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Abstract: The fine particles around a mining area are easy to transport under the climatic and
hydrological actions such as rainfall, that causes the change in the permeability of accumulated
slag and increases the hazard probability of slag debris flow. In this study, eight experiments were
designed to discuss the influence of fine particle migration on the permeability characteristics and
clogging of slag accumulation in different graded particles and different dry densities. The results of
experiments with coarse slags of five different particle sizes show that the ratio ranging from four to
six in the coarse slag size and fine size caused a significant clogging phenomenon. It is confirmed that
the shape of the particles is one of the factors affecting the clogging of coarse soil besides the coarse
and fine particle size, and the clogging assessment criterion for slag and the corresponding clogging
patterns based on the slag shape characteristics are given. And through three kinds of different dry
density-graded slag, three clogging experiments were completed to verify the clogging standard and
clogging particle size. The experimental results show that the clogging particle size obtained by the
clogging criteria can effectively reduce the permeability of slag accumulation, and it is considered
that the equivalent particle size and particle shape characteristics are the main factors affecting the
clogging performance of accumulation, while the dry density of deposits has no significant influence
on it.

Keywords: clogging; permeability; slags; slag shape; clogging assessment criterion

1. Introduction

Waste slag is accompanied by the exploitation of mineral resources. With the con-
tinuous development of mineral resources, the accumulation rate of waste slag is much
higher than that of natural sources [1]. At present, the waste slag in mining areas is mainly
deposited on both sides of gullies or around river channels [2], forming the potential for
a typical geologically and environmentally dangerous body with unstable deposits, that
can easily induce slope instability, slag debris flow, river channel outbursts and blockages
and other disasters [3]. The source of slag accumulation is different from that of generally
accumulated soil and natural debris flow. It is characterized by low fine particle content,
a large particle size slag-pile forming a skeleton structure and strong permeability [4–6].
However, in the investigation of the slag-type debris flow that broke out in Haochayu
of Xiaoqinling Gold Mine on July 23, 2010, it was found that the source area of the gully
was rich in residual slope deposits. With the passage of time, fine residual slope deposits
on both sides of the gully slope were added, the content of fine particles increased, the
water retention capacity increased and the probability of debris flow outbreak increased [7].
Xue investigated the slag deposits in the Sigou mining area and the Yindongliang mining
area in Fengxian County on the west side of the Qinling Mountains. It was found that the
particle composition of the slag deposits increased with the increase in exposure time. The
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fine particle composition of the source particles increased significantly, the stability of the
deposits deteriorated and the possibility of a debris flow outbreak increased [8].

The migration and accumulation of fine particles will cause the instability of the
accumulation body [9,10], and that will be accelerated by clogging which is caused by fine
particles blocking or being deposited through infiltration and seepage [11–13]. Meyer and
Wells’ study suggested that the fine particles from hillside supply and the coarse particles
present in the channel were critical for the initiation of debris flows [14]. Reid, M.E. pointed
out that the fine particle source played an important role in the generation of pore pressure
and the movement of source deposit during rainfall [15]. Coe, J.A. particularly emphasized
that the transport of debris material resulting from runoff erosion was a significant factor
in the formation and initiation of debris flows [16]. Therefore, a large number of physical
and numerical models have been used to analyze the effects of water flow triggering and
fine particle migration on the stability of slag deposits. The results of laboratory model
testing showed that when the fine particle content reached about 28%, the slag debris
flow can occur under weak climatic–hydrological conditions [17]; it was also observed
in a similar model that the collapse of an accumulation body made it easy to produce
slide–blockage–collapse-type debris flows at this level of fine particle content, and required
the minimum amount of water [7,18]. The process of particle migration and deposition
was established using a numerical model, and the instability failure and possible harm of
the accumulation body were analyzed and calculated [19–23]. In order to determine the
influence mechanism of fine particle migration, deposition and clogging more effectively
on the instability of the accumulation slope, Wang et al. [24], through the method of model
testing, found that fine particles would migrate with rainwater, block the fine pores and
reduce the permeability of soil, eventually leading to failure or collapse. Subsequently, in
their study of the preparation and initiation process of debris flows and the role of fine
particles, Wang, Z.-B. and other scholars [11] elaborated on how fine particles migrate
and block, thereby reducing soil permeability, ultimately exacerbating slope instability
or triggering debris flow disasters. However, it has been found that not all sizes of fine
particles can induce clogging and instability in loose accumulations. In earlier studies,
particles smaller than 2 mm forming a turbid liquid were considered as the slurry part of
debris flow [25,26]. Then, Cui et al. [27,28] defined 1 mm as the critical value of fine and
coarse particles in debris flow, that means that the slurry formed by the appropriate fine
particle size has a more significant capacity to transport the large particles during debris
flow [29]. It can be seen that the decrease in the permeability of the accumulation body
was the direct manifestation of clogging, that can aggravate or induce the instability of the
accumulation body, and it can be reflected by the reduction in porosity and the increase in
fine particle content.

