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Resource Utilization of Solid Waste and Water Quality Evaluation

Ning Yuan

School of Chemical and Environmental Engineering, China University of Mining and Technology,
Beijing 100083, China; ning.yuan@cumtb.edu.cn

1. Introduction

The rapid development of industrialization and urbanization has inevitably resulted in
the generation of innumerable solid wastes and water contamination. Solid waste refers to
solid-state or semi-solid discarded trash that loses its original value and is discharged into
the environment. According to various sources, solid waste can be divided into industrial,
agricultural, and municipal solid waste. Solid waste not only occupies a great deal of space
but may also cause pollution to air, soil, and water resources, and even affect human health.
Therefore, it is necessary to implement the treatment and resource utilization of solid waste.
The conventional treatment techniques include incineration, composting, landfill, and so
forth. However, these treatment techniques would result in secondary pollution. Most
of the solid waste contains recyclable components, which can be converted into various
resources and transform trash to treasure [1].

With continuous industrial development, the resource utilization of industrial solid
waste has aroused intense interest because of its diverse types, enormous quantity, and
high resource utilization difficulty. Resource utilization can maximize the value of solid
waste and improve social benefits. Some industrial residues have been applied in the fields
of the construction industry, mine backfill, soil reclamation, and so forth. For example,
crushed coal gangue and tailings can be utilized as aggregates, while fly ash and slag are
commonly used as cementitious materials [2,3].

Except for large-scale utilization, the high value-added utilization of solid waste
has been exploited due to its physicochemical properties [4]. The relevant applications
include the extraction of rare metals and alumina, the fabrication of catalysts and molec-
ular sieves, etc. [5,6]. Industrial residues with a high content of aluminosilicate have
been employed for the fabrication of various types of porous materials, such as zeolites
and mesoporous silicas [7,8]. Intriguingly, a type of crystalline nanoporous materials,
metal–organic frameworks, have been recently synthesized from several categories of
industrial solid waste [9,10]. The material utilization of industrial solid waste has become
a hot topic, and beyond porous materials, many other novel materials have also been
successfully obtained from industrial residues.

Human activities have not only resulted in the emission of diverse solid waste but also
affected various water environments. Clean water is vital to individual health and public
security. To access clean water resources, the evaluation of water quality and the analysis
of water pollution are the prerequisites and foundations. Many efforts have been made
in this area [11,12]. It is worth mentioning that solid waste-derived materials have been
applied to purify the wastewater through physical, chemical, and biological methods. As a
common bulk solid waste, coal fly ash has been widely investigated for the fabrication of
adsorbents and catalysts, and the derived materials have exhibited excellent performance
in wastewater treatment [13].

This Special Issue titled “Environmental Interface Chemistry and Pollution Control”
in Sustainability aims to set up a forum for environmental pollution issues. The scope of
this Special Issue covers research on environmental interface chemistry, pollution control,
and environmental materials. In view of the published contributions, it is a collection of
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related research that mainly provides new insights into the resource utilization of solid
waste and water quality evaluation.

2. Contributions

The collection of this Special Issue includes ten contributions, with themes mainly
covering the resource utilization of solid waste and water quality evaluation. Among these
contributions, six papers deal with the resource utilization and environmental influence of
solid waste. The involved solid waste can be categorized into two types, namely, industrial
solid waste and medical waste. The former includes coal fly ash, bottom ash, gasification
slag, desulfurized gypsum, coal gangue, silica fume, blast furnace slag, gold tailings, red
mud, soda residue, and so on. We will first present the contributions concerning the
resource utilization of industrial solid waste.

Yuan et al. (Contribution 1) confirmed the feasibility of the production of controlled
low-strength material (CLSM) by employing five types of coal-based solid wastes (coal
fly ash, bottom ash, gasification slag, desulfurized gypsum, and coal gangue) and a small
proportion of cement. The performances of the obtained fresh mortar (flowability, bleeding,
setting time, and fresh density) and hardened mortar (compressive strength, porosity,
absorption, and dry density) were carefully examined to evaluate whether they can meet
the requirements of American Concrete Institute Committee 229. Furthermore, the effects
of the mixing amount and ball-milling time of bottom ash on the properties of fresh and
hardened CLSM specimens were studied. Also, the microstructures of CLSM specimens at
28-day curing age were investigated using the X-ray diffraction technique and scanning
electron microscopy.

Liu et al. (Contribution 2) utilized fly ash and silica fume as supplementary cemen-
titious materials (SCMs) to mix with the pre-synthesized natural hydraulic lime (NHL).
The fabricated NHL was obtained by mixing limestone and diatomite and then doped
with a small quantity of B2O3 or B2O3/Na2CO3 as a stabilizer. This work emphatically
discussed the effects of ion doping (B and B/Na) and SCMs (fly ash and silica fume) on
the compressive strength of NHL. The introduction of fly ash and silica fume can enhance
the compressive strength of specimens, which was further improved by ion doping based
on the coupling effect. The incorporation of silica fume remarkably boosted the early
strength of the NHL specimens because of its high pozzolanic activity, whereas fly ash
improved the late strength of the NHL specimens with consideration of its slower poz-
zolanic reaction degree. It is worth noting that the ion doping and introduction of SCMs can
promote the hydration reaction and further enhance the compressive strength under the
synergistic effect.

Cui et al. (Contribution 3) reported the blast furnace slag–gold tailings–red mud
ternary composite cementitious material (SGRCM), which can mitigate environmental
pollution and reduce production costs. Three types of bases (NaOH, KOH, and Na2SiO3)
were adopted as activators for the ternary composite system. The compressive strength of
alkali-activated SGRCM at a 28-day curing age can reach 43.7 MPa. According to the XRD,
SEM, and EDS analyses, the main hydration products were C-A-S-H and ettringite, which
were attributed to the enhancement of compressive strength. Moreover, the heavy metal
ion leaching experiment results certified that the heavy metal ion can be consolidated in
the SGRCM ternary composite cementitious material. The findings of this work demon-
strated that Na2SiO3-activated blast furnace slag–gold tailings–red mud ternary composite
cementitious material can replace cement to some extent.

Zhang et al. (Contribution 4) prepared a new alkali-activated composite binder based
on soda residue and blast furnace slag and further investigated its mechanical properties
and microstructure, which provided a solution to resolve the environmental pollution issue
caused by alkali residues. The effects of Na2O content, soda residue–blast furnace slag
ratio, and water–binder ratio on the compressive strength at different curing ages (3, 7,
28, and 56 d) were explored. The optimal level of Na2O content was 3.0%, at which the
compressive strength was 27.8 MPa. As revealed in the XRD analysis, the main mineral
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compositions of the hydration products were C-(A)-S-H gel, ettringite, hydrocalumite, and
calcium hydroxide. The experimental results disclosed that an appropriate Na2O content
can promote the structure density and enhance the strength, whereas an excessive Na2O
content would hinder strength development.

In subsequent work, Zhang et al. (Contribution 5) aimed to optimize the mechanical
performance of alkali-activated soda residue–ground granulated blast furnace slag (SR-
GGBS) cementing materials by regulating the curing methods, temperatures, and times.
The findings showed that high-temperature curing can prominently enhance the early
strength of the prepared SR-GGBS cementing materials. By comparing the compressive
strengths and microstructural results, the optimal curing condition was determined to
be 60 ◦C for 12 h. However, a further increase in temperature reduced the mechanical
performance, and shrinkage cracks appeared in the test specimen. Therefore, in view of
energy conservation, the room-temperature curing method can be considered in case of an
undemanding requirement for early strength.

Besides industrial solid waste, an intriguing work from Slovenia on a kind of medical
waste, disposable surgical masks (DSMs), is included in this Special Issue. Erjavec et al.
(Contribution 6) focused on the problematic micro/nanoplastic pollution issue resulting
from DSMs, with quantities dramatically amplified by the COVID-19 pandemic. In their
work, DSMs from different sources in Slovenia were collected to make the waste samples
more heterogeneous. During the leaching and degradation processes of DSMs, the poten-
tial water pollution triggered by micro/nanoplastics and other harmful components may
emerge. The experimental findings revealed that DSMs contained a high content of chlo-
rine elements, indicating the existence of halogenated organic compounds. Nevertheless,
when DSMs were exposed to leaching, moisture, temperature, and UV radiation during a
short period, a considerable amount of micro/nanoplastics were detected, which was the
main problem. Finally, several recommended strategies were proposed, including stricter
management, effective recycling, reuse, resource utilization, biodegradable alternatives,
and ecotoxicological measures.

Two papers from China are presented on this topic of water quality evaluation. Zhang
et al. (Contribution 7) evaluated the water environment quality and analyzed the pollution
source of a river in southwest China (Tuojiang River) by selecting chemical oxygen demand,
ammonia nitrogen, and total phosphorus as evaluation indicators. The results demonstrated
that grey water footprint declined, suggesting an improvement in the water environment
quality. Total phosphorus accounted for the largest percentage of the pollution sources of the
grey water footprint. Farmland and stock breeding pollution were the dominant sources of
the grey water footprint and contributed major influence factors for the water environment.
This research suggested that the water environment quality in the Tuojiang River has been
improving. On account of these findings, some constructive suggestions were proposed in
this work. Feng and Yang et al. (Contribution 8) performed a water chemical characteristics
and safety assessment of the Chenbarhu Banner coalfield in northeast China (Hulun Buir).
The results disclosed that Na+ and HCO3

− were the dominant chemicals in the groundwater.
The main chemical types of surface water, river water, and confined water were revealed,
respectively. Further analysis illustrated that rock leaching and ion exchange were the
dominant influencing factors of hydrochemical characteristics. This work showed that
the groundwater quality was mainly polluted by breeding, industrial and agricultural
pollution as well as domestic sewage instead of the local coal mine and coal chemical plants.
The aforementioned studies provided significant references for the quality evaluation and
pollution analysis of both surface water and groundwater.

Cement and concrete materials have shaped modern civilization. Two papers address
this topic. Gao et al. (Contribution 9) investigated the effects of continuous loading and
wet–dry cycles on the deterioration of concrete strength. The concrete strength was evalu-
ated by uniaxial compression, and the strength deterioration mechanism was proposed by
employing acoustic emission and nuclear magnetic resonance techniques. Li et al. (Contri-
bution 10) developed a fluid–solid coupling similar material by adopting stone (5–20 mm)
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as aggregate and Portland cement (P.O 32.5) as a binder. The fluid–solid coupling simi-
lar materials possessed the following characteristics: loose structure, high porosity, and
good permeability. The constructed material with a low uniaxial compressive strength of
0.394–0.528 MPa did not disintegrate in water. The influence of the water–cement ratio on
the elastic modulus was studied, and the constitutive model was further established based
on the Weibull distribution.

3. Conclusions

The contributions in this Special Issue will advance the research on the resource
utilization of solid waste and water quality evaluation through new methods and strategies.
This collection delves into the material utilization of several kinds of industrial residues,
which realizes the generation of a series of materials, including controlled low-strength
filling material and composite cementitious materials. Apart from industrial residues,
the collection also discusses the potential micro/nanoplastic pollution from disposable
surgical masks. Also, it presents the water environment quality of two different areas, viz.,
surface water in southwest China (Tuojiang River) and groundwater in northeast China
(Hulun Buir). Moreover, two contributions are focused on cement-based materials, which
exploit the deterioration of concrete under continuous loading and wet–dry cycles, and the
excellent performance of a fluid–solid coupling similar material. The research presented in
this collection will offer an important reference to further exploration in this realm. Future
efforts can be made in the crossing research between the material utilization of solid waste
and wastewater purification.
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Abstract: As the conventional disposal method for industrial by-products and wastes, landfills can
cause environmental pollution and huge economic costs. However, some secondary materials can be
effectively used to develop novel underground filling materials. Controlled low-strength material
(CLSM) is a highly flowable, controllable, and low-strength filling material. The rational use of coal
industry by-products to prepare CLSM is significant in reducing environmental pollution and value-
added disposal of solid waste. In this work, five different by-products of the coal industry (bottom
ash (BA), fly ash, desulfurized gypsum, gasification slag, and coal gangue) and cement were used as
mixtures to prepare multi-component coal industry solid waste-based CLSM. The microstructure
and phase composition of the obtained samples were analyzed by scanning electron microscopy
and X-ray diffraction. In addition, the particle size/fineness of samples was also measured. The
changes in fresh and hardened properties of CLSM were studied using BA after ball milling for
20 min (BAI group) and 45 min (BAII group) that replaced fly ash with four mass ratios (10 wt%,
30 wt%, 50 wt%, and 70 wt%). The results showed that the CLSM mixtures satisfied the limits and
requirements of the American Concrete Institute Committee 229 for CLSM. Improving the mass ratio
of BA to fly ash and the ball-milling time of the BA significantly reduced the flowability and the
bleeding of the CLSM; the flowability was still in the high flowability category, the lowest bleeding
BAI70 (i.e., the content of BA in the BAI group was 70 wt%) and BAII70 (i.e., the content of BA in the
BAII group was 70 wt%) decreased by 48% and 64%, respectively. Furthermore, the 3 d compressive
strengths of BAI70 and BAII70 were increased by 48% and 93%, respectively, compared with the
group without BA, which was significantly favorable, whereas the 28 d compressive strength did
not change significantly. Moreover, the removability modulus of CLSM was calculated, which was
greater than 1, indicating that CLSM was suitable for structural backfilling that requires a certain
strength. This study provides a basis for the large-scale utilization of coal industry solid waste in the
construction industry and underground coal mine filling.

Keywords: controlled low-strength material (CLSM); coal industry by-products; bottom ash; bleeding;
compressive strength

1. Introduction

According to the American Concrete Institute (ACI) Committee 229, controlled low-
strength material (CLSM) is a self-compacting and self-leveling cementitious material [1],
usually consisting of water, Portland cement, fly ash, and fine aggregate. CLSM can be
used in areas that are difficult to access and do not require compression because of its high
flowability. The compressive strength of CLSM is designable and determined by whether
or not excavation is required in the future. When manual excavation is required, the rec-
ommended compressive strength is less than 0.3 MPa, and when mechanical excavation is
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required, the recommended compressive strength is between 0.7 and 1.4 MPa. If excavation
is not necessary, the recommended compressive strength is less than 8.3 MPa [2,3]. Due
to its low strength requirements, CLSM can be perfectly combined with various wastes
and by-products obtained locally, thereby reducing costs and improving filling quality [4].
Therefore, CLSM is widely used in geotechnical engineering, such as coal mine fills, pipeline
bedding, void fills, etc. Over the years, CLSM has been tested with numerous solid wastes
to replace fine aggregates. These include quarry waste [5], treated oil sands waste [6],
coal-fired products [7], desulfurization slag [8], etc. To further reduce material costs, some
scholars have considered using ground granulated blast-furnace slag [9], dust from asphalt
plants [10], waste glass powder [11], calcium carbide slag [12], wastewater sludge [13], etc.
to substitute for cement as cementitious materials when producing CLSM. In addition,
additives such as foam particles, air-entraining agents, and water-reducing agents can be
added to obtain freshly mixed CLSM with high workability.

With the exploitation, processing, and utilization of coal, China produces a great
deal of coal-based wastes, such as bottom ash (BA), coal gangue, gasification slag, fly ash,
and desulfurized gypsum [14,15]. However, these coal-based solid wastes are generated,
stockpiled, and not effectively utilized, which causes serious ecological damage and en-
vironmental pollution [16,17]. In order to address this problem, some researchers have
developed a series of coal-based solid wastes resource utilization approaches [18–20], in-
cluding the preparation of functional materials from wastes, coal gangue power generation,
agricultural application, valuable element recovery, and so forth. However, as China’s eco-
nomic development gradually enters the new normal, the demand for traditional building
materials such as cement and concrete has decreased in the building materials industry [21].
This makes the comprehensive utilization of coal-based solid waste face severe challenges.
If CLSM prepared from multi-component coal-based solid wastes can be applied to under-
ground filling on a large scale, it can not only reduce the threat to the environment but also
make reasonable use of solid wastes, resulting in huge economic benefits.

Using solid wastes and improving their comprehensive utilization rate is important
in China’s current ecological and environmental protection work. BA is the solid waste
discharged from the bottom of a boiler after coal combustion in a power plant. The BA is
mainly irregular with smooth edges and corners, mainly composed of SiO2, A12O3, CaO,
and Fe2O3, accounting for about 90%, and belongs to silicon-alumina materials [22]. BA
has good pozzolanic activity and can be used as a concrete admixture after being optimized
by fine grinding or chemical modification [23,24]. For example, Pakawat et al. studied the
variation of notch size particles on BA pozzolanic activity, and the results showed that the
compressive strength values of mortar prepared with BA were 5% and 14% higher than that
of mortar using 100% Portland cement at 28 d and 60 d of curing ages, respectively. The high
pozzolanic activity of BA exhibited great potential as a cement substitute [25]. Additionally,
Belén et al. used ground ash as a cement additive and compared its performance with that
of limestone as an additive. The results showed that the compressive strength of cement
with 40 wt% BA was higher than that of standard cement and limestone as additives.
Furthermore, cement with 20 wt% BA can save 9% clinker against commercial cement
(CEM II/AL 42.5 R), and cement with 40 wt% BA can save 14% clinker against commercial
cement (CEM II/BL 32.5 N) [26]. Although BA has been utilized in cement and concrete, the
utilization rate of BA and other wastes is not enough in general and needs to be improved.

In addition, researchers also selected other coal-based solid wastes for utilization [27].
Kaliyavaradhan et al. reviewed the effects of solid wastes such as circulating fluidized bed
combustion ash, ponded ash, slag, and BA on the strength of CLSM and suggested the
mixing ratio of the mixed waste in CLSM [28]. Ling et al. outlined the research development
and practical application of CLSM in trench backfilling and found through 115 pieces of
literature from various countries around the world that the materials used to produce
CLSM vary from country to country. This will affect the nature of CLSM production
and have significant implications for practical applications in the field [29]. Specifically,
Zhang et al. used fly ash and coal gangue as raw materials to study the feasibility of
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filling. When the mass ratio of coal gangue:fly ash:cement was 14:5:1, the filling body not
only had good fluidity but also could meet the requirements of compressive strength and
dehydration [30]. With the development of CLSM, more kinds of solid waste are required to
be added to the preparation of CLSM. For example, Yang et al. prepared composites using
desulfurized gypsum, low-calcium fly ash, slag, and cement as cementitious materials
and total tailings as aggregates and conducted a filling test. It is noted that when the fly
ash content is high, the prepared composite materials can meet the strength requirements
of mine filling [31]. The use of a wider variety of solid wastes is an effective solution to
minimize the environmental problems associated with the disposal of these wastes.

At present, although CLSM based on the coal industry by-products has been investi-
gated extensively, the research on the preparation of CLSM aiming at fully utilizing the five
kinds of coal-based solid wastes remains scarce. In this work, for the first time, we mixed
these five coal-based solid wastes with cement for the purpose of underground filling. In
addition, in order to further reduce the bleeding of CLSM and improve the early strength of
CLSM, the BA was ground. By changing the grinding time of the BA, we studied the effect
of different ball-milling of BA on the flowability, bleeding, compressive strength (3 d, 7 d,
and 28 d), fresh density, dry density, setting time, porosity, absorption, and microstructure
of CLSM in detail. The preparation of this CLSM can not only reduce the environmental
protection tax levied by some enterprises for stacking coal-based solid waste and reduce
the burden on enterprises but also solve the current ecological and environmental prob-
lems caused by the inability to properly handle coal-based solid wastes. Specifically, in
the obtained CLSM, BA, desulfurized gypsum, fly ash, and cement were employed as
cementitious materials, and coal gangue and gasification slag were utilized as aggregates.
BA with ball-milling times of 20 min and 45 min was used to replace fly ash in different
mass ratios (i.e., 10 wt%, 30 wt%, 50 wt%, 70 wt%), and the changes in fresh and hardened
properties of CLSM were investigated. The crystallinity and composition of the hydration
products were characterized by X-ray diffraction (XRD), and the microstructure of CLSM
was characterized by scanning electron microscopy (SEM).

2. Experimental Programs

2.1. Materials

The cement employed in the experiment is the benchmark cement PI 42.5 Portland
cement. The chemical compositions of all coal-based solid wastes and cement are shown in
Table 1, and their XRD characterizations are provided in Figure 1. The admixture used in
the experiment is a powdered polycarboxylate superplasticizer.

Table 1. Chemical compositions of coal-based solid wastes and cement (wt%).

Compound Cement Bottom Ash Fly Ash Desulfurized Gypsum Gasification Slag Coal Gangue

SiO2 20.72 56.37 52.95 2.62 48.07 48.46
Al2O3 4.62 26.71 27.55 0.58 16.37 24.13
CaO 62.18 3.41 4.94 28.77 8.95 0.10

Fe2O3 3.26 6.62 6.31 0.43 8.84 9.44
MgO 3.15 1.20 1.92 2.46 1.91 0.47
Na2O 0.52 1.08 1.52 0.25 1.77 0.25
K2O 0.34 1.58 1.85 0.12 1.48 1.99
TiO2 − 1.04 1.28 0.03 0.90 0.86
SO3 2.72 0.47 1.03 40.17 0.61 0.09

f-CaO 0.72 − − − − −
Cl− 0.012 − − − − −
Loss 1.84 1.09 0.19 24.50 10.30 14.03
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Figure 1. XRD patterns of bottom ash, fly ash, desulfurized gypsum, gasification slag, and coal
gangue. Components: 1-SiO2, 2-3Al2O3·2SiO2, 3-Al2[SiO4]O, 4-Fe2O3, 5-CaO, 6-CaSO4(H2O)2,
7-Al2Si2O5(OH)4, 8-FeS2.

BA used in the experiment is from Yuanyang Lake Power Plant in Ningxia, China.
It can be seen in Figure 2 that the particle size of the BA changes after ball milling. After
20 min of ball milling, the particle size of the BA basically reaches 100 μm or less. When
the ball milling time is increased to 45 min, the coarse BA is further crushed and refined,
and the d50 decreases from 26.3 μm to 13.2 μm. It is close to fly ash particle size, but it is
still larger than the latter. Further increasing the ball milling time, the proportion of fine
particles will continue to increase. However, at the same time, the cost of the ball-milling
process will increase exponentially. After comprehensive consideration, the ball-milling
times of 20 min and 45 min are used for the pretreatment of BA in the experiment. Figure 3a
presents the microstructure and morphology of the BA, which is mainly composed of
irregular block particles with large differences in particle size, and the block particles
display a porous surface.

Figure 2. Particle size distributions of bottom ash at different ball-milling times (20 min, 45 min), fly
ash, gasification slag, and coal gangue.
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Figure 3. SEM analysis of (a) bottom ash and (b) fly ash.

Fly ash is the fine ash collected during the purification of flue gas in the second phase at
the Yuanyang Lake Power Plant in Ningxia, China. According to Figure 2, the characteristic
parameter of fly ash particle size d10, d50, and d90 are 2.51 μm, 13.18 μm, and 69.18 μm,
respectively. Figure 3b presents the microstructure and morphology of fly ash, indicative of
spherical particles.

The desulfurization gypsum is from the Yuanyang Lake Power Plant in Ningxia, China.
It can be seen in Figure 1 that there is no other mineral phase except dihydrate gypsum, and
the phase composition is almost single. The gasification slag used in the experiment is the
coarse gasification slag from the Ningxia Coal Mine. The sieving results of the gasification
slag are shown in Figure 2. The fineness module of the gasification slag is 1.73, and the
particles between 0.15–0.6 mm account for 75%, which can be classified as fine sand. The
coal gangue used in the experiment is the original gangue from the Renjiazhuang Coal
Mine in Ningxia. It is crushed into gangue particles with a maximum particle size of less
than 4.75 mm by the secondary jaw crusher. The crushed coal gangue is screened and
analyzed, as shown in Figure 2, and it is found that the content of particles larger than
4.75 mm in the crushed coal gangue is only 11.7%. After further sieving analysis of particles
smaller than 4.75 mm, it is found that in the crushed coal gangue smaller than 4.75 mm and
the content of particles smaller than 0.15 mm reaches 15.3%. The fineness module of coal
gangue is 2.83, which can be recognized as medium sand.

2.2. Mixture Proportions

The CLSM mixture proportions are shown in Table 2. Fly ash and two types of BA are
used as the main cementitious materials to prepare CLSM mixtures, and the CLSM mixtures
are divided into two groups: BAI group (BA with ball milling time of 20 min) and BAII
group (BA with ball milling time of 45 min), to investigate the effect of the two types of BA
on the CLSM mixture’s performance. According to the recommendation of ACI Committee
229 [1], binder–aggregate ratios are lightly adjusted. The proportion of each aggregate and
each cementitious material is determined according to previous research in our laboratory.
Firstly, 60 wt% coal gangue (total solid mass of mixture) and 15 wt% gasification slag
(total solid mass of mixture) are determined as fine aggregates, the ratio of aggregate to
cementitious material is kept at 3:1, and the amounts of cement and desulfurized gypsum
are 5 wt% and 1 wt%, respectively. Afterward, 10 wt%, 30 wt%, 50 wt%, and 70 wt% of the
fly ash are replaced with BA according to the mass of the fly ash. The mixtures are named
Blank, BAI10, BAI30, BAI50, BAI70, BAII10, BAII30, BAII50, and BAII70 according to the
type and weight of the added BA, as shown in Table 2.

2.3. CLSM Preparation and Testing Procedure

All materials used in the experiments were naturally dried before use. Next, CLSM
is prepared according to the mixture proportions (Table 2) and the mixing program. The
ingredients were mixed for 1 min without adding water in a cement mortar mixer (Shanghai
INESA Scientific Instrument, JJ-15 type) to ensure uniform distribution. Thereafter, the
mixed water was divided in half. The first half of the mixed water and the polycarboxylate

10



Sustainability 2022, 14, 9949

water-reducing agent were gradually added to the mixture while continuing to mix and
stir for 1 min. Then, the second half of the mixed water was added, mixed, and stirred
for 1 min. After all the mixed water was added, the mixture was allowed to stand for
1 min and then mixed for 2 min. The fresh mortar specimen was introduced into a mold of
70.7 mm × 70.7 mm × 70.7 mm. The mold was removed after 36 h, and the mortar speci-
men was cured in a standard curing room (SHBY-40B type, Cangzhou Huaxi, temperature
20 ± 1 ◦C, humidity above 95%) for 3 d, 7 d, and 28 d. All performance test standards are
shown in Table 3.

Table 2. Experimental scheme of CLSM.

Mixture

Aggregate (kg m−3) Cementitious Materials (kg m−3)
Water

(kg m−3)
Water-Reducing Agent

(kg m−3)Coal
Gangue

Gasification
Slag

Cement
Fly
Ash

Bottom
Ash

Desulfurized
Gypsum

Blank 960 240 80 304 0 16 280 0.8
BAI10 960 240 80 273.6 30.4 16 280 0.8
BAI30 960 240 80 212.8 91.2 16 280 0.8
BAI50 960 240 80 152 152 16 280 0.8
BAI70 960 240 80 91.2 212.8 16 280 0.8
BAII10 960 240 80 273.6 30.4 16 280 0.8
BAII30 960 240 80 212.8 91.2 16 280 0.8
BAII50 960 240 80 152 152 16 280 0.8
BAII70 960 240 80 91.2 212.8 16 280 0.8

Table 3. Standards for the testing methods.

Test Procedure Standard References

Flowability ASTM D6103-17 [32]
Bleeding and fresh density GB/T 50080-2016 [33]

Compressive strength GB/T 50081-2019 [34]
Setting time GB/T 1346-2011 [35]

Absorption, porosity, and dry density ASTM D6023-16 [36]
ASTM-American Society for Testing and Materials; GB-China National Standard.

2.4. Microstructure Testing

X-ray diffraction (XRD) was acquired on a Rigaku Mini Flex 600 powder diffractometer
using a Cu-Kα target (λ = 1.5406 Å) with a test voltage of 40 kV and a test current of
15 mA. The obtained diffraction pattern was compared with the standard pattern, and the
composition of the sample was determined according to the position of the diffraction peak.
The particle size/fineness analysis was performed using a Malvern Mastersizer 2000 laser
particle size analyzer. The morphology and hydration products of the solid wastes were
scanned using a cold field emission scanning electron microscope (ZEISS Gemini 300) at
25 ◦C with a cold field emission electron source, accelerating voltage of 0.5–30 kV and
accelerating current of 10 mA.

3. Results and Discussion

3.1. Flowability

The flowability results for tested CLSM mixtures are shown in Figure 4. The flowability
for all mixtures is between 193–280 mm. According to ACI Committee 299 [1], except for
BAII70, all CLSM mixtures fall into the high flowability category. Compared with the Blank
group, the flowability declines with the rise in both BA contents. This is because the shape
of the BA particles is irregular and cannot function as a "ball bearing", which increases the
internal friction between the particles [37]. At the same time, the pore volume of BA is
larger than that of fly ash, and the rise in BA will cause more water to be absorbed into the
inner pores of BA and reduce the flowability [38]. Furthermore, the flowability of the BAII
group is slightly lower than that of the BAI group, which is due to the fact that with the

11



Sustainability 2022, 14, 9949

rise in ball milling time, the BA particles become finer, which rises the pore volume and
specific surface area, resulting in lower flowability [39,40]. This is also confirmed in the
bleeding experiment results.

Figure 4. Flowability of various CLSM mixtures.

3.2. Bleeding

All bleeding results for the tested CLSM mixtures are shown in Figure 5. It can be
confirmed that the CLSM does not exceed the 5% requirement recommended by ACI
Committee 229 [1]. The bleeding value of the CLSM mixture declines with the rise in BA
content. The bleeding values of BAI10, BAI30, BAI50, and BAI70 are 2.70%, 2.15%, 1.99%,
and 1.53%, respectively, whereas the bleeding values of CLSM mixtures of BAII10, BAII30,
BAII50, and BAII70 are 2.17%, 1.65%, 1.46%, and 1.05%, respectively, which are lower than
2.92% in the Blank mixture. Especially, BAI70 and BAII70 present a significant decrease of
48% and 64% in bleeding, respectively. There are two reasons for the reduction in bleeding.
Firstly, the BA has a large particle size and rough and porous surface, which entitles the
BA to a higher water-holding capacity [41], and secondly, the addition of BA reduces the
morphological effect and micro-aggregate effect of fly ash. Because the shape of fly ash
particles is suitable and the surface is smooth and dense, CLSM can obtain good water
reduction. Simultaneously, gaps are formed between particles to prevent agglomeration
between particles. However, this results in more permeable water from the CLSM, thus
higher bleeding [42].

Figure 5. Bleeding of various CLSM mixtures.
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In addition, when the mass ratio remains unchanged, the bleeding of the mixture of
the BAII group is lower than that of the mixture of the BAI group. With the increase in
BA ball milling time, finer BA particles result in a larger specific surface area and pore
volume, an increase in water holding capacity, and a reduction of water exudation [43]. As
a consequence, it can be concluded that the coarse and porous BA can absorb more water
during the CLSM mixing process, which will reduce the exudation of water in the CLSM
mixture. This phenomenon has also been observed in previous research [7,44,45].

3.3. Density

The density of the fresh and hardened CLSM samples at 28 d is determined, as
displayed in Figure 6. The fresh density of CLSM ranges from 1940 kg m−3 to 2023 kg m−3.
Compared with the blank group, the fresh density of CLSM with BA is increased or
decreased but still within the normal CLSM range (i.e., 1842 kg m−3–2323 kg m−3) reported
by the ACI Committee 229 [1]. The BA with a long ball-milling time adsorbs more water.
Therefore, with the same mass ratio, the fresh density of the BAII group is higher than that
of the BAI group. This is also in line with the measurement results of bleeding.

Figure 6. Fresh density and dry density test results of CLSM mixtures.

It can be seen that for all tested CLSM mixtures, the dry density is lower than the fresh
density due to the loss of water in the CLSM samples [46]. Moreover, the dry density is
consistent with the changing trend of the fresh density. The dry density of CLSM is between
1735 kg m−3 and 1801 kg m−3, which is basically in line with CLSM requirements (i.e.,
1762 kg m−3–1890 kg m−3) [1].

3.4. Compressive Strength

Figure 7 exhibits the compressive strength (3 d, 7 d, and 28 d) and removability
modulus (RE) of CLSM. It can be seen that the compressive strength does not exceed the
upper limit (8.3 MPa) recommended by the ACI Committee 229. When the amount of BA
is the same, the compressive strength (3 d) of the CLSM mixture BAII group is higher than
that of the BAI group (Figure 7a). Compared with Blank, as the amount of BA rises, the BAI
group increases by 4%, 7%, 16%, and 48%, respectively, and the BAII group increases by 8%,
16%, 60%, and 93%, respectively. This can be explained as follows. The water absorption of
BA is higher than that of fly ash, and the BA reduces the free water in the freshly mixed
CLSM, which is helpful for the improvement of early strength [47]. Meanwhile, the high
content of SiO2 in the BA leads to the initial production of many calcium silicate hydrates
(C-S-H) [38,48,49], resulting in a high early compressive strength of the CLSM prepared
from the BA.
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Figure 7. Compressive strength of CLSM mixtures at (a) 3 d, (b) 7 d, (c) 28 d, and (d) calculated
results of removability modulus (RE).

With the rise in curing time, the development speed of strength (7 d) of CLSM
with BA decreases and will tend to be consistent with the Blank group, but the trend
of BAII > BAI > Blank can still be observed, as shown in Figure 7b. This is because the
hydration reaction continues, the structure of the slurry becomes denser, and the non-
homogeneity [7] of the CLSM containing BA begins to manifest, resulting in a decline in the
speed of strength development. Compared with the BAI group, the BAII group possesses
higher strength at 3 d and 7 d because the BAII group has an enhanced specific surface area
and pozzolanic activity [26] after a long time of ball milling, and, thus, the formation of
C-S-H gel is promoted. The aforementioned changes in compressive strength are consistent
with previous studies [50]. In particular, in contrast to the blank group, the compressive
strength of the BAI group exhibits a trend of first decreasing and then increasing, and the
same trend can be observed in the BAII group. The lowest point of compressive strength in
the BAI group appears when the BA content is 10% (BAI10), whereas the lowest value of
compressive strength in the BAII group emerges with a BA content of 30% (BAII30). The
occurrence of the lowest point moves backward. This is because the increase in the BA ball
milling time (i.e., the decrease in bottom ash particle size) makes the non-homogeneity of
CLSM only start to appear obvious after the content of BA is increased.

Finally, as shown in Figure 7c, it is observed that the compressive strength of CLSM at
28 d showed a change of Blank > BAI > BAII, and with the rise in BA, the 28 d compressive
strength showed a trend of first declining and then rising. The reason for this change is
that the pozzolanic activity of BA is not as high as that of fly ash, which contributes less to
the compressive strength of CLSM in the later stage of curing, and the non-homogeneity
of CLSM has a negative impact on the compressive strength. Therefore, the compressive
strength of CLSM with BA is lower. It is worth noting that the mixtures containing 70 wt%
BA have a higher 28 d compressive strength, which may be due to the large rise in BA

14



Sustainability 2022, 14, 9949

content will lead to the decrease in CLSM non-homogeneity and the increase in CLSM
compactness and, thus, the enhancement of compressive strength.

Figure 7d shows the removability modulus (RE) values for all tested CLSM mixtures.
RE can be calculated according to Equation (1), based on the 28 d compressive strength (C)
(kPa) and dry density (W) (kg m−3). The RE value is used to evaluate the excavatability
of CLSM mixtures. Structural filling applications require the CLSM to have sufficient
load-carrying capacity. However, for projects that require later excavation, keeping the low
strength is a major goal. Some early acceptable mixtures continue to build in strength over
time, making future excavations difficult. BA has little effect on the removability modulus,
with RE above 1 for all samples. Therefore, the operation of manually excavating these
CLSM mixtures is difficult, and it is suitable for structural fills where certain strength is
required [6,51].

RE =
0.619 × W1.5 × C0.5

106 (1)

3.5. Setting Time

For applications such as backfills, void filling, and structural fills, it is necessary to
measure the setting time required by the CLSM to allow people or items to move over
the CLSM surface. The maximum acceptable limit for the initial setting time of the CLSM
mixture is 36 h. As shown in Figure 8, the initial setting time of our prepared CLSM mixture
is between 4.35 and 7.48 h, which are all lower than the general CLSM requirements [52].
It is found that the increase on BA content accelerates the initial setting time of CLSM,
which is the same as the results of previous studies [53,54]. The ball-milling time of BA
exerts no significant effect on the initial setting time. Furthermore, the final setting time
also declines significantly with the rise in BA content. The final setting time of BAI70 and
BAII70 is reduced by 37% and 36%, respectively. The main reason for this phenomenon
is that aluminum, silicon, and calcium can be leached more easily from BA than from fly
ash [55], and C-S-H gel can also be formed more quickly, while the C-S-H gel plays a key
role in the solidification behavior of CLSM. Therefore, this may be the reason why the
initial and final setting time of CLSM decline with the rise in BA content.

Figure 8. Initial and final setting time of prepared CLSM mixtures.

3.6. Absorption and Porosity

Absorption and porosity were tested at 28 d, and the data are depicted in Figure 9.
The absorptivity of the CLSM mixtures is in the range of 13.5–14.9%, and the porosity is in
the range of 11.9–13.0%, both of which increase with the rise in BA content. This is due to
the fact that the pozzolanic activity of the BA is less than that of fly ash, resulting in less
C-S-H gel produced, which cannot fill the macropores in the CLSM, thus forming an open
microstructure [46].
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Figure 9. Absorption and porosity test results of prepared CLSM mixtures.

3.7. Microstructure

Figure 10a–f are the SEM images of CLSM at 28 d, showing the micro-interface prop-
erties of Blank, BAI30, BAI70, BAII30, and BAII70. It can be observed that unreacted fly
ash microspheres are embedded in the gel phase and aggregates since fly ash particles of
different sizes are spherical and easy to identify [46]. The existence of unreacted fly ash
particles is caused by the excessive silica content in the system, which is further proved by
the XRD results.

The presence of a large number of pores can be observed in Figure 10c–f. On the one
hand, this is because the BA is a porous microstructure, which gives rise to high water
absorption. The higher initial water content will lead to more voids during the hardening
stage. On the other hand, this is due to the fact that the pozzolanic activity of BA is not as
good as that of fly ash, and the hydration process produces less C-S-H gel, which cannot fill
the macropores in CLSM, and finally forms an open microstructure with high porosity [37].
Compared with BAI70 and BAII70, the structures of BAI30 and BAII30 are slightly denser.
This is also consistent with the test results of absorption and porosity.

Figure 11 presents the XRD patterns of the CLSM curing age of 28 d, in which
diffraction peaks assigned to quartz, ettringite, C-S-H, and dehydrated gypsum can be
observed [45,52]. Weak peaks (i.e., low-intensity peaks) for C-S-H and ettringite can be
discovered in all CLSM samples. The hydration reaction produces ettringite and C-S-H,
while quartz and gypsum crystals still exist as minerals themselves, presumably from fly
ash, BA, and desulfurized gypsum. The incompletely reacted cementitious materials (such
as fly ash) can also be found in the test blocks. These findings can also be demonstrated
by SEM results. The quartz peak at 26.6◦ is dominant in the CLSM mixture. The quartz
diffraction peaks of BAII70 and BAI70 are significantly stronger than that of Blank, BAII30,
and BAI30. This is because the SiO2 content in the chemical composition of the BA is
higher than that in the fly ash, and the increase in the content of the BA will also lead to a
gradual rise in the content of SiO2. The ettringite and C-S-H peak intensities of the CLSM
samples with more BA content are lower. This is because the amount of fly ash is negatively
correlated with the amount of BA, and the decline in fly ash leads to a decline in the level
of hydration reaction that produces C-S-H, resulting in a decrease in the intensity of the
C-S-H peak.
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Figure 10. SEM images of prepared CLSM mixtures. (a,b) Blank, (c) BAI30, (d) BAI70, (e) BAII30,
(f) BAII70.

Figure 11. XRD patterns of prepared CLSM mixtures at 28 d: Blank, BAI30, BAI70, BAII30, and BAII70.
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4. Conclusions

The present work shows that the use of five different by-products and cement to
produce CLSM is very feasible. Furthermore, the effects of increasing the amount of BA
and increasing the BA ball milling time on the fresh and hardened properties of CLSM are
investigated, respectively. The performance of some CLSM was enhanced by increasing
BA content and increasing the BA ball milling time. The conclusions of this study can be
summarized as follows.

(1) The flowability, bleeding, compressive strength, setting time, density, porosity, and
absorption of CLSM met the specification and requirements of ACI Committee 229.
The flowability and bleeding of CLSM decreased with the increase in BA content and
ball milling time. However, the flowability was still in the high flowability range, and
the reduction in bleeding was favorable. Bleeding was reduced by 48% and 64% for
BAI70 and BAII70, respectively. The density, porosity, and absorption of CLSM did
not change significantly with the addition of BA and the change in ball-milling time.
With the increase in BA content, the initial setting time and final setting time of CLSM
declined significantly, and the final setting time of BAI70 and BAII70 decreased by
37% and 36%, respectively.

(2) The addition of BA and the increase in ball-milling time improved the 3 d strength
of CLSM. Compared with Blank, BAI70 and BAII70 increased by 48% and 93%,
respectively, which was favorable for structural fills. With the increase in the mass
ratio, the 7 d and 28 d strength showed a trend of first declining and then increasing,
but the fluctuation was not remarkable. The RE values of all CLSM mixtures were all
greater than 1, which is suitable for structural fills that require a higher strength.

(3) It was observed in the SEM images that the BA-containing CLSM exhibited an open
microstructure with high porosity. As revealed by XRD, with the rise in BA content,
the quartz peaks of CLSM samples were enhanced, whereas the intensities of ettringite
and C-S-H peaks were reduced.

