. There-
fore, future research should focus on the long-term creep performance of OPC-SCM blended
cement-based concrete to better assess its impact on structural safety.

3. In terms of thermal cracking, OPC-SCM concrete mixes have a lower cement content
and higher early strength, resulting in good resistance to thermal cracking. However, at high
temperatures, this material has a larger coefficient of thermal expansion, which can lead
to cracking. Future research should explore methods to reduce the coefficient of thermal
expansion and enhance the thermal cracking resistance through mix ratio optimization and
the addition of external admixtures.

4. Future research should also focus on studying the durability, environmental perfor-
mance, and compatibility of OPC-SCM concrete mixed with other materials in Portland
cement-based concrete. Additionally, establishing and refining relevant design specifica-
tions and construction guidelines will facilitate the practical application of this material in
engineering projects.
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