Especially in noncohesive coarse soil with large particle sizes, the fine particle content
determines whether these soils are a permeability failure or not [30]. And in the study
of the permeability failure, it was also specified that the composition of particles and the
soil compaction are clearly the main factors affecting the permeability deformation of
noncohesive soil [31]. Similar experimental results have also been proposed by Ma [32] for
coarse soil in dam foundation, Reddi L.N et al. [33] in soil filters and a number of scholars
in stormwater treatment media [34–36]. Therefore, it is necessary to investigate the slag
particle size and dry density as variable factors in the research of the permeability stability
of slag accumulation. However, few experiments, especially considering the influence of
fine particle migration on the permeability characteristics of soil accumulation, like basic
physical properties such as particle size or gradation and relative compaction, have been
able to directly reveal the hydraulic properties’ variation in soil accumulation.

In this study, we performed clogging experiments of slag with five different particle
sizes and three different dry densities using a self-designed apparatus. By analyzing the
experimental data, the dominant fine particle size causing clogging and its discriminant
method, as well as the clogging assessment criterion based on the correction factor for slag
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accumulation were determined, which provide a scientific reference for future research on
the formation process of slag debris flows.

2. Materials and Methods
2.1. Sample Characteristics

The raw samples from Shaanxi Fengxian lead-zinc mining area, China (Figure 1a),
were gray-black block-like material (Figure 1b,d) and the main mineral composition was
quartz and calcite and included a small amount of sphalerite and other metal minerals.
The particle shape of the experimental slag was mainly angular, and the roundness was
poor, as shown in Figure 1. The particle density of slag was approximately 2.91, the dry
density was between 1.6 g/cm3 and 2.0 g/cm3, the permeability coefficient was large at
about 5 × 10−3 m/s–10 × 10−3 m/s.
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Figure 1. Slag characterizations of study area: (a) slag accumulation area and selected samples area;
(b) characteristics of slag particles; (c) particle size distribution curve of experimental slag sample;
(d) slag particle shape; (e) main mineral composition of slag; (f) mineral composition and fracture
distribution under stereomicroscope.

Particle sizes larger than 64 mm were found to exhibit a poor clogging performance
in a series of research studies for coarse soil and dam foundation soil [19,32]. So, 3 typical
slag accumulation particles removing particles size larger than 64 mm in the study area
were selected (Figure 1c), and the raw samples were treated by combining an equal substi-
tution method and a similar gradation method. The particle size distribution curve of the
experimental slag sample is shown by the solid red line in Figure 1c.

2.2. Experimental Design and Apparatus

The particle size of the slag in the study area was basically coarse, mainly gravel and
pebble, and the particle size of accumulated slag particles larger than 2 mm accounted for
nearly 80% (Figure 1c). To assess the impact of slag particle size and slag accumulation den-
sity on clogging, model experiments in 5 different coarse slag particle sizes and 3 different
dry densities of graded distribution slag were set up; the particle size distributions of all
the materials were in accordance with the Udden–Wentworth scale [37,38]. The solid red
line in Figure 1c shows the particle size distribution of the slag and Table 1 lists the scheme
and parameters for the 8 experiments.
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Table 1. Summary of the scheme of the 8 experiments.

Fine Particles Size
(mm)

Coarse Slag Particle Size (mm) Dry Density of Graded
Distribution Slag (mm)

32–64 16–32 8–16 4–8 2–4 1.8 1.9 2.0

4–8 ⋆
2–4 ⋆ ⋆
1–2 ⋆ ⋆ ⋆

0.5–1 ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆
0.25–0.5 ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆

0.125–0.25 ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆
0.075–0.125 ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆

Inflow (×10−3 m/s) 7.1 7.1 7.8 7.2 7.6 1.7 1.6 1.5
Note: ⋆ denotes the fine particles can be added in the experiment in some slag.

The slag accumulation was similar to a slope or dam body, and the seepage was
mainly horizontal. In addition, the flow formed by a single precipitation in the basin did
not change much, which was manifested as the infiltration process of a constant flow rate
rather than that of a constant head. Therefore, a special infiltration–clogging experimental
setup with constant inflow for coarse particle was built, as shown in Figure 2. It included a
water supply tank and fine particle storage, monitoring equipment, a transverse cylindrical
sample column and a sediment tank. In order to simulate the constant inflow, the constant
flow pump was used to supply continuous water to the sample column during operation.
The fine particle storage was only 8 cm away from the sample column, to ensure that the
fine particles were unsinkable under the action of inflow. In the seepage and infiltration-
clogging study of coarse soil, the suggestion was that the ratio of the sample column
diameter to the soil media particle diameter was more than 5. So, in order to suit the
maximum particle size of 64 mm in this study, the sample column was 600 mm in length
with a 100 mm buffer zone on both sides, 378 mm in diameter and made of Plexiglas.
Figure 2 shows a schematic and photograph of the setup.
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In addition, the fine particle size feeding into the sample column was referred to the
size of clogging particles in the coarse soil clogging behavior [39], shown in Table 1.