(4) The production of CLSM with coal-based solid wastes as raw materials is feasible
in terms of engineering performance, cost, and environmental impact. In the future,
research on cement-free CLSM for total solid wastes should be strengthened to further
reduce costs. Additionally, considering the location, utilization rate, and economy of
raw materials, the feasibility of large-scale production and application of the CLSM
prepared in this work for underground filling should be discussed.
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Abstract: Natural hydraulic lime (NHL) has drawn much attention due to its environmentally
friendly nature. The characteristics of both hydraulic and pneumatic components make it a potential
substitute for Portland cement in surface decoration and ancient building restoration. In this study,
both doping and mixing with supplementary cementitious materials were investigated. Two types
of NHL3.5 were fabricated through calcination at 1200 ◦C with B and B/Na doping, respectively.
It is noted that B ion doping is beneficial to the early compressive strength of the specimens, and
B/Na doping is beneficial to the later compressive strength of the specimens. The observed outcome
is that the compressive strengths of B and coupled B/Na doped NHL3.5 are higher than the blank
sample due to the appearance of α’-C2S. Thereafter, the blank and doping NHL were incorporated
with fly ash and silica fume. The incorporation of fly ash and silica fume could enhance the early
and late hydration rate. Of the two, silica fume shows more pozzolanic effect in the early age. In the
supplementary cementitious materials dosed group, pozzolanic dominates the hydration process.

Keywords: natural hydraulic lime; ion doping; supplementary cementitious materials; hydration
mechanism

1. Introduction

Hydraulic lime (HL) [1], one of the most historic cementitious materials, has recently
drawn wide attention in both the restoration of ancient buildings and relics and the field of
architecture. Traced back to the ancient Roman and Greek periods, people used lime-based
cementitious materials (LCMs) as the main building binder [2,3]. It was not until the
appearance of Portland cement and its promotion in the 18th century that lime-based
cementitious materials were phased out of history [4]. In recent years, with the development
of the concept of “green building materials”, LCMs have gradually regained the focus of
researchers worldwide. Compared with the calcination temperature of 1250~1450 ◦C for
cementitious materials, the calcination temperature of HL is lower, usually 800~1200 ◦C,
which greatly reduces the carbon emission in the production process [5,6]. HL also absorbs
CO2 from the air during the hardening process, which further reduces energy consumption
and carbon emissions. At the same time, the choice of raw materials for the preparation
of hydraulic lime is wider: marl [7], chalk [8], ginger nut [6], even dolomite [9] and other
low-grade silica-calcium minerals that cannot meet the calcination conditions of the cement
industry can be used as the main raw materials for natural hydraulic lime (NHL), which
enhances the comprehensive utilization of minerals. Additionally, due to the wide range of
raw materials, NHL’s production conditions and application methods can be adapted to
local conditions and reduce transportation costs to a certain extent. In conclusion, NHL has
great potential for application in the construction field of ancient building restoration [10]
and surface decorative mortars [11], coatings, etc. However, there are some problems in the
application of hydraulic lime, such as cracking and salt petering [12]. In the field of ancient
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building restoration, the long early setting time and low mechanical strength of hydraulic
lime also seriously restrict its practical application [13]. The key to solving these problems is
to improve the hydration activity of NHL materials and to conduct more in-depth research
on the hydration mechanism and the working performance mechanism.

The main components of NHL include the gaseous hard component calcium hydroxide
(Ca(OH)2) and the hydraulic component (2CaO-SiO2, C2S). As reported, there are five types
of polymorphs in C2S, named α, α’H, α’L, β, and γ, respectively [14]. Where α, α’H, and
α’L phase are considered with high hydraulic reactivity, the instability at room temperature
strongly restricts its application [15]. With respect to β phase, it is the main crystalline phase
of C2S in cement clinker and commercial NHL [16]. At the same time, γ phase is commonly
considered the most stable polymorph and hardly shows hydraulic reactivity [17]. Doping
with impurity ions is one of the methods commonly used to improve the hydraulic activity
of C2S. Na+, Fe3+, K+, Mg2+, and other minor ions can be doped onto the C2S crystal to
replace Ca2+ or [SiO4]4−, which hinders the transformation of C2S into a rhombohedral
crystal system during the cooling process [18,19].

It is well known that supplementary cementitious materials (SCMs) have a wide range
of applications in the cement and hydraulic lime industry [20]. According to BSEN459:1-
2010, NHLs can be referred as HLs when SCMs are added. SCMs have the following ad-
vantages: (i) reduced clinker usage; (ii) improved workability of the binder; (iii) pozzolanic
activity can improve the mechanical strength of the matrix, etc. [21,22]. The commonly
used SCMs are blast furnace slag (BFS) [23], fly ash (FA) [24], silica fume (SF) [25], and
metakaolin (MK) [26]. In recent decades, the development of composite cement properties
and microstructures has been a high research priority.

In this study, the NHL containing highly active α and α’-C2S was prepared by first
mixing limestone and diatomite according to the calcium-silica component requirements of
BSEN459:1-2010 [27] for NHL3.5, then doping with a small amount of stabilizer (B, B/Na
ions), followed by calcination and digestion. Then the fabricated NHL was complexed
with FA and SF in different proportions and prepared as pastes with a fixed w/c ratio of
0.55. The hydration mechanism, microstructural changes, and mechanical properties of
HL-based cementitious materials under the composite effect of dynamic material of SCMs
and ion doping were investigated. In this paper, ion doping and SCMs were used together,
and the hydration reaction difference of C2S with different crystal forms was explored.
The early hydration reaction speed of NHL was improved and the application of NHL
was expanded.

2. Materials and Methods

2.1. Materials

The NHL used in this study was fabricated in the laboratory. The raw materials used
to prepare it are limestone from Liaoning Province and diatomite from Jilin Province, China.
SCMs are fly ash and silica fume from Shanxi Province, China.

The chemical composition of raw materials is shown in Table 1. The raw materials
were heated to 1000 ◦C to determine the loss on ignition (L.O.I) of raw materials, and the
L.O.I of limestone at 1000 ◦C was 43.09 wt%, corresponding to a CaCO3 content of about
97.9%. Meanwhile, the content of MgO is about 3 wt%, which, according to XRD results
(Figure 1), mainly corresponds to dolomite (CaMg(CO3)2) in the raw material. According
to the calculation, the Cementation Index (CI) value of the final product was 0.85 when
adding 12% diatomite, which theoretically allows the production of natural hydraulic lime
with high hydraulic properties.

CI =
((2.8 × %SiO2) + (1.1 × %Al2O3) + (0.7 × %Fe2O3))

(%CaO + 1.4 × %MgO)
(1)
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Table 1. Chemical components of the raw materials (wt%).

Materials CaO SiO2 Al2O3 Fe2O3 MgO SO3 Others L.O.I

limestone 48.33 3.61 0.81 0.73 3.00 0.05 0.38 43.09
Diatomite 0.32 86.20 2.03 1.93 0.26 0.29 0.82 8.14

Fly ash 2.88 50.54 26.86 5.95 0.74 0.52 5.93 6.59
Silica fume 0.18 92.70 0.14 0.04 0.64 0.59 0.84 4.87

Figure 1. (a) Particle size diameter distribution of raw material, (b) XRD patterns of the raw materials.

In this experiment, fly ash (FA) and silica fume (SF) were used as SCMs, where FA
is mainly composed of CaO, Al2O3, Fe2O3, and other oxides. The content of CaO in FA
is about 2.88%, indicating that it is low-calcium silicon FA. SF is acknowledged as highly
reactive pozzolanic material, and its activity is mainly derived from the amorphous SiO2,
which accounts for 92.7% of the total content.

2.2. Preparation

According to the component requirements of BSEN459-1:2010 for NHL3.5, the Ca(OH)2
content should not be less than 25%. Thus, the designed NHL3.5 consists of 75% C2S and
25% Ca(OH)2. First, 12 wt% diatomite was mixed with 88 wt% limestone as the calcined
raw materials, added to 1.5 wt% B2O3, and 1.5 wt% B2O3 and Na2CO3 (in qual mass ratio)
were mixed as stabilizers, respectively, and the mixture was ball-milled for 30 min until
the particle size reached below 0.4 mm. As can be seen from Figure 2, the mixed powder
was put into the muffle furnace, calcined at 1200 ◦C, with a heating rate of 5 ◦C/min
and a holding time of 120 min. Then, 30% water by weight of the calcined product was
weighed and mixed with the calcined product until the f-CaO was completely converted
to Ca(OH)2, which could be observed through the exothermic condition, and was dried
at 80 ◦C after digestion for approximately 20 min. The final product was obtained after
30 min of grinding. The granularity of the final product reached 0.2 mm, the residual value
of the sieve did not exceed 2% of the total mass of the sieved material, and the residual
value of the sieve of 0.09 mm did not exceed 15% of the total mass of the sieved material.

Referring to the cement net test methods GBT1346-2011, 500 g of prepared NHL were
added into the net paste mixer, water was added at a water-binder ratio of 0.55, the mixer
was started and mixed at low speed for 120 s and then stopped for 15 s, and the slurry on
the blade and pot wall was scraped into the pot and mixed at high speed for 120 s. It was
poured into a 30 × 30 × 30 mm mold for molding. The molding temperature was 20 ◦C
and the humidity was 60%. After 48 h, the demolded specimens were placed in the same
environment and continued to cure to specific ages. At specific ages, the mechanical proper-
ties of the specimens were determined. Meanwhile, the hydration process was terminated
by grounding into powder and soaking in ethanol. Before microscopic characterization,
the samples were dried in a vacuum oven at 65 ◦C for 24 h. The mixture ratio is shown in
Table 2.
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Figure 2. Schematic diagram of preparation process of natural hydraulic lime.

Table 2. Mixture mass (g) ratio of the materials in the experiment.

Sample NHL B1.5 BNa1.5 FA SF

Blank

NHL 500
F1 450 50
F2 400 100
S1 450 50
S2 400 100

B-ion
doping

B1.5 500
F1B1.5 450 50
F2B1.5 400 100
S1B1.5 450 50
S2B1.5 400 100

B/Na
doping

BNa1.5 500
F1BNa1.5 450 50
F2BNa1.5 400 100
S1BNa1.5 450 50
S2BNa1.5 400 100

2.3. Test Methods

The components of raw materials were measured by PANalytical Axios XRF (X-ray Flu-
orescence Spectrometer, PANalytical, Almelo, The Netherland). Smatlab X-ray diffraction
(XRD, Rigaku Corporation, Tokyo, Japan) was used to determine the mineral composition
of the raw material and specimens, with 40 kV and 40 mA, CuKa1 radiation. Furthermore,
10◦/min and 1◦/min increment and 1 s·step-1 sweep from 10◦ to 80◦ 2 h were adapted,
respectively. Meanwhile, the Rietveld method was used for XRD data analysis to quantify
the mineral phase content.

Tam Air 08 isothermal calorimeter (TA Instrument, New Castle, DE, USA), was used
to determine the hydration heat of specimens. At 20 ◦C, the specimens were weighed and
placed in 20 mL of ampoule according to the proportion, and water was added to them
according to the W/B ratio of 0.55. They were stirred quickly and put into the calorimeter.

Fourier transform infrared spectroscopy (FT-IR) spectra were carried out in the range of
400–4000 cm−1 to determine chemical bonding and crystal structure changes. Microscopic
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morphology and structure were determined by scanning electron microscope (SEM, Hitachi
Regulus8100, Tokyo, Japan). The pore structure of the matrix is characterized by AutoPore
IV 9500 Mercury intrusion porosimetry (MIP, Micromeritics Instrument, Norcross, GA,
USA) in 30,000 psi. The mechanical properties of the specimens were measured on the
same test machine (SANS CMT5105, Shenzhen, China) at a loading rate of 2400 ± 200 N/s.

3. Results

3.1. Mineral Content and Crystal Structure

For quantitative analysis, 20% rutile was mixed into the specimens as an internal
calibrator. The XRD identified the five main mineral phases: portlandite, α’-C2S, β-C2S,
rutile (used as an internal standard), calcite, and magnesite, as shown in Table 3. The GSAS
software was used to make a refined fit to the test data. The final fitting results are shown in
Figure 3. The fit difference Rwp of each specimen is less than 10%, which indicates a good
matching result. The main error is from α’-C2S and β-C2S, and the characteristic peaks of
the two phases overlapped extensively.

According to the results of quantitative analysis, the content of magnesite is about
3.27~4.31%. It is in accordance with BS EN459-1 that the free MgO content of NHL should
be less than 7%, and, after mixing with SCMs, the content of magnesite in the system will be
further reduced. At the same time, Mg ions will participate in constituting other crystalline
phases and amorphous phases in the system. The content of magnesite in all three types of
NHL prepared in this experiment did not exceed the regulation, and magnesite did not
affect the system significantly in the short term.

From Figure 3, it can be seen that in the undoped sample, the diffraction peaks
of C2S are mainly β phase, and in the B-doped sample there is an obvious crystalline
transformation, and the diffraction peaks of α’-C2S appear obviously at about 2θ = 33◦. In
addition, the diffraction peak at 2θ = 33◦ tends to shift to a higher angle [28], which may be
attributed to the replacement of small radius B ions with large radius Si ions in the doping
process, and thus the size of α’-C2S is reduced [29]. As can be seen from the composition of
the specimens in Figure 3d, the content of C2S increases slightly after the incorporation of
the stabilizer.

When B ions were doped, the C2S crystalline phase in the prepared NHL was α’-phase
with a content of 42.4 wt%, while 6.94 wt% of β-phase C2S was also present in the system,
and when B/Na ions were doped, the content of α’-C2S decreased to 38.56 wt%, whereas
the content of the amorphous phase increased. This phenomenon is in agreement with the
results of Chen, L. et al. [30]. Similarly, Álvarez-Pinazo et al. attributed this mainly to the
presence of excess dopant in the belite as well as cell defects [31]. Additionally, the Na ions
are said to have an antagonistic effect with B ions and stabilize more C2S into β phase.

Table 3. ICCD-PDF and ICSD collection codes for all phases used for Rietveld refinements.

Phase Space Group ICSD Code PDF Code

α’-C2S Pnma 81097 49-1674
β-C2S P121/N1 963 33-0302

Portlandite P-3M1 15471 44-1481
Rutile P42/mnm 9161 21-1276
Calcite P3221 174 78-2315

Periclase Fm-3m 9863 45-0946

In addition to their stabilizing effect on belite, B and Na ions are often used as min-
eralizing agents in the cement industry. Their addition can enhance the burnability of
cement, lower the phase formation temperature of C2S, C3S, etc. [32,33], and improve the
calcination effect. Therefore, after doping with minor ions, the denseness of calcination
products rises and the crystal structure of CaO becomes more stable, which may affect
its reaction with water and thus adversely affect its long-term stability [34]. It is inclined
to be not easily pulverized during the digestion process, which is objectively manifested
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by the rise in particle size of NHL, as shown in Figure 4. So the influence of doping ions
can be concluded as doping B ion is more beneficial to the formation of α’-C2S, while
doping B/Na ions lowered the content of α’-C2S. Mean, while B/Na ion doping shows
more mineralization effect which led to the decrease in the content of portlandite and an
increase in the particle size of the sample.

Figure 3. XRD fitting pattern of (a) NHL, (b) B1.5, and (c) BNa1.5; (d) mineral phase composition of
the sample by Rietveld method.

It can be seen from Figure 5 that the characteristic bands near 842 cm−1, 900 cm−1,
1000 cm−1 in the undoped samples correspond to the stretching vibrations of the Si-O bond
and can be identified as β-C2S [35]. Meanwhile, new bands near 746 cm−1 and 1245 cm−1

can be observed in the doped samples, corresponding to the bending and stretching
vibrations of [BO3]3−. According to the research, the structure of α’-C2S stabilized by B ion
can be defined as Ca2−xBx(SiO4)1−x(BO4)x, where the x is determined by the dosage of B
ions as well as the ion types and quantity of raw material [36].

Figure 4. NHL, FA, and SF particle size distribution.
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Figure 5. FT-IR spectra of laboratory-prepared NHL.

Na+ ion is considered an efficient dopant to stabilize β-C2S. It is generally agreed that
Na+ ion can replace Ca2+ in equivalent molar amounts in C2S crystal [37]. For the samples
with complex doping of B and Na ions, the characteristic spectra are similar to those of
the single doped B ion specimens. Both [BO3]3− as well as [BO4]5− were present in the
specimens. In the calcination process, due to the existence of different types of mineral
phases, such as quartz phase, calcium oxide, calcite, etc., Na and B ions may occur in
different degrees of solid solution with each mineral phase, which leads to the unequal
doping of B and Na for C2S [38].

The results of Rietveld refined cell parameters are shown in Table 4. The variation
of the cell parameters of β-C2S and α’-C2S also shows that the cell volumes of β-C2S
and α’-C2S appear to be reduced to different degrees in the single-doped specimens and
the complex-doped specimens. The cell volume of β-C2S is smaller in the single-doped
specimens than in the complex-doped samples, while the cell volume of α’-C2S is smaller
in the complex-doped samples. This is mainly due to the replacement of the large radius
Si and Ca ions with the smaller radius B and Na ions. The different doping rates of B and
Na atoms in β-C2S and α’-C2S cause different degrees of cell distortion. This result is also
consistent with the FT-IR results.

Table 4. Lattice parameters of β-C2S and α’-C2S modified by the Rietveld method (Å).

Samples
β-C2S α’-C2S

V a b c V a b c

NHL 345.74 5.51 6.76 9.32
B1.5 337.96 5.50 6.64 9.27 345.08 6.84 5.46 9.25

BNa1.5 345.68 5.51 6.75 9.31 344.91 6.85 5.45 9.24

3.2. Hydration Heat

The effect of doping and SCMs on the hydration characteristics of NHL was further
investigated. Meanwhile, 10% and 20% FA and SF were added to the three types of
NHL, respectively. Generally, the hydration process could be divided into four periods:
(I) Initial reaction, (II) Inducing period, (III) Acceleration period, and (IV) Deceleration
period. During the first period of mixed powder contact with water, the Ca(OH)2 and C2S
dissolve and release a lot of heat [39]. Then the C2S reacted with water and generated
C-S-H gel layers which next act as a diffusion barrier coated with unreacted particles
and restricted the hydration and pozzolanic reaction. Similar processes also occurred on
the surface of SCMs particles [40]. Comparing the hydration exothermic curves of three
specimens, NHL, B1.5, and BNa1.5, it is known that doping with B and Na ions significantly
enhanced the hydration exothermic rate of the specimens. As can be seen from Figure 6, the
exothermic rate curve of the blank group showed a continuous decay trend, and there was
no obvious exothermic peak even till 160 h. Compared with the single doped B specimens,
the exothermic peak of the coupled B and Na group appeared later, and its exothermic
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peak appeared at about 120 h, followed by a slow decay, and the continuous exotherm
still appeared at 220 h of hydration. This phenomenon is consistent with the strength
development mode, which further indicates that the single-blended B has higher early
strength, while the coupled B and Na have higher late strength.

Figure 6. (a) Heat release rate curves of the blank group, (b) cumulative heat release of blank
group; (c) heat release rate curves of B doping group; (d) cumulative heat release of B doping group;
(e) the heat release rate curves of B/Na doping group; and (f) the cumulative heat release of B/Na
doping group.

From Figure 6a, it can be seen that an obvious exothermic peak appeared at about 40 h
after the incorporation of SF, and the peak intensity increased with the increase of SF mixing
amount, which is due to the pozzolanic reaction of SF which generates a large amount
of C-(A)-S-H gel and releases a large amount of heat. There is a slight decrease in the
exothermic rate after the incorporation of fly ash, which indicates that FA is less involved
in the early stage of hydration, while the relatively lower NHL content is another reason
for the slower exotherm [41]. A similar phenomenon was also apparent in D. Zhang’s
study [42]. For the B-doped composite modified hydraulic lime, a significant increase in
the hydration rate was observed for both specimens, relative to the blank group. As shown
in Figure 6c, for the SF-doped specimens, an obvious exothermic peak appeared around
40 h, which can be identified as the exothermic peak generated by the pozzolanic reaction
of SF after comparison with the blank group, which also indicates that the exotherm of
pozzolanic reaction dominates the hydration in this stage. Thereafter, the exothermic curve
gradually decreased, and at about 100 h, the curve of the SF-doped group was similar to the
exothermic rate curve of the B1.5 specimen, indicating that the hydration of C2S dominated
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at this stage and lasted until 160 h. In this group, the exothermic rate of the F1B1.5 specimen
with 10% FA incorporation was higher than that of the B1.5 specimen (the exothermic rate
curve became significantly steeper during the acceleration period), which may be attributed
to: (i) The doping ions promoted the pozzolanic reaction of FA. (ii) The incorporation of
FA increases the nucleation sites in the paste, which facilitates the nucleation growth of
C-(A)-S-H gel. (iii) The “dilution effect” increases the contact between C2S and water, so it
can fully engage in the hydration reaction, which also leads to the enhancement of the heat
of hydration [43]. When 20% FA was added, the clinker and calcium hydroxide content
in the system is further reduced, which caused a further decline in the exothermic rate.
The pattern of the coupled B and Na doping group is similar to that of B doping single.
In this group, the exothermic peak of SF-doped specimens appeared later at about 80 h.
In general, SF promotes the early exotherm of the specimens due to the high pozzolanic
activity, while the relatively early low pozzolanic activity of FA declined the hydration rate
of the specimens. This is in agreement with the early mechanical strength.

3.3. Mechanical Properties

The pozzolanic reaction consumes a large amount of Ca(OH)2 in the system, and
the resulting C-(A)-S-H gel is similar to the hydration products of C2S. The decrease in
alkalinity reduces the hydration rate of C2S, but the C-(A)-S-H gel induces the hydration
reaction of C2S in the long age, and the Ca(OH)2 produced by the hydration reaction of C2S
also promotes the secondary pozzolanic reaction of SCMs, so the incorporation of SCMs
delays the hydration reaction of C2S in the early age, but promotes C2S reaction from two
aspects in the long age.

It is noticeable that the doping significantly increased the compressive strength of the
specimens. At the early stage of curing, the compressive strength of the B-doped specimens
was higher, reaching 18 MPa at 21 d, which was 5 MPa higher than that of the coupled
B/Na-doped specimens and much higher than that of the undoped specimens, which was
1.6 MPa. After 21 d, the strength growth of the B-doped specimens slowed down, while the
strength of the coupled specimens accelerated, reaching 22.1 MPa at 60 d. The above results
indicated that the B-doped specimens were more favorable to the early strength of the
specimens, while the coupled B/Na was more favorable to the later strength of the NHL.

For the blank group experiments, the incorporation of SF significantly enhanced the
early strength of NHL, as shown in Figure 7. In the high alkalinity environment, amorphous
SiO2 with high activity within SF can react with Ca(OH)2 more quickly to form C-(A)-S-H
gel; thus, the early strength of the mortar developed better. The strength of the specimen
with 20% silica fume reached 14.8 MPa at 28 d. However, at the late stage of curing, the
strength of the specimen showed significant inversion shrinkage and severe cracking at 60 d,
making its strength untestable. This could be attributed to the quick early hydration of the
specimen. During the hydration process, the free water in the pore decreases continuously
with the reaction and produces partial minor shrinkage, while the hydration products bond
the unhydrated particles into a shelf structure, and refill the cracks and pore structure,
forming a relatively stable structure to resist part of the shrinkage stress [44]. Meanwhile,
the curing condition is also one of the reasons for cracking. Some researchers use water
curing or steam curing to reduce the water loss rate of cementitious materials, thus reducing
the loss of structural water. At the same time, in the environment with high humidity,
a small amount of calcium hydroxide will also dissolve in water and repair the possible
micro cracks. The C-S-H gel is more evenly dispersed. This curing method is often used for
the cementitious materials with high hydration speed to avoid cracks [45].
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Figure 7. (a) Blank group, (b) B doping group, (c) B/Na doping group compressive strength, and
(d) surface crack of the samples.

Due to the low early strength of NHL, it is not sufficient to resist the stresses due to
shrinkage, thus producing cracks on the surface of the specimens, as shown in Figure 7d.
The early strength of the FA-doped specimens in the blank group was lower compared to
that of the specimens in the SF-doped group. The low early activity of FA is mainly related
to its structure, which is a spherical particle covered with a glass layer that hinders the
dissolution of the internal Si and Al phases. However, its strength is still slightly higher
than that of the specimens without FA, which is mainly due to the interfiling of FA and lime
particles, making the accumulation denser. In fact, at the initial stage, in addition to the
degree of hydration, the filling effect and the surface properties of the particles also affect
the strength of the specimens. The strength of the FA incorporated specimens continued
to increase in the later stages of curing, as shown in Figure 7a. This is mainly due to the
pozzolanic effect of FA of enhancing the strength of the specimens at the later stage [46].
In addition, the specimens in the FA dosed group were more structurally intact and did
not show obvious cracks. On the one hand, the specimens in the early FA dosed group
hydrated more slowly, thus the self-shrinkage was weaker and the shrinkage stress was
low; on the other hand, the filling of FA between the particles optimized the structure of
the specimens. In general, the SF-dosed specimens possessed higher early strength, but the
mechanical properties deteriorated later due to self-shrinkage; the FA-dosed specimens
had lower early strength but avoided microcracks in the specimens, and the pozzolanic
effect of FA enhanced the mechanical properties of the specimens later. FA is considered to
help reduce the cracking of cementitious materials.

After the doping of NHL, its composite modification with FA and SF resulted in some
new effects on the specimens. First, for the specimens in the single B-doped group, the
composite modification further improved the early mechanical properties of the specimens.
The strengths of the specimens incorporated with 10% and 20% SF reached 32.9 MPa and
26.1 MPa at 28 d. The strengths of the specimens incorporated with 10% and 20% FA were
22.9 MPa and 23.2 MPa at 28 d, which were much higher than those of the blank group.

Two main types of hydration processes exist in this experiment. On the one hand, there is
more α’-C2S in the doped specimens, and its faster hydration rate at the early stage produces
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part of the C-(A)-S-H gel; on the other hand, the dissolution and polymerization process of
Si and Al phases in FA generates another part of C-(A)-S-H. These two processes together
determine the strength of the composite modified specimens, as Equations (2a–c) show.

α’-2CaO·SiO2 + nH2O → mCaO·SiO2·kH2O + (2 − m)Ca(OH)2 (2a)

xCa(OH)2 + SiO2 + nH2O → mCaO·SiO2·(x + n)H2O (2b)

xCa(OH)2 + Al2O3 + nH2O → mCaO·Al2O3·(x + n)H2O (2c)

These two hydration processes are not completely independent. In some previous
studies, there are two main explanations for the interaction between the two processes.
One explanation suggests that the promotion of alkalinity has a facilitated effect on the
activity of fly ash [47]. The hydration process of the paste is accompanied by an increase in
pH, and the increase in pH accelerates the erosion of the SCMs, thus more Si and Al phases
are dissolved, which enhances the pozzolanic reaction. Another explanation is that the
presence of SCMs has a facilitated effect on the hydration of C2S [48]. A.M. Sharar et al. [49].
suggested that Ca(OH)2 covers the surface of C2S during hydration, which has a hindering
effect on hydration. In contrast, the pozzolanic reaction consumes Ca(OH)2, thus increasing
the hydration activity of C2S. It should be noted that both promotion mechanisms may
exist simultaneously in the hydration process.

Finally, for the B-doped activation group, although some inversion of strength still
occurred in the SF-doped specimens at the late stage of hydration, the inversion was
improved relative to the blank group specimens, as can also be seen in Figure 7d, where
the cracks on the surface of the S2B1.5 specimens were significantly reduced.

In general, SF with high volcanic ash activity can significantly promote the early
hydration of NHL, while the effect of FA is not obvious at the early age and even reduces
the early strength of NHL at 20% more incorporation. However, the effect of FA on the
doped sample can significantly enhance the early performance of the matrix, owing to the
interaction of the two hydration mechanisms. In addition, doping can avoid the inversion
shrinkage problem caused by SF to some extent, which has a more positive effect on the
mechanical properties of the binder.

3.4. Phase Analysis of Binders

As can be seen in Figure 8a, no significant change in the characteristic peak of β-C2S
in the undoped NHL was observed due to the low early hydration activity of β-C2S, and
similar results were observed after the incorporation of FA. After the incorporation of SF,
the characteristic peak of Ca(OH)2 showed a significant decrease due to the high early
pozzolanic activity and the characteristic peak of C-S-H gel was observed at 28 d, while the
characteristic peak of β-C2S did not show significant changes.

For the specimens doped by single B, the characteristic peaks of Ca(OH)2 in the
non-SCMs-dosed and FA-dosed specimens increased with the curing time, while the
characteristic peaks of α’-C2S showed an obvious decline, and by 28 d the characteristic
peaks of α’-C2S showed an extremely weak “shoulder peak”, as shown in Figure 8b. This
indicates a faster hydration rate of α’-C2S in ion-doped binder. It should be noted that the
growth of Ca(OH)2 can reflect the degree of hydration of the matrix to some extent, which is
applicable to both cement and NHL systems, as demonstrated in many studies [50,51]. The
FA-dosed specimen (F2B1.5) showed a more significant increase in Ca(OH)2 characteristic
peak intensity in 28 d compared with the un-doped specimen (B1.5), and this phenomenon
supports the conclusion that FA has a facilitating effect on α’-C2S hydration. The Ca(OH)2
peak and α’-C2S peak of SF-dosed specimens both weakened along the curing time, which
proved that the pozzolanic effect had a greater influence on the hydration of the SF dosed
specimens. The experimental phenomenon of the coupled B/Na doped group was similar
to that of the single B doped group.
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Figure 8. XRD of each sample curing for 7 d and 28 d: (a) blank series; (b) B-doped blank series;
(c) B/Na-doped blank series.

3.5. TG Analysis

To further study the variation of the internal composition of the specimens with the
degree of hydration, the variation law of chemically bound water and Ca(OH)2 in the
specimens at different ages was analyzed by TG. As can be seen from Figures 9 and 10
the weight loss of the specimen can be divided into four stages: −30–105 ◦C, 105–400 ◦C,
400–500 ◦C, and 500–800 ◦C. Where the weight loss below 105 ◦C is the evaporation of
free water, 105–400 ◦C can be identified as C-(A)-S-H gel to remove chemically bound
water, 400–500 ◦C is the dehydration of Ca(OH)2, and 500–800 ◦C is the decomposition of
CaCO3 [52,53].

Figure 9. TG curves of the samples curing (a) 7 d; (b) 28 d.

The bound water content of all specimens increased with the extension of the curing
time, and the bound water content of the doped specimens was higher than that of the
blank group. At 7 d, the bound water content of single-doped B > coupled B/Na > blank
group, while the strength of coupled B/Na was slightly higher than that of single-blended
B at 28 d. This is consistent with the result that single-doped B specimens have higher early
strength and coupled B/Na has higher late strength. This is consistent with the result that
single-doped B has higher early strength and coupled B/Na has higher late strength. In
the composite modified NHL coupled with SCMs, the binding water was partly derived
from the hydration of C2S and partly from the pozzolanic reaction, and the FA, due to its
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low activity and the substitution of clinker, led to a decrease in the binding water content
after the FA incorporation, but in the doped group, the binding water of the FA specimens
was significantly increased compared to the blank group, which again indicated that the
doping had a facilitating effect on the pozzolanic activity. The higher pozzolanic activity of
SF significantly enhanced the bound water in the specimens.

Figure 10. (a) Chemically bound water content of the samples at 7 d and 28 d; (b) total Ca(OH)2

content in samples at 7 d and 28 d.

The variation of Ca(OH)2 content then verifies the combined interaction of the two hy-
dration mechanisms for the composite modified materials. For the doping samples only,
the Ca(OH)2 content increases with age, which corresponds to the hydration of C2S, which
reacts with water to produce Ca(OH)2 in addition to the C-(A)-S-H gel. In contrast, for
the composite modified system, the variation of Ca(OH)2 content is the result of the com-
petition between the two hydration mechanisms. For all SF-dosed samples, the Ca(OH)2
content showed a decreasing trend with time, in which the Ca(OH)2 content at 28 d: blank
group < coupled B/Na doped < single-B doped group, which is due to the fact that the
activated SiO2 and Al2O3 would react with Ca(OH)2 to form C-(A)-S-H gel. As for the
doped specimens, the faster hydration of α’-C2S to produce Ca(OH)2 delayed the decrease
of total Ca(OH)2. The decrease in overall Ca(OH)2 content then indicates that the strength
of the pozzolanic reaction in the SF-doped composite modified NHL is greater than the
hydration of C2S. The Ca(OH)2 content of FA-dosed composite modified NHL, on the
other hand, increases slightly with the curing time, indicating that the hydration of C2S is
stronger than the pozzolanic reaction during its hydration.

3.6. Microstructure

The microscopic morphology of 28 d specimens was analyzed by SEM as shown in
Figure 11.

For the blank specimens without the addition of SCMs, the surface is dominated by
a flocculent gel that grows on the surface of the particles. This flocculent gel structure is
relatively loose, as shown in Figure 11a, and this type of gel is mainly generated at the
early stage of hydration of C2S. After ion doping, due to the higher degree of hydration,
C-(A)-S-H grows and covers the surface of C2S particles, forming more widely distributed
and dense gel, which is mainly needle-like with a mutual interweaving condition. The gel
forms a “bridge” structure that connects particles to particles and supports the specimen,
as shown in Figure 11b. For the specimens mixed with FA, two different types of gel were
found. The surface of the FA particles is covered with a dense structured bulk gel, as shown
in Figure 11c. Similar gel was found in Pengkun Hou’s study on FA-Cement as a result of the
pozzolanic reaction of FA [54]. The outside of this gel layer is covered with needle-like gel,
which is generated due to the hydration of C2S. For the SF-dosed specimens, the percentage
of gel generated by the pozzolanic reaction is higher due to the higher pozzolanic activity of
SF, as seen in Figure 11d, where the generated gel mainly appears plate-like. Furthermore,
some petal-like gel was also found, and this gel was found to be similarly shaped in the
morphological study by Xu, S. et al. [55] on the hydration products of NHL, which were
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mainly generated by the hydration of C2S, and the morphology of the gel was related to
the water-ash ratio and the degree of hydration.

Figure 11. Micromorphology of samples at 28 d: (a) NHL, (b) B1.5, (c) F1B1.5, and (d) S2B1.5.

3.7. Pore Structure

The change of porosity of the specimen also reflects the different hydration degrees,
and the pore size distribution of a typical specimens cured for 28 d is shown in Figure 12.

Figure 12. Pore structure distribution of typical samples cured for 28 d: (a) doped samples; (b) sam-
ples mixed with FA or SF.

The measured pores can be classified into four types according to their pore size:
gel micropores (<4.5 nm); mesopores (4.5–50 nm); medium capillaries (50–100 nm); and
large capillaries (>100 nm) [56]. From Figure 12a, it can be seen that the pore size of the
blank NHL specimen is dominated by large capillary pores of about 700 nm, and the
distribution of small pore size increases after doping, which shows that the number of large
capillary pores larger than 100 nm decreases, while the number of medium-sized capillary
pores within 0.01–0.1 μm increases, which indicates the increase of the dense degree of
the doping matrix structure. The degree of denseness of the specimens can be judged
according to the distribution of pore size: BNa1.5 > B1.5 > NHL, which is consistent with
the law of compressive strength. After the addition of SCMs, there is a further reduction
in the porosity of the matrix, as shown in Figure 12b. After the incorporation of FA, the
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number of large capillary pores was reduced due to secondary hydration and filling, while
the number of mesopores around 10 nm was increased. While the samples doped with SF
showed a significant decrease in the large capillary pore size, mainly concentrated around
280 nm, the content of gel micropores and mesopores increased significantly, indicating
that the structural denseness was significantly improved.

4. Conclusions

The effects of ion doping and SCMs on the mechanical strength of NHL were mainly
investigated. The hydration rate, mineral phase evolution pattern, and microstructure of
the material under the composite action were also investigated. On this basis, the hydration
mechanism under the composite action was elaborated. The conclusions were obtained
as follows:

Both single-doped B and couple-doped B/Na can stabilize α’-C2S, the stabilization
effect of single-doped B on α’-C2S is higher than that of couple-doped B/Na, and doping
causes a decrease in the volume of α’-C2S crystals. In addition, ion doping leads to the
decrease of Ca(OH)2 content in clinker and the increase of the amorphous phase, where the
effect of complex B/Na doping is higher than that of single B doping.

Doping and the incorporation of FA and SF are able to enhance the mechanical strength
of the specimens. The mechanical properties were further improved under the coupling
effect. As far as doping is concerned, B doping is beneficial to the early strength of the
specimens, and couple-B/Na doping is beneficial to the later strength of the specimens.
After incorporation of SF, the high pozzolanic activity of SF significantly improved the
early strength of the specimens, but the effect on undoped activated specimens leads to
late cracking of the specimens and deterioration of the late strength. Doping can improve
the degree of late cracking of the specimens. FA can effectively improve the late strength
of the specimens, while for the doping group, FA incorporation specimens exhibit higher
strength at an earlier period.

The composite modified lime strength is mainly related to the pozzolanic effect and
α’-C2S hydration. Doping significantly enhanced the hydration rate of the binder, with the
single doped B group showing higher early hydration activity and the later hydration of the
coupled B/Na, which was mainly dependent on the hydration of α’-C2S in the specimens.
The pozzolanic effect of SF is higher than the hydration of α’-C2S in the couple-doped
modification, while the pozzolanic reaction degree of FA is lower than the hydration of
α’-C2S. The hydration of the matrix can be further promoted by the synergistic effect. Under
the synergistic hydration, the gel in the material coexisted with the pozzolanic-generated
gel and the C2S-generated gel, and the gel generated by the pozzolanic effect is denser in
structure, which reduces the porosity of the material.
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Abstract: Red mud is a kind of solid waste produced in the process of aluminum extraction. Tra-
ditional methods of red mud treatment, such as open-pit accumulation and chemical recovery, are
costly and environmentally hazardous. Gold tailings are industrial by-products produced in the
process of gold mining and refining. In this study, NaOH, KOH, and Na2SiO3 were used as activators,
and their effects on the properties of ternary cementitious composite containing blast furnace’s slag,
gold tailings, and red mud were studied with the intention of preparing a new cementitious material
that is an efficient recovery and utilization of solid waste. The macroscopic mechanical properties and
hydration of the ternary cementation material were studied by means of compressive strength, XRD,
FT-IR, and TG/DTG. The compressive strength testing showed that the maximum strength at 28 d
was 43.5 MPa. The hydration products in the ternary cementitious system were studied by SEM and
EDS, and it has been demonstrated that the strength of this cement was due to the formation of Aft
(AFt, also known as Ettringite, has the chemical formula 3CaO·Al2O3·3CaSO4·32H2O. It is one of the
important hydration products of cement-based cementitious materials, which can not only provide
early strength for cement, but also compensate for early shrinkage of concrete.) and C-A-S-H gels.
Samples activated by Na2SiO3 presented a most compact microstructure and the best macroscopic
mechanical properties than the samples free of activator. The toxicity tests results showed that
the content of heavy metal ions liberated by the cement’s leaching met the standard requirements,
proving that the slag-gold tailings-red mud ternary composite was environmentally friendly.

Keywords: red mud; gold tailings; geopolymer; solid waste utilization; cementitious materials

1. Introduction

In 2020, about 3.787 billion tons of bulk solid waste were produced in China, of which
about 3.1 billion tons were hazardous, with a utilization rate estimated at only 48.67% [1].
Improving the comprehensive utilization level of hazardous solid waste is of great signifi-
cance to the construction of waste free city and the recycling of renewable resources.

Red mud (RM) is one of the main solid wastes generated by the process of aluminum
extraction from bauxite [1]. Producing 1 ton of alumina produces about 1 to 1.5 tons of red
mud, and about 250 million tons of red mud are produced every year worldwide [2]. In
2020, China produced 106 million tons of red mud with the comprehensive utilization rate
of only 7.05% [3], that is, a value far below far below the world averaged value. Indeed,
90% of the red muds produced by the global electrolytic aluminum industry is Bayer red
mud [4]. This mud presents higher basicity and heavy metal content, limiting its utilization
rate as resource [5]. Therefore, green development and utilization of red mud is urgent
for minimizing the pollution of soil and groundwater. The authors of [6,7] investigated
the effect of red mud as a mineral additive to substitute cement in the construction of
concrete, that is, on its performance and application in regular manufacturing. Indeed,
when the amount of red mud is 10 percent by weight, the mechanical properties of concrete
are unaffected. The addition of red mud can increase the sulfate resistance of concrete.
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The authors of [8] investigated the impact of red mud on the working and mechanical
properties of concrete and observed that the addition of red mud had no effect on the
hydration process. The mechanical strength, however, declines as the red mud component
approaches 20% by weight. Similar results were reported by [9,10], respectively.

In the process of gold production and processing, considerable industrial by-products
called gold tailings (GT) are produced [11]. China produced 188 million tons of gold tailings
in 2020, with a comprehensive utilization rate of less than 20 percent. The main reason
behind is that gold tailings after cyanidation still contain harmful substances, such as
cyanide and heavy metal ions of Cd, Ni, Zn, and Pb [12,13]. Open-pit accumulation causes
harmful substances release from gold tailings to the soil and change soil composition, thus
damaging the environment for plant growth [14]. Therefore, a new means of disposing of
gold tailings must be identified. The authors of [15] examined the effect of gold tailings
substituting ordinary Portland cement (OPC), and discovered that the GT-OPC mixture
met the minimum compressive strength standards for road construction. The author
of [16]. studied the effect of gold tailings mixed into sulfoaluminate cement on mechanical
characteristics and hydration effect. They noticed that such cement possessed superior
mechanical qualities and excellent sulfate curing capacity.

