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ARTICLE INFO ABSTRACT

Keywords: This study aims to investigate the evolution patterns of fluidity and rheological properties of
Foamed backfill AASCM under varying dosages of foaming agent and particle sizes of filling aggregate. The flow
Fluidity

characteristics of AASCM are significantly affected by the filling aggregate’s size and the foaming
agent’s dosage. Specifically, an increase in filling aggregate size (D(4,3) € [26 pm, 69 pm]) en-
hances the fluidity of foamed AASCM, while an increase in foaming agent dosage reduces fluidity.
These observed variations can be attributed to the presence of particle voids, the specific surface
area of the aggregate, as well as the quantity and spatial distribution of bubbles within the slurry.
A bubble-particle packing model is established, and by calibrating the simulation error coefficient
to 1.1, the study investigates the evolution of water film thickness (WFT) in foamed AASCM with
slurry expansion degree. It is observed that bubbles in the slurry affect the fluidity by altering the
overall compactness and specific surface area of the foamed slurry, subsequently modifying the
WEFT.

Foaming agent dosage
Particle size of filling aggregate
Water film thickness

1. Introduction

As economic development continues to grow, the concrete and cement industry faces ongoing environmental challenges on a global
scale [1,2]. Portland cement production is resource-intensive and can have environmental impacts, including the emission of
greenhouse gases. Efforts are being made to develop more sustainable alternatives and reduce the environmental footprint of cement
production [3-5]. Therefore, low-carbon materials are increasingly being emphasized worldwide. It is urgently needed to develop
alternative binders to replace Portland cement [6]. Alkali-activated slag cementitious material (AASCM) is a binder that exhibits
strength similar to Portland cement. AASCM is a green low-carbon cementitious material generated by reacting alkaline activators with
slag that has potential hydraulic activity [7]. It not only has simple reaction conditions but also exhibits several desirable properties
such as high strength, impermeability, resistance to acids and alkalis, frost resistance, as well as high-temperature resistance [8].
AASCM is a potential substitute for cement [9,10]. This material has the advantages of a simple production process, no need for
calcination, low cost, low energy consumption, low carbon footprint, maintaining ecological balance, environmental friendliness, and
achieving large-scale resource recycling of solid waste [11,12]. It is an advanced green material with enormous development potential.
The carbon emission per kilogram of AASCM produced is approximately one-fifth that of ordinary Portland cement [13,14]. Mean-
while, the production process of AASCM incorporates a significant quantity of industrial solid waste, leading to enhanced resource
utilization, environmental improvement, and the advancement of the circular economy. As a result, AASCM has garnered considerable
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attention from numerous scholars as an environmentally friendly material. In decades of development, numerous research achieve-
ments have been made in the preparation process, influencing factors, hydration mechanism, workability, and durability of AASCM
[15-17]. Numerous researchers have conducted comprehensive assessments of the research advancements concerning AASCM
[18-22].

In recent years, backfill mining has been recognized as an effective and environmentally friendly mining technique, leading the
development direction of waste-free, green, and safe mining in the mining industry. Currently, backfill mining technology involves
processing solid waste materials, including coal mining gangue and power plant fly ash, industrial slag, and other solid waste into
slurry-like backfill materials on the ground [23-27]. Dedicated backfill pumps and pipelines are used to transport the backfill materials
to the underground working face. During the consolidation process of the backfill material, solid particles settle, forcing excess water
out, leading to a decrease in the overall volume of backfill material required. This phenomenon is manifested in the difficulty of
achieving complete backfill coverage [28,29]. In this case, the stability of the overlying roof under large loads cannot be guaranteed,
which is detrimental to large-scale mechanized operations and can cause subsidence of the surface in the overall mining area. Given the
drainage and self-shrinking characteristics of traditional backfill materials, it is proposed to add a foaming agent to the backfill slurry
to create a porous structure, control the expansion rate, ensure that the backfill material is in close contact with the roof, and provide
the strength required to maintain the stability of the mining area. Compared with ordinary backfill materials, increasing the
self-expansion performance of the backfill material can reduce volume shrinkage. Therefore, it is feasible to prepare backfill materials
with expansion characteristics to improve backfill coverage. Therefore, the study of foamed backfill technology is of great significance
to optimize the utilization of solid waste generated from mining operations, controlling surface subsidence, and improving backfill
efficiency.