2.3. Experimental Procedure and Data Analysis

Before the experiments started, as a first step, the slags should be fully compacted layer
by layer; and then after one layer of slag media was fully saturated, the air bubbles in the
slag media ought to be released. In the process of adding slag media in layers, the sensors
were buried in the specified position according to Figure 2a. Next, the infiltration-clogging
experimental setup was checked for leakage and then the experiments started at a constant
inflow. In the experiments, the hydraulic gradient and average velocity were monitored
with time, and the fine particles could be fed in slowly and uniformly after the two monitors
were stable. Finally, when the measurements were relatively stable again, the experiment
was finished.

In this study, the slag materials were separated into two types, coarse slag and graded
distribution slag, shown in Table 1. Due to the flow velocity, the coarse slag materials were
very high and not stable during the experiment, but the flow velocity in the graded distribu-
tion slag was relatively stable. So, the permeability was characterized by hydraulic gradient
and flow velocity for coarse slag, and hydraulic conductivities for graded distribution
slag, respectively.

Except for the monitoring data, after the experiments, the lost fine particles were
collected and the samples in column were sieved by layers to identify the clogging.

3. Results and Discussions
3.1. Determination of the Fine Particle Size Resulting in Clogging for Coarse Slags

The variation in hydraulic gradient and flow velocity of five groups of coarse slag
with different particle sizes over time is shown in Figure 3. Under the condition of con-
stant inflow, the variation in velocity over time presented a slow fluctuation during the
experimental process, and the hydraulic gradient increased obviously after the addition
of some fine particles, such as feeding fine particles sized 4–8mm to the coarse slag sized
32–64 mm, fine particles sized 2–4 mm to the coarse slag sized 16–32 mm, fine particles
sized 1–2 mm to the coarse slag sized 8–16 mm, fine particles sized 0.5–1 mm to the coarse
slag sized 4–8 mm, and fine particles sized 0.25–0.5 mm to the coarse slag sized 2–4 mm.

In addition to the changes in flow velocity and hydraulic gradient over time, after
each experiment, the profile and longitudinal distribution diagram along the column
direction of fine particle sediments or clogging were obtained, as shown in Figures 4 and 5.
It showed that the phenomenon of clogging and sediments of fine particles observed
from the outer wall of the column (Figures 4a and 5a) was basically consistent with the
similar phenomenon of the sieve analysis profile (Figures 4c and 5c), such as for the
experiment of coarse slag sized 32–64 mm (Figure 4), fine particles sized 0.063–0.125 mm
and 0.125–0.25 mm deposited at the end of the column, fine particles sized 0.25–0.5 mm,
0.5–1 mm, and 1–2 mm were distributed throughout the whole column, and fine particles
sized 2–4 mm and 4–8 mm were mainly deposited in the front section of the column. In
addition, the experimental samples were divided into six to eight layers along the water
flow direction for sieve analysis after each experiment, then the position and mass of
sediments or clogging, and the lossing mass were recorded, as shown in Figure 6. The
sum of clogging percentage, sediment percentage and loss percentage ranging from 96 to
99% were attributed to measurement errors; these were within the ranges reported in
the coarse soil clogging research [37]. And, the different fine particle distribution after
sieving showed the same as that of fine particles clogging along the column and sieve
analysis profile (Figures 4b and 5b). It can also be seen that fine particles of different sizes
were clogging in different positions of the column from the sieve analysis results, and
combined with the change in hydraulic gradient, only certain sizes of fine particles could
cause more significant clogging behavior, such as fine particles sized 4–8mm, 2–4 mm,
1–2 mm,0.5–1 mm, and 0.25–0.5 mm, respectively, and for coarse slag sized 32–64 mm,
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16–32 mm, 8–16 mm, 4–8 mm, and 2–4 mm, respectively. According to the experiments of
seepage clogging of coarse soil on dam foundations, Li [39] gave the clogging patterns of
gravel grain and its discrimination criterion including surface clogging (De/de ≤ 4), surface-
internal clogging (4 < De/de ≤ 16), internal partial pore blockage (16 < De/de ≤ 29) and
unclogging (De/de > 29), where De/de was the ratio of equivalent size of coarse particles
and fine particles, and the equivalent size was calculated by the particle geometric average:
De = (Dmax·Dmin)0.5. Compared with the clogging results of coarse soil and coarse slag, the
feeding fine particles with a ratio ranging from 4 to 6 in the coarse slag size and fine size
caused a significant hydraulic gradient uplift, which was deposited in the front column of
0–10cm, conforming to the clogging criteria. And it could be seen that this clogging pattern
criteria was applicable to both gravel and egg-type slag particles.
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Figure 3. The variation in hydraulic gradient and flow velocity of 5 groups of coarse slag with
different particle sizes over time: (a) coarse slag particles sized 32–64 mm; (b) coarse slag particles
sized 16–32 mm; (c) coarse slag particles sized 8–16 mm; (d) coarse slag particles sized 4–8 mm;
(e) coarse slag particles sized 2–4 mm.
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Figure 4. The images and mass percentage of clogging particles along the sample column length for
coarse slag particles sized 32–64 mm.
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Figure 5. The images and mass percentage of clogging particles along the sample column length for
coarse slag particles sized 2–4 mm.