In previous studies, red mud and gold tailings were traditionally added directly to
cement to replace a portion of cement [17]. Although this seemed a best choice for waste
solid disposal, Portland cement production was often accompanied by great carbon dioxide
emissions, high energy consumption with high pollution, and waste [18]. Therefore,
alternative materials with good mechanical properties that can be produced at room
temperature, and without the release of secondary harmful substances, it becomes more
and more attractive [19,20]. Using geopolymer materials as a substitute for traditional
building materials stands for best alternative. Red mud, gold tailings, and slag with high
aluminum silicate content are good raw materials for the preparation of geological polymer,
that can be used, after activation, to replace traditional Portland cement concrete [21].
This not only reduces the exploitation of natural minerals but also achieves a “carbon
neutral” goal [22]. Byproducts from the production of blast furnace iron are utilized to
make cementitious materials because they are of high pozzolanic activity. Geopolymers
can be also made from slag, and are viewed as an excellent secondary raw material [23,24].

Few studies have been done on how to prepare geopolymers using solid waste-made
cementing materials composed of red mud, gold tailings, and mineral powder. Most
of the research focuses on using alkali activated tailings as filling materials [16,25–27].
Furthermore, in most studies, only specific solid waste is used to develop geopolymers so
that the combined use of red mud and gold tailings to produce alkali-activated cementing
materials has not yet been reported [28]. This research investigates effects from NaOH,
KOH, and Na2SiO3 (modulus = 1) as activators on the mechanics and hydration products,
and evaluates microstructure of the ternary composite system, that is, slag-gold tailing-red
mud made cementitious material (SGRCM). This material can not only help minimize
environmental pollution from red mud and gold tailings, but also reduce the construction
cost. Given that red mud, one of the raw materials, has a huge similarity to that of a sintered
red brick, it may be used as a pigment to obtain red-colored mud bricks, colored pavements,
colored concretes, and other decorative products. The prepared products do not need
pigments or secondary coloring, directly in line with the requirements of architectural
aesthetics. From a global perspective, the development of SGRCM will favor an efficient
utilization of solid waste and reducing the dependence of the construction industry on
traditional Portland cement.

2. Materials and Methods

2.1. Materials and Reagents

The red mud used to prepare SGRCM was provided by an aluminum plant in Shan-
dong Province, China. Slag was supplied from a steel mill in Beijing, China. Gold tailings
were sourced from a gold mining company in Yantai, China. Building plaster (BP) was
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purchased from the market. The reagents used in this test were: 99.9% purity sodium
hydroxide, potassium hydroxide, and fine granular sodium silicate (modulus = 1). The
main chemical elements of red mud, slag, and gold tailings were determined by X-ray fluo-
rescence spectrometer (XRF), with the results shown in Table 1. Correspondingly, Table 1
also gives the loss on ignition (L.O.I.) of the raw materials. The total alkali content in the
raw materials is also counted in Table 1. To more intuitively reflect the alkali concentration
of the raw material, the size of the alkali concentration in the raw material is expressed
by the pH value. The instrument for testing PH is PE20K laboratory PH machine, and the
results are also shown at the end of Table 1. The particle size distributions of red mud, gold
tailings, and slag were measured by a MS2000 laser particle size analyzer (see Figure 1) as
shown in Figure 1. The size distribution of red mud was significantly smaller than that
of slag and gold tailings. The radioactivity of red mud and gold tailings was determined
using internal exposure index (the ratio of the specific activity of radionuclide radium-226
in the material to the limit specified in the standard) and external exposure index (the sum
of the ratio of the specific activity of radionuclide radium-226, thorium 232, and potassium
40 in the material to the limit specified in the standard). The obtained results are shown
in Table 2. XRD patterns of red mud, gold tailings, and slag are shown in Figure 2. XRD
Quartz and feldspar ate the main mineral components of gold tailings while the red mud
contains a hematite and amorphous silicoaluminate phase. As for the slag, it is mainly
composed of amorphous glass phase.

Table 1. Raw materials chemical composition, loss on ignition (wt.%), and PH.

Material SiO2 Fe2O3 Al2O3 CaO Na2O TiO2 K2O SO3 MgO Others
Total

Alkalinity
L.O.I. PH

Red mud 22.91 22.13 18.15 3.64 9.39 3.50 0.96 0.84 0.83 0.68 7.73 5.12 10.55
Slag 28.02 0.78 16.42 37.37 - 2.51 0.50 1.80 10.04 3.76 - 0.09 10.82

Gold tailings 61.44 2.44 18.33 2.47 2.85 0.25 5.31 1.31 0.85 0.56 5.84 3.58 8.97

2.2. Test Contents and Methods
2.2.1. Sample Preparation

The cementitious material (SGRCM) is composed of red mud (10%), gold tailings
(40%), slag (45%), and construction gypsum (5%). The effects of activators on the properties
of the SGRCM were studied based on the mixture ratio. The amount of the added activator
was set at 2 wt.%. The Chinese national standard GB/T 17671-2021 is referred to as the
preparation of paste samples. The specific method is to mix the solid powder and the
alkali solution mixed with different activators, pour it into a planetary mixer, and stir
for 5 min. Subsequently, the slurry was uniformly cast in a steel mold with dimensions
of 40 mm × 40 mm × 160 mm, cured at a temperature of 20 ± 1 ◦C, and had a relative
humidity of 90%. The sample prepared without the activator was named SGRCM0, whereas
those containing NaOH, KOH, and Na2SiO3 as activators were named SGRCM1, SGRCM2,
and SGRCM3, respectively (see Table 3). The water-binder ratio used during the experiment
(at room temperature) was set at 0.5.

2.2.2. Strength Test

Standard mortar samples with size of 40 × 40 × 160 mm were prepared according
to GB/T17671-2021. The samples were cured for 3, 7, and 28 days at humidity ≥95% and
temperature 20 ± 1 °C, respectively. When reaching the age, the whY-3000 pressure tester is
used to test the bending strength and compressive strength of the sample. At the same time,
there was a batch of 20 mm × 20 mm × 20 mm neat cement blocks, which were maintained
under the same environment. The samples were taken out at 3, 7, and 28 days, respectively,
and the hydration was terminated with isopropyl alcohol for microscopic analysis.
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Figure 1. Particle diameter distribution of (a) red mud, (b) slag, and (c) gold tailings.

Table 2. Raw materials radioactivity.

Material Internal Exposure Index External Exposure Index

Red mud 1.83 1.78
Waste gold tailing 0.15 0.67

2.2.3. XRD Analysis

The samples were analyzed using an X-ray diffrotometer (Rigaku Corporation, Ultima
IV, Tokyo, Japan), X-ray tube type: Cu target (maximum output power: 2 kW), and scanning
method: THERA/2THERA Goniometer, with the samples being stationary.

2.2.4. Infrared Spectral Analysis

1 mg sample was mixed with spectrographic-graded KBr (100 mg) and homogeneously
grinded. An infrared spectrometer model, iS10 (NICOLET), was used, in spectral range of
7800–350 cm−1, with linear accuracy better than 0.1%.

2.2.5. Thermogravimetric Analysis

The instrument used for thermogravimetric (TG) analysis was SDT Q600 with a tem-
perature range of 30 to 1000 °C and a heating rate of 20 °C/min in a nitrogen environment.
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Figure 2. X-ray diffraction spectra of waste gold tailing, red mud, and slag.

Table 3. Mixing proportion of samples, wt.%.

Samples NaOH KOH Na2SiO3
Building
Plaster

Slag GT RM

SGRCM0 - - -

5 45 40 10
5

SGRCM1 2 - -
SGRCM2 - 2 -
SGRCM3 - - 2

2.2.6. Microscopic Morphology Analysis

The microscopic morphology analysis of SGRCM was taken by s-3400 N electron
microscope (manufacturer: Hitachi, Marunouchi, Japan) at 20 kV. The interfaces of the
different samples are knocked out, the samples are fixed to the SEM sample holder with
conductive tape, and they are then sprayed with a thin layer of gold to improve electri-
cal conductivity.

2.2.7. Leachability Test

Due to the complexity of the raw materials used to prepare SGRCM, it is necessary
to evaluate the environmental impact of SGRCM. In this study, the leaching toxicity of
SGRCM using different activators was conducted according to HJ/T299, 2007 standard
method. The 10 g sample was crushed into particles with a diameter of smaller than 9.5 mm
and mixed with 100 mL sulfuric acid/nitric acid (mass ratio M (H2SO4): M (HNO3) was
2:1), with the pH set at 3.20 ± 0.05. After the sample was mixed with the leaching solution,
the bottle was enclosed and fixed on the rotating oscillation device, with the speed adjusted
to 30 ± 2 r/min, and the oscillation achieved at 23 ± 2 ◦C for 18 ± 2 h. The filter membrane
was installed on the pressure filter, rinsed with dilute nitric acid, and the leaching solution
was filtered with the filtrate collected by the inductively coupled plasma mass spectrometer
(Model NexION 300X) in view chemical analysis.
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3. Results and Discussion

3.1. Compressive Strength Analysis

The flexural strength and compressive strength of SGRCM prepared without activator
(controlled samples) and samples containing 2 wt.% NaOH, KOH and Na2SiO3 have been
measured according to the specification GB/T17671-2021 as shown by the results depicted
in Figure 3. The addition of NaOH and KOH decreased the samples strength compared to
that of the control sample. This is due to the fact that the red mud, gold tailings, and slag
are alkaline materials, so they had brought too much OH− chemical species. This resulted
in increased internal alkalinity and in a speeded precipitation of hydration products on
the surface of glassy particles inhibiting their hydration reaction. The addition of Na2SiO3
did not contribute to sample early strength and after 7 d, the compressive strength was
improved with the increase of curing time. At 7 d, the compressive strength was 30.41%
higher than the value given the control sample and has reached 34.43 MPa. This revealed
that the sample activated using Na2SiO3 displayed a better mechanical performance when
compared to other samples. Moreover, Na2SiO3 itself has adhesive properties capable of
improving the strength of the sample at an early stage.

 
Figure 3. Effects of different activators on flexural strength (a) and compressive strength (b).

3.2. XRD Analysis

To determine the mineral phase’ s composition of hydration products, XRD analysis
was performed on SGRCM blocks prepared with different activators, and were analyzed
by XRD after different curing ages (3, 7, 28 d), as shown in Figure 4. Figure 4A presents the
X-ray diffraction patterns of SGRCM prepared without the activator after 3, 7, and 28 days.
As for Figure 4B–D show the XRD patterns of SGRCM activated by NaOH, KOH, and
Na2SiO3 (modulus = 1). Figure 4A–D reveals that after 28 d, ettringite (AFt), mullite, and
anorthite (2CaO·Al2O3·SiO2) are the primary hydration products [29]. Ettringite consists of
crystallized hydrated calcium sulfoaluminate produced by the hydration reaction involving
calcium aluminates and sulfate ion. This indicates that the hydration products formed
by the active aluminates in the raw materials were the main source of strength shown
by SGRCM.

Residual quartz was also found in the raw material. It may cause micro aggregate
reaction, that is, a positive effect on improving strength. In addition, the diffraction peaks
of ettringite and mullite were seen at 3 d in samples prepared without an activator, but
those peaks are much weaker in samples prepared with NaOH and KOH as activator. This
indicates that the addition of NaOH and KOH has inhibited the formation of ettringite. The
alkalinity provided by red mud, gold tailings, and ore powder (red mud pH = 10.55, gold
tailings pH = 8.79, slag pH = 10.82) was sufficient for converting glassy phases in ore powder
into C-A-S-H. However, after the addition of alkali, pH was so high that the C-A-S-H gels
generated quickly precipitated on the glass phase surface [30,31]. Consequently, the glass
phase failed to contact the alkali solution, so the hydration reaction is inhibited [32,33].
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On the contrary, the addition of Na2SiO3 resulted in a slight pH change, therefore the
introduced silicon promoted the hydration reaction [34].

 

 

Figure 4. XRD spectrum of the SGRCM cured for 3 d/7 d/28 d with different activators. (A) shows
the XRD plots of SGRCM at 3, 7, and 28 d without the addition of an activator. (B–D) are the XRD
plots at 3, 7, and 28 d when NaOH, KOH, and Na2SiO3 were added as the activator.

3.3. FT-IR Spectroscopy Analysis

Figure 5 depicts the FT-IR spectra of SGRCM at 3 d and 28 d. It can be seen that the
FT-IR spectra of samples prepared with or without activators look basically the same. The
absorption peak seen at 3430 cm−1 stands for asymmetric stretching vibration of hydroxyl
(X-OH) [35]. As for the absorption peak seen at 1630 cm−1, it is associated with the bending
vibration of H-O-H in C-A-S-H [27]. Under the combined activation of red mud, gold
tailings and gypsum, SGRCM produced numerous hydrates (products containing water).
In Figure 4, there is a weak absorption peak at 3150 cm−1, which is caused by the stretching
vibration of OH−. The strong absorption peak at 1090 cm−1 is caused by the asymmetric
stretching vibration of SO4

2− in AFt. This reveals that ettringite can be generated in both the
early stage and the late stage regardless of the activator used. It is clear that the ettringite
crystals are involved in the early strength of SGRCM. The results are consistent with those
from XRD and SEM analyses. In addition, the absorption peak at 1440 cm−1 is caused by
CO3

2− antisymmetric stretching vibration due to carbonization of samples exposed to air.
There are also two absorption peaks between 400 cm−1 and 1000 cm−1, associated to the
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tensile and angular bending vibration of Si-O-Al and Si-O-Si bonds [36]. This indicates
the presence of silicaluminate groups in the geopolymer structure, similar to the hydrated
calcium silicaluminate (C-A-S-H) formed during cement hydration. The FTIR spectra of
different SGRCM activated using different activators did not show any obvious difference.
This reveals the fact that different activators do not reduce the formation of aluminosilicate
gel, but only change the intensity of the band associated with the Si and Al bonds.

 
Figure 5. Geopolymer patterns produced by FTIR.

3.4. Thermogravimetric Analysis

The thermogravimetric and differential heat curves of SGRCM hardened slurry at 1 d
and 28 d are shown in Figure 6. As can be seen from the figure, there are three weight
loss intervals for all samples, and 28 d samples have greater weight loss in each interval
than the 1 d samples. The first weight loss interval was 50–250 ◦C, with two endothermal
peaks at 100 ◦C and 150 ◦C on the DTG curve, respectively. The peak at 100 ◦C was caused
by the loss of crystallization water from hydration product AFt and the loss of interlayer
water of C-A-S-H gel [11]. The peak at 150 ◦C has probably been caused by the dehydration
of gypsum into hemihydrate gypsum. By comparing the DTG curves at 28 d and 3 d, it
can be seen that the two peaks at 100 ◦C and 150 ◦C at 3 d emerge as the ones seen at
about 100 ◦C after 28 d. The peak become wider and sharper obviously. given that the
content of C-A-S-H gel and AFt has increased with the extension of curing age [37]. After
28 d, the peak at 150 °C disappeared, showing that gypsum was gradually and completely
consumed with the increase of hydration age. The peak at 450 °C in the DTG curves of
samples cured for 1 d and 28 d demonstrates the presence of Ca (OH)2. of which the peak
weakened after 28 d due to the continuous consumption of Ca (OH)2 by the pozzolanic
reactions. For samples cured for 3 d and 28 d, a peak was also seen at 600–800 ◦C are also
found. This peak stands for the CaCO3 produced through carbonation of Ca (OH)2 in the
presence of CO2 contained in air. The above reveals that SGRCM has directly captured
some carbon dioxide when exposed to air.

Figure 6c is the TG curve of SGRCM after 28 d hydration. As can be seen, after 28 d,
the weight loss of SGRCM3 during the whole heating regime is the highest, indicating that
more hydration products are formed in SGRCM3 compared with other groups. Figure 6d
is the DTG curve of SGRCM after 28 d hydration. As can be seen, the endothermic peak of
SGRCM3 at 100 °C is widest and sharpest. This suggests considering that SGRCM3 was the
highest content of C-A-S-H and AFt under the activation of Na2SiO3, and correspondingly,
the least Ca (OH)2 was dehydrated at 450 °C. The obtained results thus indicate that in
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the pozzolanic reaction activated by Na2SiO3, more Ca(OH)2 crystals were converted to
C-A-S-H gels [38,39]. Combined with results from microscopic analysis, one can see that
C-A-S-H gel in SGRCM3 has filled the voids between AFt crystals, resulting in improved
macroscopic mechanical properties shown by SGRCM3.

  

 
 

Figure 6. TGA/DTG curves of SGRCM under different activators for (a,b)1 d (c,d) 28 d.

3.5. SEM and EDS Analysis

Figures 7 and 8 depict the microscopic morphology of the hydration products of
SGRCM0, SGRCM1, and SGRCM3 paste samples after 1 d and 28 d of curing. The amor-
phous network of the SGRCM0 paste sample was identified as a C-A-S-H gel using EDS
analysis (Figure 7 region A). This network connected irregular hydration products of dif-
fering sizes in a loose manner [40]. Even though some unreacted particles were identified
in local regions, the C-A-S-H gel covers the surface of these particles and fills the pores
between particles of varying sizes forming a network structure that enhanced compressive
strength. Needle-rod ettringite was detected in the C-A-S-H gel of the Na2SiO3-activated
SGRCM3 sample.

The elemental composition of hydration products was determined using energy dis-
persive X-ray diffraction (EDS) analysis (Figure 7, areas A, B, and C). A single day of
hydration leads to the formation of amorphous C-A-S-H gel in SGRCM0, SGRCM1, and
SGRCM3 samples, analyzed by EDS. As the hydration process advanced, the Al3+, K+, and
Na+ in the sample were fixed in the hydration products. According to previous research,
Al3+ might substitute Si4+ to bridge tetrahedral sites, generating a long chain structure of
aluminum-containing C-A-S-H gel conducive to the development of compressive strength.
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The net negative charge caused by substituting tetrahedral aluminum for silicon was
balanced by other cations, such as K+ and Na+.

By comparison, C-A-S-H and ettringite were both produced under the activation of
NaOH and Na2SiO3. Ettringite formed in Na2SiO3-activated samples was interlaced with
C-A-S-H, and C-A-S-H also filled the ettringite’s internal pores. In contrast, only ettringite
was produced on the surface of SGRCM1 when the activation was done using NaOH,
NaOH, and ettringite was neither dense nor compact. This explains the reason why its
strength was very small.

Figure 7. SEM images and EDS analysis of SGRCM0, SGRCM1, and SGRCM3 samples at 1 d.

As can be seen from SGRCM3-28d in Figure 7, the microstructure of the SGRCM
slurry is dense, a thick amorphous C-A-S-H gel is observed, and the AFt is covered by the
C-A-S-H gel. Rod-shaped AFt crystals and C-A-S-H gels are distributed in the holes and
pits, which gradually grow and fuse, and the overall porosity of the material is greatly
reduced. Therefore, the compactness of SGRCM3 is relatively high, and the macroscopic
performance is high in mechanical properties.

The results of SEM and EDS analyses demonstrate once more that the principal hydra-
tion products of red mud, gold tailings, and ore powder were compound of amorphous
C-A-S-H gel and fibrous ettringite crystals. As an activator, silicate enhanced the pozzolana
activity of red mud and gold tailings, and promote the development of early strength. The
activation effect of silicate was significantly superior to that of alkali and consistent with
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some of their research [41,42]; thus, the geopolymer samples prepared in the present study
were close to the typical normal geopolymer samples.

3.6. Ion Leaching Analysis

Raw material of slag, red mud, gold tailings, and SGRCM samples were leached using
the sulfuric acid and nitric acid methods. Inductively coupled plasma mass spectrometry
(ICP-MS) enabled ascertaining the toxicity of solutions from the leaching. Table 4 displays
the concentrations and critical values of heavy metals in the leaching solution. After 28 dof
curing, the concentration of heavy metal ions in SGRCM material revealed to comply
with the HJ/T 299-2007 standard. As can be seen from Table 4, the concentration of all
heavy metal ions in the leaching solution of sample SGRCM3 at 28 d were less than that at
1 d, showing the capacity of SGRCM3 to successfully solidify heavy metal ions. Crystals
can solidify heavy metal ions because heavy metal ions can replace original ions in the
crystal or enter voids in the crystal lattice [43]. The XRD pattern in Figure 4 has revealed
that calcium-aluminite phases were present in hydration products. Figure 9 depicts the
structural mechanism of anorthite formation. Typically, the basic structural unit of anorthite
crystals is the tetrahedron, which is generated by the connection of four tetrahedrons and
developed into three-dimensional space to form the basic framework. During hydration,
Si-O tetrahedron is reorganized, and a portion of Si4+ in [SiO4] tetrahedron can be replaced
by Al3+ to produce [AlO4] tetrahedron, producing a three-dimensional network structure
consisting of [SiO4] and [AlO4] tetrahedron. The structure of this Al-Si frame is negatively
charged. Consequently, the presence of heavy metal cations in the void of the frame
contributes to the system’s charge balance [44]. When heavy metal ions are included,
due to the high bond strength of the calcium feldspar system, crystal nuclei are formed
from the surrounding crystalline phases, and other heavy metal ions may be attracted to
partially replace Si4+ or Al3+ ions to form similar [XO4] tetrahedrons; this is a process that
solidifies the heavy metal elements in the crystal lattice. Indeed, heavy metal ions can
also replace calcium cations in anorthite crystal gaps [45]. Ca2+ ions in the anorthite phase
can be substituted by Cu ions and Mg ions when heavy metal ions share the same ionic
characteristics as calcium cations (e.g., the same positive bivalent charge) [46]. The above
analysis demonstrates that heavy metal elements can be efficiently solidified in the SGRCM
samples via two types of mechanisms: one is to substitute Si4+ or Al3+ ions in [SiO4] or
[AlO4] tetrahedra to form [XO4] tetrahedra (X is a heavy metal ion). The alternative is to
replace Ca2+ in the interlayer and enter the network gap of the skeleton structure in order
to counteract the negative charge. The cementitious materials prepared from red mud,
waste gold tailings, and slag are therefore environmentally acceptable.
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Figure 8. SEM images and EDS analysis of SGRCM0, SGRCM1, and SGRCM3 samples at 28 d.

Table 4. Leaching concentration of heavy metals in SGRCM with their critical limits.

Sample
Leaching Concentration of Heavy Metals

Al (mg/L) As (mg/L) Cu (mg/L) Mo (mg/L) Cr (mg/L)

SL 3.388 0 0 0.009 0
GT 0.053 0.080 0.005 0.016 0
RM 9.500 0.927 0.030 0.100 0.156

SGRCM0-1d 1.065 0.011 0.005 0.107 0.017
SGRCM1-1d 1.136 0.014 0.018 0.125 0.019
SGRCM2-1d 1.548 0.017 0.010 0.121 0.020
SGRCM3-1d 3.532 0.007 0.013 0.107 0.011

SGRCM0-28d 0.809 0.008 0.002 0.060 0.010
SGRCM1-28d 1.598 0.011 0.017 0.102 0.009
SGRCM2-28d 2.770 0.010 0.012 0.126 0.009
SGRCM3-28d 0.708 0 0.001 0.957 0.007

GB5085.3-
2007critical

limits
100 5 100 - 1

In SGRCM, the ion concentrations of Cd, Ag, Mn, Pb and Zn are all zero, so they are not listed.
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Figure 9. (a) The structural mechanism of anorthite formation, (b) the replacement of Ca by heavy
metal ions.

4. Discussion and Conclusions

This paper attempts to use solid waste (red mud, gold tailings, and slag) instead of
cement as a cementitious material in construction, providing a reference for future research
on more green and environmentally friendly cementitious materials. In this study, the
basic engineering indexes and environmental safety evaluation indexes of the specimens
excited by different kinds of activators were tested. Meanwhile, the hydration products
were characterized by XRD and FTIR. The main conclusions of this study are as follows:

1. The mass ratio of M (red mud) to M (gold tailings) to M (slag) to M (gypsum) in
this study is 10:40:45:5. After curing at room temperature for 28 d, the compressive
strength of SRCM3 reached 43.7 MPa.

2. According to XRD analyses, the hydration products of SGRCM3 are mainly composed
of C-A-S-H and AFt, and this was in line with data from SEM and EDS analyses. Those
hydration products are believed to have promoted the high compressive strength
obtained.

3. The leaching concentrations of heavy metals in the samples were below the detection
level, suggesting that the concentration of heavy metal ions in SGRCM were below
the permitted limit for the environment. The obtained results indicate that the red
mud-gold, tailing-slag, ternary composite cementitious material can consolidate heavy
metal ions in a red mud.

4. The findings of the SRCM study indicate that the red-mud-gold-tailing-slag composite
can be employed as a substitute for cement in industry when it is activated by Na2SiO3
(modulus = 1).
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14. Maroušek, J.; Stehel, V.; Vochozka, M.; Kolář, L.; Maroušková, A.; Strunecký, O.; Peterka, J.; Kopecký, M.; Shreedhar, S. Ferrous
sludge from water clarification: Changes in waste management practices advisable. J. Clean. Prod. 2019, 218, 459–464. [CrossRef]

15. Rachman, R.; Bahri, A.; Trihadiningrum, Y. Stabilization and solidification of tailings from a traditional gold mine using Portland
cement. Environ. Eng. Res. 2018, 23, 189–194. [CrossRef]

16. Kiventerä, J.; Golek, L.; Yliniemi, J.; Ferreira, V.; Deja, J.; Illikainen, M. Utilization of sulphidic tailings from gold mine as a raw
material in geopolymerization. Int. J. Miner. Process. 2016, 149, 104–110. [CrossRef]

17. Consoli, N.C.; Nierwinski, H.P.; Peccin da Silva, A.; Sosnoski, J. Durability and strength of fiber-reinforced compacted gold
tailings-cement blends. Geotext. Geomembr. 2017, 45, 98–102. [CrossRef]

18. Wu, Y.; Lu, B.; Bai, T.; Wang, H.; Du, F.; Zhang, Y.; Cai, L.; Jiang, C.; Wang, W. Geopolymer, green alkali activated cementitious
material: Synthesis, applications and challenges. Constr. Build. Mater. 2019, 224, 930–949. [CrossRef]

19. Miranda, T.; Leitão, D.; Oliveira, J.; Corrêa-Silva, M.; Araújo, N.; Coelho, J.; Fernández-Jiménez, A.; Cristelo, N. Application of
alkali-activated industrial wastes for the stabilisation of a full-scale (sub)base layer. J. Clean. Prod. 2020, 242, 118427. [CrossRef]

20. Tonini de Araújo, M.; Tonatto Ferrazzo, S.; Jordi Bruschi, G.J.; Consoli, N.C. Mechanical and Environmental Performance of
Eggshell Lime for Expansive Soils Improvement. Transp. Geotech. 2021, 31, 100681. [CrossRef]

21. Acordi, J.; Luza, A.; Fabris, D.C.N.; Raupp-Pereira, F.; De Noni, A., Jr.; Montedo, O.R.K. New waste-based supplementary
cementitious materials: Mortars and concrete formulations. Constr. Build. Mater. 2020, 240, 117877. [CrossRef]

22. Sithole, T.; Mashifana, T. Geosynthesis of building and construction materials through alkaline activation of granulated blast
furnace slag-NC-ND license. Constr. Build. Mater. 2020, 264, 120712. [CrossRef]

23. Singh, S.; Aswath, M.U.; Ranganath, R.V. Effect of mechanical activation of red mud on the strength of geopolymer binder. Constr.
Build. Mater. 2018, 177, 91–101. [CrossRef]

24. Wang, J.; Lyu, X.; Wang, L.; Cao, X.; Liu, Q.; Zang, H. Influence of the combination of calcium oxide and sodium carbonate on the
hydration reactivity of alkali-activated slag binders. J. Clean. Prod. 2018, 171, 622–629. [CrossRef]

25. Ince, C. Reusing gold-mine tailings in cement mortars: Mechanical properties and socio-economic developments for the Lefke-
Xeros area of Cyprus. J. Clean. Prod. 2019, 238, 117871. [CrossRef]

51



Sustainability 2022, 14, 13573

26. Jiang, H.; Qi, Z.; Yilmaz, E.; Han, J.; Qiu, J.; Dong, C. Effectiveness of alkali-activated slag as alternative binder on workability and
early age compressive strength of cemented paste backfills. Constr. Build. Mater. 2019, 218, 689–700. [CrossRef]

27. Zhang, X.-F.; Ni, W.; Wu, J.-Y.; Zhu, L.-P. Hydration mechanism of a cementitious material prepared with Si-Mn slag. Int. J. Miner.
Metall. Mater. 2011, 18, 234–239. [CrossRef]

28. Adesina, A.; Das, S. Influence of glass powder on the durability properties of engineered cementitious composites. Constr. Build.
Mater. 2020, 242, 118199. [CrossRef]

29. Liu, X.; Zhang, N.; Sun, H.; Zhang, J.; Li, L. Structural investigation relating to the cementitious activity of bauxite residue—Red
mud. Cem. Concr. Res. 2011, 41, 847–853. [CrossRef]

30. Cheah, C.B.; Tan, L.E.; Ramli, M. The engineering properties and microstructure of sodium carbonate activated fly ash/slag
blended mortars with silica fume. Compos. Part B Eng. 2019, 160, 558–572. [CrossRef]

31. Somna, K.; Jaturapitakkul, C.; Kajitvichyanukul, P.; Chindaprasirt, P. NaOH-activated ground fly ash geopolymer cured at
ambient temperature. Fuel 2011, 90, 2118–2124. [CrossRef]

32. Alonso, S.; Palomo, A. Alkaline activation of metakaolin and calcium hydroxide mixtures: Influence of temperature, activator
concentration and solids ratio. Mater. Lett. 2001, 47, 55–62. [CrossRef]

33. Khale, D.; Chaudhary, R. Mechanism of geopolymerization and factors influencing its development: A review. J. Mater. Sci. 2007,
42, 729–746. [CrossRef]

34. Singh, P.S.; Bastow, T.; Trigg, M. Structural studies of geopolymers by 29Si and 27Al MAS-NMR. J. Mater. Sci. 2005, 40, 3951–3961.
[CrossRef]
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Abstract: This study prepared an alkali-activated soda residue (SR)-blast furnace slag (BFS) composite
binder by adding a large amount of SR to the alkali-activated material system. Considering many
factors, such as the Na2O content, ratio of SR to BFS and the water-binder ratio, the variation patterns
in the new binder’s mechanical properties and its micro-evolution mechanisms were assessed. The
results show that the compressive strength first grew and then dropped with the Na2O content, with
an optimal level at 3.0%. At this level, the strength values of the 3d and 28d samples were 10.5
and 27.8 MPa, respectively, exceeding those in the control group without Na2O by 337.5 and 69.5%,
respectively. As the Na2O admixture increased from 0 to 3%, the fluidity of the mortar decreased
from 156 mm to 127 mm due to the high frictional resistance caused by the faster generation of
hydration products, and the high water absorption of SR also led to reduced fluidity. The new
binder’s hydration process mainly generated C-(A)-S-H gel, ettringite (ET), hydrocalumite (HC),
calcium hydroxide (CH), and other crystalline hydrates. A 3% Na2O content inhibited the ET growth
but significantly promoted the formation of uniformly distributed C-(A)-S-H gel and HC. Crystals
grew in the pores or were interspersed in the gel, filling microcracks and significantly increasing the
structure density and strength. Excessive Na2O (>3%) could promote the generation of non-uniformly
distributed gel, producing more macropores in the matrix and reducing its strength. Additionally,
the increased SR content was not conducive to C-(A)-S-H gel formation, but significantly promoted
ET formation, which would inhibit strength development. This study provides a theoretical basis for
replacing cement with this new binder in pavement bricks and other unreinforced products.

Keywords: composite binder; soda residue; blast furnace slag; mechanical properties; microstructure

1. Introduction

After decades of development, alkali-activated binders are considered the most lu-
crative cement substitute in construction. Compared with the complicated manufacturing
process of cement, alkali-activated binders have the advantages of low energy consumption,
fewer CO2 emissions, and substantial environmental benefits [1,2]. Among various alkali-
activated binders, the alkali-activated blast furnace slag binder (AAS) has been extensively
studied worldwide. As early as 1940, Purdon [3] used different activators (caustic alkali
such as NaOH, other alkaline salts, etc.) to activate various types of BFS, systematically
studied the strength development of AAS, and found that it had better tensile and flexural
properties and low hydration heat release. Subsequently, this kind of binder has become a
strong focus for research.

The mechanical properties of AAS are related to many factors, such as the physical
and chemical properties of raw materials (e.g., fineness, chemical composition, activity),
the type and content of activator, and curing conditions, etc. [4,5]. Generally, AAS has a
short setting time and rapid early strength development [6,7], and its one-day strength
can reach more than 40 MPa, which is due to the rapid hydration of BFS attributable to
high pH activation. Marvila et al. [7] investigated the feasibility of using alkali activated
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cements based on BFS as an alternative to ordinary Portland cement. The results showed
that the system had the highest compressive strength at 10% Na2O, and had lower porosity
and better durability. Asaad et al. [8] prepared a new AAS using different levels (5, 10, 15,
20, 25%) of metakaolin instead of BFS and found that the 28-day compressive strength of
the mortar samples with 10% metakaolin was 63.4 MPa. Metakaolin addition significantly
reduced the drying shrinkage of the samples, decreased the porosity and carbonation
depth and improved the corrosion resistance. In recent years, some solid waste materials
have been introduced into AAS to prepare new composite binders, reducing the cost and
enabling the reuse of other solid wastes. Islam et al. [9] used NaOH + NaSiO3 to activate
the composite precursor material of palm oil fuel ash and BFS followed by curing at 65 ◦C
for 24 h. They reported that the optimal ratio of palm oil fuel ash and BFS was 3:7, and the
28d strength could reach 66 MPa. Nasir et al. [10] also used NaOH + NaSiO3 to activate the
composite precursor material containing 70% silicon manganese soot and 30% BFS. It was
found that curing at 60 ◦C for 6 h was the optimal curing condition, and the compressive
strength values at 3d and 28d were 37.8 and 45.2 MPa, respectively. The addition of other
solid wastes could affect the mechanical properties and hydration process of AAS and
address some disadvantages of AAS, such as delayed setting time. Therefore, this kind of
new composite binder has gradually become a strong research focus.

Soda residue (SR) is the waste residue produced in the soda industry of the ammonia
alkali process. Its main chemical components include CaO, a small amount of SiO2, Al2O3,
and a high chloride content [11,12]. Each ton of soda produced in this process generates
300–600 kg of SR, and over 7 million tons of solid SR are generated annually in China [13].
Due to this large volume of SR and the few ways the resource can be utilized, most factories
mainly deal with SR by outward transportation and accumulation, which requires much
land and results in soil and groundwater pollution [14]. Some factories even directly
discharge the SR into the sea, polluting the seawater and jeopardizing its flora and fauna.
Therefore, more effective and safe utilization of SR is very topical from both environmental
and economic standpoints.

Scholars have recently conducted resource utilization research on SR based on its
physical and chemical properties, mainly in the areas of soil improvement, harmful ion
adsorption, and building material manufacturing. In terms of soil improvement, the
main chemical composition of SR is insoluble salts. After mixing with fly ash, cement
and other materials, it can form SR soil, which can be used for low-lying land filling,
underground tunnel backfilling or road foundations [15,16]. Since the SR’s solid structure
comprises aggregates with many pores and good adsorption properties, it can be used
for desulfurization or adsorption of harmful ions in various metallurgical industries [17].
In addition, SR is rich in Ca, Si, and Al, making it similar to cement clinker and applicable
to cement production. Thus, Uçal et al. [18] prepared Alinite cement with SR as a raw
material and reported that the prepared cement had a shorter induction period (between
15 and 20 min) than ordinary Portland cement. The addition of 12% gypsum could increase
the amount of ettringite in hydration products and significantly improve the compressive
strength. Wang et al. [14] mixed SR with cement, ground it and calcined it to prepare
composite cement. At a 5% SR content, the 28d compressive strength reached 53 MPa and
the contents of CaO and Cl− in the clinker met the requirements of relevant standards,
but the frost resistance and impermeability were weakened.

In recent years, the research on the preparation of new binders with SR has gradually
increased. It mainly includes the following two main approaches: (1) using SR as an activa-
tor, since the alkali contained in SR could replace strong alkali to activate aluminosilicate
raw materials, and (2) preparation of composite binders by adding SR to conventional
alkali-activated materials. Within the framework of the first approach, Liu [19] and Lin [20]
adopted SR to activate BFS and prepare binders with a 28d strength exceeding 30 MPa.
However, their 3d and 7d strength values were less than 5 MPa, which limited their engi-
neering application. Besides, the contents of SR were small (less than 20%), which implied
insufficient SR utilization. Alternatively, Guo et al. [21,22] used SR and carbide slag to

54



Sustainability 2022, 14, 11751

activate BFS-fly ash for preparing a binder system with strengths ranging from 17 to 40 MPa,
but this preparation also only required a low content of SR. In the second approach, which
involves adding SR to conventional alkali-activated materials, Zhao et al. [16] added SR to
a sodium silicate-activated fly ash cementitious system. At an SR content of 40%, a 2 mol/L
concentration of sodium silicate solution, and the liquid-solid ratio of 1.2, relatively good
fluidity and compressive strength (3.7 MPa) were obtained, which were sufficient for goaf
backfilling applications. As for the hydration products of SR-based binders, high chloride
contents have been reported to promote the formation of Friedel’s salt, improving the
matrix strength [21,23,24].

The above brief survey strongly indicates that the SR-based preparation of clinker-
free binders is still in the preliminary exploration stage. In most studies, the amounts
of SR were too small to mitigate the environmental problems caused by the rapid accu-
mulation of SR. Therefore, in this study, a large amount of SR was introduced into the
alkali-activated material system to prepare an alkali-activated SR-BFS composite binder.
The optimum mechanical properties were obtained by optimizing the activator content,
and the microstructure evolution process was systematically studied to reveal the hydra-
tion mechanism. This study aims to provide a solution to the problems of environmental
pollution and land waste caused by the large-scale accumulation of SR.

2. Materials and Methods

2.1. Raw Materials

The raw materials included SR, BFS, NaOH, standard sand, and water. The chemical
composition, particle size distribution, micromorphology, and phase composition of SR
and BFS were assessed via XRF, laser particle size analyzer, SEM, and XRD, respectively.
The specific surface area was measured by gas adsorption using the BET method, and the
density was assessed via the density bottle method. The results are summarized in Table 1
and plotted in Figures 1–3.

Table 1. Chemical composition and physical properties of raw materials.

Chemical Composition (wt/%) SR GGBS

Ca 43.2 33.7
Si 9.87 32.6
Al 3.25 17.1
Fe 0.91 1.18
Mg 9.77 7.40
Ti 0.12 1.54
K 0.29 0.57
S 5.57 3.21

Na 3.93 0.56
Cl 20.23 -

Loss on ignition 2.86 2.14

Physical properties
Specific gravity (kg/m3) 2351 2742

Surface area (m2/kg) 261.2 419.5

The SR with an initial moisture content exceeding 90% was acquired from the Tangshan
Sanyou Alkali-Chlor Co., Ltd. (China). The SR samples were prepared as follows. First,
the samples were left to stand for layering to occur. The clear upper liquid was then
removed and the sedimentary layer was stirred evenly. When the moisture content of the
sedimentary layer was reduced to 50–60%, the sediments were oven-dried, ground, and
sieved with a 0.15 mm square hole sieve to obtain SR powder with an average particle size
of 20.31 μm (Figure 1). The density of the SR powder was 2351 kg/m3, and the specific
surface area was 261.2 m2/kg (Table 1). The micromorphology was agglomerated with
many pores, as shown in Figure 2a. The main chemical components were CaO and Cl−,
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and small amounts of SiO2, Al2O3, MgO (Table 1). The main phases were calcium chloride
hydroxide, gypsum, halite, and calcite (Figure 3a). The S95 grade BFS was utilized and had
an average particle size of 14.60 μm (Figure 1), a 2742 kg/m3 density, and a 419.5 m2/kg
specific surface area. The main chemical components were CaO, SiO2, and Al2O3 (Table 1),
and the main phase was quartz (Figure 3b). As seen in Figure 2b, the micromorphology
was irregular blocks. NaOH was a granular analytical reagent with a content exceeding
96%. The acquired standard sand, with a particle size range of 0.08–2.0 mm and mud
content below 0.2%, complied with the Chinese standard GB/T17671. Tap water from the
laboratory was used to ensure the required water-binder ratios.

 

d
d
 d

d
d
 d

Figure 1. Particle size distributions of SR and GGBS.

  
(a) (b) 

Figure 2. SEM images of (a) SR, (b) GGBS.
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(a) (b) 

Figure 3. XRD spectra of (a) SR, and (b) GGBS.

2.2. Mixing Ratio Design

This study introduced a large amount of SR into AAS to prepare a new composite
binder. Through preliminary exploratory tests, the initial SR and BFS shares were set to 40
and 60%, respectively, to ensure the maximal long-term strength. Firstly, the Na2O content
effect on the binder’s properties was investigated. The Na2O content was defined as the
ratio of Na2O mass contained in NaOH to the mass of binders. The designed contents of
Na2O were 0, 0.5, 1.0, 1.5, 2.0, 3.0 and 4.0%. The optimum content of Na2O was determined
according to the maximal compressive strength. On this basis, the effects of the ratio of SR to
BFS and water-binder ratio on the binder’s properties were further studied. In compliance
with the evaluation method of Portland cement performance in Chinese standard GB/T
17671 [25], the water-binder ratio was fixed at 1:2, and the binder-sand ratio was fixed at
1:3. The mix proportions of mortar and paste are shown in Table 2. The mortar samples
were tested to assess the compressive strength and fluidity, and the paste samples were
used for XRD, TG-DTG, FTIR, and SEM analyses.

Table 2. Mix proportion design.

