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Seepage-induced erosion in porous soil has always been a major concern in the field of geofluids. Various fractal models have been
built to theoretically investigate the porosity and permeability coefficient. However, the seepage erosion process (i.e., incubation,
formation, evolution, and destruction) in porous soil is not clearly demonstrated to clarify the seepage fractal characteristics. In
this paper, a series of hydraulic tests were performed to reveal the mass fractal characteristics of sandy gravels, coarse-grained
sands, and fine-grained sands in the seepage erosion process. The results show that the mass fractal dimension was appropriate
to describe the cumulative mass distribution of particles, the complexity of pore networks, and the dynamic changes of the
seepage erosion process. Moreover, the scale-invariant interval, as an essential precondition for the accurate calculation of the
mass fractal dimension, was to some extent affected by the average grain size and the fine content of porous soil. In particular,
the changing trend of porosity and permeability coefficient with the mass fractal dimension was demonstrated in the seepage
erosion process. Both porosity and permeability coefficients indicated an increasing trend as the development of seepage
erosion. However, the mass fractal dimension gradually decreased due to the removal of fine particles induced by seepage flow
water. Research findings will not only provide a new perspective on the seepage erosion mechanism but also predict the
development of the seepage erosion process in engineering practice.

1. Introduction

Porous soil is one of the most commonly used filling
materials in hydraulic engineering and geotechnical foun-
dation works. The physical structure of porous soil pre-
sents irregular, discontinuous, and nonhomogeneous
characteristics, which derive from the randomness of par-
ticle size distributions and pore networks [1–3]. For this
reason, porous soil is more likely to trigger seepage ero-
sion due to the loss of soil integrity caused by seepage
flows, which may bring the risk of potential disaster, such
as sinkholes in roads, the collapse of foundation pits, and
the breaching of dams [4–7]. Given the transport of fine
particles from pore networks, the problem of seepage ero-
sion in porous soil can be more complex. There is a need
for theories and models to investigate the essential charac-
teristics of seepage erosion in porous soil, thereby ensuring
the long-term safety of project operation.

Despite the complication of solid particles and pore net-
works, previous studies have confirmed that porous soil sta-
tistically presents fractal characteristics [8–11]. Fractal, first
introduced in detail by Mandelbrot and widely used in var-
ious aspects of natural science, offers a unique opportunity
towards a rational basis for the complexity of soil properties
[12]. An essential feature of the fractal theory is self-
similarity observed in natural objects or processes with no
exception for porous soils. A self-similar soil, that is, a part
of the whole, constantly resembles the whole, sometimes
only in a statistical sense [13–15]. Therefore, porous soil
can be divided into some similar entities along with further
subdivisions into similar entities. The fractal dimension
can be regarded as the quantity index to describe the self-
similar degree or complexity of porous soils [16–19]. Origi-
nally, the fractal dimension of porous soil was found to
account for fragmentation processes including explosive dis-
ruption, impact shattering, weathering, and crushing.
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Differed in soil fragmentation, the seepage erosion process
also presents fractal characteristics, because fine particles
transport by seepage flow from pore networks [20]. Con-
cretely, finer fractions may migrate along with seepage flow
at a certain hydraulic gradient, and then, the pore size and
the permeability coefficient are changed, which in turn
drives the further transport of coarser fractions. The cycle
constantly repeats, resulting in seepage erosion with the
increasing hydraulic gradient.

Whether seepage erosion occurs or not largely depends
on the soil properties and hydraulic conditions. The hydrau-
lic conditions can be controlled in the laboratory tests or
field tests, while the soil properties, especially the permeabil-
ity and porosity, play a more important role in the seepage
erosion process. Numerous models have been developed to
predict the permeability of porous soil [21–25]. For example,
assuming that the porous network is simplified down to a
bundle of capillary channels, the Hagen-Poiseuille equation
is proposed to calculate the seepage flow velocity in a capil-
lary tube [4, 13]. For a better description of the complicated
seepage flow in porous soils, Kozney and Carman [4, 14]
derived a famous expression for the permeability coefficient
K given by
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where γ is the unit weight of fluid, μ is the dynamic vis-
cosity of fluid, k0 is the pore shape factor, T is the pore tor-
tuosity, s0 is the specific surface area of soils, and e is the void
ratio. However, it has been proven that the measured value
and the calculated value of the permeability coefficient do
not always agree. Some studies have shown that the differ-
ence is mainly caused by the presence of unequal pores
and the empirical KC constant. To better clarify the physical
meaning of the KC constant, Yu and Cheng [26] were the
first to establish a fractal model for the permeability coeffi-
cient of porous media as follows:

