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Abstract: Tailings thickening is the primary link and key technology of 17 

cemented paste backfill (CPB) technology. However, the concentration of 18 

thickened tailings often is substandard because of the unclear of thickening 19 

mechanism. Therefore, this paper inveterated the thickening mechanism based 20 

on the rheological properties of tailings. Firstly, the double yield stress 21 

(compressive and shear yield stress) and concentration evolution under 22 

compression and compression-shear coupling effects were tested, respectively. 23 

And then the correlation analysis between concentration and double yield 24 

stress was carried out. The concentration shows a power function of the double 25 

yield stress, and shear yield stress is a linear function of the compressive yield 26 

stress. It is found that the linear fitting proportional coefficients under the 27 

compression effect are lower than those under the compression-shear coupling 28 

effect. The full compression stress range is divided into the low and high 29 

compression stress ranges and the shear yield stress-compressive yield stress 30 

proportional coefficients in the two compression stress ranges are linearly fitted. 31 

It is found that the proportional coefficients in the low compression stress range 32 

are lower than those in the high compression stress range under the 33 

compression effect, but the opposite results are shown under the compression-34 

shear coupling effect, which shows that the introduction of rake-shearing action 35 

by the compression-shear coupling effect mainly improves the thickening rate 36 

and the thickening effect in the low compression stress range. Moreover, by 37 

introducing the rake-shearing action, the concentration growth ratio also 38 

confirms that the compression-shear coupling effect improves the thickening 39 

effect in the low compression stress range. Furthermore, from the evolution of 40 



floc structure and drainage channels, the thickening mechanism of the 41 

compression effect and compression-shear coupling effect was revealed. The 42 

results are beneficial for obtaining a satisfied underflow concentration in CPB. 43 
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1 Introduction 47 

The mining of metal mines causes many security factors, among which the 48 

tailings ponds and underground goafs are considered as the two major hazards 49 

[1-5]. Cemented paste backfill (CPB) technology is an environmentally friendly, 50 

safe, economical and high-efficient mining method that evenly mixes tailings, 51 

water and cementitious materials into paste slurry and then backfills it into the 52 

underground goafs. This method not only solves the problem of mining safety 53 

caused by underground goafs, but also eliminates the environmental pollution 54 

and land occupation of tailings ponds, and realizes the "one waste cures two 55 

evils" [6-10]. 56 

The process of CPB technology mainly includes tailings thickening, mixing, 57 

pipeline transportation (gravity or pumping), and stope maintenance, in which 58 

tailings thickening is the primary link and key technology. Tailings thickening 59 

thickens the low-concentration tailings slurry from the mill to form high-60 

concentration paste-like underflow. The deep cone thickener (DCT) will output 61 

the high concentration tailings slurry through flocculation, sedimentation, 62 

compaction, and thickening in turn with its high-efficiency treatment capacity 63 

[15-22], and the thickening process of thickened tailings seriously restricts the 64 

throughput and thickening effect. Especially at present, the low ore grade and 65 

the mineral processing technology make the tailings particles processed from 66 

the mill develop in a finer and finer direction, which brings a series of problems 67 

such as difficult flocculation, turbid overflow, difficult thickening, and 68 

substandard concentration, which seriously restricts the development of 69 

thickening technology [23-25]. The concentration is the most important index to 70 

measure the thickening performance. The substandard concentration seriously 71 

affects the backfilling operations, which also harms the stability of the CPB 72 

structure and the backfilling cost. 73 

The low concentration is mainly related to the thickening capacity of the 74 

thickener, and the thickening capacity depends on the thickener structure. The 75 

thickened tailings will show different thickening mechanisms with the different 76 

thickeners, further affecting the concentration. At present, thickeners mainly 77 

include ordinary thickener, high-efficiency thickener, and DCT (also called paste 78 

thickener) [26-29], among which DCT are widely used in CPB systems, and 79 

DCT is developed based on high-efficiency thickener, mainly to increase the 80 

compression stress of the thickened tailings and output higher concentration. 81 

The two most important factors in the DCT that affect the thickening are mud 82 

layer pressure and rake-shearing action. The mud layer pressure inside the 83 

DCT is mainly realized by increasing the mud layer height. The rake-shearing 84 



action promotes the thickening through low-speed shearing effect, and whether 85 

or not the rake-shearing action greatly influences. 86 

The research on the thickening mechanism of thickened tailings mainly focuses 87 

on the influence of mud layer height, rake-shearing rate, and other aspects. Still, 88 

it lacks the research from the angle of internal rheology. Rheology is an 89 

important basic theory of tailings thickening, and rheological properties are 90 

important internal factors of the concentration evolution. Among them, the 91 

thickened tailings of the thickener are under the high mud layer compression 92 

and the rake-shearing action, and it has the properties of compressive 93 

resistance and shearing resistance, showing the rheological properties of 94 

compressive yield stress and shear yield stress [30-37]. 95 

The research on thickening of thickened tailings mainly focuses on settling 96 

column tests and small-scale dynamic thickening simulation experiments [38-97 

41]. These conventional indoor thickening experiments can only obtain 98 

concentration and rheological properties under the condition of low mud layer 99 

compression stress (<1 kPa), which is far from the high mud layer compression 100 

stress (5-100 kPa) of the industrial thickener, and has certain limitations on 101 

thickening mechanism. It is necessary to the thickening mechanism of 102 

thickened tailings with high compression stress. 103 

The thickening process of thickened tailings is essentially a dynamic evolution 104 

process of flocs and drainage channels. A large number of studies have made 105 

micro-analysis (such as Computed Tomography (CT), Scanning Electron 106 

Microscope (SEM), and Focused Beam Reflectance Measurement (FBRM)) on 107 

tailings flocs and drainage channels, among which the theory of floc-shearing 108 

densification is put forward for the evolution of flocs under rake-shearing action 109 

