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Abstract: To applicate streaming potential phenomenon to study the seepage feature in the soil–rock
mixture (SRM), research on the variation in the streaming potential phenomenon of SRM is the
precondition. This paper deals, in assistance with the streaming potential test apparatus, with the
streaming potential effect response of SRM subjected to different rock contents. The test results show
that when the rock content increases from 10% to 30%, the streaming potential coupling coefficient
increases with the increases in rock content at 85% compactness and 0.01 mol L−1 salinity. When
the rock content is more than 30%, the streaming potential coupling coefficient decreases with the
increases in rock content. As the rock content increases, the permeability coefficient has a negative
correlation with the streaming potential coupling coefficient. The streaming potential increases
first and then goes down with the increases in rock content, and the streaming potential decreases
significantly when the rock content exceeds 50%. The findings indicate that the rock content is the
key structural factor that restricts the streaming potential phenomenon of the SRM.

Keywords: soil–rock mixture; streaming potential coupling coefficient; streaming potential; rock content

1. Introduction

Excavation and blasting are common during the construction of water conservancy
facilities. The resulting SRM materials are used in large quantities, which are normally used
as filling materials in dam projects. The SRM is a porous medium composed of rock with
great strength and size, fine-grained soil, and pores [1]. It is essential to understand the
seepage behavior of SRM for the sake of dam safety evaluation and disaster warning, and
ensuring the long-term normal operation of the dam. The streaming potential phenomenon
shows a good performance in tracking water flow of porous media [2–6], and the study
of streaming potential phenomenon in SRM is helpful to further capture the seepage
characteristics of SRM. However, the underlying physics of the streaming potential effect
of SRM have not been well recognized.

A large number of authors have studied the influence of rock content on the permeabil-
ity coefficient of SRM by different methods. SRMs consisting of a mixture of soil and rock of
different materials were tested in the laboratory, which proved that the rock content had a
significant effect on the permeability coefficient of the SRM [7–10]. The numerical methods
successfully reproduced the influence of rock content on the seepage characteristics of
SRM [11,12]. The development of the model for the permeability coefficient of the SRM
further revealed the quantitative relationship between the rock content and the seepage
behavior [13].

A considerable amount of literature has been published on the streaming potential
phenomenon. The generation of streaming potential is related to the distribution and
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movement of excess counterions in the diffusion layer. The other counterions in the stern
layer are confined to the surface of the charged porous medium. The diffusion layer and
the stern layer form an electric double layer. The flow water carries the excess counterions
in the diffusion layer to form a streaming current and an electrical potential. This electrical
potential drives the movement of ions in the solution to generate a conduction current.
When the streaming current is balanced with the conduction current (j = 0), the obtained
potential is the streaming potential [14–17]. The streaming potential coupling coefficient is
determined by the relationship between streaming potential gradient ∇U (V) and pressure
gradient ∇P (Pa):

C =
∇U
∇P

∣∣∣∣
j=0

(1)

The Helmholtz–Smoluchowski (HS) equation reveals the mechanism of streaming
potential phenomenon in porous media [18,19]:

C =
εζ

µσf
(2)

where C (V Pa−1) is the streaming potential coupling coefficient, ε (F m−1) is the dielectric
permittivity, µ (Pa s) is the dynamic viscosity, σf (S m−1) is the fluid conductivity, and ζ (V)
is the zeta potential. The HS equation does not consider the medium structure, so it is
widely used in the study of streaming potential phenomena of different medium materials
(when surface conductivity is not important compared to solution conductivity). Salinity
has also become the main influencing factor of HS equation [20–23]. Many authors have
developed the HS equation by considering the surface conductivity, and they found that at
low concentrations and low permeability, the surface conductivity dominates the electrical
conduction, and the streaming potential coupling coefficient is related to the structure of
the medium [24–27]. The modified HS equation is given:

C =
εζ

µσrwF
=

εζ

µ(σf + σs)
(3)

where σS (S m−1) is the surface conductivity, σrw (S m−1) is the electrical conductivity
of the saturated sample, and F is the intrinsic formation factor of the sample. As noted
above, when using HS equation to study the streaming potential effect of medium, it is
necessary to consider the surface conductivity. It is convenient to study the streaming
potential effects of the medium once the surface conductivity is neglected. If the surface
conductivity is the main contribution to the conductivity of the medium, the intrinsic
formation factor of the medium at high salinity needs to be measured, and the research
process will become complicated.

The effective excess charge density approach is an alternative method to express the
streaming potential phenomenon in porous media. The streaming potential effect is at-
tributed to the transport of effective excess charge in the diffusion layer [28,29]. The effective
excess charge density is used to calculate the streaming potential coupling coefficient [30].

C =
Qvk
µσ

(4)

where Qv (C m−3) is the effective excess charge density, k is the permeability (m2), µ (Pa s) is
the dynamic viscosity, and σ (S m−1) is the electrical conductivity of porous media. In order
to predict the streaming potential coupling coefficient, it is essential to obtain the effective
excess charge density. Previous studies have shown an empirical relationship between
effective excess charge density and permeability [3,4]. Recently, the analytical model from
Guarracino and Jougnot [31] further determines the quantitative relationship between
effective excess charge density and permeability. This study further lays a theoretical
foundation for the application of effective excess charge density approach. When the
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effective excess charge density is used to study the streaming potential effect, the surface
conductivity does not need to be considered. At the same time, it is directly related to the
medium structure parameters, and the application range becomes wider. However, when
the solution concentration changes significantly, the effective excess charge density cannot
be accurately obtained through the empirical relationship with permeability. At this time,
Guarracino and Jougnot’s [31] analytical model needs to be used, which means that more
parameters need to be obtained, which makes the research inconvenient.

