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Abstract

Clogging frequently occurs in the cutter head, excavation chamber or screw conveyor when an earth pressure balance (EPB) shield
machine is tunneling in soft or silty clay ground with high clay mineral content. In this paper, montmorillonite, kaolinite, and illite
were selected as research objects, and molecular dynamics simulation and laboratory experiment were adopted. At the microscopic
scale, dynamic contact behavior and interfacial mechanical behavior of the interface between clay minerals and water/surfactant solu-
tion was simulated and the interfacial adhesion and conditioning mechanism between clay minerals and water/surfactant solution was
revealed. Thus, sodium dodecyl benzene sulfonate surfactant was selected as the main composition of the soil conditioner. Then, the
adhesion stress before and after soil conditioning and the contact angles between clay minerals and water/surfactant solution were
tested and analyzed at the macroscopic scale. The result shows that the contact angle between droplet and clay mineral surface is
an important parameter to characterize soil adhesion. The simulation rules of the microscopic contact angle are consistent with
the experiment results. Furthermore, the adsorption energy between microscopic substances is dominated by electrostatic force, which
can reflect the adhesion stress between macroscopic substances. Soil adhesion stress can be effectively decreased by adding the surfac-

tant to the soil conditioner.

Keywords: EPB clogging; Clay minerals; Microscopic simulation; Mechanism analysis; Laboratory experiment; Adhesion stress

1 Introduction

Earth pressure balance (EPB) shield tunneling has
become one of the major construction methods for urban
subways due to its safety, high efficiency, and economic
benefits. Montmorillonite, kaolinite, and illite are three
common inorganic clay minerals that are easy to transform
into microfine mineral particles due to argillization. When
combined with water during the tunnelling process, these
clays can easily adhere to the surface of cutterheads and
form mud cakes under high temperature and pressure
(Barzegari et al., 2020; de Oliveira et al., 2019; Hollmann
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& Thewes, 2013; Thewes & Hollmann, 2016; Zumsteg
et al., 2016). Mud cake on the cutterhead will lead to prob-
lems such as decreased cutterhead penetration and the
blockage of the cutterhead opening, all of which seriously
affect the shield machine’s tunneling efficiency and pose a
great threat to construction and equipment safety.
Researchers have studied the problems of the clogging
of shield machines and mud cakes on the cutterhead from
the perspective of soil adhesion. Thewes and Burger (2004)
analyzed the interfacial interaction mechanism between soil
and metal, and found that soil adhesion and cohesion are
the main reasons for the clogging of EPB shields.
Basmenj et al. (2016) studied the influencing factors of nor-
mal adhesion and tangential adhesion of the soil-metal
interface using the piston pull-out test and modified direct
shear test. Subsequently, Basmenj et al. (2017) studied the
differences in the interface adhesion among kaolinite,
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montmorillonite, and metal using a piston pull-out test
apparatus and comparatively analyzed the adhesion of
montmorillonite and kaolinite. Some researchers have
tested the tangential adhesion of the interfaces between
clay soil samples and metal through a modified direct shear
test (Peila et al., 2016; Zimnik et al., 2000). Although the
research on the adhesion between soil and the metal inter-
face started early, based on the existing studies, the test
equipment and test methods are not uniform, and most
of the studies are solely for a specific formation, and the
universality is not high. In addition, for the current adhe-
sion test studies, the applied load is mostly within
50 kPa, while the tunnel face pressure can reach 100 kPa
in the actual shield construction, or even more, there is a
big gap between the test conditions and the actual engineer-
ing conditions.

Reducing soil adhesion helps to prevent cutterhead mud
cakes, and thus several researchers have proposed measures
to do so. de Oliveira et al. (2019) used bentonite, kaolinite,
and quartz sand as basic materials and adopted foaming
agents for modification to reduce the adhesion of the soil.
Wang et al. (2020) analyzed the tangential adhesion
strength between clay and metal under the effect of foam
modification through an interfacial shear test. Spagnoli
et al. (2009) explored the influence of the dielectric constant
of aqueous solution in the soil on soil adhesion and pro-
posed a method of charging the cutterhead to prevent
mud cake formation. Feinendegen at al. (2011) and
Spagnoli et al. (2011) carried out experiments by injecting
foaming agent into the soil and proposed solutions that
can effectively reduce the adhesion of cohesive soil. Liu
et al. (2018) studied the effects of dispersants such as
sodium silicate on muck and found that dispersants can
significantly reduce the liquid limit, plastic limit, and plas-
ticity index of muck. They also pointed out that dispersants
can reduce the zeta potential of soil and thereby promote
the dispersion of soil.

