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Effect of particle size and grain composition on two-dimensional
infiltration process of weathered crust elution-deposited rare earth ores
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Abstract: The two-dimensional infiltration experiment was carried out by means of digital image technology. The
evolution process of the wetting body was described. The wetted front distance and the time show a very significant
power function relationship. The horizontal wetted distance is larger than the vertical wetted distance in the initial stage.
Then, the vertical distance of the wetted body gradually approaches to the horizontal distance. The infiltration distance
decreases as the content of fine particles increases. The wetted front migration rate curve shows a three-stage change
law, and it increases with the increase of coarse particle content. The directional velocity ratio is defined. The initial
value of horizontal infiltration rate is larger than that of vertical one, and then the vertical infiltration rate is gradually
close to the horizontal value. The empirical relationship between the characteristic particle size and the stable
infiltration rate is established, which provides a theoretical basis for the prediction of the stable infiltration rate in in-situ
leaching.

Key words: weathered crust elution-deposited rare earth ores; particle size; grain composition; two-dimensional
infiltration; wetted front

be enriched by conventional selecting technique.

1 Introduction

Weathered crust elution-deposited rare earth
ores (also referred as ion-absorbed type rare earth
ores) are rich of heavy rare earth elements and
special ~ world-concerned  combat  readiness
resources in China. They mainly distribute in south
of Jiangxi Province, northern Guangdong, south of
Hunan Province and west of Fujian Province [1-3].
In these ores, rare earth elements which are
adsorbed onto the clay minerals through hydrated
cations or hydroxyl hydrated cations are difficult to

Currently, rare earth elements are mainly extracted
by solution mining [4]. In solution mining, solution
of salt leaching agent is injected into the clay ore,
thus triggering chemical replacement reaction
between ammonium ions in the leaching solution
and rare earth ions adsorbed on the clay. Rare earth
leachate infiltrates in ore body, then converges at
foot of a mountain through the effusion ditch or
collection roadway, purified and deposited in
hydrometallurgical plant, and finally recovers
resources [5]. Infiltration of leaching solute in
clay ore body has become a key factor that restricts
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resource leaching rate and leaching speed [6,7].

Since weathered crust elution-deposited rare
earth ores have an extensive distribution and there
are differences in properties of clay from different
ores, infiltration performances of soil mass vary.
Particle size, sorting and rounding, and grain
composite are important factors that influence
infiltration ability of fluid. Different particle size
and grain composition may change pore structure
and infiltration characteristics in soil, influence
moving path of water in soils, and restrict or
accelerate infiltration of water [8]. Hence, studying
the influencing law of particle size and grain
composition on infiltration of weathered -crust
elution-deposited rare earth ores is the key to
calculate infiltration rate. The calculated infiltration
rate is conducive to predict and timely regulation of
leaching process has important significance to
improve leaching rate of rare earth resources.

Many scholars have carried out a great deal of
studies on influence of particle size and grain
composition on water migration in soil mass [9—12].
YIN et al [13] carried out a capillary experimental
study on solution with different particle sizes of ore
and found that solution in the stock heap formed by
large ores was affected by capillary effect slightly,
while solution in stock heap with a high proportion
of fine particles was influenced by capillary
effect greatly. LIU et al [14] tested infiltration
characteristics of sandy soil with different particle
sizes by a horizontal earth-pillar infiltration method
and found that particle size of sand was
proportional to infiltration performance. There is a
power functional relationship between advancing
rate of the wetting peak and the infiltration distance.
ZHANG et al [15] investigated influence of
different particle sizes of perlites on water content
in soil mass through a water infiltration test and
found that large and moderate particle sizes could
promote infiltration of water in soil mass. Based on
an orthogonal test, WANG et al [16] pointed out
that permeability coefficient of coarse-grained soils
was positively correlated with eigenvalue of grain
composition (d) and coefficient of curvature (C.).
GUO et al [17] studied the influence of one-
dimensional saturated permeability coefficient of
the maximum particle size of weathered crust
elution-deposited rare earth ores and found that
saturated permeability coefficient was positively
correlated with the maximum particle size.

