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1. Introduction 
 

Tailings are the beneficiation remnants that contain low 

target components and not suitable for further separation. 

There are differences in the particle shape and particle 

gradation of tailings prepared under different mineral 

processing procedures. More and more fine particles 

accumulate in tailings dams with the increase in demand for 

mineral products and improved beneficiation technology. 

The number of tailings dams is limited due to national 

policy and environmental protection, so the existing tailings 

dams will be higher. Fine-particle and high-stacked dams 

are popular in the future. The study on the effect of void 

ratio and particle breakage on saturated hydraulic 

conductivity of tailing materials is necessary. 

Fine-particle tailings have poor permeability and strong 

water holding capacity, which makes it difficult to dam such 

tailings (Horpibulsuk et al. 2011). Some papers have 

adopted new damming techniques such as the flocculants 

method, geofabriform method or reinforcement method to 

enhance the stability of the dams in order to overcome the 

challenges of fine-particle dams (Courtney et al. 2017, 

Robert 2000, Kim et al. 2019, Wang et al. 2020). Hydraulic 

conductivity is one of the most important and valuable  
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parameters in studying fine-particle dams (Tavenas et al. 

1983). Many researches have shown that hydraulic 

conductivity depends on a long list of parameters, such as 

porosity, clay content, fluid type, pore pressure and pore 

geometry (Lambe and Whitman 1969, Hilfer 1991, Bernabé 

2010, Jang et al. 2011). These parameters are all discussed 

to make our research more comprehensive. In spite of the 

complexity, numerous researchers have suggested 

expressions for the hydraulic conductivity of soils (Kozeny 

1927, Carman 1937, Taylor 1948, Mesri and Olson 1971, 

Samarasinghe et al. 1982). The applicability of these 

expressions to tailings (artificial sand) is worth discussing. 

The relationship between hydraulic conductivity and void 

ratio based on sandy soil is not suitable for clayey soil due 

to electrochemical reactions (such as the K-C equation). 

Taylor (1948) showed the inapplicability of fine-particle 

soil of such relations for due to the surface properties of the 

particles and the presence of ineffective pores. Many 

hydraulic conductivity-void ratio expressions also have 

been proposed for fine-particle soil. Ineffective pores 

mainly affect hydraulic conductivity from three aspects: 

geometric characteristics of pores and particles, the salinity 

of flow, and cation exchange capacity of minerals. 

Sedimentary separation by particle size occurs when the 

tailings slurry flows on the dry beach, and a fine-particle 

interlayer “lens” can be formed (Gomes et al. 2017). In this 

paper, the concept of effective void ratio and breakage 

index are introduced to propose a prediction of hydraulic 

conductivity in tailing dams. 

Fig. 1 shows a diagram of a tailings deposition. The 

tailings at the bottom are subject to a large and increasing  
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Fig. 1 Profile of tailings deposition 
 
 

consolidation pressure as the dam height increases (James et 

al. 2011). For high-stacked tailings, the bottom stress can 

reach 4.4 MPa (take the dam height of 200 m and the 

average weight of 22 kN/m3 as an example). The bottom 

tailings should be subject to a high consolidation pressure. 

The tailings particle breakage under high pressure can not 

be negligible. Our previous work studied the mechanical 

properties of tailings under high pressure within a confining 

pressure of 5 MPa (Zhang et al. 2020), which showed that 

the breakage of tailings particles under high pressure is not 

negligible. An experimental study on the hydraulic 

conductivity of tailings with different particle sizes under 

high consolidation pressure is conducted by the self-

developed “High-stress Permeability and Consolidation 

Apparatus”. The concept of breakage index and effective 

void ratio are introduced to modify the hydraulic 

conductivity equation and provide a theoretical basis for the 

construction of high tailing dams. 

The aim of this paper is to study the water film and 

mineral composition of particles with different particle sizes 

because the particle size is one of the factors that affect 

hydraulic conductivity. The gradation curves after high-

pressure consolidation are analyzed because the gradation 

curves are essential parameters for the breakage index. The 

qualitative and quantitative analyses of hydraulic 

conductivity under the effect of particle size and high 

consolidation pressure were carried out. Finally, the 

effective void ratio and breakage index are introduced to 

predict of hydraulic conductivity of tailings. 
 

 

2. Materials and methods 
 

2.1 Materials 
 

Tailings materials used in the tests were acquired from 

the No. 4 dam of Dexing Copper Mine of Jiangxi Copper 

Group, China. The tailings dam is currently the largest 

tailings dam in Asia, with a design height of 208 m, and is a 

typical high-stacked tailings dam. It is almost impossible to 

obtain an undisturbed sample from the bottom of such a 

high tailing dam. Therefore, the remodeled tailings samples 

with different particle sizes were employed to study the 

compression and consolidation behavior of tailings under 

high pressure. The remodeled samples collected on site are 

dried in an oven (at 105°C) for 24 hours and passed through 

the target sieves. The Dmax of the target sieves is 2 mm, 0.2 

mm, 0.075 mm and 0.035 mm respectively. The four 

samples are marked as S20, S02, S_75, S_35 respectively. 

