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Abstract: In order to cope with climate change and achieve the goal of carbon neutrality, the use
of carbonization technology to enhance the performance of cement-based materials and achieve
the purpose of carbon sequestration has become a very promising research direction. This paper
considers the use of CO2NBW as mixing water for cement-based materials, aiming to improve the
carbonization efficiency of materials to achieve the goal of carbon neutrality. This time, the effect of
CO2NBW on cementitious filling materials under different aggregate fractal dimensions was studied
through uniaxial compression tests and acoustic emission technology. The effect of CO2NBW on the
mechanical properties and crack evolution of the material was discussed. The results showed that
CO2 nanobubbles significantly improved the strength of cemented filling materials under different
fractal dimensions, and the uniaxial compressive strength was most significantly improved by 23.04%
when the fractal dimension was 2.7824. In addition, the characteristics of acoustic emission ring
counts and energy parameters indicate that CO2 nanobubbles help improve the overall pore structure
of the sample, affecting the macroscopic strength. However, the addition of CO2 nanobubbles reduces
the limit energy storage ratio of elastic strain energy, which indicates that excessive CO2 concentration
may affect the hydration reaction of the cementing material.

Keywords: cemented backfill materials; fractal dimension; CO2 nanobubble; energy evolution;
uniaxial compression; acoustic emission

1. Introduction

In the context of global response to climate change and achieving carbon neutrality
goals [1,2], the mining industry faces the dual pressures of improving resource utilization
efficiency [3,4] and reducing environmental impact [5]. Current mining technology is
relatively mature, so in order to cope with the above pressures, research in related fields has
gradually focused on carbon emission control [6], the sustainable utilization of resources [7],
environmental pollution and restoration [8], etc. As an important green mining technology,
mine cement-based cementing filling technology can not only effectively fill the goaf,
prevent surface subsidence and geological disasters, but also utilize mine waste, reduce the
construction of tailings ponds, and save land resources [9]. However, traditional mining
cement-based bonding filling materials still have many shortcomings in terms of strength,
durability and environmental performance, and they urgently need to be improved through
technological innovation.

Cemented backfill material (CBM) is a fluid filling material formed by mixing tailings,
cement and water in a certain proportion, which is then filled into the goaf of the mine
through a pipeline. This technology can effectively utilize mine waste, reduce the harm
of tailings accumulation to the environment, and provide a stable filling body to prevent
surface subsidence and goaf collapse [10,11]. Traditional CBMs are mainly composed of
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tailings, ordinary Portland cement and water. Their mechanical properties and durability
depend largely on the material mix ratio and aggregate gradation [12–14]. Therefore,
for this reason, many scholars have studied it from the aspects of cementing materials,
aggregate gradation and admixtures. Obenaus-Emler et al. [15] conducted a systematic
study on tailings as alkali-activated materials. The results showed that tailings materials
have effective cementing properties. In addition, they improved the mechanical properties
of tailings cementing materials through different methods (admixtures, physical grinding
and high-temperature curing). Wu et al. [16] systematically evaluated the stability of
cemented rockfill in filling mining strata through mechanical experiments and numerical
simulations based on the optimization of aggregate grading. Zhou et al. [17] used aeolian
sand-based material as the aggregate of the filling material and studied the transmission
capacity and mechanical properties of the filling material by optimizing the ratio of the
bonding material. Ruan et al. [18] developed a new type of cementitious material based
on waste modified magnesium slag, fly ash and desulfurized gypsum. The research has
been applied in field projects and meets safety requirements. The above research aims
to reduce construction costs and reduce environmental pollution by selecting reasonable
materials and ratios. However, CBM will inevitably produce CO2 gas during the gelation
process, which will have a significant impact on global warming [19,20]. To better move
toward a low-carbon society, the recycling of construction solid waste has become a hot
research direction. Among them, the use of solid waste as an aggregate for cement-based
materials has been studied by a large number of scholars [21,22]. However, the bonding
effect between recyclable aggregates and gel materials is significantly weaker than that
between natural aggregates [23]. Therefore, relevant scholars have found that the early
strength of recycled aggregates can be effectively improved by carbonization [24,25]. In
addition, the strength improvement of recycled aggregate cement-based materials through
ordinary carbonization is limited, and the carbonization efficiency in this process is low. So,
in order to reduce this impact, this paper introduces CO2 nanobubble water (CO2NBW)
as mixing water to provide an innovative solution for carbon sequestration. Nanobubbles
are tiny bubbles with a diameter of less than 100 nanometers. They have a high specific
surface area and good stability and can exist in liquid media for a long time [26]. Due to
their unique gas composition, CO2NBW can induce the formation of cement hydration
products in the microscopic environment formed inside the material and improve the
microstructure of the material. In addition, CO2NBW also has a slow-release effect, which
can gradually release gas during the hardening process of the material, increase the porosity
of the material, and thus improve its mechanical properties and durability [27,28].

