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Abstract. Tailings filling technology is an emerging technology of tailings disposal which has outstanding environmental and resource utilization impacts. In engineering, the filling materials generally include slurry and paste. The tailing filling technology will always be influenced by the variation of rheological properties of different forms of materials from the aspects of energy consumption, time and effects, and so on. Therefore, this paper is the first time of this area researches to study slurry and paste as a whole to comprehensively probe the rheological properties of slurry to paste transformation through changing the volume concentrations of three heterogeneous particle materials as coal water slurry, fly ash and red clay. We found that the critical volume concentrations under the experimental conditions were 0.09, 0.39 and 0.45 of coal water slurry, fly ash and red clay, respectively. This research can be as references and technical support to tailings filling technology and pipeline transport development.
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1. INTRODUCTION

Mineral resources exploitation has been gaining intensive attention for the huge demand of energy and resources in this key period of fast economic development in China. Therefore, the problems of mineral resources transport and tailings processing have been widely concerned as a bottleneck restricting the sustainable development of mines. Especially the problems of tailings for it can not only contaminate the environment, but it also poses a serious potential safety hazard. Pipe filling technology for its advantages as energy conservation, environmental protection and efficiency has been rapidly developed in the area of tailing disposal and has broad application. Nevertheless, it is still needs to be improved as a matter of urgency because there are still many knowledge gaps caused by the significant diversity of properties of conveyed materials and the complexity of its application conditions. 
In engineering, these materials can be conveyed in various forms such as homogeneous or heterogeneous slurry and paste. Although the fluid properties of slurry are different from paste, the fact that they are all mixtures of solid particles and fluid in different concentrations also leads to similarities. The researches on the rheological properties of coal water slurry from Dai (2010), Fedir(1987), and Roh(1995) showed that concentration is an important factor. In the research of Huang (2003) , mill tailings as aggregates were used to study the rheological behaviors of  paste-like slurry, and the influences of fine grains content on the properties of paste-like slurry and transition velocity were analyzed as well. The experimental results from Wang (2003) showed that their paste-like slurry was similar to a Bingham plastic body at high concentration through studies of the flow pattern of paste-like slurry and its flow regime in steady flow. The functions of fine particles on water retainment in the paste and on the flow resistance reduction by the lubrication layer formed on the pipe wall were probed by Kesimal(2003). Therefore, slurry and paste still have not been studied as a whole in the existing body of literature. Meanwhile, the critical conditions and the internal mechanism of slurry transfers to paste are still uncertain. In this paper, we discuss the critical conditions of from slurry to paste and analyse the internal mechanism based on existing experimental data and advances. 
2. MATERIALS AND METHODS
In this paper, a riser type viscometer (Fig. 1) was used to do researches on the relationship analysis between shear stress and shear rate of coal water slurry, fly ash and red clay with proportions of  1.8, 2.3, 3.2 t/m3, respectively. The particle size distribution was measured by a laser particle analyzer as presented in Figure 2. 

Based on the rheological properties measured under the condition of stress-driven flow, a rheology experiment was carried out and the relationship between shear stress and shear rate, which can be used to judge the rheological properties of slurry was probed according to the stress on steady fluid micelles and the friction force produced by fluid micelles, both of which meet the mechanics equilibrium relationship.
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Fig. 1 Schematic sketch of the rheological properties experiment
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(a) coal-water slurry;  (b) fly ash ;  (c) red clay
Fig. 2  Size distributions of the three kinds of materials
3. RESULTS AND ANALYSIS

3.1. FLOW PATTERN JUDGMENT
Figure 3 describes the relationship between shear rate and shear stress for a coal water slurry, fly ash and red clay of different volume concentrations. It obviously shows that the rheology curves are straight lines with intercepts on the shear stress axis when the pipe diameter is defined, agreeing with the characteristics of a Bingham body.  Based on the regression analysis of data from the shear rate and shear stress experiments, it can be concluded that the slope of the line is defined as viscosity coefficient 
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 and 3/4 times of the intercept as yield stress
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(a) Coal-Water Slurry,

   (b) Fly Ash,  (c) Red Clay
Fig. 3 The relationship between shear rate and shear stress of the three materials
3.2 EFFECT FACTORS OF THE RHEOLOGICAL PARAMETER
In Figure 4, there are obvious turning points on the rising lines of the viscosity coefficients and the yield stresses with the volume concentrations, before which the viscosity coefficients and the yield stresses rise slowly, but grow sharply after this point. These points are defined as the critical volume concentrations (critical concentration for short), which are 45%,  39% and  9.0% of coal water slurry, fly ash and red clay , respectively.
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(a) Coal-Water Slurry;  (b) Fly Ash;
(c) Red Clay

Fig.4 Variation rule of rheological parameters of the three materials
3.3 EFFECT FACTORS OF THE CRITICAL CONCENTRRATION

The change laws of volume concentration along with the settling time of different initial volume concentrations can be found from Figure 5.
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(a) Coal-Water Slurry, (b) Fly Ash,

 (c) Red Clay
Fig.5 Change rules of equal liquid level settlement of different materials
For the same material of series initial concentrations, it is very clear that there are also critical concentrations, lower than which the increasing rate of the volume concentration is larger, but smaller if over this point and the higher the initial concentration is, the smaller the changing rate of the volume concentration, even close to 0. It can be explained as that because the particles distances are large of a small amount of particles, free water in the slurry is abundant and can discharge rapidly. But if the concentration is higher than the critical point, the distances between particles decreases as the amount of particles increase, more free water forms water film on the particle surfaces and limits free water discharge. It even will become closed water in the particles gap  around the limitation concentration.