The proposed effective excess density charge approach promotes the use of the self-
potential method. The self-potential method is used to record the electric field produced by
streaming potential in real time. This method is cost-effective and has a wide measuring
range, quick response, and high sensitivity. Much of the available literature on applying
the self-potential method deals with the question of detecting the leakage of embankment
dams. Spatial distribution of obtained self-potential signal was used to delineate leakage
in an earth rock dam in the early application [32]. With the development of effective
excess charge density approach, the result of forward calculation was more intuitive and
easier to interpret [33–35]. The further development of the inversion algorithm, namely
the self-potential method, has realized the quantitative analysis of the leakage path of
the embankment dam, which is of great significance for us to assess the safety of the
dam [36–38]. In the future, the use of statistical principles and considering the heterogeneity
of embankment dam materials will further improve the ability of the self-potential method
to quantitatively analyze the physical parameters of the leakage path [39–41].

The aforementioned studies show that the critical role played by the rock content on
the seepage features of SRM. Using streaming potential phenomenon to study the seepage
characteristics of SRM can broaden the understanding of the problem. Although the self-
potential method has been widely used in detecting the leakage in embankment dams, the
mechanism of streaming potential phenomenon of SRM is rarely studied. The research on
the influence of rock content on the streaming potential effect of SRM will promote the
further application of the self-potential method in the embankment dam.

In this study, our goal is to reveal the effect of rock content on the streaming po-
tential phenomenon in SRM. We designed five SRMs with different rock contents and
measured the potential of the SRMs at different water levels. The correlation between
the streaming potential coupling coefficient and the permeability coefficient are analyzed.
The results lay a foundation for monitoring the internal erosion of embankment dams by
self-potential method.

2. Experimental Methodology

The material of the SRM is the typical weathered broken argillaceous rock and comes
from the subgrade of sections K1 + 290~K1 + 350 and K0 + 720~K0 + 800 of Xuetang Road,
Chongqing, China. In this paper, the threshold value of soil and rock is taken as the 5 mm
adopted by Zhou et al. [13], such that particles greater than 5 mm are rock and those less
than 5 mm are soil. The maximum particle size was less than 20 mm. SRMs with rock
content of 10%, 30%, 50%, 70%, and 90% were designed (the ratio of the mass of the rock to
the mass of the SRM was defined as the rock content), and the grading distribution curves
are shown in Figure 1. We can judge the grading characteristics by using the nonuniform
coefficient Cu = d60/d10 and the curvature coefficient Cc = d30 · d30/(d10 · d60). (d10, d30
and d60 denote the particle sizes of 10%, 30% and 60% of the total mass on the cumulative
gradation curve, respectively [42].) Cu ≥ 5 and Cc = 1–3 are thought to be well-graded soils;
if these two conditions cannot be met at the same time, the soil is considered poorly graded.
The gradation with 10% and 90% rock content are poorly graded, and the gradations with
30%, 50%, and 70% rock content are well graded (see Table 4 in [43]). The X-ray diffraction
tests indicated that the weathered broken argillaceous rock consist of quartz (48.8%), illite
(22%), albite (17.9%), kaolinite (2.7%), chlorite (5.5%), calcite (1.8%), and hematite (1.2%).
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Figure 1. Cumulative gradation curve of different rock contents.

To ensure the same degree of compaction (85%) of the SRM with different rock content
in the preparation, we adopted the following protocol. The maximum dry density and
optimal water content were determined by the standard compaction test method (see
Figure 2). The dry density was calculated by the following equation [44]:

D =
ρd

ρmd
(5)

where D is the degree of compaction, ρd (kg m−3) is the dry density, and ρmd (kg m−3) is
the maximum dry density. Next, we used dry density and optimum moisture content to
obtain wet density:

ρd =
ρw

(1 + w)
(6)

where ρw (kg m−3) is the wet density and w is the optimum moisture content. Finally, the
mass of SRM with compactness of 85% was obtained by the following equation:

MSRM = ρw ×Vf (7)

where MSRM (kg) is the mass of SRM and Vf (m3) is the volume of the filling area.
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At the beginning of the experiment, the SRM was saturated with 0.01 mol L−1 NaCl
solution. We used the water content sensors to monitor the saturation of SRM. The SRM
remained in the solution until the salinity on both sides was balanced. The pH of the
solution was recorded by AZ-86031 multifunctional water quality detector and varied
between 6 and 8 pH units.

