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Abstract: Bentonite slurry is widely used in underground and geotechnical engineering because of
its strong ability of wall protection. Slurry penetration, which is of great significance for the soil
stability, is difficult to observe directly during the soil and slurry interaction. Slurry penetration
would change the electrical resistivity of soil, which provides an indirect method to monitor the
degree of slurry penetration. This paper aimed to investigate the electrical resistivity characteristics
of soil-bentonite mixtures. Several test groups with different material components were carried out.
The effects of some factors including water environment, CMC (carboxymethyl cellulose) contents,
soil particle gradation, and electrode distance on the electrical resistivity of slurry-soil mixtures
were studied and the relationship between soil electrical resistivity and slurry concentration was
established. The results in this paper can provide references for the application of the electrical
method on slurry penetration.

Keywords: geotechnics; tunneling; bentonite slurry; saturated sand; electrical resistivity

1. Introduction

Bentonite slurry has been widely employed in underground and geotechnical engi-
neering such as slurry pressure balance (SPB) shield tunneling, horizon directional drilling
(HDD), diaphragm wall, and cast-in-place pile, etc. [1–3]. Fresh slurry is pumped to the
front of the work face and the muck is taken out by slurry. Additionally, the bentonite
slurry can serve as the medium to support the side wall of the bore hole [4]. The effect of
support action depends on the formation and quality of the filter cake [5]. The process
of slurry penetration has attracted extensive attention because of its great importance in
the formation of filter cakes [6,7]. However, the observation of slurry penetration is very
challenging during the soil–slurry interaction.

Because of the advantages of non-invasion, high-efficiency, and low cost, the electrical
characterization of soil water content [8,9], underground solute transport [8,10,11], and
soil liquefaction [12], etc. has been given more and more attention. For example, the
electrical resistivity is generally used to characterize the degree of saturation, pollutant
concentration, and porosity of soil. Shea and Luthin [13] observed that the electrical
resistivity and salinity for the soil water content ranging from saturation to −3 kPa water
potential had a linear relationship between each other. Kalinski and Kelly [14] estimated
the volumetric water content through pore solution resistivity, indicating that the electrical
resistivity decreases when the water conductivity increases with a given water content.
Additionally, different ions present in the solution (H+, OH−, SO4

2−, Na+, Cl−, etc.)
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affect the conductivity because of differences in ion mobility. This explains why soil
solutions at the same concentration, but exhibiting different ionic compositions, may have
different electrical conductivities. Other researchers have also studied salt water intrusion
in coastal areas by measuring the electrical resistivity [15–17]. The same principles apply
to slurry penetration into sand. The value of soil electrical resistivity as an indicator can
reflect the state of slurry penetration at some point during the soil–slurry interaction.
However, none of the literature has reported on the electrical resistivity characteristics
of soil–slurry mixtures, which are important for the quantitative observation of slurry
penetration. The penetration velocity of slurry in sand is far slower than the electric
current. Therefore, a group of static electrical resistivity of soil–slurry mixture can replace
the electrical resistances of sand at a certain moment during slurry penetration. The
relationship can be established between electrical resistances and slurry concentration in
a given soil. We can learn the slurry concentration within soil pores indirectly by this
relationship during further slurry penetration experiments.

This paper aims to characterize the soil-slurry mixtures using the electrical resis-
tivity method. The influences of water environment, CMC (carboxymethyl cellulose)
additive, soil gradation, and electrode distance on electrical resistivity characteristics of
soil samples with different slurry concentrations were obtained. The results can provide
significant references for the application of the electrical resistivity method in the research
of slurry penetration.

2. Slurry Penetration Mechanism and Test

During the construction of excavation engineering projects, bentonite slurry mainly
has the following functions [18]: (1) serve as a support medium to balance the underground
earth and water pressure and ensure adequate face stability; (2) exchange muck from the
excavation face to the ground surface; (3) improve the physical properties of soil after slurry
penetration; and (4) reduce the friction between soil and excavation tools or machines,
and decrease the temperature of excavation tools or machines. The function (1) that
originates from oil exploration technology is the most important for bentonite slurry in
excavation engineering.

