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Abstract: The cemented backfill (CB) utilizing coal gangue (CG) and fly ash (FA) is widely applied in
coal mines. However, the bleeding and shrinkage of CB leads to insufficient contact with surrounding
rock, which is not beneficial for controlling roof subsidence and even stope stability. Herein, a
cemented foam backfill (CFB) formulation is demonstrated, employing hydrogen dioxide (H2O2) as a
chemical foaming agent. The cement and FA show noticeable inhibiting effects on volume expansion
due to the network formed by their hydrates. Moderately lower cement, FA, and solid concentration
are beneficial to improve volume increment and prolong expanding duration. A foaming coefficient
(k) is proposed in theory to evaluate the foaming efficiency. The kem values, determined by volume
evolution experiments of CFB slurries, provide a calculation basis for the needed dosage of H2O2

solution targeting specific volume increment. CFB specimens with expanding ratios of 21%~103% and
densities of 994~592 kg/cm3 were prepared, with an actual foaming coefficient of 52.40 cm3/g and
uniaxial compressive strength (UCS) of 0.32~0.55 MPa. The mass of H2O2 solution was 1.9%~11.3%
of cement and 0.29%~1.67% of total solid materials by weight. The UCS decline compared to CB was
attributed to rich pores observed by CT and carbonation indicated by X-ray diffraction (XRD).

Keywords: backfill mining; coal gangue; hydrogen dioxide; chemical foam

1. Introduction

In the past decades, backfilling has been extensively applied in underground coal
mining from the perspectives of mining technology, ecological environment, and economic
benefit. The backfill bodies offer support to control strata movement, maintaining a
stable condition to reduce ground subsidence, underground water loss, and so forth [1–6].
Meanwhile, backfilling employing coal gangue (CG), fly ash (FA), or tailings as primary
materials provides a feasible approach to dispose of and utilize solid wastes from mining
industries [7–11]. Moreover, reserved coal pillars and coal seams under buildings and
roadways can also be exchanged with backfill to increase the recovery ratio [12–14].

Cemented backfill (CB) utilizes cementitious materials to bind aggregates, finally
providing a stable body via curing reactions. The raw materials are mixed with water
and conveniently transported to the filling site as slurries [2,9,15]. However, the volume
shrinkage of CB occurs with water bleeding and aggregates sedimentation, leading to
considerable interspaces between the surrounding rock and filling bodies. The insufficient
contact is not beneficial for controlling roof subsidence and even stope stability [16–18].
Additionally, in some filling applications, raw materials such as CG and FA are quite
inadequate to fill the mine-out areas [2,19]. Therefore, backfill materials with the function
of volume expansion are expected to offer timely and effective support.
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Based on CB, cemented foam backfill (CFB) incorporates hydrogen dioxide (H2O2) as
a chemical foaming agent into CB slurries, exhibiting in situ volume expansion in filling
sites via continuous H2O2 decomposition. Compared to other foaming agents relying on
pyrolysis, such as azo or carbonate compounds [20,21], H2O2 spontaneously decomposes
in the presence of catalysts in cement-based slurries under ambient conditions [22–25],
applicable to backfill mining environments. The products are merely oxygen and water,
without any harmful byproducts. Therefore, CFB utilizing H2O2 provides a green and prac-
tical pathway to improve filling quality by achieving sufficient contact with surrounding
rock with limited raw materials.

Numerous studies of tailing-based CFB employing H2O2 have been published to
enrich backfill formulas, optimize performances, and apply to filling fields [16,18,25,26].
A hybrid artificial intelligence model was proposed to predict the UCS of CFB [18]. In-
fluencing factors showed sensitivity to UCS ranking as: cement-tailings ratio > curing
time > H2O2 dosage > solid content. The H2O2 dosage mainly affects the strength by
changing the pore characteristics, especially the large pore volume [16,18]. Moreover, the
bubbles inside the slurry can reduce the aggregate settlement and provide a backfill with
rather uniform distributions [27]. Compared with CB, foamed backfill shows higher energy
absorption ability and better anti-explosion performance [18,28,29]. The CFB can be utilized
as a primary filling body or supplementary parts combined with CB of different ratios or
positions, considering actual conditions and cost [16,25,30].