Although there have been many studies featuring soil
adhesion tests and conditioning, the adhesion mechanism
is still a frontier scientific problem that needs to be
resolved, as it is crucial to solving problems such as soil
adhesion on farm tools, clogging of shield cutterheads,
and the formation of mud cakes. In the understanding of
the soil adhesion mechanism, some superhydrophobic sur-
face materials can be prepared to better achieve the func-
tion of viscosity reduction and adhesion removal in
engineering. Fountaine (1954) proposed that water film
played a major role in the adhesion between soil and metal
and proposed the water film theory. Baier et al. (1968)
believed that capillary force played a major role in the
adhesion between metal and soil and were the first to pro-
pose the mechanism of capillary adhesion. Ren (2009) com-
bined several previous theories based on the belief that the
adhesion phenomenon is the result of multiple forces and
ultimately concluded that the capillary forces make the
greatest contribution to adhesion in most case. Sanchez-
Martin et al. (2008) employed surface tension measure-

ments and studied the adsorption kinetics of the surfac-
tants and the clay mineral.

In recent years, the mechanism of water-soil interaction
has been investigated at the microscopic level using molec-
ular dynamics simulation (Botan et al., 2013; Guo et al.,
2018; Kerisit & Liu, 2014; Zhang et al., 2014). Some
researchers have also studied the adsorption behavior of
surfactants on clay minerals by using molecular dynamics
simulation (Guo et al., 2018; Li et al., 2019). Their simula-
tion results were in good agreement with the experimental
measurements, indicating that the molecular dynamics sim-
ulation method can be used to simulate and reveal the
interaction mechanism between water/surfactant solution
and clay minerals. In these previous studies, binding
energy, density distribution, mean square displacement
(MSD) of molecules, and self-diffusion coefficients of mole-
cules are important observation indicators for interpreting
the adsorption process and reflecting the adsorption degree
of molecules. The values of these indicators can be calcu-
lated through molecular dynamics simulations.

In summary, although previous studies have made some
progress in the mechanics and conditioning experiments,
and in identifying the mechanisms of soil adhesion, it is still
meaningful to study the mechanism of the interfacial inter-
action between water or conditioners and clay minerals at
the microscopic scale. Therefore, this paper uses molecular
dynamics simulation and laboratory experiments to study
the problem of the formation of mud cake on cutterheads
from microscopic to macroscopic perspectives in order to
clarify the adhesion mechanism of clay on the surface of
cutterhead under hydration. The results are expected to
provide a theoretical basis for the selection of muck condi-
tioning materials.

2 Microscopic analysis of the formation of mud cake on the
cutterhead

2.1 Water film theory

The water film on the soil surface is fundamental for soil
adhesion (Fountaine, 1954) and is a macroscopic manifes-
tation of intermolecular forces (Fig. 1(a)). At room temper-
ature, a solid with strong intermolecular force has higher
surface free energy. However, the free energy of the solid
surface can be difficult to measure, so the contact angle is
often used to characterize the interaction between liquid

Soil particle ;/L(‘

Water Gas phas
film

(2) (b)

Fig. 1. Water film and surface tension. (a) Water film, and (b) surface
tension.
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and solid at the interface in engineering (Fig. 1(b)). Gener-
ally, the smaller the contact angle, the stronger the
hydrophilicity, and the greater the soil adhesion with a cer-
tain moisture content.

In Fig. 1(b), the free energy between the liquid and gas
interface is y| g, the free energy between the liquid and solid
interface is yg;, and the free energy between the solid and
gas interface is ygg. The angle between the solid-liquid
interface and the liquid—gas interface at the three-phase
junction is 0, which is called the contact angle.

According to Yong’s equation, it is as follows:

IsG = VsL + Vg €os 0.

The contact angle can be associated with the interface

free energy, i.e., cos = %

2.2 Microscopic forces between particles

From the microscopic point of view, the adhesion action
between different solid surfaces is summarized (Heepe &
Gorb, 2014), including van der Waals forces, electrostatic
forces, magnetic forces, intermolecular polar interactions,
and mechanical interlocking. Most adhesion is caused by
the microscopic forces between the surface layers of sub-
stances (Fig. 2).

It is clear that the contact adhesion between microparti-
cles may be affected by various factors. van der Waals force
is always present due to the inherent nature of the material
and is the main factor affecting the agglomeration and
adhesion between particles. Although it plays a dominant
role in the adhesion behavior between particles, van der
Waals force is a short-range force, and its effect on promot-
ing adhesion between particles is weak when there is a long
distance between particles. Electrostatic force is the most
prevalent inter-particle force other than van der Waals
force. Due to the presence of friction, particles generally
have a certain net charge, and even uncharged particles
may be polarized by an external electric field and then sub-
jected to electrostatic action. Capillary force is the addi-
tional pressure generated on the meniscus and is mainly
due to the surface tension of the liquid. In this paper,
van der Waals forces and electrostatic forces were calcu-
lated by the molecular dynamics simulation. Because the
van der Waals potential and electrostatic potential corre-
sponding to the van der Waals force and electrostatic force
are important components of the adsorption energy. These
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Fig. 2. Adhesion mechanism model between different surfaces. (a) van der
Waals interactions between the molecules, (b) chemical bonding, (c)
capillary interactions, (d) mechanical interlocking, (e) suction forces, (f)
interfacial diffusion, (g) electrostatic forces, and (h) magnetic forces.