K =
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which demonstrates that the permeability is a function of the
tortuosity fractal dimension DT , the pore fractal dimension
Df , and structural parameters, A, L, and λmax. If a straight
capillary model (DT = 1) is assumed, equation (2) can be
reduced to

K =
π
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which indicates that the permeability coefficient is very sen-
sitive to the maximum pore size λmax, and the greater the
pore fractal dimension Df , the larger the permeability coeffi-
cient K . Yu and Cheng’s model greatly improves the under-
standing of the permeability coefficient, since every
parameter in the equation is clear and significant, which is
verified by many experimental results of different porous

media. As long as the parameters are determined, the per-
meability coefficient can be precisely predicted. The pore
fractal dimension Df is generally obtained by the box-
counting method or the approximation of self-similarity
based on the Sierpiński-type gasket model [27, 28]. The
tortuosity fractal dimension DT can also be determined
by the box-counting method [29]. The maximum pore size
λmax is usually acquired from the scanning electron micro-
scope (SEM) observation and mercury injection data anal-
ysis [3, 24]. Since these parameters are difficult to obtain, a
mass fractal model was developed assuming pore size to
follow a simple relationship as a function of particle size
[30–32]. The hypothesis that the smaller the pore size,
the larger the tortuosity was extended to express as a func-
tion of pore diameter. This relationship has been incorpo-
rated into the capillary flow model to obtain the
permeability coefficient of unsaturated soils. Interestingly,
it has been accepted for many years that the permeability
coefficient of porous soil is largely governed by both pore
and particle properties with fractal characteristics includ-
ing size, area, volume, and mass. The pore-solid fractal
approach was employed to simulate soil structure by
simultaneously considering the solid fraction and pores
[33–36]. The particle size distribution curves of testing
soils were used to explore the fractal relationship between
the permeability coefficient and the porosity. The porosity
of soil with arbitrary particle size distribution and particle
shape was controlled by a group of “smallest particles”
related to the permeability coefficient [37–40].

The foregoing studies have demonstrated the fractal
characteristics of pore networks and solid particles, but seep-
age in porous soil, which flows through pore networks,
should be fractal with some other special characteristics
[41, 42]. Furthermore, the seepage erosion process could also
present fractal characteristics because fine particles transport
from pore channels rather than soil fragmentation. For
example, the suffusion is one of seepage erosion forms to
describe the phenomenon of geotechnical foundations, in
which the finer fraction of the soil moves through the voids
of the coarser fraction without any loss of matrix integrity or
change in total volume. Another common seepage erosion in
hydraulic engineering is backward piping erosion, which
shows that the soil particles are detached from the down-
stream exit of seepage flow and gradually develop along
the direction of flow direction [15, 43]. Whatever form seep-
age erosion takes, soil particles are constantly washed out
with an increasing hydraulic gradient, resulting in the
increase in the porosity and the permeability coefficient,
which dramatically changes the hydromechanical character-
istics of the soil, thus inevitably bringing potential engineer-
ing hazards. For instance, the February 2017 failure of the
spillway chute at Oroville Dam, owned and operated by
the California Department of Water Resources (DWR),
raises great concerns for joints and fractures of concrete
spillway chutes that could allow penetration of high-
pressure water into a chute foundation. Investigations have
shown that seepage-induced erosion of porous soil in the
foundation is the most likely reason for the initial chute slab
failure under high-pressure flow conditions [44, 45].
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Previous studies have gained a better understanding of
the permeability coefficient in porous media based on vari-
ous fractal models in theory. However, the seepage erosion
process in porous soil is not clearly or fully tested to clarify
the seepage fractal characteristics. This paper, which is
restricted to sandy gravel, coarse-grained sand, and fine-
grained sand, has three purposes. First, a mass fractal model
will be used to analyze the scale-invariant intervals of differ-
ent soil samples, thereby clearly determining the physical
meaning of the mass fractal dimension in porous soil. Sec-
ond, a series of hydraulic tests will be conducted to show
the seepage behavior of the entire erosion process (i.e., incu-
bation, formation, evolution, and destruction) through the
observations of the hydraulic gradient, overflow amount,
and sand boiling amount. Third, the mass fractal dimension
will be used to evaluate the fractal characteristics of the seep-
age erosion process in porous soil. Research findings will
help better understand the mechanism of the seepage ero-
sion process and reduce the risk of seepage failure in practi-
cal engineering.