Taking the above reasons into consideration, this paper systematically discusses the
uniaxial compressive strength (UCS), acoustic emission parameters and energy evolution of
cemented backfill materials (CBMs) through uniaxial compression specimens and acoustic
emission testing, aiming to provide new ideas and methods for the development of mine
filling technology, promote the advancement of green mining technology, and promote the
sustainable development of the mining industry.

2. Materials and Methods
2.1. Test Materials

The cemented backfill material is mainly composed of gel material (cement), aggregate
(quartz sand) and mixing water (CO2NBW). This study focuses on the effect of CO2NBW on
the cementitious material under different fractal dimension aggregate grading. Therefore,
the selected aggregate particles are high-purity quartz sand particles, and the cement is
ordinary Portland cement with a strength grade of 42.5, with densities of 2.64 g/cm3 and
3.06 g/cm3 respectively. The particle size distribution of cement has a significant impact on
the hydration efficiency and strength of cement-based materials. Therefore, a laser particle
size analyzer was used to test the cement, and the results are shown in Figure 1a. The
CO2NBW used as mixing water is generated by a micro-nano bubble machine produced by
the Shanghai Zhongjing Environmental Protection Technology Co., Ltd., Shanghai, China,
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model ZJC-NM-200L. Figure 1b shows the nanoparticle tracking analysis data provided by
the manufacturer, and the overall size of the bubble is below 90 nm.
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Figure 1. The distribution of particle size: cement and nanobubbles: (a) Cement; (b) nanobubble.

2.2. Test Sample Preparation

In this study, a standard cylindrical specimen (ϕ 50 mm × 100 mm) with a diameter-to-
height ratio of 1:2 was selected. As the main raw material of CBM, particle size distribution
is one of the important parameters of aggregate. Considering the local effect caused by
particle size, the aggregate particle sizes we used were all below 8 mm, and the particle size
range of aggregate particles was 7 particle size ranges, namely 1–2 mm, 2–3 mm, 3–4 mm,
4–5 mm, 5–6 mm, 6–7 mm, and 7–8 mm. Based on the fractal theory [29] shown in Equations
(1) and (2), four aggregate particle size distributions with different fractal dimensions were
selected, and the final calculation results are shown in Figure 2 and Table 1.
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Figure 2. Aggregate particle size distribution with different fractal dimensions (Solid lines: Interval
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Table 1. Aggregate mass ratio in different particle size ranges.

Fractal
Dimension

1–2 mm
(%)

2–3 mm
(%)

3–4 mm
(%)

4–5 mm
(%)

5–6 mm
(%)

6–7 mm
(%)

7–8 mm
(%)

2.2106 17.49 7.99 15.06 21 13.25 12.79 12.41
2.4150 21.05 8.81 15.65 20.33 12.15 11.33 10.68
2.6084 24.79 9.53 16.03 19.47 11.05 9.98 9.14
2.7824 28.45 10.11 16.2 18.52 10.04 8.8 7.87

In the above formula, D is the fractal dimension; di is the pore size; dmin is the
minimum particle size of the aggregate particles; dmax is the maximum particle size of the
aggregate particles; Mi is the mass of the particles between di and dmax; Mt is the total
mass of the particles; and Pi is the mass fraction of the particle size distribution in the
particle interval.

It is worth noting that when the maximum particle size is much larger than the
minimum particle size, d3−D

min tends to 0, so the above formula can be simplified to

Pi =
Mi
Mt

= (
di

dmax
)

3−D
(2)

In this test, the gas cylinder outlet pressure was set to 0.4 MPa, the ambient tem-
perature was about 20 ◦C, and the outlet pipe diameter was about 0.7 cm. Under this
environmental condition, the density of CO2 is about 1.82 kg/m3, so according to For-
mula (3), the theoretical maximum flow rate of gas entering the nanobubble machine is
1320 L/min.

v =

√
2(P1 − P2)

ρ
(3)

In the above formula, P1 is the cylinder pressure valve pressure, P2 is the atmospheric
pressure, and p is the CO2 density under standard conditions.