As is widely recognized, the fluidity of filling slurry profoundly influences the efficiency of pipeline transportation. The fluidity of
the slurry is often characterized by its expansion degree, and extensive research has been conducted by scholars [30-34]. For the
unfoamed filling slurry, the main factors affecting its fluidity include temperature, binder content, solid particle size, solid mass
concentration, mineral additives, and chemical additives [35-37]. However, there are relatively few studies have been conducted on
the fluidity of foamed AASCM, and the mechanisms underlying its effects on fluidity are not yet clear. The study of the flow properties
and stability of alkali-activated materials containing foaming agents is an important topic in the fields of construction and materials
science, particularly in areas such as underground mining, tunnel construction, and infrastructure development [6,7]. AASCM are
commonly used in underground backfilling materials, making their flow properties of paramount importance [25]. Flow properties
determine the material’s ability to flow during the filling or backfilling process, which is crucial for ensuring complete filling of voids
and avoiding the formation of gaps and voids [26]. The application of foaming agents in alkali-activated materials can enhance their
flow properties [6]. Foaming agents can introduce air bubbles or porous structures, reducing the material’s density and thus improving
its flowability. This is particularly important for achieving uniform filling in underground engineering [7]. In underground engi-
neering, the stability of filling or backfill materials is a critical concern. If the material cannot maintain its stability after filling, it can
lead to geological hazards such as collapse or landslides [29]. Therefore, it is essential to ensure that alkali-activated materials con-
taining foaming agents remain stable after filling and do not collapse due to external pressures or other factors. The composition and
proportions of the materials are crucial for both flow properties and stability [18,19]. The right formulation can ensure that the
material has sufficient flowability while maintaining the necessary strength and stability to meet specific engineering requirements
[20]. To better understand the flow properties and stability of alkali-activated materials containing foaming agents, experimental
research and numerical simulation analysis are typically conducted [21,22]. These studies can help determine the optimal material
combinations and engineering parameters. In summary, research on the flow properties and stability of alkali-activated materials
containing foaming agents is a significant area of study, addressing critical issues in underground engineering and infrastructure
development.
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Fig. 1. The size distribution of particles in GGBFS.
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Motivated by the discussion mentioned above, this paper mainly focuses on studying the impacts of foaming agent dosage and
aggregate gradation on the flow characteristics of AASCM samples. To achieve this goal, circulating fluidized bed combustion fly ash
(CFA) and both coarse and fine grain size gangue (CG and FG) were adopted to prepare AASCM mixtures with various aggregate
gradations (11 gradations with volume moment mean between 26 and 69 pm) and foaming agent dosages (0~2.8 %). Parameters for
fresh AASCM (fluidity, water film thickness (WFT), and expansion ratio) were compared as a function of aggregate gradation and
foaming agent dosage. The findings of this research offers a theoretical foundation for the engineering application of foamed filling in
mines.

2. Materials
2.1. Binders

The binder chosen for the study was alkaline-activated S95-grade ground granulated blast furnace slag (GGBFS). A high-purity
sodium silicate with a 99.9 % purity level served as the alkaline activator. The distribution of particle sizes of the slag was
analyzed through the application of laser-based particle size analysis, and the corresponding results are presented in Fig. 1. The Dsg of
the slag was 13.18 pum, the uniformity coefficient was 8.25, the curvature coefficient was 1.03, and the uniformity coefficient was 2.36,
indicating a good particle size distribution. The GGBFS was subjected to physicochemical and mineralogical analyses. Table 1 and
Fig. 2 present the elemental and mineral compositions of the GGBFS determined by X-ray fluorescence (XRF, Bruker model S8 Tiger
spectrometer, Germany) and X-ray diffraction (XRD, Bruker model D8 Advance, Germany), respectively. Qualitative analysis using
XRF (X-ray fluorescence) spectroscopy revealed that the primary composition (mass fraction) of the slag was 9.927 % MgO, 16.261 %
Al03, 29.917 % SiO», and 36.978 % CaO. The XRD (X-ray diffraction) analysis of the mineral phases, as depicted in Fig. 2, reveals the
presence of a prominent "dispersion peak” in the slag XRD pattern within the diffraction angle range of 25°-35°. This indicates that the
mineral phase composition of the slag micro-powder still contains amorphous material in the form of glass phase, along with crys-
talline phases of minerals such as quartz (SiO3), calcium aluminum pyroxene (CasAl»SiO7), and magnesium pyroxene (CapMgSizO7).

2.2. Filling aggregate

To investigate the impact of various aggregate size distributions on the fluidity of foamed filling slurries, low-calcium grade I fly ash
from circulating fluidized bed combustion (CFA) was selected and mixed with two sizes of gangue (coarse and fine) to form various
mixtures of aggregate size distributions as shown in Fig. 3(a). The specific proportions are shown in Table 2. Following the uniform
blending of the components based on the ratios provided in the table, the particle size distribution of the resulting aggregate was
depicted in Fig. 3(b). The figure demonstrates that an increased proportion of fine gangue leads to a finer particle size distribution of
the mixed aggregate, while a higher proportion of coarse gangue results in a coarser particle size distribution of the mixed aggregate.
To effectively characterize the level of coarseness observed in the mixed aggregate size distribution, characteristic parameters of
particle size distribution were used, including D¢, Dso, Dgo, curvature coefficient (C.), and uniformity coefficient (C,). Although these
parameters can describe the particle size distribution and grading well, there is too much data to analyze. Therefore, assuming the
particles are ideal spheres. To provide a statistical description of the particle size distribution, the average particle size was determined,
represented by D(4,3). Table 3 presents the different particle size characteristic parameters for the 11 aggregates.

2.3. Foaming agent

The foaming agent used in this study was a 30 % concentration solution of hydrogen peroxide. To minimize the sensitivity of the
foaming agent to the experimental data, the 30 % hydrogen peroxide solution should be added after uniformly stirring the slurry and
then stirred uniformly for 30 s. It should be noted that the stirring speed and time used for each preparation of foamed filling slurry are
the same, and the indoor temperature is controlled within +2 °C.