The foaming efficiency of H2O2 essentially affects the volume increment, mechani-
cal performance, and cost. However, informed studies involving in situ expansive CFB
typically described the expansion results by expansion ratio varying with H2O2 dosage
and other apparent factors including water/binder ratio and solid content [16,25,31]. The
expansion ratio is typically defined as the ratio of volume increment to volume of CB
counterparts. The actual volume increment varies with both pressure and temperature of
bubbles, further influenced by simultaneous H2O2 decomposition and hydration reactions.
Therefore, a quantitative parameter defined by volume increment and H2O2 dosage is
highly desirable to evaluate the foaming efficiency under specific conditions. The quanti-
tative parameter characterizing the foaming efficiency is further expected to supply the
calculation basis for the needed H2O2 dosage targeting specific volume increments. In
addition, to our knowledge, compared to tailings and FA, CFB utilizing coarser aggregate
such as CG and concerning backfilling characters in coal mines is rarely reported. This is
possibly because CFB in coal mines has raised higher requirements, such as a reduction
in the aggregate settlement, shorter setting time, and better performances of strength and
fire resistance.

Herein, based on typical CB utilizing CG and FA, a CFB formulation employing H2O2
as a chemical foaming agent is proposed. As depicted in Figure 1, The slurry exhibits in situ
expansion in volume after being mixed with H2O2 solution, finally forming a porous body
to supply enough contact to the roof. A foaming coefficient (k) is defined in theory and
interpreted by volume increment and H2O2 dosage via volume evolution experiments. The
calculation of the needed dosage of H2O2 solution and the preparation of CFB specimens
with specific volumes are demonstrated. The UCS, microstructure, and composition of CB
and CFB are also characterized and discussed.
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2. Materials and Methods
2.1. Materials

The CB and CFB investigated in this work were prepared with coal gangue, fly ash,
cement, admixtures, and water. The gangue was used as primary aggregate, while the
fly ash was employed as fine aggregate. Composite Portland cement (P.C 42.5) was used
as the binder. The admixtures were hydroxyethyl cellulose (HEC) as a foam stabilizer
and H2O2 solution (30 wt% in water) as the foaming agent in CFB preparation. Tap water
from Xuzhou city with a pH of 7.3 was used to mix the raw materials. The metallic ion
composition of the tap water is summarized in Table A1 in Appendix A.

2.1.1. Coal Gangue (CG)

The coal gangue was sampled from Xinjulong Coal Mine, Shandong. The raw gangue
was crushed by a jaw crusher, screened to less than 5 mm, and then utilized as the main
aggregate for the backfill materials. The particle size distribution of the gangue aggregate
was analyzed with the sieving method and is depicted in Figure 2a. The nonuniformity
coefficient (Cu) and curvature coefficient (Cc) are 18.4 and 1.3, indicating that the gangue
aggregate is well graded. Further analysis based on XRD spectrum in Figure 3a shows that
the gangue mainly consists of quartz, kaolinite, and less muscovite.
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2.1.2. Fly Ash (FA)

The fly ash was commercially obtained from a thermal power plant. Figure 2b shows
that the particles vary from 0.93 to 232 µm, with the vast majority between 7 and 81 µm.
XRD analysis in Figure 3b shows that the main components are quartz, mullite, hematite,
and a moderate amount of amorphous glassy phase [32]. Both the size as well as component
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characters suggest the fly ash can act as fine aggregate and secondary binder for the
backfill materials.

2.1.3. Composite Portland Cement

Composite Portland cement (P.C 42.5) was purchased from China United Cement
(CUCC). As shown in Figure 2c, the particle size distributes from 0.93 to 129 µm, while
major particles are between 6 and 50 µm. Based on the XRD analysis in Figure 3c, the
cement mainly contains calcium silicate, calcium aluminate, and gypsum. The hydration of
these components contributes to the material strength.

2.1.4. Admixtures

Hydroxyethyl cellulose (HEC) bought from Aladdin Reagent Co. Ltd. was employed
as a foam stabilizer by decreasing surface tension and thickening the CFB slurry [33].
The as-received HEC was a slightly yellow and odorless powder, with a viscosity of
1500~2500 mPa.s at 25 ◦C. Hydrogen dioxide (H2O2) solution with a concentration of
30 wt% in water was purchased from Sinopharm and utilized as a chemical foaming agent
via self-decomposition.