Currently, studies on infiltration of weathered crust
elution-deposited rare earth ores were mainly
focused on one-dimensional infiltration of soil mass,
but few have discussed two-dimensional infiltration
characteristics. Two-dimensional infiltration law
conforms to engineering practices better. Therefore,
studying two-dimensional infiltration characteristics
of weathered crust elution-deposited rare earth ores
and corresponding influencing factors is of
important significance. With the high-speed
development of high-resolution digital photo-
graphic equipments and computer-based image
processing technology [18,19], studies on scientific
problems of geotechnical engineering based on
digital image technology become increasingly
mature [20—22].

In this study, a two-dimensional infiltration
test was carried out with rare earth from Zudong
Rare Earth Ore in Longnan County, Jiangxi
Province, China. Infiltration data were collected
based on digital image technology. Influencing laws
of particle size and grain composition on shape of
wetted body, two-dimensional migration distance of
wetting peak, infiltration rate and mean infiltration
rate were investigated. The empirical calculation
formula of distance of wetting peak and infiltration
rate was deduced, aiming to provide theoretical
references in parameter design for liquid injection
well network during in-situ leaching process of
weathered crust elution-deposited rare earth ores
and increase leaching rate of rare earth resources.

2 Modeling of leaching system with
permeability and particle size

According to Darcy’s law, a differential
element along streamline direction (S) is shown in
Fig. 1. This differential element is ds long and the
cross-section area of the differential element is d4.
If the inertia force of water flow can be neglected,
there are three forces acting on the element, which
are pore water pressure at two ends, dead load of
water flow in pores and frictional resistance of
water flow by the uniform sphere (equivalent
particles) (F).

The equilibrium of three forces along the
soil—pillar infiltration direction is

pndA—(p+dp)ndA—yndsdAsin 6—F=0 (1)

where p is the pore water pressure, dp is the
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increment of pore water pressure, # is the porosity
of soil mass, y is the volumic mass of water, and 9
is the included angle between streamline direction
and the horizontal direction.

Flow direction (S)

yndAds

Fig. 1 Differential element along streamline direction

According to geometric relationship, it can be
known that

sin 6=dz/ds )

Due to influence of energy difference, water
moves from the high-energy position to the
low-energy position in porous medium. Energy of
water flow is generally expressed by water head:

h=z+ply (3)
Through integration of Eq. (3), we can get
dp=y(dh—dz) “
Bring Egs. (2) and (4) into Eq. (1), and get
nydAdh+F=0 (5)

According to Stokes law, the resistance that a
spherical particle overcomes in laminar flow is

F'=6muur (6)

where u is the dynamic viscosity of water, u is the
local actual speed along circumferential direction of
particles, and r is the radius of spherical particles.

If there are N particles in a soil—pillar and a
spherical coefficient (f, f=n/6 for spheres) is
introduced, the total resistance is

F = NF' :(l_n—)dfds&t,uur 7
pD
where D is diameter of a spherical particle, and
D=2r.
The relationship between mean seepage speed
on a section and local practical speed along
circumferential direction of single particle is

v=nu (8)
where v is seepage velocity.

Combining Egs. (5), (7) and (8), we get
— n D? rdh

18(1-n)  uds

€))

The hydraulic gradient is
J=—dh/ds (10)

Bring Eq. (10) into Eq. (9), and get

2
v=—1>"__p27y (11)
18(1-n) wu

Let C=n*/[18(1—n)], where C is a shape factor
which is related with the porosity of medium,
particle shape and arrangement mode. Therefore,
the infiltration speed can be expressed as

v=cp*Ly (12)
U
According to Darcy law, the relationship
between infiltration speed and hydraulic gradient is

v=kJ (13)

where £ is permeability coefficient.

It can be seen from Egs. (12) and (13) that the
relationship between permeability coefficient and
properties of media and fluid is

k=cp* L (14)
U
Based on above analysis, permeability

coefficient is determined by two aspects: one is
properties of porous media (CD?) and the other is
properties of the liquid (y/x). When the leaching
solution is fixed (same properties of fluid) in
leaching of weathered crust elution-deposited rare
earth ores, shape factor (C) and calculated particle
size (D?) of soil mass are factors that control the
infiltration. Soil mass is composed of numerous soil
particles with different sizes. If soil particle shape is
spherical and C exerts a small effect, particle size
and grain composition are vital to infiltration effect
of soil mass.

