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Abstract:



Aeolian sand, tailings, and #32.5 Portland cement were used to produce backfilling aggregate, and physicochemical evaluations and proportioning tests were conducted. It is revealed that a mixture of aeolian sand and tailings can be used as a backfilling aggregate for the complementarities of their physicochemical properties; e.g., high Al2O3 content in the aeolian sand and CaO content in the tailings, coarse particles of aeolian sand and fine particles of tailings, etc. In addition, the optimal backfilling aggregate was shown to have a mass fraction of 72%–74%, a cement–sand ratio of 1:8, and an aeolian sand proportion of 25%. Furthermore, viscometer tests were used to analyze the rheological characteristics, and the slurry in these optimized proportions exhibited shear thinning phenomena with an initial yield stress, which belongs to paste-like—a cemented backfilling slurry with a higher mass fraction than a two-phase flow and better flowability than a paste slurry. Finally, the application of this backfilling technology shows that it can not only realize safe mining, but also bring huge economic benefits, and has some constructive guidance for environmental protection.
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1. Introduction


Backfill mining technology plays a significant role in environmental protection and the prevention of water resource pollution [1,2]. Therefore, it is being widely and intensively employed in the global mining industry. One of the key issues in backfill technology is the supply of filling aggregate that is not only cheap, but also meets the strength and flowability requirements [3].



The tailings discharged from the concentrating mill in “A” mine (Inner Mongolia, China) are too fine for use as backfilling aggregate, with particles less than 0.075 mm accounting for 82.1% and a median particle size of 0.049 mm (a more detailed analysis is given in the Physicochemical evaluation section) [4,5]. As we know, some natural/industrial materials, such as river sand, fly-ash, and ardealite [6] are considered as aggregates to mix the tailings to improve the properties of backfilling aggregate, and have achieved good benefits. However, it is difficult to get a large amount of these materials in the barren desert. Aeolian sand is the most abundant and economical material in the desert. Although it has the potential to reduce backfilling costs if used as backfilling aggregate, it is an extremely homogeneous and coarse material when compared with the other materials mentioned above, which makes its use in building or backfilling aggregate practically impossible [7,8]. However, considering their characteristics simply, it may be possible to use aeolian sand as a backfilling aggregate after mixing with ultrafine tailings. Thus, to reduce the backfilling cost, “A” mine, Inner Mongolia, China, decided to backfill aeolian sand into stopes with tailings—that is, build an aeolian sand–tailings backfilling system.



Therefore, in this study, physicochemical evaluation and proportion test was conducted to study the feasibility of using a mixture of aeolian sand and tailings as backfilling aggregate, viscometer tests were used to analyze the rheological characteristics of the slurry, and finally, in-site application was evaluated. The utilization of mixed aeolian sand and tailings as backfilling aggregate can not only bring huge economic benefits in a mine located in the Gobi area, but also has some constructive guidance for environmental protection.




2. Physicochemical Evaluation


2.1. Physicochemical Properties


The aeolian sand utilized in this study was collected from the Gobi Desert in Inner Mongolia, China, and the tailings in this study were a kind of non-sulphidic iron tailings, received from “A” mine (Inner Mongolia, China).



The physicochemical properties of backfilling aggregates have an important influence on the pipeline transportation characteristics and mechanical properties of the backfilling body, such as strength, compressibility, permeability, and drainability. The oxides that cover the surface of the backfilling aggregates were removed through sand washing machine before sampling to allow the physical properties and chemical composition to be accurately measured. The chemical composition was measured by the titrimetric method, while the main physical properties were measured using specific methods and instruments [9,10]. The chemical composition, main physical properties, and particle size distribution are listed in Table 1, Table 2 and Table 3.



Table 1. Main chemical compositions of backfilling aggregates.