2.2. Preparation and Characterization Methods
2.2.1. Volume Evolution of CFB Slurry

As shown in Figure 4, to evaluate the volume evolution of CFB slurry after injecting
H2O2 solution, the expanding experiments were conducted in a graduated cylinder. First,
the solid materials (including CG, FA, cement, and HEC or some of them in control groups)
and water were mixed and stirred in a plastic beaker to give a slurry. Subsequently, the
overall slurry was transferred into a graduated cylinder. Finally, the H2O2 solution was
injected into the slurry via a syringe equipped with a long plastic needle. The whole process
was recorded as a video. The volume increment (∆V) of the slurry was determined by the
difference value between Vi and V1. The ∆V curves varying with the expanding time im-
mediately after injecting H2O2 solution were depicted according to the expanding process.
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2.2.2. Preparation of CFB and CB Samples

The preparation route is schemed in Figure 5. Instead of typical foaming and subse-
quent cutting into specific shapes and size [22], the CFB samples for the UCS test were
directly produced in a cubic mold with an iron lid via an expanding process. When
the H2O2 solution reached an adequate dosage, the slurry expanded steadily with H2O2
decomposition until the closed space was full.



Minerals 2022, 12, 763 5 of 16

Minerals 2022, 12, x FOR PEER REVIEW 5 of 16 
 

 

 

Figure 4. Experimental diagram to monitor volume evolution of CFB slurry. 

2.2.2. Preparation of CFB and CB Samples 

The preparation route is schemed in Figure 5. Instead of typical foaming and subse-

quent cutting into specific shapes and size [22], the CFB samples for the UCS test were 

directly produced in a cubic mold with an iron lid via an expanding process. When the 

H2O2 solution reached an adequate dosage, the slurry expanded steadily with H2O2 de-

composition until the closed space was full. 

 

Figure 5. Preparation procedure of CB and CFB samples. 

The CFB samples were prepared via mixing, foaming, and molding. To afford con-

trasts to CFBs, CBs were also produced via mixing and molding. In order to exclude all 

other influence factors except H2O2 dosage, HEC was used in both CFB and CB samples 

to eliminate its effects on hydration and performance [33,34]. Given HEC becomes viscous 

once mixed with water, the HEC was first dispersed in water. CG, FA, and cement were 

subsequently added into the dispersion, providing a slurry after intensively stirring. In 

CB cases, the slurry was directly poured into a cubic mold (70.7 × 70.7 × 70.7 mm), while 

in CFB cases, an H2O2 solution was further added into the slurry, stirring for another 1 

min. The foamed slurry was poured into the same mold, and an iron lid was placed on 

the top. The samples were cured at 20 °C and 95% RH for 28 d after demolding. 

2.2.3. Uniaxial Compressive Strength (UCS) 

The UCS tests of the CB and CFB samples (70.7 × 70.7 × 70.7 mm) were conducted on 

an MTS 815.02 electro-hydraulic servo-controlled testing system, with a loading rate of 0.2 

mm/min. The UCS values were determined by the ratio of peak stress to cross-sectional 

area of tested specimens. 

2.2.4. X-ray Diffraction (XRD) 

Figure 5. Preparation procedure of CB and CFB samples.

The CFB samples were prepared via mixing, foaming, and molding. To afford contrasts
to CFBs, CBs were also produced via mixing and molding. In order to exclude all other
influence factors except H2O2 dosage, HEC was used in both CFB and CB samples to
eliminate its effects on hydration and performance [33,34]. Given HEC becomes viscous
once mixed with water, the HEC was first dispersed in water. CG, FA, and cement were
subsequently added into the dispersion, providing a slurry after intensively stirring. In CB
cases, the slurry was directly poured into a cubic mold (70.7 × 70.7 × 70.7 mm), while in
CFB cases, an H2O2 solution was further added into the slurry, stirring for another 1 min.
The foamed slurry was poured into the same mold, and an iron lid was placed on the top.
The samples were cured at 20 ◦C and 95% RH for 28 d after demolding.

2.2.3. Uniaxial Compressive Strength (UCS)

The UCS tests of the CB and CFB samples (70.7 × 70.7 × 70.7 mm) were conducted
on an MTS 815.02 electro-hydraulic servo-controlled testing system, with a loading rate of
0.2 mm/min. The UCS values were determined by the ratio of peak stress to cross-sectional
area of tested specimens.