Water 2024, 16, x FOR PEER REVIEW 8 of 20 
 

 

 

Figure 5. The images and mass percentage of clogging particles along the sample column length for 

coarse slag particles sized 2–4 mm. 

 

(a
) 

F
in

e 
p

a
rt

ic
le

s 
cl

o
g

g
in

g
 a

lo
n

g
 t

h
e 

co
lu

m
n

(b
) 

F
in

e 
p

a
rt

ic
le

 d
is

tr
ib

u
ti

o
n

 a
ft

er
 s

ie
v

e
(c

) 
S

ie
v

e 
a

n
la

y
si

s
p

ro
fi

le

41
.3

14
.3

0.
97

0

4.
00

8.
12

2.
20

6.
22

10
.6

4.
40

8.
44

13
.5

4.
60

10
.2

14
.6

2.
20

4.
80

9.
57

3.
42

5.
30

7.
67

3.
64

4.
80

8.
90

17
.6

5.
30

8.
10

36
.9

8.
30

3.
31

23
.0

15

F
in

e 
p

a
rt

ic
le

 s
iz

e 
(m

m
)

Column length (cm)
50 40 0Lossing(%) Sediment(%)

Clogging (%)

60 30 20 10 5

0.
07

5-
0.

12
5

0.
12

5-
0.

25

0.
25

-0
.5

65.9

70.4

50.3

36.8

35.4

0.609

0.00

1.
37

3.
70

4.
17

5.
45

6.
00

0.
00

0.
00

3.
65

9.
37

6.
02

8.
18

9.
13

0.
57

9
0.

29
9

2.
74

6.
52

8.
58

8.
39

10
.3

5.
48

0.
29

9

16
.4

5.
13

14
.1

14
.5

12
.8

13
.4

2.
69

3.
65

2.
10

12
.5

17
.7

12
.2

25
.8

4.
48

2.
28

0.
42

3

2.
53

7.
61

11
.9

48
.1

69
.1

0.
00

0.
00

0.
11

0
0.

25
3

0.
63

9

5.
07

22
.0

10

F
in

e 
p

a
rt

ic
le

 s
iz

e 
(m

m
)

Column length (cm)

50 40Lossing(%) Sediment(%)

Clogging (%)
(a)

0.
07

5-
0.

12
5

0.
12

5-
0.

250.
25

-0
.50.

5-
1

1-
2

2-
4

4-
8

0203060

Figure 6. Cont.
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Figure 6. The mass percentage of clogging particles along the sample column length by sieve analysis:
(a) coarse slag particles sized 32–64 mm; (b) coarse slag particles sized 16–32 mm; (c) coarse slag
particles sized 8–16 mm; (d) coarse slag particles sized 4–8 mm; (e) coarse slag particles sized 2–4 mm.

3.2. Clogging Assessment Criterion Based on Different Methods for Coarse Slag and Relevant
Parameter Modification

In Figure 3, we found that some fine particles entering the sample column can cause
the hydraulic gradient rising, but the rising was slightly slow; and a high level of loss of
these fine particles was also found in the sediment tank (Figure 6), such as the variation
in hydraulic gradient (Figure 3a) and loss percentage (Figure 4b) for fine particles sized
0.5–1 mm or 1–2 mm feeding into the column with coarse slag particles sized 32–64 mm.
Combined with the description of the coarse soil clogging phenomenon, these fine particles
may cause internal partial pore blockage, but according to the clogging pattern criteria
in the study of seepage clogging of coarse soil on dam foundations above, it was judged
to be unclogging. Meanwhile, when determining different clogging patterns in the study
of coarse soil clogging [38], the mass percentage clogging in 75% of a certain layer was
defined as demarcation. However, coarse slag clogging studies show fine particles mass
clogging or sediments along the column cannot meet the 75% standard.

Therefore, based on the criterion of a coarse soil clogging pattern, combined with
the variation in hydraulic gradient (Figure 3) and calculating the mass percentage of fine
particles along the column (shown in Table 2) of the coarse slag, the clogging assessment
criterion for coarse slags based on the ratio of coarse particles and fine particles is given:
1⃝ surface clogging pattern (SC), 4 < De/de ≤ 16, mass percentage of fine particle sediment

on surface less than 50% and greater than 20%, and mass percentage of fine particles
clogging in the front section of the column from 0 to 10 cm more than 50%, and the
hydraulic gradient rising up significantly; 2⃝ internal partial pore blockage pattern (PB),
16 < De/de ≤ 32, mass percentage of fine particles clogging in the front section of the
column from 0 to 10 cm less than 50% and mass percentage of fine particles clogging along
the whole column more than 80%, and the hydraulic gradient rising up slightly slower
than surface clogging; 3⃝ sediment or losing pattern, De/de > 32, and according to the
mass percentage of sediment in the column and losing outside, sediment or loss pattern
can be divided into two sub-patterns: 3⃝ (a) fine particle sediment (FS), 32 < De/de < 64,
mass percentage of fine particles clogging along the whole column greater than 50% and
loss greater than 30%, and the hydraulic gradient rising up slowly or no obvious change;
3⃝ (b) unclogging (UC), De/de > 64, mass percentage of fine particles lost from the column

by more than 50%, and mass percentage of fine particle sediment on the surface and
clogging in the front section of the column from 0 to 10 cm less than 20%, and the hydraulic
gradient almost unchanging, as shown in Table 3.
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Table 2. Mass percentage of feeding particle size in coarse slag media (%) and clogging patterns.