Figure 3 shows the schematic diagram of the testing apparatus. The water tank was
composed of plexiglass plates with holes, exhaust, and outlet. We compacted the SRM
between two plexiglass plates (400 mm × 200 mm × 200 mm). We used the pressure
generated by the fixed upper cover to squeeze the foam board on the SRM to prevent water
flow. The CYG1145 pressure sensors, Ag/AgCl non-polarizable electrodes, and water
content sensors were arranged on two sections, respectively. We used a computer to control
DH3821 to measure pressure. The potential was measured by a DM3058 multi-function
digital multimeter. The PVC pipe provided water pressure for the experiment. The water
pressure was adjusted at 20 cm intervals within the range from 20 to 100 cm. The volume
of water flowed through the SRM was obtained by the electronic scale.
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Figure 3. Sketch of the test apparatus. (a) The apparatus consists of tank (filling area, plexiglass
plate, exhaust, outlet), PVC pipe (pump, bucket), and data acquisition system (sensor and acquisition
instrument), the blue arrow represents the direction of the water flow. (b) Cross section through the
sensor (water content sensor, Ag/AgCl non-polarizable electrode, pressure sensor, rubber, and foam).
(c) The photo of testing apparatus.
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CYG1145 pressure sensor has a measurement range of −50 to 50 kPa, a measurement
accuracy of 0.5, a compensation temperature range of −10 to 60 ◦C, an operating tempera-
ture range of −40 to 80 ◦C, and an international standard signal 0–5 V or 4–20 mA output.
In this experiment, a five-point calibration is used for the pressure sensor to ensure a good
linear relationship between the parameters. The Ag/AgCl non-polarizable electrode is
immersed in saturated potassium chloride solution, and the bottom is in contact with the
medium through porous ceramics, which can reduce electrolyte loss. Before each use, the
electrodes should be soaked in saturated potassium chloride solution for 2 h to ensure
the same concentration of potassium chloride solution in the two electrodes and reduce
the potential difference between the two electrodes. The measurement range of the water
content sensor is 0 to 100%, the measurement accuracy is ±2%, the probe length is 78 mm,
the diameter is 4 mm, and the measurement area is a cylinder with a diameter of 7 cm and
a height of 7 cm centered on the central probe.

The test procedure was as follows: the initial voltage U1 (mV) and the hydraulic
head difference H1 (cm) of the SRM were recorded, and then a sudden hydraulic head
was applied in the upstream tank; we obtained the potential U2 (mV) and the hydraulic
head difference H2 (cm) until a steady state was reached. The streaming potential was
calculated by ∆U = U2 − U1 (mV), and the hydraulic head difference was obtained by
∆H = H2 − H1 (cm). In turn, the streaming potential and the hydraulic head difference of
five different hydraulic head were measured. The streaming potential coupling coefficient
was equal to the slope of the fitting line between the streaming potential and the hydraulic
head difference.

The permeability coefficient was obtained by recording the volume of the solution
during a specific period of time. Permeability can be calculated by permeability coefficient:

K =
ρwgk

µ
(8)

where K (m s−1) is the permeability coefficient, ρw (kg m−3) is the density of water,
g (N kg−1) is the acceleration, and k (m2) is the permeability. We arranged stainless steel
electrode net on both sides of the plexiglass plate and obtained the conductivity of the SRM
in 0.01 mol L−1 and 1 mol L−1 solutions with a two-electrode device, respectively. The
material properties of SRM were shown in Table 1.

Table 1. Properties of SRM with different rock content.

Rock Content 10% 30% 50% 70% 90%

Porosity 0.32 0.30 0.30 0.31 0.30
Temperature (◦C) 24 23 25 24 23

Electrolyte conductivity (S m−1) 0.089 0.088 0.087 0.091 0.089
Sample conductivity (S m−1) 1.35 × 10−3 1.33 × 10−3 1.36 × 10−3 1.45 × 10−3 1.48 × 10−3

Formation factor 66.86 67.02 65.16 63.54 61.32
Dynamic viscosity a (Pa s) 8.95 × 10−4 9.16 × 10−4 8.74 × 10−4 8.95 × 10−4 9.16 × 10−4

Relative permittivity b 79 79 78 79 79
Zeta potential (mV) −72.48 −74.92 −69.96 −48.34 −38.84

surface conductivity (S m−1) 1.24 × 10−3 1.25 × 10−3 1.59 × 10−3 1.41 × 10−3 1.69 × 10−3

a,b Determined from Equations (13) and (12) in the reference [26].

3. Results
3.1. Streaming Potential Phenomenon

Figure 4 shows typical variation of the potential and the hydraulic head difference
for the SRM with the 85% compaction and 10% rock content. The potential and hydraulic
head difference of the SRM approach a constant value before water is injected. A sudden
hydraulic head is applied in the upstream tank, the brine flows through the sample. There
is a hydraulic head difference fluctuations associated with the injection of the water, and
then the hydraulic head difference maintains a constant value. The potential changes with
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hydraulic head difference. A large potential moves up with the hydraulic head difference
fluctuations, and then the potential changes in the opposite direction until stable potential
is observed. As the hydraulic head rises, the magnitude of the hydraulic head difference
and potential increase at the same time.
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3.2. Streaming Potential Coupling Coefficient with Different Rock Content

Figure 5a shows the variation of streaming potential with hydraulic head difference.
At rock contents between 10% and 50%, the change in the streaming potential is small. The
value of streaming potential decreased rapidly, particularly when the rock content exceeds
50%. Figure 5b shows that the streaming potential coupling coefficient is determined by the
slope of the linear regression of streaming potential against hydraulic head difference. The
correlation coefficients of fitting lines with rock content of 10%, 30%, 50%, 70% and 90% are
0.999, 0.994, 0.998, 0.998 and 0.960, respectively. The magnitude of the streaming potential
coupling coefficient increase first and then decrease with the increase in the rock content.
At the rock content of 30%, a larger value is obtained. The rock content has a significant
impact on the streaming potential coupling coefficient when the rock content is increased
from 50% to 90%. The permeability coefficient varies inversely with the streaming potential
coupling coefficient (see Figure 5b).
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3.3. Effective Excess Charge Density and Rock Content