2.2.4. X-ray Diffraction (XRD)

The phase composition of CB and CFB were analyzed by XRD. The cured specimens
after the UCS test were washed using ethanol to terminate hydration reactions. After
subsequent drying at 40 ◦C for 24 h in a vacuum drying cabinet, the solid samples were
further ground into a powder with a mortar and sieved through a #200 mesh. XRD tests of
obtained powder were performed on a Bruker D8 Advance from 4 to 70◦.

2.2.5. X-ray Computed Tomography (X-CT)

X-CT tests were conducted to observe the microstructure of CB and CFB specimens.
The samples for CT tests were prepared using cylinder molds with a diameter of 50 mm and
a height of 100 mm and cured for 28 days at 20 ◦C and 95% RH. An Xradia 510 Versa with a
pixel size of 50.2691 µm was used to perform the CT test. The pores and CG aggregate were
recognized according to differences in gray values with DragonFly software. Then, other
regions were identified as the matrix, including FA, cement, and their hydration products,
and so forth. Finally, the pores, CG aggregate, and matrix were respectively rendered in
red, yellow, and blue to enhance the overall identification.

2.2.6. X-ray Fluorescence (XRF)

The chemical components of the CG, FA, and cement were quantitatively analyzed by
XRF spectra. The powder samples were obtained via grinding and further sieving through
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a #200 mesh. A Bruker S8 TIGER wavelength dispersive XRF (WDXRF) spectrometer was
employed to perform the tests. Qualitative analysis was conducted using a fundamental
parameter method without standard samples [35]. Elements from 4Be to 92U were detected,
and mass fraction of their oxides were finally given.

3. Results and Discussion
3.1. Expanding Mechanism
3.1.1. H2O2 Decomposition

Equation (1) shows that H2O2 generates oxygen and water by a self-decomposition
reaction. The decomposing rate significantly accelerates when heating to 60~90 ◦C or in
the presence of catalysts. The generated oxygen becomes an expanding source, so H2O2
solution is usually employed as a green and chemical foaming agent.

2H2O2 → O2 + 2H2O (1)

Rapidly heating the overall slurry up to 60~90 °C is not feasible under current back-
filling conditions in coal mines. Metallic compounds, such as MnO2, Fe2O3, and FeCl3,
are reported as efficient catalysts for H2O2 decomposition [23,36–38]. Therefore, chemical
catalysis between H2O2 and potential compounds in raw materials for CFBs dominate the
decomposition process.

Herein, CG, FA, and cement are the primary materials to prepare CFBs. As given in
Table 1, the XRF results show that the main components of these raw materials were SiO2,
Al2O3, Fe2O3, and CaO. Notably, the CG, FA, and cement contain an amount of Fe2O3 of
4.19%, 5.30%, and 3.63%, respectively. The moderate content of Fe2O3 and other metallic
compounds endows them with the function of catalyzing H2O2 decomposition [23,36–38].
Moreover, the strong alkaline condition (pH > 9) of the CFB slurry caused by basic oxides,
including CaO, K2O, and Na2O, also contribute to H2O2 decomposition [22,25]. Therefore,
the metallic catalysts, as well as basic oxides in CG, FA, and cement, provide suitable
conditions for the efficient decomposition of H2O2 in CFB slurry.

Table 1. Chemical components of the coal gangue, fly ash, and cement.

Material SiO2 Al2O3 Fe2O3 CaO K2O TiO2 MgO Na2O SO3

CG 64.6 23.9 4.19 2.73 2.05 1.00 0.70 0.62 -

FA 52.6 31.5 5.30 3.43 2.50 1.15 0.81 1.01 0.94

Cement 24.1 9.79 3.63 53.5 1.24 0.40 2.84 0.21 3.90

3.1.2. Foaming Coefficient

With H2O2 decomposing, the generated oxygen steadily accumulates to form bubbles,
leading to the apparent volume expansion of the slurry, finally forming a porous filling
body via curing reactions. The volume of generated oxygen mainly determines the volume
increment of the foamed slurry. However, according to the ideal gas law in Equation (2), the
actual volume of a certain amount of oxygen is influenced by pressure and temperature [39].

PV = nRT (2)

where P, V, and T represent pressure, volume, and temperature, n represents the amount
of substance, and R is the molar gas constant.