3 Two-dimensional infiltration test

3.1 Testing apparatus

To study two-dimensional infiltration
characteristics of weathered crust elution-deposited
rare earth ores, a set of visualized two-dimensional
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infiltration device was designed in this study. The
whole test system was composed of a two-
dimensional infiltration device and digital image
collection device (Fig.2). The two-dimensional
infiltration device is composed of a Markov water
bottle, soil tank, injection tube, overflow pipe and
measuring cylinder. The soil tank applies a
fan-column glass tank with an included angle of 30°
and its vertical height and horizontal length were
both 50 cm. The outer wall of the soil tank had
scales vertically and horizontally. The radius of
injection tube was 1cm. The digital image
collection device was composed of a Canon EOS
80D digital camera and a computer.

Fig. 2 Schematic diagram of experiment device: 1—
Water bottle; 2—Soil tank; 3 —Injection tube; 4—
Overflow pipe; S—Solution collection tube; 6—Digital
camera; 7—Computer

3.2 Test materials and method
Rare earth samples were collected from
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plastic limits and plastic index of soil samples are
given in Table 1, indicating that soil samples belong
to silty clay. Soil samples were dried, ground and
screened. The proportion of 0.075—10 mm particles
was tested to be 82.86% according to the screening
method. Content of small particles (<0.075 mm)
was tested by a BT—-2002 laser particle size
distribution instrument. Test results of screening
method and laser particle size distribution were
analyzed. Grain composition of rare earth samples
is listed in Table 2.

Particle size and grain composition were
discussed in the present study. When particle size
was fixed, grain composition might be different and
there might be several degrees of freedom (DOFs).
In other words, several curves of grain composition
can be drawn from one point. In the experiment,
undisturbed remoulded soil and remoulded soils
with 7 particle sizes and grain compositions were
designed (Table 3). S1 was undisturbed remoulded
soil, while S2—S8 were remoulded soils with 100%,
90%, 80%, 70%, 60%, 50% and 40% contents of
particles smaller than 1 mm. The limiting particle
size dgy was mainly used as the division sign of
grain composition. Moreover, mean particle size
(ds0), median size (d30) and effective size (djo) were
considered in this study. Particle size and grain
composition of S1 are between those of S6 and S7.
The grain distribution curve is shown in Fig. 3.

Coefficient of heterogeneity and coefficient of
curvature of soil samples are determined according
to grain composition index of soil particles.
Coefficient of heterogeneity of soil is expressed by
Cu

Cy=dso/d1o (15)

The coefficient of curvature is expressed by

Zudong Rare Earth Ore in Longnan County, C.:
Ganzhou City, Jiangxi Province, China. Basic 5
physical parameters of samples were tested. Density, C. = d3 (16)
water content, specific gravity, porosity, liquid and dyo - dgo
Table 1 Basic physical parameters of ores
Density, Water Specific gravity, Porosity, Liquid limit, Plastic limit, Plastic index, Soil
pl(g-em) content/% dy/(g-cm™) e wi/% wp/% I, classification
1.66 16.26 2.68 0.88 40.56 30.27 10.29 Clay salt

Table 2 Grain composition of ores (wt.%)

<lI0mm <5mm <2mm <l mm <0.5mm <0.25mm <0.075 mm <0.05mm <0.01 mm <0.005 mm <0.001 mm

100 91.05 66.21 57.71  46.65 35.55

17.14

14.32 3.71 1.92 0.05
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Table 3 Soil samples with different particle sizes and
gradations

Soil <1 mm particle deo/ dso/  dy/  dyo/
sample size content/wt.%6 mm mm mm mm

S1 57.71 1.2211 0.6220 0.1726 0.0307
S2 100 0.3064 0.2264 0.1221 0.0300
S3 90 0.3654 0.2611 0.1399 0.0303
S4 80 0.4435 0.3000 0.1306 0.0309
S5 70 0.6171 0.3978 0.1548 0.0312
S6 60 1.0000 0.5481 0.1741 0.0359
S7 50 2.1122 1.0000 0.2700 0.0558
S8 40 2.4990 1.8710 0.4357 0.0765
100 -
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2 40 —— S8
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Fig. 3 Grain distribution curves of soil samples

The coefficient of heterogeneity reflects the
distribution of particle size. The larger the value is,
the larger range the particle size distribution has,
and the better the mechanical properties are. The
coefficient of curvature (C.) depicts distribution
range of grain distribution curve and reflects the
overall shape of the curve. The coefficient of
heterogeneity of S1—S8 is shown in Fig. 4. The
coefficient of curvature is shown in Fig. 5.