The tailings with an upper particle size limit of 0.035 mm 

are separated by an air classifier. The particles are separated  

Table 1 Physical properties of samples 

Sample S20 S02 S_75 S_35 

Specific gravity Gs 2.87 2.85 2.82 2.78 

Dry density ρd (g/cm3) 1.6 

Initial void ratio e0 0.794 0.781 0.763 0.738 

Initial specific volume 

v 
0.625 

Liquid limit ωl (%)   28.8 40.4 

Plastic limit ωp (%)   16.9 20.1 

Plastic index Ip   11.9 20.3 

d10 (mm) 0.02 0.009 0.006 0.003 

d30 (mm) 0.093 0.035 0.013 0.008 

d50 (mm) 0.141 0.076 0.023 0.011 

d60 (mm) 0.173 0.091 0.035 0.013 

d90 (mm) 0.370 0.166 0.067 0.028 

Cu
* 7.5 10.1 5.8 4.3 

Cc
** 2.2 1.5 0.8 1.6 

%Fine(<35m) 12 30 60 92 

*Cu=d60/d10 (coefficient of uniformity) 

**Cc=(d30)2/(d10×d60)(coefficient of curvature) 
 

 

into two piles by the fan of the air classifier. The frequency 

of the fan was adjusted with the laser particle size analyzer 

to reach the target particle size limit value. The gradation 

curves of the four tailings are discussed in detail in the 

Section 2.2, and physical properties of the four tailings 

samples are shown in Table 1. The four tailing samples are 

classified as sandy tailings, silty tailings, silty-clayey 

tailings, clayey tailings respectively (ASTM, 2017). The 

Dmax of sample S20 is selected as 2 mm because the particle 

size of the original tailings sample does not exceed 2 mm, 

and the Dmax of sample S_75 is selected as 0.075 mm 

because 0.075 mm is the critical value for fine and coarse 

particles. The other two values are inserted so that the four 

tailings samples belong to four different stickiness types. 

 

2.2 High-stress permeability and consolidation 
apparatus  

 

Fig. 2 presents the self-developed “High-stress 
Permeability and Consolidation Apparatus”. The apparatus 

consists of a high-stress loading frame, a permeability cell, 

a control system and pressure sensors. The maximum axial 

consolidation load is 50 kN. The maximum pressure of 1.7 

MPa can be supplied to the permeability cell by water 

exchange tanks. The maximum axial displacement is 100 

mm. Permeability tests, consolidation tests and conjoined 

consolidation permeability tests can be performed in the 

apparatus. The maximum consolidation pressure can reach 

15 MPa. The diameter of the specimen is 63.5 mm, and its 

height is 20 mm. The consolidation pressure is provided by 

the axial pressure p1, and the water head is provided by the 

difference between the back pressure and the base pressure 

(∆p = p2 - p3). The prepared cutting ring samples are put into 

the permeability cell. The air expel hole is opened first to 

ensure that the permeability cell was filled with water.  
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When the permeability cell is filled with distilled water the 

air expel hole is closed. The samples are compressed by the 

reaction force generated by the loading frame. The axial 

displacement is monitored by the displacement system in 

real time, and consolidation pressure is monitored by the 

axial pressure sensor in real time. The water in the 

permeability cell can be injected into the top of the sample 

and then flows into the water exchange tanks from the small 

hole at the bottom of the sample. The flow volume and 

pressure are displayed in real time. A structural diagram and 

the real product are shown in Fig. 2. 

1) Consolidation tests: First, axial pressure p1 and back 

pressure p2 are applied together. p1 was slightly larger than 

p2, to ensure that there was a minor effective stress in the 

soil to prevent soil expansion. The difference between the 

axial pressure p1 and the back pressure p2 was kept 

constant, p1 and p2 were gradually increased to remove the 

air from the sample. When the bottom pore pressure 

increment ∆u reached more than 93% of the back pressure 

increment ∆p2, the samples are considered as saturated. 

Then the consolidation tests were carried out by applying 

axial pressure p1. Consolidation pressure is displayed on the 

computer terminal in real-time through the data collection 

system. 2) Permeability tests: The axial pressure p1 was 

kept constant after each stage of consolidation. The valves 

on the seepage path were opened, and the water head was 

provided by the water exchange tank 1 and the water 

exchange tank 2. The principle of the permeability tests 

under the consolidation pressure are shown on the left in 

Fig. 2. 3) Conjoined consolidation permeability tests: After 

consolidation was completed at each stage of consolidation 

pressure (p1 – p2), p2 = p3, and the effective stress in the 

samples are equal to the consolidation pressure. p1 was kept 

constant, p2 and p3 were set to conduct a permeability test to 

measure the hydraulic conductivity at this stage of 

consolidation. The consolidation tests were carried out after 

the samples were saturated, and the consolidation time was 

24 h. The consolidation pressure was kept constant after the 

consolidation tests. The constant head permeability tests 

were carried out with the experiment duration was 1 h. 