Figure 6 shows the empirical relationship between rock content and effective excess
charge density,

Q̂v = 0.01007 + 0.10532CR − 0.2733C2
R+0.16042C3

R (9)

where CR is the rock content. The correlation coefficient between polynomial and data is
0.952. The effective excess charge density first increases and then decreases with the rock
content. This phenomenon can be explained by the fact that the effective excess charge
density is inversely proportional to the permeability [29]. Permeability decreases first and
then increases with rock content. Therefore, the effective excess charge density shows an
opposite trend.
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We compared the analytical solution of the effective excess charge density with the ob-
tained value of the experiment (see Figure 7). The analytical model proposed by Guarracino
and Jougnot [31] reproduces the experimental data very well, which verifies the reliability
of our experiment. This model shows better prediction accuracy in high rock content. This
may be related to the applicable conditions of the thin electric double layer of the model.
The pore radius is larger than the thickness of electric double layer in the SRM with high
rock content. The fractal characteristics of porosity are considered in the analytical model,
but there is no distinction between porosity and effective porosity. Because there is no water
flow in the closed pore, it does not contribute to the effective excess charge density, which
may lead to the measured effective excess charge density are smaller than the predicted
effective excess charge density.
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4. Discussion
4.1. Pressure Front and Potential

Here, the potential fluctuates upward and then drops down with the change of hy-
draulic head. This phenomenon is different from what was previously reported, namely
that the potential changes in one direction [16,21,45] because our electrodes are placed in the
middle of the sample instead of both ends. There is a corresponding relationship between
the pressure front and the change in potential. The reference electrode is connected to the
negative terminal of the multimeter. Under the action of water pressure, the excess cations
within the diffuse layers migrate to the electrode on the upstream side. The potential’s
moving up arises from the accumulation of excess positive charge around this electrode.
The more excess cation along the sample move to the reference electrode with the brine
flow to the downstream, the more excess positive charge gather around the reference elec-
trode, at which time the potential goes down. According to the corresponding relationship
between the pressure front and the change of potential, we can grasp the seepage pressure
distribution inside the dam when the water level rises rapidly, which is helpful in order to
realize the accurate description of the seepage field distribution characteristics and improve
the early warning ability of emergency.

4.2. Influence of Rock Content on Permeability Coefficient

In this paper, we show that the permeability coefficient of the SRM is slightly smaller
at the rock content 30% and increases rapidly when the rock content exceeds 50% (see
Figure 5b). We compare previous studies against the results obtained here. Some authors
indicated that the permeability coefficient of SRM decreases first and then increases with
the increase of rock content; when the rock content was 40% (by volume or mass), the
permeability coefficient achieved a significant minimum [8,10]. Zhou et al. [13] showed
that the permeability coefficient of SRM increases with the increase in rock content.

Our test results are related to the permeability of rock and soil matrix. We assume
that the rock is impermeable and that water flows through the pores between fine particles.
When the rock content is 10%, the soil content is high, and the rocks are dispersed in
the soil. Because the rock is impermeable, the increase in rock content is equivalent to
reducing the cross-sectional area of the water flow, so when the rock content is 30%, the
permeability coefficient decreases slightly. When the rock content is more than 30%, part
of the argillaceous rocks are crushed during the compaction process, which reduces the
pores formed between the rocks and keeps the porosity constant (see Table 1). However,
the pores formed between the rocks in a local area will still exist, especially when the rock
content is 70% and 90%, so the permeability coefficient increases significantly. At this time,
the seepage flow in the embankment dam will increase, resulting in the increase in uplift
pressure, and the weight of the dam is offset so as to reduce the anti-sliding force of the
slope of the embankment dam and affect the stability of the dam.

We attribute these different results to differences in materials, compaction methods,
and loading conditions. After compaction, confining pressure can further increase the
compactness of soil and rock and reduce the porosity of the soil matrix [8]; The diameter
of clay is smaller than that of silty clay, and continuously graded clay can better fill the
pores between rocks [10]. These two conditions will lead to a significant decrease in
the permeability coefficient. Zhou et al. [13] did not use the optimum water content in
the compaction, which may lead to an increase in porosity with rock content at the same
compaction, resulting in an increase in permeability coefficient with increasing rock content.

We have to point out that we do not obtain the permeability coefficient at 40% rock
content (by mass), but according to the trend of the permeability coefficient we obtained,
it is possible to reach the minimum value when the rock content is 40%. In addition,
some authors define rock content by volume percentage, in which, when the permeability
coefficient reaches the minimum value, the rock content (by volume) is 40%. If the volume
percentage of 40% is converted to the mass percentage, in the following analysis, we know
that the mass percentage is more than 40%. We assume that the volume of SRM after
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compaction is 1 (m3), the volume percentage pr = 40%, and the mass percentage qr can be
expressed by

pr =
Vr

V
(10)

qr =
mr

m
(11)

where Vr (m3) is the volume of rock, V = 1 (m3) is the volume of SRM, mr (kg) is the mass of
rock, and m (kg) is the mass of SRM. The ratio of mass percentage to volume percentage is

qr

pr
=

mr

m
× V

Vr
=

ρr

ρ
(12)

where ρ (kg m−3) is the density of SRM and ρr (kg m−3) is the density of rock. The ρ can be
calculated by:

