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The change of permeability coefficient of ionic rare earth ore is one of the most important factors causing the uncontrollable flow
of leaching solution, and the variation of pore structure of the ore body has a great influence on the permeability coefficient. The
research on the evolution of the relationship between pore structure and permeability coefficient of ionic rare earths is of great
significance for controlling water and soil pollution and improving the leaching rate of rare earths. In this paper, the column
leaching test of ionic rare earth was carried out to study the evolution of the relationship between pore structure and
permeability coefficient. In the process of MgSO4 solution and deionized water leaching, the T2 spectrum and inversion image
at each time were obtained by nuclear magnetic resonance (NMR). Based on the fractal theory, the pore structure change of
the inversion image was quantitatively analysed, and the permeability coefficient of samples at each time of different leaching
agents was calculated by using supercritical Dubinin-Redushckevich (SDR) model to analyse the nuclear magnetic resonance
T2 spectrum. The results show that in MgSO4 solution, the permeability coefficient of the sample changes significantly, and the
growth rate of pore fractal dimension remains large. By discussing the evolution law of pore fractal dimension and seepage
characteristics of ionic rare earth, the mathematical relationship between permeability coefficient and pore fractal dimension of
mineral soil samples at different depths is fitted by polynomial function.

1. Introduction

Ionic rare earth ore in southern China mainly occurs in clay
minerals of the weathered granite layer in the form of hydrated
cations or hydroxyl hydrated cations [1], and the content of
medium and heavy rare earth elements is relatively high, so
it is of great value. At present, in situ leaching technology is
widely applied to extract effectively rare earth ions from soil.
Compared with pool leaching, heap leaching, and other
mining technologies [2], in situ leaching technology has the
advantages of higher efficiency, lower cost, and more
environmental friendly. However, in the process of in situ

leaching, a large amount of leaching solution is injected into
the ore body through the injection wells and the pore
distribution in the ore body changes in real time, leading to
the change of ore body permeability [3]. The result shows that
the shape of pore channels and the state of their
communication paths control the permeability of ore body.
With the increase of porosity in ore body, the more channels
and the better connectivity, the better the permeability of ore
soil, which is beneficial to the infiltration and diffusion of
leaching solution in the ore soil layer. Then, the larger the sur-
face area of the leaching reaction, the larger the leaching
reaction rate [4]. Hence, it is of great significance to study
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the relationship between ore body pore structure and
permeability coefficient in the process of ionic rare earth in
situ leaching [5].

According to the interaction between hydrogen protons in
the sample and the external magnetic field, the hydrogen
proton information is obtained by nuclear magnetic resonance
(NMR) technology. NMR is extensively used in porosity
measurement and microstructure studies of rock and soil for
its three-dimensional, accurate, and nondestructive advantages.
Some scholars have explored the relationship between the
microstructure of soil particle pores and seepage characteristics
by using NMR and electron microscope scanning technology
[6]. Under different water content, Dong et al. [7] studied the
change rule of soil pore water storage forms based on NMR,
and the influence of dry-wet cycle on soil permeability was
evaluated. The results showed that in the process of soil
wetting, pore water mainly exists in the form of gravity water,
and the permeability of soil is proportional to the 6th power
of cycle time within 4 cycles. Based on NMR analysis
technology, Yang et al. [8] explored the development law of soil
permeability of saturated clay in hydrochemical environment
and revealed the influence of salt solution concentration on
clay permeability by testing the soil pore structure in salt solu-
tions with different concentration. Altunbay et al. [9] studied
the relationship between saturation distribution and perme-
ability of rock mass in the longitudinal sections of samples
through analysing NMR data. Ausbrooks [10] and other
scholars applied the mercury injection method to explore
carbonate reservoirs by NMR and found that the pore distribu-
tion has a great impact on the permeability coefficient of rock
mass. Nakashima and Kikuchi [11] proposed to construct
NMR T2 map to reflect the fracture porosity and permeability
coefficient by establishing one-dimensional model. Wu et al.
[12] applied NMR to detect the spatial structure and velocity
between ore body particles in agar deposits under saturated
water condition and obtained velocity field images at three dif-
ferent velocity rates, results showed that the fitting curve
diameter of the pore equivalent distribution follows Gaussian
distribution, and the velocity distribution in holes is parabolic.