2. Materials and Methods

2.1. Testing Soils. Tests were performed on granular soils
from the banks of the Yangtze River, including four samples
of sandy gravels numbered 1~4 (Figure 1), two samples of
coarse-grained sands numbered 5~6 (Figure 2), and two
samples of fine-grained sands numbered 7~8 (Figure 2).
Soils were prepared to compare various hydraulic parame-
ters of the initial seepage erosion process. In particular for
seepage erosion tests, the hydraulic pressures, overflow
amounts, and sand boiling amounts were measured to show
the critical hydraulic gradient leading to seepage erosion.
Also, soil samples were taken as follows. The cutting edge
was used to press vertically into natural soils until they were
filled in the ring sampler; then, surrounding soils were cut
off and the ring sampler was carefully taken out to keep nat-
ural soils undisturbed. For the large-size gravels (maximum
grain diameter of 3 cm), an equivalent density method was
employed to keep the soil unit weight invariant by using fine
particles instead of large ones. The physical property param-
eters of soils are presented in Table 1.

2.2. Testing Apparatus. A testing apparatus was designed for
porous soil to measure hydraulic pressures and gradients
under the conditions of vertical seepage flow through a soil
sample. A schematic illustration of the apparatus is pre-
sented in Figure 3. The general concept of the apparatus is
to provide a uniform hydraulic gradient through a soil sam-
ple without converging or diverging flow conditions, thereby
observing the hydraulic pressures and gradients with mea-
suring equipment. Besides, the necessary conditions for the
critical hydraulic gradient to initiate the seepage erosion
process can be evaluated. A detailed description of the test-
ing apparatus is exhibited as follows.

The apparatus consists of a water supply device, a sample
holder, measuring equipment, and a data collection system.
The soil sample is retained in a rigid-walled Plexiglas holder
sealed in a porous permeable board, which is attached to a

conical, stainless, and influent water supply device. The
porous permeable board at the base of the cylinder holds
up the soil while allowing water to flow gradually into the
soil sample. The soil sample holder is a 75.0 cm height and
25.5 cm diameter cylinder-shaped Plexiglas mold with two
rows of pore pressure measurement ports located at the
holder sides, which is designed to precisely measure the
hydraulic pressure of seepage flow through the sample at dif-
ferent locations (Figure 4). Piezometric tubes are used to
manually measure pore pressure, and sensors that are con-
nected to the data collection system can automatically mea-
sure the hydraulic pressure in real time. To better improve
the reliability of monitoring data, measurements are made
using 9 pressure sensors (numbered a~i) installed vertically
along the side of the apparatus every 5 cm, and 9 piezometric
tubes (numbered 0~8) are alternately located on the oppo-
site side every 5 cm, except for no. 0 tube, which is set in
the porous permeable board to measure the upstream water
head. The resulting spacing along the vertical allowed to
acquire measurements every 2.5 cm to observe minor defor-
mation in each part of the soil in the seepage erosion pro-
cess. The inside of the sample holder is coated with
silicone gel that serves a dual function. First, it provides a
frictional interface between the soil samples and the sample
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Figure 1: Grading curve of sandy gravels numbered 1~4.
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Figure 2: Grading curve of sands numbered 5~8.
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holder. Second, since porous soil sample indents into the sil-
icon, it prevents a preferred seepage path along the edges of
the sample that would occur as a consequence of larger
interstitial voids caused by a lack of interlocking with the
smooth Plexiglas surface. In addition, a control sample is
used to demonstrate that the sensors may not be affected
by the transport of particles, silicone gel obstructions, or
the potential segregation.

The hydraulic pressure is flexibly governed by the water
tank attached to the screw pole to produce a uniform vertical
hydraulic gradient upward through a porous permeable
board into the sample. The altitude adjustment is controlled
by two nuts arranged on the screw pole that can be fixed on
the transmission driver, and the hydraulic pressure can be

slowly regulated. By controlling the upstream head of the
water tank and the downstream head of the overflow mouth,
the differential head across the sample is steadily increased
until initial seepage erosion occurs. Both seepage behavior
and soil deformation of each part of the porous soil can be
observed and recorded.

2.3. Testing Procedure. The testing procedure is outlined as
follows:

(1) For better control of various factors that could affect
the seepage erosion, such as temperature, water con-
tent, and physical dimension of soil, the laboratory
test was kept at a uniform temperature, and all soil

Table 1: Physical property parameters of experimental soils.