According to Henry’s law shown in Equation (4), at 20 ◦C and a standard atmospheric
pressure, the maximum solubility of CO2 is about 0.034 mol/L.

C = kH P (4)

In this formula, C is the solubility, kH is the Henry constant, and P is the atmo-
spheric pressure.

Therefore, according to the molar flow calculation formula shown in Formula (5)
and the molar concentration calculation formula shown in Formula (6), the theoretical
maximum intake flow rate under saturation conditions is 15.32 L/min.

n =
QCO2

VCO2

(5)

where n is the molar flow rate, QCO2 is the gas flow rate, and VCO2 is the volume of 1 mole
of CO2 gas.

M =
n

Qw
(6)

where M is the molar concentration and QW is the water flow rate.
However, nanobubbles have a larger surface area and a higher gas–liquid interface

ratio, which makes their contact with the liquid more complete, greatly increasing the
solubility. In addition, considering the fugitive nature of the gas dissolution process, the
CO2 gas flow rate was set to 200 L/min in this test.

By adjusting the air entrainment valve of the nanobubble machine, the CO2 entrain-
ment rate is set to 200 L/min. After the nanobubble machine shears the CO2 gas into
nanobubbles and dissolves them in water, nanobubble water is obtained. In addition, in
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this study, the water–cement ratio is set to 0.6 and the curing time is set to 28 days. The
sample preparation process is shown in Figure 3, and the specific preparation scheme is
shown in Table 2.
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Table 2. Sample preparation scheme.

Fractal
Dimension

Air Inflow
(L/min)

Cement
(g)

Aggregate
(g)

Water
(mL)

Water-Cement
Ratio

Curing Age
(d)

2.2106 0 120 300 72 0.6 28
2.4150 0 120 300 72 0.6 28
2.6084 0 120 300 72 0.6 28
2.7824 0 120 300 72 0.6 28
2.2106 200 120 300 72 0.6 28
2.4150 200 120 300 72 0.6 28
2.6084 200 120 300 72 0.6 28
2.7824 200 120 300 72 0.6 28

3. Results
3.1. Response of Uniaxial Compressive Strength of CBM Specimens to CO2NBW under Different
Fractal Dimension Aggregate Gradations

The mechanical properties of CBM materials can be effectively evaluated by UCS.
In order to analyze the effect of CO2NBW on the compressive strength of CBM, Figure 4
shows the improvement effect of CO2NBW on the compressive strength of the specimens
under different aggregate gradings. It can be found from Figure 4a that the compressive
strength of the CBM specimens shows an upward convex change trend with the fractal
dimension of the aggregate. Under different mixing water conditions, UCS reaches a peak
value in the range of D = 2.4150 to D = 2.6084. In addition, when CO2NBW is added, the
compressive strength of the CBM specimens is also significantly enhanced. This shows that
CO2NBW can effectively improve the hydration reaction inside the material, enhancing
the strength of the specimen. In order to explore the response of CO2NBW to different
aggregate gradations, the variation law of the increase value and increase amplitude of UCS
with the fractal dimension D shown in Figure 4b was obtained. It can be found that under
different fractal dimensions, the sensitivity of CBM specimens to CO2NBW is different, and
the increase value and increase amplitude of UCS show a concave trend with the fractal
dimension trend. When the fractal dimension is 2.4150, the minimum increase value and
increase amplitude are 2.13 MPa and 10.05%, respectively. When the fractal dimension
is 2.7824, the maximum increase value and increase amplitude are 4.15 MPa and 23.04%,
respectively. From previous studies [30], it can be found that excellent aggregate grading
usually has better density to improve material strength. The previous results show that
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the improvement in strength between 2.4150 and 2.6084 is significantly better than that
between 2.2106 and 2.7824, and the improvement effect of CO2NBW on strength is more
significant at 2.2106 and 2.7824. This shows that when the aggregate gradation is poor,
it can be expected that the CBM material will have more pores overall, the contact area
between CO2NBW and the material will increase, and the strength increase in CO2NBW
on the CBM sample will also increase accordingly.
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3.2. Acoustic Emission Response Mechanism of CBM Specimens

The evolution of pore cracks in materials is presented in the form of strength changes
and different damage characteristics on a macro-scale. In order to explore the crack evolu-
tion mechanism, it has become a common method to detect the internal crack evolution
process of materials through acoustic emission technology. Therefore, this section uses
acoustic emission technology to monitor the evolution law of acoustic emission parameters
of CBM specimens.