The pressure and temperature of bubbles in the slurry are further influenced by
various factors involving H2O2 dosage, solid content, and ratio. With H2O2 decomposition
and simultaneous hydration reactions of cement and FA, the changes in the pressure and
temperature of the bubbles are quite complex. On the one hand, H2O2 decomposition and
hydration reactions generate a lot of heat, thus raising the temperature of the foamed slurry,
which is beneficial to the volume expansion of the bubbles. On the other hand, the network
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formed by hydration products and aggregates increases the pressure of the bubbles, thus
inhibiting its volume expansion. Consequently, it is difficult to accurately calculate the
volume of generated oxygen.

Given the complex process of H2O2 decomposition and volume expansion, a foaming
coefficient (k) is put forward to evaluate the foaming efficiency of the H2O2 solution. As
given in Equation (3), assuming all H2O2 converts to O2 under an ideal condition, the
amount of substance (n) is calculated by the mass of H2O2 solution. According to n(O2)
and ideal gas law, the volume of generated oxygen is further derived as per Equation (4).

n(O2) =
m× 30%

M× 2
=

m× 30%
34× 2

=
m

227
(3)

V(O2) = n(O2)×
RT
P

=
m× RT
227× P

=
R

227
×T

P
×m = kth ×m (4)

kem =
∆V
m

(5)

where m is the mass of the H2O2 solution (30 wt% in water), M is the molar mass of H2O2,
n(O2) and V(O2) represent the amount of substance and volume of generated oxygen in
theory, and ∆V represents the volume increment of CFB.

As shown in Equation (4), the foaming coefficient in theory (kth) is defined as the
product of R/227 and T/P. The former is a constant, and the latter varies with H2O2
decomposition and hydration reactions. However, H2O2 loss possibly occurs by generating
hydroxyl radical (·OH) instead of O2 [38]. Moreover, the generated O2 loss inevitably
occurs on the CFB surface [23]. Therefore, as shown in Equation (5), the foaming coefficient
kem is interpreted as ∆V/m. The volume increment of CFB slurry using a certain mass
of H2O2 solution can be roughly measured via volume evolution tests in the lab. The
kem value characterizes the foaming efficiency of H2O2 under a specific condition and
provides an empirical reference to calculate the needed dosage of H2O2 solution for the
target volume increment.

3.2. Effect of CG, FA, and Cement on Volume Evolution

As listed in Table 2, the volume evolution tests of the CFB slurry at 70 and 74 wt%
in the absence of CG, FA, or cement were conducted separately. The mass ratio of
[CG]:[FA]:[cement]:[HEC] was set as 45:40:15:0.3. Given the HEC dosage is relatively
low, the solid content was determined by the mass ratio of [CG + FA + cement] to
[CG + FA + cement + water]. WxHy is used to label the CFB samples. W and H are ab-
breviations of water and H2O2 solution, respectively, while x and y represent the mass of
water and H2O2 solution utilized in each sample.

Table 2. Foamed W90H3.5 slurry at 70 and 74 wt% for volume evolution.

Concentration
(wt%) Water (g) CG (g) FA (g) Cement

(g) HEC (g) H2O2
Solution (g)

70 90 93 86 31 0.62 3.5

74 90 116 102 38 0.76 3.5

The ∆V evolution curves under various conditions are displayed in Figure 6, while
the corresponding foaming coefficients are calculated and listed in Table 3. The results
of the volume evolution help to further inspect the effect of the primary solid materials
on the foaming process. In both the 70 and 74 wt% cases, compared with W90H3.5, the
inhibiting effects on volume increment and expanding rate appear to be in the order of
cement > FA > CG. CG has a negligible effect on the foaming process due to its chemical
inertness and larger particle sizes compared to cement and FA [8]. In the absence of cement
or FA, the foamed slurries achieve a higher volume increment and expanding rate, possibly
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because of the weaker limit by the network formed by rapid hydrations of cement or
FA [32,40]. Notably, despite the low dosage of cement, foamed slurries in the absence of
cement exhibit the largest increments and fastest expanding rate. This indicates that cement
plays the most significant role in inhibiting volume expansion. Overall, the expanding
cases at 74 wt% last for 58~70 min, while cases at 70 wt% last longer for 60~100 min. This
suggests that a lower concentration leads to fewer limits to the volume expansion, thus
allowing a larger volume increment as well as a longer duration of expansion.
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Table 3. Volume increments and foaming coefficients of W90H3.5 slurry at 70 and 74 wt%.

Concentration (wt%) Absent Material ∆V (cm3) kem (cm3/g) 1

70

- 95 27.14

CG 88 25.14

FA 195 55.71

Cement 225 64.29

74

- 100 28.57

CG 75 21.43

FA 165 47.14

Cement 190 54.29
1 The foaming coefficients were calculated as: kem = ∆V/m(H2O2 solution) = ∆V/3.5.