[42-49]. Therefore, it is also necessary to investigate the thickening mechanism 110 

of thickened tailings from the perspective of the evolution of flocs and drainage 111 

channels. 112 

In this study, the concentration and double yield stress evolution in the high 113 

compression stress (0-30 kPa) was tested by a self-developed compression-114 

shear coupling experimental device, and the correlation between concentration 115 

and double yield stress was characterized, respectively. The thickening 116 

mechanism of thickened tailings was analyzed from the double yield stress 117 

relationship, concentration growth ratio, and the microscopic evolution of flocs 118 

and drainage channels.  119 

2 Materials and methods 120 

2.1 Raw materials 121 

2.1.1 Tailings 122 

The tailings used in this study come from a lead-zinc mine. The tailings are 123 

divided into classified tailings and fine-grained tailings by hydrocyclone. The 124 

unclassified tailings are composed of 30 wt% fine-grained tailings and 70 wt% 125 

classified tailings. The influencing factors of different fine-grained tailings 126 

contents are studied by changing the content of fine-grained tailings. Because 127 

the tailings particle size is ultra-fine, the fine-grained tailings and classified 128 



tailings are analyzed by Omec Topsizer laser particle size analyzer [8,10]. The 129 

tailings particle size distribution and characteristic particle size of fine-grained 130 

tailings and classified tailings are shown in Fig. 1. 131 

As can be seen from Figures 1(a) and 1(b), the particle size of fine-grained 132 

tailings is less than 100 μm, the particle size of tailings is in the range of 0.1-60 133 

μm, the proportion less than 10 μm is more than 50 vol%, and the Cc (0.9) is 134 

less than 1, so it belongs to fine-grained tailings. The particle size of classified 135 

tailings is in the range of 1-400 μm, and the proportion of tailings larger than 136 

100 μm is more than 30 vol%, and Cu is less than 5, so it belongs to coarse-137 

grained tailings. 138 
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Fig. 1 Particle size distribution: (a) Fine-grained tailings; (b) Classified tailings 140 

The specific gravity of fine-grained tailings and classified tailings was tested by 141 

the pycnometer method. The specific gravity of fine-grained tailings is 3.063, 142 

and that of classified tailings is 3.008. The porosity and specific surface area of 143 

fine-grained tailings and classified tailings were analyzed. The loose porosity of 144 

fine-grained tailings is 67.14%, the dense porosity is 59.09%, and the specific 145 

surface area is 1405.60 m2·kg-1. The loose porosity of classified tailings is 146 

52.52%, the dense porosity is 40.16%, and the specific surface area is 172.86 147 

m2·kg-1. 148 

X-ray fluorescence (XRF) was used to analyze the main chemical composition 149 

of fine-grained tailings and classified tailings, and the analysis results are 150 

shown in Table 1. Both fine-grained tailings and classified tailings contain high 151 

contents of CaO and MgO, indicating that tailings contain more minerals, such 152 

as dolomite and calcite. 153 

Table 1 Chemical composition of fine-grained tailings and classified tailings 154 

 CaO MgO SiO2 Al2O3 Fe S Zn Pb 

Fine-grained tailings / wt% 38.62 6.63 6.17 2.8 2.29 2.02 1.05 0.96 

Classified tailings / wt% 31.26 12.45 4.68 1.79 2.97 1.25 2.43 1.17 

2.1.2 Flocculant and water 155 

In this study, the flocculants suitable for tailings flocculation and thickening are 156 

selected, which are produced by SNF Company, including a cationic 157 

polyacrylamide (350E), a nonionic polyacrylamide (6003S) and three anionic 158 



polyacrylamides (625S, 645th and 665S). The main difference among the three 159 

polyacrylamides is the different molecular weights, of which 665S is the highest, 160 

followed by 645S and 625S.  161 

The flocculant was selected by settling column experiments. The feeding 162 

concentration of unclassified tailings is 15 wt%, the flocculant dosage is 20 g t-163 
1, and the flocculant dosage is 0.1 wt%. The height of the solid-liquid interface 164 

was recorded and the initial settling rate was obtained (0-60 s solid-liquid 165 

interface height fitted straight line slope). The initial settling rates corresponding 166 

to flocculant types 625S, 645S, 665S, 350E, and 6003S are 2.00 mm·s-1, 2.22 167 

mm·s-1, 1.31 mm·s-1, 1.00 mm·s-1, and 1.34 mm·s-1, respectively. The 168 

concentration of the thickened tailings settled for 24 h was tested. The 169 

concentrations corresponding to 625S, 645S, 665S, 350E and 6003S are 44.40 170 

wt%, 48.54 wt%, 38.61 wt%, 31.99 wt%, and 36.96 wt%, respectively, among 171 

which anionic polyacrylamide 645S has the highest initial settling rate and 172 

concentration, so anionic polyacrylamide 645S is selected as the flocculant 173 

used in the experiments. 174 

The experimental water in this study is filtered tap water in the laboratory, and 175 

its pH is 7.0. 176 

2.2 Experimental methods 177 

These research experiments are divided into three stages, as shown in Fig. 2. 178 

Firstly, the flocculation condition optimization experiment was carried out, then 179 

the dynamic thickening experiment, and finally, the rheological properties and 180 

concentration under the compression and compression-shear coupling effects 181 

were tested. 182 

 183 
Fig. 2 Experimental procedure 184 

2.2.1 Optimization experiment of flocculation conditions 185 

As shown in Fig. 2(a), the mean weighted chord length (MWCL) of flocs in the 186 

flocculation process was tested using this experimental device, and the 187 

sedimentation characteristics were studied to obtain the concentration under 188 

different flocculation conditions. The experiment(a) adopted the Box-Benhnken 189 