Group
Content of Raw Materials in Binder/g Na2O Content

(%)

Standard Sand
/g

Water-Binder
RatioSR GGBS NaOH

Mortar

SG 180 270 0 0 1350 0.50
SGN1 180 270 2.9 0.5 1350 0.50
SGN2 180 270 5.8 1.0 1350 0.50
SGN3 180 270 8.7 1.5 1350 0.50
SGN4 180 270 11.6 2.0 1350 0.50
SGN5 180 270 17.4 3.0 1350 0.50
SGN6 180 270 23.2 4.0 1350 0.50
SGN7 225 225 17.4 3.0 1350 0.50
SGN8 270 180 17.4 3.0 1350 0.50
SGN9 180 270 17.4 3.0 1350 0.40
SGN10 180 270 17.4 3.0 1350 0.45
SGN11 180 270 17.4 3.0 1350 0.55

Paste

SG 180 270 0 0 0 0.50
SGN2 180 270 5.8 1.0 0 0.50
SGN5 180 270 17.4 3.0 0 0.50
SGN6 180 270 23.2 4.0 0 0.50
SGN8 270 180 17.4 3.0 0 0.50
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2.3. Preparation of Samples

The preparation process of the paste and mortar samples was as follows. The amount
of water required for the particular water-binder ratio was calculated before the test. Then,
the NaOH particles were dissolved in the water and left for 2–4 h. During the test, the
NaOH solution was first poured into the mixing pot, then, the SR and BFS were added.
The mixture was stirred at a 140 r/min rotation rate for 1 min, and then was stirred at
285 r/min for 2 min to obtain the paste. At this point, the standard sand was added to the
mixture. The mixture was stirred at 140 r/min for 30 s, and then was stirred at 285 r/min
for 1.5 min to obtain the mortar.

After the mixing process was completed, the paste (or mortar) was loaded into the
test mold in two layers, and the mold was vibrated for 60 s on the vibration table after
each layer was loaded. The surface was smoothed with a leveling ruler. After the pouring
process, the test mold was placed into a curing box with a temperature of 20 ± 1 ◦C and
relative humidity of no less than 90% for 24 h. Then, the test mold was removed, and the
samples were numbered and cured in the curing box until the predetermined age.

2.4. Experimental Method

In this study, the macro-performance tests measured the mortar samples’ compressive
strength and fluidity. The microstructural tests including XRD, TG-DTG, FTIR, and SEM
were performed on the paste samples. The experimental flowchart is shown in Figure 4.

Figure 4. Experimental flowchart.

According to Chinese standard GB/T 17671 [25], the prism-shaped mortar samples
with 40 mm × 40 mm × 160 mm dimensions should be used for the compressive strength
test. The curing ages were 3, 7, 28, 56d, and three specimens were selected for each mixing
ratio and curing age. The samples were subjected to static compressive loading at a loading
rate of 2.4 ± 0.2 kN until they failed. The average and standard deviations of six test values
on three test samples were taken as the test results. The mortar fluidity tests complied with
the Chinese standard GB/T 2419 [26]. The fresh mortar was loaded into the truncated cone
circular mold in two layers, the first and second layers being uniformly tamped fifteen and
ten times, respectively. Then, the mold was lifted; after 25 jumps on the jumping table, the
bottom diameter of the mortar was measured with a ruler. Each mixing ratio was tested
three times, and the average value and standard deviation were taken as the test results.

Cubic paste samples with 50 mm × 50 mm × 50 mm dimensions were prepared for
the microscopic tests. The test samples were broken into blocks at the predetermined curing
age and dried by the following procedure [27]. They were first soaked in isopropanol
solution for 24 h and then soaked for 6d after replacing the isopropanol solution. Finally,
the samples were vacuumed continuously in a vacuum dryer until the solvent volatilized
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fully. For the XRD, TG-DTG, FTIR tests, the dry blocks were ground into powder and
passed through a 0.075 mm square-hole sieve. The maximum side length of the block in
the SEM test did not exceed 10 mm. The XRD test parameters were as follows: Cu target,
tube voltage of 40 kV, tube current of 40 mA, scanning angle range of 5~65◦, and scanning
speed of 2◦/min. The TG-DTG parameters were as follows: a temperature range from
room temperature to 1000 ◦C, Argon as a shielding gas, and a heating rate of 10 ◦C/min.
The FTIR test involved a wavenumber range of 400 ~ 4000 cm−1 and a 2 cm−1 resolution.
The SEM test was conducted via a TESCAN-VEGA3 scanning electron microscope.

3. Results and Discussion

3.1. Compressive Strength

Figure 5 shows the compressive strength values of all the tested mortar samples of
various curing ages. The effects of Na2O content, SR to BFS ratio, and water-binder ratio
on the compressive strength were considered.

(a) 

  
(b) (c) 

Figure 5. Test results of compressive strength: (a) effect of Na2O content; (b) effect of SR to GGBS
ratio; and (c) effect of water-binder ratio.
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According to Figure 5a, the early strength development of SR-BFS composite binder
(SG) without NaOH was very slow, and the 3d and 7d strength values were only 2.4 and
4.3 MPa, respectively. However, with increased curing age, the 28d and 56d strength
reached 16.4 and 19.7 MPa, respectively, indicating that the alkalinity in SR stimulated
the activity component of the SR-BFS composite precursor. Still, this excitation effect was
mainly observed in the later stage, similar to previous research results [19,20]. When the
NaOH (Na2O) was mixed with SG, the compressive strength at each curing age grew first
and then dropped with increased amounts added, similar to previous research results [7].
At an Na2O content of 3.0%, the early and late strengths were the highest, the 3d and 28d
strengths were 10.5 and 27.8 MPa, respectively, exceeding those of SG mixtures by 337.5%
and 69.5%, respectively. The possible reason was that the addition of NaOH significantly
enhances the system’s alkalinity, promoting the activation of the active components of
composite precursor and accelerating the formation of C-(A)-S-H gel [28]. This rapidly
improves the strength. Notably, excessive NaOH could reduce the strength, and this finding
was consistent with previous studies [29,30]. The reason may be that although too high
alkalinity can promote rapid hydration of the precursors, the excessive formation rate of gel
products leads to their inadequate dissolution, transformation, and precipitation, resulting
in rapid accumulation and encapsulation in the precursor particles. The gel is then unevenly
distributed, forming more pores and preventing further strength development [30,31].

According to Figure 5b, with an increase in the SR-BFS ratio, the compressive strength
at each curing age decreased gradually. This is because BFS is the main precursor in SR-
BFS composite precursors, and the BFS decline means the decrease of active substances;
the amount of gel products in the hydration reduces, resulting in strength reduction.
Although the CaSO4 in the SR can promote the formation of ettringite in the system
(conducive to early strength growth) [32], and the CaCO3 crystals in the SR also have a
microaggregate effect (improving the structural compactness) [33], these effects did not
play a decisive role in the strength development. According to Figure 5c, the compressive
strength at each curing age decreased gradually with an increase in the water-binder ratio,
which is consistent with that of cement-based materials. This is because the increase in
the water-binder ratio increases the free water content in the system. Thus, the number
of blisters formed by excess water after hardening or pores formed by water evaporation
increases, reducing the structural compactness and causing a decrease in strength.

3.2. Mortar Fluidity

Mortar fluidity reflects the water demand of new binders and is also an important
workability index of binders. Figure 6 shows the fluidity test results for all the tested fresh
mortar samples.

It can be seen in Figure 6 that the fluidity of the SG group without NaOH was the
highest, namely 159 mm. The fluidity decreased with the increase in NaOH content. At a
Na2O content of 3.0%, the fluidity decreased to 127 mm, i.e., by 20.1%. This may be caused
by the following reasons: the NaOH accelerates the hydration reaction of the SR-BFS
composite precursors so that the hydration products (such as C-(A)-S-H gel and others) can
be rapidly generated, increasing the internal friction resistance of the mortar and reducing
the fluidity [34,35]. According to the results on SGN5, SGN7 and SGN8 samples, with an
increase in the SR-BFS ratio, the fluidity of the mortar gradually decreased from 127 to 115
and then to 104 mm. This is because the SR particles are prone to agglomerate, rich in pores,
and the water absorption ability is strong. When the SR content increases, the number
of adsorbed water molecules increases under the same water consumption, reducing the
free water content and fluidity. According to the SGN5 and SGN9–11 results, the fluidity
grew with the water-binder ratio, which is consistent with the properties of cement. This is
because the increased water-binder ratio significantly increases the amount of free water in
the mortar, weakens the internal friction of the mortar, and improves the fluidity.
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Figure 6. Test results of mortar fluidity.

3.3. XRD Analysis

To determine the hydration products of the new binders and characterize the effects
of Na2O content and SR-BFS ratio on the hydration products, XRD tests at the age of 28d
were conducted on five groups of samples (SG, SGN2, 5, 6, 8). The test results are shown
in Figure 7.

 
Figure 7. XRD patterns of 28d samples.

As seen in Figure 7, six main crystal phases were detected, among which ettringite
(3CaO·Al2O3·3CaSO4·32H2O), hydrocalumite (3CaO·Al2O3·CaCl2·10H2O, Friedel’s salt),
and calcium hydroxide [Ca(OH)2] were the main crystal hydration products. These were
generated by Cl−, CaSO4, CaO, and Al2O3 provided by SR-BFS composite precursors under
the activation of NaOH. Quartz (SiO2) emerged from the BFS, and calcite (CaCO3) from
the SR or carbonation of Ca(OH)2. Halite (NaCl) was formed by combining free Cl− and
Na+ ions.

According to Figure 7, the main hydration products, namely ettringite (ET), hydro-
calumite (HC), and calcium hydroxide (CH), showed obvious variation. In the SG group
(without NaOH), the diffraction peak intensity of ET was strong, in contrast to HC and CH.
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When 1.0% Na2O was added to SG, the peak intensity of ET decreased slightly, whereas
those of HC and CH increased significantly. When the content of Na2O was increased
to 3.0%, the peak intensity of ET decreased significantly, whereas that of HC increased
significantly, and that of CH changed little. This indicates that the increased amount of
NaOH inhibited the ET growth but promoted the growth of HC and CH. When the content
of Na2O was further increased to 4.0%, the peak intensities of ET, HC, and CH no longer
changed significantly, indicating that excessive Na2O contents no longer played a role in
the variation of hydration products. By comparing SGN5 and SGN8 samples, the peak
intensities of ET and CH in SGN8 increased significantly. Still, the peak intensity of HC did
not change significantly, indicating that an increase in the SR content promoted the forma-
tion of ET and CH but had little effect on HC. Previous studies [29,36] have shown that the
early growth of ET can promote hardening, which is conducive to early strength formation,
but the later formed high-content ET tends to expand and cause cracking, harming the late
strength formation. The growth of HC can better fill the matrix pores, which is generally
considered beneficial to the strength development [23]. Combined with the strength devel-
opment described in Section 3.1, it can be seen that a suitable amount of NaOH can promote
the growth of the favorable crystal product HC and inhibit the growth of the harmful crystal
product ET, which makes a certain contribution to the strength development.

The diffraction peak intensity of quartz decreased gradually with Na2O content be-
cause the high alkalinity of NaOH significantly promoted the dissolution of the quartz
phase, in which silicon participated in the formation of C-(A)-S-H gel [31,37]. Especially
when the Na2O content increased from 1.0 to 3.0%, the peak intensity decreased significantly,
indicating that the gel production increased significantly. However, the peak intensity
remained unchanged when the content reached 4%, indicating that the promotion effect on
gel formation was saturated. The quartz peak intensity of SGN8 was the lowest due to the
low content of BFS in the system. With an increase in Na2O content, the diffraction peak
intensity of calcite first decreased slightly and then increased gradually. The reason might
be that when a small amount of NaOH was introduced into the system, a small amount
of calcite was decomposed into Ca2+, participating in the hydration reaction. When more
NaOH was added, it was prone to carbonation during solidification and sample treatment,
increasing the amount of calcite. The calcite peak of SGN8 was the strongest, obviously
caused by the high content of SR in the system. The diffraction peak intensity of halite
increased first and then decreased with Na2O content. At an Na2O content of 1.0%, the peak
intensity of halite increased significantly compared with SG because NaOH introduced a
large amount of Na+, significantly promoting the formation of halite. When the content
of Na2O was increased to 3.0%, and then to 4.0%, the peak intensity of halite gradually
decreased, which might be because the high content of NaOH significantly promoted the
formation of HC and consumed more Cl−, thus inhibiting the formation of halite. The
halite peak of SGN8 was the strongest, obviously due to the high content of SR and NaOH
in the system, and more halite was formed by Cl− and Na+ ions.

Additionally, “humps” representing the amorphous phase appeared in the 25–35◦
range of all the diagrams, indicating that the amorphous C-(A)-S-H was formed by a
hydration reaction [29,38,39]. With increased Na2O content, the width and height of these
“humps” increased, indicating that the gel production was enhanced, which is conducive
to a growth in strength.

3.4. TG-DTG Analysis

To further determine the composition and evolution patterns of hydration products in
binders, TG tests at 28d curing age were conducted for five groups of samples (SG, SGN2, 5,
6, 8). Figure 8 shows the TG-DTG curves obtained in the tests. Figure 9 shows the statistical
weight loss results in different temperature ranges.
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Figure 8. TG−DTG curves of 28-day samples.

 
Figure 9. Weight loss at different temperature ranges for specimens at 28 days.

According to Figure 8, there were mainly three weight loss peaks. The weight loss at
50–200 ◦C was caused by the dehydration of C-(A)-S-H gel and ET [40,41]. According to
a comprehensive analysis of the test results depicted in Figure 9 and XRD examinations,
it was revealed that when a 1.0% content of Na2O was added to SG, the intensity of the
weight loss peak significantly increased with the weight loss increasing from 8.1 to 10.2%,
indicating that the amount of C-(A)-S-H gel produced by hydration was significantly
increased. When the content of Na2O was increased to 3.0%, the weight loss further grew
to 11.2%. As the amount of ET in the hydration products decreased significantly (Figure 7),
the increase of this weight loss was still caused by the significant increase of C-(A)-S-H
gel produced by hydration. When the Na2O content was further increased to 4.0%, the
weight loss was unchanged, indicating that the excessive alkali content had no obvious
effect on C-(A)-S-H gel and ET formation. The intensity of this weight loss peak of SGN8
was the strongest, and the weight loss (13.7%) significantly exceeded that of SGN5, which
was mainly caused by the large increase in ET production.

The dehydration and decomposition of HC caused the weight loss at 250–400 ◦C [14,33].
When 1.0% and 3.0% Na2O were added to SG, the intensity of the weight loss peak increased
gradually. The weight loss grew from 3.3% to 3.8% and 5.4%, indicating that the amount
of HC in the hydration products increased gradually. When the content of Na2O was
increased to 4.0%, the weight loss was unchanged, indicating that excessive alkali contents
had no obvious effect on the formation of HC. There was no obvious change in the weight
loss of SGN8 compared with SGN5, indicating that the increase of SR content had no
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obvious effect on the formation of HC crystals. The variation pattern of HC crystals in the
TG-DTG test was consistent with that observed via XRD.

The weight loss at 450–600 ◦C was caused by CH decomposition [29,40]. With the
addition of 1.0 and 3.0% Na2O to SG, the weight loss gradually increased from 2.1 to 2.4
and 2.8%, respectively, indicating that the CH crystals in the hydration product gradually
increased. However, increasing Na2O content to 4.0% had no obvious effect on the forma-
tion of CH because the weight loss remained unchanged. The intensity of this weight loss
peak of SGN8 was the strongest, and the weight loss (3.5%) was the largest, indicating that
the most CH was generated in the hydration reaction. The variation pattern of CH in the
TG-DTG test was consistent with that in XRD.

3.5. FTIR Analysis

Fourier transform infrared spectroscopy (FTIR) provides a useful tool for qualitative
and quantitative analysis of hydration products of binders. FTIR tests of 28d samples were
conducted on five groups of samples (SG, SGN2, 5, 6, and 8). The test results are plotted
in Figure 10.

Figure 10. FTIR curves of 28 d samples.

Ten main absorption peaks can be observed in Figure 10. The absorption peak near
452 cm−1 was caused by the in-plane bending vibration of the Si-O bond. The Si-O bond’s
stretching vibration caused the absorption peaks near 797 and 974 cm−1, and the Si-O-
Al bond’s deformation vibration caused the absorption peak near 583 cm−1. These four
absorption peaks indicate the existence of C-(A)-S-H gel in the hydration products [42,43].
The intensities of these absorption peaks were stronger in SGN5 and SGN6, slightly lower
in SGN8, and the lowest in SG and SGN2. The results show that the increased Na2O
contents significantly promoted the hydration reaction and C-(A)-S-H gel generation, but
the excessive Na2O contents had no obvious promotion effect. Additionally, the increase of
SR content was not conducive to C-(A)-S-H gel formation.

The absorption peak near 1103 cm−1 was caused by the stretching vibration of
SO4

2− [44], indicating the existence of ET in the hydration products. The absorption
peak intensity was the weakest in SGN5 and SGN6, stronger in SG, SGN2, and the strongest
in SGN8, indicating that increased Na2O content did not promote the formation of ET, in
contrast to increased SR contents. The out-of-plane bending vibration of CO3

2− and the C-
O bond’s stretching vibration caused the absorption peaks near 875 and 1452 cm−1 [42,45],
respectively, indicating the presence of calcite in these samples [46]. The intensities of these
absorption peaks (and thus, the amount of calcite) decreased first and then increased with
the Na2O content, which is consistent with the XRD results. Additionally, the higher content
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of SR in SGN8 led to the highest calcite content and the highest corresponding absorption
peak intensity in this sample. The absorption peaks near 1640 cm−1 and 3440 cm−1 were
caused by the H-O-H bond’s bending and stretching vibrations, which were the crystal
water’s internal vibration absorption characteristics [33,47]. The crystal water mainly came
from C-(A)–S-H gel, HC, and ET [33]. The intensities of these two absorption peaks ex-
hibited no obvious patterns related to the large difference in the production of the three
hydration products in different groups. The absorption peak near 3641 cm−1 was caused
by the vibration of the O-H bond in Ca(OH)2 [48], indicating that there was CH in the
hydration products, but the intensity change was not significant. The above results further
proved the experimental results of XRD and TG-DTG.

3.6. SEM Analysis

To further determine the hydration products and the micromorphology evolution of
the new binders, SEM and EDS tests of SG, SGN5, and SGN6 at the curing age of 28d were
conducted. The results are depicted in Figure 11.

  

  

Figure 11. Cont.
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Figure 11. SEM and EDS images of 28d samples.

According to the SEM images of SG, SGN5, and SGN6 samples at a 2000 magnifica-
tion, the SG’s microstructure was loose, and the continuously distributed gel was scarce.
In addition, there were many unreacted raw material particles, and a large amount of ET
was generated in the system, which was unfavorable for the later strength development.
When 3.0% Na2O was added, the microstructure of SGN5 was significantly improved, more
continuously distributed gels could be observed, the number of unreacted raw material
particles was significantly reduced, and fewer macropores appeared. Thus, an appropriate
amount of NaOH significantly promoted the hydration reaction and significantly improved
the compactness. When 4% Na2O was added, the number of macropores in the matrix
increased obviously. This might be due to excessive alkalinity resulting in uneven distribu-
tion of rapidly generated gel, forming more macropores, which was an important reason
for its late strength below SGN5.
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The SEM images of the SGN5 sample at a 5000× magnification feature C-(A)-S-H
gel, ettringite, hydrocalumite, halite, and other crystals. The ettringite was mainly in
a needle-rod form [29,49], the hydrocalumite was mainly in a hexagonal flake form and
appeared as irregular flakes when not completely grown [50]. The halite mainly presented
as cuboids or cubes. These crystals grew in pores or were interspersed in gels, filling tiny
cracks and increasing the structure compactness.

4. Conclusions

In this study, a new alkali-activated SR-BFS composite binder was prepared, and its
mechanical properties and microstructure were systematically studied. It can provide
solutions to the problems of environmental pollution and land waste caused by the large-
scale accumulation of alkali residues. The following conclusions were drawn:

(1) At the SR to BFS ratio of 40:60, the compressive strength increased first and then
dropped with the Na2O content. At the optimum Na2O content of 3.0%, the 3d and 28d
strength values of 10.5 and 27.8 MPa exceeded those of the control group (without Na2O)
by 337.5 and 69.5%, respectively. The compressive strength decreased with increasing SR to
BFS ratio and water-binder ratio.

(2) The increased Na2O content reduced the mortar fluidity due to high friction caused
by the rapid formation of hydration products promoted by high alkalinity. The high SR
contents also reduced the mortar fluidity due to the high water absorption of SR.

(3) The C-(A)-S-H gel, ET, HC, CH, and other crystals were mainly formed in the
hydration of the new binder. Increased Na2O contents inhibited the formation of ET but
significantly promoted the formation of C-(A)-S-H gel and HC, which was conducive
to growth in strength. Excessive alkali contents had no obvious effect on the hydration
products. The increased SR content was not conducive to the formation of C-(A)-S-H gel
but promoted the formation of ET, which was unfavorable for strength development.

(4) Under the optimal Na2O content, the gel distribution was more uniform, and
crystals grew in the pores or interspersed in the gel, filling microcracks and increasing the
structure compactness. Excessive Na2O contents could speed up the hydration reaction, but
the uneven distribution of rapidly generated gel induced more macropores in the matrix,
reducing its strength.
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Abstract: Aiming to promote further the application of alkali-activated soda residue-ground gran-
ulated blast furnace slag (SR-GGBS) cementing materials, this study explored the optimal curing
method for enhancing mechanical performance. The optimal curing method was determined based
on the development of compressive strengths at different curing periods and microstructural exami-
nation by XRD, FTIR, SEM, and TG-DTG. The results show that the strength of cementing materials
after room-temperature (RT) dry curing was the poorest, with the slow development of mechanical
performance. The 7d and 28d compressive strengths were only 14.62 and 20.99 MPa, respectively.
Compared with the values after RT dry curing, the samples’ 7d and 28d compressive strengths
after RT water curing, standard curing, and RT sealed curing were enhanced by 16.35%/24.06%,
30.98%/23.77%, and 38.24%/37.97%, respectively. High-temperature (HT) curing can significantly
improve the early strength of the prepared cementing materials. Curing at 60 ◦C for 12 h was the
optimal HT curing method. Curing at 60 ◦C for 12 h enhanced the 3d strength by 100.84% compared
with standard curing. This is because HT curing promoted the decomposition and aggregation
of GGBS, and more C-A-S-H gel and crystal hydration products, including ettringite and calcium
chloroaluminate hydrate, were produced and filled the inner pores, thereby enhancing both the
overall compactness and mechanical performance. However, curing at too high temperatures for
too long can reduce the material’s overall mechanical performance. After excess HT curing, many
shrinkage cracks were produced in the sample. Different thermal expansion coefficients of different
materials led to a decline in strength. The present study can provide a theoretical foundation for
extensive engineering applications of alkali-activated SR-GGBS composite cementing materials.

Keywords: composite cementing materials; soda residue; ground granulated blast furnace slag;
mechanical performance; curing method

1. Introduction

Alkali-activated cementing materials are hydraulic cementing materials prepared under
the action of alkali activators based on catalysis principles [1]. Over the past two decades,
alkali-activated cementing materials attracted extensive interest worldwide. Compared
with Portland cement, alkali-activated cementing materials possess several advantages,
including low energy consumption, high intensity, and good durability in production and
performance [2,3]. The main hydration products of Portland cement are hydrated calcium
silicate and calcium hydroxide. In contrast, alkali-containing aluminosilicate gels with poor
crystallinity act as the main products of alkali-activated cementing materials, which can
also account for their excellent durability [4]. In addition to industrial byproducts, alkali-
activated materials can also be used for waste disposal and environmental protection [5].

Many cementing materials, including ground granulated blast furnace slag (GGBS),
steel slag [6], and fly ash [7], can be used for preparing alkali-activated materials. Alkali-
activated GGBS cementing materials have received the most extensive research. Nedunuri
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et al., investigated the mechanical and chemical structural changes of alkali-activated
GGBS cementing materials in the early stage [8]. It was found that the setting time of
the cementing material drops with the increasing addition of GGBS, accompanied by an
increase in hydration products and hydration heat. As the Moore modulus and the mixing
amount of activator increase, the setting time can be shortened. The rapid setting of the
alkali-activated GGBS mixture refers to the rapid setting of the gel network accompanied by
the formation of hydration products. Lv et al., investigated the applicability of seawater to
the preparation of GGBS-fly ash alkali-activated materials. They found that adding seawater
can accelerate the alkali activation process, shorten the setting time and enhance both early
and long-term strength [9]. According to their results, the 3d and 1-year compressive
strengths exceeded 25 and 73 MPa, respectively. Moreover, adding seawater negatively
affected rebars and expanded the application range of alkali-activated materials. Adesanya
et al. used desulfurization dust (DeS-dust) to replace sodium hydroxide as an alkali
activator to activate GGBS cementing materials [10]. Using DeS-dust as an alkali activator,
the 28d compressive strength can reach up to 33 MPa; in contrast, the 28d compressive
strength of the materials after the addition of sodium hydroxide was only 25 MPa. Based on
the micromeasurement results, the microstructures after the addition of the two activators
are comparable, and the cementing materials with DeS-dust exceeded those with sodium
hydroxide in performance.

At normal temperature, because of the high activity of GGBS, alkali-activated cement-
ing materials undergo hydration under an alkali activator with a specific strength [11,12].
However, to save cost, many solid wastes, such as calcium carbide slag [13] and gyp-
sum [14], have been added to alkali-activated GGBS cementing materials in recent years.
Considering the low activity of wastes at normal temperatures, the curing of wastes should
be optimized to achieve better performance. Guo et al. [15] used calcium carbide slag
slurry and soda residue (SR) slurry to activate GGBS and prepare a new kind of cementing
material; according to their experimental results, the 3d and 28d compressive strengths of
the prepared samples can be enhanced by 50.0 and 34.7%, respectively, compared with the
samples produced with the addition of powders. It was concluded that curing at 60 ◦C for
12 h proved to be optimal. Compared with the samples after water curing, the 3d compres-
sive strength of the sample after curing at 60 ◦C for 12 h can be enhanced by 66.7%. This
is because high temperature (HT) promotes the decomposition and aggregation of GGBS,
thereby accelerating the generation of C-S-H gel and calcium chloroaluminate hydrate
crystals. However, after curing at too high a temperature for a long time, the long-term
strength of the prepared sample drops, which can be attributed to the formation of drying
shrinkage cracks in the sample. By adding NaOH, Na2SiO3, and silicon manganese dust
(SMF) to slag (BFS), Nasir et al. [16] prepared a kind of alkali-activated cementing material
and determined the optimal curing conditions in the oven (at 60 ◦C for 6 h); after curing
at 60 ◦C for 6 h, the 3d, 7d, and 28d compressive strengths were 38, 41, and 45.2 MPa,
respectively. As the crystallinity degree of the C-(A)-S-H and quartz phases increased,
stratlingite and gehlenite were formed to fill the internal pores and form special phases,
such as C-Mn-S-H and K-A-S-H.

SR is a kind of alkali waste residue discharged during the production of sodium
carbonate with the ammonia-soda process. SR is characterized by strong alkalinity, with
a pH value of approximately 11–12, and mainly consists of CaCO3, Ca(OH)2, CaCl2, and
CaSO4 [17–19]. In particular, China has a vast production scale of sodium carbonate, with
an annual SR discharge of over 1000 t. Approximately 0.3 t SR should be discharged for
preparing 1 t sodium carbonate [20]. SR accumulation can bring about high processing
costs for enterprises and occupy a large land area. The harmful ingredients are easily
permeated into the soil, which can cause land salinization and lower soil quality. Moreover,
SR powder particles are quite fine and can be easily inhaled by people, thereby endangering
health [21]. In recent years, some scholars have conducted an increasing number of studies
on preparing a novel kind of alkali-activated cementing material based on the characteristics
of SR, which can solve the secondary pollution problems caused by SR. An et al. used
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gypsum powder-SR-GGBS to prepare a novel cementing material, in which the mixing
ratio of gypsum powder was 0, 5, and 10%, the mixing ratios of SR were 0, 70, and 80%,
and the rest was GGBS [22]. The results show that the strength dropped with the increasing
addition of SR. The optimal mixing ratios of gypsum powder and SR were determined to be
5% and 60%, respectively. Under the optimal conditions, the 28d unconfined compressive
strength was 9310 kPa. Because of the activation of SR, C-S-H gel was produced, and AFt
acted as the main crystal product and provided the primary source of strength. Lin et al.
employed strong alkaline SR to activate GGBS and measured the prepared mortar samples’
fluidity and compressive strength. According to their results, under the condition (with a
water-to-binder ratio of 0.5, SR and GGBS mixing ratios of 16–24% and 76–84%, respectively.
The 28d compressive strength was 32.3–35.4 MPa, and the fluidity ranged from 181 to
195 mm. The main hydration products were ettringite, Friedel’s salt, and C-S-H gels.

Finally, based on previous research results [3] and a literature review, this study aimed
to optimize the curing method of alkali-activated SR-GGBS cementing materials. The most
appropriate curing methods can be obtained by observing the strength development and
microformation process of the different samples. The present research results can contribute
to promoting and popularizing the SR-GGBS system.

2. Experimental Section

2.1. Materials

The raw materials used in this study mainly include SR, GGBS, NaOH, standard
sand, and water. The chemical components, micromorphology, and mineral composition of
SR and GGBS were measured via XRF, SEM, and XRD, and the results are illustrated in
Figures 1 and 2, as well as tabulated in Table 1.

Figure 1. SEM images of (a) SR and (b) GGBS.

Table 1. Chemical composition of GGBS and SR.

Material
Chemical Composition (wt/%)/%

CaO SiO2 Al2O3 Fe2O3 MgO TiO2 K2O SO3 MnO Na2O Cl− LOI *

GGBS 33.70 32.60 17.10 1.18 7.96 2.54 0.57 3.21 0.31 0.56 - 2.14
SR 43.20 9.87 3.25 0.91 9.77 0.12 0.29 5.57 - 3.93 23.00 2.86

* LOI = loss on ignition.
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Figure 2. XRD spectra of SR and GGBS.

The particle sizes of the two raw materials were analyzed with a BT-9300H Baxter
laser particle sizer, and the results are shown in Figure 3. The specific surface area was
measured via the gas absorption BET method, and the density was measured using Lee’s
bottle method, as shown in Table 2.

Figure 3. Particle size distributions of SR and GGBS.

Table 2. Physical properties of GGBS and SR.

Material

Physical Properties

Specific Gravity
(g/cm2)

Specific Surface Area
(m2/kg)

GGBS 2.742 419.5
SR 2.351 261.2

This study used SR manufactured by Tangshan Sanyou Chlor-Alkali Co., Ltd., Hebei,
China. The initial moisture content of the SR mortar exceeded 90%. Before use, the slurry
was allowed to stand still for 2–8 days, and the upper clear liquid was removed until the
slurry was separated. The lower slurry with a moisture content of 50–60% was dried for
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24 h and ground to SR powder with a particle size below 0.16 mm. As shown in Figure 1a,
SR particles could be easily aggregated with many pores. The SR mineral phases were
mainly calcium chloride hydroxide, gypsum, halite, and calcite. According to the XRF
measurement results, SR is primarily composed of CaO (43.2%) and Cl− (23.0%), with
small fractions of SiO2 (9.87%) and Al2O3. The density, specific surface area, and mean
particle size of SR were 2742 kg/m3, 419.5 m2/kg, and 20.31 μm, respectively. GGBS, from
Hebei, China, was ground with S95 GGBS. As shown in Figure 1b, GGBS was composed
of irregular blocks in terms of micromorphology. The main mineral phase of GGBS was
quartz. Based on XRF measurement results, GGBS under study was composed of CaO,
SiO2, and Al2O3 in terms of chemical components, with proportions of 33.7, 32.6, and
17.1%, respectively. The density, specific surface area, and mean particle size of SR were
2742 kg/m3, 419.5 m2/kg, and 14.6 μm, respectively. The sand used in this study satisfied
the GB/T17671 standard, with a particle size range of 0.08–2.0 mm and a sediment content
below 0.2%. Tap water in the laboratory was also used in this study.

2.2. Mixing Ratios

Based on previous research results, the SR-to-GGBS ratio was fixed at 4:6. This study
focused on the effect of different curing methods (including room temperature (RT) water
curing, RT dry curing, standard curing, RT sealed curing, and HT curing on the strength
and microstructure of prepared novel gel samples. Table 3 lists the detailed mixing ratios
and curing methods.

Table 3. Samples, mixing ratios, and curing methods used in this study.

Sample ID
Dosage of Dry Basis/g

Sand/g Water-to-Binder
Ratio

Curing Method
SR GGBS

F1

180 270 1350 0.5

RT *, Water curing
F2 RT *, Dry curing
F3 Standard curing
F4 RT *, Sealed curing
F5 60 ◦C @ 6 h
F6 60 ◦C @ 12 h
F7 60 ◦C @ 24 h
F8 40 ◦C @ 12 h
F9 50 ◦C @ 12 h
F10 70 ◦C @ 12 h
F11 80 ◦C @12 h

* RT = room temperature, 20 ± 2 ◦C.

2.3. Sample Preparation

Before the test, water usage was first calculated based on the preset water-to-binder
ratio. NaOH particles were first dissolved in water and stood still for 24 h. The detailed
preparation procedures are described below. First, NaOH solution was poured into the
agitating pan, and the mixture of SR powder and GGBS was added. The pan was fixed
on the frame and lifted to the operating position. Second, the machine started for 1 min
of stirring at low speed. The neat paste remained on the vanes, and the pan wall was
spaded into the pan for 2 min of high-speed stirring to prepare neat paste samples. Third,
the samples were stirred at low speed for 30 s, and standard sand was added. Then, the
samples were stirred at high speed for 1.5 min to prepare the mortar samples. Finally, after
adequate stirring, the samples were hierarchically put into test molds with exact sizes of
40 × 40 × 160 mm and then vibrated for 120 s. After the test mold was taken down, the
sample was leveled and numbered.

2.4. Curing Procedures

The samples were demolded 24 h after pouring and then cured by methods listed
in Table 3. The F1 sample was placed into the curing tank at RT (20 ± 2 ◦C) and cured
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to the preset period. The F2 sample was cured at RT to the preset period. The F3 sample
was put into the standard curing box at a temperature of (20 ± 2 ◦C) and humidity of
over 90% and cured for the specified period. The F4 sample was wrapped with plastic
film and cured at RT to the preset period. Samples F5–F11 were wrapped into plastic film,
placed into an oven for HT curing, then transferred to RT for further sealed curing until the
specified period.

2.5. Testing Procedure

The compressive strengths were measured according to the GB/T17671 standard. The
test periods were set as 3, 7, and 28 days. At each age, the samples were measured six
times for averaging. For each sample, the mean and standard deviation were used for
characterization. The load was uniformly applied to the sample during the test at a loading
rate of 2400 N/s ± 200 N/s until failure.

Paste samples with a cubic size of 50 mm × 50 mm × 50 mm were used in this study.
After curing to the preset period according to the methods described in Table 3, the sample
was loaded to failure. The central region without carbonization was taken and soaked in
isopropanol for 3–7 days to avoid further hydration. Finally, the small blocks were removed
and placed into a vacuum-drying oven to remove the residual isopropanol. Small samples
with dry and smooth surfaces and maximum side lengths below 10 mm were selected for
the SEM test. Before XRD, FTIR, and TD-DTG tests, small dry samples were removed and
ground into a powder with a particle size below 0.075 mm by an agate mortar. The powder
sample was then placed into a vacuum bag for standby application. During the present
XRD test, a Cu target was used; the tube voltage and current were set as 40 kV and 40 mA,
respectively; the scanning angle ranged from 5 to 65◦, with the scanning rate preset at
2 ◦/min. The wavenumber in the present FTIR test varied within a range of 4000–400 cm−1

at a resolution of 2 cm−1. During the TG-DTG test, the temperature varied from RT to
1000 ◦C at a heating rate of 10 ◦C/min, and Ar acted as the protective gas. XRD, FTIR,
SEM, and TG-DTG were tested using a D/MAX-2500/PC X-ray diffractometer, BRUKER
TENSOR II infrared spectrometer, TESCAN-VEGA3, and STA449C/6/G integrated thermal
analyzer, respectively.

3. Results and Discussion

3.1. Compressive Strength

Figure 4 displays the measured results of the samples’ 3d, 7d, and 28d compressive
strengths after different curing methods, curing temperatures, and curing times.

3.1.1. Effect of the Curing Method on the Compressive Strength

Figure 4a depicts the effect of different curing methods on compressive strength. The
compressive strength increased with the prolonging of the curing period. The 3d compres-
sive strengths of the samples after water curing, RT dry curing, standard curing, and RT
sealed curing were 10.62, 11.03, 9.55, and 9.83 MPa, respectively, with slight differences.
After drying at 60 ◦C for 12 h (first curing at 60 ◦C for 12 h and then under standard
curing conditions to the specified period), the 3d compressive strength could reach up to
19.18 MPa. This might be because appropriate HT curing accelerated the hydration pro-
cess, generating more hydration products, and enhancing structural compactness, thereby
improving the sample’s early strength. As the curing period increased to 7 and 28 days,
the sample after RT dry curing showed the poorest performance and slow mechanical
performance development. For the sample after RT dry curing, the 7d and 28d compressive
strengths were 14.62 and 20.09 MPa, respectively. The reason was that water could be
rapidly evaporated in a dry environment, leading to insufficient water consumption for
hydration and incomplete hydration. Therefore, the sample has low strength [15]. In con-
trast to samples after RT dry curing, the samples’ 7d and 28d compressive strengths after
water curing, standard curing, and RT sealed curing increased significantly, amounting
to 17.01/26.04 MPa, 19.15/25.98 MPa, and 20.21/28.96 MPa, respectively. It can be seen
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that the strength of RT sealed curing in the 3 and 7 days is slightly different from the
standard curing, and it is only slightly higher than the standard curing in the 28 days,
which indicates that the water supply of this new type of binder under sealed curing can
meet the long-term hydration demand, and does not need high humidity, which may also
be an advantage of this binder. The 7d and 28d compressive strengths of the mortar sample
after HT curing were the highest, reaching 25.37 and 30.11 MPa, respectively.

Figure 4. Test results on the compressive strength: (a) effect of curing methods; (b) effect of HT curing
temperature; (c) effect of HT curing time.

3.1.2. Effects of High-Temperature Curing Temperature on Compressive Strength

Figure 4b shows the effect of the curing temperature on the compressive strength.
After curing at high temperatures (40, 50, 60, 70, and 80 ◦C) for 12 h, the samples were
cured to the specified periods under standard curing conditions. It can be found that
different curing temperatures impose different effects on the development of compressive
strength. For sealed curing from RT to 60 ◦C, the compressive strength was positively
correlated with the curing temperature. With increasing temperature, the 3d, 7d, and
28d compressive strengths increased from 9.83, 20.21, and 28.96 MPa to 17.44, 25.37, and
30.11 MPa, respectively. As the curing temperature increased, the compressive strength
was negatively correlated with the curing temperature, accompanied by decreases in the
3d, 7d, and 28d compressive strengths from 18.68, 24.86, and 28.24 MPa to 17.94, 23.98,
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and 27.44 MPa. Accordingly, the optimal curing temperature was determined to be 60 ◦C.
Previous experimental studies have reported similar findings [15,16]. In particular, Guo
et al. revealed that curing at 60 ◦C enhanced the early strength of alkali-activated GGBS [15].
The 3d compressive strength after curing at 60 ◦C was 19.81 MPa. The 3d compressive
strengths of the samples after curing at RT, 40, 50, 70, and 80◦C were 51.25, 76.38, 97.39,
and 93.53% of the values after curing at 60 ◦C. The 7d and 28d compressive strengths
after curing at 60 ◦C were 25.37 and 30.11 MPa, respectively. Similarly, compared with
the values after curing at 60 ◦C, the samples’ 7d and 28d compressive strengths after
curing at room temperature, 40, 50, 70, and 80 ◦C were 79.66%/96.18%, 79.19%/95.75%,
88.49%/94.85%, 97.98%/93.79%, and 94.52%/91.13%, respectively. This suggests that
curing at an appropriate high temperature can enhance the early strength and impose no
adverse effect on the long-term strength.

3.1.3. Effect of High-Temperature Curing Time on Compressive Strength

Figure 4c illustrates the effect of different HT curing times on compressive strength.
The samples were first cured at 60 ◦C for 6, 12, and 24 h, then placed at RT and cured for the
specified periods. As the curing time increased from 6 to 12 and 24 h, the 3d compressive
strength increased steadily from 15.98 and 19.18 MPa to 19.48 MPa. The 7d and 28d
compressive strengths increased and then dropped, as shown in Figure 4. By considering
the strength and energy consumption cost, curing at 60 ◦C for 12 h was the optimal curing
time. As the curing time increased to 24 h, the strength dropped, confirming the adverse
effect of long-term HT curing on the strength. This is consistent with previous research
results. After heating at a high temperature for a long time, cracks were quickly produced.
This can be attributed to different thermal expansion coefficients among different raw
materials. Long-term HT curing can lead to the formation of cracks, thereby deteriorating
the strength.

3.2. X-ray Diffraction (XRD) Analysis

The produced hydration products were analyzed via XRD based on macromechanical
test results to investigate further the difference in mechanical performance under different
curing conditions. The 3d and 28d XRD patterns under different curing conditions (RT
sealed curing, curing at 60 ◦C for 12 h, curing at 60 ◦C for 24 h, and curing at 80 ◦C for 12 h)
are displayed in Figure 5 for comparison. As expected, the sample after HT curing showed
a noticeable change.

Figure 5. XRD patterns of samples: (a) 3 days; (b) 28 days. Hereinafter, the following designations
are used: A = hydrotalcite, F = calcium chloroaluminate hydrate, C = calcite, H = halite, Q = quartz,
E = ettringite.
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According to Figure 5a, the 3d crystal hydration products after the RT sealed curing
were ettringite (E) and calcium chloroaluminate hydrate (F). Specifically, quartz (Q) was
sourced from GGBS, and calcite (C) was sourced from SR. The F-phase and E-phase
were enhanced by comparing the patterns of the F4 and F6 samples, while the quartz
peak dropped. This suggests that curing at an appropriate temperature can promote the
hydration of GGBS and the production of C-A-S-H gel, as well as E and F crystals, thereby
enhancing the early strength.