 

 

2.3 Test methods 
 

Conjoined consolidation permeability tests were 

conducted under different consolidation pressures on 

samples S20, S02, S_75, S_35. All samples were prepared 

by the same procedure using the wet method because the 

sample structure is affected little by different sample 

preparation methods (wet, dry, or slurry) (Payan et al. 

2016). To ensure uniformity, a small amount of distilled 

water was added to the tailings material in the containers 

(when the particle size is small, the added water is sprayed), 

and mixed in evenly. To ensure uniform mixing of the 

prepared tailings, the specimens were covered with plastic 

wrap 24 hours. The specimens were tamped in layers, and 

statically compacted with a compaction rate of 0.3 mm/min. 

The samples were finally shaped into a cylindrical sample 

with a diameter of 63.5 mm and a height of 20 mm, and a 

dry density of 1.6 g/cm3.The specimens were then put into 

the container, covered with a porous stone and an upper-

pressure plate. A pre-load was set of 0.01 kN to make sure 

the specimen is docked. 

The consolidation pressures were set to 0.05 MPa, 0.1 

MPa, 0.2 MPa, 0.4 MPa, 0.8 MPa, 1.2 MPa, 2 MPa, 3 MPa, 

4 MPa, and 5 MPa, respectively. The loading rate (∆p/p) 

was designed to be 1 when the consolidation stress is less 

than 1 MPa. When the consolidation stress is greater than 1 

MPa, the soil structure will be easily damaged in the load-

increasing stage if the rate of 1 continues to be loaded. In 

order to get more data points and protect the sample 

structure during the high-pressure stage, the loading 

increment was set to 1 MPa. Tailings dams higher than 100 

m are defined as high-stacked dams in some studies. When 

the height of the tailings sub-dam reaches 100 m, the 

mechanical response of deep tailings and surface tailings 

shows a large difference (Glotov et al. 2018). The tailings 

particle breakage under high pressure can not be negligible 

(Zhang et al. 2020), since it will result in a nonlinear 

increase in strength parameters. Nevertheless, so far, only a 

few mechanical tests of tailings under pressures above 2 

MPa have been reported, and most of these studies have  

 
 

(a) Structural diagram (b) Real product 

Fig. 2 High-stress permeability and consolidation apparatus 
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focused on the strength parameters. The consolidation time 

at each stage is maintained for 24 h. Five permeability tests 

were carried out with different heights of water head after 

each stage of consolidation. The final hydraulic 

conductivity is the average of the five values. The water 

head is the difference between back pressure and base 

pressure Δp. The water inside the samples is in a downward 

and steady flow. The duration of each permeability test is 1 

h. 

 

 

3. Results and discussion 
 

3.1 Permeability analysis 
 

3.1.1 Seepage pattern 
The hydraulic conductivities are shown in Fig. 3(a). 

With the increase of consolidation pressure, the hydraulic 

conductivity can be divided into three stages: (1) Unstable 

stage: When the consolidation pressure is low, the hydraulic 

conductivity changes irregularly due to the fact that the 

pores are loose and large. When the samples are subjected 

to consolidation pressure, the particles rearrange. The 

seepage channel then is easy to change. The unstable stage 

becomes shorter as the particle sizes decrease. (2) Rapid 

decrease stage: The hydraulic conductivity decreases 

rapidly as the consolidation pressure increases. This is 

because the sample is compacted as the consolidation 

pressure increases. The macropore seepage channel is fixed 

and shrinks with the increase of consolidation pressure. (3) 

Slow decrease stage: The hydraulic conductivity decreases 

slowly as the consolidation pressure increases further. When 

the particle size is large, the coarse particles contact each 

other, and the seepage channels remain  basically 

unchanged. Fine particles were generated due to the 

breakage of coarse particles under high consolidation 

pressure. The change in hydraulic conductivity was slightly 

reduced by fine-particle blockage of the seepage channel. 

(Zhang et al. 2020). The three-stage properties of the 

hydraulic conductivity caused by the change of the seepage 

channel are called the channel flow. The hydraulic 

conductivity of channel flow is determined by a few large 

pore paths, while the hydraulic conductivity of scattered  

 

 

Fig. 4 Relationship between rate of change of hydraulic 

conductivity and consolidation pressure 
 

 

flow is determined by many small pore paths. In the case of 
fine particles, the macropore seepage channel is closed due 
to the high viscosity of fine particles and the high 
consolidation pressure. The seepage pattern changes from 
channel flow to scattered flow (Erzsébet et al. 2019).  