microscopic forces contribute to the macroscopic adsorp-
tion phenomenon. Particle adhesion under van der Waals
force and electrostatic force is shown in Fig. 3. As shown
in Fig. 3, due to the action of van der Waals forces, mole-
cules and atoms close to each other are easily adsorbed
together. Due to electrostatic forces, charged particles
attract and repel each other according to the similarities
and differences of their charges.

2.3 Mechanism of soil adhesion conditioning

In shield tunneling construction, foaming agents are fre-
quently used to reduce the adhesion of soil and prevent the
formation of mud cake on the machine cutterhead
(Feinendegen et al., 2011; Liu et al., 2018; Spagnoli et al.,
2011, 2009; Wang et al., 2020). When foam is injected into
soil, the surfactants are adsorbed on the surface of the soil
particles in three forms: ion exchange adsorption, ion pair
adsorption, and hydrogen bond formation adsorption.
When the bubbles burst, the surfactant in the foaming
agent is adsorbed on the clay mineral wafer, neutralizing
part of the charge and thereby weakening the liquid bridge
force, which is now generally considered to be the external
expression of the surface tension or capillary force of a lig-
uid, and electrostatic force between the particles. As a
result, the foaming agent plays a role in lubrication, reduc-
ing the viscosity between the soil particles and preventing
the adhesion of clumps on the cutterhead panel or pressure
chamber, which is conducive to improving the unearthed
efficiency. Meanwhile, because the molecules of the surfac-
tants in the foam are adsorbed on the surface of clay min-
erals, the thickness of the water film increases and the
Laplace pressure decreases (Fountaine, 1954), thereby
reducing the adhesive stress. The mechanism of reducing
clay surface adhesion by surfactants is illustrated in Fig. 4.

Figure 4 shows that when a surfactant is added to the
aqueous solution, the contact angle between the aqueous
solution with a surfactant and the solid surface will change
due to the change in chemical properties. The surfactant
surrounds the surface of the microparticles and the solid,
reducing the adhesion between the microparticles and the
solid surface.

3 Materials and methods
3.1 Materials
3.1.1 Test soil samples

(1) Particle size distribution curve

Montmorillonite, kaolinite, and illite are the three most
common and widely distributed clay minerals, so they are
used as the test materials in this paper. Malvern Master-
sizer 2000 laser particle size analyzer was adopted to test
their particle sizes. When the laser meets the particle, some
of the light will be scattered and the direction of the scat-
tered light will form a contact angle 6 with the direction
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Fig. 3. Adhesion mechanism between microparticles.
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Fig. 4. Mechanism of reducing clay surface adhesion by surfactants. (a) Soil particles adhere to the metal surface, and (b) surfactant surrounds the surface

of the soil particles.

of the original light. The particle distribution can be
obtained by analyzing the angle 6 with the help of com-
puter. All three materials have high purity after processing
and their particle size is less than 100 um. The surface
weighted mean diameters of the samples of montmoril-
lonite, kaolinite, and illite used are 8.853, 3.031, and
8.152 pm, respectively, and the volume weighted mean
diameters are 33.744, 20.286, and 18.433 pm, respectively.

(2) X-ray diffraction (XRD)

XRD is a research method to obtain information such
as the composition of the material and the structure or
morphology of the atoms or molecules inside the material.
The mineral compositions of the montmorillonite, kaolin-
ite, and illite used in this study were analyzed by an
XRD. The material of the test target was copper, the

scanning angle range was 10°-80°, and the scanning speed
was 10°/min. The test results are depicted in Fig. 5.

The results show that the kaolinite and illite are rela-
tively pure. There are small amounts of quartz and mus-
covite in the kaolinite samples and quartz and albite in
the illite minerals. The diffraction pattern of the montmo-
rillonite has relatively more burrs, mainly because the crys-
tallinity of the sample is relatively poor, and there are more
amorphous substances (Fig. 5). Nevertheless, montmoril-
lonite makes up the largest portion of the composition of
the sample.

(3) Atterberg limits
The Atterberg limits of soil is an important index of its

physical and mechanical properties and engineering classi-
fication. The Atterberg limits of the soil samples used in
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Table 1

Atterberg limits of soil samples.

Soil sample Plasticity index  Liquid limit (%) Plastic limit (%)

Montmorillonite  138.07 189.18 51.11
Kaolinite 6.35 30.95 24.60
Illite 18.58 39.64 21.06

this study were tested and the results are presented in
Table 1.