The main test process is introduced as follows.
Firstly, all soil samples were dried. Soil samples
with different particle sizes and grain compositions
were filled in the soil tanks layer by layer (5 cm of
each layer) and compacted uniformly. The soil layer
was roughened after compaction and then the next
layer was filled. Attentions were paid to prevent
vertical layering of soil mass and the height of
infiltration water head was controlled to be 10 cm.

Secondly, the camera rack was adjusted to
keep horizontally and make the lens of digital
camera aligned with the side square plane of the

soil tank. Positions of the rack were recorded for
the following test to prevent the error caused by
different positions of the rack.

45
40r @"\ Undisturbed soil <
35r
30r
25+
20 - <
15+ <

10+ <

Coefficient of heterogeneity, C,

S4 S5 S6 S7 S8

Sample

Sll Sl2 SI3

Fig. 4 Coefficient of heterogeneity of soil samples
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Fig. 5 Coefficient of curvature of soil samples

Finally, press the switch of water bottle to start
the infiltration test. Later, the camera was started to
take photos automatically at a preset interval (every
10 min in the first 3 h and every 30 min after 3 h). A
computer was applied for the purpose of timing and
storage of digital images. Infiltration time was set to
be 10—12 h.

Since dried soil samples are light in color and
wetted region has deep color, there was an evident
peak before wetting. The position and shape of this
wetting peak could be described clearly in digital
image. To assure the accuracy of test data, each
infiltration test was repeated by 3 times to lower the
discreteness of test data.

4 Test results and discussion

4.1 Shape of wetted body
For the reasonable setting of parameters for
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injection well network for in-situ leaching of
weathered crust elution-deposited rare earth ores, it
is necessary to study temporal—spatial variation law
of shape and size of wetted body at single-pore
infiltration. Shape and size of wetted body
throughout the infiltration process could be
recorded clearly and accurately by digital image
technology. After digital images were extracted, it
generally required binaryzation or denoising
filtering of digital images in order to eliminate the
influence of light source and background on images
and get good visualization effect [23]. In this study,
images were pre-processed by Photoshop software.
Since the experiment involved many groups, digital
images of S1 were chosen for explanation (Fig. 6).
Obviously, there is a clear boundary (wetting
peak) between filtration soil mass and
non-infiltrated soil mass. Since injection hole is at
the origin of a coordinate system, it can be
speculated from symmetry that the wetted body is

approximately an oval. In the first 180 min of
infiltration, the horizontal wetting distance is
significantly larger than the vertical one and the
two-dimensional wetted body is an oval. As
infiltration continues, the vertical wetting distance
increases gradually after 360 min and it basically
conforms to the horizontal wetting distance.
Therefore, the two-dimensional wetted body is a
sphere, indicating that the vertically downward
infiltration rate is higher than the horizontal
infiltration rate. According to analysis, acting force
of horizontal water migration is mainly the matric
potential, while the acting force of vertical water
migration is attributed to gravity potential and
pressure of injection water head in addition to
matrix potential. When the infiltration time
continues to increase, the effect of gravity potential
is increased accordingly. Size of the wetted body is
determined by horizontal infiltration distance and
vertical infiltration distance together. Infiltration

.
Fig. 6 Digital images of wetted volume with time: (a) 10 min; (b) 20 min; (c) 30 min; (d) 60 min; (e) 120 min;
(f) 180 min; (g) 360 min; (h) 480 min; (i) 600 min



Zhong-qun GUO, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1647-1661 1653

size is determined by horizontal infiltration rate
and vertical infiltration rate. Mastering variation
law of migration distance of the two-dimensional
wetting peak and infiltration rate is of important
significance to optimize parameters of the injection
well network. If the well network is too dense, there
will be excessive loss of leaching solution. If the
well network is too loose, it is easy to form a
leaching blind area of rare earth, resulting in
resource waste.

Particle size and grain composition can
influence size and shape of the wetted body
significantly. Digital images of wetted body in
S1-S8 at the same infiltration moment (=600 min)
are shown in Fig. 7. In the process of infiltration,
wetted body in all samples is an oval. Given the
same infiltration time, size of wetted body is
positively related with content of large particles.
This reflects that particle size can influence the
infiltration rate of soil mass significantly.