The term fractal was first proposed and used by
Mandelbrot. In mathematics, fractal has a strict definition.
The so-called fractal refers to the set whose Hausdorff dimen-
sion Dh is strictly greater than its topological dimension Dt.

Nowadays, the application of fractal has penetrated various dis-
ciplines and developed continuously [13]. This is mainly
because fractal can express complex objects that cannot be
described quantitatively or is difficult to be described
quantitatively in a more convenient quantitative method. Rele-
vant studies include the relationship between the fractal dimen-
sion of metal fracture and material properties, the relationship
between the fractal dimension of rock joint or rock fracture and
rockmechanical properties, the relationship between the fractal
dimension of pore media and permeability characteristics, etc.
In addition, researches also involve the fractal dimension of
root form, chemical reaction interface, and soil pores [14]. In
practical research, the physical information of the research
object can be recorded through various ways, including various
graphic image results, for example, photos captured by camera
or scanner, micrographs taken by optical microscope or
scanning electron microscope, IR images taken by infrared
camera, and images obtained by CT technology, AFM technol-
ogy, and remote sensing technology, even including
measurement curves. As these obtained graphics and images
contain a lot of physical information of the research object, they
are important carriers for us to calculate the fractal dimension.
With the development of information processing technology
and computer technology, a large number of graphics and
images are obtained in the form of digital image, or can be
transformed into digital image, which is a two-dimensional
matrix represented by a series of binary numbers (0 and 1) after
sampling and quantization, has the characteristics of
quantization and discretization. Therefore, it has its own char-
acteristics in the calculation of fractal dimension.

Physical fractals in nature often show some randomness
and scale, that is, they only show fractal characteristics in a
specific scale range from the perspective of statistics [15].
Therefore, there are different ways to define fractal
dimension, including Hausdorff dimension Dh, information
dimension Di, similarity dimension Ds, correlation dimen-
sion Dg, capacity dimension Dc, spectral dimension Dp,
and Lyapunov dimension Dl. For different research objects,
different description methods can be used to calculate their
fractal dimension.

In general, it is very complicated to determine the
Hausdorff dimension Dh of fractals, which restricts its appli-
cation in practical problems [16]. For fractals with strict self-
similarity, it can be proved that the Hausdorff dimension Dh

Figure 1: Sampling site of ore soil at different depths.
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is equal to the similarity dimension Ds and the similarity
dimension, which is easy to calculate normally, and can be
calculated according to the following formula, where N is
the number of similarity elements, and r is the similarity
ratio of similarity elements.

Ds = ln N
ln 1/rð Þ : ð1Þ

For many fractals, both Hausdorff dimension and simi-
larity dimension are difficult to be calculated, so many equiv-
alent or approximate dimension definitions are proposed.
Considering that the image is a surface surrounded by vari-
ous curves, such as pores and sections, box-counting dimen-
sion Df can be used [17]. Box-counting dimension is a better
method to calculate the fractal dimension of two-
dimensional image. There are a series of equivalent defini-
tions of boxed dimension, and the approximate calculation
method of boxed dimension is the following formula, where
N is the number of δ net cubes intersecting F.

Df = lim
k⟶∞

ln N Fð Þ
ln δ

: ð2Þ

Currently, a large amount of research on the relationship
between pore microstructure and seepage characteristics of
soil particles has been done by using NMR and SEM tech-
niques, yet the pore structure analysis and evolution of rare
earth ore in leaching process need to be further investigated.
Based on the above, the permeability coefficient of mineral
soil at different leaching time was calculated by SDR model.
In this paper, the pore fractal dimension was introduced
using fractal theory, the change of pore structure was

described quantitatively, and the evolution of the relation-
ship between pore structure change and seepage characteris-
tics of ionic rare earth mineral soil was discussed.

2. Materials and Methods

2.1. Materials. To truly simulate the in situ leaching situation
of mines, Luoyang shovel with a diameter of 160mm was

Table 1: Density of ore samples.

Ore soil depth Sample number Volume/cm3 Mass/g
Natural

density/(g/cm3)
Mean natural
density/(g/cm3)

Mean dry
density/(g/cm3)

3m

1 50.0 68.51 1.37

1.38 1.262 50.0 67.85 1.36

3 50.0 70.38 1.41

4m

1 50.0 64.36 1.29

1.29 1.132 50.0 65.47 1.31

3 50.0 63.65 1.27

5m

1 50.0 78.31 1.56

1.52 1.332 50.0 75.62 1.51

3 50.0 74.23 1.48

Table 2: Particle size percentage content of ore samples at different depths.