By means of experiments and theoretical analysis, Müller-Kirchenbauer [19] realized
that there are three main types of slurry-soil interaction. The first one describes the
stagnation of bentonite particles at the beginning of slurry penetration, which results in
the formation of a whole filter cake mode (Type I); the second describes the migration of
slurry particles at the beginning of slurry penetration and the following formation of filter
cake, which is called the permeability zone plus filter cake mode (Type II); and the third
describes the migration of slurry particles with slurry penetration always but without a
filter cake on the excavation surface, which is called the whole permeability zone mode
(Type III) [20,21]. Type I mode usually appears in low-permeability cohesive soil. We tried
to avoid Type III mode, which means the wrong choice of slurry materials. Type II mode is
the common phenomenon in the sand stratum.

Furthermore, Talmon et al. [22] investigated the pressure transfer mechanisms with
Type II mode, which distinguished two phases of the process. The first is characterized as
the viscous mud spurt, since the slurry penetrates the soil very rapidly in this phase. In the
following second phase, when the penetration rate slows down, the bentonite slurry begins
to consolidate and the associated formation of filter cake helps to seal the face and transfer
the slurry support pressure onto the soil skeleton. This mechanism was also verified by
Xu et al. [23].

Although the slurry easily penetrates into pores in the highly permeable coarse soil,
bentonite particles in the slurry may clog the pore space in stratum, which is called the
filtration effect [24]. The clogged bentonite particles in the soil can promote the formation
of the filter cake. Obviously, slurry penetration, as the fundamental stage, has a great
impact on the formation process and properties of the membrane or filter cake.
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Figure 1 shows a filtration column test devices that is widely used to study the process
of slurry penetration. The slurry is placed upon a soil sample in a filtration column and
penetrated into the soil by applying the pressures via piston or air pressure. The volume
of water drainage and pore water pressure along the soil column can be obtained during
slurry penetration by measuring the cylinder and pressure gauges installed on the side
of the filtration column. Utilizing the filtration column test (Figure 1b), Fritz et al. [25]
investigated the ability of slurry with various additives to form the lower-permeable filter
cake in the highly permeable ground. Min et al. [20,21] conducted a series of studies to
investigate the filter cake formation during the construction of shield tunnels. Xu et al. [26]
eventually demonstrated the relationships between the bentonite concentration of slurry,
slurry penetration velocity, and the range of slurry penetration depth. Yin et al. [27] also
employed filtration column tests to explore the distribution of bentonite concentration
along the soil column and the range of slurry penetration depth by measuring the electrical
conductivity of leachate and scanning electron microscope (SEM) qualitatively. However,
it is difficult to observe the process of slurry penetration directly in all of the above tests.

Figure 1. Schematic layout of a filtration column test. (a) Designed by Min et al. [20,21]. (b) Designed by Fritz [25].
(c) Designed by Xu [26].

3. Experimental Principle and Apparatus

In order to realize the function of observation in real time during slurry penetration,
electrical resistivity can be used to reflect the status of slurry invasion. Bentonite is a
kind of clay mineral. When mixed with water, the bentonite particles carrying numerous
negative charges will greatly reduce the electrical resistivity of water. Therefore, the slurry
penetration can result in the reduction in electrical resistivity of pore fluid in saturated soil,
which is a reliable indicator of the concentration of bentonite slurry particles in soil pores.
According to the research of Archie [28], the electrical resistivity of the soil and rock can be
described by a power function,

ρ = αϕ−mS−nρl (1)

where ρ is electrical resistivity; ρl is electrical resistivity of pore liquor; α is an empirical
constant that is sometimes called the “tortuosity constant” or the “lithology constant” [29];
ϕ is porosity of soil; S is degree of saturation; m is cementation exponent, which is related
to the degree of cementation of the rock fabric, higher values of m make the formation
factor, and hence the rock conductivity, more sensitive to changes in porosity [30]; and n is
the saturation exponent obtained by experiments. Therefore, in this paper, the relationship
between the slurry concentration and soil electrical resistivity can be established by the
electrical resistivity test.