Fig. 3(b) shows SEM images that have been binarized 
after conjoined consolidation permeability tests with a 
maximum consolidation pressure of 5 MPa (for the 
binarization method see Ulusoy et al. 2003). The white 
areas represent solid particles, and the black areas represent 
pores. V represents the vertical section, and H represents the 
horizontal section. The images of S20 and S02 are 
magnified 200 times, and the images of S_75 and S_35 are 
magnified 800 times. The pores of S20 and S02 in the V 
section are obvious directional, The seepage channels are 
obvious (red lines)，and the pores are also obvious on the 
corresponding H section (red circles). The seepage channel 
is not obvious in S_75 and S_35. These observations verify 
that the seepage pattern in tailings with large particle size is 
channel flow, and the seepage pattern in tailings with small 
particle size is scattered flow. 

To study the blocking effect of consolidation pressure on 

water in tailings of different particle sizes, parameter Rk is 

defined to characterize the degree of change in hydraulic 

conductivity: 
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Fig. 5 One-dimensional compression characteristics of 

tailings samples 

 

 

Fig. 6 Relationships between hydraulic conductivity and 

differential water head (400 kPa consolidation pressure) 
 

 

where kn is the hydraulic conductivity under a certain 

consolidation pressure, and kn-1 is the hydraulic conductivity 

under the previous consolidation pressure. When n = 0, Rk = 

0, and the curves are shown in Fig. 4. It can be seen that 

after the consolidation stress reaches 400 kPa, different 

tailings samples tend to display similar change in hydraulic 

conductivity. When the consolidation pressure reaches 5 

MPa, the Rk of different tailings samples is approximately 

equal to -0.23. High consolidation pressure can eliminate 

the influence of particle sizes on the change rate of the 

hydraulic conductivity of tailings.  

 

3.1.2 Fabric analysis 

Fig. 5 presents the v - sv curves for different particle 

sizes, where v is the specific volume (the reciprocal of the 

dry density, used to measure the volume change in 

compression tests) (Coop, 2015). When the initial specific 

volume is constant, the curves of S20 and S_35 are 

normalized to the same NCL (normal compression line), 

and the NCLs of S02 and S_75 are also normalized to a 

unified trend. However, a unique NCL cannot be obtained 

even when the consolidation stress reaches 5 MPa (a stress 

magnitude that is difficult to achieve on site). The 

difference in a specific volume at 5 MPa is 0.045, larger 

than the specific volume accuracy of approximately ± 0.02 

calculated by different methods (Rocchi and Coop, 2014). 

Therefore, the one-dimensional non-convergent 

compression characteristics of tailings samples with 

different particle sizes are significant when the 

consolidation pressure is 5 MPa. NCLs tend to converge 

under higher consolidation pressures. This is consistent with 

the conclusion of Li et al. (2018). S02 showed the best 

compression performance, S20 and S_35 showed the worst 

compression performance. 

 

3.1.3 Effect of water head on hydraulic conductivity 
The hydraulic conductivities under different water heads 

are shown in Fig. 6. The hydraulic conductivities at 400 kPa 

consolidation pressure are taken as an example.  

1) The hydraulic conductivities of S20 decrease with the 

increase of water head. 2) The hydraulic conductivities of 

S02 increase with the increase of water head. 3) The 

hydraulic conductivities of S_75 increase significantly with 

the increase of water head. When the water head is 5 kPa, 

the hydraulic conductivity is almost 0, which indicates S_75 

has an obvious initial hydraulic gradient. 4) The hydraulic 

conductivities of S_35 are almost constant with the increase 

of water head. The hydraulic conductivity changes after the 

circulating water head show the hysteresis, which can be 

observed in both S20 and S02. Hysteresis is also found in 

the study of Gerard et al. (2019) of the permeability of 

saturated clay and hysteresis decreases with the increase of 

consolidation pressure. This hysteresis is different from 

hysteresis effects oberserved in hydraulic conductiviy 

versus suction and soil water characteristic curves related to 

unsaturated soils (Khoshghalb et al. 2014, Pasha et al. 

2017). Fig. 6 shows that hysteresis is a unique phenomenon 

of channel flow (see section 3.1.1). After through higher 

water head, the specimens will undergo irreversible 

deformation. A detailed discussion is given later in this 

section. 

Discussions on the change of hydraulic conductivity 

caused by increasing water head: The hydraulic 

conductivity of coarse-particle tailings decreases with the 

increases of the water head. When the content of fine 

particles increases, the hydraulic conductivity increases 

with the increase of the water head. The viscosity of the 

samples is enhanced due to the increase in the content of 

fine particles. The water in the tailings can be easily bound 

by the particles under a small head. The hydraulic 

conductivities of the ultra-fine sample S_35 remained 

constant, which may be related to the large pores caused by 

the similar particle size. Fig. 7 shows the XRD test results. 