Soil
number

Soil type
Uniformity coefficient

Cu

d50
(mm)

Porosity
N

Dry density ρd (g/
cm3)

Permeability coefficient K (cm/
s)

1 Sandy gravel 81.25 20.00 0.26 1.96 3:35E − 02

2 Sandy gravel 73.30 17.00 0.22 2.08 1:10E − 02

3 Sandy gravel 66.70 15.00 0.24 2.02 1:02E − 02

4 Sandy gravel 45.70 12.00 0.27 1.94 1:10E − 02

5
Coarse-grained

sand
3.45 0.77 0.32 1.80 4:00E − 02

6
Coarse-grained

sand
3.33 0.32 0.38 1.65 2:50E − 02

7 Fine-grained sand 1.80 0.15 0.46 1.43 3:20E − 03

8 Fine-grained sand 2.10 0.11 0.47 1.40 7:00E − 04

1
2
3
4
5
6
7
8

a
b
c
d
e
f
g
h
i

Sensors Piezometric tubes

Overflow mouth

Porous board

Water
outlet

Water inlet

Partition

Water valve

Water supply pipe

Screw pole

Electromotor

Transmission driver

Upper tank

Vent valve

Data collection system

Adjustment plate

Figure 3: Schematic illustration of testing apparatus.
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samples were dried and prepared in a completely sat-
urated condition, and the physical dimensions of the
soil were rigidly performed

(2) Soils were tested with three specimen heights in the
sample holder. If the content of coarse sands was
high, the filling height would be high. Specifically,
for sandy gravels, the filling height was 35 cm. The
filling height was 30 cm for coarse-grained sands,
while the filling height was 25 cm for fine-grained
sands

(3) Two ways of water injection were used to make the
sample soil gradually saturated. One was to inject
water continuously to ensure that the initial hydrau-
lic gradient was less than 0.1 and then increase to a
slight hydraulic gradient increment of 0.1, which
could be observed every five minutes until the
hydraulic pressure on the sensors was steady or
water level in piezometric tubes varied little. The
other was to inject water regularly to simulate the
process of water level gradually rising, which was
loaded with a tiny hydraulic gradient increment of
0.05~0.1 every 15~30 minutes

(4) The tests went on until the soil completely failed.
The test was not stopped until the connected leakage
pathway was formed from the bottom to the top of
the soil samples, or the soil particles were uplifted
to float in entirety. The hydraulic gradient, perme-

ability coefficient, and overflow amount were used
as quantificational indexes. Tests ended until these
parameters increased more than 10 times

(5) Given the observations of the water head in the pie-
zometric cubes, hydraulic pressure on the sensors,
and opacification degree of overflow water, internal
adjustments of fine particles were captured during
the seepage erosion process. At the same time, the
hydraulic gradient and overflow amount were fre-
quently measured to obtain adequate seepage ero-
sion data

3. Results and Discussion

3.1. Mass Fractal Dimension Calculation. Since the fractal
dimension is the key factor affecting the permeability coeffi-
cient, the calculation of the fractal dimension appears to be
particularly important. Given the scale invariance in self-
similar characteristics of porous structures, fractal analysis
is an appropriate and efficient mathematical tool for asses-
sing porous soil. Most studies of the fractal properties of
porous soil are based on the geometric fractal dimension,
which is commonly obtained by the box-counting method
or image analysis. However, the statistical fractal dimension
is more suitable for describing the fractal characteristics in
porous soil, because the scale invariance only exists in a cer-
tain range of grain size. The mass fractal dimension, as one
of the statistical fractal dimensions, is commonly used in
practical engineering for the accumulation of particle mass.
Moreover, the mass fractal dimension is conveniently
acquired based on the grading curve, which is relevant for
the particle size distribution of porous soil. Following this
concept within the study herein, the mass fractal dimension
is used for the quantitative description of the mass accumu-
lation associated with the particle size distribution and the
complication of pore networks.

In geotechnical engineering, the grading curve is typi-
cally presented as the percentage of the cumulative mass of
soil occupied by a given size fraction. The fractal relationship
of the mass distribution can be expressed by

M <rð Þ∝ r3−Dm , ð4Þ

where Mð<rÞ is the mass of particles whose sizes are
smaller than a given comparative size r and Dm is the mass
fractal dimension. A relationship based on the results of a
standard sieve analysis test was established by Tyler and
Wheatcraft (1992) to calculate the fractal dimension of soils.
This relationship is

M R < rð Þ
MT

=
r
rL

� �3−Dm

, ð5Þ

where MðR < rÞ is the cumulative mass of particles with size
R smaller than a given comparative size r, MT is the total
mass of particles, r is the sieve size opening, and rL is the
maximum particle size as defined by the largest sieve size
opening used in the sieve analysis. Logarithmic