Figure 2 shows the schematic and photograph of the test apparatus used for measuring
the soil electrical resistivity. The device consists of a soil sample box, soil resistivity
meter, and a computer for continuous data logging during the experiments. It can be
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seen from Figure 2a that the basic operation principle of the soil resistivity meter used
in this experiment is Wheatstone bridge [9], and the frequency of electrical resistivity
measurements performed with about 0.2 Hz. The dimensions of the soil sample box
were 120 mm length, 40 mm width, and 60 mm height. The prepared soil samples were
placed in the box and two coppery electrode slices (40 mm × 80 mm) were installed in the
sample box.

Figure 2. Experimental setup of soil electrical resistivity. (a) Schematic. (b) Photograph.

4. Materials and Method
4.1. Raw Materials
4.1.1. Soil Samples and Water Environment

In engineering practice, the behavior of the slurry penetration is greatly dependent
on the soil properties, water environment, and slurry property at the same operating
conditions. For more concise discussion, only the soil gradation, water environment, slurry
penetration mass, and CMC additive contents were considered in detail. In this study,
China ISO (International Organization for Standardization) standard sand was used to
prepare the soil samples. Two types of soil gradation, 0.5~2 mm and 0.075~2 mm, were
used in the tests. The grain size distribution of both types of sand is shown in Figure 3.
The water environment of the saturated sand is widely acknowledged as a vital factor
for the slurry penetration and soil resistivity. Three types of water environment with
different seawater content (0%, 25%, and 100%) were considered in those tests. The water
environment had a 0% seawater content equal to the deionized water while the 100%
seawater content corresponded to the synthetic seawater prepared according to ASTM
D1141-98 [31]. The proportions of each component in the substitute ocean water are shown
in Table 1. The total salt concentration was 3.58% and NaCl accounted for 68.4% of the total
salt mass.
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Figure 3. Grain size distribution of two types of sand used in the experiments.

Table 1. Components of substitute ocean water.

Salt composition NaCl MgCl2 Na2SO4 CaCl2 KCl NaHCO3

Concentration (g/L) 24.53 5.20 4.09 1.16 0.69 0.20

4.1.2. Bentonite Slurry

The bentonite slurry was mixed with the soil samples. Eight different bentonite
mass concentrations (i.e., the weight ratio of the retention slurry to pore water in the soil)
were designed from 1% to 8%. The slurry used in these tests was composed of sodium
bentonite and CMC. The grain size distribution of sodium bentonite was measured by
the laser particle size analyzer as shown in Figure 4. The specific gravity and viscosity
of the bentonite slurry were measured by the slurry specific gravity scale and a NDJ-5S
digital rotational viscometer, respectively, as shown in Table 2. CMC, as a kind of industrial
monosodium glutamate, has been widely used in slurry preparation. It can be used to
improve the performance of bentonite slurry (e.g., reduce critical shear stress, extend
shelf-life, and improve high-temperature stability, etc.). The CMC was used to increase
the slurry viscosity and three different CMC mass concentrations, 0%, 1%, and 4%, were
adopted in this study.
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Figure 4. Grain size distribution of bentonite particles.

Table 2. Specific gravity and viscosity of the slurry samples.

Slurry Concentrations/(%) 1 2 3 4 5 6 7 8

Specific gravity/(−) 1.01 1.01 1.02 1.03 1.03 1.04 1.05 1.05
Viscosity/(mPa·s) 4.61 5.41 8.14 12.65 24.72 74.27 275.58 428.07

4.2. Test Procedure

The slurry was prepared by mixing the sodium bentonite and water for 20 min and
further hydrated for 24 h in beakers as specified by API [32]. The CMC was dissolved in
water in advance with a mass ratio of 1:99, and the salt water was also prepared beforehand.
Then, the CMC solution and salt were poured into the slurry in proportion if necessary.
After preparing the slurry, a certain mass of dried sand and slurry were mixed up, and
saturated for 24 h with the freshness protection package to avoid the reduction in water.
Then, the soil-slurry mixture was put into the soil sample box, and the porosity of soil
samples was controlled in 0.35 by means of vibration, until the soil sample reached the
calculated height. Redundant slurry on the surface of the soil samples was sucked out
by droppers. After the soil sample preparation, two electrodes were connected with the
resistivity meter to measure the soil resistivity. The value of soil resistivity was selected
until the change of measurement value less than 0.01 Ω·m within 0.2 s.