Dexing tailings are composed mainly of quartz, illite, 

chlorite, albite and other minerals (including a small 

amount of calcite, dolomite, metallic minerals, etc.), and ωq, 

ωi, ωc, ωa and ωo represent their mass fractions respectively. 

The coarse-particle tailings contain a higher mass fraction 

of quartz (non-clay minerals), and fine-particle tailings 

contain higher mass fractions of illite (clay minerals). From 

the perspective of mineral composition, the content of clay 

minerals of tailings increases as the content of fine tailings 

increases. The larger the fine particle content, the more 

obvious the increase of hydraulic conductivity with the 

increase of water head. 
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Fig. 7 The mass fraction of different minerals in tailings 

 

 

Fig. 8 Relationships between hysteresis coefficient Hk 

with consolidation pressure 

 

 

Discussion on the effect of circulating water head on the 

change of hydraulic conductivity: S20 and S02 showed 

obvious hysteresis at a low water head of 5 kPa. The 

hydraulic conductivity of S20 at ∆p = 5 kPa increases after 

the cyclic water head, and the hydraulic conductivity of S02 

at ∆p = 5 kPa decreased after the cyclic water head. The 

former is due to the irreversible widening of the seepage 

channel caused by the larger water head. The latter is due to 

the good compressibility of S02 (see Fig. 5), less 

irreversible deformation but greater disturbance (Blackwell 

et al. 1990). 

In order to quantitatively analyze the influence of head 

on the hydraulic conductivity, the hysteresis coefficient Hk 

is defined.  

 

(2) 

where kv is the hydraulic conductivity under a certain water 

head, and kv’ is the hydraulic conductivity under the same 

water head after the cyclic water head. The parameter Hk 

eliminates the influence of the initial hydraulic conductivity 

and describes the influence of the hydraulic conductivity on  

 

Fig. 9 Grading curves of all the samples 

 

 

the head paths of different samples. Hk > 0 represents the 

anticlockwise head pressure paths (as shown for sample 20 

in Fig. 6, the hydraulic conductivity increases after the 

cyclic water head), Hk < 0 represents the clockwise head 

pressure paths (as shown in S02 in Fig. 6, the hydraulic 

conductivity decreases after the cyclic water head). It can be 

seen from Fig. 8 that when the particle size is small, the 

tailings sample takes the clockwise osmotic pressure path. 

When the initial head is 5 kPa, the data is obviously 

abnormal because ∆p0 = 5 kPa has not reached the initial 

hydraulic gradient of sample S_75; The smaller the initial 

head ∆p0, the farther the values of Hk are from the Hk = 0 

axis. Increasing the initial head weakened the hysteresis. 

The strong water holding capacity of viscous tailings makes 

the samples compact and not easily disturbed (Gerard et al. 

2019). Hk tends to decrease overall as the consolidation 

pressure increases to 5 MPa. The high consolidation 

pressure increases the compressibility of the sample, which 

reflects that the particle breakage under high consolidation 

pressure has an impact on the hydraulic conductivity. 
 

3.2 Particle size analysis 
 

S20 to S_35 are the samples for high-stress conjoined 

consolidation permeability tests, and S20L to S_35L are the 

samples after high-stress conjoined consolidation 

permeability tests. Fig. 9 presents the grading curves of the 

tailings. The Cu of S20 is higher than 5 and the Cc is 

between 1 and 3, so S20 is considered well-graded. Due to 

the lack of large particles, the gradation of S02, S_75, S_35 

is getting worse than S20. S_75 and S_35 are considered as 

poorly graded (see Table 1). In the same figure, the results 

for S20L to S_35L after high-stress conjoined consolidation 

permeability tests are also given for comparison. Particle 

breakage is obvious. 

Particle breakage is due to different particle size 

distribution and mineral composition, which affects the 

hydraulic conductivity of tailings, especially under high 

pressure (Zhang et al. 2020). Particle sizes (d10 - d90) before 

consolidation are shown in Table 1. After the consolidation 

pressure reaches 5 MPa, the d10 changes from 0.023-0.003 

mm to 0.016-0.003 mm, the d30 changes from 0.093-0.008 

mm to 0.079 - 0.08 mm, the d50 changes from 0.141 - 0.011 
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mm to 0.113 - 0.011 mm, the d60 changes from 0.173 - 

0.013 mm to 0.139 - 0.013 mm, and the d90 changes from 

0.370 - 0.028 mm to 0.244 - 0.027 mm. Coarse particles are 

broken down more obviously than fine particles. The 

particle breakage decreases as the particle size decreases. 