3. Experimental methodologies
3.1. Test scheme

To investigate the impact of varying dosages of foaming agent on the flow characteristics of foamed backfill slurries, referring to
relevant references on foaming materials [38,39] and preliminary experiments, the foaming agent dosage was tentatively set as 0 %,

0.7 %, 1.5 %, 2.3 %, and 3.1 % of the mass of the binder while controlling the expansion rate of the foamed filling body to be less than
15 %. The experimental setup details are presented in Table 4.

Table 1

Oxide compositions of GGBFS (in %).
Sample MgO Al,03 SiO, CaO LOI
GGBFS 9.927 16.261 29.917 36.978 6.917
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Fig. 2. The XRD patterns of GGBFS.
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Fig. 3. The distribution of particle sizes in the CFA, the FG, the CG, and mixed aggregates.
Table 2
Mix ratios for the CFA and gangue (mass fraction).
No. CFA/% Fine/% Coarse/%
CFA 100 - —
F1 920 10 -
F2 80 20 -
F3 70 30 -
F4 60 40 -
F5 50 50 -
C1 90 - 10
Cc2 80 - 20
C3 70 - 30
C4 60 - 40
C5 50 - 50

For slurries with the same concentration and foaming agent dosage, different aggregate particle sizes can significantly affect the
flow properties of the slurry due to the large difference in overall solid bulk density. Foamed filling slurries were prepared using the 11
types of aggregate particle sizes listed in Table 2, with foaming agent dosages of 0 %, 0.7 %, 1.4 %, 2.1 %, and 2.8 % (by mass fraction

of binder), a ratio of fly ash to sand at 0.25, with a solid mass concentration of 74 %. A comprehensive outline of the experimental
design is provided in Table 5.
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Table 3

Particle parameters of mixed aggregates.
No. Dyo/ pm Dso/ pm Dgo/ um Cy Ce n P D(4,3)/um
CFA 10.62 16.86 38.31 3.435 1.186 0.9052 0.581 26.27
F1 10.78 18.21 39.43 2.886 1.021 0.8706 0.578 27.31
F2 10.94 21.04 43.06 3.201 1.010 0.8785 0.571 28.19
F3 11.25 24.65 46.97 3.411 1.013 0.9006 0.567 30.67
F4 11.43 27.10 50.67 3.397 1.009 0.8914 0.560 31.69
F5 11.71 29.92 55.12 2.702 1.152 0.9052 0.554 33.58
Cl 11.21 21.68 59.68 2.515 1.008 0.8259 0.578 38.24
c2 12.36 25.84 64.21 2.327 1.016 0.8208 0.589 45.07
C3 14.06 29.37 68.58 2.211 1.030 0.8007 0.596 53.01
c4 15.67 35.61 73.17 2.189 1.021 0.7946 0.608 61.57
C5 17.20 42.79 77.16 2.068 1.009 0.7835 0.606 69.05

Note: P represents the aggregate’s bulk density, while n is an invariable associated with the distribution breadth of particle size. The value of n is
inversely proportional to the breadth of the particle size distribution.

Table 4
Influence of foaming agent dosage on the fluidity of fresh AASCM.
No. GGBFS-CFA ratio Cementing agent Filling aggregate Solid particle concentration/% Foaming agent dosage/%
1 0.25 Alkali-activated slag CFA 67,71,74,77 0
2 0.25 Alkali-activated slag CFA 67,71,74,77 0.7
3 0.25 Alkali-activated slag CFA 67,71,74,77 1.4
4 0.25 Alkali-activated slag CFA 67,71,74,77 2.1
5 0.25 Alkali-activated slag CFA 67,71,74,77 2.8

3.2. Material testing

3.2.1. Slump test

The slump test reflects the cohesion and frictional resistance of the filling material and is an important indicator for measuring
fluidity. Due to the low solid mass concentration and fine aggregate size of the fill slurry, the conventional slump test is a time-intensive
process that necessitates a substantial quantity of material. Therefore, the Mini-Slump test is gradually being used by many researchers
to assess the flow characteristics of the backfill slurry [40,41]. In the Mini-Slump test, the fluidity of the backfill slurry is commonly
quantified using the flow spread diameter (degree of spreading). The flow spread diameter is influenced by the yield stress, which
directly affects the conveying efficiency of the slurry through pipelines. For the test, a Mini-Slump cone with a top diameter of 50 mm, a
bottom diameter of 100 mm, and a height of 150 mm was employed. According to the ASTM-C143 standard [42], the fluidity test is
carried out by pouring the uniformly stirred slurry into the slump cone, compacting it, lifting it vertically for 2 min, and measuring the
spread diameter in any two vertical directions. The average of the two is taken as the index of the fluidity of the fill slurry. The
experiment was conducted in triplicate, and the average slump value was obtained for subsequent analysis.