	
Material

	
Chemical Composition %




	
Fe2O3

	
Al2O3

	
SiO2

	
CaO

	
MgO

	
Others






	
Aeolian sand

	
0.81

	
12.88

	
65.62

	
0.69

	
0.21

	
19.79




	
Tailings

	
1.14

	
0.37

	
29.11

	
32.65

	
13.02

	
23.71










Table 2. Main physical–mechanical properties of backfilling aggregates.







	
Parameter

	
Aeolian Sand

	
Tailings






	
Specific gravity

	
2.61

	
2.91




	
Dry density (g/cm3)

	
1.52

	
1.30




	
Mediate size, d50/mm

	
0.22

	
0.049




	
Nonuniform coefficient

	
2.51

	
12.70










Table 3. Particle size distributions of backfilling aggregates.







	
Particle Size Range (Size, mm)

	
Distribution (Mass Fraction, %)




	
Aeolian Sand

	
Tailings






	
5.0–2.0

	
-

	
0.3




	
2.0–0.5

	
0.9

	
3.3




	
0.5–0.25

	
17.2

	
6.8




	
0.25–0.15

	
53.1

	
1.0




	
0.25–0.075

	
28.8

	
6.5




	
0.075–0.05

	
2.0

	
10.1




	
0.05–0.005

	
-

	
61.0




	
<0.005

	
-

	
11.0











2.2. Quality Evaluation


The following conclusions are suggested by the results of physicochemical evaluation (Table 1, Table 2 and Table 3):

	(1)

	
Al2O3 and SiO2 account for more than 78% of the contents of the aeolian sand, with CaO, Fe2O3, and MgO each accounting for less than 1%. In the tailings, CaO accounts for more than 30%, which may increase the flowability and strength of the cement slurry [11]. However, MgO accounts for more than 13%, which may affect the strength of the backfilling body due to its corrosivity [12,13].




	(2)

	
Aeolian sand is coarse, with particles larger than 0.15 mm accounting for 71.2% of the mass, and the percentage of particles smaller than 0.075 mm accounting for only 2.0%. The median particle size was 0.22 mm. It is well known that large particles help reinforce the strength of a backfilling body [14], and the loss of small particles leads to segregation phenomena, blockage, and wear in pipelines [15]. In addition, the low nonuniform coefficient of aeolian sand also reduces its usefulness as a backfilling material.




	(3)

	
The tailings are fine, with particles smaller than 0.075 mm accounting for 82.1% of the mass and a median particle size of 0.049 mm. This will hinder dewatering of the backfilling body and reduce its strength. However, fine particles cause less wear to the pipeline and contribute to the pipeline transportation of the backfilling slurry [15].




	(4)

	
Overall, aeolian sand and tailings are not ideal backfilling aggregates when considered separately. However, the complementarities of their physicochemical properties suggest that a mixture of aeolian sand and tailings may be used as backfilling aggregate. Thus, further development is required, by means of conducting proportioning tests to make use of the mixed aggregate.











3. Proportion Optimization


The proportion of backfilling aggregates is the most important factor in backfilling system design. It should meet the requirements of body strength, pipeline transportation, and economics [16]. It is also an effective way to confirm whether or not aeolian sand and tailings can be used as backfilling aggregates.



3.1. Proportioning Test


Slurry specimens were produced using different proportions of backfilling material at normal temperatures. After intensive mixing, slurry was poured into a standard tri-unit model (7.07 cm × 7.07 cm × 7.07 cm) which is more similar to the cubic stopes, and after a rest period, eight cubic specimens were formed for each mix. The specimens were coded and placed in a curing box. Uniaxial compressive strength tests were then performed on specimens cured for 3, 7, and 28 days using a WDW-2000 rigid hydraulic pressure servo machine (Ruite, Guilin, China). The normal stress was calculated by the following Equation:


[image: there is no content]








where P is the press load and S is the press area.



The proportioning test was used to measure the mass fraction, cement–sand ratio, and aeolian sand proportion, with #32.5 cement as a binding material.