By comparing the patterns of the F6 and F7 samples, the peaks of the E and F crystals
showed no changes with prolonged HT curing time. The characteristic peak of quartz
dropped, suggesting constant hydration of GGBS. By comparing the XRD patterns of the
F6 and F11 samples, the peak of E disappeared with increased curing temperature. This
is because E is greatly affected by temperature. At too high a temperature, E may be
decomposed into AFm. Accordingly, no diffraction peak of E was observed at 80 ◦C [23,24].
The decrease in the F and A peaks suggests that too high a temperature was unfavorable
for forming F and A.

As shown in Figure 5b, compared with the 3d XRD patterns of the samples, F and E of
the F4, F6, and F7 samples were enhanced, while the peak of quartz dropped. This suggests
that hydration of GGBS occurred steadily. F, A, and E were gradually produced during
the hydration process. No E peaks appeared in the 28d XRD pattern of the F11 sample,
indicating the thorough decomposition of E. In addition, humps can be observed in the
XRD patterns of all samples at 25–35◦, suggesting the production of amorphous C-A-S-H
gel in the hydration products [25]. For the samples after curing at 60 ◦C for 12 and 24 h,
both the height and width of the hump were maximal, suggesting that an appropriate
curing temperature can promote the generation of gel and the development of strength.

Overall, curing at an appropriate high temperature can promote the dissolution of
GGBS in an alkaline environment and generate more hydration products for gap filling.
Accordingly, the sample’s mechanical performance can be enhanced. This finding is
consistent with the measured compressive strength results.

3.3. FTIR Analysis

Figure 6 displays the FTIR spectra of the F4, F6, F7, and F11 samples after curing
periods of 3 and 28 days.

Figure 6. FTIR curves of samples after curing periods of 3d (a) and 28d (b).
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The peak at 583 cm−1 can be attributed to the asymmetric stretching vibration of
Si-O-Al, and the peaks at 797 and 974 cm−1 to the stretching vibration of Si-O. All these
absorption peaks are induced by forming a C-A-S-H gel [26,27]. The peak at 663 cm−1 can
be attributed to the vibration of Mg-O and Al-O [25]. The absorption peak at 1103 cm−1 can
be attributed to the stretching vibration of SO4

2− [28]. The peaks at 713, 875, and 1452 cm−1

correspond to the asymmetric structures of CO3
2− [29,30]. The peaks at 1640 and 3641 cm−1

can be attributed to the bending vibration and stretching vibration of the H-O-H bond in
crystal water. The peak at 3440 cm−1 corresponds to the stretching vibration of Al-OH
stretching vibration in the octahedral structure of [Al(OH)6] 3−, implying the formation of
F [31,32].

By comparing the FTIR patterns of the F4 and F6 samples, the peaks at 583, 797, and
974 cm−1 increased after curing at 60 ◦C for 12 h, suggesting that appropriate curing can
promote the formation of C-A-S-H. The peaks at 663, 1103, and 3440 cm−1 were enhanced,
indicating that HT curing could accelerate the formation of E, F, and A. This is consistent
with the present XRD measured results. As the curing time increased from 12 to 24 h, the
peaks corresponding to C-A-S-H increased, but the peaks corresponding to A, F, and E
varied slightly. Accordingly, it can be concluded that curing time can promote gel formation
but imposes a slight effect on the production of crystal hydration products. However, based
on the research results by Guo et al., a curing time that is too long may lead to the formation
of fractures [15]. As the curing temperature increased, the peak at 1103 cm−1 disappeared,
indicating the decomposition of F at high temperatures. This fits well with the XRD
measurement results that the peaks of the C-A-S-H gel, F, and A crystals varied slightly.

As the curing period increased to 28 days, the characteristic peaks at 583, 663, 797, 974,
1103, and 3440 cm−1 depicted in Figure 6b were enhanced compared with the peaks in the
FTIR curves of 3d samples in Figure 6a. Accordingly, increasing amounts of A, F, and E
were generated, suggesting that hydration was a sustainable development process. The
observations from FTIR curves fit well with the XRD results.

3.4. SEM Analysis

To characterize the effects of different curing methods, temperatures, and times on
the sample’s microstructure, SEM images of the F4, F6, F7, and F11 samples at a curing
period of 3 days are displayed in Figure 7. Under RT sealed curing (as shown in Figure 7a),
unreacted GGBS, SR, and a few C-A-S-H gels can be observed. The produced gel wrapped
unreacted GGBS. The needle-shaped E was interwoven into a network. Overall, the
structure was relatively loose with low compactness. Many pores can be observed, which
can be attributed to the slow reaction of alkali-activated GGBS. Figure 7b depicts the results
of the samples after curing at 60 ◦C for 12 h. The microstructure can be improved to a
certain degree, and only a few unreacted particles were observed, while an increasing
amount of E was produced. A large amount of C-A-S-H gel was produced and filled the
pores, thereby improving structural compactness. This suggests that appropriate HT curing
can accelerate the activity of hydroxide ions in alkali solution, accelerating the solution rate
of aluminum silicate precursors [33].

This can also account for the favorable mechanical properties of alkali-activated GGBS
after curing at 60 ◦C. After curing at 60 ◦C from 12 to 24 h, many fractures can be observed
on the surface despite the generation of many gels. This is consistent with the research
results by Nasir [16]. As the curing temperature increases to 80 ◦C, almost no E can be
observed, suggesting that E has almost been decomposed. This is consistent with the
above-described XRD results. At excessively high temperatures, the surface of the raw
materials was wrapped by the produced hydration products, which can inhibit the reaction
with the alkali solution, thereby reducing the long-term strength. According to the present
experimental results, 60 ◦C was determined as the optimal curing temperature.
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Figure 7. SEM images of the samples after a 3d curing period: (a) F4, (b) F6, (c) F7, and (d) F11.

3.5. Thermogravimetry/Derivative Thermogravimetry Analysis (TG-DTG)

Thermogravimetry/derivative thermogravimetry (TG-DTG) curves of the F4, F6, F7,
and F11 samples after a curing period of 3 days are plotted in Figure 8, while Figure 9
presents the statistics on weight losses of four samples in a temperature range from 50 to
400 ◦C. In Figure 8, three weight loss peaks can be observed, which are located at 50–200 ◦C,
250–400 ◦C, and 400–600 ◦C.

Figure 8. DTG curves of 3d−cured specimens.
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Figure 9. Weight loss of 3d−cured specimens in different temperature ranges.

The peak at 50–200 ◦C can be attributed to the water loss-induced decomposition of
the C-A-S-H gel and E. Specifically, the peak at 85–110 ◦C corresponds to E [34]. Compared
with the condition under RT curing, the water loss peak was enhanced after heating,
accompanied by an increase in the weight loss ratio from 6.21 to 7.72%. Accordingly, it
can be concluded that curing at an appropriate temperature can promote the formation
of E and C-A-S-H gels. The generated hydration products filled the pores. Therefore, the
sample can obtain higher mechanical performance, which is consistent with the measured
results of compressive strength. With prolonged curing time, the water loss ratio increased
steadily from 7.22 to 7.85%, suggesting the constant formation of hydration products. As the
curing temperature rose to 80 ◦C, the characteristic peak can be attributed to the formation
of the C-A-S-H gel because of the disappearance of E. Meanwhile, the water loss ratio
was reduced to 6.84%. This suggests that curing at too high temperatures can reduce the
production of hydration products. On the one hand, high temperature can promote the
decomposition of E, reducing its further formation. On the other hand, the surface of raw
materials was wrapped by the hydration products rapidly generated at high temperatures,
hindering further reaction and thereby reducing the strength [35].

The peak at 250–400 ◦C was induced by A and F [36,37]. For the four samples, the
weight loss ratios were 4.42, 5.35, 5.38, and 4.87%, respectively. As the curing temperature
increased from RT to 60 ◦C, the weight loss ratio increased, suggesting that curing at an
appropriate temperature can promote the formation of crystal hydration products such
as F and A. As the curing time increased, the weight loss ratio varied slightly, suggesting
that curing at too a high temperature imposed almost no effect on the production of crystal
hydration products such as A and F. As the curing temperature further increased, the
weight loss ratio dropped. Thus, an excessively high curing temperature has an adverse
effect on the production of crystal hydration products, including A and F.

The peak at 400–600 ◦C seems to be mainly related to water loss of Ca(OH)2 [16].
However, the XRD and FTIR analyses revealed no apparent changes in Ca(OH)2 under
different curing conditions, which may be due to the less amount of Ca(OH)2 generated.

4. Conclusions

This study analyzed the effects of different curing methods on the mechanical perfor-
mance and microstructure of alkali-activated SR-GGBS cementing materials. The experi-
mental results obtained made it possible to draw the following conclusions:

(1) For alkali-activated SR-GGBS cementing samples under different curing conditions,
the sample after RT sealed curing showed optimal mechanical performance. The
compressive strength increased from 9.83 MPa at 3d to 28.96 MPa at 28d. However,
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under all curing conditions under study, samples exhibited low early strength and
developed early in terms of long-term strength.

(2) In contrast to the above four curing methods, HT curing at an appropriate temperature
can remarkably enhance the early strength of the prepared alkali-activated SR-GGBS
cementing materials without harming their long-term strength. This is because the
hydration of GGBS is promoted at HT, generating more C-A-S-H gel and crystal
hydration products, which fill the internal pores and improve the material integrity.

(3) HT curing at 60 ◦C for 12 h proved to be the optimal method among the investi-
gated ones. Noteworthy is that excessive HT curing deteriorates long-term strength,
producing shrinkage cracks and hindering further strength development.

(4) HT curing at 60 ◦C for 12 h is the most appropriate for preparing samples with high
early strength in rapid construction. For the samples with a low requirement on early
strength, RT sealed curing is suitable for reduced energy consumption and convenient
operation advantages.
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Abstract: The pandemic of COVID-19 disease has brought many challenges in the field of personal
protective equipment. The amount of disposable surgical masks (DSMs) consumed increased dramat-
ically, and much of it was improperly disposed of, i.e., it entered the environment. For this reason,
it is crucial to accurately analyze the waste and identify all the hazards it poses. Therefore, in the
present work, a DSM was disassembled, and gravimetric analysis of representative DSM waste was
performed, along with detailed infrared spectroscopy of the individual parts and in-depth analysis
of the waste. Due to the potential water contamination by micro/nanoplastics and also by other
harmful components of DSMs generated during the leaching and photodegradation process, the
xenon test and toxicity characteristic leaching procedure were used to analyze and evaluate the
leaching of micro/nanoplastics. Micro/nanoplastic particles were leached from all five components
of the mask in an aqueous medium. Exposed to natural conditions, a DSM loses up to 30% of its mass
in just 1 month, while micro/nanoplastic particles are formed by the process of photodegradation.
Improperly treated DSMs pose a potential hazardous risk to the environment due to the release of
micro/nanoparticles and chloride ion content.

Keywords: DSM; micro/nanoparticles; leaching; artificial weathering; environmental pollution

1. Introduction

Since the discovery of Bakelite in 1907 until now, the plastic industry has undergone
exceptional development and has had a great impact on our daily life [1]. According
to Plastics Europe, global plastic production is increasing enormously year by year. For
example, 367 million tonnes of plastic were produced in 2020. Plastics Europe estimates
that at least half of all plastics produced have a short lifespan [2].

With the outbreak of COVID-19 and the announcement of a pandemic on 11 March 2020
by the World Health Organization (WHO), the global demand for medical personal pro-
tective equipment (PPE) has increased [3]. As Park and colleagues note in their analysis,
global production of PPE, a short lifespan product, would need to increase by 40% during
the pandemic to meet crisis demand [4]. Prevention of human-to-human transmission of
the virus SARS-CoV-2 has led to the worldwide consumption of disposable surgical masks
(DSMs). The WHO estimates that 89 million medical masks are needed each month to deal
with COVID-19 [3]. As Czigany and Ronkay note in their article, surgical masks provide
protection and an effective way to keep the virus from circulating because they reduce the
number of droplets that an infected person spreads in their environment. Therefore and
consequently, protective masks were one of the most sought-after products last year [5].

With the increase in production and consumption of surgical masks in the world,
new challenges are being posed to the environment due to the world’s largest issue
now—microplastics and, even worse, nanoplastics. The declaration of an epidemic due
to COVID-19 has triggered a different kind of emergency: single-use plastic is on the rise
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again worldwide, and much of the non-recyclable PPE is consequently disposed of in the
environment causing potential chemical contamination [6] and potential ecotoxicologi-
cal consequences [7,8].

Generally, DSMs are classified as “FFP1” masks according to the EU standard EN149
and are also known by the code N95, as they can achieve 95% filtration of particles with
a diameter of 0.3 μm. They are composed of five parts [9] that include ear loops, nose
wire, and three layers of microfibers or nanofibers, which are hydrophobic, skin-friendly,
and non-allergenic (Figure 1). The filter layers are usually produced using melt-blown
electrospinning technology. All three layers can be made from a variety of synthetic
polymeric materials such as polypropylene, polyurethane, polyacrylonitrile, polystyrene,
polycarbonate, polyethylene, or polyester, depending on the customer’s preference [5,7].
However, as it is a plastic product, it is expected that after usage, in the form of waste, it
will have further negative impact on the already polluted environment [5,9].

Figure 1. Composition of typical DSM with marked pieces.

Nowadays, DSMs are becoming a new and enormous source of plastic and mi-
cro/nanoplastics in the environment and causing severe pollution. For these reasons,
it is of paramount importance to study the release of hazardous chemicals and fragmen-
tation products from DSMs. A number of studies have already been published on the
above topic, either containing only theoretical investigations on the negative effects of
DSMs on the environment or focusing only on new DSMs from one or a few manufacturers.
The studies mainly investigated the leaching of DSMs during the washing process or in
artificial seawater [5–8,10–18] In the context of aging experiments, Francesco Saliu and
others [9] performed an initial and preliminary evaluation by subjecting commercially
available surgical masks to artificial aging experiments, including UV irradiation and
mechanical stress in artificial seawater. The results showed that a single surgical mask
irradiated with UV light for 180 h and vigorously agitated in artificial seawater can release
up to 173,000 fibers/day. Silvia Morgana et al. also state that a single mask in water can
release thousands of microplastic fibers and up to 108 submicrometric particles, most of
which are nanoscale [19].

The advantage of our study over other published studies is that we used a real sample—
a mixture of used DSMs of different colors and from different manufacturers—to obtain
a real representative sample. Our waste samples contained more than 30 different DSMs
that are used daily in Slovenia. This is a much more heterogeneous sample than the ones
used in similar studies where more homogeneous samples were used (usually less than
10 [8,16] or even only one type of DSM [6,17]). A representative sample consisting of DSMs
was collected and a comprehensive study of the waste DSMs using a series of chemical,
thermochemical, and physical analyses was conducted to characterize the DSMs as waste.
Gravimetric analysis of larger samples (100 masks) and a complete waste characterization
has been carried out in accordance with EU legislation.
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In our study, special attention was paid to the potential water pollution from mi-
cro/nanoplastics generated by the degradation of these masks and also from other harmful
components of DSMs generated during the leaching and photodegradation process, high-
lighting their adverse effects if not disposed of properly. For this purpose, two methods,
a xenon arc fading lamp test in accordance with standard ISO 105-B04:1994 and toxic-
ity leaching procedure (TCLP), were used, to analyze the production and characteristics
of micro/nanoplastics [8,12,13,16].

In the xenon test chamber, the weathering resistance of the DSM was evaluated using
different light spectra, temperatures, and humidity. In this way, the study of weathering
and accelerated aging tests is made possible by closely mimicking actual environmen-
tal conditions.

2. Materials and Methods

2.1. Sampling and Gravimetric Analysis

The waste DSM sample was collected in a collection campaign in the faculty of
the Mechanical Engineering University of Maribor. In the campaign were participating
students, professors, and staff employed in the faculty who regularly delivered spent DSMs.
During the campaign, over 10.000 spent DSMs were collected. A sampling of the whole
collected sample was carried out according to a standard [20] to collect a representative
sample for further analysis. Particular caution was given when collecting and sampling,
due to the potential infectiveness of the material.

The surgical masks were divided into 5 basic components—nose wire, ear loops, outer
non-woven layer, melt-blown filter layer, and inner non-woven layer—and was dried to
constant mass. On a sample of 100 disassembled masks, we performed a gravimetric
analysis of the proportion of each component in our sample. The masks were disassembled
manually. Each component was weighed on a Kern ALT 220-4NM balance with an accuracy
of ±0.001 g.

2.2. Characterization of Physicochemical Properties of Surgical Masks

The DSMs were analyzed with the spectrometer ATR FTIR Perkin Elmer Spectrum
GX (Perkin Elmer FTIR, Omega, Ljubljana, Slovenia). The ATR accessory (supplied by
Specac Ltd., Orpington, Kent, UK) contained a diamond crystal. A total of 16 scans were
taken of each sample with a resolution of 4 cm−1. All spectra were recorded at ambient
temperature over a wavenumber interval between 4000 and 650 cm−1. Four measurements
were performed for all 5 parts and on both sides of each layer of DSMs. Pristine DSMs were
also characterized in terms of thermogravimetric properties and DSC as explained below.

2.3. Waste Characterization

In accordance with the Slovenian regulation [21] that is modeled after Council Direc-
tive 1999/31/EC, chemical thermogravimetrical and additional physicochemical analyses
were performed to carry out the characterization of waste. First, a sample was prepared in
accordance with the standard [22]. The metal wires were removed from the sample and the
remainder was ground into fine dust using an A 10 IKA Werke mill with a water-cooling
system. Fifty grams of milled sample was produced which is roughly equal to the mass
of 100 masks. So, it contained all 3 layers of the mask, ear loops, type 3 nose wire, and
type 1 and 2 plastic coating of the nose wire (in accordance with Figure 2). With the ob-
tained sample, the determination of the content of metal elements was carried out using
inductively coupled plasma with optical emission spectrometry (ICP-OES) in line with the
standard [23]. As in the standard [24], the determination of total organic carbon (TOC) in
waste was performed. The nitrogen content was determined according to the standard [25]
and hydrogen using the Dumas method [26]. Similar to the standard [27], the determination
of loss on ignition was carried out and the dry matter content according to the standard [28]
method A. Determination of gross calorific value and calculation of net calorific value
were also carried out as in the standard [29]. Other methods that have been used were the
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determination of polychlorinated biphenyls (PCBs) [30] and the determination of chlorine
(Cl), fluorine (F), and sulfur (S) [31].

Figure 2. Gravimetric analysis of various DSM compositions shown as a percentage with included
types of nose wire and their proportion in our sample.

2.4. Toxicity Characteristic Leaching Procedure (TCLP) and Analysis of TCLP Products

The toxicity characteristic leaching procedure (TCLP)—SW-846 Test Method 1311 [32]—
was performed to determine the mobility of both organic and inorganic analytes present in
samples. A representative sample of DSMs was prepared in the following way: all 5 parts
(nose wire, ear loops and outer, filter, and inner layer) were cut into pieces smaller than
1 cm2. Then, the dry matter of the sample was determined according to the standard [28].
The TCLP was performed for the whole mask and all 5 parts of the DSM separately. Six
different samples were analyzed, and each was prepared in two parallels—outer layer, filter
layer, inner layer, ear loops, nose wire separately and all parts together in mass proportions
the same as for mask composition. This value was used in Equation (1) to determine the
amount of distilled water that is needed to perform a TCLP of 50 g of our sample. Fifty
grams of the sample was put in a glass jar with the correct amount of distilled water. Then,
the jars were put on an HS-501 shaker made by IKA Werke that rotated at 30 ± 2 rpm for
18 ± 2 h.

m f luid =
20·wdry matter·msample

100
(1)

Products were first filtered through a colander with a mesh having a diameter of 5 mm,
to remove larger parts. Then, obtained filtrate was filtered again through polyether sulfone
(PESU) filters with an effective pore size of 0.2 μm and diameter of 50 mm, from Sartorius
Stedim Biotech GmbH. Microplastics retained on the filter were examined under a Zeiss
Axio Vision optical microscope with which different parts were observed and measured.
Dried microplastics on the filter were also weighed and analyzed using an ATR FTIR Perkin
Elmer Spectrum GX spectrometer as is described in Section 2.2. Filters used were dried to
constant mass at 100 ◦C in a VS50-SC dryer produced by Kambič d.o.o. and weighed before
the filtration. After filtration, they were dried again and weighed to determine the mass of
microplastics on the filter. Filters were weighed on a Kern ALT 220-4NM balance with an
accuracy of ±0.001 g. Obtained microplastic particles were also analyzed and measured
under the optical microscope ZEISS Axiotech 25HD (+ pole), with an AxioCam MRC (D)
high-resolution digital camera, and a Carl Zeiss FE-SEM SUPRA 35 VP scanning electron
microscope with a GEMINI field emission module.

Water obtained in the TCLP before and after the filtration process was tested for simple
qualitative properties. With a Velp Scientifica TB1 turbidimeter, turbidity of samples was
measured and, with a Metler-Toledo SevenCompact S230 conductometer, conductivity
of samples was measured. Chemical oxygen demand (COD) was also determined by
using tube tests by Macherey-Nagel, Macherey-Nagel Nanocolor Vario 4 heating unit, and
Macherey-Nagel Nanocolor UV/Vis spectrophotometer.
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Water after filtration was also analyzed for particle size distribution (PSD) using
a Zetasizer Nano ZS® (Malvern Instruments, Ltd., UK) equipped with dynamic light
scattering (DLS) technology. Triplicate measurements were carried out using a He-Ne laser
at a wavelength of 633 nm and scattering angle of 173◦ at 25 ◦C for 70 s.

2.5. Photodegradability of Mask

Photodegradation of the mask was performed by artificial weathering using a Xenotest
alpha LM high-energy climate chamber (Atlas Material Testing Technology GmbH,
1500 Bishop Ct, Mount Prospect, Illinois, 60056, United States). It was essentially the
same as the standard ISO 4892-2 2013, with minor modifications in cycle composition. The
DSMs were manually prepared to fit into the Xenotest holders. The samples were then
dried at 90 ◦C for 1 h to maintain a constant mass. The samples were then weighed and
placed in the Xenotest. One cycle consisted of a 1 min rain period and a 29 min dry period
at a relative humidity of 50% and a constant temperature of 38 ◦C. Irradiance was set to
60 W/m2 and was provided with the use of a daylight filter. These laboratory conditions
are a rapid simulation of the real natural conditions to which DSMs are exposed in nature,
thus mimicking real conditions. A cycle was repeated 25 times, 50 times, 75 times, 100 times,
125 times, 150 times, 175 times, and 200 times. Samples were then dried again at 90 ◦C for
1 h and weighed. In addition to gravimetric analysis, we also performed FTIR analysis as
well as thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of
the masks after aging. Distilled water was used for the simulated rainwater, which was
collected and analyzed after the simulation. A few drops of the simulated rainwater were
examined under a ZEISS Axiotech 25HD (+ pole) optical microscope. It was also filtered
through a PESU filter with < 0.2 μm mesh size. The filtrate was analyzed by DLS to detect
any nanoscale particles released from the samples.

TGA and DSC analyses of raw DSMs were also performed to assess possible changes.
For TGA before and after Xenotest, a METTLER TOLEDO TGA 2 STAR System was
used under air atmosphere in the temperature range 25–700 ◦C and with a heating rate
of 10 K min−1. For DSC, a METTLER TOLEDO DSC 3 STAR System was used under
nitrogen (N2) atmosphere in the temperature range of 25–700 ◦C and with a heating rate of
10 K min−1.

3. Results

3.1. DSM Characterizations
3.1.1. Gravimetric Analysis

After manually decomposing 100 different DSMs into five components (shown in
Figure 1), we used the basic statistical tools in Microsoft Excel to obtain the results shown
in Figure 2. The average mass of a single mask was 3.1205 g. The maximum mass fraction
of the mask represents a three-layered part, resulting in 79.7%. This percentage is evenly
distributed among all three layers and most likely contributes to micro/nanoplastic frag-
mentation. Ear loops represent 12.4% of the mass of the DSMs, and the lowest percentage
of the DSM mass is represented by nose wire, i.e., 7.9%.

In the obtained sample, three different types of nose wire were found. The most
common one is nose wire composed of one metal wire coated with plastic (type 1) and is
represented in more than half of all masks analyzed, the second one is composed of two
metal wires coated with plastic (type 2), and the third one, the least represented type, is
without metal wire, just plastic with additives that provide similar properties to metal wire
in plastic (type 3). Schematic representations of all three types of nose wire are shown
in Figure 2.

3.1.2. ATR-FTIR Characterization of Pristine DSMs

Similar to above, 50 different DSMs were manually decomposed into all five parts
as shown in Figure 1 and analyzed by ATR FTIR spectroscopy. The results show the
different spectra that were collected from each part. As can be seen in Figure 3a, two
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different types of spectra of the non-woven outer layer and non-woven inner layer have
been found. All collected spectra of the filter layer were the same. The spectra of one
type of non-woven outer layer, filter layer, and one type of non-woven inner layer showed
the following bands: multiple peaks in the wavenumber range from 3000 to 2800 cm−1

and two large peaks in the range from 1456 to 1375 cm−1. The peaks in the range from
3000 to 2800 cm−1 were attributable to asymmetric and symmetric stretching vibrations
of CH2 groups, while the peaks at 2950 and 2850 cm−1 were due to the asymmetric and
symmetric stretching vibrations of CH3. The peak at 1456 cm−1 indicates the asymmetric
CH3 vibrations or CH2 scissor vibrations, while the peak at 1375 cm−1 was the result of
the symmetric CH3 deformation [33]. All mentioned signals represent typical signals for
polypropylene materials.

The other two spectra, corresponding to the second type of non-woven outer layer and
the second type of non-woven inner layer, presented only two signals in the range from
3000 to 2800 cm−1, namely, at the wavenumber 2914 and 2848 cm−1, signal at 1471 cm−1,
and the small peak at 717 cm−1, that are identified as characteristic bands for C-H wagging
vibrations (Figure 3a). Those signals are attributed to polyethylene materials [34]. Interest-
ingly, among the 50 DSMs measured, only one was found to have a non-woven outer layer
and a non-woven inner layer of polyethylene materials.

As can be seen in Figure 3b, four different spectra of ear loops with different positions
of signals were obtained. Comparing the collected spectra with the spectra of synthetically
produced untreated polyamide 6 [35], it was revealed that the characteristic peaks overlap.
Typical bands that were found were assigned to polyamide 6, also known as nylon 6. How-
ever, slight variations between the spectra can be observed due to different manufacturers
of ear loops adding different additives to provide desired properties of the product.

In the case of nose wire examination, the metal wires were removed first, and then
only the plastic coating was analyzed. As already schematically shown in Figure 2, three
different types of nose wires were found according to their structure. As they differ in
structure, they also differ in the FTIR spectra obtained. Type 1 was a nose wire with a
metal wire in a plastic coating. As can be seen in Figure 3c, the spectra of type 1 have peaks
typical for polypropylene, and the position of bands is very similar to the spectra of the
coatings of polypropylene in Figure 3a. Type 2 and type 3 nose wires’ spectra are very
similar, and they are compared with the spectra in Figure 3a, as they are also comparable to
the inner and outer layer of DSMs made of polyethylene. Indeed, among all nose wires
examined, the material polypropylene predominates.

3.2. DSM Characterization as a Waste

To better understand the potential risks posed by discarded DSMs, the total analysis
was performed for DSMs in the form of waste by several standards (for details, refer
to Section 2.3) to identify the possible release of chemical compounds when a mask is
decomposing in the environment, that according to our knowledge has not yet been carried
out, but has already been recommended [18]. In accordance with Slovenian regulation [21],
the presence of trace elements was analyzed. The results of the detected items are shown
in Table 1. All results are in milligrams from a kilogram of dry matter. Results of other
analytical methods that were carried out are shown in Table 2.

The elemental analysis that was carried out showed that 73.99% of a waste DSM
without metal wires is composed of total carbon (TC), 16.43% of nitrogen (N), and 6.95% of
hydrogen (H). In the same sample, 0.63% chlorine (Cl) was also detected (Table 2) which is
of particular concern. It should be noted that all results are calculated on dry matter. One
of the possibilities is that chlorine gets into the masks during the sterilization process. As
Van Loon and colleagues note, two processes that contain chlorine-containing chemical
compounds also appear in the review of possible DSM sterilization processes. These are
sterilization with bleach (sodium hypochlorite solution) and chlorine dioxide gas (ClO2).
The latter process is much more commonly used in practice and is very likely the reason
for the presence of Cl in waste DSMs.
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Figure 3. (a) FTIR spectra of 3-layered part of DSM; (b) FTIR spectra of different ear loops; (c) FTIR
spectra of nose wires.
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Table 1. Analyzed trace elements in waste DSM without metal wire.

Trace Elements Value (mg/kg d.m.) Trace Elements Value (mg/kg d.m.)

Ag <10 In <10

Al 39.35 Li <10

As <3 Mg 78.41

Ba <7 Mn <8

Bi <10 Na 50.04

Cd <3 Ni 7.65

Co <7 Pb <5

Cr 13.09 Se <3

Cu 15.42 Sr <10

Ga <10 Ti <10

Hg <1 Zn 51.97

Table 2. Other analyses to determine waste characterization.

Other Analysis Value

Dry matter >99%

Loss on ignition >99%

Net calorific value 44,264 kJ/kg

Gross calorific value 45,739 kJ/kg

PCB Not detected

Cl 0.63% d.m.

F <0.2 mg/kg

S <0.2 mg/kg

Based on the analysis of the metal content (Table 1), we can conclude that there is
no detectable increased presence of metals in our sample. We should keep in mind that
we removed the metal wires from the nose wire and analyzed only the polymer coating
in the DSM mix sample. Since we provided analyses in accordance with the assessment
of hazardous waste prior to incineration [21], there are no limit values. Yet, DSMs are
expected to release elements (Table 1) when discarded that can contribute to the release
of potentially hazardous chemicals such as Cr, with possible adverse ecological effects on
wildlife, as already pointed out [7,15].

As is seen in the data in Table 2, this is a type of waste that is eminently suitable
for energy use, as it has an extremely high dry matter content, while at the same time
we can conclude from the loss on ignition that no significant amount of ash (less than
1%) is produced during combustion. The net calorific value is also extremely high, even
exceeding the net calorific value of crude oil (42,300 kJ/kg) and being comparable to
gasoline (≈44,300 kJ/kg) [36].

3.3. Toxicity Characteristic Leaching Procedure (TCLP) and Analysis of TCLP Products and
Microplastic That Is Being Produced

Qualitative properties of the water and mass of isolated microplastics obtained in
the TCLP are reported in Table 3. During the leaching process, most of the microplastic
is released from the ear loops, followed by the inner layer, the outer layer, the filter layer,
and the wire, in that order. This is reflected not only in the mass of microplastics larger
than 0.2 μm left on the filter but also in the highest COD, turbidity, and conductivity
of the washout fluid. These findings were also confirmed by gravimetric analysis of
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microplastic parts loaded on filters. The greatest mass of microplastic parts is released out
of ear loops (28.9 mg) which is 0.23% of the original mass needed for the TCLP procedure.
Table 3 shows that the turbidity of each DSM part decreased after filtration. A similar
trend is also observed for COD, being smaller after TCLP filtration in all cases. Similarly,
conductivity is lower or does not change after filtration. The release of microplastics on
PESU filters increased after the TCLP in all parts of the DSM. It can be concluded that
turbidity, COD, and conductivity values decrease due to removal of microplastics with the
filtration process and that the presence of microplastics increases the values of these three
water quality parameters.

Table 3. Simple qualitative properties of the water obtained in TCLP before and after filtration.

DSM
Part

Before Filtration After Filtration mmicroplastics>0.2 μm

(mg)
Released on

Filters

Turbidity
(NTU)

Conductivity
(μS/cm)

COD
(mg/L O2)

Turbidity
(NTU)

Conductivity
(μS/cm)

COD
(mg/L O2)

Blank 0.3 0.1 5.1 0.1 0.1 2.2 0

Outer
layer 19.1 90.8 52.5 1.7 89.2 40.5 9.1

Filter
layer 9.5 117.2 41.1 0.3 55.5 27.2 5.5

Inner
layer 24.9 123.7 151.2 3.8 124.4 124.5 12.6

Ear loops 44.9 204.6 162.4 3.7 199.4 158.0 28.9

Nose
wire 6.6 21.7 13.2 0.2 22.5 10.3 2

Whole
mask 15.5 103.4 68.3 1.9 111.2 59.3 7.4

The microplastics that were being produced and were loaded on a PESU filter with
an effective pore size of 0.2 μm were examined under the optical microscope and with
ATR-FTIR analysis. Results of ATR-FTIR analyses of leached microplastic particles by every
part of DSM are shown in Figure 4. Pictures made with an optical microscope are shown
in Figure 5.

The FTIR spectra of the microplastic produced during the TCLP differ from the FTIR
spectra of the base parts of the surgical masks (refer to Figure 3). The FTIR spectra of
microplastic release from the outer, inner, and filter layers (Figure 4a–c) and also from the
nose wire (Figure 4e) are not consistent with the spectrum of polypropylene, showing new
peaks around 3300 cm−1, 1650 cm−1 and peaks in the range of 1030–1060 cm−1. The peaks
in the range from 3000 to 2800 cm−1, which are due to asymmetric and symmetric stretching
vibrations of the CH2 and CH3 groups of polypropylenes, are less pronounced and the peaks
at 1456 and 1376 cm−1 disappear completely in the spectra of the released microplastic.
From this, we can conclude that polypropylene undergoes oxidation/degradation reactions
that were confirmed with the appearance of new bands after the TCLP [16,18]. The new
peak around 3300 cm−1 may correspond to hydroxyl groups, while the peaks in the range
of 1030–1060 cm−1 may represent signals for C-O stretching vibrations [16]. The FTIR
spectrum of microplastic released from ear loops (Figure 4d) differs from the polyamide
6 spectrum in the following two peaks: peak at 3295 and peak at 1635 cm−1. The latter may
also be attributed to the oxidation process of polymeric material [16,18].
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Figure 4. Cont.

93



Sustainability 2022, 14, 12625

Figure 4. ATR FTIR scans of leached microplastic parts loaded on PESU filter with an effective
pore size of 0.2 μm with referential scans of each part before TCLP: (a) microplastic parts out of the
outer layer, (b) microplastic parts out of the inner layer, (c) microplastic parts out of filter layer (d)
microplastic parts out of ear loops, and (e) microplastic parts out of nose wire.

The microplastic particles in Figure 5b,d,f,h are quite similar. Most of the particles
are fibers that are uniformly distributed and not superimposed. Some fibers are frag-
mented into particles and broken, which look like irregular spheres and cubes and are no
longer fiber-like, as initial layers. Such morphology and shape of fiber-forming particles
are expected because of the material from which they are leached (Figure 5a,c,e,g). In
Figure 5j, the leached microparticles are different from those in the previous photographs.
In this case, the particles are dislodged from nose wires (Figure 5i) and are made of hard
polypropylene. The slightly orange color is probably the result of the presence of metal wire.
It was shown in [15] that when other particle shapes and morphologies were compared
to fiber-shaped particles, it was revealed that the latter in general tends to cause larger
ecotoxicological effects.
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Figure 5. Optical microscope scans of pristine DSM parts before TCLP (magnified 4 times) and
leached microplastic parts loaded on filters after TCLP (magnified 100 times): (a) pristine outer layer,
(b) microplastic parts out of the outer layer, (c) pristine filter layer, (d) microplastic parts out of the
filter layer, (e) pristine inner layer, (f) microplastic parts out of inner layer, (g) pristine ear loops,
(h) microplastic parts out of ear loops, (i) pristine nose wire, (j) microplastic parts out of nose wire.

The TCLP products of the whole DSM sample were also analyzed by SEM (Figure 6a,b).
Figure 6a show particles present in the analyzed leachate before filtration, and in Figure 6b
they can be seen after filtration through filters with a mesh size of 0.2 μm. Accordingly, it
is to be expected that in the first photo much larger particles can be seen, most of which
are fibers that are uniformly distributed and superimposed. In Figure 6b, the particles are
much smaller, different shapes, and much more evenly distributed, together with plastic
particles in the nm range. In fact, when a DSM decomposes into nm range fragments (the
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latter are shown by SEM in Figure 6b), it is of particular environmental concern, as the
release of nanoplastics is accelerated to due increased surface area.

Figure 6. Scans of micro- and nanoparticles released from whole DSM sample in TCLP process.
(a) SEM image of particles loaded on the filter, (b) SEM image of filtrate, and (c) particle size
distribution of filtrate.

In addition, to prove the leaching of nanoplastic particles in the filtrate of whole DSM
leachate, particle size distribution (PSD) analysis, which was recorded three times, was
performed (Figure 6c). With this analysis, the presence of nanoscale particles released by
DSMs was confirmed. The particles have an average diameter of 305 nm. The majority of
the particles (87%) have a diameter of 430 nm, with a standard deviation of 196.1 nm.

3.4. Photodegradability Results by Mimicking Natural Conditions with Xenotest

In general, disposable masks are exposed to the environment after use if not properly
stored as waste, which means that the various environmental conditions and their influence
should be studied over time. Therefore, in the following section, the DSMs were exposed to
environmental conditions using a Xenotest climate chamber. After a long period of mimick-
ing natural conditions (i.e., light, rain, etc., see Section 2.5), the DSMs were evaluated using
various characterization techniques after mimicking natural weathering and compared to
the untreated DSMs. It is very hard to assess the correlation between artificial weathering
and natural weathering in general, as it depends on the type of material. According to
Badji et al. [37], artificial weathering in a climate chamber is comparable to a 7.35 times
longer period under natural weathering in equatorial regions. Further north and south from
the equator, the acceleration time will be above this value. In accordance with Badji et al.’s
study, it can be concluded that 200 cycles of artificial weathering, the duration of which
was 100 h, are roughly equal to 735 h or 1 month under natural weathering in the equa-
torial region. Unlike other studies [18], which only investigated the change in properties
of disposable masks under UV light weathering conditions, this study implements real
daylight, rain, and other environmental parameters typical of real conditions.

The experiments on DSMs using Xenotest revealed that the changes are dramatic after
artificial weathering. As is shown in Figure 7a, photodegradation of the three-layered part
after 200 repetitions of a 30 min cycle is visually apparent (DSMs decay and become friable).
This could be due to changes in chemical composition and fiber structure, which could be
seen in the mask fragments broken into smaller pieces. The DSM polymer becomes more
fragile, releasing even more microplastics and nanoplastics. In addition, it is suspected that
the mechanical strength changed and most likely decreased. The test has shown that the
three-layered part of the DSM loses more than 80% of its weight after 200 repetitions under
simulated natural conditions in the Xenotest chamber as is shown in Figure 7b. Six samples
of the three-layered part were analyzed (B–G) and, as can be seen from the graph of mass
loss, the results of photodegradation are satisfyingly precise and show repeatability. This is
also the part of the mask that degrades faster than other parts (Figure 7), as weight change
in ear loops after 150 repetitions was 3.37% and after 200 repetitions it was 11.14%, and that
of nose wires after 150 repetitions was 0.31% and after 200 repetitions it was 0.97%. These
results show a significant influence of photodegradation of the masks, contributing to an
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increased number of micro/nanoplastics fragments in terms of weight change, confirmed
by the DLS analysis below. Aged mask fragments have already been shown to completely
transform into microplastics and it was predicted that a fully aged mask would release
billions of microplastic fibers into the environment [17]. However, the contribution of more
problematic nanoplastics has not been considered.

Figure 7. (a) Photodegradation analysis of DSM: (b) mass loss of DSM parts exposed to artificial
weathering from 0 to 200 cycles.

FTIR analyses were performed before and after the Xenotest. The FTIR spectra changed
only in the case of the three-layered part. In the case of the nose wire and ear loops, there
were no visible changes in the collected spectra. Similar to the spectra collected from
microplastics after the TCLP are the spectra of photodegraded DSMs (Figure 8). The FTIR
spectrum of the photodegraded three-layered part does not agree with the spectrum of
polypropylene and shows new peaks around 3300 cm−1, 1730 cm−1, and 1650 cm−1 and
peaks in the range of 1030–1060 cm−1. Listed signals at corresponding wavenumbers are
typical for O-H, C=O, C-O, etc. vibrations [16,18]. The latter indicates that polypropylene
undergoes oxidation/degradation reactions, as already observed above in Figure 4.

Figure 8. FTIR spectra of the 3-layered part before and after Xenotest.
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The changes can also be seen in the TGA and DSC diagrams of the three-layer part
of DSMs. The diagrams in Figure 9a,b show that 97% of the mass loss starts at lower
temperatures—between 90 ◦C and 600 ◦C. The total mass loss from onset to 694.7 ◦C is
98.8%, in agreement with waste analysis (Table 2). Yet, after mimicking the real natural
conditions in Xenotest, the three-layer part of DSMs after exposure seems less thermogravi-
metrically stable in comparison to virgin three-layer parts, as it loses its mass at a lower T
than pristine three-layer parts. In addition, the approximate melting temperature of the
DSM after the Xenotest is also lower—156 ◦C—as can be seen in Figure 9b. The phase
transition flow T value for PP was determined to be around 160 ◦C [7], which coincides
with our data and confirms that DSMs are mainly fabricated using PP polymer.

Figure 9. TGA (a) and DSC (b) analyses of whole DSM before and after Xenotest.

The simulated rainwater was collected during the test and analyzed under the optical
microscope, which allowed us to isolate microplastic particles produced by photodegrada-
tion. As can be seen in Figure 10a, a DSM is degraded by photodegradation into extremely
inhomogeneous microparticles, ranging from a few hundred micrometers to less than
1 μm. The formation of nanoplastics and their presence in the simulated rainwater were
additionally confirmed by DLS analysis, the result of which can be seen in Figure 10b.

Figure 10. (a) Obtained microplastic parts from collected simulated rainwater; (b) DLS analysis of
filtered simulated rainwater.