Design (BBD) experimental method. Taking tailings feeding concentration, 190 



flocculant solution concentration, shear rate, and shear time as experimental 191 

factors, the tailings feeding concentration range is 10-25 wt%, flocculant 192 

solution concentration range is 1-10 wt‱, shear rate range is 80-400 r·min-1 193 

and shear time range is 30-150 s. The time-ending MWCL and concentration 194 

were taken as the response values to optimize the flocculation conditions, and 195 

there were 29 experimental groups (the experimental scheme is shown in Table 196 

2). The specific experimental process is as follows: 197 

(1) Tailings slurry was prepared according to the experimental scheme in Table 198 

2. The mixer (IKA EUROSTAR 60 digital) was used for shearing at the specified 199 

speed, and then the tailings floc size evolution was tested by FBRM. In this 200 

study, the portable Particle Track G400 testing device was used for data 201 

collection and transformation with iC FBRM software, and the sampling period 202 

was set to 2s to test the tailings floc size evolution within the specified shearing 203 

time. 204 

(2) Put the tailings slurry tested by FBRM into a 1000 ml measuring cylinder for 205 

settling column experiments. After settling for 24 h, test the concentration of 206 

different experimental groups. 207 

The MWCL and concentration corresponding to different experimental groups 208 

shown in Table 2 are finally obtained through the above experiments. The 209 

optimal flocculation conditions are obtained using the “Optimization” function in 210 

Design Expert software, with the maximum concentration and MWCL as the 211 

goals. Finally, the optimal flocculation conditions are as follows: tailings feeding 212 

concentration is 17.05 wt%, flocculant solution concentration is 1.00 wt‱, 213 

shear rate is 166.11 r·min-1, and shear time is 30 s. Under these optimal 214 

conditions, the theoretical concentration is 58.48 wt%, and the MWCL of the 215 

floc is 299.694 μm. 216 

Table 2 Flocculation conditions optimization experimental scheme and results 217 

No. 
TFC 

(wt%) 
FSC 

(wt‱) 
SR (r·min-1) ST (s) MWCL (μm) 

Concentration 
(wt%) 

1 25 5.5 400 90 32.123 35.8254 

2 17.5 1 400 90 106.831 44.0545 

3 17.5 5.5 240 90 236.357 45.1704 

4 10 5.5 400 90 187.602 51.1485 

5 17.5 10 400 90 121.315 43.9588 

6 17.5 10 240 150 202.028 49.4854 

7 10 10 240 90 251.134 59.5803 

8 17.5 5.5 240 90 236.357 45.1742 

9 10 1 240 90 185.378 54.4317 

10 17.5 5.5 240 90 236.357 45.1742 

11 17.5 5.5 400 150 94.608 40.2739 

12 17.5 5.5 80 150 132.971 52.8526 

13 25 5.5 80 90 134.008 43.6431 

14 17.5 5.5 240 90 236.357 45.1742 

15 10 5.5 80 90 128.945 56.0921 

16 17.5 10 80 90 118.342 50.0475 



17 10 5.5 240 150 99.303 54.7166 

18 25 10 240 90 71.185 33.7223 

19 25 5.5 240 150 84.825 36.1826 

20 17.5 1 240 150 144.761 46.4598 

21 17.5 1 80 90 182.309 55.0657 

22 17.5 1 240 30 302.471 56.3792 

23 17.5 10 240 30 226.213 45.2413 

24 10 5.5 240 30 278.657 55.548 

25 17.5 5.5 400 30 209.042 46.2535 

26 17.5 5.5 240 90 236.357 45.1742 

27 25 1 240 90 150.314 47.6158 

28 25 5.5 240 30 195.722 44.9131 

29 17.5 5.5 80 30 207.708 52.3361 

Optimal 
results 

17.05 1.00 166.11 30 299.694 58.4800 

2.2.2 Dynamic thickening experiment 218 

 As shown in Fig. 2(b), a three-stage dynamic flocculation thickening 219 

experimental device was used to carry out the dynamic thickening experiment. 220 

The experimental device consists of a flocculation cup, sedimentation cup and 221 

thickening cup from top to bottom, and the concentration is improved by the 222 

rake shearing at low speed. The device was used to carry out dynamic 223 

thickening experiments under different flocculant dosages and fine-grained 224 

tailings contents to obtain high-concentration underflow and provide raw 225 

materials for rheological properties and concentration tests. Among them, the 226 

flocculant dosage levels are 10, 15, 20, 25, and 30 g t-1, and the fine-grained 227 

tailings content is realized by changing the content of fine-grained tailings, 228 

which is divided into five levels: 10, 20, 30, 40, and 50 wt%. Other experimental 229 

conditions are carried out with the optimal flocculation conditions obtained in 230 

section 2.2.1. The experimental scheme of the dynamic thickening experiment 231 

is shown in Table 3. 232 

Table 3 Experimental scheme of the dynamic thickening experiment 233 

TFC 
(wt%) 

FSC 
(wt‱) 

SR 
(r·min-1) 

ST 
(s) 

Flocculant dosage 
(g t-1) 

Fine-grained tailings 
content (wt%) 

17 1 167 30 20 10, 20, 30, 40, 50 

17 1 167 30 10, 15, 20, 25, 30 30 

2.2.3 Rheological properties and concentration test  234 

The traditional indoor settling column experiment and small-scale dynamic 235 

thickening experiment can only study the thickening behavior of thickened 236 

tailings under low compression stress (<1 kPa) [11,17,19], and there is a lack 237 

of research on rheological properties and concentration of thickened tailings 238 

during thickening under high compression stress and rake-shearing action. 239 

Therefore, in this study, the concentration and rheological properties of 240 

thickened tailings under compression and compression-shear coupling effects 241 

with high compression stress were studied. 242 

As shown in Fig. 2(c), in this experiment, the rheological properties and 243 

concentration tests of thickened tailings obtained by the dynamic thickening 244 



experiment in Fig. 2(b) were tested under the effects of compression and 245 

compression-shear coupling, respectively (Fig. 3), and finally, the compressive 246 