Ore soil depth
Particle diameter/mm

>5 2.5~5 1~2.5 0.5~1 0.075~0.5 <0.075
3m 15.8% 32.2% 16.6% 16.2% 10.9% 8.3%

4m 12.4% 37.3% 18.4% 16.2% 10.8% 4.9%

5m 10.3% 31.6% 17.6% 18.2% 16.2% 6.1%

Table 3: Porosity and pore ratio of ore samples at different depths.

Ore soil depth 3/m 4/m 5/m

Porosity (n) 0.47 0.52 0.45

Pore ratio (e) 1.05 1.25 1.01

Figure 2: Rare earth samples at different depths.
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used in this site soil borrowing, after planning the surface
humic layer, drilled with Luoyang shovel to 0.5m for
sampling. For every 1m drilling, we took undisturbed soil
samples of fully weathered layers 3m, 4m, and 5m away
from the topsoil with a ring knife, took 3 samples at the same
depth, a total of 9 samples were taken, and took protective
measures to prevent excessive evaporation of water in the
subsequent transportation process of soil samples, which
would affect the determination of physical properties of
undisturbed soil. The excess loose soil of the same depth
was packed and brought back in woven bags and marked
on the outside of the bags, see Figure 1 for the sampling site
of mineral soil.

The mineral soil in this area is generally clayey soil. In
this test, the density of samples with different depths was
tested by ring knife method. The density measurement
results are shown in Table 1. Samples with different depths
were screened by sieving method, and the apertures of the
sieves were superimposed from large to small, which were
5mm, 2mm, 1mm, 0.5mm, 0.25mm, 0.1mm, and
0.075mm, respectively, see Tables 2 and 3 for particle size
distribution, porosity, and void ratio of samples with differ-
ent depths.

Based on the difference of physical and chemical proper-
ties of undisturbed soils, the soil samples were divided into
three groups: A, B, and C according to the height of soil
from the surface. Among them, groups A, B, and C represent
the ore soil 3m, 4m, and 5m away from the surface, respec-
tively. During the column leaching experiment, to ensure
that the sample to be tested was located in the effective
detection area of the NMR instrument, mineral soil was
added into the acrylic tube in layers and tamped. In addition,
each layer of soil sample was treated by surface scratching to
prevent the stratification effect of ore soil due to the seepage
of leaching solution. A qualitative filter paper and a perme-
able stone were placed in turn at the bottom of the acrylic
tube so that the leaching solution could not only flow out
of the system but also prevented the loss of sample micro-

particles [18]. Finally, the remolded soil sample with
diameter-height ratio of 44mm: 60mm was obtained, as
shown in Figure 2. Furthermore, two samples were set up
in each group. One sample was leached with 2% MgSO4
solution (A1, B1, and C1), and the other was leached with
deionized water (A2, B2, and C2).

2.2. Experimental Apparatus and Scheme. In this experiment,
a MesoMR23-060H-I NMR [19] apparatus was applied. It is
mainly composed of magnet, magnet resonance spectrome-
ter, data processing, and image reconstruction (Figure 3).
And the relevant parameters are as shown in Table 4. After
the sample was put into the instrument for detection, the
nuclear magnetic resonance instrument would scan the
image of the sample profile, compare it with the preset
parameter model, and inversed the image inside the soil
column at this time.

To investigate the relationship between permeability
coefficient and pore fractal dimension of ion-adsorbed rare
earth in MgSO4 solution leaching, column leaching experi-
ments were carried out. The column leaching experiment
system consists of a beaker, liquid infusion pipe, and an
object stage (Figure 4). The whole leaching procedure is as
follows:

(1) After a large number of laboratory experiments and
production practices in mining enterprises, the 2%
MgSO4 solution was used to leach ore, and the
recovery rate can reach 99.7%. In addition, the other
ions in the solution could be greatly reduced. Hence,
2% MgSO4 solution was used for column leaching in
this experiment. The MgSO4 solution used in the
experiment was purchased from local chemical
plants

(2) One end of the infusion pipe was inserted into the
beaker, and the other end was suspended above the
sample. The infusion rate was adjusted to 3mL/min

Figure 3: Low field NMR.
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and turned on the switch of the infusion set. The
concentration of RE3+ in the leaching solution was
analysed by sampling at intervals to judge the leach-
ing process