To sum up, the volume increment and expanding rate of foamed slurries are reasonably
sensitive to cement and FA dosage. Moderately lower cement or FA dosage and lower
solid concentrations are beneficial to improve volume increment and prolong the duration
of expansion.

The foaming coefficients in Table 3 obtained from the volume evolution tests of the CFB
slurry also provide a calculation basis for H2O2 dosage corresponding to CFB specimens
with target volume. Under the standard temperature and pressure (STP, 0 ◦C, 101 kPa), the
molar volume of any gas is 22.4 L/mol. As shown in Equation (6), the foaming coefficient
of the H2O2 solution under STP is 98.68 cm3/g. However, the foaming coefficients of CFB
slurries decrease to 21.43~64.29 cm3/g. These contrasts also prove the inhibiting effects
of slurry conditions on volume expansion. Therefore, the k value provides a quantitative
index to characterize the foaming efficiency of the H2O2 solution. The improvement of k
value offers a clear direction to optimize the CFB formula and filling operations.

∆V(STP) = n(O2) × Vm =
m

227
× 22.4 × 1000 = 98.68 × m (6)



Minerals 2022, 12, 763 9 of 16

where m is the mass of the H2O2 solution (30 wt% in water), Vm is the molar volume of
O2, n(O2), and ∆V represents the amount of substance and volume of generated oxygen
under STP.

3.3. Expanding Performance of CFB

According to the above results concerning the volume evolution of the foamed slurry,
lower concentrations tend to improve the volume increment and prolong the duration
of expansion. Therefore, compared to 74 wt%, the CB and CFB specimens subsequently
prepared at 70 wt% were further studied. The mass ratio of [CG]:[FA]:[cement]:[HEC] was
still fixed as 45:40:15:0.3. No obvious bleeding water was observed in either case. The
volume increment and, thus, the expansion ratio of CFB were determined in comparison
with CB counterparts.

Typical CB specimens of different volumes (Figure 7) were first prepared to provide
contrasts to CFB. The preparation parameters are given in Table 4. Wx is used to label the
CBs, while x represents the mass of water in each case. By taking the cubic mold as a simple
mined-out area, the CB specimens could be regarded as a series of backfill bodies with
different filling ratios. A digital caliper was used to measure the height of each specimen.
Then, the filling ratios were calculated by the percentage of sample height to mold height
(70.7 mm). As shown in Figure 7, W170 affords a height of 67.6 mm and a filling ratio
of 96%. W150, W130, W110, and W90 were produced by decreasing raw materials in the
proportion of water, giving filling ratios of 85%, 73%, 61%, and 50%, respectively.
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Table 4. CB and CFB samples prepared at 70 wt%.

Samples Water
(g)

CG
(g)

FA
(g)

Cement
(g)

HEC
(g)

H2O2
Solution

(g)

Height
(mm)

Filling
Ratio 1

V
(cm3)

∆V
(cm3) 2

Expansion
Ratio

η 2

Mass
(g) 3

Density
(kg/m3)

3

W170 170 176 156 59 1.18 0 67.6 96% 338 - - 414 1225

W150
150 156 138 52 1.04

0 60.1 85% 300 - - - -

W150H1.0 1.0 72.9 >99% 364 64 21% 362 994

W130
130 135 120 45 0.90

0 51.6 73% 258 - - - -

W130H1.9 1.9 72.8 >99% 364 106 41% 315 865

W110
110 114 101 38 0.76

0 43.4 61% 217 - - - -

W1102.8 2.8 71.5 >99% 357 140 64% 268 751

W90
90 93 86 31 0.62

0 35.2 50% 176 - - - -

W90H3.5 3.5 71.7 >99% 358 182 103% 212 592

1 The filling ratio was determined by the ratio of specimen height to mold height (70.7 mm). 2 The expanded
volume (∆V) and ratio (η) of WxHy were calculated in comparison with corresponding Wx specimens without
H2O2 solution in preparation. 3 The mass and apparent densities of CB and CFB specimens were determined after
drying at 60 ◦C for 4 h [41].