Figures 5 and 6 describe the acoustic emission counting characteristics of CBM spec-
imens under the influence of CO2NBW under different aggregate fractal dimensions. It
is not difficult to find that the acoustic emission change characteristics under the two
stages are consistent with the stress–strain curve change characteristics, which are mainly
divided into five stages: pore compaction (0–a), linear elastic deformation (a–b), stable
crack extension stage (b–c), unstable crack deformation (c–d), and post-peak attenuation
stage (after d). Respectively, the 0–a stage represents the pore compaction phenomenon
during loading, so the acoustic emission counting signal fluctuates to a certain extent
in this stage [31]. As can be seen from Figures 1 and 2, the fractal dimension fluctuates
significantly lower in the 0–a stage between 2.4150 and 2.6084, indicating that 2.4150 and
2.6084 are the best intervals for aggregate grading. Similarly, the addition of CO2NBW
also improves the pore structure of the CBM sample to a certain extent. In the a–b stage,
the sample shows a recoverable elastic change under the action of external force, and the
acoustic emission ringing change in this stage is not obvious. Point b is the crack initiation
point of the sample. In the b–c stage, the internal cracks gradually increase and develop,
which is reflected in the significant increase in the acoustic emission ringing count, and
the stress–strain curve shows an upward convex growth trend. After point c, the crack
development is uncontrollable and the stress–strain curve shows a flat trend. After point d,
the stress gradually slows down after reaching the peak value, a through crack appears
inside the sample, and the acoustic emission ringing count also suddenly increases to the
peak value. In addition, after the ringing count reaches the peak, it still has a high value,
which indicates that the CBM sample still has a certain residual strength after the peak, so
the cracks continue to develop and expand in the post-peak stage.
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Figure 5. Variation law of acoustic emission ringing of natural water mixed CBM samples with
aggregate fractal dimension: (a) D = 2.2106; (b) D = 2.4150; (c) D = 2.6084; (d) D = 2.7824.
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Figure 6. Variation law of acoustic emission ringing of CO2NBW mixed CBM samples with aggregate
fractal dimension: (a) D = 2.2106; (b) D = 2.4150; (c) D = 2.6084; (d) D = 2.7824.
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3.3. The Changing Law of the Cumulative Acoustic Emission Counts

The cumulative ring count is closely related to the strength properties of the material.
Figure 7 shows the variation in the cumulative acoustic emission ring count. The fitting
shows that the cumulative acoustic emission ring count increases with the fractal dimension
in an upward convex quadratic polynomial manner, and the maximum cumulative acoustic
emission ring count range is between 2.4150 and 2.6084 of the fractal dimension. Moreover,
the addition of CO2NBW slightly changed the position of the peak point, and the cumula-
tive ringing count peak point shifted from near 2.4150 to 2.6084. This phenomenon shows
that the sensitivity of CBM samples with different fractal dimension aggregate gradations
to CO2NBW is different, and this result is similar to the change law of UCS.
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3.4. Energy Evolution Characteristics of CBM Specimens

In the process of material properties changing, its essential energy is also transformed.
Therefore, studying the energy evolution law of CBM specimens is helpful to further
explore its deformation characteristics under external forces. From the above, it is found
that the CBM specimens undergo deformation processes such as dense compression, elastic
deformation, plastic deformation, damage accumulation and destruction during uniaxial
compression. In the above deformation process, the total energy of the external force input
is converted into elastic strain energy and dissipated energy, as shown in Formula (3). The
elastic strain energy is stored inside the material as a potential energy, while the dissipated
energy is consumed as the material is damaged. Therefore, by exploring the changing laws
of elastic strain energy and dissipated energy, the degree of damage inside the sample can
be effectively characterized.