Figure 4: Physical model of the soil sample holder.
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transformations of equation (5) on both sides yield the fol-
lowing:

Ln
M R < rð Þ

MT
= 3 −Dmð ÞLn

r
rL

� �
+ C, ð6Þ

where C is the constant. The fractal dimension Dm and the
slope Ks of the linear fitting equation of the grading curve
in Ln MðR < rÞ/MT ~ Lnðr/rLÞ coordinates satisfy

Dm = 3 − Ks: ð7Þ

For example, the grading curve of a sandy gravel is
shown in Figure 5, and the logarithmic linear fitting curve
is illustrated in Figure 6. The slope Ks = 0:317; hence, the
fractal dimension Dm = 3 − 0:317 = 2:683. Beyond that, the
correlation coefficient R2 = 0:99 shows that the linear fitting
relationship of the grading curve has a high correlativity.
Note that the mass fractal dimension represents the cumula-
tive mass feature of soil particles, reflecting the primary
physical property of porous soil. Unlike self-similarity or
self-affinity of mathematical fractal dimension on the infi-
nite scale, self-similarity of an approximate or statistical frac-
tal object, including porous soil, exists only in a finite scale
range. Therefore, the mass fractal dimension calculated by
equation (7) is only applicable to a certain scope of soil par-
ticles, namely, scale-invariant interval for the statistical self-
similarity range of porous soil particles.

The determination of the scale-invariant interval is an
essential precondition for the accurate calculation of the
mass fractal dimension. The main methods for determining

the scale-invariant interval include artificial judgment, cor-
relation coefficient test, and fitting error estimation. Among
them, the artificial judgment method is more convenient and
more effective, thus avoiding the “drifting” phenomenon of
the scale-invariant interval. Herein, adopt the artificial judg-
ment method to determine the scale-invariant intervals of
different porous soils. According to the Ln MðR < rÞ/MT ~
Lnðr/rLÞ correlation curve, two inflection points in the mid-
dle of which a scatter of points can approximately fit into a
straight line. The scale of the straight line is the scale-
invariant interval of porous soil. Moreover, the better the
correlation of the fitting linear, the more accurate the
scale-invariant interval. Results from statistical analysis
show the scale-invariant intervals of different soil samples
(Figure 7). A series of black arrows represent the inflection
points on fitting curves of soil samples, including coarse-
grained sands, fine-grained sands, and sandy gravels. The
extent of two inflection points corresponding to horizontal
ordinate values indicates the range of self-similarity of
porous soils. It has been found that there are significant dif-
ferences among the scale-invariant intervals from different
soil samples. Obviously, the larger the average grain size
d50, the broader the scale-invariant interval. The scale-
invariant interval of sandy gravel ranges from 0.25mm to
20mm, while coarse-grained sand ranges from 0.25mm to
10mm and fine-grained sand ranges from 0.25mm to
5mm. This can be explained by the fact that the fine content
of the scale-invariant interval could affect the particle size
distribution of porous soil.

3.2. Mass Fractal Dimension Analysis. The slope Ks of the fit-
ting straight line of the scale-invariant interval can be used
to figure out the mass fractal dimension Dm. For example,
the sample of sandy gravel numbered 1 was used to calculate
the mass fractal dimension. The logarithmic linear fitting
curve is illustrated in Figure 8. Although fractal analysis
can describe irregular, discontinuous, and nonhomogeneous
characteristics, it is insufficient to describe the complexity of
porous soils by a single fractal dimension. Without consider-
ing segmentation data, the mass fractal dimension is Dm =
3 − 0:92 = 2:08 and the correlation coefficient is R2 = 0:69
with relatively poor reliability. Through statistical analysis
of two separate linear fitting curves, a fractional quantitative
characterization of porous soil is presented with high corre-
lativity and good reliability. One linear fitting curve indicates
the mass fractal dimension Dm1 = 3 − 2:80 = 0:20 when con-
sidering the grain size smaller than 0.25mm, which means
that the degree of soil uniformity is high without fractal
characteristics. While the other shows that the mass fractal
dimension is Dm2 = 3 − 0:16 = 2:84 and the correlation coef-
ficient is R2 = 0:94 when considering the grain size larger
than 0.25mm. Comparatively, the mass fractal dimension
Dm2 is relevant, since the content of particles with a grain
size larger than 0.25mm is approximately 92%, which pri-
marily affects the physical property of porous soil.