In this study, we introduced a concept of Settling Concentration (
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). It is defined as the concentration when particles finish the settling process in a liquid carrier. In the settling process, particles distances decrease with time, but they are larger before this settling concentration, while, if after this point, the particles friction and collision function become more acutely, and particles are in the dense packing process. In Figure 5,  
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s of coal water slurry and fly ash are 52% and 49.6%, respectively, and are reached between the second and the fourth hour. However, there is no settling concentration of red clay. The relationship between critical concentration and settling concentration is showed in Table 1.
Table 1

Relationship between critical and deposition concentrations of different materials
	Type
	Material
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	Cohesive particle
	Red clay
	17.04
	9
	-
	-

	Non-cohesive particle
	Fly ash
Coal water slurry
	36.14
198.5
	39
45
	49.6
52
	78.6
86.5


5.4 FORMATION MECHANISM ANALYSIS OF THE CRITICAL CONCENTRATION

Physical and chemical properties of particle surface, particle shape, particle distance, and direct contact and interact friction among particles, and so on, are important factors determine the viscosity and yield stress. As the smaller the grain size is, the larger the specific surface area it has, it is easier to form an electrical double layer structure and an adsorption water film on its surface. At the same time, compare to the attractive force between particles, the impact of gravity is weaker and less important. So, in the slurry, the electrical double layer structure and water film will be the significant effect factors of the particles attraction or dispersion. And for the attractive force increases in high order and much more rapidly than the expulsive force(Zhang,1990), therefore, there is a critical point in the slurry concentration growth, below which the particles distances are larger and the repulsive force acts as the main function, the rheological parameters changes slowly. As inter-particle distances reduce, above the critical point, the closer the concentration to the settling concentration, the more quickly the attractive force rises. And the collision and friction function of particles become more acute, with a larger rheological parameter changing rate. 

Meanwhile, water proportion and particles interact function are also important factors to rheological properties (Ping,2005; Acikalin,2005). In low concentration, viscosity increase is relatively small for rich free water and large particles effect distances. With the concentration increase, the amount of grains increases and the particles distances decrease, part of the free water forms water films through soaking the particles surfaces, and part of it become space water, both leading to a sharp decrease of free water. Then, it gradually approaches to the settling concentration.

From Figure 5 and Table 1, the experimental materials can be divided into two kinds as following,     Materials with extremely small particle size is the first kind, as the viscous material red clay. If 
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, the volume concentration rapidly increased in curve in 0.3 hours, but in line after this time. If 
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, the curvature of the curve decreases and tends to be a straight line.  And the higher the initial concentration , the smaller the slope of the line. The material appears to be a paste state. From above we can find that the particle size of red clay is extremely small, the double electronic structure and water film on particles surfaces netted structure of flocculent can form among particles. As viscosity coefficient and yield stress are impacted by this structure that always in the dynamic balance of destruction and formation in the slurry transport, thus, the change of viscosity coefficient and yield stress are relatively small when the slurry concentration is low for the rich free water and small particle amount leading to a weak network structure of flocculent of which the destruction rate is larger than formation. By contrast, if the slurry concentration increases, particles amount increases and distances decrease, free water turns to be water film and space water, the formation function of network structure of flocculent is much quicker than destruction and more stable for the enhancement of particle attractive forces. Thus, the viscosity coefficient and yield stress are dramatically increased.

The second is materials with larger particle size, such as coal water slurry and fly ash in our research, show a certain of non-cohesive property. When the critical concentration is 0.8~0.9 times of the settling concentration represents the frequent of particles direct contact, friction and collision, the variation of the rheological parameters change dramatically because the closer the critical concentration to the settling concentration, particles contact friction and collision are more frequent, and the viscosity coefficient and yield stress that determined by the degree of friction and collision are larger. To coal water slurry and fly ash, if 
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, particle distance is larger and free water is more abundant than the condition of 
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, particles direct friction and collision function is extremely weak in the movement and free water acts as lubricant in this process, the viscosity coefficient and yield stress change less evidently. It is in the slurry state. By contrast, particles can more directly make contact with each other if 
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that leads to enhanced friction and collision, free water transfers to water film and space water reduces its lubricant function, then the viscosity coefficient and yield stress rapidly increase.

4. CONCLUSIONS

(1) Cohesive and non-cohesive particles are defined by the average particle size smaller (cohesive) or larger (non-cohesive) than 0.01 mm. Their rheological parameters respectively lie on the stability of the network structure of the flocculent and the frequency and degree of friction and collision among particles. 


(2) The equal liquid level settling experiment revealed that, different from cohesive grains, there is a settling concentration for non-cohesive particles. With the increase of particles distances the amount of free water will be increased before the concentration rises up to the settling concentration. In this process, the volume concentration always changes with time in a curve and rapidly grows up to the settling concentration, of which the state of the material is slurry. In contrast, if it is higher than the settling concentration, the volume concentration will rise linearly with time with an extremely small changing rate. Particles make direct contact with each other, space water increases and the friction and collision function of particles will be enhanced as well. In this condition, the material is in a paste state. 

(3) Particles cohesive forces (attractive and repulsive forces) and free water proportion are the two factors affecting the critical concentration formation. Repulsive force is the main function when below the critical concentration, with an abundant free water and relatively small change in rheological parameters. In contrast, when above the critical point, the attractive force will assume the main role and free water becomes less important as the distance between particles decreases. The rheological parameters will increase steeply. 
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