D
(De)

32–64
(45.26)

16–32
(22.63)

8–16
(11.31)

4–8
(5.66)

2–4
(2.83)

Item S C W L CP-S S C W L CP-S S C W L CP-S S C W L CP-S S C W L CP-S

d
(de)

4–8
(5.66) 22 69.15 76.91 0 SC / / / / / / / / / / / / / / / / / / / /

2–4
(2.83) 5.07 48.08 93.29 0.61 PB 36.42 50.11 62.36 0.21 SC / / / / / / / / / / / / / / /

1–2
(1.41) 0.64 11.88 62.39 35.38 FS 1.29 19.81 91.33 3.57 PB 34.7 53.4 64.33 0 SC / / / / / / / / / /

0.5–1
(0.71) 0.25 7.61 61.86 36.76 FS 0.25 7.25 66.42 30.33 FS 0.93 36.2 93.61 2.26 PB 26.4 56 71.63 1.06 SC / / / / /

0.25–
0.5

(0.36)
0.11 2.53 47.94 50.31 UC 0.12 5.13 46.15 51.24 UC 0.38 9.22 66.45 31.17 FS 0.59 37.2 89.82 6.75 PB 23.0 54.5 74.96 0.97 SC

0.125–
0.25

(0.18)
0 0.42 27.24 70.39 UC 0.15 1.13 43.58 53.77 UC 0 1.95 26.19 70.11 UC 0.14 20.34 51.66 47.1 FS 3.31 17 81.03 14.3 PB

0.063–
0.125
(0.09)

0 2.28 30.14 65.86 UC 0.26 1.14 41.14 56.40 UC 0.30 3.58 19.99 76.32 UC 2.85 6.33 30.23 63.92 UC 8.3 10.1 49.06 41.3 FS

Note: D denotes coarse slag particle size, mm; De denotes the equivalent particle size of coarse slag particles, mm; d denotes fine particle size, mm; de denotes the equivalent particle size
of fine particles, mm; S denotes mass percentage of fine particles deposition on surface, %; C denotes mass percentage of fine particles clogging in the front section of column from 0 to
10 cm, %; W denotes mass percentage of fine particles clogging along the whole column, %; L denotes mass percentage of fine particles lost from the column, %; CP-S denotes clogging
patterns for coarse slag; SC denotes surface clogging; PB denotes internal partial pore blockage; FS denotes fine particle sediment; UC denotes unclogging.
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Table 3. Clogging patterns evaluated by clogging assessment criterion with different correction factor for coarse soil and coarse slag.

Coarse Soil [39] Coarse Slags

Clogging Patterns

Clogging
Assessment

Criterion Based on
the Ratio of Coarse
Particles and Fine

Particles with
Experiment Results

Clogging
Assessment

Criterion Based on
Calculation by the
Effective Aperture

with Particle Shape
Correction Factor

α1 = 1.5–1.9

Clogging
Assessment

Criterion Based on
Calculation by the
Effective Aperture

with Particle Shape
Correction Factor

α1 = 1.5–1.9

Clogging
Assessment

Criterion Based on
the Ratio of Coarse
Particles and Fine

Particles with
Experiment Results

Clogging Patterns

Clogging
Assessment

Criterion Based on
Calculation by the
Effective Aperture

with Particle Shape
Correction Factor

β1 = 3–4
De/de de/Dea de/Dea De/de de/Dea’

1⃝Surface clogging <4 >1 / <4 1⃝ Surface sediment /

2⃝Clogging
2⃝-I. Surface-internal

clogging 4–16 0.5–1 <0.5
(0.25–0.5) 4–16 2⃝ Surface-internal clogging 0.5–1

2⃝-II. Internal partial
pore blockage 16–29 0.25–0.5 <0.25

(0.13–0.25) 16–32 3⃝ Internal partial pore blockage 0.25–0.5

3⃝Unclogging >29 <0.25 <0.13
32–64

4⃝-I. Fine particle
sediment 4⃝ Sediment or

losses
0.1–0.25

>64 4⃝-II. Unclogging <0.1

Note: De denotes the equivalent particle size of coarse particles, mm; de denotes the equivalent size of fine particles, mm; Dea denotes the effective aperture of particles, mm.
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In summary of the above experimental results, the critical limit of the mass percentage
was 20% or 50% for coarse slag instead of 75%, different from the coarse soil clogging
of the dam foundation. Moreover, except for the clogging phenomenon of the surface
clogging pattern, other phenomena of the clogging patterns (hydraulic gradient change
and mass percentage of clogging accumulation) were not significant in the coarse slag
clogging experiments. The reason for this may be related to the pore characteristics formed
by the accumulation of two different particles. Therefore, the effective aperture of particles
was used to describe the clogging behavior of coarse slag, and the effective aperture [39] is
calculated as follows:

Dea =
2

3α1

n
1 − n

De (1)

where Dea denotes the effective aperture of the soil; n is the porosity of the soil; De denotes
the equivalent size of the soil particles; and α1 is a particle shape correction factor equal to
the ratio of the soil particle surface area and sphere surface area in the same volume for
ideal sand: α1 = 1.5–1.9.