ρ =
m
V

= mr + ms = 0.4ρr + 0.6ρs (13)

where ms (kg) is the mass of soil and ρs (kg m−3) is the density of soil. Therefore, the ratio
of mass percentage to volume percentage is:

qr

pr
=

ρr

0.4ρr + 0.6ρs
=

1
0.4 + 0.6 ρs

ρr

(14)

Because the soil is the product of rock weathering, so the ρs < ρr, we get the qr > pr = 40%.
A large number of research results show that the permeability coefficient increases when
the rock content (by mass) exceeds 50% [10,46–48]. When the rock content (by volume) is
lower than 25%, the rock floats in the soil, and the skeleton of rock has not been formed [13].
After the rock content is more than 25% (and is converted to a mass percentage greater than
25%), the soil fills the pores between the rocks, and the rock reduces the cross-sectional area
of the water flow [13]. The permeability coefficient begins to decrease with the increase of
rock content when rock content is more than 25%. Therefore, we infer that the minimum
permeability coefficient of SRM is obtained between 30% and 50% of the rock content
(by mass).

4.3. Influence of Rock Content on Streaming Potential Coupling Coefficient

The streaming potential coupling coefficient first increases and then decreases with
the increase in rock content. This result is analyzed by the surface conductivity and flow
state. Firstly, we calculate the surface conductivity, which is used to explain the relationship
between structure and streaming potential coupling coefficient at low salinity [24,26]. Here,
the surface conductivity is neglected because it is smaller than the solution conductivity
(see Table 1).

Secondly, the flow state of the SRM with different rock contents is analyzed. The zeta
potential is independent of the structure, and the streaming potential coupling coefficient
is controlled by the HS equation to maintain a constant in viscous laminar flow. However,
the different rock content of the SRM under the same water flow conditions will lead to
a different flow state. We calculate the maximum Reynolds number and the minimum
Reynolds number to get the flow regime with different rock content at different water
levels. The Reynolds number is obtained by [49]:

Re =
ρ f Ud

µ
(15)

where ρf (kg m−3) is the bulk density of the pore water, U (m s−1) is seepage velocity, and d
(mm) is a certain length dimension of the porous medium. When the particle grading is
well graded, we take d = d50; if the particle grading is poorly graded, we suggest d = d70; d50
and d70 is the particle sizes of 50% and 70% the total mass on the particle size distribution
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curve, respectively. When the rock content increases from 30% to 90%, the minimum and
maximum Reynolds numbers gradually increase (see Figure 8). The minimum Reynolds
numbers are more than 1 at rock contents of 70% and 90%. This means that the flow regime
has changed [50]. When the flow state transitions from viscous laminar flow to inertial
laminar flow, the streaming potential deviates from the HS equation [51]. The slope of the
regression line between streaming potential and pressure difference decreases greatly when
the fluid inertia (seepage velocity) is large. Therefore, when the rock content is increased
from 30% to 90%, the streaming potential coupling coefficient decreases with the increase
in rock content, while the streaming potential coupling coefficient shows an opposite trend
when the rock content increases from 10% to 30%.
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When the rock content exceeds 50%, the streaming potential decreases rapidly. This
result can be explained by the reduction in the streaming potential coupling coefficient
and the pressure difference according to Equation (1). As the main contribution of the self-
potential signal, the streaming potential has an influence on the characteristics of the self-
potential field distribution. Based on the relationship between streaming potential and rock
content, we can use the self-potential method to reflect the change of rock content in SRM.
This provides a new idea for us to understand the meso-structure of SRM. Further develop
the array self-potential method [52] and combine it with a variety of geophysical exploration
techniques [53–55], which would be helpful in order to achieve remote monitoring of
structure of embankment dam.

5. Conclusions

In this paper, a self-designed apparatus is applied to investigate the streaming potential
phenomenon of SRMs with different rock contents at 85% compactness and 0.01 mol L−1

salinity. The value of streaming potential and streaming potential coupling coefficient are
recorded with increases in the rock content. The main conclusions are as follows:

(1) The permeability coefficient of SRM first decreases and then increases with the increase
in rock content. The value of minimum permeability coefficient is determined by
material, compaction method and loading condition. The reference range of rock
content for obtaining the minimum permeability coefficient is 30 to 50%. Our results
still need many experiments to verify. Considering more groupings within the range
of 30% to 50% rock content will be an effective method to determine the minimum
permeability coefficient.

(2) With the increase in rock content, the streaming potential coupling coefficient of the
SRM increases until a larger value is reached at a rock content of 30%. As the rock
content exceeds 30%, the streaming potential coupling coefficient decreases. The
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change in flow pattern leads to this result. The streaming potential phenomenon
of other SRM materials with the change of rock content needs more experiments
to confirm.

(3) The streaming potential decreases rapidly when the rock content exceeds 50%, which
means that the self-potential signal will change significantly. By capturing this dis-
tribution feature of self-potential field, it shall be possible to build an early warning
system for dam safety using the self-potential method.

Author Contributions: Data curation, X.Z.; Formal analysis, X.Z. and K.W.; Funding acquisition,
M.Z.; Methodology, M.Z. and K.W.; Project administration, M.Z.; Writing—original draft, X.Z.;
Writing—review & editing, K.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 51879017), Chongqing Research Program of Basic Research and Frontier Technology (Grant No.
cstc2017jcyjBX0066), and Key Laboratory of Hydraulic and Waterway Engineering of the Ministry of
Education, Chongqing Jiaotong University (Grant No. SLK2018B06), Graduate Education Innovative
Fund Program of Chongqing Jiaotong University (Grant no. 2019B0102), and Chongqing Municipal
Education Commission Science and Technology Research Key Project (Grant No. KJZD-K202100705).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors appreciate all the institutions and individuals that have provided
support for this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhou, Z.; Yang, H.; Wan, Z.H.; Liu, B.C. Computational model for electrical resistivity of soil-rock mixtures. J. Mater. Civ. Eng.