(2)

4.2 Distance of wetting peak

Since infiltration capacity of soil mass with
different particle sizes and grain compositions is
different, the migration distance of wetting peak is
also different. The relationship between infiltration
distance of the wetting peak and infiltration time of
different soil samples is an important reference to
determine parameters of injected well network in
engineering practices and it is conducive to
reasonably predict and timely regulate leaching
process of weathered crust elution-deposited rare
earth ores in practical engineering. Horizontal and
vertical infiltration distances are two important
eigenvalues of two-dimensional infiltration of the
wetted body. According to data from digital images,
distance of wetting peak at different moments can
be acquired accurately. It can be seen from Ref. [2]
that infiltration model of power function can
describe the relationship between infiltration
distance of weathered crust elution-deposited rare

(c)

Fig. 7 Digital images of soil samples at /=600 min: (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6; (g) S7; (h) S8
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earth ores and time accurately. Such relationship
and its fitting curve are presented in Fig. 8. Clearly,
particle size can influence both horizontal and
vertical infiltration distance significantly. Given the
same infiltration time, infiltration distance is
negatively related with content of fine particles and
the infiltration curve becomes stable, indicating that
many micro-particles can block water channel and
increase the resistance againt water migration. With
the increase of content of coarse particles, the
infiltration distance increases accordingly. In other
words, pore channels among different particles
increase and the connectivity enhances with the
increase of content of coarse particles, thus
promoting the migration of water in soils.
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Fig. 8 Wetted front distance with time: (a) In horizontal
direction; (b) In vertical direction

The power functional relation between
distance of wetting distance and time is
H=at’ (17)

where H is the distance of wetting peak (cm) and ¢
is the infiltration time (min). a is an empirical
infiltration parameter and it refers to the infiltration

distance from the beginning moment to the end of
the last unit time of infiltration. The numerical
value of a is equal to infltration rate at the end of
the first unit time and it can reflect the infiltration
capacity to a large extend. b is an empirical
infiltration index and reflects the changes of soil
infiltration capacity. Fitting results of relationship
between horizontal infiltration and duration of
infiltration as well as the relationship between
vertical infiltration and duration of infiltration are
given in Table 4 and Table 5.

Table 4 Fitting results of relationship between horizontal
wetted front and duration of infiltration

Sample a b R’
S1 3.5822 0.2813 0.9866
S2 2.5889 0.2678 0.9960
S3 29130 0.2757 0.9995
S4 2.8823 0.2840 0.9993
S5 2.8546 0.3013 0.9995
S6 3.8391 0.2559 0.9970
S7 5.7605 0.2519 0.9995
S8 9.6173 0.1776 0.9899

Table 5 Fitting results of relationship between vertical
wetted front and duration of infiltration

Sample a b R’
S1 2.0961 0.3677 0.9982
S2 2.3159 0.2638 0.9911
S3 1.8653 0.3270 0.9990
S4 2.0553 0.3193 0.9976
S5 1.8691 0.3583 0.9986
S6 1.8729 0.3605 0.9987
S7 22372 0.3797 0.9968
S8 3.5295 0.3063 0.9903

Higher decisive coefficient (R*) of the
regression equation indicates better fitting result of
the simulation equation. According to fitting results,
R* of the fitting equation is 0.9860—0.9995,
averaging at 0.9961. This reflects that the fitting
effect is good and fitted value is very close to
measured value. This equation can depict the
relationship between migration distance of the
wetting peak and time in the infiltration process of
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weathered crust elution-deposited rare earth ores.
Since S1 is undisturbed remoulded soil with particle
size and grain composition similar with those of S6,
the fitting parameter (a) of S1 is also close to that of
S6. The content of fine particle in S2—S8 decreases
gradually, while the content of coarse particle
increases gradually. In Table 4, a increases
gradually with the increase of content of coarse
particles and it reflects the positive relationship
between initial horizontal infiltration distance and
content of coarse particles. Value of b ranges
between 0.2519 and 0.2840 except for a small value
(only 0.1776) in S8. It is relatively stable, indicating
that seepage in late stage of infiltration is relatively
stable. Matric potential weakens after soil saturation.
The bending degree of the soil infiltration path after
saturation and the pores influence the seepage
slightly. It can be seen from Table 5 that with the
increase of content of coarse particles, a decreases
firstly and then increases gradually. This reflects
that the initial vertical infiltration distance is
senstive to other factors in addition to particle size
and grain composition, because soil water potential
involves collaboration of gravitational potential and
pressure potential except matric potential. b ranges
between 0.2638 and 0.3797 and it is relatively
stable, similar with that in the horizontal direction.