Two types of soil samples with 0.5~2 mm and 0.075~2 mm soil gradation were em-
ployed in this experiment. The soil samples with 0.075~2 mm soil gradation were arranged
to investigate the influence of soil structures with the same porosity on the soil electrical
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resistivity. As shown in Table 3, six groups of soil samples were measured by a resistivity
meter at different conditions, and in each group, eight soil samples with different slurry
mass concentrations (from 1% to 8%) were included.

Table 3. Test groups with different influence factors.

Soil Gradation Water Environment
Slurry Penetration

Contents of CMC
Solution

Contents of
Bentonite

I
(0.5~2 mm)

0%-Deionized water
0% 1~8%
1% 1~8%
4% 1~8%

25%-Seawater 0% 1~8%
100%-Seawater 0% 1~8%

II
(0.075~2 mm) 0%-Deionized water 0% 1~8%

5. Results and Discussion
5.1. Water Environment

The soil samples were saturated by different amounts of slurry without CMC. The
water environment was deionized water. The electrical resistivity of soil samples is shown
in Figure 5. For comparison purposes, the electrical resistivity of the slurry concentrations
is also presented in this figure. Due to the increased number of ions, the electrical resistivity
of soil samples and slurry decreased with the increase in slurry concentration. However,
the slurry viscosity increased with the increase in the slurry concentration, which resulted
in blocking the ionic migration in the soil pore space. Therefore, the decrease rates of the
soil resistivity gradually slowed down when the slurry concentrations in the soil reached a
high value. The electrical resistivity of soil samples and slurry can be fitted well by power
functions with coefficients of determination R2 = 0.96 and 0.98, respectively, as a function
of the slurry concentration, as shown below,

ρl = 2.7504c−0.6636 (2)

where c refers to the slurry concentration.
According to Equation (1), the formation factor F of the saturated soil can be ex-

pressed as,

F =
ρ

ρl
= αϕ−m (3)

The formation factor F reflects the influence of the soil structure on the electrical
resistivity. A smaller value of F indicates that the soil structure is easier for the ions to pass
through. Figure 6 shows the change in formation factors of soil with different amounts of
slurry mixture. Micrographs of the soil samples with a 5× magnification are also shown in
this figure. They show that the F of soil samples increased with the increase in the slurry
concentration. The microscope images show that the size of the slurry particles increased
with the increase in slurry concentration. Although the mixture of the bentonite slurry
can significantly increase the number of free ions, the soil structure can also be changed
due to the aggregation of the bentonite particles. With the increase in the number and size
of the slurry particles, it is much easier to clog the pore space of soil samples, which can
reduce the free space of ion migration in the soil-slurry mixture samples. Therefore, the
magnitude of soil resistivity is a result of competition between the soil formation factor
and electrolytes. The slurry-induced changes in soil structure cannot be ignored when the
slurry penetration is assessed in practical engineering, otherwise the magnitude as well as
the migration distance of the slurry will be overestimated.



Appl. Sci. 2021, 11, 12126 8 of 17

Figure 5. Electrical resistivity of the slurry and sand samples (0.5~2 mm) with different slurry concentrations.

As shown in Figure 6, the relation between the formation factor F and slurry concen-
trations c can be described by an exponential function as,

F = α(c) · ϕ−m (4)

where α(c) = c0.2292 and m = 1.64 in this group of tests. Due to the influence of bentonite
particles on the soil structure, the coefficient α in Equation (4) was considered as a variable
value instead of a constant.