(3) The samples were put into NMR instrument every
one hour for pore structure detection and inversion
imaging. Then, the samples were put back into the
solution to continue leaching. When the concentra-
tion of RE3+ in the leaching solution is very low or
almost undetectable, it is believed that all rare earth
in the samples have been leached and stopped during
the column leaching experiment

3. Results and Discussion

3.1. Calculation of Permeability Coefficient. In a pulse envi-
ronment with a certain frequency, the hydrogen nucleus in
the sample absorbs electromagnetic waves with a specific fre-
quency and transitions from low energy state to a high
energy state. Then, the magnetization vector deviates from
an equilibrium state, the process of the hydrogen nucleus
recovering from an unequilibrium state to an equilibrium
state is called a relaxation process, and the duration of the
process is the relaxation time [20]. Based on the principle,
two types of permeability coefficient calculation models are
proposed: (1) Coates model, which is suitable for laminar
flow of water or hydrocarbons; (2) average T2 model, which
is suitable for water-bearing pore system. According to the

relaxation mechanism of NMR, there are three kinds of
relaxation in the fluid of pores, namely, free relaxation, sur-
face relaxation, and diffusion relaxation [21]. The transverse
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Figure 5: T2 curves of A1 sample at different leaching times.

0.01 0.1 1 10 100 1000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Po
ro

sit
y 

co
m

po
ne

nt
 (%

)

Relaxation time (ms)

0 h
1 h
2 h
3 h
4 h

5 h
6 h
7 h
8 h

Figure 6: T2 curves of A2 sample at different leaching times.

Table 4: Technical parameters and test parameters of low field NMR.

Instrument parameters Test parameters
Resonant frequency 23.316/MHz Pulse width P90 18/us RF delay D3 80/us Repeated sampling times NS 4

Coil diameter 60/mm Pulse width P180 36/μs
Sampling

duration TR
1000/ms Scan times 32

Magnet strength 0.52/T Sampling point TD 266424 Analog gain RG1 20 Echo interval 0.2/ms

Magnet temperature 32/°C
Sampling

frequency SW
200/kHz Numerical gain RG2 3 Echo count 4000

Constant current
peristaltic pump 

Soil column samples

Figure 4: Indoor leaching device.
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relaxation time T2 can be expressed by the following
formula:

1
T2

= 1
T2B

+ 1
T2surface

+ 1
T2E

, ð3Þ

where T2B is the free relaxation time of the fluid, ms; since
the value of T2B is much greater than T2, when the magnetic
field is uniform and T2E is small enough, formula (3) can be
simplified as

1
T2

= 1
T2surface

: ð4Þ

Average T2 (SDR) model is expressed as

K = aT2g
2∅4 , ð5Þ

a = Fs · ρ, ð6Þ
where Ø is the effective porosity of NMR; T2g is the
geometric mean of T2 distribution; a is the parameter related
to stratum type; Fs is the pore shape factor and usually takes
3; ρ is the surface relaxation rate of soil samples.

In the leaching process, the samples are in an inorganic
hydro chemical environment, and the ions are mainly
RE3+, Mg2+, H+, etc. There are no hydrocarbons in the
solution [22]. Therefore, the SDR model can be used to cal-
culate the permeability coefficient of rare earth ore. Xu et al.
[23] calculated the surface relaxation rate of rare earth by
random walk algorithm, and the surface relaxation rate
was 1.36. The obtained data have a good correlation with
the permeability measured by indoor simulated leaching.
According to the collected T2 spectrum curves, as shown
in Figures 5 and 6, the permeability coefficients of the soil
column at each time are calculated and listed in Table 5.

According to the results detected by nuclear magnetic
resonance instrument, the porosity of each sample at
different times under the action of two leaching fluids over
time is summarized. It is shown in Figures 7 and 8 that the
fitting curves describe the variation characteristics of
permeability coefficient during the leaching process in the
two kinds of leaching solutions. In the process of MgSO4

solution leaching, the permeability of samples increases
greatly in 6 h. After 6 h, the permeability changes little and
tends to stability. In this process, magnesium ions interact
with rare earth ions in solution. In 5 h of MgSO4 leaching,
the permeability coefficients of A1, B1, and C1 climb gently.
5 h later, the permeability coefficient of each sample has no
obvious change. During the deionized water leaching, a
small number of microparticles in the ore body migrate,
and the permeability coefficient of the sample increases
rapidly in 3 h; after 3 h, the microparticles block in the pores
in the ore body move to the bottom of the sample with the
movement of deionized water, and the permeability
coefficient of the sample remains almost unchanged.