yield stress, shear yield stress and concentration evolution under different 247 

flocculant dosages and fine-grained tailings contents were tested. The main 248 

difference between the compression effect and compression-shear coupling 249 

effect is whether there is a low-speed rake-shearing action. This experiment 250 

also lays a physical foundation for revealing the rake-shearing thickening 251 

mechanism.  252 

(a) Compression effect 253 

 As shown in Fig. 3(a), the compression effect mainly simulates the thickening 254 

behavior of the thickened tailings (high mud layer pressure in the DCT) of the 255 

rakeless DCT. The overlying compression stress of the thickened tailings is 256 

increased by increasing weights. The weights are made of stainless steel, and 257 

the weight sleeve controls the weights to keep the vertical state. Under the 258 

weights, there are bearing plate (acrylic material with holes), filter layer (EPE), 259 

and filter paper (Whatman Grade2 medium-speed), and the gravity of the 260 

weights is equivalent to compressive yield stress. Five pressure levels (C1: 2.55 261 

kPa; C2: 8.66 kPa; C3: 14.78 kPa; C4: 20.89 kPa; C5: 27 kPa), each 262 

compression stress level is applied for 30 min, the seepage water is sucked out 263 

and weighed in time, the concentration of each compression stress level is 264 

calculated, and the shear yield stress corresponding to each compression 265 

stress level is tested by Brookfield R/S plus rheometer (CSR testing method: 266 

0~120 s: 0~120 s-1; 120~240 s: 120~0 s-1).  267 

(b) Compression-shear coupling effect 268 

As shown in Fig. 3(b), the compression-shear coupling effect mainly simulates 269 

the dewatering behavior of the thickened tailings of the DCT with rake-shearing 270 

action. Compression stress is applied to the thickened tailings by the weights, 271 

and rake-shearing action is applied to the tailings slurry by the vane spindle 272 

(VT-40-20) of the rheometer to realize the coupling effect of compression and 273 

rake shearing. The shear rate of the vane is 2 r·min-1, and the compression 274 

stress testing procedure is the same as above. Finally, concentration and 275 

rheological properties can be obtained. 276 



 277 

(a) Compression effect                             (b)Compression-shear coupling effect 278 

Fig. 3 Rheological properties and concentration testing device 279 

3 Results and discussion 280 

3.1 Evolution of concentration and rheological properties 281 

3.1.1 Evolution of concentration and rheological properties with different 282 

flocculant dosages 283 

The concentration-double yield stress evolution under compression effect with 284 

different flocculant dosages is shown in Fig. 4. The concentrations of different 285 

flocculant dosages increase rapidly at first and then slow down with the linear 286 

growth of compressive yield stress, and the growth rate (5.89, 4.68, 4.64, 2.26, 287 

3.83 %·kPa-1) is higher in the low compressive yield stress range (0-2.55 kPa) 288 

than that (0.63, 0.58, 0.62, 0.71, 0.50 %·kPa-1) in the high compressive yield 289 

stress range (2.55-27 kPa). The maximum concentration corresponding to the 290 

maximum compressive yield stress (27 kPa) is 69.47 wt% (flocculant dosage is 291 

10 g t-1). The shear yield stress shows a linear growth trend with increased 292 

compressive yield stress. The maximum shear yield stress is 302.81 Pa 293 

(flocculant dosage is 25 g t-1), and the concentration also shows a trend of rapid 294 

growth at first and then slow with the increase of shear yield stress. 295 
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Fig. 4 Evolution of concentration-double yield stress under compression effect with different 297 

flocculant dosages: (a) 10 g t-1; (b) 15 g t-1; (c) 20 g t-1; (d) 25 g t-1; (e) 30 g t-1 298 

Fig. 5 shows the evolution of the concentration-double yield stress under the 299 

compression-shear coupling effect with different flocculant dosages. The 300 

concentrations of different flocculant dosages increase rapidly at first and then 301 

slow down with the linear growth of compressive yield stress. The growth rate 302 

(6.81, 6.04, 6.59, 4.08, and 5.60 %·kPa-1) is higher in the low compressive yield 303 

stress range than that in the high compressive yield stress range (0.57, 0.57, 304 

0.52, 0.56, 0.44 %·kPa-1). Moreover, the concentration growth rate in the low 305 

compressive yield stress range under compression-shear coupling effect is 306 

higher than that under the compression effect, but in the high compressive yield 307 

stress range, the opposite is true. The maximum concentration is 71.18 wt% 308 

(flocculant dosage is 30 g t-1), and the concentration is greatly improved 309 

compared with the compression effect, which shows that the thickening effect 310 

under the compression-shear coupling effect is better than that under the 311 

compression effect. The shear yield stress shows a linear growth trend with 312 

increased compressive yield stress. The shear yield stress under the 313 

compression-shear coupling effect is greater than that under the compression 314 

effect. The maximum shear yield stress is 349.24 Pa (flocculant dosage is 25 g 315 

t-1), and the maximum shear yield stress is higher than that under compression 316 

effect. With the increase of shear yield stress, the concentration also shows a 317 

trend of rapid growth at first and then slow. 318 
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Fig.  5 Evolution of concentration-double yield stress under compression-shear coupling effect 320 

with different flocculant dosages: (a) 10 g t-1; (b) 15 g t-1; (c) 20 g t-1; (d) 25 g t-1; (e) 30 g t-1 321 

3.1.2 Evolution of concentration and rheological properties with different 322 

fine-grained tailings contents 323 

The evolution of the concentration-double yield stress under compression effect 324 

with different fine-grained tailings contents is shown in Fig. 6. The 325 

concentrations of different fine-grained tailings contents increase rapidly at first 326 

and then slow down with the linear growth of compressive yield stress, and the 327 

growth rate (3.46, 3.21, 4.64, 3.41 and 3.96 %·kPa-1) is higher in the low 328 

compressive yield stress range than that in the high compressive yield stress 329 

range (0.46, 0.52, 0.62, 0.63 and 0.57 %·kPa-1). The maximum concentration 330 

corresponding to different fine-grained tailings content levels is 72.65, 69.86, 331 