With the increased amount of offshore engineering, slurry has been applied more
prevalently in the environment of seawater. In order to discuss the influence of seawater on
slurry penetration, the soil samples were saturated by slurry without CMC, and three types
of water environment with different seawater content (0%, 25%, and 100%) were considered
in the tests. The electrical resistivity of soil samples with different slurry concentrations
is shown in Figure 7. The electrical resistivity of the soil samples under deionized water
conditions was much larger than that under seawater conditions. It indicated that the soil
electrical resistivity decreased with the increase in seawater content. Since the amount of
free ions in seawater is much greater than that in slurry, the slurry penetration is more
difficult to change the soil electrical resistivity. Hence, it is very difficult to evaluate the
slurry penetration in offshore engineering with soil electrical resistivity.
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Figure 6. Formation factor of sand samples (0.5~2 mm) with different slurry concentrations.

Figure 8 shows the change in soil formation factors under different water environ-
ments. The formation factors of soil samples increased with the decrease in seawater
content. The soil samples with different seawater contents presented a similar change
where the corresponding formation factors increased with the increase in slurry concentra-
tion. Due to the large amount of free ions in seawater, the soil mixed with seawater was
less sensitive to the slurry concentration. Moreover, when slurry penetrates into the soil
under a seawater environment, those cations in the seawater can neutralize some of the
anions on the surface of bentonite particles. The bentonite particles then flocculated into
aggregates and deposited rapidly. As shown in Figure 9, the sedimentation of bentonite
particles increased the pore spaces of soil samples, which can promote the migration of free
ions in soil pores, resulting in a decrease in the formation factor. The reaction of cations
and anions between seawater and bentonite can also contribute to the formation of filter
cakes and the increase in the bleeding rate of slurry [33].
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Figure 7. Electrical resistivity of sand samples (0.5~2 mm) with different slurry concentrations.

5.2. CMC Contents

In this study, three different CMC contents of 0%, 1%, and 4% were selected to
investigate their influences on the soil electrical resistivity. The soil samples were saturated
by slurry with CMC proportionally, and the water environment was deionized water.
Figure 10 shows the change in the electrical resistivity of soil samples and corresponding
slurry with different CMC contents. The electrical resistivity of soil samples and slurry
decreased with the increase in CMC contents. However, such influence of the CMC
contents on both the soil samples and slurry gradually reduced with the increase in the
slurry concentration.
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Figure 8. Relation between formation factor of sand samples and slurry concentrations with different water environments.

Figure 9. Schemes of slurry particle distribution. (a) Seawater. (b) Deionized water.
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Figure 10. Relation between electrical resistivity of the samples (slurry and sand) and slurry concentrations with different
CMC contents.

Figure 11 shows the change in soil formation factors with different CMC contents.
The formation factors of soil increased with the increase in slurry concentrations while
they decreased with the increase in CMC contents. For the microstructural analysis,
Figures 12 and 13 present the grain size distributions and micrographs (20×) of slurry with
different CMC contents. The slurry sample with the concentration of 4% was selected for
the tests. As shown in Figure 12, the aggregate size measured by laser particle size analyzer
corresponding to the maximum frequency increased from 0.089 to 0.123 mm with the
decrease in the CMC contents. A similar change was also observed in Figure 13. The zeta
potential is an indirect measure of the net charge on the colloidal particles in the slurry and
reflects the ability of the particles to repel or attract each other. The zeta potential, which is
an important indicator for the slurry stability, is also given in this figure. The larger the
absolute value of the zeta potential, the more stable the slurry. It was measured by Zetasizer
(Malvern, UK). The value of the zeta potential increased from −28.5 to −10.8 mV with
the increase in CMC contents, and negative signs indicated that slurry particles carried
negative charges. It turned out that the increase in CMC contents enhanced repulsive
forces among the slurry particles and behaved as the dispersant in the slurry material. In
summary, the increase in the CMC contents produces aggregates with smaller size and
increases the pore spaces of soil samples, resulting in a decrease in the formation factor.
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Figure 11. Formation factor of soil samples (0.5~2 mm) with different slurry concentrations.