In Table 3, in bold font, the classification of clogging patterns and clogging assessment
criterion for coarse soil are shown, calculated by the effective aperture. The calculation
results show that the relationship between the coarse slag size and clogging particle size
cannot satisfy the above criterion; the reason was the value range of the particle shape
correction factor α1 in Formula (1) was not applicable to coarse slag. In fact, the value of α1
from 1.5 to 1.9 is only applicable to sandy soil [40], but the value of α1 was suitable in the
study of coarse soil clogging, because the pebble and gravel of coarse grains belong to the
river sedimentary soil, and the shape was roundness. But the experimental samples were
coarse slag, that had not undergone long-term weathering and denudation, possessing
sharp edges and poor roundness, as shown in Figure 7.
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It was considered that the shape of coarse slag affected the pore characteristics, and
further affected the types of clogging patterns and clogging mass. Three typical slag
particle sizes of 2–4 mm, 4–8 mm, and 8–16 mm, respectively, were selected as samples
for analysis, and the shape difference of the slag samples was analyzed by particle shape
quantification parameter index (including geometric shape parameters, shape coefficient, f f,
the ratio of length and width, Rcd), shown in Table 4. Among the three types of quantitative
indexes, the geometric parameters and the shape coefficient were about 1–2.3 times and
1.3 times that of the conventional parameters; additionally, the amount of coarse slag in
three different particle sizes, the ratio of length and width ranged in 1–2, were more than
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90% of the total sample. Therefore, the particle shape correction factor should be corrected
to double α1, that means the particle shape correction factor for the coarse slags β1 =2·α1.

Then, the effective aperture of particles was expressed as follows:

Dea
′ =

2
3β1

n
1 − n

De (2)

where β1 is a particle shape correction factor for coarse and angular grain particles; and
β1 = 2α1 or β1 = 3–4. Dea

′ denotes the effective aperture of the coarse slag in a particle
shape correction factor of β1, mm.

Then, based on calculation by the effective aperture as shown in Formula (2), the
clogging assessment criterion suitable for the slag was obtained, as shown in Table 3
(bold font).

Table 4. Particle shape quantification parameter index of three typical particle sizes of coarse slag.

D N
General Parameter Geometric Shape Parameters Shape

Coefficient
f f = 4πA/S2

(1/f f)

The Ratio of Length and Width
(Rcd) Proportion for Each Particle

Size (%) Rcd = L/W

De S A Lm
(Lm/De)

Wm
(Wm/De) Lm/Wm

Am
(Am/A)

Sm
(Sm/S)

Sm-t
(Sm-t/S)

1.0 < Rcd
≤ 1.5

1.5 < Rcd
≤ 2.0 2 < Rcd

8–16 989 11.31 35.53 100.49 16.77
(1.5)

11.09
(1) 1.51 163.32

(1.6)
47.52
(1.4)

51.39
(1.5)

0.744
(1.3) 57.63 34.07 8.29

4–8 1032 5.66 17.76 25.12 10.28
(1.8)

6.73
(1.2) 1.53 50.10

(2.0)
28.01
(1.6)

29.75
(1.7)

0.783
(1.3) 54.65 35.47 9.88

2–4 1835 2.83 8.88 6.28 5.42
(1.9)

3.57
(1.3) 1.52 14.20

(2.3)
14.70
(1.7)

15.47
(1.8)

0.796
(1.3) 55.91 35.53 8.56

Note: D denotes particle size of coarse soil or coarse slags, mm; N denotes total sample number; De is the
equivalent particle size of coarse soil or coarse slags, mm; S denotes particle perimeter calculated by De, mm; A
denotes particle area calculated by De, mm2; Lm denotes mean particle length, mm; Wm denotes mean particle
width, mm; Am denotes mean particle area, mm2; Sm denotes mean particle perimeter, mm; Sm-t denotes mean
traditional particle perimeter, mm; L denotes particle length, mm; W denotes particle width, mm; Rcd denotes
length axis ratio of particles.