4.3 Migration speed of wetting peak

The relation curves between horizontal
migration speed of wetting front of S1—S8 and time
are shown in Fig. 9. In initial infiltration stage,
migration speed of wetting peak of different
samples is high and it begins to decrease quickly.
With the increase of injection time, migration speed
of wetting peak changes slightly and tends to be
stable. Later, it enters into the stable infiltration
stage. In the view of infiltration time, the wetting
peaks of all soil samples migrate very quickly in the
first 10 min, 0.42—0.84 cm/min in the first 10 min
for S1-S6, 1.07 cm/min for S7 and 1.52 ¢cm/min for
S8. Migration speed of wetting peaks of all samples
drops quickly to 0.02-0.05 cm/min from 10 to
60 min and then drops at a stable rate from 60 to
120 min. Finally, the migration speed of wetting
peaks becomes stable at about 0.01 cm/min after
120 min. According to numerical value of migration
speed of wetting peaks from the initial infiltration
stage, it is positively related with the content of
coarse particles. Given a relatively high content of

coarse particles, the compactness of soil mass
decreases and the pore channel is relatively large,
so that water can flow quickly in the pore channel.
As injection infiltration continues, particles migrate
and some small particles may block pores gradually,
thus decreasing the migration speed of wetting peak.
When the upper wetted soil mass is saturated,
particle migration enters into a relatively stable
stage. Migration speed of wetting peak after
120 min is stablized. The variation law of vertical
migration speed of wetting peaks is basically
consistent with that of horizontal migration speed.

According to the analysis, the Kostiakov
infiltration model can depict the relationship
between migration rate and time in the experiment:
v=At ® (18)
where v is the migration speed of wetting peaks
(cm/min), ¢ is infiltration time (min), and 4 and B
are empirical parameters.

In regression equations fitted by Kostiakov
model of S1-S8, the decisive coefficient R® is
0.9593-0.9882, which indicates the good fitting
result. A ranges between 9.4 and 832.2 and B is
between 1.36 and 2.74. Clearly, 4 and B are
positively related with the content of coarse
particles.

Directional velocity ratio () is defined to be
the ratio between horizontal migration speed of
wetting peak and the vertical migration speed of
wetting peak at the same moment:

L=y, (19)
where v, is the horizontal migration speed of
wetting peak (cm/min) and v, is the vertical
migration speed of wetting peak (cm/min).

The directional velocity ratio reflects the
moving speed of the wetting peak along the
horizontal and vertical directions and it shows the
flatness of the oval wetted body. When f>1, the
wetted body is a flat ellipsoid. When f<1, the
wetted body is developed from a flat ellipsoid to a
sphere. When =1, the wetted body is changed into
an ellipsoid where the horizontal direction is a short
axis and the vertical direction is the long axis. In
this experiment, directional velocity ratios of
samples with different particle sizes and grain
compositions are shown in Fig. 10.

It can be seen from Fig. 10 that in the initial
stage of infiltration (/=10 min), the directional
velocity ratio of S2 is 1.2 and that of other soil
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Fig. 10 Directional velocity ratios of samples

samples ranges between 1.5 and 2.2, indicating that
horizontal migration speed of the wetting peak is
significantly higher than the vertical one and the
wetted body is a flat ellipsoid. According to
analysis, matrix suction is the main power for water
migration in the initial infiltration stage. Meanwhile,
the vertical compactness is better and horizontal
migration speed of water is higher due to the
interfacial effect. As injection infiltration continues,
directional speed ratio of all soil samples declines
gradually and becomes stable after 420 min. The
directional speed ratio of S2 and S3 is stabilized at
about 0.7—1, while the directional speed ratio of
S4-S8 is stabilized at about 1—1.3. This implies that
vertical migration speed of the wetting peak
becomes higher or equal to horizontal one gradually
and the wetted body becomes spherical gradually. It
can be concluded from analysis that as injection
infiltration goes on, matric potential gradient in soil
declines gradually. In horizontal direction, the
wetting peak further moves far away from the
saturation region and the driving force provided by
matric potential gradient decreases continuously.
On the contrary, the total vertical potential is higher
than the horizontal matric potential, which is related
with the collaborative effect of matric potential,
pressure potential of injection water head and
gravitational potential. As a result, the vertical
migration speed of the wetting speed approaches to
and even exceeds the horizontal one. When the
infiltration continues, the saturation circle of
moisture content in soil expands gradually and
migration of water to surrounding soils decelerates
gradually and finally tends to be stable.