Figure 12. Frequency distribution of slurry aggregate size.
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Figure 13. Micrographs of slurry with magnification at 20×. (a) 0% CMC. (b) 1% CMC. (c) 4% CMC.

5.3. Particle Gradation of Soil Samples

The soil electrical resistivity with two different soil particle gradations was compared
as shown in Figure 14. The gradation of both soil samples was 0.075~2 mm and 0.5~2 mm,
respectively. The soil samples were saturated by slurry without CMC, and the water
environment was deionized water. The electrical resistivity of the soil samples with a
0.075~2 mm gradation was smaller than that of the soil samples with a 0.5~2 mm gradation.
Although the porosity of the two types of soil samples was the same, the soil samples with
a lower size limit provides larger pore space for ion migration. Thus, the soil resistivity
greatly relies on the soil particle size.

Figure 14. Electrical resistivity of slurry and sand samples with different slurry concentrations.
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5.4. Electrode Distance

The different electrode distance was achieved through inserting the electrode into the
soil at a particular position between the fixed electrodes. The soil samples were saturated
by slurry without CMC, and the water environment was deionized water. Figure 15 shows
the change in soil resistance with different measured distances of the electrodes. The
intercepts of fitting curves on the y-axis denotes the contact resistance, which is the sum of
the constriction resistance and resistance of the film [34–36]. It was observed that a stable
linear relation existed between the resistance of soil samples R and distance of electrodes
L. R increased with the increase of L. However, due to the increased amount of bentonite
particles between the electrodes and soil sample, the contact resistances decreased with
the increase in slurry concentration [37]. The variance of the contact resistances may bring
about a strong deviation in soil electrical resistivity in two-point tests.

Figure 15. Resistance of sand samples (0.5~2 mm) with electrode distance.

6. Conclusions

Slurry penetration is an essential stage when used for balancing the earth and water
pressure in underground and geotechnical engineering. In this study, experiments includ-
ing slurry property tests and electrical resistivity of soil samples with different amounts
of bentonite slurry were conducted to investigate the effects of the water environment,
CMC additive, soil particle gradation, and electrode distance. The empirical formulas
between electrical resistivity of slurry-soil mixtures and bentonite slurry concentrations
were established. The main conclusions of this study are as follows:

(1) The slurry penetration observably increased the number of ions in saturated soil
and decreased the electrical resistivity of soil. The relation between soil electrical
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resistivity and amount of slurry penetration can be expressed by the power function
of slurry concentration. Additionally, the soil porosity and particle gradation also
exerts influences on the soil electrical resistivity.

(2) Seawater and CMC decreased the electrical resistivity of bentonite slurry and slurry-
soil mixture. Since the amount of free ions in seawater is much greater than that in
slurry, the effect of bentonite slurry on the soil electrical resistivity can be ignored.
Besides, the bentonite particles flocculate into aggregates rapidly in a seawater en-
vironment, which further promotes the decrease in soil resistivity. Therefore, the
method of electrical resistivity measurement in this paper is not applicable in the
offshore engineering.

(3) The magnitude of soil resistivity is a result of competition between the soil formation
factor and electrolytes. Engineers cannot ignore the slurry-induced changes of soil
structure when assessing the slurry penetration in practical engineering, otherwise
the magnitude as well as the migration distance of the slurry will be overestimated.

(4) Contact resistance between electrode slices and soil samples decreased with the
increase in slurry penetration. The variance of the contact resistances may bring about
a strong deviation in the soil electrical resistivity. In order to obtain a stable and
reliable value of soil electrical resistivity, multiple tests with different distances are
recommended and the soil electrical resistivity can be determined by calculating the
slope of fitting curves.

In the actual project, formation is always heterogeneous and changeful. More studies
concentrating on the electrical resistivity character of soil before and after slurry penetration
are still necessary. The electric method applied on the excavation face of the slurry balance
shield is a less-studied topic worldwide, but future studies that consider the electrical
resistivity character of a soil-slurry mixture could provide knowledge in this area.
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