3.3. Prediction and Verification of the Clogging Particle Size of Graded Distribution Slags
3.3.1. Some Explanations Based on the Clogging Experiments of Graded Distribution Slags

In the study of the permeability characteristics of coarse soil with wide gradation
size, it is found that the particle gradation and void ratios are the key factors determining
the hydraulic conductivity of the coarse soil [41]. In the study of the seepage control of
noncohesive soil, the graded distribution soil is simplified to a uniform soil with equivalent
particle size, and the effective aperture and hydraulic conductivity are determined [30]. In
the study of the clogging process of coarse soil, it was found that the equivalent particle size
dominated the pore characteristics and clogging particle size, and D15, D17, D20, and D25
were taken as the equivalent particle size of graded soil, in the calculation of the clogging
particle size. In addition, Liu Jie et al. [30] found that the calculated hydraulic conductivity
was too small for non-uniform soil of an earth–rock dam when D20 was the equivalent
particle size, but it will not happen when the equivalent particle size is D22. Therefore,
D15, D17, D20, D22, and D25 were considered as the equivalent particle size of the graded
distribution slag in the experiments for calculation.

In addition, the void ratio was also an important factor affecting its permeability and
clogging characteristics, that was determined by the soil particle density Gs and dry density
ρd. Therefore, graded distribution slag in three different dry density values was selected as
materials to explain the effect of the void ratio on the clogging through experiments.

3.3.2. Experimental Verification of Graded Distribution Slags Clogging

Based on the clogging assessment criterion of slags calculated by effective aperture
(Formula (2)), the effective aperture of graded distribution slags calculated by 5 different
equivalent particle sizes was obtained. And combined with clogging assessment criterion
based on calculation by the effective aperture with particle shape correction factor in Table 3,
the calculated feeding particle size was got shown in Table 5. Except for the feeding particle
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size calculated by D15 is too small, the feeding particle size calculated by D17, D20, D22 and
D25 was in 0.125–0.5 mm.

Table 5. The feeding particle size calculated by clogging assessment criterion based on the effective
aperture for the dry density of graded distribution slag.

Pd ns De’ Dea’ de’ des’

1.8 × 103 0.381

D15 1.61 0.165−0.220 0.08−0.22 0.063−0.25
D17 2.31 0.237−0.316 0.12−0.32 0.125−0.5
D20 2.5 0.256−0.342 0.13−0.34 0.125−0.5
D22 2.8 0.287−0.383 0.14−0.38 0.125−0.5
D25 4.1 0.421−0.561 0.21−0.56 0.25−0.5

1.9 × 103 0.347

D15 1.61 0.143−0.190 0.07−0.19 0.063−0.125
D17 2.31 0.205−0.273 0.10−0.27 0.125−0.25
D20 2.5 0.221−0.295 0.11−0.30 0.125−0.5
D22 2.8 0.248−0.331 0.12−0.33 0.125−0.5
D25 4.1 0.363−0.484 0.18−0.48 0.125−0.5

2.0 × 103 0.313

D15 1.61 0.122−0.163 0.06−0.16 0.063−0.125
D17 2.31 0.175−0.234 0.09−0.23 0.125−0.25
D20 2.5 0.190−0.253 0.10−0.25 0.125−0.25
D22 2.8 0.213−0.283 0.10−0.28 0.125−0.25
D25 4.1 0.311−0.415 0.16−0.42 0.125−0.5

Note: Pd denotes dry density of graded distribution slags, kg/m3; ns denotes porosity of graded distribution
slags; De’ denotes the equivalent sizes of graded distribution slags, mm; Dea’ denotes the effective aperture of
graded distribution slags, mm; de’ denotes the equivalent size of feeding particles, mm; des’ denotes the suitable
equivalent size of feeding particles, mm.

The graded distribution slag clogging experiment results in three different dry den-
sities which are shown in Figure 8. After feeding a particle size of 0.125–0.25 mm and
0.25 mm to 0.5 mm, the hydraulic conductivities of graded distribution slag reduced signif-
icantly, more than 1 order of magnitude, and in particular, the reduction range was more
than 80% of the initial stable hydraulic conductivity after feeding the fine particles size of
0.25–0.5 mm. Moreover, the hydraulic conductivity from sensor 3 to sensor 9 in the dry
density of 1.9×103 kg/m3 decreased by nearly 2 orders of magnitude, more significantly. In
fact, the performance of effective clogging can reduce hydraulic conductivity by 1–2 orders
of magnitude in the soil [32], that can significantly block the amount of incoming water,
increasing the risk of disasters such as outburst for the accumulation [12,42,43].

Comparing the hydraulic conductivities of three kinds of dry density-graded distri-
bution slag before and after clogging, first of all, the greater the dry density of the slags,
the lower the stable hydraulic conductivity, shown both in the hydraulic conductivities in
the initial and after clogging. Secondly, the slags with dry density in 1.8 × 103 kg/m3 and
1.9 × 103 kg/m3 showed increasing in hydraulic conductivity after feeding fine particles,
and significantly in dry density with 1.8 × 103 kg/m3, but no such phenomenon appeared
in dry density with 2.0 × 103 kg/m3. The reason for the increase might be related to the
seepage failure in graded distribution slag, nothing with the fine particle feeding, and the
similar phenomenon had also been found in the clogging experiments using coarse soil [32].
Furthermore, the phenomenon of clogging is different from the permeability affected by
soil dry density, and its influencing factors have no relationship with the dry density of
the soil, where the stable hydraulic conductivities with three different dry densities of
slag after clogging are shown in Figure 8. The experiment results showed that the most
obvious decrease degree of hydraulic conductivity of the experiments for three different
dry densities slags were the slag with a dry density in 1.9 × 103 kg/m3, with the hydraulic
conductivities in three different group sensors all reduced by more than 90%, and among
them, the permeability of sensor 3 to sensor 9 decreased by 2 orders of magnitude. Finally,
although the significant degree of clogging was slightly different, the clogging particle size
of 0.25–0.5 mm, calculated by the effective aperture with particle shape correction factor
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and judged by the clogging assessment criterion for coarse slag, could effectively reduce
the permeability of slag and achieve the expected clogging effect.
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4. Summary and Conclusions