4. Discussion and Proposed Future Recommendations

To conclude, when we talk about DSM waste, we are talking about the waste that
has been with us for a long time, but since the beginning of the epidemic, the quantities
have increased dramatically. Given the volumes that are being generated, it is important
to understand the wastes that we are dealing with. As we pointed out in the study, it is
a homogeneous type of waste—each mask is made up of only five components and is
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primarily made of polypropylene. However, this should not lead us to forget about the
awareness of the hazardous nature of the waste. As can be seen, this waste contains quite a
high amount of Cl, which may indicate the presence of halogenated organic compounds
(AOX). However, the main problem is the amount of microplastics and nanoplastics de-
tected in this study, which are formed in a short time when this waste is exposed to natural
conditions such as leaching, moisture, temperature, and UV radiation. Thus, it is highly
recommended that these strategies are taken into consideration:

• Rapid fragmentation in the environment is an additional problem if this type of waste
is not properly collected and processed. Given these considerations, proper disposal
of DSM waste should be a priority for the system and the public [38]. In this way,
the risks posed by the disposed masks could be better assessed and they could be
prevented from entering the environment. Stricter management of mask waste would
be beneficial, greatly limiting the amount of masks released into the environment.
Such a setting would thus contribute to the control of micro/nanoplastics in the
environment.

• A promising option that can open a new way to reduce the released fragments of mi-
cro/nanoplastics is recycling. Effective recycling could be another waste management
option that would add value along with possible upgrades using various antiviral
(nano)fillers. Another promising option would be to reuse the masks to minimize con-
tamination. Reuse could be ensured by disinfection, but special care should be taken
here to avoid damaging the fiber structures in the mask or reducing their efficiency in
terms of protection or breathability.

• Additional research is needed to determine the best possible way to dispose of DSM
waste, whether through energy or material recovery.

• Of particular importance would be bio-based and potentially biodegradable alterna-
tives to current conventional plastic masks. Bio-based materials, including biopoly-
mers, could partially or even completely replace petroleum-based polymers and in
this way reduce the ecological footprint.

• Last, but not least, more consideration should be given to ecotoxicological measures.
The need to assess the risk of released micro/nanoplastics in the environment should
be investigated.
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Abstract: A water environment quality evaluation and pollution source analysis can quantitatively
examine the relationship among water pollution, resources, and the economy, and investigate the
main factors affecting water quality. This paper took COD, NH3-N, and TP of the Tuojiang River
as the research objects. The water environment quality evaluation and pollution source analysis of
the Tuojiang River Basin were conducted based on the grey water footprint, decoupling theoretical
model, and correlation analysis method. The results showed that grey water footprint decreased, and
the water environment quality improved. Among the pollution sources of the grey water footprint,
TP accounted for the highest proportion. Moreover, the economic development level and the water
environment were generally in a state of high-quality coordination. Farmland and stock breeding
pollution accounted for the largest proportion of agricultural pollution and were thus the main
source of the grey water footprint. The results of Pearson’s correlation analysis indicated that the
source of the pollutants were the imported pollution from the tributaries and agricultural pollution
(especially stock breeding and farmland irrigation). These results showed that the quality of the
water environment was improving, and the main factors affecting the water environment were stock
breeding and farmland pollution in agriculture. This study presents a decision-making basis for
strengthening the ecological barrier in the Yangtze River.

Keywords: water environment quality evaluation; pollution source analysis; grey water footprint;
decoupling theoretical model; correlation analysis

1. Introduction

Given that the Yangtze River is the largest river in China, the construction and de-
velopment of the Yangtze River Basin plays an important role in the national sustainable
development strategy [1,2]. Most areas of the Yangtze River discharge giant amounts of
sewage, and environmental issues are becoming additionally apparent, particularly pollu-
tion and the deterioration of water quality [3]. As an important first-order tributary on the
right bank of the upper reaches of the Yangtze River, the Tuojiang River is a vital ecological
barrier in the upper reaches of the Yangtze River Basin and plays a highly critical role in
maintaining the ecological security of the Yangtze River Economic Belt [4–6]. Therefore,
the evaluation of the water environment quality and analysis of the pollution sources of
cities along the Tuojiang River Basin are imperative, and timely and targeted measures
ought to be taken for prevention. Such studies can provide a decision-making basis for
strengthening the ecological barrier in the upper reaches of the Yangtze River.

Traditional water environment quality evaluation methods mainly include the pollu-
tion index evaluation method [7], single factor evaluation method [8], and artificial neural
network analysis method [9,10]. However, these approaches mainly evaluate the pollution
degree of polluted water bodies, and studies on the relationship between the quantity
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and quality of water resources are few. In recent years, a comprehensive analysis of water
resources that mixes water quality and quantity has emerged. Tharme [11] used the science
of environmental flow assessment to determine the quantity and quality of water needed
for ecosystem conservation and resource conservation. Xia et al. [12] established a com-
prehensive evaluation method for water quantity and quality in a basin and proposed the
integration concept of water resource functional capacity and water resource functional
deficit. Wang et al. [13] took the Liaohe River as an example to establish a comprehensive
evaluation method for ecological water demand that considers the natural and social water
cycles, as well as the river water quantity and quality. However, the above methods still
fail to quantitatively explain the effect of water pollution on the quantity of water resources.
The concept of grey water footprint (GWF) provides a new idea for the quantitative eval-
uation of the relationship between water quantity and quality, and grey water footprint
was used to measure water pollution levels [14]. Grey water footprint was defined as
the amount of freshwater necessary for the pollutant load to be assimilated to reach the
level of existing water quality standards [15,16]. Grey water footprint has been used to
assess the influences of global human economic activities on water use and has been widely
developed to assess water pollution levels in many fields, such as agricultural grey water
footprint (GWFAgr) [16–20], industrial grey water footprint (GWFInd) [21–23], and domestic
grey water footprint (GWFDom) [24]. Previous research directions have focused on the grey
water footprint of specific pollutants (e.g., nitrogen-related or phosphorus-related grey
water footprint) for developing control strategies [25–29]. Only a few studies have consid-
ered multiple pollutants to show the overall picture of pollution [30]. Previous analyses of
the grey water footprint for multiple pollutants have focused on pollution levels, whereas
studies on the dynamic changes of major water pollutants that lead to water pollution are
rare [31]. In this paper, the grey water footprint of various pollutants in the Tuojiang River
Basin (Neijiang City (NJC) section) was studied, and the sources of grey water footprint
in agriculture, industry, and domestic areas were analyzed. The dynamic changes of the
grey water footprint of various pollutants and their sources were also investigated. Some
studies have introduced decoupling theoretical models based on investigating the grey
water footprint to reveal the decoupling relationship between economic development and
the water environment [32]. These studies have comprehensively evaluated the quality
of the water environment. The present work studied the grey water footprint of various
pollutants in the Tuojiang River Basin (NJC section) and analyzed the sources of grey water
footprint in agricultural, industrial, and domestic areas. In addition, the dynamic changes
of the grey water footprint of multiple pollutants and their sources were studied, and
the water environment quality was comprehensively evaluated by combining grey water
footprint and decoupling theory.

Identifying pollution sources and determining their contribution are the basis for the
effective prevention of pollution [33–35]. Grey water footprint can show the overall level
of water pollution but cannot trace the specific source of pollutants in the river. Many
scholars have investigated the sources of pollutants using the correlation analysis method
for qualitative source analysis [36–38]. For example, a correlation analysis in the Yangtze
River Basin showed that the concentration of antibiotics in surface water and sediment
is strongly correlated with total nitrogen and total phosphorus, which may have come
from household and agricultural waste [39]. Zhang et al. [40] used a correlation analysis
method to prove that the pollution sources of sulfate and fluoride in groundwater in a
certain area in southwest China are highly similar and are greatly affected by the discharge
of industrial parks. The source apportionment of pollutants was performed based on the
correlation degree of the main pollutants in each section and the correlation degree of
the main pollutants in the river with indicators of agriculture, forestry, animal husbandry,
fishery, industry, and population economy.

This paper further evaluated the water environment quality and analyzed the pollution
sources based on the grey water footprint, decoupling theoretical model, and correlation
analysis method of the Tuojiang River. It also determined the status of the water environ-
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ment quality and the main factors affecting the water environment. In addition, it provided
a clear direction for reducing the grey water footprint and improving water quality. The
main objectives of this study are to: (i) analyze the overall change in water environment
quality and its decoupling from economic development, (ii) examine the main pollutants
that affect the quality of the water environment, (iii) investigate the specific sources of
water environmental quality, and (iv) provide recommendations for reducing the grey
water footprint and improving the water quality of the Tuojiang River.

2. Materials and Methods

2.1. Study Areas and Data Sources

As shown in Figure 1, the Tuojiang River is a first-order tributary of the upper reaches
of the Yangtze River and one of the more important rivers in the central area of Sichuan
Province. NJC is located in the southeastern part of Sichuan Province and the middle
part of the lower reaches of the Tuojiang River. The Tuojiang River Basin accounts for
more than 95% of the city’s land area. NJC includes Shizhong District (SZ), Dongxing
District, Weiyuan County, Zizhong County (ZZ), and Longchang County (LC) [41]. The
results of the 2021 Neijiang National Economic and Social Development Statistical Bulletin
indicated that the economy of NJC has developed rapidly. In 2021, the gross domestic
product (GDP) of NJC increased by 8.5% compared to the previous year. Specifically, the
primary, secondary, and tertiary industries increased by 6.9%, 6.5%, and 10.4%, respectively,
with a ratio of close to 17:33:60. This finding showed that the service industry makes up
most of NJC’s economy, whereas agriculture makes up the least.

Figure 1. Geographical location of study areas.

The Tuojiang River enters the Neijiang River from Shunhechang and exits at Laomutan.
The larger tributaries in the NJC section of the mainstream of the Tuojiang River mainly
includes the Qiuxi, Mengxi, Xiaoqinglong, and Daqingliu Rivers. In the mainstream control
unit of the Tuojiang River, the Qiuxi River is the first tributary of the Tuojiang River in the
Neijiang River. The spatial and temporal distributions of the water resources in the Tuojiang
River (NJC section) is uneven, and most of the precipitation is from June to September each
year. In this paper, the monthly pollutant monitoring data of typical sections were selected
to analyze the distribution characteristics of the main pollutants in the river (Table 1).
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Table 1. List of typical monitoring sections.

Monitoring Section Name Number Section Properties

Falun estuary S1 Entry section
Qiuxi estuary S2 Section of the estuary entering the Tuojiang River
Shunhechang S3 Entry section
Yinshan Town S4 control section

Gaosi ferry S5 control section
Laomutan S6 Exit section

The agricultural, industrial, and domestic pollution data of each district and county
in NJC are all from the Neijiang Statistical Yearbook (2015–2021). The data of the main
pollutants in each section of the river came from the Neijiang Municipal Bureau of Ecology
and Environment.

2.2. Major Pollutant Identification

In this study, the chemical oxygen demand (COD), ammonia nitrogen (NH3-N), and
total phosphorus (TP) were selected to evaluate the grey water footprint and analyze the
changes in the major pollutants in the Tuojiang River for three main reasons: (1) According
to the China Ecological Environment State Bulletin, COD, NH3-N, and TP are the main
pollutants causing surface water pollution in China; (2) according to the Sichuan Province
news and documents, the main pollutants of rivers are COD, NH3-N, and TP; and (3) pre-
vious studies on the Tuojiang River have shown that the main pollutants include COD,
NH3-N, and TP [42,43].

2.3. Grey Water Footprint

Grey water footprint can be interpreted as the dilution water demand [26]. When
multiple pollutants are involved, the grey water footprint takes the maximum value of the
grey water footprint of each pollutant [18,23,44]:

GWFj,i = Lj,i/(Cmax,j,i − Cnat,j,i), (1)

GWFj = max{GWFj,1, GWFj,2, . . . , GWFj,i}, (2)

GWFTotal = ΣGWFj, (3)

where GWFj,i is the grey water footprint of pollutant i released into the water at point j
[volume/time], GWFj is the grey water footprint of the pollutant at point j [volume/time],
GWFTotal is the grey water footprint of the system being studied [volume/time], Lj,i is the
quantity of pollutant i being emitted into the water at point j [weight/volume], Cmax,j,i is
the maximum permissible concentration of substance i in the receiving waters at point j
[weight/time], Cnat,j,i is the natural concentration of substance i in the receiving waters at
point j [weight/volume], and n is the number of discharge points.

The natural water body background concentration (Cnat) of pollutants is the original
concentration of pollutants in the water body, which is often assumed to be 0.

2.4. Water Environment Decoupling Theory

Decoupling theory refers to a situation in which the relationship between two or
more related variables decreases or ceases to exist [45,46]. The decoupling effect refers to
reducing the burden on the environment while maintaining or increasing economic growth
rates. This effect enables more efficient use of natural resources, especially water [47].
Decoupling can be divided into relative and absolute decoupling. The former refers to
the increase of resource and environmental pressure at a lower rate during economic
growth; the latter refers to the reduction of the growth rate of resource and environmental
pressure during economic growth [48]. According to the decoupling index, the gross
domestic product change rate, and the grey water footprint change rate, the relationship
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between economic development and the water environment is divided into high-quality
coordination, preliminary coordination, and uncoordinated [49]. The decoupling index can
be calculated as follows:

DF = VGDP − VF, (4)

where DF is the decoupling index, VGDP is the average annual gross domestic prod-
uct change rate, and VF is the average annual grey water footprint change rate. When
VGDP > 0, VF < 0, and DF > 0, water resource utilization and economic growth are in a state
of strong decoupling and high-quality coordinated development. When VGDP > 0, VF > 0,
and DF > 0, water resource utilization and economic growth are in a weak decoupling and
preliminary coordination state. When DF ≤ 0, water resource utilization and economic
growth are not in a state of decoupling.

2.5. Correlation Analysis Method

A correlation analysis can indicate whether the variables are correlated, the direction
of correlation, and the degree of closeness. Probability (P) reflects the probability of an
event happening. Generally, p < 0.05 indicates a significant correlation; whereas p < 0.01
denotes an extremely significant correlation, which implies that the probability that the
difference between samples is caused by a sampling error of less than 0.05 or 0.01. Pearson’s
correlation coefficient (Cor) was used to measure the correlation between two variables,
X and Y. Its value is between −1 and 1, and the greater the absolute value is, the greater
the correlation will be. A positive correlation coefficient indicates a positive correlation;
otherwise, it is a negative correlation [50,51]. The formula for calculating Cor is [52]:

Cor(X, Y) = Cov(X, Y)/
√

Var(X)Var(Y), (5)

where Cov(X, Y) denotes the co-variance of X and Y for any random variable Z, and Var (Z)
denotes the variance of Z. On the basis of Cauchy–Schwarz inequality, Cor (X, Y) ∈ [−1, 1].

3. Results and Discussion

3.1. Water Environment Quality Evaluation
3.1.1. Distribution and Proportion of Grey Water Footprint

The GWFTotal, GWFCOD, GWFNH3-N, and GWFTP of NJC and its five districts and
counties are shown in Figure 2. From 2015 to 2019, the grey water footprint data of
pollutants showed that GWFTP was higher than GWFCOD and GWFNH3-N; thus, GWFTP
was the grey water footprint, that is, the main pollutant was TP. The GWFTotal (Figure 2a)
of NJC decreased from 556.82 × 108 m3/y to 428.11 × 108 m3/y, showing a decrease rate
of 30.06%—and the GWFCOD (Figure 2b), GWFNH3-N (Figure 2c), and GWFTP (Figure 2d)
decreased by 27.67%, 15.70%, and 42.04%, respectively. The grey water footprint of the
five districts and counties generally showed a downward trend. Generally, the quality
of the water environment is improving. The largest declines were in SZ and LC, which
were 96.18% and 51.8%, respectively. The smallest decline was in ZZ at 6.63%. From
the perspective of spatial distribution, the grey water footprint was significantly higher
in ZZ and significantly lower in SZ. Thus, the water environment quality in the upper
reaches of the Tuojiang River was slightly lower than that in the lower reaches. The
phosphorus industry was a major factor leading to excessive pollutant concentrations in
the environment. Several mining regions can be found in the upper reaches of the Tuojiang
River, and their effects on water quality shouldn’t be underestimated. The development of
the phosphorus industry in the upper reaches of the Tuojiang River could explain the high
TP concentration throughout the whole basin [43].
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Figure 2. GWFTotal (a), GWFCOD (b), GWFNH3-N (c) and GWFTP (d) of cities and counties.

The changes in the pollution sources of GWFCOD, GWFNH3-N, and GWFTP in NJC
from 2015 to 2019 are shown in Figure 3. The results showed that in comparison with
2015, the GWFAgr in GWFCOD in 2019 decreased by 26.34 × 108 m3, GWFInd decreased
by 1.84 × 108 m3, and GWFDom increased by 3.54 × 108 m3; thus, the main reason for
the decrease in GWFCOD was agricultural COD emissions (Figure 3a). The GWFAgr in
GWFNH3-N decreased by 23.78 × 108 m3, GWFInd decreased by 2.21 × 108 m3, and GWFDom
increased by 3.07 × 108 m3; thus, the main reason for the decrease in GWFNH3-N was
agricultural NH3-N emissions (Figure 3b). In GWFTP, GWFAgr decreased by 9.16 × 108 m3,
GWFInd decreased by 72.2 × 108 m3, and GWFDom was almost unchanged as a whole.
Hence, the main reason for the decline in GWFTP was the reduction in industrial TP
emissions (Figure 3c).

Figure 3. Pollution sources of GWFCOD (a), GWFNH3-N (b), and GWFTP (c).

The main reason for the decline of GWFInd was that in 2016, NJC was the opportunity
for Neijiang to seize the “One Belt, One Road” strategy and vigorously implement the
innovation-driven strategy, which achieved remarkable results. Subsequently, NJC was
committed to the transformation and upgrade of traditional industries, which entailed
adjusting the industrial structure, actively promoting the development of new industri-
alization, and accelerating the cultivation of high-end growth industries, such as energy
conservation, environmental protection, and shale gas. Furthermore, it required adher-
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ence to the development of new materials, new equipment, new energy, and other related
industries as the main direction of economic development.

The proportion of pollutants from the GWFTotal in NJC from 2015 to 2019 are shown
in Figure 4a. The proportion of the main sources of GWFCOD, GWFNH3-N, and GWFTP
is shown in Figure 4b–d, respectively. As shown in Figure 4a, from 2015 to 2019, signif-
icant differences were observed in the proportion of pollutants in the GWFTotal in NJC.
The average proportions of GWFCOD, GWFNH3-N, and GWFTP were 21%, 33%, and 46%,
respectively. The proportion was GWFTP > GWFNH3-N > GWFCOD; thus, GWFTP was the
grey water footprint of NJC. The main sources of GWFCOD, GWFNH3-N, and GWFTP were
agricultural pollution, with an average proportion of 83%, 76%, and 63%, respectively
(Figure 4b–d). The second source of GWFCOD and GWFNH3-N was domestic pollution.
However, the second source of GWFTP was mainly industrial pollution in 2015–2016, and
the proportion of domestic and industrial pollution was approximately equal during 2017–
2019. In recent years, relevant studies have been conducted on the driving force analysis of
grey water footprint at the provincial scale in China, and agricultural activities have the
highest contribution rate to the country’s grey water footprint [53,54]. Given the continuous
improvement in the level of agricultural development, organic or inorganic pollutants,
such as nitrogen, phosphorus, and pesticides, enter the surface water, groundwater, and
soil environment through surface runoff.

Figure 4. The proportion of pollution sources of GWFTotal (a), GWFCOD (b), GWFNH3-N (c), and
GWFTP (d).

The changes in the specific sources of agricultural pollution are shown in Figure 5. We
found that the source of agricultural pollution in the Tuojiang River Basin mainly came from
stock breeding and farmland pollution, which was consistent with the research results of Hu
Yunyun [55]. The extensive agricultural production methods and the discharge of livestock
and poultry breeding wastewater led to the development of production-type pollution in
the Tuojiang River Basin, that is, stock breeding and farmland pollution [56]. From 2015
to 2019, the proportion of agricultural pollution in GWFCOD and GWFNH3-N decreased
due to the reduction in livestock production (Figure 5a,b). According to the first national
pollution source census, aquaculture accounted for a large proportion of agricultural
water pollution. The grey water footprint source in aquaculture was wastewater pollution
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caused by animal urine and feces. COD and N were usually pollutants discharged from
this wastewater [53]. Although the contribution of aquaculture was extremely low, the
accumulation of discharged nutrients in aquatic systems could have a negative effect on
water quality [57]. The deterioration of eutrophication caused by aquaculture and the
resulting “red tide” problem could not be ignored [57,58]. In the agricultural production
activities in the Tuojiang River Basin, excessive chemical fertilizers and irrigation cause
agricultural planting pollution, and stock breeding produces a high pollution load. In
recent years, the livestock and poultry breeding industry and the aquaculture industry have
developed rapidly in townships and villages, and the wastewater from the aquaculture
industry has surged. Therefore, to reduce the effect on river water quality, attention should
be paid to the problem of direct discharge of wastewater from farms without treatment or
if the treatment does not meet standards [59].

 

Figure 5. Specific sources of agricultural pollution for GWFCOD (a), GWFNH3-N (b), and GWFTP (c).

The proportion of agricultural pollution in the GWFTP increased due to the rise in
the irrigated area of farmland (Figure 5c). Some studies have shown that the pollution
load of agricultural irrigation return water is mainly phosphorus, and the pollutants from
farmland irrigation return water enter small river channels and ponds in villages through
field ditches, and finally enter rivers [60,61]. A large amount of cultivated land exists
on both sides of the mainstream of the Tuojiang River. Rainfall and farmland irrigation
flushes the chemical fertilizer residues in the farmland into the Tuojiang River with surface
runoff, which directly affects the water quality of the Tuojiang River. Agricultural non-
point source pollution should be controlled, the abuse of chemical fertilizers and pesticides
in agricultural production should be avoided, and efficient fertilization and irrigation
technology should be promoted.

3.1.2. Decoupling of Economy and Water Environment

The decoupling of water environment quality and economic development in the
Tuojiang River is shown in Figure 6. From 2016 to 2019, the decoupling index and the
gross domestic product rate of change were positive, and the grey water footprint was
negative. The order of the decoupling index was 2017 > 2019 > 2018 > 2016, with decoupling
indices of 0.096, 0.325, 0.117, and 0.120, respectively. In recent years, the water resource
environment and economic development have been in a state of absolute decoupling. The
economic development level and water environment of the Tuojiang River were generally
in a state of high-quality coordination. This phenomenon indicates that the economic
development level was relatively high and the damage to the water environment was
relatively low. The current economic development was in a growth trend, but the grey
water footprint was gradually declining. The main reason for economic development
was that the 13th Five-year Plan of the South Sichuan Economic Zone clearly proposed
to accelerate the development of NJC. The development plan started to focus on the
improvement of equipment manufacturing, advanced materials, electronic information,
energy and chemical industries, and food and beverage industries, and was coordinated to
build an important metropolitan area on the main axis of Chongqing’s development.
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Figure 6. The decoupling of water environment quality and economic development.

The economic development and water environment of the Tuojiang River Basin were
in a state of high-quality coordination. Thanks to the transformation and upgrading of coal
energy development, it had embarked on the road of green and low-carbon development.
NJC had a solid foundation for the development of green and low-carbon industries. Shale
gas, hydrogen energy, and other clean energy sources were abundant, and the advantages
of resource endowment and industrial bases made it easy to form a good trend of industrial
green development. In the context of industrial transformation, economic development
has been improved and pollution emissions have decreased.

3.2. Pollution Source Analysis of River
3.2.1. Distribution Characteristics of Pollutants in Sections

The seven-year average over-standard rate of pollutants is shown in Figure 7a. Ex-
ceeding the Class III water standard in the Environmental Quality Standard for Surface
Water (GB3838-2002) is considered to exceed the standard—that is, COD > 20 mg/L,
NH3-N > 1.0 mg/L, TP > 0.2 mg/L. The excess rate is the ratio of the number of months
exceeded to the total number of months. The COD exceeding rates of S1–S6 were 7.14%,
6.33%, 2.38%, 0%, 2.38%, and 0%, respectively, and were ranked as S4 = S6 < S5 = S3 <
S2 < S1. The NH3-N exceeding rates of S1–S6 were 15.48%, 3.57%, 1.19%, 0%, 0%, and
1.19%, respectively, and were ranked as S4 = S5 < S3 = S6 < S2 < S1. The TP exceeding rates
of S1–S6 were 71.43%, 48.10%, 48.81%, 22.62%, 25%, and 23.81%, respectively, and were
ranked as S4 < S6 < S5 < S2 < S3 < S1. Particularly, the COD of S4 and S6 and the NH3-N
of S4 and S5 did not exceed the standard. Therefore, the quality of COD and NH3-N of
S3–S6 was better, and the quality of COD and NH3-N of S1 and S2 was poor. From 2014 to
2020, the average value of COD, NH3-N, and TP of S1–S6 was 15.55 mg/L, 0.31 mg/L, and
0.23 mg/L, respectively. Therefore, the TP in the sections were more serious [5]. After the
investigation, the reasons for the serious TP exceeding the standard were found as follows.
The TP in the entry water quality was seriously exceeding the standard. A large amount of
phosphogypsum was stored irregularly in some areas, and the source of phosphogypsum
released a large amount of TP, which seriously polluted the water environment [42,62].
The phosphorus removal technology of urban sewage treatment facilities needed to be
transformed and upgraded. After the transformation, the amount of TP pollutants entering
the river could be further controlled and reduced.
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Figure 7. Average over-standard rate (a), annual changes of COD (b), NH3-N (c), and TP (d) in
each section.

The annual changes of pollutants in each section are shown in Figure 7b–d. From
2014 to 2020, the average annual total COD values of S1–S6 were 213.91, 204.18, 175.15,
176.74, 183.46, and 165.60 mg/L, respectively (Figure 7b). The average annual total NH3-N
values were 7.39, 3.99, 3.53, 2.77, 2.58, and 2.29 mg/L, respectively (Figure 7c). The annual
mean values of TP were 3.91, 2.99, 2.61, 2.19, 2.29, and 2.21 mg/L, respectively (Figure 7d).
The annual total values of COD, NH3-N, and TP of S1 and S2 were obviously higher in
the six sections, and the overall trend was roughly the same, which belonged to imported
pollution. From the overall analysis, the annual total value of NH3-N of S1 and S2 was at a
turning point in 2017, and the annual total value of TP was at a turning point in 2016. The
total amount of major pollutants in S3–S6 generally increased initially and then decreased.

The water-period changes of pollutants in each section are shown in Figure 8. The
average values of the pollutant concentrations of the six sections indicated that the COD,
NH3-N, and TP concentrations were 16.34, 0.59, and 0.25 mg/L in a typical month of the
dry season in March; 14.29, 0.23, and 0.19 mg/L in a typical month of the mid-dry season in
November; and 15.16, 0.18, and 0.20 mg/L in a typical month of the wet season in August,
respectively. Therefore, the average value of each pollutant in a typical month in the dry
season was the highest, and the wet season was similar to the mid-dry season, which
was lower than that in the dry season. This finding could be attributed to the increased
precipitation within the wet season and the sturdy dilution of rain. In addition, the water
temperature was high during the wet season, and the proliferation of microorganisms
would degrade pollutants [63].
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Figure 8. The water-period changes of COD (a), NH3-N (b), and TP (c) in each section (I–V represented
the Class I–V water standard in the Environmental Quality Standard for Surface Water (GB3838-2002)).

3.2.2. Relationship of Pollutants between Sections

The correlation analysis of pollutants in each section is shown in Figure 9. The NH3-N
between the six sections showed significant or extremely significantly positive correlations
(Figure 9a). Particularly, the positive correlation between S1 and S2 was the most significant.
From the perspective of the flow direction of the river and the spatial distribution of the
cross sections, S1 was the only cross-sectional upstream of S2 and was unaffected by other
tributary cross sections. Given that the NH3-N of S1 was higher, the correlation degree
between the Qiuxi and Falun estuaries was the highest, which also showed that the NH3-N
pollution of S2 came from the imported pollution of S1. Extremely significant positive
correlations existed between S4 and S3, S5 and S4, and S6 and S5. The correlation between
the downstream section and the most adjacent upstream section was high, which indicated
that the NH3-N downstream of the mainstream of the Tuojiang River (NJC section) was
more susceptible to the upstream influence. In conclusion, the NH3-N pollution in the
downstream of the Qiuxi River (NJC section) might have originated from the imported
pollution upstream. The NH3-N pollution in the downstream of the mainstream of the
Tuojiang River (NJC section) was easily affected by the upstream of the mainstream of the
Qiuxi River.

Figure 9. The correlation analysis of NH3-N (a), TP (b), and COD (c) (* p ≤ 0.05, ** p ≤ 0.01).

A highly significantly positive correlation existed between the TP monitoring data
of the six sections, and the correlation degree was generally higher than those of NH3-N
and COD (Figure 9b). Particularly, the correlation degree of TP between S4 and S5 was the
highest, and that between S1 and S2 was also higher. Thus, the TP pollution in the lower
reaches of the Qiuxi River (NJC section) possibly originated from the imported pollution
upstream, and the water quality of the mainstream of the Tuojiang River (NJC section) was
greatly affected by the adjacent sections.

A significantly positive correlation of COD existed between S1 and S2 (Figure 9c). This
result was consistent with the correlation analysis of NH3-N and TP, indicating that the
COD pollution of S2 came from the input pollution of S1. S1 was significantly correlated
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with S2, but not significantly correlated with the COD of other sections; thus, the down-
stream section was mostly affected by the adjacent upstream section. A significant positive
correlation existed among S2–S6, which indicated that the COD pollution downstream of
the mainstream of the Tuojiang River (NJC section) was easily affected by the upstream
water quality. Given the long distance between S2 and S6, the correlation strength was
relatively weak. S3 is located at the intersection of the Qiuxi River and the mainstream of
the Tuojiang River, and the water quality obviously fluctuates. Although S3 was similar to
S2 in spatial distance, the correlation between S3 and S2 was not strong.

3.2.3. Correlation Analysis between Pollutants and Industry Indicators

The correlation analysis between pollutants and industry indicators is shown in
Figure 10. As shown in Figure 10a, at the p < 0.05 level, NH3-N was positively correlated
with indicators for agriculture and forestry. The range of the correlation coefficient was
0.827–0.881, and the order of the correlation degree from small to large was park, woodland,
and grassland area (0.827) < cultivated area (0.828) < fertilizer application (0.856) < farm
irrigation (0.874) < crop yield (0.881). Thus, the contribution of each pollution source to
NH3-N emission was in the order of irrigation pollution > fertilizer pollution. The indicators
that were significantly correlated with TP were farm irrigation, fertilizer application, and
crop yield, and they all showed a strongly positive correlation. The range of the correlation
coefficient was 0.592–0.684, and the correlation degree from small to large was as follows:
fertilizer application (0.592) < crop yield (0.660) < farm irrigation (0.684). Hence, the
contribution of each pollution source to TP emission was in the order of irrigation pollution
> fertilizer pollution. COD had a significantly positive correlation with farm irrigation and
crop yield. The range of the correlation coefficient was 0.546–0.576, and the correlation
degree from small to large was crop yield (0.546) < farm irrigation (0.576). Thus, irrigation
pollution had the greatest influence on COD emissions. Given the continuous improvement
of the level of agricultural development, organic or inorganic pollutants, such as nitrogen,
phosphorus, and pesticides, enter the surface water, groundwater, and soil environment
through surface runoff. Therefore, the agricultural pollution load generated by the basin
is also relatively high. All this pollution endangers the environment and the health of the
inhabitants [64].

As shown in Figure 10b, at the p < 0.05 level, NH3-N was positively correlated with
indicators for animal husbandry and fishery indicators. The range of the correlation
coefficient was 0.734–0.940, and the order of the correlation degree from small to large
was number of pigs (0.734) < fish breeding (0.811) < number of sheep (0.844) < eggs
of poultry (0.849) < number of rabbits (0.916) < number of poultry (0.940). Thus, the
contribution of each pollution source to NH3-N emissions was ranked as pollution from
livestock and poultry stocks > pollution from fish breeding. Except for fish breeding, which
was not significantly correlated with TP, all other indicators were significantly positively
correlated with TP. The correlation coefficients ranged from 0.632 to 0.799, and the order
of the correlation degree was number of pigs (0.632) < eggs of poultry (0.664) < number
of poultry (0.689) < number of sheep (0.756) < number of rabbits (0.799). The number of
sheep, poultry, and rabbits were significantly positively correlated with COD, and the
correlation coefficient ranged from 0.677 to 0.769 and were ranked as number of sheep
(0.677) < number of poultry (0.701) < number of rabbit (0.769).

As shown in Figure 10c, at the level of p < 0.05, NH3-N had a significantly positive
correlation with metallurgical building materials, food and beverage, and electric energy
in the industrial indicators. The correlation coefficient ranged from 0.536 to 0.680. The
order of the correlation degree from small to large was electric energy (0.536) < food
and beverage (0.643) < metallurgical building materials (0.680). Thus, the contribution of
each pollution source to NH3-N emissions was ranked as metallurgical building materials
pollution > food and beverage pollution > electric energy pollution. TP was significantly
negatively correlated with electricity, heat, gas, and water production and supply. The
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correlation coefficient was 0.592. Hence, the metallurgical building materials industry had
the greatest impact on TP emissions.

Figure 10. The correlations between pollutants and industry indicators. Industry indicators in-
clude agriculture and forestry (a), animal husbandry and fishery (b), industry (c), and population
economy (d). (* p ≤ 0.05, ** p ≤ 0.01).

As shown in Figure 10d, at the p < 0.05 level, NH3-N had a highly significantly positive
correlation with rural population (0.77), and a highly significantly negative correlation with
urban population (−0.75) and per capita GDP (−0.88). TP was significantly negatively
correlated with GDP per capita (−0.62). COD was significantly positively correlated with
population growth rate (0.55) and extremely significantly negatively correlated with per
capita GDP (−0.70). At present, domestic sewage has become one of the most important
sources of water pollution in China. The population density of the Tuojiang River Basin is
considerably higher than that of other basins; thus, the sewage load generated by urban
residents in their lifetime is relatively large [4]. However, the construction of township
sewage treatment facilities is not complete, and the collection rate of the pipe network is
low. Therefore, sewage treatment facilities and supporting pipe networks in townships and
rural gathering points should be improved; and domestic garbage collection, transfer, and
treatment systems must be established and improved.

According to the correlation analysis between pollutants and industry indicators, in
the order of correlation from strong to weak, NH3-N in the river was correlated with the
number of poultry, number of rabbits, crop yield, farm irrigation, fertilizer application,
eggs of poultry, number of sheep, cultivated area, park area, woodland area, grassland
area, fish breeding, number of pigs, metallurgical building materials, food and beverages,
and electric energy. The TP in the river was correlated with the number of rabbits; number
of sheep; number of poultry; farm irrigation; eggs of poultry; crop yield; number of pigs;
electricity, heat, gas, and water production and supply; and fertilizer application. The COD
in the river was correlated with the number of rabbits, number of poultry, number of sheep,
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farm irrigation, and crop yield. In conclusion, the concentrations of NH3-N, TP, and COD
in the river were mainly related to stock breeding and farmland irrigation.

4. Conclusions

This paper investigated the water environment quality evaluation and pollution
source analysis in the Tuojiang River (NJC section) from 2015 to 2019. The results showed a
general decline in grey water footprint and also the improvement of water environment
quality. Significant variations were determined within the proportion of pollutants in
GWFTotal, and GWFTP accounted for the largest proportion; thus, the grey water footprint
was GWFTP. The main sources of GWFCOD, GWFNH3-N, and GWFTP were agricultural
pollution. The proportion of agricultural pollution in GWFCOD and GWFNH3-N decreased
mainly due to the reduction in livestock breeding. The proportion of agricultural pollution
in GWFTP increased, which was mainly due to the increase in the area of farm irrigation.
The economic development level and water environment of the Tuojiang River (NJC
section) were generally in a high-quality coordination state, indicating that the economic
development level was relatively high and the damage to the water environment was
relatively low. The pollutants exceeding the standard in typical sections were concentrated
in the dry season, and the highest rate of TP exceeded the standard. The correlation analysis
of the main pollutants showed that the source of pollutants within the Tuojiang River were
imported pollution, stock breeding pollution, and farmland irrigation pollution.

In response to the matter of water environment quality and pollution source, the main
target is controlling agricultural pollution and upstream imported pollution. To control
agricultural source pollution, attention should be given to the problem of direct discharge
of wastewater from farms that do not meet the standards. Abuse of chemical fertilizers
and pesticides in agricultural production should be avoided, and efficient fertilization
and irrigation technology must be promoted. Sewage treatment facilities at township
gathering points should also be improved. In view of the problem of upstream input
pollution, the pollution discharge problem of upstream phosphogypsum factories should
be given attention.
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Abstract: Hulun Buir Grassland is a world-famous natural pasture. The Chenbalhu Banner coalfield,
the hinterland of the grassland, is located on the west slope of the Great Khingan Mountains and
on the north bank of the Hailar River in China. The proven geological reserves of coal are 17 billion
tons. Hulun Buir Grassland plays a role in the ecological barrier, regional coal industry, power
transmission from west to east and power transmission from north to south. The proportion of local
groundwater in irrigation, domestic and industrial production water sources is about 86%. The
large-scale exploitation of coal resources and the continuous emergence of large unit and coal-fired
power plants have consumed a large amount of local water resources, resulting in the decrease of the
local groundwater level and changing the natural flow field of groundwater. This paper studies the
background hydrochemical values and evaluates the irrigatibility of the whole Chenbaerhu Banner
coalfield, and studies the impact of coal industry chains such as mining areas and coal chemical plants
on the hydrochemistry characteristics of groundwater. The above two studies provide important
guiding values for guiding local economic structure planning, groundwater resources exploitation
and ecological governance. The study found that Na+ and HCO3

− in the groundwater in the study
area occupy a dominant position. Referring to the comparison of the lowest values of three types of
water standards in the Quality Standards for Groundwater (GB/T14848-2017), the amount of NH4

+,
Na+ and NO2

− exceeding the standard is close to more than 30%. The main chemical types of river
water in the study area are HCO3

− Na and HCO3
− Ca·Na, the main chemical types of surface water

are HCO3
− Na and HCO3

− Na·Ca, and the main chemical type of confined water is HCO3
−Na. The

formation of hydrochemical types is mainly affected by the dissolution, filtration and evaporation of
rocks, specifically the dissolution and filtration of sodium and calcium salts. The chemical correlation
analysis of groundwater shows that there are abnormal values at many points in the study area.
Further combining with the horizontal comparison of surface human activities in the study area, it
shows that the influence scope of coal mine production and coal chemical plants on groundwater is
extremely limited. The local groundwater is mainly polluted by a large quantity of local cattle and
sheep manure, industrial and domestic sewage pollution and farmland fertilizer.

Keywords: groundwater; high-intensity mining; irrigation grade; chemical properties; ecological
management

1. Introduction

Groundwater is an important part of water resources. Due to its stable and good
water chemistry characteristics, it is one of the important water sources for agricultural
irrigation, industrial mining and urban development. In recent years, a growing number of
scholars have recognized that groundwater research that monitors groundwater chemistry
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characteristics and quantity, classifies hydrochemical characteristics, meets the growing
demand and evaluates groundwater chemistry characteristics has become crucial. Many
scholars at home and abroad have conducted in-depth studies on groundwater chemistry
characteristics, hydrochemical classification and water chemistry characteristics evaluation
in typical areas by means of testing and analysis, mathematical methods, digital modeling
analysis and statistical analysis. Turkish scholar [1] et al. conducted physical and chemical
analysis on the water samples collected through the flow path of the Aksu River and used
the water quality Index (WQI) method to evaluate the water chemistry characteristics
and applicability of drinking water. Indian scholar Narsimha Adimalla [2] studied the
quality of water samples collected from the rock-dominated semi-arid region of central
Telangana, and analyzed pH, electrical conductivity (EC), total dissolved solids (TDS) and
total hardness (TH), calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+),
chloride (Cl−), sulfate (SO4

2−), nitrate (NO3−) and fluoride (F−) to evaluate the ground-
water drinking category and groundwater irrigation feasibility of excellence. Tanzanian
scholar Juma R. Seleman [3] et al. evaluated spatial and seasonal hydrochemical changes,
chemical weathering, and hydrological cycles by tracing stable isotopes of δ18O, δ2H and
87Sr/86Sr and dissolved major ions in the Pangani Basin (PRB). Varol Simge [4] and Aniekan
Edet [5] applied the water quality index (WQI) to the drinking water assessment system,
and respectively determined the applicability of drinking and irrigation uses in the study
area, and the source of ions in the river, and obtained relatively scientific evaluation results.
K. Arumugam [6] et al. collected contaminated groundwater samples from 62 sites in
Tirupur district, Coimbatore district, Tamil Nadu, India, conducted hydrochemical charac-
teristics and groundwater chemistry characteristics assessment, analyzed the main cations
and anions, found, using the Piper trilinear chart, that most areas were contaminated with
higher concentrations of EC, TDS, K and NO3, and assessed groundwater for drinking and
land irrigation according to the US salinity chart. I. Chenini [7] et al. combined multiple
linear regression and structural equation models to analyze the hydrochemical data, and
provided a method of characterizing the groundwater chemical characteristics by statistical
analysis and modeling of the hydrochemical data of The Mackenzie Basin, so as to explain
the chemical origin of groundwater. Lisa M. Galbraith [8] et al. measured the physical vari-
ables and nutritional chemistry of 45 water bodies representing a large range of lenticular
wetland environments in Otago, New Zealand, and associated them with catchment vari-
ables and land, derived watershed boundaries and land coverage from maps, and found
that the concentrations of nutrients and other water chemistry characteristics components
were positively correlated with the nature and strength of catchment modification. They
undertook this study to assess the potential impact of catchment modification on water
chemistry characteristics in these different wetlands. Y. Srinivasa Rao [9] et al. collected
water samples from existing wells in the Niva River Basin in the Chittoor district of Andhra
Pradesh, India, analyzed the main ions and performed a multiple regression analysis to
assess the quality of groundwater related to agricultural and household use in the Archea
granite and gneiss consortium of Peninsula India. S. Fauriel and L. Laloui [10] developed
a general mathematical model to describe the injection, the distribution and the reaction
processes of biogrout within a saturated, deformable porous medium. The model was
able to reproduce all of the mechanisms of interest and their couplings. Jinhyun Choo and
WaiChing Sun [11] developed a theoretical and computational framework for modeling
the crystallization-induced deformation and fracture in fluid-infiltrated porous materials.
Conservation laws were formulated for coupled chemo–hydro–mechanical processes in
a multiphase material composed of the solid matrix, liquid solution, gas, and crystals.
The chemo–hydro–mechanical model was coupled with a phase-field approach to fracture
which enables simulation of complex fractures without explicitly tracking their geometry.
They demonstrated the capability of the proposed modeling framework for simulating
complex interactions among unsaturated flow, crystallization kinetics, and cracking in
the solid matrix. Javad Ghorbani et al. [12] introduced and numerically implemented a
thermos–elasto–plastic constitutive model. They presented and discussed the results of
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numerical simulations of the performance of GCLs, and identified the effects of deviations
from elastic behavior. They conducted a parametric study, which was to identify the in-
fluence of key parameters in the constitutive model on the horizontal stress in the GCL’s
bentonite during restrained shrinkage driven by thermal dehydration.