The gradations of tailings samples are improved due to 

particle breakage as illustrated by the calculation of Cu and 

Cc. 
 

 

4. Nonlinear permeability model of tailings 
 

Taylor (1948) pointed out that the water permeability of 

clayey soil is different from that of sandy soil due to the 

plate-like morphology of the particles, and proposed the 

concept of effective void ratio. The compressibility and 

particle breakage of tailings are enhanced by the high 

consolidation pressure, which affects the hydraulic 

conductivity of tailings. In this section, the concepts of 

effective void ratio and breakage index are introduced to 

revise the hydraulic conductivity-void ratio relationship. 

The revised relationship will be applicable to the prediction 

of hydraulic conductivity of fine-particle tailings over a 

wide range of consolidation pressures. 

 

4.1 Common hydraulic conductivity expressions fitting 
for each individual sample 

 

Different hydraulic conductivity-void ratio expressions 

have been proposed by Terzaghi et al. (1996), Hazen 

(1911), Kozeny (1927), Amer and Awad (1974) and so on. 

The functional forms of these equations are roughly divided 

into three types:
2

vk e  , 

2

1
v

e
k

e


  and .  

Fig. 10 shows the fitting results for three different type 

of functions. The slope K and the coefficient of 

determination R2 are shown in Table 2. For individual 

samples, the fitting curves of S20 and S_35 show the best 

result, consistent with the results of experimental tests, 

followed by S02 and S_75. The applicability of the three 

function types becomes weaker as the particle size of the 

tailings decreases. However, when the Dmax of the tailings is 

reduced to 35 m, the functions are applicable. This may be 

due to the reduced irregularities of the clayey particles and 

pore size of the tailings with ultra-fine particles. The water 

film on the surface of the ultra-fine particles is firm due to 

its strong viscosity, which forms a structure similar to that 

of sandy particles. The expression 

3

1
v

e
k

e



  is best 

suitable for tailings materials by comparing the coefficients 

of determination corresponding to the different functions. 

The hydraulic conductivity-void ratio relationship of 

sandy soil is not applicable for clayey soil and plastic silty 

soil. The difference may due to the pore water viscosity and 

to the factors such as irregular particle and pore size, and a 

water film. The conductivity-void ratio equations of clayey 

soil are generally modified on the basis of the equations of 

sandy soil. Mesri and Olson (1971) proposed an equation on 

the basis of 2

vk e : 

 

Fig. 10 Relationships between hydraulic conductivity and 

void ratios for three different functions 

 

Table 2 Single sample fitting analysis of common sandy soil 

equation 

Samples 
S20 S02 S_75 S_35 

K* R2 K R2 K R2 K R2 

e2 0.007 0.555 0.011 0.489 0.049 0.218 0.071 0.927 

e2/(1+e) 0.004 0.180 0.007 0.005 0.029 1.149 0.043 0.742 

e3/(1+e) 0.003 0.746 0.005 0.801 0.020 0.440 0.028 0.983 

*K is the slope of the fitting curves 

 

 

 
(3) 

where A and B are the corresponding clayey soil 

permeability parameters. The equation (lg e – lg kv) can also 

be expressed as:  

 
(4) 

Samarasinghe et al. (1982) proposed an equation on the 

basis of  and : 

 

(5) 

where C and n are parameters reflecting the soil properties. 

The equation (lg [kv (1+e)] - lg e) can also be expressed as: 

 
(6) 

Fig. 11 presents the test data regressed on the above two 

linear functions of clayey soil, Eq. (4) and Eq. (6). The 

results are summarized in Table 3.  

lg e – lg kv equation: The range of parameter A is 2.718 

~ 4.119. The range of parameter B is 3.629 ~ 10.40. The 

coefficient of determination R2 is equal to 0.841 or higher, 

the fit is appropriate for single samples. However, the 

coefficient of determination R2 is 0.237 for total samples. lg 

[kv (1+e)] - lg e equation: The range of parameter n is 2.753 

~ 4.404. The range of parameter C is 4.784 ~ 12.922. The 

coefficient of determination R2 is equal to 0.881 or higher.  
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Table 3 Samples fitting analysis of common clayey soil 

expressions for permeability as a function of void ratio 

Samples 
lg e – lg kv lg [kv (1+e)] – lg e 

A B R2 n C R2 

S20 3.2 10.4 0.859 3.2 362.2 0.889 

S02 4.1 9.8 0.979 4.4 357.9 0.983 

S_75 2.7 4.1 0.841 2.8 72.7 0.881 

S_35 2.8 3.6 0.978 3.1 36.6 0.984 

All samples 

combined 
0.08 3.5 0.237 2.7 73.5 0.289 

 

 

The fit is better than that of the lg e – lg kv model, and the lg 

[kv (1+e)] - lg e model is preferable. However, the 

coefficient of determination R2 is 0.289 for all samples 

combined. 