3.2. Analysis of Results


(1) Figure 1 shows the compressive strength of specimens with the mass fraction and aeolian sand proportion. The compressive strength increased as the mass fraction and aeolian sand proportion increased. The optimal proportion of aeolian sand was 25%, at which the strength of the backfilling body was maximized.


Figure 1. Compressive strength of specimens cured for 28 days when the cement–sand ratio is 1:8, with varying mass fraction and aeolian sand proportion.
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(2) Figure 2 shows the experimental results of slump tests. As we can see in Figure 2, when the mass fraction is 74% (Figure 2a), the flowability of the slurry evidently increases, and self-flowing for the slump is realized and greater than 200 mm. However, the slump is less than 0.18 m when the mass fraction is 76% (Figure 2b), which indicates poor flowability. Thus, the slurry with a mass fraction of about 74% can be regarded as paste-like—that is, homogeneous and simultaneously has a high mass fraction, low dewatering rate, and good flowability [17].


Figure 2. Slump test: (a) presents specimen (mass fraction of 74%) with slump values of 260 mm, which can realize self-flowing; (b) shows specimen (mass fraction of 76%) with slump values of 180 mm, which is too poor to realize self-flowing [18].
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(3) Figure 3 shows the compressive strength of specimens cured for different numbers of days with the changed cement–sand ratio. The compressive strength clearly increased as the number of curing days increased because of the complex physicochemical effects of the hydration reaction. In field applications, the selection of curing period should reflect the strength requirements. The amount of binding material determined the strength of the backfilling body when the other factors were left unchanged. It also can be seen that the compressive strength of the backfilling body increased significantly as an increasing amount of binding material was added.


Figure 3. Compressive strength of specimens cured for different times with varying cement–sand ratio, where aeolian sand proportion is 25% and mass fraction is 72% cured for 28 days, when the cement–sand ratio is 1:8.
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(4) Figure 4 presents the compressive stress–strain curve, from which it can be seen that the backfilling body exhibited high elasticity and plasticity, allowing it to efficiently bear the weight of the stopes after breakage [10]. This also suggests that a mixture of aeolian sand and tailings can be provided as backfilling material.


Figure 4. Typical stress–strain curves of specimens for different curing times where the cement–sand ratio is 1:12 and the aeolian sand proportion is 25%.
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(5) Finally, to meet safety requirements and economic considerations, the compressive strength of a backfilling body cured for 7 days and 28 days should not be less than 0.5 MPa and 1.0 MPa. This suggests the use of a slurry with a mass fraction of 72%–74%, a cement–sand ratio of 1:8, and an aeolian sand proportion of 25%.




3.3. Microscopic Analysis of Cemented Backfilling


The specimens were cut into small pieces, and then scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS) tests [19] were conducted to analyze the microstructure of the specimens and further explore the use of a mixture of aeolian sand and tailings as an aggregate. The experimental process refers to the literature [19]. Figure 5 shows the SEM–EDS analysis of specimens cured for 28 days in the condition that mass fraction is 74%, cement–sand ratio is 1:8, and aeolian sand proportion is 0% and 25%, respectively.


Figure 5. (a) SEM image of a specimen with aeolian sand proportion of 0%; (b) SEM image of a specimen with aeolian sand proportion of 25%; and (c) The element composition analysis of the area marked in (b) by energy dispersive spectroscopy (EDS).



[image: Minerals 06 00132 g005]






As shown in Figure 5b, the hydration products of the cement wrapped the backfilling aggregate densely and uniformly, which may be attributed to the complementarity in the particle size distributions of the aeolian sand and tailings at an optimal aeolian sand proportion of 25%, compared with Figure 5a. At this optimal proportion, the grain composition of the aeolian sand improved the aggregate, while the tailings offset the nonuniform coefficient of the aeolian sand.