3.2.2. Viscosity measurement

Bingham yield stress and plastic viscosity are commonly used indicators to characterize the rheological properties of newly made
fill slurry [43]. In this paper, these two indicators are also used to evaluate the rheological characteristics of newly made foamed fill
slurry. The plastic viscosity is calculated by dividing the shear stress exerted on the fluid by the shear rate [44]. Being a non-Newtonian
fluid, the plastic viscosity of freshly prepared foamed fill slurry varies with the shear rate. In this study, the plastic viscosity of the
foamed fill slurry was measured using an NDJ-8S rotary viscometer equipped with a No.3 rotor. The viscometer has a measuring range

Table 5

Influence of varying particle sizes of filling aggregate on the fluidity of fresh AASCM.
No. GGBFS-CFA ratio Cementing agent Solid particle concentration/% Foaming agent dosage/%
CFA 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
F1 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
F2 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
F3 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
F4 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
F5 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
C1 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
C2 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
Cc3 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
Cc4 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
C5 0.25 Alkali-activated slag 74 0,0.7,1.4,2.1,2.8
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of 1~2 x 10° mPa s, and a speed of 30 r/min.

Regarding the Bingham yield stress, it represents the static yield stress of the material. A higher Bingham yield stress indicates
enhanced solidification characteristics of the slurry [45]. When the shear stress exerted on the freshly prepared foamed fill slurry
surpasses the Bingham yield stress, visible flow is observed. In this study, a self-made Bingham yield stress testing device, illustrated in
Fig. 4 (a) [46], was utilized to measure the Bingham yield stress. The measured Bingham yield stress is referred to as the equivalent
Bingham yield stress.

During the test, the pulling force is measured using a precision of 0.001 N tensile force gauge, and the thin plastic plate embedded in
the newly made foamed fill slurry has a size of 50 mm wide and 75 mm high. Four measurements are taken at different positions of each
newly made foamed fill slurry sample, as shown in Fig. 4 (b), and the average of the four measurements is taken as the equivalent
Bingham yield stress. The specific calculation formula can be expressed as:

z 7F1+F2+F3+F4
" 8bh

in the formula, Fy, Fo, F3 and F4 are the tension values tested at the four positions respectively, N. b represents the width of the thin
plate, mm. h represents the depth of the sheet embedded in the paste, mm. 7 ,, as the equivalent yield stress, Pa or N/m?.

3.2.3. Bulk density

The method of measuring bulk density can be categorized into two groups: dry stacking and wet stacking methods. The dry stacking
method is heavily influenced by the degree of compression, and to avoid this issue, the wet stacking method is utilized in this study for
measuring the bulk density of the foamed filling slurry [47]. The fundamental principle of the wet stacking method involves incor-
porating different quantities of water into the solid particles, where the solid particle concentration first increases and then decreases,
and the bulk density is determined based on the maximum solid particle concentration. At low water content, numerous liquid bridges
are formed, resulting in a reduced distance between solid particles. As a consequence, the solid particle concentration tends to increase
[48]. However, with an increase in water content, the particles become more dispersed, leading to an expansion in the volume of the
slurry, resulting in a decrease in the solid particle concentration [49].

4. Results and discussion
4.1. Influence of foaming agent dosage on the volumetric expansion and rheological characteristics of fresh AASCM

The impact of foaming agent dosage on the slurry expansion is depicted in Fig. 5. The data indicates an inverse relationship between
the escalation of foaming agent dosage and the change in slurry expansion. For instance, for foam filling slurry with a solid particle
concentration of 74 %, with the foaming agent dosage ranging from 0 % to 2.8 %, the expansion decreases from 246 mm to 219 mm, a
reduction of 27 mm. This phenomenon can be attributed to a rise in the bubble population within the slurry as the foaming agent
dosage increases. When bubbles are stable inside the slurry, a film is formed on their surface that consists of water mixed with solid
particles, including filling aggregates and binding agents. With an increase in the number of bubbles, the surface area expands,
necessitating a certain portion of free water to be distributed among the bubbles for maintaining their stable configuration [50,51]. As
a consequence, the availability of free water for the slurry to flow decreases, leading to a reduction in slurry expansion. Moreover, it
was observed that different solid particle concentrations correspond to different changes in expansion as foaming agent dosage in-
creases from 0 % to 2.8 %. For the same solid particle concentration, the extent of the decrease in expansion varies with increasing
foaming agent dosage and generally exhibits a decreasing trend. For example, for foam filling slurry with a solid particle concentration
of 77 %, the reduction in expansion is 15.1 mm, 10.1 mm, 9.2 mm, and 0.2 mm, respectively, with the foaming agent dosage pro-
gressively increasing from 0 % to 0.7 % and further to 2.8 %. This indicates that a foaming agent dosage of 2.8 % or higher exerts a
comparatively lesser influence on the fluidity of higher solid particle concentration (77 %) slurry. This can be attributed to the higher
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Fig. 4. Device for measuring the equivalent Bingham yield stress of fresh AASCM.
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Fig. 5. Influence of foaming agent dosage on the flow properties of fresh AASCM.

viscous behavior and Bingham yield strength of the higher solid particle concentration (77 %) slurry, which makes it difficult for
bubbles to move, expand, and fuse, thereby maintaining their distribution state stable. On the other hand, the adhesion between solid
particles and bubbles increases with higher foaming agent dosage, causing the increase in the stiffness of fresh AASCM and then the
decrease in the fluidity [52].