4.4 Average infiltration rate

The relation between average
infiltration rates along the horizontal and vertical
directions of different oil samples and infiltration
time are shown in Fig. 11. The average infiltration
rate presents three variation stages. In the first stage
(in the first 60 min), the average infiltration rate is
the highest in the initial infiltration stage and then
declines quickly. In the second stage (30—360 min),
the average infiltration rate declines at a stable rate.
In the third stage (beyond 360 min), the average
infiltration rate becomes stable and it is close to a
fixed value. According to analysis, the wetted
body has a small volume and the matric potential
gradient is relatively high in the first stage, which is
in favor of quick infiltration of water. Later,
the infiltration rate drops quickly. The initial
infiltration rate along the horizontal direction
is  0.5-1.5cm/min and then drops to
0.15—0.33 cm/min. The initial infiltration rate along
the vertical direction is 0.4—0.8 cm/min and then
declines to 0.12—0.20 cm/min quickly. In the
second stage, the wetted body expands continuously

curves
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and moisture content increases significantly, while
the matric potential gradient declines greatly,
thus resulting in gradual reduction of average
infiltration rate. The horizontal average infiltration
rate decreases by 0.04-0.08 cm/min and the
vertical average infiltration rate decreases by
0.03—0.06 cm/min. In the third stage, moisture
content in surrounding soil mass of soil—water
interface tends to be saturated with the continuous
water infiltration and the average infiltration rate
finally tends to be stable (0.03—0.05 cm/min). In
other words, it enters into a relatively stable
infiltration state.

When the infiltration time is fixed, the average
infiltration rate of soil mass is proportional to
particle size. This reflects that the average
infiltration rate of soil samples increases with the
increase of content of coarse particles. It is found
from analysis that it is easier to form large pores in
soil particles to facilitate water migration when
there are more large particles. However, the contact
angle of soil particles decreases with the increase of
content of fine particles, thus forming smaller pores
to block channel for downward water flow.
Capillary action of small pores is stronger and more
water rises along the capillary tubes.

When soil mass develops approximately from
saturation to saturation, the infiltration rate tends to
be stable infinitely. Stable infiltration rate is a key
factor that influences the injection infiltration of
weathered crust elution-deposited rare earth ores
and it is one of parameters to measure difficulties
for flow of leaching mother Iliquor. Grain
composition influences stable infiltration rate to a
large extent. Typical particle size (characteristic
particle), the coefficient of heterogeneity and
coefficient of curvature are important parameters to
represent grain composition.

According to correlation theory, simpler
formulas have higher application values. If the
regression equation is linearly correlated, it is more
practical. To disclose the relationship between grain
composition of weathered crust elution-deposited
rare earth ores and stable infiltration rate, the fitting
relations of limiting particle size (dg), average
particle size (dsp), medium particle size (d39) and
effective particle size (dyo) with horizontal and
vertical stable infiltration rates were analyzed
(Fig. 12).

Clearly, typical particle size presents a good

linear relationship with stable infiltration rate along
both horizontal and vertical directions. The
empirical formula is

i—=m+nd (20)
where i is the stable infiltration rate (cm/min), d is

typical particle size (cm), and m and n are fitting
parameters.
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Fig. 12 Relation between typical particle size and stable
infiltration rate: (a) In horizontal direction; (b) In vertical

0.015

direction

According to fitting results, dgy presents the
highest correlation with i, and the corresponding R’
is 0.9643 and 0.8810 in horizontal and vertical
directions, respectively. The dso presents the second
highest correlation with i, and the corresponding R
is 0.8616 and 0.7361. The ds and djy have very
close numerical value and their R* is slightly low
(0.6269—0.7971). In the view of correlation, dg and
dsp can influence stable infiltration rate more
compared with other particle sizes.

Based on Eq. (14), calculating particle size D
is the decisive factor that controls the seepage. So,
linear correlations of dg,, d2,, di, and d, with
stable infiltration rate are analyzed (Fig. 13). There
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is certain linear relationship between @ and i,. The
empirical formula is
i=m"+n'd® (21)
where m'and n' are fitting parameters.