The EDS analysis showed high oxygen (46.93 At%), silicon (5.33 At%), aluminum (2.33 At%), and calcium (12.81 At%) contents in the cemented matrix micro area, as shown in Figure 5b. This contributed to the formation of CH, CSH, and ettringite, which has a decisive influence on backfilling body strength. Needlelike CH and CSH—the key hydration products in strength gain at advanced age—are ubiquitous in Figure 5a. Besides, ettringite increases the expansibility of concrete to about 120% and improves the flowability of a backfilling slurry [20].





4. Rheological Characteristics


Rheological tests are used to determine the transportation pipeline parameters, and guide the design of the backfilling system [21].



4.1. Viscometer Test


A German Haake VT550 rotational viscometer was used to track apparent viscosity and observe the flow and stress states [22]. Test results were displayed on an LCD screen and printed out by RheoWin software. The VT550 viscometer has three operation modes: control stress (CS), control rate (CR), and control displacement (CD). Using these modes, a variety of curves, such as a fluid curve, viscosity–temperature curve, time curve, and thixotropic curve can be plotted and printed out by RheoWin, and the fluid viscosity, yield, and shear stress can also be measured. The cross-shaped rotor of the VT550 viscometer allows the measurement of slurry specimens with a high mass fraction or which contain large particles. In contrast to a traditional rotational viscometer, this cross-shaped rotor causes minimal damage to the flocculent structure of the specimens and overcomes the slip effect of the cylindrical face.



Contrast tests were conducted on the suggested slurry specimens: S1 (72%, cement–sand ratio = 1:8, aeolian sand proportion = 25%), S2 (73%, cement–sand ratio = 1:8, aeolian sand proportion = 25%), and S3 (74%, cement–sand ratio = 1:8, aeolian sand proportion = 25%). The shear stress and apparent viscosity of specimens S1, S2, and S3 were tracked, and the shear rate–stress curve is shown in Figure 6 after data processing.


Figure 6. Shear stress and viscosity curves with stress rate of specimens.



[image: Minerals 06 00132 g006]







4.2. Analysis of Results


(1) As shown in Figure 5, these slurry specimens all belong to the class of pseudo-plastic fluid with initial yield stress. Slurry specimen S3 (whose mass fraction was 74%) had the largest initial yield stress at 115.25 Pa, while those of S1 and S2 were 76.55 Pa and 92.71 Pa, respectively. However, this value was lower than the boundary value for the initial yield stress of paste and paste-like backfilling slurries (160–220 Pa) [23,24]. The shear stress increased as the shear rate rose. At low shear rates, the apparent viscosity decreased dramatically, and the relationship between shear stress and shear rate became parabolic, while at medium and high shear rates, the apparent viscosity decreased less significantly and the shear rate–stress curve was close to a straight line, which means that they can all be considered as paste-like. In addition, this also means that the initial yield stress was positively associated with the mass fraction; as the mass fraction increased, the particle numbers on the unit cross-section rose, and the driving force required to make the slurry flow also rose.



(2) It can also be seen from Figure 5 that slurry specimens S1, S2, and S3 all showed the time-varying characteristics of shear thinning phenomena, with viscosity decreasing as the shear rate rose. As the shear rate approached infinity, the apparent viscosity reached the limiting viscosity and became stable. It can be seen from Figure 6 that the apparent viscosity of the three slurry specimens all decreased dramatically within the shear rate range of 0–35 s−1, and then leveled off to the corresponding limiting viscosity. At low shear rates, the relationship between shear stress and shear rate was parabolic, while at medium and high shear rates, the shear stress–rate curve was close to linear, due to a slow decrease in viscosity.





5. Evaluation of Application


5.1. Backfilling System


Backfilling systems are divided into backfill material preparation and storage units, backfill material mixing units, and conveying units.