67.90, 62.81, and 60.26 wt%, respectively. It can be seen that with the growth 332 

of fine-grained tailings content, the concentration decreases. With the increase 333 

of compressive yield stress, shear yield stress shows a linear growth trend, and 334 

the maximum shear yield stress is 305.07 Pa (fine-grained tailings content is 335 

20 wt%), and the concentration also shows a trend of rapid growth at first and 336 

then slow with the increase of shear yield stress. 337 
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Fig. 6 Evolution of concentration-double yield stress under compression effect with different 339 

fine-grained tailings contents: (a) 10 wt%;(b) 20 wt%;(c) 30 wt%;(d) 40 wt%;(e) 50 wt% 340 

Fig. 7 shows the evolution of the concentration-double yield stress under the 341 

compression-shear coupling effect with different fine-grained tailings contents. 342 

The concentrations of different fine-grained tailings contents increase rapidly at 343 

first and then slow down with the linear growth of compressive yield stress. The 344 

growth rate (4.15, 4.34, 6.59, 5.17, and 5.49 %·kPa-1) in the low compressive 345 

yield stress range is higher than that (0.43, 0.46, 0.52, 0.52 %·kPa-1) in the high 346 

compressive yield stress range. Moreover, the growth rate of concentration in 347 

the low compressive yield stress range under the compression-shear coupling 348 

effect is higher than that under the compression effect, but in the high 349 

compressive yield stress range, the opposite is true. The maximum 350 

concentrations corresponding to different fine-grained tailings contents are 351 

73.71, 71.23, 70.35, 64.71, and 62.99 wt%, respectively. It can be seen that 352 

with the growth of fine-grained tailings content, the concentration decreases, 353 

and the concentration corresponding to different fine-grained tailings contents 354 

under the compression-shear coupling effect is higher than that under 355 

compression effect, which shows that the thickening effect under compression-356 

shear coupling effect is better than that under compression effect. The shear 357 

yield stress shows a linear growth trend with increased compressive yield stress. 358 

The shear yield stress under the compression-shear coupling effect is greater 359 

than that under the compression. The maximum shear yield stress is 336.54 Pa 360 

(fine-grained tailings content is 30 wt%), and the maximum shear yield stress 361 

is higher than that under compression effect (growth ratio: 10.32%). With the 362 

increase of shear yield stress, the concentration also shows a trend of rapid 363 

growth at first and then slow. 364 
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Fig. 7 Evolution of concentration-double yield stress under compression-shear coupling effect 366 

with different fine-grained tailings contents: (a) 10 wt%;(b) 20 wt%;(c) 30 wt%;(d) 40 wt%;(e) 367 

50 wt% 368 

3.2 Correlation analysis 369 

3.2.1 Concentration-shear yield stress 370 

The evolution of concentration and double yield stress in Section 3.1 shows that 371 

the concentration increases rapidly at first and then slowly with the linear growth 372 

of shear yield stress and compressive yield stress. The relationship between 373 

concentration, shear yield stress, and compressive yield stress under the 374 

compression and compression-shear coupling effects with different flocculant 375 

dosages and fine-grained tailings contents was characterized and analyzed, 376 

respectively. It is found that the relationship between concentration and shear 377 

yield stress and compressive yield stress is a power function, and the formulas 378 

are shown in Eq. (1) and Eq. (2). 379 

Flocculant condition

nU m = 
        (1) 380 

Where 𝑈Flocculant condition represents the concentration under different flocculant 381 

conditions, wt%; 𝜏 stands for the shear yield stress, Pa; 𝑚 and 𝑛 represent the 382 

fitting parameters. 383 

Flocculant condition

bU a c= 
             (2) 384 

Where 𝑐 stands for the compressive yield stress, kPa;  𝑎 and 𝑏 represent the 385 

fitting parameters. 386 

Figures 8(a) and 8(b) show the fitting results of concentration-shear yield stress 387 

under compression effect and compression-shear coupling effect with different 388 



flocculant dosages. The relationship between concentration and shear yield 389 

stress conforms to a power function. The R2 values corresponding to each 390 

flocculant dosage level under the compression effect are 0.930, 0.936, 0.959, 391 

0.987, and 0.962, respectively. The R2 values under the compression-shear 392 

coupling effect are 0.967, 0.975, 0.962, 0.997, and 0.999, respectively, 393 

indicating that the fitting results are reliable. 394 
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Fig. 8 Fitting results of concentration-shear yield stress under different flocculant dosages: (a) 396 

Compression effect; (b) Compression-shear coupling effect 397 

Figures 9(a) and 9(b) show the fitting results of concentration-shear yield stress 398 

under the compression and compression-shear coupling effects with different 399 

fine-grained tailings contents. With the growth of fine-grained tailings content, 400 

the overall concentration curves decrease continuously, indicating that high 401 

fine-grained tailings content has an adverse effect on the concentration. The 402 

relationship between concentration and shear yield stress under compression 403 

effect and compression-shear coupling effect is a power function. The fitted R2 404 

values under the compression effect are 0.992, 0.993, 0.959, 0.979, and 0.990, 405 

respectively, and the fitted R2 values under the compression-shear coupling 406 

effect are 0.990, 0.982, 0.962, and 0.990, respectively. Moreover, the fitting 407 

coefficient 𝑚  of the Eq. (1) under the compression and compression-shear 408 

coupling effects decreases with the increase of fine-grained tailings content. 409 