In fact, the inflow, and the material properties and physical characteristics of slag,
largely affected the slag accumulation stability [44–46], in particular, in landslide dams and
mine waste accumulations [12,42,47,48]. From an engineering and geological perspective,
the material composition of landslide dams characterized by a mixture of unconsolidated
soil and rocks in a naturally unstable state, with a wide range of grain size distributions,
was very similar to the characteristics of slag accumulation, and several studies have
pointed out that seepage characteristics in landslide dams is occasionally one of the main
factors governing the failure of landslide dams [13,49–53]. Even seepage erosion caused by
the permeability changes in and failure mode of landside dams has been confirmed [49,50].
Notably, research on the continuous increase in fine particles in the accumulation that
changes the permeability is lacking in the literature. However, it has been proved that as
the content of the fine particles in the accumulation continue to increase, that changed the
grain composition of the accumulation materials leading to changes in their permeability,
finally undermining the long-term stability and longevity of the landslide dams [49,54].
As a result, this paper represents an attempt to investigate the change in the permeability
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of slag accumulation from the perspective of fine particle migration on clogging, so as to
provide a basis for the influence of fine particle migration and clogging on the slag debris
flow formation.

The slag in the study area was mainly gravel and pebble, and the permeability was
high after forming the accumulation. It was found that particle size, dry density (indirectly
affects porosity), and particle shape were generally considered to be typical factors affecting
the permeability of coarse soil [36]. Their effects on permeability for the slags were also
found in this study. The experimental results showed that the larger the slag particle size,
the smaller the hydraulic gradient value under the same inflow condition, as shown in
Figure 3; the more compacted the graded distribution slag was, the lower the hydraulic
conductivity was, as shown in Figure 8. On synthesizing the factors influencing the
soil permeability and slag clogging experimental results, the particle size, compactness
of accumulation and particle shape characteristics were determined as the main factors
affecting the permeability of the slag. It was precisely because of the high permeability of
slag accumulation that the hydraulic gradient and hydraulic conductivity easily showed
significant changes after the fine particle clogging at a constant flow velocity. Consistent
with the results of the coarse soil clogging test, the ratio of coarse and feeding particle size
of 4/6 can cause a significant clogging effect, and this ratio was applicable to the clogging
behavior of coarse soil and slag of both gravel and pebble.

In addition to the fine particle size resulting in clogging as summarized in the experi-
mental results, clogging assessment criteria based on calculation by the effective aperture
can also be used to distinguish the clogging patterns and calculate the clogging particle
size in the study of coarse soil clogging behavior. However, different from the clogging
of coarse soil, poor roundness, sharp edges, and some with lath shaped or long columns
were found to be the main morphological features of slag (Figure 7). The above calculated
particle shape correction factor of effective aperture was not applicable to slag particles.
Three typical particle shape quantitative parameters were used to analyze the difference in
slag particle shapes. Compared with the conventional parameters, the values of the three
parameters were twice that, as shown in Table 3. And this multiplicity of changes was
basically consistent with the simulation results of the permeability of irregular particles
by Garcia et al. (the hydraulic conductivity of spherical particles was nearly two times
higher than that of irregular particles). Therefore, clogging patterns (surface sediment,
surface–internal clogging, internal partial pore blockage, sediment or loss) and clogging
assessment criterion based on calculation by the effective aperture with particle shape
correction factor were obtained. And it was also determined that the coarse slag clogging
phenomenon and degree were related to the fine particle size, particle size and particle
shape of slag.

However, in sediments, especially in accumulation of graded distribution particles
with different dry densities, the pore characteristics of the accumulation may change and
affect the permeability stability of the accumulation [55]. But, no considerable difference
was observed in the clogging of graded distribution slag due to a different dry density in
our experiments. It was also found that the change in dry density had a significant effect
on the permeability, but not on the clogging effect. This evidence demonstrated that the
clogging was most closely related to the effective aperture of particles, that was related to
the equivalent particle size and the porosity of the graded distribution soil, and slag shape,
nothing to do with the dry density of the graded distribution soil. In conclusion, the particle
size or equivalent particle size and the particle shape characteristics were determined as
the main factors affecting the accumulation clogging performance, while the dry density of
accumulation had no significant influence on it.
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