By analogy, the mass fractal dimensions and scale-
invariant intervals of different experimental soils are shown
in Table 2. The results show that the mass fractal dimension
represents the uniformity degree of the soil particle size
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Figure 5: Grading curve of a sample in a sandy gravel.
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distribution associated with pore networks. Moreover, the
multifractal dimension of porous soil is closely related to
the fine content of the scale-invariant interval. It is evident
that both the average grain size and the fine content of the
scale-invariant interval are the primary factors influencing
the mass fractal dimension. Specifically, for various sandy
gravels, the scale-invariant intervals are almost the same,
while the higher the fine content of the scale-invariant inter-
val, the larger the mass fractal dimension. Comparing
coarse-grained sands with fine-grained sands, an inference
can be drawn that the smaller the average grain size, the nar-
rower the scale-invariant interval. Despite the small average
grain size and the narrow scale-invariant interval, the mass
fractal dimension presents an increasing trend that may be
related to the fine content and the uniform coefficient. Any-
way, the mass fractal dimension is appropriate to describe
the cumulative characteristic of soil particles, which reflects
the particle size distribution and the randomness of pore
networks, thereby primarily governing physicomechanical
properties, including porosity and permeability coefficient.

3.3. Mass Fractal Dimension Evaluation on the Seepage
Erosion Process. As described previously, the mass fractal
dimension can be used to give a good description of mass
cumulative characteristics, but it is difficult to directly dem-
onstrate the penetrating performance of porous soil. Once
seepage erosion occurs, such as piping, fine particles are con-
tinuously moving from the seepage channel, resulting in a
reduction in cumulative mass, rendering the varying mass
fractal dimension. Both the permeability coefficient and the
porosity are changed accordingly. Specifically, finer particles
move via the voids of the coarser fraction under the condi-
tion of a certain hydraulic gradient, resulting in the increas-
ing porosity of the soil. As the seepage velocity continues to
increase, the fine particles begin to be removed by the seep-
age flow, which again increases the porosity. Subsequently,
the seepage velocity is continuously increasing to wash out
the larger particles from the gradually expanded leakage pas-
sage, which leads to the loss of cumulative mass in the seep-
age erosion process. Inversely, the changing trend of the
mass fractal dimension can be used to evaluate the seepage
erosion. Therefore, the objectives of this section are as fol-
lows: (i) to understand the entire process of the seepage ero-
sion by the observations of experimental data, (ii) to analyze
the mass fractal dimension between the permeability coeffi-
cient and porosity in the seepage erosion, and (iii) to show
the varying trend of the mass fractal dimension in porous
soil before and after the seepage erosion.

As observed in the hydraulic tests, the entire process of
seepage erosion can be qualitatively divided into four
phases: incubation, formation, evolution, and destruction
(Figure 9). Experimental results show that there is a differ-
ence between hydraulic and mechanical characteristics in
every phase of the seepage erosion process. First, in the
incubation phase, soil particles are almost static, and soil
skeletons are stable without any soil deformation under a
low hydraulic gradient. Next, in the formation phase, the
surface grains are slowly adjusted, resulting in progressive
soil deformation, while soil skeletons are still stable with
the increasing hydraulic gradient. At this point, the vis-
cous shear force and the seepage force on the soil grains
reach the magnitude of the retaining forces at exit. How-
ever, the migration of soil particles enlarges the size of
the surrounding interstitial voids. As a result, the slight
deformation appears and then gradually expands to nearly
two-thirds of the seepage path length and eventually
induces the whole deformation. Both sandy gravels and
coarse-grained sand skeletons are still stable, and their
deformations are not apparent in this phase. Then, in
the evolution phase, the surface grains move rapidly until
the void ratio reaches the maximum as the hydraulic gra-
dient across the sample is again increased. An additional
increase in the gradient reduces the downward force of
the upper grains on the next layer of underlying grains,
allowing them to loosen when reaching a state of equilib-
rium. At this point, soil skeletons are movable, and the
leakage pathway is gradually expanded with the uplifting
fine particles. This evolution process is continuous as the
increasing gradient across the sample unless the loosened
zone develops quickly in the exit face of the sample
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progressively heaves. Last, in the destruction phase, sand
boil or total heave appears when a random alignment of
the large interstitial void is formed in the near-surface soil
structure, thus producing a preferential low resistance
pathway of seepage flow. The connected leakage pathway,

namely, the seepage channel, acts similar to a relief well,
allowing water to escape from the soil sample. The prefer-
ential pathway pressure from increased gradients is
relieved without further progression of the heave due to
the constant overflow of water. The removal of the fine

Table 2: The mass fractal dimensions and scale-invariant intervals in different experimental soils.