The test data of the four groups of samples are 

concentrated on the same coordinate axis, and the linear 

fitting method is used for the total analysis. The coefficients 

of determination R2 are 0.237 and 0.289. Therefore, the 

same kind of tailings with different Dmax cannot be regarded 

as the same seepage medium. Various parameters (A, B, n, 

C) need to be calculated for each individual tailings 

medium. The application of common hydraulic 

conductivity-void ratio expressions in tailings dams is 

complicated due to the staggered middle layer and 

interlayers. In order to simplify the calculation, the liquid 

limit is introduced. Hydraulic conductivity of tailings 

materials of different particle sizes can be predicted by 

liquid limits wl. 

 

4.2 Revised expression fitting for total samples 
 

4.2.1 Effective pores 
The hydraulic conductivity of clayey soil and sandy soil 

is different due to the different influencing factors (Das, 

2019). In this section, a unified equation is established to 

predict hydraulic conductivity for tailings samples of 

different particle sizes. An immobile water film is attached 

to the surface of fine-particle tailings. Pores that cannot 

participate in seepage are called ineffective pores. 

Ineffective pores in clayey soils account for almost 85% of 

 

 

the total pores (Quang et al. 2015). 

The immobile water on the surface of clayey soils has 

low fluidity and high viscosity. Pore water pressure cannot 

be generated or transmitted in this immobile water. 

Therefore, the volume ratio of the pores occupied by the 

immobile water film on the particles is defined as the 

ineffective void ratio, denoted by e0. The effective void 

ratio eu is the difference between the total void ratio e and 

the ineffective void ratio e0: 

 
(7) 

By replacing the void ratio in the hydraulic 

conductivity-void ratio equation with the effective void 

ratio, the equation for different particle sizes can be unified. 

Combine Eq. (7) and Eq. (5): 

 

(8) 

Eq. (8) is practical after giving the method for solving 

the ineffective void ratio e0. Cui et al. (2010) pointed out 

that the state of water in the soil is determined by the 

position of water content relative to the liquid-plastic limit. 

As shown in Fig. 12, the content of hydroscopic water of 

clayey soil is between 0 ~ wp, the content of film water is 

between wp ~ wl, and the total immobile water content is 

between 0 ~ α0wl (0<α0<1). In other words, it is assumed 

that the plastic limit wp of the sample is equivalent to the 

upper limit of hydroscopic water and the lower limit of film 

water. If the upper limit of immobile water is smaller than 

the liquid limit wl of the soil, the immobile water content is 

equal to the liquid limit wl multiplied by the reduction 

factor α0. The effective void ratio eu derived from the water 

film thickness is more consistent with the actual situation of 

compression tests. Compared with other expressions of eu, 

the liquid limit wl is easier to be obtained. α0 is called the 

proportionality coefficient of immobile water to liquid limit 

wl. For a certain type of clayey soil, α0 can be approximated 

as a constant. For Dexing tailings, α0 is obtained by the 

results of experimental tests, and α0 = 0.9 in this paper. So, 

it can be deduced as follows: 
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Fig. 11 Fitting results of two different clayey soil expressions for hydraulic conductivity-void ratio 
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Fig. 13 Fitting curves of hydraulic conductivity 

considering effective void ratio 
 

 

The immobile water content corresponding to the 

ineffective void ratio is 

 

(9) 

where maw is the mass of immobile water, and its unit is g. 

ms is the mass of soil particles, and its unit is g. So,  

 
(10) 

where ρs is the density of soil particles, and its unit is g/cm3. 

Vs is the total volume of soil particles, and its unit is cm3. 

The ineffective void ratio is  

 
(11) 

where Vaw is the total volume of immobile water, and its 

unit is cm3. ρw is the density of water, and its unit is g/cm3. 

Gs is the relative density, and it is a non-dimensional 

parameter. Thus, the effective void ratio is 

 
(12) 

Putting Eq. (12) back into Eq. (8) gives  

 

(13) 

The fitting curves and experimental test results are 

shown in Fig. 13 (red solid lines). There is no liquid limit in 

S20 and S02 due to they being non-clayey soil, set wl = 0, 

and other parameter values are given in Table 1. The 

tailings parameter n is 3.2 and C is 245. 

 

 

After the concept of effective void ratio eu was introduced, 

the hydraulic conductivity-void ratio equation of clayey 

tailings and non-clayey tailings has been unified, and the 

fitting curves are consistent with the results of experimental 

tests. The difference between the actual points and the 

calculated points is not more than one order of magnitude. 

Since there is no liquid limit for non-clayey tailings, the 

effective void ratio revised equation cannot give the curves 

of S20 and S02, respectively. 