Based on the CB series, referring to the foaming coefficients, the preparation of CFB
specimens with target volume is demonstrated herein. The target ∆V values were deter-
mined by comparing the mold volume with corresponding W150, W130, W110, and W90
specimens. The foaming coefficients of slurries obtained via volume evolution studies
were 25.14~64.29 cm3/g. According to Equation (5), as per the blue region depicted in
Figure 8, a recommended range of H2O2 dosage was acquired between two reference lines.
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As displayed in Figure 9, a series of CFB specimens were attempted, with an increasing
dosage of H2O2 solution until the slurry filled the whole mold.
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Figure 8. Volume increment of CFB specimens prepared at 70 wt%. The blue region represents the
recommended range of H2O2 dosage acquired between two reference lines. The star patterns and
red line represent the minimum dosages of H2O2 solution for CFB specimens with different volume
increments and linear fitting line, respectively.
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W90Hy series in comparison with W170.

The minimum dosages of H2O2 solution for CFB specimens with filling ratios of >99%
are listed in Table 4 and labeled as red star patterns in Figure 8. The fitting line indicates that
the foaming coefficient of the CFB specimens is 52.40 cm3/g, which is much higher than
27.14 cm3/g of W90H3.5 slurry. A poorer network of hydration products can explain this;
thus, there was a weaker limit to the bubbles under intensive stirring conditions during
the specimen preparation, differing from the relatively still conditions during the slurry
volume test.



Minerals 2022, 12, 763 11 of 16

Therefore, as listed in Table 4, compared to the corresponding CBs, the CFB specimens
with expanding ratios of 21~103% and apparent densities of 994~592 kg/cm3 were obtained.
The mass of H2O2 solution was 1.9%~11.3% of cement and 0.29%~1.67% of total solid
materials by weight. Regarding the expansion ratio, the H2O2 solution dosage with 1.9% of
cement and 0.29% of total solid materials, giving an expansion ratio of 21%, appears more
efficient than the reported CFB cases [16,25]. The higher foaming efficiency is mainly due
to the lower concentration and cement dosage. It also confirms the inhibiting effects of
cement and high concentration on volume expansion.

3.4. UCS, Microstructure, and Composition of CB and CFB

Figure 10 shows the UCS results of the CB and CFB specimens cured for 28 days.
The UCS of W170 reached 2.0 MPa, lower than ~5 MPa of typical CBs utilizing CG and
FA [42,43]. This could be mainly ascribed to the lower solid content and smaller size of
CG in this work. With an expansion ratio of 21%, the W150H1.0 UCS further decreased
to 0.55 MPa, and was as low as 27.5% of W170. The fitting curve implies that the UCS
declines sharply with the expansion ratio approximatively in an exponential relationship.
However, among the CFB specimens, the UCS varies from 0.55 to 0.32 MPa, showing lower
sensitivity to the expansion ratio (21%~103%). The insignificant variation might be caused
by the rather low UCS of the overall CFB specimens. Apparently, the rich pores in the CFBs
of low densities negatively affect the compressive strength. Therefore, the expansion ratio
of CFB should also be designed according to the needed strength considering the actual
mining conditions.
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The UCS of CFB alone is far from satisfying typical requirements—higher than 3.5 MPa
at 28 days—in coal mine settings [19,44]. However, the CFB can be utilized as supple-
mentary parts combined with CB of different ratios or positions, considering the actual
conditions and cost. By incorporating CFB into typical CB, the mechanical performance of
the whole filling body is more controllable [16]. Therefore, it provides a more promising
approach to desired effects on both strength and roof contact.

The CT images in Figure 11 offer intuitive observations of the CB and CFB specimens.
Due to the resolution limit of the CT test mode, pores with diameters larger than 1 µm
can be identified. The UCS is reported to be significantly affected by pore characteristics,
especially large pore volume [16,18]. As shown in Figure 11a, a small quantity of large pores
exists in W170 CB, which is mainly introduced by intensively stirring during preparation.
Compared to W170, a considerable number of pores in W90H3.5 CFB with a quite uniform
distribution in the matrix were observed. This provides direct evidence for the high
efficiency and good uniformity of chemical foam employing H2O2 in cemented slurries.
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Figure 11. CT images of W170 (a) and W90H3.5 (b) specimens. The red, yellow, and blue regions
represent pores, CG aggregates, and matrix, respectively.