The rheological characteristics of foamed slurry as influenced by the foaming agent dosage are depicted in Fig. 6. As observed from
the figure, a rise in the dosage of foaming agent is directly proportional to the changes in the rheological properties of the foamed
slurry. For instance, for a foamed slurry with a solid particle concentration of 74 %, with the foaming agent dosage ranging from 0 % to
2.8 %, the effective Bingham yield strength of the foamed slurry experiences an increase from 32.6 Pa to 45.7 Pa, resulting in an
increment of 13.1 Pa, while the exhibits an increase from 0.57 Pa s to 0.93 Pa s in plastic viscosity, resulting in an increment of 0.36 Pa
s. With the increase in foaming agent dosage, the number of bubbles rises, thereby influencing the bulk density of the foamed slurry.
The gaps between bubbles and solid particles increase, and for a constant water content, more free water is absorbed to fill the gaps
[51]. Additionally, the total surface area of the foamed slurry increases, which also requires more free water to reduce the interfacial
forces between the solid particles and bubbles, leading to a reduction in the fluidity of the slurry, making it difficult to shear and
increasing its viscosity. Moreover, previous studies [32,53,54] have shown that the flow characteristics of the slurry are closely linked
to its rheological properties, as an increase in fluidity leads to a corresponding increase in rheological parameters.

4.2. Effects of aggregate size on the expansion and rheological characteristics of freshly prepared AASCM

As indicated by the particle size parameters of the foamed filling aggregates in Table 2, with an increase in the proportion of coarse
aggregates, the volume mean diameter D(4,3) exhibited an upward trend, while a decrease in the proportion of fine aggregates resulted
in a decrease in the volume mean diameter D(4,3). An increase in the proportion of coarse aggregates led to a decrease in the bulk
density P, while an increase in the proportion of fine aggregates resulted in an increase in the bulk density P. This indicates that the
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incorporation of fine particles into the slurry reduced the void spaces between coarse aggregates, leading to an overall increase in the
bulk density of the slurry. Furthermore, the range of particle sizes of the foamed filling aggregates was directly proportional to the
change in the volume mean diameter, for example, as D(4,3) of the foamed filling aggregates increased from 26.27 pm to 66.82 pm, the
particle size distribution width (n) increased from 0.7835 to 0.9052, reflecting the distribution of particle sizes of the foamed filling
aggregates became narrower.

Fig. 7 illustrates the effects of foamed filling aggregate’s volume mean diameter and bulk density on the flow characteristics of
foamed filling slurry. As depicted in the graphical representation 7(a), the fluidity of the foamed filling slurry demonstrates an upward
trend as the volume mean diameter increases. This phenomenon can be attributed to the fact that foamed filling aggregates with a
smaller volume mean diameter possess a relatively larger specific surface area and require more free water to envelop solid particles,
consequently, this reduction in available free water for slurry flow leads to a decrease in fluidity [55]. In addition, the change in
fluidity varies with different foam agent dosages. By way of illustration, with a decrease in the volume mean diameter of the filling
from 69.05 pm to 26.27 pm, the reduction in fluidity for foaming agent dosages of 0 %, 0.7 %, 1.4 %, 2.1 %, and 2.8 % corresponds to
26.37 %, 23.33 %, 19.55 %, 18.06 %, and 17.24 %, respectively. This can be primarily attributed to the higher foaming agent dosage
increases the number of bubbles in the slurry, and similar to solid particles, bubbles will share some free water to form a liquid film,
reducing the available water content within the slurry and decreasing fluidity. The higher the foaming agent dosage, the more sig-
nificant the decrease in fluidity. As shown in Fig. 7(b), the fluidity of foamed filling slurry experiences a substantial reduction as the
dosage increases in bulk density. As depicted in Table 2, fine filling have a smaller Rosin Rammler coefficient [56] and a broader range
of particle sizes, which increases the bulk density of the material and decreases the gap between solid particles. Upon contact with
water, water will first fill the gaps, and then envelop the solid particles, and the remaining free water is used for lubrication and flow
between particles [57]. Although the water required for the gaps between solid particles in fine filling is small, the water required for
enveloping particles (specific surface area) is large, resulting in a decrease in the overall amount of free water available for particle
lubrication and flow.

The effect of filling aggregate size distribution on the equivalent Bingham yield stress (Fig. 8(a)) and plastic viscosity (Fig. 8(b)) of
foamed filling slurry is shown in Fig. 8. It is evident that there exists an inverse relationship between the changes in equivalent
Bingham yield stress and plastic viscosity and the volumetric mean diameter. This stands in contrast to the trend observed in fluidity.
For instance, as the volumetric mean diameter of the aggregate increases from 26.27 pm to 69.05 pum, the equivalent yield stress of
foamed filling slurry with foaming agent addition of 0 %, 0.7 %, 1.4 %, 2.1 %, and 2.8 % decreases from 45.65 Pa, 48.74 Pa, 52.21 Pa,
55.28 Pa, and 58.26 Pa-25.77 Pa, 27.60 Pa, 31.02 Pa, 33.51 Pa, and 34.16 Pa, respectively. The corresponding apparent viscosities
(Pa-s) also decrease from 1.21, 1.32, 1.45, 1.55, and 1.66 to 0.51, 0.57, 0.64, 0.70, and 0.74. With an increase in the particle size
distribution, the interaction between the rise in particle gap and the decrease of specific surface area increases the quantity of unbound
water used to lubricate particle flow, thereby reducing the flow resistance, and the value of the equivalent Bingham yield stress and
plastic viscosity also decrease accordingly. In addition, it can be seen that the equivalent Bingham yield strength of foamed filling
slurry uniformly decreases with increasing particle size, while the plastic viscosity exhibits an initial increase followed by a subsequent
decrease. As reported in the research conducted by OUATTARA et al. [58], the shear yield stress of slurry is closely related to extension,
but not significantly related to plastic viscosity. Referring to Fig. 8(a), the increment of extension with respect to volumetric mean
diameter variation is relatively uniform, which confirms the close correlation between the shear yield stress and extension of foamed
filling slurry.