In response to the problem of over-exploitation of groundwater resources in arid and
semi-arid regions of China, many scholars have focused on the impact of pollutants on
groundwater and the comprehensive evaluation of groundwater for human health and
land irrigation. Peng Suping [13] et al. took the Shengli Coal Mine in Beidang, Xilinhot, as
an example, studied and analyzed the hydrochemical characteristics around large open-pit
coal mines in the grassland area, and evaluated and analyzed the level of groundwater
irrigation in this area. Tang Kewang [14] et al. discussed the groundwater hydrochemical
characteristics from four aspects, including spatial variation, salinity distribution, hardness
distribution and acid–alkali distribution, and made a comprehensive evaluation of the
national water resources with respect to the groundwater chemistry characteristics status.
Xiaodong He et al. [15] collected and analyzed groundwater samples from the water-bearing
stratum of Luohe in Wuqi County, northwest China. They analyzed the hydrochemical
phase of groundwater by statistical analysis and trilinear diagram, studied the natural
evolution mechanism of groundwater and surface water via the Gibbs diagram, correlation
analysis and the binary diagram, and evaluated the harm to human health. Through
hydrogeological investigation and water sample collection, Cao Guangyuan et al. [16]
analyzed the spatial distribution characteristics and causes of groundwater water chemistry
in Chengjiaying Basin through the groundwater flow system, Gibbs map and Piper. Min
Xiao [17] investigated the spatio–temporal variation of hydrochemistry in a typical karst
groundwater system in southwest China during the rainy season. Through studying
the main ions and δ13CDIC to track the evolution of carbonate in freshwater aquifer,
the biogeochemical processes and the temporal characteristics, they found that coupling
analysis of δ13CDIC and hydrochemical parameters is an effective way to explore the
biogeochemical processes of carbon and to track the source of groundwater contaminants
in karst regions.

In conclusion, it can be found that most of the hydrochemical types and water chem-
istry characteristics assessments are focused on the river, the basin, wetland, etc., and
relatively few studies have been conducted on the impact of coal industrial chains such
as mining areas and coal chemical plants on groundwater hydrochemical characteristics.
Farhad Howladar [18] et al. conducted water chemistry characteristics assessments around
livestock, drinking water, irrigation purposes and environmental impacts in the Bara-
pukuria coal mine industrial zone in Dinajpur, Bangladesh, and used field investigation,
laboratory chemical analysis, statistical representation and the correlation matrix to prove
the applicability of laboratory analysis. Jae Gon Kim [19] et al. studied the chemical charac-
teristics of stream water and sediments in a small watershed with two unique mineralized
regions (Cu and Pb-Zn), seven abandoned mines and an active quarry to study the influ-
ence of mining activities and regional geology on chemistry. Dong-lin [20] et al. collected
76 typical water samples in Yulin City for particle quality tests and a water chemistry
characteristics investigation. Using the Romani classification method and principal compo-
nent analysis, he believed that the groundwater environment in this area largely depends
on the characteristic components of the natural groundwater background. Some of the
water was polluted by the solid waste produced by leaching coal charcoal mining, and the
other part was polluted by the acid mine water from coal seams and improper irrigation,
geological and hydrogeological conditions also cause changes in the water environment.
Biao Zhang et al. [21] investigated the hydrogeochemical characteristics and groundwater
evolution in the Delingha area in the northeast of the Qaidam Basin in northwest China.
Through the analysis of collected water samples, they believed that the chemical evolution
of groundwater was mainly controlled by the dissolution of evaporites and carbonate
minerals, the weathering of aluminosilicates and cation exchange.
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The above research has provided guidance for the follow-up study of groundwater
chemical characteristics in terms of research methods, research ideas and data processing
methods. However, the Chenbaerhu Banner coalfield is located on the west slope of the
Greater Hinggan Mountains and the north bank of the Hailar River, spanning the forest
grassland and the arid grassland. It has the only pure natural meadow grassland in the
world, and its coal geological reserves have been proved to be 17 billion tons. The coupling
relationship between the impacts of large grasslands, large coal bases, pastures and coal
chemical plants on groundwater is complex, and groundwater is the main water source for
local irrigation, living and industrial production. Therefore, analyzing the characteristics
and evolution of groundwater in Chenbaerhu Banner coalfield, conducting hydrochemical
characteristics research and irrigation grade evaluation are all of great significance to
the rational management of groundwater resources in the area, normal and safe mining,
ecological recovery after mining, environmental governance, etc.

2. Materials and Methods

Survey Region

The study area is located in the north of the Hulun Buir urban area, including the
northeast of Chen Balhu Banner and the west of Hailar, and is located in the hinterland of
Hulun Buir Prairie. The Morigel River and Hailar River in the west form a hydrogeological
unit. The southern and northwest boundaries are at the junction of the middle and low hills
and the Greater Hinggan Mountains, which is a semi-arid continental climate. The annual
average precipitation is 350–400 mm, 70% is concentrated in the hot and rainy June–August.
The annual average evaporation is 1371.1 mm, and 54% is concentrated in May–July.

Since there is no systematic long-term dynamic observation network of groundwater
environment in the study area, we can use drill holes and water samples to conduct field
research on the hydrogeological conditions in the study area. Finally, we selected 41 measur-
ing points, 3 water samples for each measuring point, 123 water samples in total, including
1 sewage sample, 3 river water samples, 13 confined water samples and 24 phreatic water
samples, as shown in Figure 1. Using the German company OTT Hydrolab multi-parameter
water chemistry characteristics monitor [22], parameters such as pH, EC, COD, total ni-
trogen, NH4

+ and conductivity of water samples were directly measured on site [23–25].
In the laboratory, ICP-MS (Agilent-7700x, Palo Alto, CA, USA) of Agilent Company was
used to measure the concentration of trace elements [26], Dionex DX-500 ion chromatogra-
phy system was used to measure anions, and the Skalar San++continuous flow injection
analysis system of the Netherlands was used to quantitatively measure the concentration
of total nitrogen and ammonium nitrogen [27–29]. The Hydrolab multi parameter water
chemistry characteristics monitor adopts electrical plus photometric measurement, which
is characterized by easy operation, convenient storage and transportation, and accurate
results. It is suitable for rapid detection of various physical and chemical parameters and
ion concentration in water on site. The portable water chemistry characteristics monitor is
easy to carry and can be used for real-time continuous detection. It can provide long-term
continuous real-time data to judge the current situation and change trend of water chem-
istry characteristics in the surveyed area. Inductively coupled plasma mass spectrometry
(ICP-MS) is used for testing. This method can have a small measurement limit in the
detection process of metal ions, high accuracy of detection results, and a small matrix effect,
which can meet the requirements of joint detection of multiple elements. Therefore, it
has a wider application limit in practical applications. The Skala San++continuous flow
injection analysis system uses the continuous flow method to compress elastic pump pipes
with different inner diameters through a peristaltic pump. The reagent and sample are
drawn into the pipeline system in proportion, and air bubbles are introduced as sample
intervals to make the reagent and sample mix and react under certain conditions. After
color development, the reagent and sample were put into the colorimetric cell to measure
the absorbance. According to Lambert Beer’s law, the sample concentration is measured
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quantitatively. After data transmission and the processing system, the analysis results
are obtained.

 

Figure 1. Chenbaerhu Banner coalfield geographical location map; groundwater sampling and
ion analysis.

3. Results and Discussion

3.1. Descriptive Statistical Analysis of Groundwater Chemistry

The proportion relationship of ion content in the water samples is shown in Figure 2.
The proportion relationship of ion content in the water samples has obvious characteristics.
In 41 sample cations, except DM4, DM10, CQ15, CQ10, CQ7, R3 and R2, the concentration
of cations in each remaining water sample is Na+ > Ca2+ > Mg2+ > K+. In DM4, DM10,
CQ15, CQ10, CQ7, R3 and R2, the concentration of cations is Ca2+ > Na+ > Mg2+ > K+.
In 41 samples, the concentration of cations is Ca2+ > Na+ > Mg2+ > K+. The average
concentrations of Na+, Ca2+, Mg2+ and K+ ions in the 41 samples were 157.27 mg/L,
49.05 mg/L, 25.80 mg/L and 3.46 mg/L. In addition, among cations, Na+ and Ca2+ are the
main components in the groundwater in the study area, and the content ranges from 6.01 to
501.2 mg/L and 12.02 to 194.39 mg/L. The variation coefficients of Na+ and Ca2+ are large.

Among the anions in the 41 samples, HCO3
− occupies an absolute dominant position.

Except for the two measuring points CQ20 and CQ22, HCO3
− accounts for more than

half of the anions in all the remaining measuring points, and 11 measuring points account
for more than 90% of the anions. The average concentrations of HCO3

−, SO4
2−, Cl− and

NO3
− ions in the 41 samples are 524.09 mg/L, 76.18 mg/L, 98.30 mg/L and 1.18 mg/L,

respectively. Compared with the Class 3 standards in the Quality Standard for Groundwa-
ter [30] (GB/T14848-2017), NH4

+, Na+, NO2
−, TDS, Cl− and SO4

2− were found to exceed
the standard excessively. The number of excessive ions is small, and other ions are within
a reasonable range. Among them, there are 14 water samples with NH4

+ exceeding its
standard value by 0.2 mg/L, and the exceeding rate of the standard is 34.15%; there are
12 water samples with Na+ exceeding its standard value by 200 mg/L, and the exceeding
rate of the standard is 29.27%; there are 12 water samples with NO2

− exceeding its standard
value by 0.02 mg/L, and the exceeding rate of the standard is 29.27%; there are 4 water
samples with TDS exceeding its standard value by 1000 mg/L, and the exceeding rate of
the standard is 9.76%; there are 3 water samples with Cl− exceeding its standard value by
250 mg/L, and the exceeding rate of the standard is 7.32%.

3.2. Chemical Correlation Analysis of Groundwater

The above analysis can find that there are some ions with large coefficient of variation
in the water pattern, which indicates that they are sensitive ions that change with environ-
mental factors. However, it is unscientific to determine whether they are the categories
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with large variability simply through the magnitude of numerical variation. The occurrence
of abnormal values and the analysis of their causes are also important opportunities to
study the evolution characteristics of groundwater in the region. Therefore, based on the
above analysis, the concept of box graph [31] is introduced to find the abnormal values of
various ions in water; the box graph can calculate the upper edge, the upper quartile Q3,
the median, the lower quartile Q1 and the lower edge, and all apart from the upper and
lower edges of a group of data are abnormal values, as shown in Figure 3, which is the box
graph of anions and cations.

  
(a) (b) 

  
(c) (d) 

Figure 2. Groundwater chemical specific gravity diagram of main anion and anion in 41 samples.
(a) Sample 1–21 Specific gravity of the four cations. (b) Sample 2–41 Specific gravity of the four
cations. (c) Sample 1–21 Specific gravity of the four anions. (d) Sample 2–41 Specific gravity of the
four anions.

By comparing the background values of India [32–34], the United States [35,36],
Iran [37,38] and Xilinhot City [39,40] near the study area, it can be found that the con-
centration of Na+ at the measuring point CQ22 is abnormally large, with the concentration
value of 501.2 mg/L. The concentration of Ca2+ at the measuring point CQ22 is abnormally
large, with the concentration value of 194.39 mg/L. The concentrations of Mg2+ at the
measuring points CQ20 and CQ24 are abnormally large, with the concentration values
of 107.45 mg/L and 91.89 mg/L, respectively. The concentration of Cl− values at the
measuring points CQ22, CQ20 and CQ23U are abnormally large, with the concentration
values of 779.77 mg/L, 514.07 mg/L and 343.89 mg/L, respectively. The concentration of
SO4

2− values of measuring points CQ22, CQ20 and CQ23U are abnormally large, with
the concentration values of 483.2 mg/L, 368.89 mg/L and 297.8 mg/L, respectively. The
concentration of HCO3

− at the measuring point CQ23U is abnormally large, with the con-
centration value of 4210.2 mg/L. The concentration of NO3

− at the measuring points W1,
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CQ2 and CQ3 are abnormally large, with the concentration values of 5.8 mg/L, 4.86 mg/L
and 4.14 mg/L, respectively. The concentration of NO2

− at the measuring point DM6,
R1, DM5 and DM7 are abnormally large, with the concentration values of 1.68 mg/L,
0.48 mg/L, 0.26 mg/L and 0.12 mg/L, respectively. The concentration of F− in measuring
points DM8, CQ16, R1 and DM11 are abnormally large, with the concentration values
of 1.28 mg/L, 1.27 mg/L, 1.23 mg/L and 1.12 mg/L, respectively. The concentration of
H2SiO3 at measuring points W1 and CQ9D are abnormally large, with the concentration
value of 47.58 mg/ m2, respectively.

Figure 3. Boxplot of anion and anion in 41 samples.

For the above individual limit values, we can consider that they are caused by acciden-
tal factors, but the two measuring points CQ20 and CQ22 show limit values on multiple
ion concentrations. From the map, it can be found that CQ20 and CQ22 are the two closest
points to the Datang Coal Chemical Plant, which can confirm that the coal chemical plant
has a certain impact on the groundwater in the region. The most severely exceeded ions
in all samples in the region are NH4

+, and NO2
−. It shows that the local groundwater is

polluted to a certain extent, and that the scope of influence of the coal chemical plant on
the groundwater is extremely limited. Further analysis of the measuring points around
the Dongming mining area shows that only DM4 exceeds the standard value in 14 points
where NH4

+ exceeds the standard value, and the concentration is less than 0.77 mg/L.
Only DM6, DM12D, DM9 and DM11 exceed the standard value in 12 points where Na+
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exceeds the standard value, and the concentration is less than 314.42 mg/L, which shows
that the impact of coal mining on the groundwater is also extremely limited. At least, it
does not occupy a dominant position. So it can be analyzed that the local groundwater
is mainly polluted by a large quantity of local cattle, sheep and other livestock manure,
as well as industrial and domestic sewage pollution. On the other hand, there is a large
amount of cultivated land distributed in the study area. In order to maintain the growth of
crops, a large number of chemical fertilizers need to be used for a long time. The absorption
capacity of crops to nitrogen fertilizer is weak, which increases the amount of nitrate in
groundwater. Under the action of anaerobic microorganisms, nitrate in groundwater is
reduced to nitrite and ammonia, which can increase the mass concentration of NH4

+ and
NO2

−.
The Piper triple plot is a graphical representation of the concentration of major anions

and cations in water, and is widely used to evaluate the relationship between dissolved ion
components and major water types [41–43]. The three-line graph consists of three parts.
The lower left corner and the lower right corner are two isosceles triangles representing the
concentration of cations and anions, respectively. There is a diamond in the upper middle,
and the side length of all graphs is 100 equal fractions. All data need to be normalized when
plotting, representing the relative concentration of chemical components. Therefore, the
ion concentration of each triangle will finally converge to a point. Then, the left and right
triangles are used to make rays along the outer side parallel to the triangle, intersecting at a
point within the diamond region. This point can represent the general chemical properties
of groundwater and the relative composition of groundwater with anion cation pairs. The
diamond was divided into nine zones. The characteristics of groundwater represented by
each zone are shown in Figures 4 and 5.

 

Figure 4. Comparison of watersamples of each aquifer Piper diagram.

We learn that the water chemical types in the study area are mainly HCO3
− Na and

HCO3
−Ca·Na, the groundwater chemical types are mainly HCO3

− Na and HCO3
−Na·Ca,

the confined water chemical type is HCO3
− Na. In total, high salinity is low. Except for

the two points of CQ20 and CQ22, all the points are in zone 3, indicating that the water
samples in the study area show overall carbonation. All of the remaining confined water
is in zones 8 and 9, showing Carbonate alkali (primary alkalinity) exceeding 50% and no
cation-anion pairs exceeding 50%.
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Figure 5. Piper Chart Division Water Quality Characteristics Interpretation Chart.

3.3. Influencing Factors of Hydrochemical Characteristics
3.3.1. Rock Leaching and Evaporation Concentration

The Gibbs chart is used to draw the correlation between the semi-log value of TDS
and the ratio of Na+(/Na++Ca2+) and Cl−(/Cl−+HCO3

−). Gibbs studied the major surface
rivers in the world and divided the control factors of natural water into three types:
evaporation concentration, rock weathering and atmospheric deposition [44].

As shown from Figures 6 and 7, most of the phreatic water and confined water in the
study area fell in the middle of the figure, indicating that they were mainly affected by rock
leaching and evaporation.

Figure 6. Gibbs distribution of cations in groundwater samples.
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Figure 7. Gibbs distribution of anions in groundwater samples.

Similarly, the correlation between Mg2+/Ca2+ and Mg2+/Na+ can be used to determine
whether groundwater is affected by evaporation and salt leaching processes. As can be seen
from Figure 8, the values of Mg2+/Ca2+ and Mg2+/Na+ are relatively small. Except for a
few two points, the values of other water sample points are all less than 1. Therefore, it can
be considered that the groundwater in the study area is mainly affected by the dissolution
of sodium salt and calcium salt.

Figure 8. Distribution Map of Groundwater Ion Reaction.

3.3.2. Ion Exchange

In general, cation exchange can change some major chemical ions in groundwater [36].
Under natural conditions, the amount of Na+ plus should be equal to the amount of Cl−
minus. As can be seen from the scatter diagram of Na+ and Cl− correlation in the study
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area (Figure 9), the water sample points of phreatic water and confined water in the study
area are all below y = X, that is, the amount of Na+ is greater than the amount of Cl−,
indicating that the excess Na+ is the result of cation exchange.

Figure 9. The correlation between Na+ and Cl−.

The values of (Ca2++Mg2+-HCO3
−-SO4

2−)/(Na+-Cl−) are often used to investigate
whether Na+ in aqueous media undergoes ion-exchange interactions with Ca2+ and Mg2+

in groundwater [21]. It can be seen from Figure 10 that (Ca2++Mg2+-HCO3
−-SO4

2−) is
negatively correlated with (Na+-Cl−), and both are located on the y = −x line and below
the point (0, 0), fully indicating that the excess Na+ is obtained through the exchange of
Na+ in aqueous media with Ca2+ and Mg2+ in groundwater.

 

Figure 10. The correlation between (Ca2++Mg2+-HCO3
−-SO4

2−) and Na+-Cl−.

3.4. Grade Assessment of Groundwater Irrigation

Chenbaerhu Banner coalfield is located in the eastern grassland area, surrounded
by pastoral areas, among which the Hulunbeier Grassland is one of the world-famous
grasslands. It is worth discussing whether groundwater is suitable for irrigation. The
percentage of Na and SAR in groundwater samples can affect the replacement of cations in
clay minerals in soil, thus producing sodium or damaging soil permeability [45]. EC can
reflect TDS concentration in groundwater [46,47]. Therefore, the Wilcox chart [48], with %
Na, SAR and EC values as the classification standard, and the famous American Salinity
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Laboratory Classification Chart [49], are used to evaluate the grade of irrigation water, in
which the Wilcox chart represents both % Na and EC percentages, and the water samples
are divided into five categories, namely C1S1, C2S1, C2S2, C3S1 and C4S1, which represent
excellent, good permit, permit suspect, suspect unsuitable and unsuitable respectively. The
calculation formulae are shown in Formulas (1) and (2), the calculation results are shown
in Table 1, and the classification results are shown in Figures 11 and 12.

SAR =
Na+√

(Ca2+ + Mg2+)/2
(1)

%Na+ =
K+ + Na+

K+ + Na+ + Ca2+ + Mg2+ × 100% (2)

Table 1. Calculation results of %Na, SAR and EC.

Water Sample Number SAR EC %Na

CQ1 33.79 579.77 0.72
CQ2 13.71 390.92 0.50
CQ3 0.72 386.41 0.60
CQ4 17.16 481.59 0.53

CQ5D 41.38 290.47 0.86
CQ6U 65.92 544.35 0.89
CQ7 2.22 98.26 0.24
CQ8 7.37 120.75 0.51

CQ9D 84.77 598.27 0.92
CQ10 3.17 94.34 0.32
CQ11 13.56 395.03 0.49

CQ12U 76.97 488.41 0.92
CQ13 27.13 381.29 0.72

CQ14U 30.87 258.38 0.81
CQ15 3.02 85.78 0.31
CQ16 26.98 508.52 0.67
DM10 6.93 302.34 0.35
DM11 36.00 630.75 0.73
CQ17 16.99 239.05 0.65
CQ18 18.81 388.72 0.61
CQ19 33.62 250.13 0.84
DM4 6.18 181.97 0.38
DM6 86.46 590.15 0.92
DM7 22.17 550.70 0.60
DM5 33.45 417.29 0.76
DM8 9.73 237.54 0.47
DM9 40.83 609.40 0.77
CQ20 34.20 1150.38 0.63

CQ21D 27.55 615.94 0.65
CQ22 43.49 1523.43 0.66

CQ23U 61.02 935.52 0.82
CQ24 13.99 605.84 0.44

CQ25D 36.38 294.98 0.83
DM12D 47.26 715.57 0.79

DM1 22.58 461.30 0.63
DM2 19.50 384.87 0.61
DM3 20.06 391.51 0.62

R1 23.69 372.37 0.68
R2 3.73 79.93 0.38
R3 2.19 50.36 0.35
W1 10.47 357.94 0.44
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Figure 11. Wilcox diagramam.

 

Figure 12. US Salinity Laboratory classification diagramam.

The USSL diagram shows that there are 19 water samples with high salinity and low
alkalinity, namely CQ2, CQ3, CQ4, CQ7, CQ8, CQ10, CQ11, CQ15, DM10, CQ17, CQ18,
DM4, DM8, CQ24, DM2, R3, R2, W1, and DM3; there were 11 water samples belonging to
high salinity, moderate alkalinity, which were labeled CQ1, CQ5D, CQ13, CQ14U, CQ16,
CQ19, DM5, CQ21D, CQ25D, DM1 and R1; there were 4 water samples with high salinity
and high alkalinity, which were labeled DM11, DM9, CQ20 and DM12D; and the other
6 water samples are of very high salinity and high alkalinity, namely CQ6U, CQ12U, CQ9D,
DM6, CQ23U and CQ22. The results of USSL map show that the local area as a whole is
characterized by high salinity.

The results of Wilcox diagram show that 10 water samples from the Chenbaerhu
Banner coalfield in Inner Mongolia are in the good permission range, indicating that
they can be used as irrigation water. These water samples are numbered as CQ2, CQ3,
CQ4, CQ11, DM10, CQ18, CQ24, DM2, R2 and W1. The water samples numbered CQ7,
CQ8, CQ10, CQ15, CQ17, DM4, DM8, R2 and R3 were displayed in an excellent range,
indicating that these nine water sample collection areas could be irrigated. Fifteen of the
water samples were in the permit suspicious range. These were numbered CQ1, CQ5D,
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CQ13, CQ14U, CQ16, DM11, CQ19, DM7, DM5, DM9, DM21D, CQ25D, DN12D, DM1, R1.
The remaining six water samples are in suspect–unsuitable range, namely CQ6U, CQ9D,
CQ12U, DM6, CQ20 and CQ23U. There was one water sample in the unsuitable interval,
CQ22, indicating that the water sample collection area was not suitable for irrigation. In the
analysis of seven samples in the suspicious–unsuitable section and unsuitable irrigation
section, there are four samples belong to the confined water, accounting for 30.76% of the
entire thirteen confined water samples, and there are three samples belongs to phreatic
water, accounting for 12.5% of the entire thirteen confined water samples. For in-depth
analysis of the external affected conditions of these seven points, CQ6U is located in the
northwest of Chenbarhu Banner, and CQ20 is located in the northwest of Xiyutala town.
Both are mainly affected by domestic water. CQ9D and CQ12U are located in the arid
grassland at the foot of the Sanqi Mountain in the north of Chenbahu Banner. They are
mainly affected by pasture production activities. CQ22 and CQ23U are located in farmland,
and they are mainly affected by agricultural production activities. DM6 is located on the
southeast side outside of the Dongming coal mine, separated with a road from the shortest
mine boundary distance of 210 m, while DM7, only 10 m away from DM6, is in the permit
suspicious range. In addition, a total of six samples were tested around the Dongming coal
mine, except for DM6 and DM7, and the other samples are in the irrigable range, which
indicates that the coal mine’s impact on groundwater chemistry characteristics is extremely
limited. DM6 and DM7 are more likely to be affected by the dust of road coal trucks, and
the local groundwater pollution is mainly caused by a large quantity of local livestock
manure such as that of cattle and sheep, industrial and domestic sewage pollution and
cultivated land fertilizer.

4. Conclusions

(a) The main chemical types of river water are HCO3
−Na and HCO3

−Ca·Na, the main
chemical types of surface water are HCO3

−Na and HCO3
−Na·Ca, and the main

chemical type of confined water is HCO3
−Na. The salinity of water samples in the

study area is generally low, showing bicarbonate;
(b) Among the human factors affecting the change of hydrochemical characteristics, coal

chemical plants and coal mining enterprises have limited influence on the change
of groundwater chemical characteristics. The pollution of a large quantity of local
cattle and sheep manure, industrial and domestic sewage and farmland fertilization
are the main reasons for the increase of local underground NH4

+ and NO2
− mass

concentrations, because the nitrate of groundwater is reduced to nitrite and ammonia
under the action of anaerobic microorganisms;

(c) The natural factors for the change of hydrochemical characteristics mainly include
the internal influence of rocks and water, which is mainly manifested in the leaching
of sodium and calcium salts in rocks, and the ion exchange between Na+ in aqueous
media and Ca2+ and Mg2+ in groundwater;

(d) The results show that 46% of the water samples can be directly used for irrigation
and 16% cannot be used for irrigation. Different water samples with different hy-
drochemical characteristics can be classified, and different measures can be taken to
improve the use and management of groundwater chemistry characteristics. Regu-
lating agricultural activities and sewage discharge is the main way to improve the
water chemistry characteristics in the study area, to strengthen the monitoring of the
groundwater environment, and to increase the investment in water source treatment.
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Abstract: In practical engineering, concrete is often under continuous stress conditions and there are
limitations in considering the effect of wet–dry cycles alone on the strength deterioration of concrete.
In order to study the deterioration of concrete strength under the coupling of load and wet-dry
cycles, concrete specimens were loaded with 0%, 10%, 20%, and 35% stress levels and coupled to
undergo one, three, and seven wet–dry cycles. The strength deterioration of the concrete was obtained
by uniaxial compression and the regression equation was established. The strength deterioration
mechanism of the concrete under the coupled conditions was analyzed and revealed through an
AE acoustic emission technique and nuclear magnetic resonance technique. The results of the study
show that, with the same number of wet–dry cycles, there are two thresholds of a and b for the
uniaxial compressive strength of concrete with the stress level, and with the progression of wet–dry
cycles, the length of the interval from a to b gradually shortens until it reaches 0. The cumulative
AE energy of concrete decreases with the progression of wet–dry cycles; using the initiating crack
stress as the threshold, the calm phase of concrete acoustic emission, the fluctuating phase, and the
NMR T2 spectral peak area show different patterns of variation with the increase in the number of
wet–dry cycles.

Keywords: concrete; sustained compressive loading; wet–dry cycles; damage evolution; regression
analysis; acoustic emission; nuclear magnetic resonance

1. Introduction

In engineering applications, the study of the mechanical properties of concrete structures
under natural conditions plays a vital role in effectively predicting the life cycle of buildings.
The factors affecting the mechanical properties of concrete include carbonation [1–3], freeze–
thaw cycles [4–6], wet–dry cycles (chloride salts [7–9], as well as sulphate [10,11]), and the
effects of different forms of loading [12–16], where the effects of wet–dry cycles of different
salt solutions on the mechanical properties of concrete have become the focus of a wide range
of scholars.

As concrete is made of rocks that experience natural effects, making its chemical com-
position not yet stable, an in-depth study of the role of different salt solutions for wet–dry
cycles on the impact of the concrete structure is of great significance. For example, Su [17]
argued that the mass fraction of the salt solution is directly proportional to the degree of
concrete damage, and with the progression of wet–dry cycles, the quality of concrete first
increased and then decreased. Wang [18] used SEM technology to explain the mechanism of
concrete deterioration due to the crystalline swelling effect of Na2SO4·10H2O from a micro-
scopic perspective, followed by Jiang [19], through regression analysis, who established the
wet–dry cycle conditions of a sulphate solution using a stress–strain equation for damaged
concrete under wet–dry cycles of a sulphate solution. Although there are many saline areas
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in China, the concentration of salt solutions subjected to wet–dry cycles in most areas of
buildings is very low or even negligible, and it is equally important to study the effect of
water on the wet–dry cycles of concrete. However, in practical engineering, concrete is often
in distinctive low stress situations, and the single factor consideration of wet–dry cycling
makes the prediction of concrete durability somewhat limited, and it is not conducive
to accurately deriving the service life of buildings. Combined with the current research,
the summary of the coupling of wet–dry cycles and continuous loading on the concrete
deterioration law is not extensive enough; Wang [20] completed a similar exploration of
CFRP reinforced beams, and revealed the method of damage from the surface layer to the
internal bond development; however, for concrete material, the coupling effect related to
the deterioration mechanism has not yet been explored.

This paper uses a rock rheological perturbation effect instrument as a continuous
load system, and utilizes natural immersion at room temperature and natural drying to
simulate wet–dry cycles. The effect of different loads coupled with wet–dry cycles on the
deterioration process of concrete strength is analyzed, and the deterioration mechanism
of concrete is analyzed according to acoustic emission and nuclear magnetic resonance
techniques. The results of the research can be invoked as a reference for the accurate
prediction of the service life of concrete structures under combined dry, wet, and continuous
loading, as well as for protective measures.

2. Materials and Methods

2.1. Material Composition

The concrete mixes are shown in Table 1. Also, the individual materials are described
as follows.

Table 1. Mix proportion of concrete kg/m3.

Material Cement Granite Gravel Sand Water

Quality/kg 404.04 808.08 808.08 202.02

Cement: M32.5 masonry cement (cement from Huainan Shunyue Cement Co., Ltd.,
Huainan, China) is used.

Granite gravel: Particle size 5–15 mm, density 2.63 g/cm3.
Sand: Huaihe River sand, maximum particle size 4.75 mm, fineness modulus 2.4,

density 2.41 g/cm3.
Water: Laboratory tap water.
A PVC pipe with an outer diameter of 15 mm and a length of 200 mm was inserted into

the bottom center of a standard concrete mold, as shown in Figure 1a. Cement was poured
into this mold, then the PVC pipe was pulled out promptly within 6 h after fabrication.
Finally, the molds were removed after 24 h and placed in saturated calcium hydroxide
solution for 28 d. The details are shown in Figure 1b.

  
(a) (b) 

Figure 1. Concrete preparation, including the (a) mold and (b) concrete specimens.
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Three standard cubic specimens (150 mm×150 mm× 150 mm) were prepared for
determining the compressive strength of concrete in standard curing for 28 d. The uniax-
ial compressive strength result was 17.7 MPa. Sixteen hollow concrete specimens were
prepared, three of which were used to determine the compressive strength of the hollow
concrete (17.7 MPa), one served as a control group, and 12 experienced the effects of dif-
ferent coupling conditions. In order to reduce the interference of the creep effect on the
deterioration process, this test only discussed the first few wet—dry cycles.

2.2. Design of the Degradation Process by Coupled Load-Holding and Wet–Dry Cycles

In order to reduce the fluctuation of the continuous pressure load, this test adopted
the mechanical loading method using the RRTS-II Rock Rheology and Disturbance Effect
Tester [21,22] as the loading device. When loading, firstly, the hydraulic oil was delivered
into the small cylinder and then the big cylinder through the hydraulic pump, then the
piston rod in the big cylinder contacted the concrete and provided the compressive stress,
and finally the small cylinder maintained the pressure in the big cylinder through the
pipeline, thus constituting a pressure stabilization system, as shown in Figure 2. Loading
was done using gears and hydraulic secondary expansion, with an expansion ratio of up to
60–100 times or so (the expansion ratio of this test device is 72); the expansion ratio K can
be expressed as follows:

K =
d1

d2
× ϕ1

2

4ϕ22 (1)

where d1 and d2 are the diameters of the large and small gears, respectively, and ϕ1 and ϕ2
are the diameters of the pistons of the large and small cylinders, respectively.

  
(a) (b) 

Figure 2. Testing machine used for the rock rheological perturbation effect, including the (a) schematic
and (b) actual test.

Define the load level λc as the ratio of the actual loading stress ƒ to the mean uniaxial
compressive strength of the specimen ƒc, which can be expressed as follows:

λc =
f
fc
× 100% (2)

The concrete water absorption system is based on the principle of the linker. Two
rubber tubes (13 mm outer diameter) are glued to the two ends of the concrete central
aperture, and the joints are filled with glass glue (left for 24 h) to ensure the sealing of the
water absorption system. After 10 min of applying load to the concrete in order to reach
a predetermined value, two L-shaped (6 mm inner diameter) glass tubes were inserted
into the rubber tubes. Then, water was injected from the inlet pipe, and after 24 h of water
absorption, the blower was used to dry naturally for 24 h. After 24 h of the water absorption
process, the concrete surface showed obvious water stains, and the initial water absorption
rate of concrete was approximated after 24 h and 48 h of air drying time, respectively.
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Therefore, it is considered that the concrete reached the natural drying state after 24 h of
air drying

The degradation coupling conditions of this test are shown in Table 2, and at the end
of the degradation process, four standard cylindrical specimens with a diameter of 50 mm
and a height of 100 mm were removed from each hollow concrete specimen. One of them
was soaked in water until saturation for NMR testing, and the remaining three were dried
in an oven at 106 ◦C for 48 h for uniaxial compressive strength testing, while the average
moisture content was 2% in the natural drying state and 6% in the saturated state.

Table 2. Coupling conditions to which the concrete was subjected.

Number 0-1 0-3 0-7 1-1 1-3 1-7 2-1 2-3 2-7 3-1 3-3 3-7

Loading/MPa 0 0 0 1.77 1.77 1.77 3.54 3.54 3.54 6.20 6.20 6.20
Number of wet-dry cycles/N 1 3 7 1 3 7 1 3 7 1 3 7

As shown in Figures 3 and 4, Figure. 3 shows the concrete undergoing the process of
coupled action of continuous loading and wet-dry cycles. Figure 4 shows the location of
each concrete specimen coring (Φ50 mm × 100 mm), and the overall coring.

Figure 3. Concrete loading and water absorption processes.

  

Figure 4. Concrete coring.

2.3. Nuclear Magnetic Resonance Test

One specimen was taken from each of the 12 groups with different coupling conditions
and one control group, and then immersed in water for 48 h (the difference between the
masses after 24 h and 48 h was less than 0.1 g; the specimens after 48 h of immersion
in water were considered as saturated specimens). To prevent moisture dissipation, the
specimens were removed from the water, immediately wrapped tightly with plastic wrap,
and then put into the NMR analyzer one by one for the T2 spectrum testing.
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2.4. Uniaxial Compression and Acoustic Emission Tests

A uniaxial compression test with a loading rate of 0.01 mm/s was performed on the
remaining three specimens of 12 groups with different coupling condition degradation
groups and one control group. The AE system was also used for real-time monitoring
during the loading process, with the acquisition threshold set to 40 dB and the acquisition
frequency set to 3.5 MHz

3. Deterioration Law and Analysis of Concrete Strength Parameters

3.1. Strength Law after Concrete Deterioration

The uniaxial compressive strength and modulus of elasticity of the concrete under the
influence of different deterioration conditions are shown in Table 3.

Table 3. Uniaxial compressive strength and modulus of elasticity of concrete after deterioration.

Number

Coupling Conditions
Actual Experimental

Value σc/MPa
σc/MPa Ec/GPa

Stress Levels/λc
Number of Wet-Dry

Cycles/N

0 0% 0
18.14

17.30 4.3317.30
16.40

0-1 0% 1
14.53

14.30 3.2814.30
13.54

0-3 0% 3
14.33

13.70 2.5813.70
12.86

0-7 0% 7
12.53

11.57 2.2511.57
10.86

1-1 10% 1
13.89

13.50 3.6113.50
12.94

1-3 10% 3
12.89

12.20 3.4212.20
11.46

1-7 10% 7
11.16

10.39 2.2710.39
10.12

2-1 20% 1
16.03

15.18 3.8215.18
14.89

2-3 20% 3
15.47

14.88 3.0214.88
14.36

2-7 20% 7
10.38

9.73 1.449.73
9.55

3-1 35% 1
14.67

13.50 3.3513.50
13.43

3-3 35% 3
13.34

13.06 2.3113.06
12.57

3-7 35% 7
9.36

8.45 1.188.45
8.33
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To determine whether the effect of stress level and the number of wet–dry cycles on
the uniaxial compressive strength of concrete is significant, based on Table 3, a two-factor
ANOVA was performed using origin software, as shown in Table 4. It was found that the
p-values of the stress level, the number of wet–dry cycles, and the interaction between the
two factors were all less than 0.05. It can be concluded that both the stress level and number
of wet–dry cycles had a significant effect on the uniaxial compressive strength of concrete.

Table 4. Results of two-way ANOVA.

DF SST SD F P

Stress level 3 15.68 5.22 14.42 1.40 × 10−5

Number of wet-dry cycle 2 107.88 53.94 148.82 2.98 × 10−14

Interaction 6 15.97 2.66 7.34 1.53 × 10−4

Model 11 139.53 12.68 34.99 4.44 × 10−12

Errors 24 8.70 0.36 – –

Based on the data in Table 3, the effects of the coupled condition on the deterioration
of concrete are discussed in terms of the number of wet–dry cycles and stress levels,
respectively, as shown in Figure 5

  
(A) (B) 

c N

Figure 5. Variation of specimen σc under different deterioration conditions, including (A) different
stress levels and (B) different number of wet–dry cycles.

As shown in Figure 5A, the effect of different stress levels on concrete uniaxial com-
pressive strength deterioration also differed when the number of wet–dry cycles was the
same. There were two thresholds of a and b for the effect of the stress level on the uniaxial
strength deterioration of concrete in both the first and third wet–dry cycles, where the stress
level was 0% for interval a and 35% for interval b, and the uniaxial compressive strength of
the concrete was negatively correlated with the stress level. However, in the interval from
a to b, the uniaxial compressive strength of concrete increased with the increase in stress
level, and at the same time, the length of the interval in the range from a to b gradually
decreased with the increase in the number of wet–dry cycles.

The analysis showed that, as the stress level increased, the pores inside the concrete
first closed and then ruptured to develop cracks. When the stress level was in the interval
of 0% to a, the pores started to close and the pore size kept shrinking. According to the
literature [23,24], the height of capillary water absorption inside the concrete is inversely
proportional to the capillary pore size. Therefore, as the stress level increases, the water
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invades deeper into the concrete, increasing the contact area between the particles and the
water. Then, the bond between the particles is weakened, making the uniaxial compressive
strength of concrete decreasing. In the stress level in the interval a to b, the pore closure,
to a certain extent, made the pore diameter smaller than the capillary pore diameter, thus
gradually blocking the water to the internal erosion. Therefore, in this interval, the uniaxial
compressive strength of concrete was positively related to the stress level. When the stress
level was at b to 35%, the pores inside the concrete gradually expanded and converged
into cracks under the stress. This led to an increase in the contact area between the internal
particles of the concrete and water, making its uniaxial compressive strength decrease
with the increasing stress level. In addition, this analysis could be verified at different
numbers of wet–dry cycles affecting the length of interval from a to b. After different times
of wet–dry cycle deterioration, the uniaxial compressive strength of concrete decreased,
resulting in a corresponding decrease in the initiating crack stress and a corresponding
decrease in threshold b.

As shown in Figure 5B, the overall concrete uniaxial compressive strength decreased
with the increase in the number of wet–dry cycles. However, the decreasing trend of
uniaxial compressive strength varied under different stress levels. At a stress level λc
of 0%, the uniaxial compressive strength of concrete decreased approximately linearly.
Nevertheless, at a stress level λc of 10%, the uniaxial compressive strength of the concrete
decreased in a concave curve. This is because the bond between the particles inside the
concrete was weakened by the external load when a continuous load with a stress level λc
of 10% was applied to the concrete. At this time s, the first few wet–dry cycles of concrete
deterioration increased. However, with the increase in the number of wet–dry cycles, the
bond between the internal particles of concrete was reduced. Thus, the concrete uniaxial
compressive strength tended to stabilize. At stress levels λc of 20% and 35%, the uniaxial
compressive strength of concrete showed a convex non-linear decreasing trend. This was
because for the stress level at this stage, the concrete internal cracks started to develop,
while water intrusion at the cracks dissolved the cement between the particles. At the same
time, with the increase in the number of wet–dry cycles, the repeated dissolution of water
on the particles at the concrete fissured. This led to the development of more cracks, which
in turn accelerated the rate of concrete strength decline.