U = Ue + Ud, (7)

In the above formula, U is the total input energy under the action of external force, Ue
is the elastic strain energy, and Ud is the dissipated energy.

Under uniaxial compression, only the axial pressure needs to be considered, and the
total input energy density of the CBM specimen can be obtained as follows:

U =
∫ εc

0
σ1dε, (8)
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The elastic strain energy can be obtained by replacing the unloading elastic modulus
with the elastic modulus of the stress–strain curve, while the dissipated energy can be
obtained by substituting Equations (4) and (5) into Equation (3).

Ue =
σ2

1
2Eu

≈
σ2

1
2E

(9)

Through the above calculation, the energy evolution characteristics of CBM samples
affected by fractal dimension under CO2NBW mixing and conventional water mixing are
obtained as shown in Figures 8 and 9. In the above study, the loading process of CBM
samples can be divided into five stages. It can be seen from Figures 8 and 9 that the
energy evolution curves show different change trends in the five stages. In the 0–a stage,
the stress effect on the internal energy of the material is not obvious, and the dissipated
energy increases most slowly. The a–b stage is the linear elastic deformation stage, and the
stress–strain curve in this stage mainly shows a nearly linear growth. From the perspective
of energy change, the dissipated energy maintains a low growth rate, while the total energy
mainly increases significantly in the form of elastic strain energy. Stage b–c is the stage of
stable crack expansion. From the above research, we know that in this stage, the cracks
inside the specimen can develop in a controllable manner, which means that the proportion
of dissipated energy begins to gradually increase, and the total energy curve and elastic
strain energy curve change from parallel rise to divergence. In the c–d stage, cracks develop
significantly, the proportion of dissipated energy increases significantly, and the elastic
strain energy gradually increases to a peak value. In the destruction stage, the elastic strain
energy decreases significantly until it approaches 0, and the total energy is converted to
dissipated energy, and the values of the two tend to be similar.
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Figure 8. Variation law of energy parameters of natural water mixed CBM samples with aggregate
fractal dimension: (a) D = 2.2106; (b) D = 2.4150; (c) D = 2.6084; (d) D = 2.7824.
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Figure 9. Variation law of energy parameters of CO2NBW mixed CBM samples with aggregate fractal
dimension: (a) D = 2.2106; (b) D = 2.4150; (c) D = 2.6084; (d) D = 2.7824.

3.5. Effects of Aggregate Fractal Dimension and CO2NBW on Ultimate Energy Storage

In the above energy evolution process, the peak point of the stress–strain curve
corresponds to the peak point of the elastic strain energy. This point reflects the maximum
elastic energy storage of the material and is the limit of the energy storage. Figure 10 shows
the variation in total input energy, elastic strain energy and dissipated energy at the peak
stress point under the action of conventional mixing water and CO2NBW with the fractal
dimension of aggregate. It can be found that the total input energy, elastic strain energy
and dissipated energy of the CBM specimens under the two mixing waters all show a trend
of increasing and then decreasing. This shows that when the aggregate fractal dimension is
in the range of 2.4150 to 2.6084, the energy storage capacity of the material is significantly
improved, which is manifested as an increase in strength on a macro-scale. The proportion
of elastic strain energy reflects the material’s energy storage capacity and its ability to
resist deformation during compression. Compared with conventional water mixing, the
addition of CO2NBW effectively increased various energy parameters, which further shows
that the addition of CO2NBW can effectively improve the strength performance of CBM
specimens. However, through calculation, it was found that with the addition of CO2NBW,
the proportion of elastic strain energy under each fractal dimension decreased. This is
inconsistent with the conclusion of the acoustic emission ring counting study that the
addition of CO2NBW can improve the pore structure of the material to a certain extent.
The reason for the above results may be that CO2NBW can effectively improve the pore
structure of the material, but the CO2 concentration design value in this study exceeds the
threshold for reasonable improvement of the mechanical properties of the material, making
the overly acidic environment affect the hydration process of the cement-based material.
Considering the above results, the reasonable concentration threshold of CO2 needs to be
further explored in future studies.
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Figure 10. Relationship between energy parameters and fractal dimensions under different mixing
conditions: (a) natural water; (b) CO2NBW.