5. Analysis and discussion

Based on the aforementioned experimental findings, it is clear that the foaming agent plays a vital role in shaping the flow
properties and rheological behavior of the filling slurry. The presence of bubbles generated by the foaming agent significantly impacts
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Fig. 8. Impact of particle size on the rheological behavior of fresh AASCM.

the performance of the foamed filling slurry. To systematically analyze the influence of bubbles on the slurry’s performance, the WFT
theory has been introduced for comprehensive investigation. The WFT theory is commonly used in the field of cement or mortar, which
states that the water (W) contained in the slurry system can be categorized into two parts: water used for filling voids (W1) and surplus
or additional free water (W5). The surplus or additional free water surrounds the surface of the solid particles, creating a water film (as
depicted in Fig. 9). However, it is important to note that the depicted round shape of GGBFS and gangue particles is an approximation
and may not reflect the actual scenario. Similarly, the uniform distribution of excess film thicknesses around the particles shown in the
illustration is an unrealistic assumption. If the cumulative quantity of water in the system is lower than or equal to the void filling
water, the slump value is very small, and the slurry can be regarded as having no fluidity [59,60]. Therefore, the amount of excess
water is the primary condition for the slurry to have fluidity. The specific formula for calculating the thickness of the water film in the
slurry is summarized as follows [61]:

Hw — Hg

dypr =20 15
WFT AS
In the equation, Ag represents the specific surface area of the particles. yyy is the water-to-solid volume ratio, and yg is the void ratio
calculated from the bulk density (¢).
-9
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Since the distribution of particle sizes of bubbles in the slurry is unknown, it is difficult to obtain the surface area per unit mass of
the bubbles. However, after the addition of foaming agent, the expansion ratio of the slurry can be easily obtained experimentally, i.e.
the volume fraction of bubble spheres is known. In addition, the bulk density of the mixed system is known through wet measurement.
By assuming a particle size distribution for the bubble spheres and mixing them into the solid particle system at a certain volume
fraction (determined by the expansion ratio), if the density of the particle packing of the resulting system is consistent with the wet

GGBFS 4 O &
4 ¢« @ . > . 4
= o
@ S
— .. 2 *********** 7
e . f Water film [72) ;
* . 0;->) |
. L ) |
- . . . T«; |
€ .
cmpe— S e S 2 |
2 |
€ Q - o
. P . R'r’ %f—/ 7 v
" v filling water /4 W, Solid / Vagaregate

(a) (b)

Fig. 9. Diagram depicting (a) water film and (b) correlation between relative slump and water content.
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measurement results (achieved through particle flow software PFC3D), the assumption is valid; otherwise, another assumption needs to
be made. Based on the final assumption regarding the size of the particles of the bubble spheres, the specific surface area of the system
can be further obtained. The specific steps are shown in Fig. 10.

5.1. Stacking simulation error calibration

It is worth noting that there are inevitably errors in estimating bubble size using the method mentioned above. The PFC3P
simulation method used in the study employs self-weighted packing, which will inevitably yield a lower packing density than the wet
measurement method. If the bubble size calculated using the assumption of equal packing densities is directly utilized for determining
the surface area per unit mass, the result would be incorrect. Therefore, it is necessary to calibrate the simulation values with the
experimental values to determine the conversion relationship between the two.

In this study, four sizes of gangue samples (100-500 pm) were prepared using vacuum sieving, characterized by the particle size
distributions presented in Table 6. The packing densities of each gangue sample were obtained by wet measurement. Subsequently,
PFC®P simulations were performed assuming the gangue particles were spherical, and a closed wall of 40 x 40 x 60 (mm) was
generated within the effective region. Gangue particles of a specific gradation were then generated within this wall, and under the
action of gravity, they were rearranged until a steady-state condition was attained. A linear model was adopted with a particle elastic
modulus of 1 GPa, a density of 2.2 g/cm?, and a friction coefficient of 0.5. Figs. 11 and 12 show the particle model and simulation
results of the rearranged gangue, respectively. It should be noted that errors are inevitable when estimating the bubble size using the
above method, and that the packing density obtained by gravity packing in PFC®” will be smaller than that obtained by wet mea-
surement. Therefore, it is necessary to calibrate the simulation values with experimental values and establish the conversion rela-
tionship between them before calculating the specific surface area.