3.2. Regression Analysis of Uniaxial Compressive Strength of Concrete

To analyze the variation of the uniaxial compressive strength of concrete under the
action of different coupling conditions we used non-linear surface fitting of the uniaxial
compressive strength of concrete, with the stress level and number of wet–dry cycles as
independent variables in the software origin. After several fitting comparisons, the uniaxial
compressive strength RationalTaylor nonlinear surface regression model was obtained, as
shown in Equation (3).

z =
15.06 − 9.67x − 7.78y + 0.07y2 + 2.71xy

1 − 0.62x − 0.53y − 0.02x2 + 0.2xy
R2 = 0.804 (3)

where z is the uniaxial compressive strength of concrete after deterioration, x is the number
of wet–dry cycles, and y is the stress level.

As shown in Figure 6, a visualization model was constructed to analyze the varia-
tion of the uniaxial compressive strength of concrete after the action of different coupling
conditions. Overall, the relationship between the stress level and the uniaxial compres-
sive strength of concrete tended to be gradually negative from the threshold fluctuations
as the number of wet–dry cycles increased. Overall, with the increase in the number
of wet–dry cycles, the relationship between the stress level and uniaxial compressive
strength of concrete fluctuated from a threshold value then gradually tended to have a
negative correlation.
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Figure 6. Strength deterioration pattern of the coupled concrete.

3.3. Analysis of Concrete Damage Evolution

Numerous studies have shown that the damage variable D of concrete under external
loading should satisfy the Weibull distribution, whose expression is as follows:

D = 1 − exp[−(ξ/a)m] (4)

where ξ is the strain, m is the shape parameter, and a is the material parameter. According
to the summary of Wu [25], the larger the value of m, the more elastic or brittle the material
tends to be, and the smaller the value of m, the more plastic the material tends to be.

Also according to the literature [25], parameters m and a are related to the material
properties as follows:

E0 =
σmax

εmax
(5)

m =
1

ln(E)− ln(E0)
(6)

a =
ξmax

( 1
m )

(1/m)
(7)

where E is the initial modulus of elasticity of the concrete, E0 is the cut-line modulus of the
concrete past the peak load point after deterioration, and ξmax is the strain corresponding
to the maximum stress value of the concrete after deterioration.

To facilitate a comparison of the concrete damage curves under different deterioration
conditions, define ξ/ξ max = x and substitute into Equation (4), i.e.,

D = 1 − exp[−(x/a)m] (8)

We then completed an analysis of the initial damage to the concrete after the action of
different coupling conditions and the damage during uniaxial compression. For reasons of
space, the damage curves for concrete subjected to seven wet–dry cycles and after a stress
level of 35% deterioration were compared separately in this paper. The relevant parameters
of the damaged specimens are shown in Table 5.

As shown in Figure 7a, the growth rate of the concrete damage variable D at the initial
stage was proportional to the stress level, until the strain was less than the peak strain. For
both, after the strain ratio was greater than 0.75, the damage variable D tended to level off.
The degree of deterioration of concrete deepened with the increase in the stress level of the
load applied after the action of multiple wet–dry cyclic processes.
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Table 5. Selected concrete damage related parameters.

Number σmax/MPa εmax/10
−1 E0/GPa m a

0 17.29 0.48 3.64 5.75 1.36
0-7 11.59 0.62 1.89 1.20 0.72
1-7 10.39 0.55 1.90 1.22 0.64
2-7 9.73 0.57 1.70 1.07 0.61
3-7 8.45 0.64 1.33 0.85 0.52
3-3 13.06 0.65 2.01 1.30 0.80
3-1 13.50 0.54 2.52 1.85 0.75

  
(a) (b) 

D D
Figure 7. Evolution of some concrete damage, including (a) N = 7 and (b) λc = 35%.

As shown in Figure 7b, at a stress level λc of 35%, the damage curve of the first
wet–dry cycle concrete was first below the third and then rose above the third wet–dry
cycle. The analysis showed that in the concrete curing process, there are some silicate
components without a hydration reaction. Therefore, in the process of the wet–dry cycle,
the internal joint weakness of the concrete will be destroyed by water erosion. However,
the strong joint cannot be eroded by water, and thus the hydration reaction was carried
out to strengthen the particles’ association with each other. For the first and third wet–dry
cycle damage curves, the early stage of the damage curve depended on the damage at
the weak internal concrete joint [26,27], while the later stage depended on the hydration
reaction at the strong internal concrete joint. As the number of wet–dry cycles increased,
the damage variable D gradually increased from slow to rapid in the initial stage. This
indicates that the concrete was more deeply affected by the deterioration. Summarizing the
relevant literature [28,29] and as described in Figure 7, under coupled action conditions,
the number of wet–dry cycles determined the lower limit of concrete deterioration, while
the upper limit of concrete deterioration depended on the stress level of the sustained load.

4. Analysis of the Deterioration Mechanism of Concrete

4.1. Analysis of Concrete Acoustic Emission Energy Characteristics

The stress–strain curves reflect the macroscopic damage evolution of concrete. In
addition, the study of the accompanying AE test parameters further analyzed the detailed
information of the concrete specimens at different stages from a microscopic point of view.
Concrete in the uniaxial compression process went through the compression dense stage,
elastic stage, plastic stage, and post-peak stage. The corresponding acoustic emission
detection went through three periods of calm, rising, and fluctuating phases, as shown in
Figure 8a. The three periods of acoustic emission of concrete without the action of coupling
conditions could correspond well to the four stages of the uniaxial compression process.
According to the literature [30], it is known that the “cracking stress” of concrete is around
3 MPa. The corresponding stress level is between 10% and 20%. To visually compare the
degree of deterioration effect of different coupling conditions on concrete, the stresses, AE
energy release rates, and cumulative AE energy versus time for concrete under the action of
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coupled conditions with different stress levels experiencing seven wet–dry cycles, and stress
levels of 35% experiencing different numbers of wet–dry cycles, are given, respectively.

  
(a) (d) 

  
(b) (e) 

  
(c) (f) 

 
(g) 

Figure 8. Concrete AE energy release rate, AE cumulative energy and stress versus time, including
(a) λc = 0% N = 0, (b) λc = 35% N = 1, (c) λc = 35% N = 3, (d) λc = 0% N = 7, (e) λc = 10% N = 7,
(f) λc = 20% N = 7, and (g) λc = 35% N = 7.
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Comparing plots (b), (c), and (d) in Figure 8, the cumulative AE energy of the acoustic
emission during the uniaxial compression test of concrete with increasing number of wet–
dry cycles when the stress levels λc were all 35% decreased with increasing number of
wet–dry cycles. The analysis suggested that the erosive action of water weakened or
destroyed the concrete joint weaknesses. The drying process was then accompanied by
the creation of secondary pores [29] within the concrete. Therefore, as the number of
wet–dry cycles increased, secondary pore space was also created, thus increasing the extent
of water erosion. These factors led to a continuous decrease in the concrete strength, an
increasing growth rate of cumulative energy in the calm phase, an overall advance in the
fluctuating phase, and a continuous advance in the maximum point of cumulative AE
energy release rate. All of these phenomena indicate that the internal particles of concrete
are more severely exploited by the wet–dry cyclic process, and the specimens gradually
changed from brittle to plastic.

In the uniaxial compression process, the pores inside the concrete gradually closed
with the increase in stress. When the stress reached the “cracking stress”, the closed pores
began to rupture and converge to develop cracks. Comparing (d), (e), (f) and (g) in Figure 8,
the cumulative AE energy of the concrete decayed with the increasing stress level at seven
wet–dry cycles. Plots (e) and (f) reflect the stages where the stress level was less than the
cracking stress. Plots (d) and (g) reflect the stages where the stress level was greater than
the cracking stress. A comparison of the two plots for each stress level phase shows that the
cumulative AE energy share of both the calm phase and the rising phase of the specimen
increased as the stress level increased. Although the laws are similar, the deterioration
mechanisms are different. When the stress level is less than the initiating crack stress,
the pore radius inside the concrete will keep decreasing. Because the depth of capillary
action is inversely proportional to the radius of the capillary pores, the depth of water
intrusion into the concrete specimen increases. This led to an increase in the dissolution
effect of water on the micro-particles. The deterioration of concrete by this mechanism
did not manifest itself in the first few wet–dry cycling processes, but was postponed over
several wet–dry cycling processes. This was a result of the secondary cracking caused by
each wet–dry cycling process. When the stress level approached the crack initiation stress,
the fracture gradually closed to a size smaller than the capillary pore, thus reducing the
water infiltration. Then, as the stress level as greater than the initiating crack stress [31,32],
concrete cracks gradually developed and increased the contact surface of the water and
micro particles. This deterioration mechanism on concrete often manifested itself during
the first few wet–dry cycles. After several cycles, the crack surface was not spalled with
micro particles. After this stage, the deterioration effect of wet–dry cycles on the concrete is
not obvious. The above mechanism can be verified with the conclusions of Section 3.2.

4.2. Nuclear Magnetic Resonance T2 Spectroscopy

Nuclear magnetic resonance (NMR) instrumentation utilizes the phenomenon of NMR
generated by hydrogen nuclei in the presence of an applied magnetic field. The porosity of
the specimen as well as the pore distribution were analyzed by measuring the transverse
relaxation time (T2) cutoff value of the saturated specimen. Among them, the size of the
total peak area of the T2 spectrum was related to the porosity of the specimen, and the
position where the peak was located was related to the percentage of the pore size of the
pore. The peak areas of each specimen after the action of different degradation parts are
given in Table 6, and draw Figure 9, for example.

Combining Table 4 and Figure 9, the total peak area of the T2 spectrum increased with
the number of wet–dry cycles at stress levels λc of 0 and 10%. Where the stress level λc
was 0, the peak area of the T2 spectrum increased by 0.62% for the third wet–dry cycle
compared to the first one. The seventh wet–dry cycle increased by 2.78% compared with
the first one, and the overall pattern increased linearly. At a stress level λc of 10%, the T2
spectral area increased by 1.50% in the third wet–dry cycle compared with the first. The
seventh wet–dry cycle increased by 14.31% compared with the first one, with a parabolic
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progression in the overall pattern. The analysis concluded that when the stress level was
less than the “cracking stress” stage, the depth of water infiltration into the concrete became
deeper due to the capillary effect. Therefore, the dissolution effect on the micro-particles
was more obvious, which led to a greater degree of degradation for a stress level of 10%
than for a stress level of 0 in the wet–dry cycles. At stress levels λc of 20% and 35%, the
T2 spectral peak area decreased first and then increased with the increase in the wet–dry
cycles. When the stress level λc was 20%, the T2 spectrum area decreased by 2.25% after
three wet–dry cycles compared with once, and increased by 0.62% after seven wet–dry
cycles compared with once. At a stress level λc of 35%, the T2 spectrum area decreased by
0.46% after three wet–dry cycles compared with once, and increased by 18.50% after seven
wet–dry cycles compared with once.

Table 6. Peak areas of the T2 spectra of concrete under different conditions.

Number
Total Peak
Area/105

Proportion/%

First Peak Second Peak Third Peak

0 1.87 99.54 0.46 0
0-1 1.95 97.39 2.35 0.26
0-3 1.96 99.68 0.32 0
0-7 2.00 99.64 0.36 0
1-1 2.19 99.62 0.38 0
1-3 2.22 99.66 0.34 0
1-7 2.50 99.52 0.48 0
2-1 2.01 99.75 0.25 0
2-3 1.96 99.72 0.28 0
2-7 2.02 97.30 2.35 0.35
3-1 2.14 99.72 0.28 0
3-3 2.13 99.68 0.32 0
3-7 2.54 96.38 3.36 0.26

(a) (b)

Figure 9. T2 spectra of the specimens under different conditions, including the (a) T2 spectrum
distribution curve and (b) T2 spectrum peak area.

After the analysis, the regenerative pore generation inside the concrete is shown
in Figure 10. Under the condition of continuous loading, the internal edge pores were
subjected to certain stress concentration. At this time and then after the impact of the
wet–dry cycles on the edge pores, the strength here was reduced, and then under the action
of continuous loading, the fissures were continuously expanded. There was an increase the
contact area between the wet–dry cycle and the concrete internal particles. At the same
time, the pores in the concrete developed and converge into cracks when the stress level
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was greater than the “crack initiation stress” stage. However, during the drying process, the
water left the concrete in the gas and liquid phase [33], and some of the dissolved material
was left in the cracks, which led to the phenomenon that the T2 peak area of concrete at
this stress level first decreased and then increased.

(a) (b) (c) 

Figure 10. Concrete pore regeneration process: (a) initial diagram, (b) saturation diagram, and
(c) naturally drying diagram.

5. Conclusions

(1) For the same number of wet–dry cycles, there are two thresholds for the effect of
stress level on the uniaxial compressive strength of concrete a and b. The uniaxial
compressive strength of concrete decreases with increasing the stress level in the
interval from 0% to a. The stress level increases with increasing the load. In the
interval from a to b, the concrete uniaxial compressive strength increases with the
increase in load. In the interval b to 35%, the concrete uniaxial compressive strength
again decreases with the increasing stress level. Meanwhile, the length of the interval
from a to b decreases until it becomes zero, as the number of wet–dry cycles increases.

(2) The RationalTaylor regression model is used to better describe the variation of the
uniaxial compression strength of concrete under the coupling conditions of different
stress levels and the number of wet–dry cycles.

(3) Concrete AE evolution can be divided into three phases: calm phase, rising phase,
and fluctuating phase. In the process of wet–dry cycle progression, the cumulative
AE energy release percentage in the concrete calm phase stage increases continuously,
and the fluctuation phase stage will gradually advance. Taking the crack initiation
stress as the threshold, the concrete calm phase as well as the fluctuation phase change
with an increment of the stress level in the phase greater than or less than the crack
initiation stress, and the same law as for the wet–dry cycle progression.

(4) When the stress level is less than the cracking stress, the T2 peak area of concrete
increases with the progression of wet–dry cycles. However, when the stress level is
greater than the cracking stress, the T2 peak area decreases and then increases with
the progression of the wet–dry cycles.
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Abstract: The Cretaceous Zhidan group (K1zh) pore fissure-confined water aquifer in Yingpanhao
Coal Mine, Ordos City, China, has loose stratum structure, high porosity, strong permeability and
water conductivity. In order to explore the fluid–solid coupling similar material and its constitutive
model suitable for the aquifer, a kind of fluid–solid coupling similar material with low strength,
strong permeability and no disintegration in water was developed by using 5~20 mm stone as
aggregate and P.O32.5 Portland cement as binder. The controllable range of uniaxial compressive
strength is 0.394~0.528 MPa, and the controllable range of elastic modulus is 342.22~400.24 MPa. The
stress–strain curve and elastic modulus of similar materials are analyzed. It is found that the elastic
modulus of similar materials with different water–cement ratios conforms to the linear law, the elastic
modulus of similar materials with the same water–cement ratio after soaking treatment and without
soaking treatment also conforms to the linear law. Based on the material failure obeying the maximum
principal stress criterion and Weibull distribution, combined with the elastic modulus fitting formula,
a constitutive model suitable for the fluid–solid coupling similar material was established, and
the parameters of the constitutive model were determined by differential method. By comparing
the theoretical stress–strain curve with the experimental curve, it is found that the constitutive
model can better describe and characterize the fluid–solid coupling similar materials with different
water–cement ratios and before and after soaking.

Keywords: water-bearing strata; fluid–solid coupling; similar materials; elastic modulus; linear law;
constitutive model

1. Introduction

With the development of China’s national economy, more and more deep underground
projects are carried out in water conservancy, hydropower, transportation, energy develop-
ment and national defense engineering [1–3]. For example, the Xiaolangdi Yellow River
Diversion Project, Central Yunnan Water Diversion Project and Changdian Hydropower
Station Diversion Tunnel Project have a higher buried depth. In global terms, the excavation
of tunnels and underground space in China are characterized by large scale, large quantity
and complex geological conditions and structural forms. In order to meet the needs of
infrastructure construction, there are also more and more tunnels with large burial depth
and large span and special length, which are often located in areas with strong geological
structure. Complex geological conditions in deep underground engineering often lead to
collapse, roof fall, water inrush and other disasters, resulting in significant economic losses
and casualties [4–7].

Experts and scholars from various countries have conducted a lot of research on the
prevention and control of underground engineering disasters and have achieved fruitful
research results. Aissa Bensmaine [8], using the numerical code FLAC, carried out several
numerical simulations in axisymmetric groundwater flow conditions to analyze the seepage
failure modes of cohesionless sandy soils within a cylindrical cofferdam. They also indicate
the sensitivity of the seepage failure mode to internal soil friction, soil dilatancy, interface

Sustainability 2023, 15, 3379. https://doi.org/10.3390/su15043379 https://www.mdpi.com/journal/sustainability150



Sustainability 2023, 15, 3379

friction and cofferdam radius. Moreover, new terms are proposed for the seepage failure
mode designations based on the 3D view of the downstream soil deformation. It provides
a new idea for studying the seepage failure of soil in cofferdam. For Özcan Çakır [9], the
field compilation of the resistivity data is assumed to be completed by the application
of the multiple electrode pole–pole array. The actual resistivity assembled underneath
the analyzed area is inverted by considering the apparent (measured) resistivity values.
Unique forms such as ore body, cavity, sinkhole, melt, salt and fluid within the Earth may
be examined by joint interpretation of electrical resistivities and seismic velocities. Dang
Van Kien [10] produced a numerical analysis using finite element software conducted
to investigate the stability of rock mass surrounding the underground cavern and the
system of caverns. The whole stability of surrounding rock mass of underground caverns
was evaluated by Rocscience-RS2 software. This provides a reliable way to analyze the
stability of the caverns and the system of caverns and will also help in the design or
optimization of subsequent support. Bo Li [11], according to historical water inflow
observation data of typical coal mines, produced a mine inflow prediction model based on
unbiased grey and Markov theory was established. This model can eliminate the inherent
bias of the traditional model and the effects of the random fluctuation of data on prediction
results and has higher computational accuracy. The relevant research results can provide
some basis for the improvement of the mine inflow method. Bo Li [12], according to the
hydrogeological characteristics of southwest mines in China, produced twelve evaluation
indicators determined from the three aspects of aquifer, aquifuge and geological structure,
and an evaluation index system of water inrush risk of the karst aquifer in the coal floor has
been constructed. On this basis, further using GIS technology and entropy weight theory, a
multi-source information evaluation method for the risk of water inrush from the coal floor
was proposed, and the evaluation results were verified.

At present, there are three main methods for stability analysis and disaster prevention
of underground engineering: theoretical analysis, numerical simulation and model test.
However, the complexity of the physical and mechanical properties of underground rock
mass makes it difficult to deal with nonlinear problems in theoretical analysis, and it is difficult
to simulate the real process of underground disasters by numerical simulation. Therefore,
the results obtained by these two methods usually cannot accurately reflect the situation
of diagenetic geological bodies in actual engineering conditions. However, the fluid–solid
coupling simulation test can qualitatively or quantitatively reflect the complex construction
technology, load action mode and time effect in practical engineering, and can also control the
whole process from elasticity to plasticity of engineering stress and finally to the failure mode
after the ultimate load. The key factor for the success of the fluid–solid coupling simulation
test is to select a reasonable and reliable fluid–solid coupling similar material. The aquifer
fluid–solid coupling similar material applied to the fluid–solid coupling simulation test
needs to meet the following conditions: strong water permeability; the degree of shrinkage
and expansion of the material after meeting water must be small; the material needs to
have low strength so as not to soften and disintegrate after encountering water to maintain
high integrity. As the basis of fluid–solid coupling simulation tests, the development
of similar materials has experienced a tortuous and long development process. In the
mid-1960s, Barton studied and manufactured a similar model material of raw material
mixture composed of gypsum, red dan sand, coarse aggregate and water; this similar
material has one characteristic: low elastic modulus. Jacoby [13] used glycerol and other
materials as similar materials for model tests to study the problem of mantle convection
and concluded that the upper lithospheric plate highly organized large-scale circulation,
while the lower lithospheric plate became unstable at the core-mantle boundary. Ren
Mingyang [14] developed a new similar material reflecting the fluid–solid coupling effect
with iron powder, barite powder and quartz sand as aggregates, white cement as the
cementing agent and silicone oil as the regulator. Zhang Ning [15] made a new similar
material by mixing cement, sand, rubber powder, water, water reducer, early strength
antifreeze and waterproofing agent, The compressive strength of this material is 15~50 MPa,

151



Sustainability 2023, 15, 3379

and the elastic modulus is 2~4.5 Gpa. Zhang Jie [16] solved the problem of solid–liquid two-
phase model material collapse in water by using paraffin as cementing agent in the study
of fluid–solid coupling similar material. Li Shucai [17] developed similar materials (SCVO),
which greatly improved the simulation of similar tests. In order to carry out the model test
of the formation of high water pressure floor water inrush channel in deep mining. Sun
Wenbin [18] developed similar materials suitable for deep well conditions. Li Shuchen [19]
used paraffin wax as a cementing agent to develop a fluid–solid coupling similar material
used in tunnel water inrush model test. Chen Juntao [20] developed a fluid–solid coupling
similar material for the deep water resisting layer, realizing the similar simulation of the
deep floor water resisting layer. Han Tao [21] developed a similar material to simulate
porous rock mass and successfully applied it to the coupled model test of porous rock mass
and the borehole wall. Dai Shuhong [22] used the orthogonal test design method to study
fluid–solid coupling similar materials that can meet the similar physical and mechanical
properties and similar water physical properties with talcum powder, gypsum and liquid
paraffin as raw materials. Li Zheng [23] used clay, fine sand and glass fiber as raw materials
to develop similar materials for surrounding rock, and used cement and carbon slag to
prepare materials similar to the grouting environment, using multi-layer woven geotextiles
to simulate a lining. Similar materials were successfully applied to tunnel seepage model
tests. Wu Baoyang [24] taking quartz sand, barite powder and talc powder as aggregates,
C325 white cement as the binder and silicone oil as the regulator, has developed a new type
of fluid–solid coupling similar material with low strength, adjustable water absorption,
non-disintegration in water and simple production. The feasibility and applicability of the
material were verified by the model test of an underground reservoir in a multi coal seam
mining coal mine.

In general, the research on fluid–solid coupling similar materials has made a certain
degree of progress, but most of the fluid–solid coupling similar materials are mainly based
on the study of aquifuge materials, the research on similar materials of aquifers is still
lacking and most of the research work on similar materials pays more attention to solving
the problem of easy disintegration of materials in water and lacks research on material
constitutive models and failure modes. Therefore, it is urgent to carry out the research on
fluid–solid coupling similar materials, as well as the research on their mechanical properties,
constitutive models, failure modes and properties after water encounter.

2. Development of Fluid–Solid Coupling Similar Materials

2.1. Raw Material Selection

Before determining the raw materials, in order to reduce the workload, based on the
principle of material selection, pre-experiment, a preliminary study was carried out to
determine the raw materials of similar materials according to the function of the expected
material and the physical and mechanical according to the function of the expected material
and the physical and mechanical indices.

(1) Aggregate
As the main raw material of similar materials, aggregate plays a skeleton and sup-

porting role in similar materials. If no aggregate is added during the production of the
specimen, the specimen will not be formed. Aggregates are usually divided into coarse
aggregates and fine aggregates. Coarse aggregates refer to materials with a diameter greater
than 5 mm—generally gravel and pebbles. Fine aggregate refers to the material with a
diameter of 0.165 mm, such as river sand, ore sand, sea sand, valley sand and quartz sand.
The selection of aggregate by domestic scholars is also roughly within the above range.
According to the selection principle of similar materials, it is required that the water content
is stable, the texture is hard and clean and the grade is reasonable. Based on the above
selection principle of similar materials, the aggregate selected in this paper is stone with a
particle size of 5~20 mm.
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(2) Cementing materials
Cementing material refers to the material with a certain strength that changes its

own properties after physical and chemical action and can be closely bonded with other
materials. Cement, gypsum, lime, clay, paraffin, rosin, epoxy resin, polyamide, and asphalt
and commonly used cementing materials. In the study of fluid–solid coupling similar
materials, the cementing materials used by domestic scholars usually include rosin, cement,
clay, paraffin, cement, stone blue, latex, etc. In this paper, with reference to the cementing
materials used in the physical model tests carried out in the past, and considering the
advantages and disadvantages of each cementing agent, P.O32.5 Portland cement was
finally selected. On the one hand, considering that the cementing strength of cement is
between weak cementing materials such as gypsum and strong cementing materials such
as cement, it can better adjust the strength of similar materials; on the other hand, compared
with rosin and latex, cement is easy to use and less affected by temperature.

(3) Water
When preparing most similar materials, it is necessary to mix similar materials with

water. The role of water in the preparation of similar materials mainly has two aspects.
On the one hand, many cementing materials need water (i.e., hydration) when setting
and hardening; on the other hand, when preparing similar materials and making similar
material models, water must be used to meet the requirements of the production pro-
cess. The similar materials developed in this paper choose water immersion to verify the
performance of similar materials after encountering water.

2.2. Determination of Water–Cement Ratio

Based on the similarity principle, the strength of similar material is about 0.39~0.53 MPa.
Through the strength test of different water–cement ratios, the strength of the material
with a water–cement ratio of 0.9:1 is about 0.528 MPa. The test shows that the strength of
the material is about 0.50 MPa when the water–cement ratio is 1.0:1, the strength of the
material is about 0.46 MPa when the water–cement ratio is 1.1:1 and the material with a
water–cement ratio of 1.2:1 is about 0.394 MPa. Therefore, it is finally determined to make
specimens in the range of water–cement ratio 0.9:1~1.2:1, and measure the mechanical
properties of different specimens.

2.3. Formulation of Similar Materials

In order to test the performance of similar materials with different ratios, six specimens
were made in each ratio in the range of water–cement ratio of 0.9:1~1.2:1, and three speci-
mens were in one group. The two groups of specimens were cured at room temperature
standard curing conditions for 28 days. One group was directly tested for strength after
curing, and the other group was soaked in water for 3~4 days and then tested for strength
to test the performance of the specimen under water conditions. The size of the specimen
was 150 mm × 150 mm × 150 mm. The test specimens were made as follows.

(1) Prepare a specific mold according to the design requirements, brush the mold with
release agent and wait for the release agent to dry;

(2) Aggregate screening;
(3) The water and cement are weighed according to the design ratio, and the weighed

water and cement are fully stirred for 5~10 min to make cement slurry;
(4) The sieved aggregate is poured into a uniformly stirred cement slurry and stirred

for 5~10 min to ensure that the aggregate surface is uniformly hung with slurry;
(5) Put the stirred material into the mold;
(6) After standing for 48 h, the demolding was carried out, the label was affixed and

the standard curing condition was maintained for 28 d.
The preparation process of similar materials is shown in Figure 1.
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(a) Brush release agent (b) Aggregate screening (c) Material weighing

(d) Material mixing (e) Load the material into the mold (f) Finished product

Figure 1. Preparation process of fluid–solid coupling similar materials.

3. Mechanical Properties Test and Analysis of Similar Materials

The uniaxial compression test of fluid–solid coupling similar materials was carried
out on the RMT-150B rock mechanics test system. The axial load was used as the control
index to load. The two groups of specimens were loaded until failure. The loading speed
was 0.01 kN/s, and the stress–strain curve was recorded.

3.1. Mechanical Property Test of Specimens Not Soaked in Water

Uniaxial compression test is carried out on the test piece not soaked in water, and the
stress–strain curve is obtained as shown in Figure 2:

 
Figure 2. The stress–strain curve of the specimen without water immersion.

It can be seen from Figure 2 that the uniaxial compressive strength of the intact specimen
without water immersion is 0.394~0.528 MPa, and the elastic modulus is 342.22~400.24 MPa.
The elastic modulus is relatively stable when it does not reach the peak. The stress–strain
trend of similar materials before the peak is approximately linear, indicating that the overall
material is dominated by elastic deformation. After the peak, the stress–strain curve of
similar materials begins to show more obvious plastic characteristics, indicating that there
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are new cracks inside the material. Under the action of uniaxial compressive stress, the
evolution trend of the axial stress–strain curve of the specimen is similar, which is different
from the compression curve of conventional rock materials. The fluid–solid coupling
similar material used in this test is mainly elastic deformation before failure, so the stress–
strain curve before the peak value shows an approximate linear evolution trend. After
the stress passes the end of the elastic stage, it enters the post-peak failure stage. At this
stage, the stress gradually decreases with the increase of strain, and there is an obvious
nonlinear evolution trend. With the increase of water cement ratio, the peak strength of
similar materials and the elastic modulus decrease gradually.

3.2. Mechanical Property Test of Specimens Soaked in Water

The uniaxial compression test is carried out on the specimens soaked in water, and the
stress–strain curve is shown in Figure 3:

Figure 3. The stress–strain curve of the specimen soaked in water.

It can be seen from Figure 3 that the uniaxial compressive strength of the com-
plete specimen after water immersion is 0.370~0.482 MPa, and the elastic modulus is
317.10~360.22 MPa. Compared with the material without water immersion, the peak
strength and elastic deformation of the material after water immersion decrease to a certain
extent, but the peak strain increases to a certain extent. Combined with previous studies on
water chemistry [25,26], the material shows strain softening after water chemical erosion,
and the failure mode changes from splitting to shear failure. In addition, after the rock
material undergoes hydrochemical action, the particle skeleton reacts with the chemical
composition to increase the internal pores. Therefore, under the same load, the displace-
ment of the material soaked in water is larger than that of the material without soaking in
water, the peak strain increases and the strength decreases.

3.3. The Peak Stress and Strain Evolution Law of Similar Materials with Different Water
Cement Ratio

The evolution law of peak stress and strain of specimens with different water–cement
ratios is analyzed. The peak stress and strain of specimens after immersion and those
without immersion are shown in Figure 4.
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(a) The peak stress of specimens with different water cement ratio. 

 
(b) The peak strain of specimens with different water cement ratio. 

Figure 4. The evolution law of peak stress and strain of similar materials.

It can be seen from Figure 4 that the peak stress and strain of similar materials gradually
decreases with the increase of water–cement ratio. In the same water–cement ratio specimen,
the peak stress of the similar material soaked in water is significantly lower than that of
the similar material not soaked in water, but the peak strain is slightly higher than that
of the similar material not soaked in water. This is due to the chemical action of water,
which leads to the reaction of the particle skeleton of the similar material with the chemical
composition to increase the internal pores, so that the peak strain of the similar material
soaked in water increases.

3.4. Evolution Law of Elastic Modulus of Similar Materials

In order to find the elastic modulus evolution law of similar materials with different
water–cement ratios and similar materials before and after immersion, the elastic modulus
of similar materials was studied. Figure 5a shows the evolution of the elastic modulus of
similar materials with different water–cement ratios. Figure 5b shows the evolution of the
elastic modulus of similar materials after soaking treatment and materials without soaking
treatment. The results show that the elastic modulus is linear with the water–cement ratio
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and inversely proportional to the water–cement ratio. By analyzing the elastic modulus of
fluid–solid coupling similar materials before and after soaking, it is found that the elastic
modulus of the specimen after soaking is linearly related to the elastic modulus of the
specimen without soaking.

 
(a) The evolution law of elastic modulus of specimens with different water cement ratio. 

 
(b) Comparison of elastic modulus evolution of specimens before and after immersion. 

Figure 5. Evolution law of elastic modulus.

By fitting the elastic modulus of similar materials with different water–cement ratios
and before and after immersion, it is found that it conforms to the linear law, and an
empirical formula for fluid–solid coupling similar materials is obtained.

E = −193.098μ + 573.7044 (1)
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In the formula, E is the elastic modulus of fluid–solid coupling similar materials with
different water–cement ratios, and μ is the water–cement ratio.

EW = 0.74609E + 63.58443 (2)

In the formula, EW is the elastic modulus of fluid–solid coupling similar materials
after immersion.

4. Constitutive Model

The stress–strain curves of fluid–solid coupling similar materials, especially the curves
after the peak, are mainly nonlinear evolution characteristics, which cannot be accurately
described and characterized by traditional elastoplastic models. The accurate description
of stress–strain curve is of positive significance for understanding the stress evolution law
of aquifer in similar model tests of fluid–solid coupling material and for further exploring
the stress distribution of aquifer in practical engineering. Therefore, it is necessary to study
the constitutive model of fluid–solid coupling similar material.

4.1. Weibull Distribution Damage Constitutive Model

In the mechanical analysis of materials, it is generally believed that there is a large
amount of new crack initiation, crack propagation and old crack propagation in the plastic
stage of the material; that is, the material has damage in the post-peak stage. In the
equivalent strain hypothesis proposed by J. Lemaitre [27], it is shown that the effective
stress is equal to the deformation of the damaged material, and the strain relationship of the
damaged material can be expressed in the form of the non-destructive material. Replacing
the nominal stress [σ] with the effective stress [σ*], the damage constitutive equation of the
post-peak stage of the material can be obtained as follows:

[σ] = [σ∗](I − [D]) = [H][ε](I − [D]). (3)

In the formula, [σ] is the nominal stress, [σ*] is the effective stress, I is the unit matrix,
[D] is the damage variable matrix, [H] is the elastic modulus matrix of similar materials,
and [ε] is the strain matrix.

Assuming that the damage of similar material is isotropic, the one-dimensional dam-
age constitutive relation of similar material can be expressed as:

σ = σ∗(1 − D) = Eε(1 − D). (4)

In the formula, D is the damage variable.

D =
n
N

. (5)

In the formula, n is the number of destroyed elements, and N is the total number of
elements of the lossless material.

According to the damage model method of Weibull distribution, the damage evolution
law of material after peak load is explored. The probability density function is expressed as:

P(F) =
m
F0

(
F
F0

)m−1
exp

[
−
(

F
F0

)m]
. (6)

In the formula, P(F) is the material element strength distribution function, F is the
random distribution variable of element intensity, and m and F0 are distribution parameters.
The material damage variable can be defined as:

D =
∫

P(x)dx. (7)
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Therefore, the damage variable can be expressed as:

D = 1− exp
[
−
(

F
F0

)m]
. (8)

Assuming that the micro-element strength obeys the maximum positive strain strength
criterion, the damage variable can be expressed as:

D = 1 − exp
[
−
(

ε

ε0

)m]
. (9)

In the formula, D is the material damage factor, and m and ε0 are the parameters
related to the physical and mechanical properties of materials.

The material damage constitutive model can be described as:

σ = Eε exp
[
−
(

ε

ε0

)m]
. (10)

4.2. Determination of Constitutive Parameters

Formula (10) can be transformed into:

σ

Eε
= exp

[
−
(

ε

ε0

)m]
. (11)

By taking logarithms on both sides of formula (11), we can obtain:

ln
(

Eε

σ

)
=

(
ε

ε0

)m
. (12)

In this paper, the uniaxial compression stress–strain curve of the fluid–solid coupling
similar material is approximately linear before the peak, and there is an extreme point in
the strain curve before and after the peak; that is, the slope of the stress–strain curve at the
peak is 0:

dσc

dεc
= 0. (13)

In the formula: σc and εc represent peak stress and strain.
Substituting Formula (12) into Formula (13), we can get:

E exp
[
−
(

εc

ε0

)m](
1 − m

(
εc

ε0

)m)
= 0. (14)

We arrange the formula (14) to obtain:

(
εc

ε0

)m
=

1
m

. (15)

We arrange the formula (15) to obtain:

m =
1

ln
(

Eεc
σc

) . (16)

Substituting Formula (16) into Formula (15), we can get:

ε0 = εcm
1
m . (17)
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Substituting Formulae (16) and (17) into Formula (10), we can get:

σ = Eε exp

⎡
⎣−

(
ε

εcm
1
m

) 1
ln ( Eεc

σc )

⎤
⎦. (18)

According to Formula (18) and (1), the constitutive model of fluid–solid coupling
similar materials with different water cement ratio is:

σ = (−193.096μ + 573.7044)ε exp

⎡
⎣−

(
ε

εcm
1
m

) 1

ln (
(−193.098μ+573.7044)εc

σc )

⎤
⎦. (19)

According to Formulae (18) and (2), the constitutive model of fluid–solid coupling
similar material after immersion is:

σ = (0.74609E + 63.58443)ε exp

⎡
⎣−

(
ε

εcm
1
m

) 1

ln (
(0.74609E+63.58443)εc

σc )

⎤
⎦. (20)

As shown in Figure 6, the stress–strain curve of similar materials with water–cement
ratio of 1.1:1 is taken as an example to compare the experimental curve with the theoretical
curve of the constitutive model. Taking Figure 6a as an example, in the stress stage of
0.155~0.355 MPa, the material deformation is elastic deformation, and the test curve is
basically consistent with the theoretical curve. In the stage of stress 0.355~0.448 MPa, the
test curve is slightly different from the theoretical curve, indicating that the material is not
in complete elastic deformation before the peak, and there is a certain plastic deformation.
After reaching the peak stress of 0.448 MPa, the material has obvious nonlinear deformation
characteristics, and the experimental curve is approximately coincident with the theoretical
curve. The results show that the constitutive model can better describe the stress–strain
curve of fluid–solid coupling similar materials.

4.3. Failure form Analysis

Through the analysis of the model test results, it can qualitatively or quantitatively
reflect the action mode and time effect of the load in the actual project and control the whole
process of the elastic to plastic and the failure form after the ultimate load. Therefore, the
study of the failure form of fluid–solid coupling similar materials is of positive significance
for understanding the stress concentration and failure mechanism of aquifer in fluid–solid
coupling model test.

Figures 7 and 8 show the morphology of similar materials with different water–cement
ratios after failure. It can be seen from the figure that the larger the water–cement ratio, the
worse the integrity of the material after failure. The reason for this phenomenon is that
the larger the water–cement ratio, the smaller the cohesion between the particles of the
material, and the looser the structure after failure. It can be seen from the figure that the
specimens after immersion are the same as those without immersion. With the increase
of water–cement ratio, the number of damaged blocks gradually increases. Comparing
the test data and failure modes of the two specimens, the compressive strength and elastic
modulus of the specimens after immersion were lower than those of the specimens without
immersion. The structure of the specimens after immersion was looser than that of the
specimens without immersion. This is due to the strain softening of the material after
chemical erosion, and the failure mode is transformed from splitting to shear failure. In
addition, after the rock material undergoes hydrochemical action, the particle skeleton
reacts with the chemical composition to increase the internal pores.
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(a) Stress–strain comparison curve of specimens not immersed in water. 

 
(b) Stress–strain comparison curve of specimens immersed in water. 

Figure 6. Comparison between Theoretical Curve and Experimental Curve.

    
(a) 0.9:1 (b) 1.0:1 (c) 1.1:1 (d) 1.2:1 

Figure 7. Failure form of specimens with different water–cement ratios not immersed in water.
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(a) 0.9:1 (b) 1.0:1 (c) 1.1:1 (d) 1.2:1 

Figure 8. Failure form of specimens with different water–cement ratios immersed in water.

4.4. Damage Analysis

It can be seen from Figure 9 that with the increase of strain, the damage–strain curves
of similar materials show a nonlinear evolution trend. When the strain is equal, the greater
the water cement ratio, the greater the damage. When the peak strain is reached, the
damage occurs, and the damage growth rate is fast. With the increase of strain, the damage
growth rate decreases and gradually becomes stable. When the material is close to failure,
the damage growth rate of the material decreases again.

It can be seen from Figure 10 that with the increase of stress, the damage–stress curves
of similar materials have nonlinear characteristics. When the stress is equal, the greater the
water–cement ratio, the smaller the damage. The stress after the peak value of the material
decreases with the increase of the damage. At the initial stage of the damage, the damage
increases approximately linearly, and the growth rate is large. With the decrease of the
stress, the damage growth rate also decreases, and gradually tends to be stable.

 
(a) Damage strain curve of specimens not immersed in water. 

(b) Damage strain curve of specimens immersed in water. 

Figure 9. Fluid–solid coupling similar material damage–strain curve.
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(a) Damage stress curve of specimens not immersed in water. 

 
(b) Damage stress curve of specimens immersed in water. 

Figure 10. Fluid–solid coupling similar material damage–stress curve.

5. Conclusions

(1) A fluid–solid coupling similar material suitable for simulating the aquifer with
loose formation structure, high porosity, strong permeability and water conductivity has
been developed. The material has low strength, strong water permeability, and does not
disintegrate when it meets water. The raw material is easy to obtain, and the production
process is simple, which enriches the research means for aquifers with loose structure and
strong water permeability.

(2) The peak stress and strain of similar materials gradually decrease with the increase of
water–cement ratio; the elastic moduli of similar materials with different water–cement ratios
follow the linear law, and the elastic moduli of similar materials before and after immersion
also follow the linear law. Among the similar materials with the same water–cement ratio, the
peak stress of the similar materials after immersion is significantly lower than that of the
similar materials without immersion, but the peak strain is slightly higher.

(3) Based on Weibull distribution, the constitutive model of fluid–solid coupling similar
material is established. The parameters of the constitutive model are further determined by
the differential method. The constitutive model of fluid–solid coupling similar material is
established by using the elastic modulus of similar material with a different water–cement
ratio before and after immersion. Using Weibull distribution damage variable analysis,
it is found that when the strain of fluid–solid coupling material is equal, the greater the
water–cement ratio, the greater the damage caused by the material, and when the stress is
equal, the greater the water–cement ratio, the smaller the damage caused by the material.

Although the constitutive model is obtained from the elastic modulus of fluid–solid
coupling similar materials after immersion in water, there are still some deficiencies in the
study of water rationality of similar materials, In this paper, the performance of similar
materials is tested by immersing them in water, which verifies that they do not disintegrate
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when they meet water, but no specific permeability coefficient is given. In the next stage of
research, we should focus on the water rationality of materials.
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