In solid backfill, CG with a particle size less than 50 mm is generally used [45]. In
cemented backfill, the CG size is usually less than 25 mm to reduce settlement during
pipeline transportation [46]. In foam concrete, aggregate with a maximum size of 5 mm
is allowed to form a stable and uniform porous material [47]. Herein, CG with a size less
than 5 mm was used as the main aggregate to relieve the settlement in CFB. However, as
shown in Figure 11b, the CG aggregate in W90H3.5 appears to be deposition to a slight
extent, despite the floating effects of numerous bubbles. At this point, the aspect ratio is
suggested to be considered in filling practice.

The XRD spectra of the W170 and W90H3.5 specimens cured for 28 days are given
in Figure 12. The primary products from hydration reactions in both cases are calcium
silicate hydrate (C-S-H), ettringite (AFt), and portlandite (CH). A moderate amount of
quartz and mullite from CG and FA still remains in the specimens due to their relatively
stable structures. It was reported that the H2O2 had no significant effects on the hydration
of cement [16,18]. Herein, significantly different from W170 CB, the feature diffraction
peak of kaolinite from CG almost disappears in W90H3.5 CFB. This might be caused
by the intercalating or even destroying effect of H2O2 on kaolinite crystal for its fragile,
layered structures [48]. Moreover, compared to W170, the decreases in AFt and CH, and
simultaneous increase in calcium carbonate (CaCO3), imply that the W90H3.5 is more prone
to carbonation under humid conditions, and is also averse to strength development [49].
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CFB materials with a large expansion ratio as well as acceptable strength are highly
desired in practical filling. Therefore, the CFB formula should be further optimized by
enhancing the foaming efficiency and strength of the CFB matrix. Moreover, given the
temperature and pressure directly influencing the volume expansion, the expanding process
and performance of CFB on a large scale and aspect ratio under conditions simulating
actual filling environments call for further studies.

4. Conclusions

Based on the typical CB materials utilizing CG and FA, a CFB formulation employing
H2O2 as a chemical foaming agent is studied in this work. The CFB slurry exhibits ex-
pansion in volume immediately after being mixed with the H2O2 solution, resulting from
generated oxygen with H2O2 decomposition. The foamed slurry finally forms a porous
body via curing reactions. The conclusions can be drawn as follows.

(1) The metallic compounds contained in CG, FA, and cement appear to offer efficient
catalysts for H2O2 decomposition. However, the cement and FA show obvious
inhibiting effects on volume expansion, possibly because the network formed by their
hydrates limits the bubbles in the slurry. Therefore, moderately lower cement, FA,
and solid concentrations are beneficial to improve the volume increment and prolong
the duration of the expansion.

(2) A foaming coefficient (k) is put forward, in theory, to evaluate the foaming efficiency
of H2O2 under specific conditions. In practice, the k values can also be roughly
determined by volume evolution experiments of CFB slurries, providing a calculation
basis for the needed dosage of H2O2 solution targeting specific volume increments.
The k values of the studied CFB slurries range from 21.43 to 64.29 cm3/g. The
improvement of the k value offers a clear direction to optimize the CFB formula and
filling operations.

(3) According to the recommended range of H2O2 dosage afforded by the foaming
coefficients of the slurries, the preparation of CFB specimens with a specific volume is
demonstrated. CFB specimens with expanding ratios of 21%~103% and densities of
994~592 kg/cm3 were prepared, with an actual foaming coefficient of 52.40 cm3/g.
The dosage of the H2O2 solution was 1.9%~11.3% of cement and 0.29%~1.67% of total
solid materials by weight.

(4) The UCS of the CFB specimens cured for 28 days is 0.32~0.55 MPa. The rich pores and car-
bonation contribute to UCS decline compared to CB. The porous structure of CFB made
it prone to carbonation under humid conditions and averse to strength development.
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Abbreviations

CB cemented backfill
CFB cemented foam backfill
CG coal gangue
FA fly ash
H2O2 hydrogen dioxide
Wx CB specimen, x represents the mass of water
WxHy CFB specimen, x and y represent the mass of water and H2O2 solution
UCS uniaxial compressive strength
XRD X-ray diffraction
x-CT X-ray computed tomography

Appendix A

As shown in Table A1, the metallic ion concentrations in the mentioned tap water
were determined by inductively coupled plasma–mass spectrometry (ICP-MS).

Table A1. Metallic ion composition of the tap water used to prepare backfill.

Ion Na+ Mg2+ Ca2+ K+ Li+

Content
(mg/L) 51.30 27.53 8.30 8.10 0.02
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