The larger the fitting parameter 𝑚 is, the better the thickening effect is, and the 410 

higher the concentration is. Hence, the concentration fitting curve shown in 411 

Figures 9(a) and 9(b) decreases with the increase of fine-grained tailings 412 

content. 413 
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Fig. 9 Fitting results of concentration-shear yield stress under different fine-grained tailings 415 

contents: (a) Compression effect; (b) Compression-shear coupling effect 416 

3.2.2 Concentration-compressive yield stress 417 

Figures 10(a) and 10(b) show the fitting results of concentration-compressive 418 

yield stress under the compression and compression-shear coupling effects 419 

with different flocculant dosages. It can be seen from the figure that the 420 

relationship between concentration and compressive yield stress is a power 421 

function. The fitted R2 values under the compression effect are 0.986, 0.997, 422 

0.975, 0.994, and 0.993, respectively, and the fitted R2 values under the 423 

compression-shear coupling effect are 0.994, 0.995, 0.992, 0.987, and 0.979, 424 

respectively. 425 
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Fig. 10 Fitting results of concentration-compressive yield stress under different flocculant 427 

dosages: (a) Compression effect; (b) Compression-shear coupling effect 428 

Figures 11(a) and 11(b) show the fitting results of concentration-compressive 429 

yield stress under the compression and compression-shear coupling effects 430 

with different fine-grained tailings contents. With the increase of fine-grained 431 

tailings content, the overall concentration curves move down continuously, 432 

indicating that high fine-grained tailings content has an adverse effect on the 433 

concentration. There is a power function relationship between concentration 434 

and compressive yield stress. The fitted R2 values under the compression effect 435 

are 0.983, 0.986, 0.975, 0.992, and 0.974, respectively, and the fitted R2 values 436 

under the compression-shear coupling effect are 0.960, 0.962, 0.992, and 437 



0.974, respectively. Among them, the coefficient 𝑎 of the fitting Eq.  (2) under 438 

the compression and compression-shear coupling effects decreases with the 439 

increase of fine-grained tailings content, which shows again that the fine-440 

grained tailings content has an adverse influence on the thickening effect, and 441 

the larger the fitting parameters 𝑎 is, the better the thickening effect is and the 442 

higher the concentration is. Therefore, the concentration curve shown in 443 

Figures 11(a) and (b) decreases with the increase of fine-grained tailings 444 

content. 445 
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Fig. 11 Fitting results of concentration-compressive yield stress under different fine-grained 447 

tailings contents: (a) Compression effect; (b) Compression-shear coupling effect 448 

3.2.3 Shear yield stress-compressive yield stress 449 

A lot of research has been carried out to analyze the relationship between shear 450 

yield stress and compressive yield stress. Still, most of the research on 451 

thickened tailings is carried out under low compression stress (< 1 kPa), which 452 

is quite different from the high compression stress in industrial thickeners 453 

[23,29]. Therefore, studying the high compression stress of 0-30 kPa in this 454 

study is of great practical value. From the analysis in Section 3.1, it can be seen 455 

that there is a linear correlation between the shear yield stress and the 456 

compressive yield stress. Linear fitting (Eq. (3)) of shear yield stress-457 

compressive yield stress under the compression and compression-shear 458 

coupling effects was carried out, respectively. 459 

kc p = +          (3) 460 

Where 𝑘 and 𝑝 are the fitting parameters. 461 

Fig. 12 shows the linear fitting results of shear yield stress-compressive yield 462 

stress under the compression and compression-shear coupling effects with 463 

different flocculant dosages. As shown in Fig. 12(a), the linear fitting R2 values 464 

of different flocculant dosage levels under the compression effect are 0.967, 465 

0.962, 0.955, 0.922, and 0.966, respectively. As shown in Fig. 12(b), under the 466 

compression-shear coupling effect, the linear fitting R2 values of different 467 

flocculant dosages are 0.971, 0.952, 0.992, 0.973, and 0.978, respectively. The 468 

fitting effects are reliable.  469 

A comparative analysis was conducted on the proportion coefficients (fitting line 470 



slope 𝑘) of the fitting lines between shear yield stress and compressive yield 471 

stress under compression effect and compression-shear coupling effect, where 472 

the proportion coefficient represents the thickening rate of the thickened tailings. 473 

As shown in Fig. 13, the proportional coefficients of each flocculant dosage level 474 

under the compression effect are smaller than those under the compression-475 

shear coupling effect, indicating that the thickening rate under compression-476 

shear coupling effect is faster and the thickening effect is better, which is 477 

consistent with the fact that the concentration under compression-shear 478 

coupling effect is higher than that under compression effect. 479 
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Fig. 12 Fitting results of shear yield stress-compressive yield stress with different flocculant 481 

dosages: (a) Compression; (b)Compression-shear coupling 482 
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Fig. 13  Comparative analysis of the proportional coefficients of the shear yield stress-484 

compressive yield stress fitting lines under compression and compression-shear coupling 485 

effects with different flocculant dosages 486 

Fig. 14 shows the linear fitting results of shear yield stress-compressive yield 487 

stress under the compression and compression-shear coupling effects with 488 

different fine-grained tailings contents. As shown in Fig. 14(a), the linear fitting 489 

R2 values of different fine-grained tailings contents under the compression 490 

effect are 0.945, 0.908, 0.955, 0.940, and 0.986, respectively. As shown in Fig. 491 



14(b), under the compression-shear coupling effect, the linear fitting R2 values 492 

of different fine-grained tailings contents are 0.913, 0.986, 0.992, 0.940, and 493 