3.2. Calculation of Pore Fractal Dimension. With the NMR
reconstruction imaging technology, the pore image of ore
leaching at each time is inverted and reconstructed [24].
Variation law of the pore microstructure at the leaching
moment is analysed by inversion images of the middle
longitudinal section of the column [25]. The representative
images of 5 stages in the leaching process of group A,
Figure 9, are compared with the images of the same stages
of deionized water leaching, Figure 10. The whole leaching
stage is mainly divided into five stages: water saturation of
the sample, initial reaction, effective leaching, residual
reaction, and end of reaction.

As shown in Figure 9, the leaching process is completed
under the coupling action of seepage field and chemical field.
Due to the effect of exchange reaction erosion, the particle
shape changes from time to time, and the height of the sam-
ple will decrease, with the microparticles in the upper layer
migrate downward with the leaching solution and fill the
large pore diameter in the lower layer, resulting in the
dynamic change of pore micromorphology. The pore radius
also changes all the time. In the early stage of leaching, the
sample changes from unsaturated state to saturated state,
where the liquid buoyancy plays a leading role, and the
number of micropores and small holes decreases rapidly.
In the effective leaching stage, ion exchange reaction erosion
plays a leading role, which changes the particle structure of
the sample, decomposes some particles with larger particle
size into smaller particles, and increases the proportion of
pores below the middle pore, while decreases the proportion
of pores above the large pore. As the reaction approaches to

Table 5: Permeability coefficient of samples in each stage of leaching process.

Leaching time/h Leaching solution
Permeability coefficient K

(10-5m/s) Leaching solution
Permeability coefficient K

(10-5m/s)
A1 B1 C1 A2 B2 C2

1

Magnesium sulfate solution

1.105 1.425 0.988

Deionized water

0.995 1.258 0.877

2 1.189 1.521 1.025 1.096 1.304 0.893

3 1.347 1.675 1.189 1.154 1.437 1.092

4 1.641 1.984 1.504 1.232 1.492 1.114

5 1.842 2.248 1.649 1.398 1.551 1.158

6 1.856 2.256 1.702 1.406 1.612 1.224

7 1.874 2.267 1.741 1.423 1.618 1.197

8 1.885 2.274 1.759 1.407 1.613 1.166
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the end, the seepage of fluid plays a leading role. Under the
action of a certain head pressure, a stable seepage channel is
formed in the sample, and the distribution of pore sizes in
the sample tends to be stable.

In the process of ion exchange, the positive trivalent rare
earth ions are replaced by positive divalent magnesium ions
into the solution. According to the principle of charge

balance solution, the content of anions in the solution
should also increase accordingly, resulting in the dissolution
of anions in minerals into the solution, so that the solution
can reach the charge balance state again. Due to the anions
from the ore particles, the charge balance between the two
surfaces is changed. As a result, a large number of uncharged
microparticles are deposited on the surface of the ore body
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Figure 7: Permeability coefficient of MgSO4 leaching sample.

A1
B1
C1

1 2 3 4 5 6 7 8
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

Pe
rm

ea
bi

lit
y 

co
ef

fic
ie

nt
 (K

/1
0–5

m
. S

–1
)

Time (h)

Figure 8: Permeability coefficient of deionized water leaching sample.

7Geofluids



by Coulomb force, filling the pores with large aperture. With
the completion of ion exchange reaction, most of the rare
earth cations with positive trivalent have been separated
from ore, and the thickness of the electric double layer of
clay colloidal particles in the colloid will increases again,
which will make the repulsion force of the electric double
layer become the dominant force again, resulting in the
release of the particles adsorbed around the macropores,
and the macropores return to their original state, showing

a fine pore structure. This shows that the ion exchange
process in the leaching process of rare earth ore body will
lead to the change of particle morphology and the deposition
and release of fine particles in the ore body, resulting in the
evolution of dynamic pore structure. At the same time, rare
earth ions migrate downward through seepage, resulting in a
significant increase in the positive charge content at the
bottom of the sample, while the clay containing rare earth
usually has a negative charge. Under the action of electric

(a) 1 h of leaching (b) 2 h of leaching (c) 3 h of leaching

(d) 4 h of leaching (e) 5 h of leaching (f) 6 h of leaching

(g) 5 h of leaching (h) 6 h of leaching

Figure 9: Vertical axis profile of MgSO4 leaching inversion.
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field force, these clays converge to the bottom of the sample,
block the pores at the bottom of the sample, and change the
pore structure.