By comparing Fig. 12 and Fig. 13, it is found
that decisive coefficient in linear analysis (Fig. 13)
is generally lower than that in Fig. 12. This reflects
that the correlation between d* and i is lower than
that between d and i, In different &°, d2, shows
the highest correlation with &, and the
corresponding R is 0.9045 and 0.7392 in two
directions. In a word, dg is the most important
characteristic particle size that influences stable
infiltration rate.
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Fig. 13 Relation between square of typical particle size
and stable infiltration rate: (a) In horizontal direction;
(b) In horizontal direction

To analyze the influence of grain composition
on the infiltration comprehensively, the relations of
stable infiltration rate with coefficient of
heterogeneity and coefficient of curvature are
further discussed. According to linear correlation
between stable infiltration rate and coefficient of

heterogeneity in test data, there is a positive linear
correlation between stable infiltration rate and
coefficient of heterogeneity. The higher the
coefficient of heterogeneity is, the more stable the
infiltration rate will be (Fig. 14).
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Fig. 14 Relation between stable infiltration rate and
coefficient of heterogeneity

The empirical formulas of stable infiltration
rate and coefficient of heterogeneity are as follows.
In the horizontal direction:

i<=0.0197+0.0007C, (22)
In the vertical direction:
i=0.0167+0.0006C, (23)

Stable infiltration rate has a negative linear
relationship with the coefficient of curvature. The
permeability coefficient is smaller when the
coefficient of curvature is higher (Fig. 15).

The empirical formulas of stable infiltration

rate and coefficient of curvature are as follows.
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Fig. 15 Relation between stable infiltration rate and
coefficient of curvature
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In the horizontal direction:
is=0.0555-0.0174C, (24)
In the vertical direction:
is=0.0496—-0.0159C, (25)

R* of correlation between stable infiltration
rate and coefficient of heterogeneity are 0.6098 and
0.8041 in horizontal and vertical directions,
respectively. R> of correlation between stable
infiltration rate and coefficient of curvature are
0.5000 and 0.6327 in two directions. This reflects
that the stable infiltration rate is more related with
coefficient of heterogeneity than coefficient of
curvature. The vertical correlation is stronger than
horizontal correlation. With respect to correlations
with coefficient of heterogeneity and coefficient of
curvature, stable infiltration rate is actually related
with d60, d30 and dl().

5 Conclusions

(1) According to theoretical studies, when the
leaching solution is fixed, permeability coefficient
is closely related with shape factor of soil particles
and calculated particle size during in-situ leaching
of weathered crust elution-deposited rare earth ores.
If soil particles are approximately spherical and the
influence of shape factor is neglected, infiltration
characteristics are determined by particle size and
grain composition of soils.

(2) A two-dimensional infiltration test of
weathered crust elution-deposited rare earth ores is
carried out based on digital image technology. The
wetted body is approximately oval according to
visualized test results. Moreover, the evolution
process of wetted body is depicted intuitively.
When the infiltration time is fixed, the wetted body
expands with the increase of content of coarse
particles.

(3) There is an extremely significant power
functional relationship between distance of wetting
peak and time. Given the same infiltration time, the
infiltration distance declines with the increase of
content of fine particles and the infiltration curve
becomes increasingly stable. As injection
infiltration continues, the vertical distance of wetted
body is increasingly close to the horizontal
distance.

(4) Migration speed of wetting peak in the
initial stage is the highest and then it drops from a

high rate to a low rate. Finally, it becomes stable. A
directional velocity ratio is defined. In the injection
infiltration, the directional velocity ratio decreases
and approaches to 1, indicating the high horizontal
infiltration rate in the initial stage. Subsequently,
the vertical infiltration rate approaches to and even
exceeds the horizontal infiltration ate.

(5) The average infiltration rate reaches the
maximum in the initial stage. Later, it drops at a
changing rate from high to low. Finally, it tends to
be stable. The empirical formulas of relations
between characteristic parameters of grain
composition and stable infiltration rate are
constructed, finding that the linear correlation
between dg and stable infiltration rate is the
highest. Research results provide theoretical
references for inversion of stable infiltration rate of
weathered crust elution-deposited rare earth ores
and have certain application values.
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