2016, 28, 06016009. [CrossRef]
2. Kulessa, B.; Hubbard, B.; Brown, G.H. Cross-coupled flow modeling of coincident streaming and electrochemical potentials, and

application to subglacial self-potential (SP) data. J. Geophys. Res. 2003, 108, 2381. [CrossRef]
3. Jardani, A.; Revil, A.; Bolève, A.; Crespy, A.; Dupont, J.P.; Barrash, W.; Malama, B. Tomography of the Darcy velocity from

self-potential measurements. Geophys. Res. Lett. 2007, 34, L24403. [CrossRef]
4. Bolève, A.; Vandemeulebrouck, J.; Grangeon, J. Dyke leakage localization and hydraulic permeability estimation through

self-potential and hydro-acoustic measurements: Self-potential ‘abacus’ diagram for hydraulic permeability estimation and
uncertainty computation. J. Appl. Geophys. 2012, 86, 17–28. [CrossRef]

5. MacAllister, D.J.; Jackson, M.D.; Butler, A.P.; Vinogradov, J. Remote detection of saline intrusion in a coastal aquifer using borehole
measurements of self-potential. Water Resour. Res. 2018, 54, 1669–1687. [CrossRef]

6. Zhu, Z.; Tao, C.; Shen, J.; Revil, A.; Deng, X.; Liao, S.; Yu, J. Self-Potential Tomography of a Deep-Sea Polymetallic Sulfide Deposit
on Southwest Indian Ridge. J. Geophys. Res. 2020, 125, e2020JB019738. [CrossRef]

7. Indrawan, I.G.B.; Rahardjo, H.; Leong, E.C. Effects of coarse-grained materials on properties of residual soil. Eng. Geol. 2006,
82, 154–164. [CrossRef]

8. Shafiee, A. Permeability of compacted granule-clay mixtures. Eng. Geol. 2008, 97, 199–208. [CrossRef]
9. Chen, X.B.; Li, Z.Y.; Zhang, J.S. Effect of granite gravel content on improved granular mixtures as railway subgrade fillings. J.

Cent. S. Univ. 2014, 21, 3361–3369. [CrossRef]
10. Wang, Y.; Li, X.; Zheng, B.; Zhang, Y.X.; Li, G.F.; Wu, Y.F. Experimental study on the non-Darcy flow characteristics of soil-rock

mixture. Environ. Earth Sci. 2016, 75, 756. [CrossRef]
11. Xu, W.J.; Wang, Y.G. Meso-structural permeability of S-RM based on numerical tests. Chin. J. Geotech. Eng. 2010, 32, 542–550.
12. Chen, T.; Yang, Y.; Zheng, H.; Wu, Z. Numerical determination of the effective permeability coefficient of soil-rock mixtures using

the numerical manifold method. Int. J. Numer. Anal. Met. 2019, 43, 381–414. [CrossRef]
13. Zhou, Z.; Yang, H.; Wang, X.; Liu, B. Model development and experimental verification for permeability coefficient of soil-rock

mixture. Int. J. Geomech. 2017, 17, 04016106. [CrossRef]
14. Revil, A.; Pezard, P.A.; Glover, P.W.J. Streaming potential in porous media. I. Theory of the zeta-potential. J. Geophys. Res. 1999,

104, 20021–20031. [CrossRef]
15. Glover, P.W.J.; Jackson, M.D. Borehole electrokinetics. Lead. Edge 2010, 29, 724–728. [CrossRef]

http://doi.org/10.1061/(ASCE)MT.1943-5533.0001559
http://doi.org/10.1029/2001JB001167
http://doi.org/10.1029/2007GL031907
http://doi.org/10.1016/j.jappgeo.2012.07.007
http://doi.org/10.1002/2017WR021034
http://doi.org/10.1029/2020JB019738
http://doi.org/10.1016/j.enggeo.2005.10.003
http://doi.org/10.1016/j.enggeo.2008.01.002
http://doi.org/10.1007/s11771-014-2310-z
http://doi.org/10.1007/s12665-015-5218-5
http://doi.org/10.1002/nag.2868
http://doi.org/10.1061/(ASCE)GM.1943-5622.0000768
http://doi.org/10.1029/1999JB900089
http://doi.org/10.1190/1.3447786


Sensors 2022, 22, 585 14 of 15

16. Vinogradov, J.; Jaafar, M.Z.; Jackson, M.D. Measurement of streaming potential coupling coefficient in sandstones saturated with
natural and artificial brines at high salinity. J. Geophys. Res. 2010, 115, B12204. [CrossRef]

17. Revil, A. Transport of water and ions in partially water-saturated porous media. Part 1. Constitutive equations. Adv. Water Resour.
2017, 103, 119–138. [CrossRef]

18. Helmholtz, H.V. Studien über electrische grenzschichten. Ann. Phys. 1879, 243, 337–382. [CrossRef]
19. von Smoluchowski, M. Contribution to the theory of electro-osmosis and related phenomena. Bull. Int. Acad. Sci. Crac. 1903,