The pore size distribution of soil is described by fractal the-
ory, the microstructure characteristics of particle size can
quantitatively describe the pore structure characteristics at
each time in the leaching process, and the relationship
between pore structure and seepage rule is revealed, to explore

the influence of fractal dimension of soil pore on seepage char-
acteristics of soil [26–28].

Pore fractal dimension Df is a significant parameter
to present the microscale change of soil pores [29], which
is usually described by the distribution characteristics of
pore accumulation number less than the specific pore,
as shown in formula (2). In the logarithmic coordinate
system, the corresponding relationship between different

(a) 1 h of leaching (b) 2 h of leaching (c) 3 h of leaching

(d) 4 h of leaching (e) 5 h of leaching (f) 6 h of leaching

(g) 7 h of leaching (h) 8 h of leaching

Figure 10: Vertical axis profile of deionized water leaching inversion.
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pore sizes and their corresponding pore numbers was
fitted [30].

MATLAB software was used to automatically remove
miscellaneous points [31], divided and identified particles and
pores, and calculated the fractal dimension of pores in the pro-
cess of leaching, and the results are given by Table 6. It is clear
that the fractal dimension of sample pores increases in the first
6 hours; from this moment onwards, it tends to enter into the
comparatively stable period. In MgSO4 solution, the growth
rate of fractal dimension keeps at a large value in the effective
leaching stage (2h~6h), and the change trend is positively
correlated. In deionized water, the fractal dimension increases,
while the change trend of fractal dimension growth rate is neg-
atively correlated within 2h~6h. During the leaching process
of MgSO4 solution, Mg2+ and RE3+ in the solution react, which
changes the grain structure of ore soil, resulting in the
difference of fractal dimension between MgSO4 solution and
deionized water.

3.3. Relationship between Pore Structure and Permeability
Coefficient. The characteristic parameters of meso structure
of soil particles were described by fractal theory, to quantita-
tively analyse the variation of pore structure during leaching
and calculate the permeability coefficient in each leaching
stage according to the SDR model [32, 33]. The relationship
between the permeability coefficient and fractal dimension
was indicated, and the fitting curve was obtained, as shown
in Figure 11. In the process of the two solutions of leaching,
the permeability coefficient of samples is positively correlated
with the fractal dimension of the pores. However, in MgSO4
solution, the internal pore structure changed rapidly resulting
from the coupling effect of seepage and ion exchange reaction,

leading to the fluid flowing more easily in the pores. The poly-
nomial function is used to fit the relationship between K and
Df . The fitting result shows that in the 95% confidence interval,
R2 is larger than 0.9143.

4. Conclusion

Based on SDRmodel and classification theory, the permeability
coefficient and fractal dimension at different leaching time
were calculated. And the evolution of the relationship between
pore structure variation and seepage characteristics of ore-soil
particles was established. The main conclusions are as follows:

(1) In the leaching process of deionized water, the
permeability coefficient rises slightly due to the
migration of ore-soil particles, but the growth rate
is small; in the leaching process of MgSO4, the per-
meability coefficient changes significantly, indicating
that the change of permeability coefficient is closely
related to the internal ion exchange reaction

(2) In the leaching process of deionized water, the fractal
dimension increases, while the change trend of frac-
tal dimension growth rate is negatively correlated
with time in 2 h~6h. In the leaching process of
MgSO4, the growth rate of fractal dimension keeps
at a large value in the effective leaching stage
(2 h~6h), and the change trend is positively corre-
lated with time

(3) The relationship between permeability coefficient
and fractal dimension shows strong correlation, so
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Figure 11: Relationship between fractal dimension and permeability coefficient of MgSO4 leaching pores A1: K = −1:05251 ∗Df
2 +

5:65291 ∗Df − 5:10929. B1: K = 11:31327 ∗Df
2 − 38:22234 ∗Df + 33:68001. C1: K = 3:01795 ∗Df

2 − 7:6732 ∗Df + 5:84253.
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the mathematical relationship between permeability
coefficient and fractal dimension can be fitted by
polynomial function, and a method for estimating
permeability coefficient based on fractal dimension
of soil sample is obtained
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