0.992, respectively, and the fitting effects are reliable. The proportional 494 

coefficients of shear yield stress-compressive yield stress fitting lines under 495 

compression and compression-shear coupling effects were compared and 496 

analyzed in Fig. 15. The proportional coefficients of each fine-grained tailings 497 

content level under compression effect are all lower than those under 498 

compression-shear coupling effect, which once again shows that the thickening 499 

rate is faster and the thickening effect is better, and it is also verified that the 500 

concentration under compression-shear coupling effect is higher than that 501 

under compression effect. 502 
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Fig. 14 Fitting results of shear yield stress-compressive yield stress with different fine-grained 504 

tailings contents: (a) Compression effect; (b) Compression-shear coupling effect 505 
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Fig. 15 Comparative analysis of the proportional coefficients of the shear yield stress-507 

compressive yield stress fitting lines under compression and compression-shear coupling 508 

effects with different fine-grained tailings contents 509 

3.3 Thickening mechanism 510 

In this study, the compressive yield stress range of the experiment is divided 511 

into two stages, namely, low compression stress range and high compression 512 

stress range. Among them, the low compression stress range is 0-2.55 kPa, 513 



and the high compression stress range is 8.66-27 kPa. The low compression 514 

stress range is consistent with the compression stress range of the indoor 515 

thickening experiments, and the high compression stress range is consistent 516 

with the high mud layer pressure in the industrial thickeners. The evolution of 517 

shear yield stress and compressive yield stress in low and high compression 518 

stress ranges under the compression and compression-shear coupling effects 519 

with different flocculant dosages and fine-grained tailings contents were fitted, 520 

respectively. The corresponding proportional coefficients of low and high 521 

compression stress ranges are obtained and compared to reveal the thickening 522 

mechanism. 523 

3.3.1 Thickening mechanism under compression 524 

As shown in Figures 16(a) and 16(b), they are the fitting results of low and high 525 

compression stress ranges under the compression effect with different 526 

flocculant dosages and fine-grained tailings contents. It can be seen that the 527 

slopes of the fitting straight lines in the low compression stress range are lower 528 

than that in the high compression stress range, indicating that under 529 

compression effect, the thickening rate in the low compression stress range is 530 

lower than that in the high compression stress range. 531 
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Fig. 16 Comparison of proportional coefficients between low and high compression stress 533 

ranges under compression effect: (a) Flocculant dosage; (b) Fine-grained tailings content. 534 

From the comparative analysis of the proportional coefficients of the low and 535 

the high compression stress ranges shown in Figures 17(a) and 17(b), it can 536 

also be seen that the proportional coefficients of the high compression stress 537 

range corresponding to different flocculant dosages and fine-grained tailings 538 

contents are higher than those in the low compression stress range.  539 
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Fig. 17 Comparison of 𝑘 values between low and high compression stress ranges under 541 

compression effect: (a) Flocculant dosage; (b) Fine-grained tailings content 542 

The thickening process of thickened tailings is accompanied by the evolution of 543 

flocs structure and the drainage channels, which is the important internal 544 

mechanism causing the evolution of double yield stress [43,48]. The evolution 545 

of flocs mainly manifests as their rupture and reconstruction, releasing the 546 

stored water in the flocs [43]. The evolution of drainage channels is mainly 547 

through increasing the connectivity of channels. The water between flocs is 548 

discharged to the solid-liquid separation interface [49-51]. 549 

As shown in Fig. 18, in the initial state of the thickened tailings, the tailings floc 550 

size is the largest, the floc arrangement is disordered, the drainage channels 551 

are in low quantity, the connectivity is low, most of the channels are blocked, 552 

and there is a large amount of water between and inside the flocs, the 553 

concentration and shear yield stress are low. Under the low compression stress 554 

range (Fig. 18(a)), the tailings flocs partially rupture and reconstruct at the top 555 

of the thickened tailings. However, most of the flocs remain in the original state 556 

at the bottom of the thickened tailings. Because there is a large amount of water 557 

between and inside the flocs, the shear resistance is weak, and the shear yield 558 

stress increases slowly. Under the high compression stress range, flocs 559 

undergo large-scale rupture and reconstruction, and flocs are in a disordered 560 

arrangement, drainage channels decrease, channels close, connectivity 561 

decreases, thickening effect is poor, and the shear resistance of thickened 562 

tailings is enhanced due to the decrease of water content between and inside 563 

flocs. Moreover, the growth rate of shear yield stress increases (Fig. 18(c)). 564 



 565 
Fig.  18 Influence of floc structure and drainage channel evolutions on thickening process 566 

3.3.2 Thickening mechanism under compression-shear coupling 567 

As shown in Figures 19(a) and 19(b), they are the fitting results of low and high 568 

compression stress ranges under the compression-shear coupling effect under 569 

different flocculant dosages and fine-grained tailings contents. It can be seen 570 

that the slopes of the fitting straight lines in the low compression stress range 571 

are obviously higher than that in the high compression stress range, indicating 572 

that under the compression-shear coupling effect, the thickening rate in the low 573 

compression stress range is higher than that in the high compression stress 574 

range, thereby improving the overall thickening effect. This also confirms that 575 

the thickening effect of the compression shear coupling effect is better than that 576 

of the compression effect. 577 
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Fig. 19 Comparison of proportional coefficients between low and high compression stress 579 

ranges under compression-shear coupling effect: (a) Flocculant dosage; (b) Fine-grained 580 

tailings content 581 



From the comparative analysis of the proportional coefficients of the low and 582 

the high compression stress ranges shown in Figures 20(a) and 20(b), it can 583 

also be seen that the proportional coefficients of the high compression stress 584 

range corresponding to different flocculant dosages and fine-grained tailings 585 

contents are mostly lower than those in the low compression stress range. It 586 

shows that the thickening rate in the low compression stress range is higher 587 

than that in the high compression stress range. Moreover, the proportion 588 

coefficients in the low compression stress range under the compression-shear 589 

coupling effect are much higher than those under the compression effect, and 590 

the proportion coefficients in the high compression stress range are roughly 591 

similar in both thickening conditions. Corresponding to the proportional 592 

coefficients of shear yield stress-compressive yield stress under the 593 

compression-shear coupling effect (Fig. 12 and Fig. 14), it also shows that the 594 

thickening rate under the compression-shear coupling effect is higher, which 595 

verifies the conclusion that the concentration under compression-shear 596 

coupling effect is higher than that under compression effect.  597 
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Fig. 20 Comparison of 𝑘 values between low and high compression stress ranges under 599 

compression-shear coupling effect: (a) Flocculant dosage; (b) Fine-grained tailings content 600 