Soil
number

Soil type
Scale-invariant interval

Fine content of scale-invariant
interval (%)

Mass fractal
dimension

Correlation
coefficient

Lower limit
(mm)

Upper limit
(mm)

1 Sandy gravel 0.25 20 91.75 2.84 0.94

2 Sandy gravel 0.25 20 88.83 2.65 0.95

3 Sandy gravel 0.25 20 87.70 2.61 0.99

4 Sandy gravel 0.25 20 87.17 2.57 0.98

5
Coarse-grained

sand
0.25 10 68.98 2.87 0.99

6
Coarse-grained

sand
0.25 10 68.54 2.84 0.94

7
Fine-grained

sand
0.25 5 57.42 2.90 0.79

8
Fine-grained

sand
0.25 5 65.49 2.99 0.91

Seepage direction

Stable soil skeleton

Static fine
particles

(a)

Seepage direction

Stable soil skeleton

Removable fine
particles

(b)

Seepage direction

Expanded leakage
pathwayUplifting fine

particles

Movable soil skeleton

(c)

Seepage direction

Broken soil skeleton Connected leakage
pathway

Jumping fine
particles

(d)

Figure 9: Schematic illustration of the entire seepage erosion process observed in the hydraulic tests: (a) incubation, (b) formation, (c)
evolution, and (d) destruction.
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grains increases the permeability coefficient of the soil sur-
rounding the preferential pathway, which expands the
pathway in offering drainage to the interior of the sample.
Since the seepage force continues to act on the upper
grains, the process of progressively achieving equilibrium
may not be maintained. Finally, the leakage pathway con-
nects from the upstream side to the downstream side of
the soil sample, accompanied by observations of jumping
fine particles in groups and broken soil skeletons.

The relation between the mass fractal dimension and
the porosity is shown in the seepage erosion process
(Figure 10). The experimental values of porosity show an
increasing trend with a little fluctuation with the develop-
ment of seepage erosion, which agrees well with the exper-
imental results of Chen et al. [31]. The maximum relative
error is less than 10%, probably caused by the basic
assumptions of formula deduction and the systematic
errors of test measurement. At different phases of the
seepage erosion process, the mass fractal dimension
decreases as the porosity increases, apparently in the evo-
lution and destruction phases, while not obviously in the
phases of incubation and formation. It can be explained
that fine particles transport constantly from the gradually
expanded leakage pathway or pore channel (Figures 9(c)
and 9(d)) at the critical hydraulic gradient, resulting in
increasing porosity and decreasing fractal dimension. By
comparison, since fine particles begin to move slowly at
a small hydraulic gradient (Figures 9(a) and 9(b)), the
leakage pathway has not been completely formed in the
incubation and formation phases, thus slightly influencing
the mass fractal dimension and the porosity.

The relation between the mass fractal dimension and the
permeability coefficient is shown in the seepage erosion pro-
cess (Figure 11). The experimental values of the permeability
coefficient show an increasing trend with the development of
seepage erosion, which is basically consistent with the exper-
imental results of Zhu et al. [32]. The maximum relative
error is only 8%, which is associated with the sample differ-
ence and experimental conditions. At different phases of the
seepage erosion process, the mass fractal dimension
decreases with the increasing permeability coefficient, which
is slight in the incubation and formation phases and signifi-
cant in the evolution and destruction phases. Note that the
seepage force acting on the soil particles needs to overcome
the viscous resistance derived from film water at an initial
hydraulic gradient in the incubation and formation phases.
As the hydraulic gradient increases, fine particles are contin-
uously washed out from the leakage pathway in the phases of
evolution and destruction (Figures 9(c) and 9(d)). Subse-
quently, the cumulative soil particles are lessened and the
percolating capacity is improved at a large hydraulic gradi-
ent. As a result, the mass fractal dimension decreases while
the permeability coefficient increases, which is similar to
the varying law between the mass fractal dimension and
the porosity mentioned above.

The mass fractal dimension changes in different soil
samples are shown before and after seepage erosion
(Figure 12). The mass fractal dimension before seepage
erosion may derive from the original grading curves, while