3, 184–199.
20. Pengra, D.B.; Li, S.X.; Wong, P.Z. Determination of rock properties by low-frequency AC electrokinetics. J. Geophys. Res. 1999,

104, 29485–29508. [CrossRef]
21. Walker, E.; Glover, P.W.J.; Ruel, J. A transient method for measuring the DC streaming potential coefficient of porous and fractured

rocks. J. Geophys. Res. 2014, 119, 957–970. [CrossRef]
22. Al Mahrouqi, D.; Vinogradov, J.; Jackson, M.D. Zeta potential of artificial and natural calcite in aqueous solution. Adv. Collod

Interfac. 2017, 240, 60–76. [CrossRef] [PubMed]
23. Vinogradov, J.; Jackson, M.D.; Chamerois, M. Zeta potential in sandpacks: Effect of temperature, electrolyte pH, ionic strength

and divalent cations. Colloid Surf. A 2018, 553, 259–271. [CrossRef]
24. Jouniaux, L.; Pozzi, J.P. Permeability dependence of streaming potential in rocks for various fluid conductivities. Geophys. Res.

Lett. 1995, 22, 485–488. [CrossRef]
25. Revil, A.; Schwaeger, H.; Cathles, L.; Manhardt, P. Streaming potential in porous media: 2. theory and application to geothermal

systems. J. Geophys. Res. 1999, 104, 20033–20048. [CrossRef]
26. Glover, P.W.J.; Déry, N. Streaming potential coupling coefficient of quartz glass bead packs: Dependence on grain diameter, pore

size, and pore throat radius. Geophysics 2010, 75, F225–F241. [CrossRef]
27. Glover, P.W.J. Modelling pH-dependent and microstructure-dependent streaming potential coefficient and zeta potential of

porous sandstones. Transp. Porous Med. 2018, 124, 31–56. [CrossRef]
28. Revil, A.; Jardani, A. The Self-Potential Method: Theory and Applications in Environmental Geosciences; Cambridge University Press:

Cambridge, UK, 2013.
29. Jougnot, D.; Roubinet, D.; Guarracino, L.; Maineult, A. Modeling Streaming Potential in Porous and Fractured Media, Description

and Benefits of the Effective Excess Charge Density Approach. In Advances in Modeling and Interpretation in Near Surface Geophysics;
Springer: Cham, Switzerland, 2020; pp. 61–96.

30. Revil, A.; Leroy, P. Constitutive equations for ionic transport in porous shales. J. Geophys. Res. 2004, 109, B03208. [CrossRef]
31. Guarracino, L.; Jougnot, D. A physically based analytical model to describe effective excess charge for streaming potential

generation in water saturated porous media. J. Geophys. Res. 2018, 123, 52–65. [CrossRef]
32. Panthulu, T.V.; Krishnaiah, C.; Shirke, J.M. Detection of seepage paths in earth dams using self-potential and electrical resistivity

methods. Eng. Geol. 2001, 59, 281–295. [CrossRef]
33. Bolève, A.; Revil, A.; Janod, F.; Mattiuzzo, J.L.; Jardani, A. Forward modeling and validation of a new formulation to compute

self-potential signals associated with ground water flow. Hydrol. Earth Syst. Sci. 2007, 11, 1661–1671. [CrossRef]
34. Bolève, A.; Revil, A.; Janod, F.; Mattiuzzo, J.L.; Fry, J.J. Preferential fluid flow pathways in embankment dams imaged by

self-potential tomography. Near Surf. Geophys. 2009, 7, 447–462. [CrossRef]
35. Soueid Ahmed, A.; Revil, A.; Steck, B.; Vergniault, C.; Jardani, A.; Vinceslas, G. Self-potential signals associated with localized

leaks in embankment dams and dikes. Eng. Geol. 2019, 253, 229–239. [CrossRef]
36. Revil, A.; Jardani, A. Stochastic inversion of permeability and dispersivities from time lapse self-potential measurements: A

controlled sandbox study. Geophys. Res. Lett. 2010, 37, L11404. [CrossRef]
37. Ikard, S.J.; Revil, A.; Jardani, A.; Woodruff, W.F.; Parekh, M.; Mooney, M. Saline pulse test monitoring with the self-potential

method to nonintrusively determine the velocity of the pore water in leaking areas of earth dams and embankments. Water Resour.
Res. 2012, 48, W04201. [CrossRef]

38. Soueid Ahmed, A.; Revil, A.; Bolève, A.; Steck, B.; Vergniault, C.; Courivaud, J.R.; Jougnot, D.; Abbas, M. Determination of the
permeability of seepage flow paths in dams from self-potential measurements. Eng. Geol. 2020, 268, 105514. [CrossRef]

39. Johari, A.; Talebi, A. Stochastic analysis of rainfall-induced slope instability and steady-state seepage flow using random
finite-element method. Int. J. Geomech. 2019, 19, 04019085. [CrossRef]

40. Johari, A.; Heydari, A. Reliability analysis of seepage using an applicable procedure based on stochastic scaled boundary finite
element method. Eng. Anal. Bound. Elem. 2018, 94, 44–59. [CrossRef]

41. Hekmatzadeh, A.A.; Zarei, F.; Johari, A.; Haghighi, A.T. Reliability analysis of stability against piping and sliding in diversion
dams, considering four cutoff wall configurations. Comput. Geotech. 2018, 98, 217–231. [CrossRef]