 

4.2.2 Particle breakage 
The particle breakage index Br proposed by Hardin 

(1985) is based on the change of the entire particle size 

distribution. Hardin (1985) limits the minimum threshold of 

particle size to 0.074 mm. Different thresholds have been 

proposed by different scholars (Daouadji et al. 2012, 

McDowell et al. 1996). Under high consolidation pressure, 

particle breakage still occurs when the particle size is less 

than 0.074 mm (Shahnazari and Rezvani 2013). Einav 

(2007) proposed a particle size accumulation curve to 

express the breaking rate of tailings particles under high 

stress. The particle size distribution before the test is 

defined as P0, the particle size distribution after the test is 

defined as Pc, and the particle size distribution after the 

ultimate pressure is defined as Pu. Then the particle 

breakage index is: 

 
(14) 

 

(15) 

 

(16) 

 

(17) 

where dmin and dmax are the minimum particle size and the 

maximum particle size respectively. The particle size 

distribution after the ultimate pressure Pu is not easy to 

obtain in tests. However, Pu can be obtained by inverse 

calculation of Fc (See Daouadji et al. 2012). The breakage 

index ranges from 0 to 1. Br = 0 means that the tailings 

particles are not broken, and Br = 1 means that all the 

particles are broken. Through calculation, the breakage 

index Br of S20, S02, S_75 and S_35 under 5 MPa.  
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Fig. 14 Fitting curves of hydraulic conductivity after 

introducing the concept of effective void ratio e0 and 

breakage index Br 

 

 

consolidation pressure are 0.44, 0.048, 0.043 and 0.011, 

respectively. Particle breakage under high consolidation 

pressure has a more significant impact on coarse-particle 

tailings. When considering the impact of particle sizes on 

water permeability properties, the breakage rate Br is a 

factor that cannot be ignored. 

In the hydraulic conductivity-void ratio equation, it is 

generally considered that there is a characteristic particle 

size d10, where 
2

10vk d  (e.g., Terzaghi et al. 1996, Hazen 

1911). The essence of particle breakage is the conversion of 

energy, and the particle breakage rate is related to the area 

of the particles (i.e. 
2

10rB d ). Combined with Eq. (13), the 

hydraulic conductivity-void ratio relationship considering 

the breakage rate Br and effective void ratio e0 can be 

expressed as: 

 

(18) 

The modified fitting curves are shown in Fig. 14 (black 

dashed lines). The tailings parameters are still 3.2 for n and 

245 for C. It can be seen that the model modified by the 

breakage index provides a good prediction of the hydraulic 

conductivity of S20 and S02, and successfully improved the 

shortcoming for non-clayey soil without liquid limit 

parameters. Fitting curves of the four tailings samples with 

different particle sizes are consistent with the results of 

experimental tests and are represented well by Eq. (18).  

 

 

5. Conclusions 
 

• The hydraulic conductivity of coarse-particle tailings 

presents an obvious three-stage change with the increase of 

consolidation pressure, which is due to the seepage pattern 

of coarse-particle tailings as channel seepage. The three-

stage characteristic is not obvious with the increase of the 

fine particle content, and the seepage pattern of the sample 

is transformed from channel flow to scattered flow. The 

hydraulic conductivity change rate Rk of tailings samples 

with different particle sizes converges with the increase of 

consolidation pressure. High consolidation pressure can 

eliminate the influence of particle sizes on the change rate 

Rk of the hydraulic conductivity of tailings. 

• The hydraulic conductivity of coarse-particle tailings 

decreases with the increase of water head. The hydraulic 

conductivity of fine-particle tailings increases with the 

increase of water head, and the hydraulic conductivity of 

ultra-fine particle tailings basically remains constant with 

the increase of water head. Increasing the initial head and 

decreasing particle size weakened the hysteresis. The 

hysteresis is caused by irreversible deformation of the 

seepage channels and disturbance of samples. The 

hysteresis coefficient of hydraulic conductivity generally 

decreases with the increase of consolidation pressure, 

reflecting the impact of particle breakage on hydraulic 

conductivity under high consolidation pressure. 

• Based on the particle size distribution, the properties 

of tailings with different sizes are analyzed. Decreasing 

particle size increases the proportion of clayey mineral 

components and particle breakage. The particle breakage 

induces a certain improvement effect on the tailings 

grading. 

• The fitting parameters of each layer need to be 

obtained separately when material partitioning is used to 

predict hydraulic conductivity in the tailings dam. In order 

to simplify the prediction method, the concepts of effective 

void ratio and breakage index were introduced to modify 

the hydraulic conductivity equation. The revised equation is 

applied for the prediction of hydraulic conductivity of 

tailings with different particle sizes under a wide range of 

consolidation pressure. The compression and consolidation 

characteristics of tailings with different material region are 

important. Further research is worth conducting to high-

stress consolidation tests. 
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