The packing density obtained by bulk density test is compared with that obtained by PF simulation (Table 7). In light of the
findings from both the experiments and simulations, a comparison between the two is presented in Table 7. Observations indicate a
consistent underestimation of the simulated values compared to the wet measurement values. This is reasonable since no vibration was
applied during the simulation. WONG et al. [49] showed that the tapping process can help to pack fine particles into voids, thereby
increasing the packing density. Based on the results, a calibration error coefficient between the simulation and experimental values of
around 1.1 was obtained. Therefore, this value can be used to convert the simulation results with the addition of bubbles to the
corresponding empirical findings.

C3D

5.2. Impact of WFT on the fluidity of foamed filling slurry

Fig. 13 illustrates the relationship between the WFT and the foaming agent dosage. It can be observed that as the foaming agent
dosage remains constant, the WFT decreases with an increase in the solid particle concentration, primarily attributed to the reduction
in water content. For example, in the case of the foamed backfill slurry with a foaming agent content of 1.4 %, the WFT decreases from
0.588 pm to 0.528 pm as the solid concentration increases from 67 % to 77 %. Additionally, it can be observed that the WFT
significantly decreases as the content of the foaming agent is incremented from 0 % to 2.8 %, regardless of the solid particle con-
centration. The reduction in WFT can primarily be attributed to the combined influence of specific surface area and bulk density. Since

Suppose the bubble diameter }4

3D
_ERC Volume fraction of bubbles

The simulated value of
packing density is equal
to the experimental value.

Yes

‘ Output bubble diameter ‘

v
‘ Specific surface area ‘

Fig. 10. Calculation process of the specific surface area of system particles.
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Table 6

Size range of gangue samples.

Heliyon 9 (2023) e22277

Size/pm

Test specimen 1/% Test specimen 2/% Test specimen 3/%

Test specimen 4/%

100-150
150-250
250-350
350-500

20.00 30.00 40.00
45.32 54.06 59.83
71.86 75.17 79.63
100.00 100.00 100.00

50.00
65.28
82.61
100.00

Ball radins
2.4987 x 107
2.4000x 10!
2.3000 x 107"
2.2000 x 107
21000 x 107"
2.0000x 107" §
1.9000 x 107"
1.8000 x 107" %8
1.7000 x 107" §
1.6000 x 107
1.5000 x 107
1.4000 x 107 _>
1.3000x 107"
1.2000x 107 + o

1.1000%x 107" °
1.0000 x 107" .
9.0000x%x 102 *
8.0000x 1072
7.0000 x 107 .
6.0000 % 107
5.0000 % 1072

Wall 3

Facets(12) Sample 1 Sample 2 Sample 3 Sample 4

B tacets

Fig. 11. Particle flow model of packing with different particle size distributions of gangues.
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Fig. 12. Packing results of gangue samples.
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Table 7
Comparison between modeled and observed packing density.

Heliyon 9 (2023) e22277

Test specimen 2

Test specimen 3

Test specimen 4

Measurement Test specimen 1
Simulation 0.606 0.611 0.616 0.613
Wet packing method 0.662 0.667 0.678 0.682
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Fig. 13. WFT with foaming agent dosage at different solid contents.

the foaming agent content is relatively small compared to the water content in the slurry, the effect of the foaming agent on the slurry
consistency is neglected, i.e., the influence of slurry consistency on bubble stability is not considered. The increase in foaming agent
content has two primary effects on the system. Firstly, it results in a higher number of bubbles present in the system. If we consider
these bubbles as particles, the addition of foaming agent causes the wet packing system to undergo re-packing, thereby altering the
overall bulk density of the system. According to the packing theory [33], mixed particle systems exhibit three physical effects (loose
effect, wall effect, and wedging effect) that influence the bulk density. For the slag-gangue-bubble mixture system studied in this paper,
the large bubbles act as attachment walls for small particles, and the small bubbles wedge into the gaps between larger-sized particles.
Under the combined influence of the wall effect and wedging effect, the void volume of the system increases, and the bulk density
decreases. Additionally, the foaming agent produces bubbles with a diameter smaller than the particle size of the gangue employed in
the present research, which is equivalent to adding fine filler to the particle system, leading to an increase in the surface area per unit
mass of the particles. Therefore, with the increase of foaming agent content, the WFT of the system continues to decrease. It is
noteworthy that all WFT values observed in the foamed backfill slurry are greater than zero, indicating an ample presence of water
within the system to occupy the void spaces between solid particles. This is also an important difference between backfill and concrete.

280
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Fig. 14. Relationship between fluidity and WFT.
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Negative WFT values often occur in concrete. As depicted in Fig. 13, an increase in foaming agent content leads to an initial rapid
decline in WFT, followed by a gradual decrease, regardless of the solid particle concentration. This implies the existence of a saturated
foaming agent content from the perspective of WFT. When the foaming agent content reaches this saturation value, the WFT changes
are not significant. The magnitude of this value is related to the material properties of the backfill, for instance the particle size of the
gangue and the solid particle concentration.