As shown in Fig. 18(b), under the compression-shear coupling effect, many 601 

flocs break under the lower compression stress acts on the thickened tailings. 602 

The rake-shearing action will cause flocs to rearrange. Meanwhile, it also 603 

promotes the opening of the drainage channels. The channel size is large, the 604 

connectivity is high, the thickening effect is good, the flocs structure is compact, 605 

and the water between and inside the flocs is discharged with the drainage 606 

channels. Compared with the compression effect, the concentration increases 607 

more rapidly. Due to the large amount of water discharged between and inside 608 

the flocs, the shear resistance is enhanced, and the shear yield stress also 609 

increases fast. In the higher compression stress range, the tailings floc ruptures 610 

and restructures under rake-shearing and finally forms the smallest floc size 611 

and the largest floc quantity. Due to the further discharge of water between flocs, 612 

the structure is compact, the quantity of the drainage channels reduces, the 613 

connectivity decreases, the thickening rate decreases. Furthermore, the shear 614 

resistance changes little, and the shear yield stress increases at a lower rate 615 



(Fig. 18(c)) compared to the low compression stress range. 616 

3.3.3 Comparison of thickening mechanisms between compression and 617 

compression-shear coupling effects 618 

According to the comparative analysis of the proportional coefficients of shear 619 

yield stress-compressive yield stress in the low and high compression stress 620 

ranges in Sections 3.3.1 and 3.3.2, it can be seen that compared with the 621 

compression effect, the compression-shear coupling effect greatly improves the 622 

thickening rate and thickening effect in the low compression stress range by 623 

introducing the rake-shearing action. The concentration growth ratio varies with 624 

different compression stresses. Therefore, the growth ratios of concentration 625 

corresponding to different compression stresses are also an important factor to 626 

measure the thickening mechanism. The thickening mechanism was further 627 

verified by the growth ratio of concentration. The growth ratios of concentration 628 

with different compressive yield stresses under compression and compression-629 

shear coupling effects with varying flocculant dosages of and fine-grained 630 

tailings contents were analyzed, respectively. 631 

According to the growth ratios of concentration, the three-dimensional 632 

distribution diagrams of concentration growth ratio are shown in Figures 21(a) 633 

and 21(b). Under the high compressive yield stress of 8.66, 14.78, 20.89, and 634 

27.00 kPa, there is no significant difference in the growth ratio of concentration, 635 

which is all less than 0.15. The main difference occurs at a low compressive 636 

yield stress of 2.55 kPa. As can be seen from Fig. 21, there is a large difference 637 

between the growth ratio of concentration under the compression-shear 638 

coupling effect and compression effect corresponding to 2.55 kPa, and the 639 

growth ratios of concentration under compression-shear coupling effect are 640 

significantly higher than that under the compression effect. It is verified that the 641 

thickening rate and effect in the low compression stress range are greatly 642 

improved by the introduction of rake-shearing action under the compression-643 

shear coupling effect, and the thickening mechanism that the concentration 644 

under the compression-shear coupling effect is higher than that under the 645 

compression effect is also revealed (Fig. 18(c)). Therefore, it is suggested to 646 

adopt the deep-cone structure with high mud layer pressure and the rake-647 

shearing structure for industrial thickeners. 648 



 649 

Fig.  21 Distribution diagram of concentration growth ratio under compression effect and 650 

compression-shear coupling effect: (a) Flocculant dosage; (b) Fine-grained tailings content 651 

4 Conclusion 652 

In this study, the rheological properties and concentration of thickened tailings 653 

under compression and compressed-shear coupling effects were tested with 654 

different flocculant dosages and fine-grained tailings contents. Concentration-655 

double yield stress correlation analysis, and thickening mechanism analysis 656 

were carried out. The main conclusions are as follows: 657 

(1) The concentration increases rapidly in the low compression stress range 658 

and slowly in the high compression stress range with the linear growth of 659 

compressive yield stress and shear yield stress, and the concentration under 660 

the compression-shear coupling effect is higher than that under the 661 

compression effect. The higher the fine-grained tailings content, the lower the 662 

concentration. The shear yield stress increases linearly with the growth of 663 

compressive yield stress. 664 

(2) There is a power function relationship between concentration and shear 665 

yield stress and compressive yield stress, respectively. The fitting curves under 666 

different fine-grained tailings contents move down with the increase of fine-667 

grained tailings content.  668 

(3) The linear fitting of the relationship under each experimental factor shows 669 

that the proportional coefficients under the compression effect are smaller than 670 

that under the compression-shear coupling effect, indicating that the thickening 671 

rate is higher and the thickening effect is better under the compressor-shear 672 

coupling effect. 673 

(4) The thickening mechanism was analyzed from the perspective of the double 674 

yield stress relationship and evolution of flocs and drainage channels. The 675 

thickening rate in the low compression stress range under compression is 676 

higher than that in the high compression stress range, but under the 677 

compression-shear coupling effect, this phenomenon is the opposite.  678 

(5) The concentration growth ratio shows that the difference of concentration 679 

growth ratio between the compression effect and compressor-shear coupling 680 

effect is mainly concentrated in the low compression stress range of 0-2.55kPa, 681 

indicating that compared with a compression effect, the introduction of rake-682 



shearing action under compression-shear coupling effect mainly increases the 683 

thickening rate in the low compression stress range, and then increases the 684 

overall thickening effect, revealing the thickening mechanism with higher 685 

concentration under the compression-shear coupling effect. 686 
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