Generally, deep-cone thickener is used for the storage of tailings in recent years [25], and drained aeolian sand can be stockpiled in horizontal sand silos. The cement is transported by tank car and unloaded into the vertical sand silo. The backfilling water resulting from the clarified water was produced by the sedimentation of tailings, which was transported by the pump and delivered to the mixing tanker. Additionally, the high-seated field pond located at the original backfilling station was considered as an alternate resource meeting an emergency need. The above backfilling materials were stirred in the mixing tanker completely so as to form the paste-like slurry with some qualified mass fraction. Afterwards, it was transported to the goaf through the pipeline based on gravity. The backfilling craft process is shown in Figure 7.


Figure 7. Backfilling craft process: 1—deep-cone thickener; 2—nuclear densimeter; 3—cement storehouse; 4—star feeder; 5—electronic steelyard; 6—spiral feeder; 7—high-seated field pond; 8—electromagnetic flow meter 1; 9—horizontal sand silo; 10—electronic rake; 11—material-stabilization silo; 12—vibrated feeder; 13—belt conveyer; 14—belt weigher; 15—hopper; 16—mixing tank; 17—densimeter; 18—electromagnetic flow meter 2; 19—pipeline; 20—stope (goaf).
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5.2. Evaluation of Application


This cemented backfilling technology of paste-like based on aeolian sand and tailings has been successfully used in “A” mine. The results of the application can be shown as follows:

	(1)

	
The production capacity of “A” mine is 3300 t/d, considering the ore density (3.19 t/m3) and the unbalance coefficient of backfilling (1.1–1.2); the backfilling volume of technology was determined to be about 1200 m3/d. Besides, one-shift shut down was given to the plant in consideration of the time of backfilling preparation and maintenance. Although the total investment of the backfilling system is up to $1,994,200, among which the backfilling slurry only costs $6.13 /m3. The cost of this backfilling technology is only 1/5 of the traditional paste-like backfill system because aeolian sand and tailings are all easy and cheap to obtain.




	(2)

	
About 30,000 m3 dry tailings can be backfilled to stopes underground per year, which saves approximately $40,000 per year in tailings dam costs. Besides, its contribution to environmental protection cannot be calculated.




	(3)

	
Through application evaluation, the backfilling technology has a low accident rate, including pipe blocking, abrasion, and exploding. Additionally, the effect of roof-contacted filling is great, and we can readily tell that the slurry is densely distributed around the stope boundary with the average compress strength of 1.0 MPa (cured for 28 days), which boosts the safety of mining.




	(4)

	
During the progress of practices, an activation mixer was added before the backfilling materials into the mixing tank, as it is difficult for the mixing tank to mix the materials completely.









On the evidence as above, this paste-like backfilling technology based on aeolian sand and tailings is fully feasible and reasonable.





6. Conclusions


To study the possibility of utilizing a mixture of aeolian sand and tailings as a backfilling aggregate, physicochemical evaluation, proportioning test, and rheological evaluation were conducted. From which, some conclusions can be drawn:

	(1)

	
Aeolian sand and tailings are not ideal backfilling aggregates when considered separately. However, the complementarity of their physicochemical properties allows a mixture of aeolian sand and tailings to be used as backfilling aggregate.




	(2)

	
The optimal proportion of aeolian sand content in the aggregate is 25%, at which level the strength of the backfilling body is maximized. We recommend the use of a slurry with mass fraction of 72%–74%, a cement–sand ratio of 1:8, and aeolian sand proportion of 25%.




	(3)

	
Viscometer tests were used to analyze the rheological characteristics, and in optimized proportions, the slurry exhibited shear-thinning phenomena with an initial yield stress, and was confirmed to be paste-like.




	(4)

	
This cemented backfilling technology of paste-like based on aeolian sand and tailings has been successfully used in “A” mine. It can not only provide a profitable and feasible backfilling craft saving a lot of cost, but is also the first remarkable case in China, offering large enrichment to paste-like backfilling research and is of significant value for similar mines. However, when the early strength of the backfilling body and the mass fraction of slurry are both a little bit low, it may be a good approach to include some hardening accelerator and superplasticizer in the mixture.
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