The relationship between fluidity and wall flexural tensile (WFT) is shown in Fig. 14. Generally speaking, the expansion level
correlates positively with the growth of WFT. A higher WFT means a stronger lubrication effect between particles, resulting in a
decrease in yield stress. Based on the findings of QIU et al. [33], the degree of expansion of the filling slurry is a macroscopic char-
acterization of yield stress. To examine the effect of WFT, the best fitting curve of the expansion-WFT relationship was obtained
through regression analysis. Under the condition of keeping the size of the particles of the filling aggregate constant, the expansion of
the foamed filling slurry shows an exponential function relationship with WFT, and the fitting correlation coefficient R? value is 0.96,
indicating that the fluidity of the foamed filling slurry mainly depends on WFT. Importantly, despite the high correlation coefficient, it
should be noted that there is a significant difference in the dispersion degree of the data points on either side of the boundary
(WFT=0.56 pm). When WFT>0.56 pm, the foaming agent dosage is about 0 %-2 %. At this time, the data points closely align with the
fitting curve, indicating a strong relationship between the degree of expansion and WFT for foamed filling slurries with different
foaming agent dosages. This suggests that WFT remains the primary factor influencing the properties of the expanding filling slurry
regardless of the foaming agent dosage. However, as WFT decreases below 0.56 pm, corresponding to foaming agent dosages of around
2 %-3 %, the data points start to deviate from the fitting curve. This suggests that at higher foaming agent dosages, WFT alone may no
longer be the sole factor controlling the foamed filling slurry, and the influence of the foaming agent dosage itself becomes significant
and cannot be disregarded.

In a study investigating the effects of water-reducing agents and their dosages on the rheological and bonding properties of mortar,
KWAN et al. [62] explained that the observed phenomenon was caused by the combined direct and indirect effects of water-reducing
agents. The indirect effect is attributed to the ability of foaming agents to modify the fluidity of the slurry by influencing the work-
ability factor time (WFT). On the other hand, foaming agents also directly impact the fluidity of the slurry in a way that cannot be solely
captured by the WFT parameter. LI et al. [63] suggested that water-reducing agents enhance the fluidity of cement slurries by
increasing the WFT and reducing the bonding properties. This reduction in bonding can be considered as a direct effect of
water-reducing agents.

By comparing the model proposed in this study with the Kwan model [62], it becomes evident that the flow extension in foamed
filling slurry can be represented as a univariate function of WFT, while in concrete mortar, it becomes a bivariate function of WFT and
water-reducing agent content. This suggests that, in foamed filling slurry, the direct effect of foaming agents can be somewhat dis-
regarded, and the coupling effect between WFT and foaming agents remains the predominant factor influencing the fluidity of the
expanded filling slurry. However, in this particular case, the effect of WFT holds fairly greater significance. This observation can be
connected with the higher water content in the filling slurry compared to concrete mortar. Therefore, when the foaming agent dosage
is high, the discreteness of the data primarily stems from the direct effect of the foaming agent itself. To simultaneously consider the
direct effect of foaming agent dosage and the WFT, a new index, namely, the flocculent membrane thickness (FWFT), proposed by GUO
et al. [31], needs to be introduced.

Similarly, when the influencing factor is the aggregate particle size, the WFT and the extension degree also exhibit an exponential
relationship, with a correlation coefficient of 0.98. In addition, a threshold WFT also appears with a size of 0.56 pm. Importantly, it
should be emphasized that, unlike foaming agents, the agglomeration of aggregates into clusters is the reason for the appearance of the
threshold WFT, but fundamentally, it is also influenced by FWFT.

6. Conclusion

This study has experimentally explored the fluidity and rheological properties of AASCM as a function of aggregate gradations and
foaming agent dosage. Eleven series of aggregate gradations with volume moment mean diameter (D[3,4]) ranging from 26 to 69 pm
were prepared by using fly ash and gangue. AASCM samples with different aggregate gradations and foaming agent dosages (0.0 %, 0.7
%, 1.5 %, 2.3 %, and 3.1 %) were prepared to obtain the slump, plastic viscosity, Bingham yield stress and bulk density of fresh AASCM.
The influence mechanism of aggregate gradation and foaming agent dosages on the evolution of fluidity and rheological properties of
fresh AASCM was discussed. According to the obtained results, the following conclusions can be drawn:

(1) This paper focuses on investigating the impact of aggregate particle size distribution and foam dosages on the fluidity of AASCM
through experimental analysis and uses the PFC3P to build a model of gas-solid particle packing to investigate the evolution law
of WFT in foam filling slurries with the increase of expansion degree. The fluidity of AASCM increases with the augmentation of
filling aggregate particle size and decreases with the increase of foam dosages. The former exhibits a correlation with the
particle voids and specific surface area, while the latter is related to the number and distribution of bubbles in the slurry.

(2) The rheological properties of foam slurries show a negative correlation with the increase of filling the size of the aggregates and
increase with the increase of foam dosages. Using the PFC simulation of gas bubble and particle packing models, the error
between simulation values and wet measurement experimental values is verified, and the error coefficient is calibrated to 1.1.
The WFT of foamed AASCM is estimated using the packing density determined experimentally and the total surface area of the
slurry obtained through PFC simulation.
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(3) The correlation analysis between the expansion degree and WFT of the slurry shows a correlation coefficient of 0.96 and 0.98,

this suggests that the presence of gas bubbles in foamed AASCM alters the overall packing density and specific surface area,
thereby affecting their fluidity.

Studying the fluidity and rheological properties of AASCM is an important research field, which can provide a theoretical basis for
solving critical issues in underground engineering and infrastructure development.
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