42. Zhang, X.; Zhao, M.; Wang, K. Experimental study on the streaming potential phenomenon response to compactness and salinity
in Soil–Rock Mixture. Water 2021, 13, 2071. [CrossRef]

43. Zhang, X.; Zhao, M.; Wang, K. A New Modified Model of the Streaming Potential Coupling Coefficient Depends on Structural
Parameters of Soil-Rock Mixture. Geofluids 2021, 2021, 2619491. [CrossRef]

44. Proctor, R. Fundamental principles of soil compaction. Eng. News-Record. 1933, 111.
45. Revil, A.; Leroy, P.; Titov, K. Characterization of transport properties of argillaceous sediments: Application to the Callovo-

Oxfordian argillite. J. Geophys. Res. 2005, 110, B06202. [CrossRef]

http://doi.org/10.1029/2010JB007593
http://doi.org/10.1016/j.advwatres.2016.02.006
http://doi.org/10.1002/andp.18792430702
http://doi.org/10.1029/1999JB900277
http://doi.org/10.1002/2013JB010579
http://doi.org/10.1016/j.cis.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28063520
http://doi.org/10.1016/j.colsurfa.2018.05.048
http://doi.org/10.1029/94GL03307
http://doi.org/10.1029/1999JB900090
http://doi.org/10.1190/1.3509465
http://doi.org/10.1007/s11242-018-1036-z
http://doi.org/10.1029/2003JB002755
http://doi.org/10.1002/2017JB014873
http://doi.org/10.1016/S0013-7952(00)00082-X
http://doi.org/10.5194/hess-11-1661-2007
http://doi.org/10.3997/1873-0604.2009012
http://doi.org/10.1016/j.enggeo.2019.03.019
http://doi.org/10.1029/2010GL043257
http://doi.org/10.1029/2010WR010247
http://doi.org/10.1016/j.enggeo.2020.105514
http://doi.org/10.1061/(ASCE)GM.1943-5622.0001455
http://doi.org/10.1016/j.enganabound.2018.05.015
http://doi.org/10.1016/j.compgeo.2018.02.019
http://doi.org/10.3390/w13152071
http://doi.org/10.1155/2021/2619491
http://doi.org/10.1029/2004JB003442


Sensors 2022, 22, 585 15 of 15

46. Shakoor, A.; Cook, B.D. The effect of stone content, size, and shape on the engineering properties of a compacted silty clay. Bull.
Assoc. Eng. Geol. 1990, 27, 245–253. [CrossRef]

47. Shelly, T.L.; Daniel, D.E. Effect of gravel on hydraulic conductivity of compacted soil liners. J. Geotech. Eng. 1993, 119, 54–68.
[CrossRef]

48. Wang, P.; Li, C.; Ma, X.; Li, Z.; Liu, J.; Wu, Y. Experimental study of seepage characteristics of soil-rock mixture with different rock
contents in fault zone. Rock Soil Mech. 2018, 39, 53–61. [CrossRef]

49. Bear, J. Dyinamics of Fluid in Porous Media; Elsevier: New York, NY, USA, 1972.
50. Bolève, A.; Crespy, A.; Revil, A.; Janod, F.; Mattiuzzo, J.L. Streaming potentials of granular media: Influence of the Dukhin and

Reynolds numbers. J. Geophys. Res. 2007, 112, B08204. [CrossRef]
51. Watanabe, T.; Katagishi, Y. Deviation of linear relation between streaming potential and pore fluid pressure difference in granular

material at relatively high Reynolds numbers. Earth Planets Space 2006, 58, 1045–1051. [CrossRef]
52. Rizzo, E.; Suski, B.; Revil, A.; Straface, S.; Troisi, S. Self-potential signals associated with pumping test experiments. J. Geophys.

Res. 2004, 109, B10203. [CrossRef]
53. Jardani, A.; Revil, A. Stochastic joint inversion of temperature and self-potential data. Geophys. J. Int. 2009, 179, 640–654.

[CrossRef]
54. Jardani, A.; Revil, A.; Dupont, J.P. Stochastic joint inversion of hydrogeophysical data for salt tracer test monitoring and hydraulic

conductivity imaging. Adv. Water Resour. 2013, 52, 62–77. [CrossRef]
55. Soueid Ahmed, A.; Jardani, A.; Revil, A.; Dupont, J.P. SpeciÞc storage and hydraulic conductivity tomography through the joint

inversion of hydraulic heads and self-potential data. Adv. Water Resour. 2016, 89, 80–90. [CrossRef]

http://doi.org/10.2113/gseegeosci.xxvii.2.245
http://doi.org/10.1061/(ASCE)0733-9410(1993)119:1(54)
http://doi.org/10.16285/j.rsm.2018.1240
http://doi.org/10.1029/2006JB004673
http://doi.org/10.1186/BF03352609
http://doi.org/10.1029/2004JB003049
http://doi.org/10.1111/j.1365-246X.2009.04295.x
http://doi.org/10.1016/j.advwatres.2012.08.005
http://doi.org/10.1016/j.advwatres.2016.01.006

	Introduction 
	Experimental Methodology 
	Results 
	Streaming Potential Phenomenon 
	Streaming Potential Coupling Coefficient with Different Rock Content 
	Effective Excess Charge Density and Rock Content 

	Discussion 
	Pressure Front and Potential 
	Influence of Rock Content on Permeability Coefficient 
	Influence of Rock Content on Streaming Potential Coupling Coefficient 

	Conclusions 
	References