In the above energy evolution process, the peak point of the stress–strain curve
corresponds to the peak point of the elastic strain energy. This point reflects the maximum
elastic energy storage of the material and is the limit energy storage. Figure 10 shows
the variation in total input energy, elastic strain energy and dissipated energy at the peak
stress point under the action of conventional mixing water and CO2NBW with the fractal
dimension of aggregate. It can be found that the total input energy, elastic strain energy
and dissipated energy of the CBM specimens under the two mixing waters all show a trend
of increasing and then decreasing. This shows that when the aggregate fractal dimension is
in the range of 2.4150 to 2.6084, the energy storage capacity of the material is significantly
improved, which is manifested as an increase in strength on a macro-scale. The proportion
of elastic strain energy reflects the material’s energy storage capacity and its ability to resist
deformation during compression.

3.6. Application Prospects of CO2NBW Technology in Cement-Based Materials

In this study, there is a lack of design for the CO2NBW concentration threshold.
Considering this reason, the optimal threshold of CO2 needs to be further explored in sub-
sequent studies. In the conditions of this article, the design of the concentration threshold
is mainly considered. From the existing research conditions, the CO2 concentration can
be determined from two aspects: direct and indirect. As the most accurate and effective
means, the nanoparticle track analyzer (NTA) can effectively measure the concentration
and size distribution of CO2NBW [32]. In addition, the pH value of CO2NBW is directly
related to the CO2 concentration [33,34]. In practical engineering applications, it is more
convenient to obtain a reasonable concentration range by measuring the pH value.

In this study, CO2NBW improves the mechanics of cement-based materials from the
aspects of its nanobubble characteristics and carbonation early strength characteristics. The
results of this study show that after 28 days of curing, the material strength increased by
10.05% under the optimal aggregate selection. The strength increase is more significant
with the deterioration of the aggregate ratio. However, some scholars have conducted
relevant research on the mechanism of improving the mechanical properties of cement-
based materials mainly based on a non-CO2 solution NBW. The relevant results all show
that the increase in concrete strength is in the range of 5–10% after 28 days of curing [35].
This shows that compared with other NBW, the carbonation early strength ability of
CO2NBW can further improve the mechanical properties of cement-based materials on
this basis.
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In addition, achieving carbon neutrality through energy conservation, emission re-
duction and carbon sequestration technology has become a hot topic in the current global
engineering research field. Based on this background, the recycling of engineering waste
(waste concrete, steel slag and fly ash, etc.) through carbonization technology can effec-
tively improve the economic and environmental benefits of engineering industries such
as construction and mining. Therefore, sustainable waste reuse through CO2NBW has
become the focus of this study’s future plans.

4. Conclusions

This study focused on the influence mechanism of CO2NBW as mixing water on the
mechanical properties of cement-based materials, and it deeply explored the compressive
strength, acoustic emission response and energy evolution of CBM specimens with different
fractal dimension aggregate grading under the influence of CO2NBW. The main research
conclusions are as follows:

(1) The UCS of CBM specimens increases first and then decreases with the fractal di-
mension of aggregate gradation, and the optimal aggregate gradation range is the
fractal dimension range of 2.4150 to 2.6084. In addition, CO2NBW also significantly
improves the strength of CBM specimens. However, due to the change in structural
porosity caused by the change in aggregate grading, the strength improvement in the
fractal dimension range of 2.4150 to 2.6084 is significantly smaller than that in the
fractal dimensions of 2.2106 and 2.7824.

(2) Acoustic emission testing shows that the aggregate range of 2.4150 to 2.6084 can
effectively improve the pore structure of the material. Similarly, the addition of
CO2NBW also improves the structural pores to a certain extent. In addition, the
cumulative ringing count first increases and then decreases with the fractal dimension.
The addition of CO2NBW significantly increases the cumulative ringing count and
causes the cumulative peak to shift to the fractal dimension of 2.6084.

(3) The energy evolution law of CBM specimens was obtained by calculating the energy
evolution parameters. The results show that the energy evolution of CBM specimens
can be divided into five stages, and the peak point of elastic strain energy corresponds
to the peak value of the stress–strain curve. The addition of CO2NBW and a rea-
sonable aggregate grading interval effectively improve the values of various energy
parameters. However, the addition of CO2NBW reduces the proportion of elastic
strain energy in the total energy. The reason is that excessive CO2 concentration
will affect the hydration reaction of cement-based materials, deteriorating the overall
bonding effect of the specimen.
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