the mass dimension after seepage erosion can be obtained
from the redistributed grading curves due to the sand
washed out by overflow water. According to the turbidity
of the overflow water and the amount of the gushing sand,
the mass fractal dimensions of all the soil samples tend to
decrease to different degrees after the seepage erosion. For
sandy gravel samples, a large amount of turbid water over-
flows, carrying the sands away at the critical hydraulic gra-
dient. By sieving and measuring the gushing sands, it is
discovered that the washout sand size was less than
0.50mm, and the percentages of those sands (1#~4#) were
18%, 15%, 13%, and 17%, respectively. Correspondingly,
the ratios of the mass fractal dimension fell by 6.7%,
5.0%, 4.8%, and 6.5%. For coarse sand samples, the over-
flow water is little turbid, accompanied by the gushing
sand size of less than 0.25mm, and the percentages of
these sands (5#~6#) were 9% and 8%, respectively. The
ratios of the mass fractal dimension were accordingly
reduced by 4.2% and 4.1%. Comparatively, the overflow
water through the fine sand samples was slightly turbid,
with the observation of less than 0.10mm of gushing sand
at the large hydraulic gradient. It was found that the per-
centages of the gushing sands (7#~8#) were 5%and 4%,
respectively, and the ratios of the mass fractal dimension
dropped to 2.3%and 2.2%, respectively.

The relationship between the mass fractal dimension,
permeability coefficient, and porosity can provide a refer-
ence for the choice of physicomechanical parameters of
porous soil in engineering practice. Based on the soil com-
position reported in geotechnical investigation, grading
curves can be drawn and then transformed with double
logarithmic coordinates. The scale-invariant interval is
determined, and the mass fractal dimension can be figured
out. Through the above discussion, it is verified that the
mass fractal dimension represents the accumulation char-
acteristics of soil particles, integratively reflecting the
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Figure 10: Relation between mass fractal dimension and porosity
in the seepage erosion process.
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content of fine particles, the uniformity coefficient, the
porosity, and the permeability. Moreover, the changing
trend of the mass fractal dimension can be used to predict
the development of seepage erosion, which provides a
novel approach to investigate the potential risk of seepage
erosion in porous soil.

4. Summary and Conclusions

In this study, a series of hydraulic tests were carried out to
show the seepage erosion process. The mass fractal dimen-
sion is used to determine the scale-invariant intervals of
porous soil and to evaluate the fractal characteristics of the
seepage erosion process in porous soil. The main conclu-
sions are as follows:

(1) The mass fractal dimension is an intrinsic parameter
to describe the complicated composition of porous

soil, which is appropriate to describe the cumulative
mass distribution of particles, the complexity of pore
networks, and the dynamic changes of the seepage
erosion process. Hydraulic tests have proven that
the mass fractal dimension is closely related to the
fine content, the porosity, and the permeability coef-
ficient, thus largely determining the physicomecha-
nical properties of porous soil

(2) The determination of the scale-invariant interval is
an essential precondition for the accurate calculation
of the mass fractal dimension. Both the average grain
size and the fine content of the scale-invariant inter-
val are the primary factors influencing the mass frac-
tal dimension. In addition, the scale-invariant
interval of sandy gravel ranges from 0.25mm to
20mm, while coarse-grained sand ranges from
0.25mm to 10mm and fine-grained sand ranges
from 0.25mm to 5mm
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Figure 11: Relation between mass fractal dimension and permeability coefficient in the seepage erosion process.
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(3) The seepage erosion process can be qualitatively
divided into incubation, formation, evolution, and
destruction. The changing law of porosity and per-
meability coefficient with the fractal dimension is
approximately similar in the seepage erosion pro-
cess. Both porosity and permeability coefficients
show an increasing trend with the development of
seepage erosion. However, the fractal dimension
decreases due to the removal of fine particles
induced by seepage flow water

The methods and results may be of interest to industrial
geologists, hydrologists, and engineers who focus on seepage
erosion in porous soil and theory researchers who seek to
validate the applicability of fractal models. This paper is lim-
ited by hydraulic tests to sandy gravels, coarse-grained
sands, and fine-grained sands. Further research with a wider
variety of porous soil types and more advanced visualization
technology is needed to provide more insights into the
mechanisms of the seepage erosion process.

Symbols

A: Cross-sectional area (L2)
C: Constant (-)
Cu: Uniformity coefficient (-)
Df : Pore fractal dimension (-)
Dm: Mass fractal dimension (-)
DT : Tortuosity fractal dimension (-)
d50: Average grain size (L)
e: Void ratio (-)
i: Hydraulic gradient (-)
K : Permeability coefficient (LT-1)
K0: Pore shape factor (-)
Ks: Slope (-)
L: Measure length (L)
MT: Total mass (M)
n: Porosity (-)
R: Correlation coefficient (-)
r: Sieve size opening (L)
rL: Maximum particle size (L)
s0: Specific surface area (L2)
T : Pore tortuosity (-)
γ: Fluid unit weight (MT-3)
μ: Fluid viscosity (MLT-1)
ρd: Dry density (MT-3)
λmax: Maximum pore size (L).
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