3.1.2 Surfactant

(1) Preliminary selection of surfactant

Foaming agent is the most commonly used soil condi-
tioner, and it can be applied to most strata. The effect of
the foaming agent mainly comes from the surfactant com-
position. A surfactant is a substance that can greatly reduce
the surface tension of a solvent when added in small
amounts. The difference in foaming agents is mainly due

to the difference in surfactant type. Most of the foaming
agents used in shield tunneling construction are com-
pounds of anionic and nonionic surfactants that are mixed
with foam stabilizers. Four kinds of anionic surfactants
with different structural properties were selected as the pri-
mary objects of this study: sodium lignin sulfonate (SLS),
sodium dodecyl sulfate (SDS), sodium dodecyl benzene sul-
fonate (SDBS), and sodium lauryl polyoxyethylene ether
sulfate (AES).

(2) Process of making the final selection of surfactant

According to the water film theory (Fountaine, 1954),
the weaker the surface tension of a liquid, the weaker the
adhesion between soil particles or between soil particles
and a metal surface. In this study, surface tension was
tested using the Wilhelmy method with a K20 surface ten-
sion meter made in Germany. The measurement range is
from 0 to 1000 mN/m, and the measurement precision is
0.1 mN/m. Samples with solution concentrations of
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0.000 05%, 0.0005%, 0.005%, and 0.05% were prepared for
each type of surfactant, and pure water was used as a con-
trol. In order to reduce the test error, each group was tested
three times and the average value was calculated as the
final result. The test results are shown in Table 2.

Under normal temperature and pressure, the surface
tension of water is 72.3 mN/m. It can be seen from the test
results in Table 2 that with the addition of the four surfac-
tants, the surface tension of the solution decreased by vary-
ing degrees. When the solution concentration is from
0.000 05% to 0.0005%, the surface tension of the solution
decreases rapidly. When the solution concentration is from
0.005% to 0.05%, the surface tension of the solution does
not change much, indicating that the surface tension of
the solution reaches the lowest value in this interval. When
the concentration of the solution is certain, the surface ten-
sion of the four surfactant solutions in descending order is
SLS > SDS > AES > SDBS. It is clear that the surface ten-
sion of the SDBS solution is minimal. Hence, SDBS is
more suitable than the other three anionic surfactants in
terms of surface tension optimization.

3.2 Simulation method

3.2.1 Basic material model

The software used for simulation is Materials Studio, a
material simulation software developed by Accelrys from
the United States. According to the unit cell atomic geo-
metric coordinates of montmorillonite, kaolinite, and illite
(Bish, 1993; Drits et al., 2010; Viani et al., 2002), a three-
dimensional all-atom structure model of the three types
of clay minerals was established, as visualized in Fig. 6.

The surfactant used in this study is SDBS (C;3H»9SOs-
Na). Molecular models of water and SDBS are shown in
Fig. 7.

3.2.2 Model building and simulation scheme

(1) Building the model

Before building the model, Bravais-Friedel-Donnay-
Harker (BFDH) theory was adopted (Bravais, 1866;
Donnay & Harker, 1937; Friedel, 1907) to calculate the
crystal plane area of the three mineral crystals. The area
of the (001) crystal plane of the three minerals accounted
for the largest proportion in their morphology. Accord-
ingly, all three minerals cut-out (001) crystal planes were

Table 2
Surface tension of four kinds of surfactant solutions with different
concentrations.

Mass percentage Surface tension (mN/m)

(0) SLS SDS SDBS AES
0.000 05 66.4 573 517 523
0.0005 642 517 468 479
0.005 51.9 403 30.4 33.4
0.05 503 36.4 2938 318

chosen to represent their surfaces. The (00 1) crystal planes
of montmorillonite, kaolinite, and illite were cut and the
supercell mineral surface was established. The surface
dimensions of montmorillonite, kaolinite and illite are
5.192 nm x 5.409 nm, 5.154 nm x 5.365 nm, and 5.202 n
m x 5.388 nm, respectively. Finally, a droplet with a diam-
eter of 2.5 nm (pure water molecule or a certain ratio of
water molecule and SDBS molecule) was built. The droplet
was placed on the surface of the clay mineral. After the
droplet was added, the thickness of the vacuum layer of
the model was greater than 2.5 nm, which was more than
2 times the cut-off radius from van der Waals forces used
in subsequent calculations. The modeling process of the
microscopic contact angle is presented in Fig. 8. The mass
concentration percentage of the SDBS solution used for
simulation is 3%.

(2) Simulation scheme

In total, six microscopic contact angle models were
established, including water and montmorillonite, SDBS
solution and montmorillonite, water and kaolinite, SDBS
solution and kaolinite, water and illite, and SDBS solution
and illite. The molecular dynamics simulation was divided
into two parts. The first part calculated the contact angles
of water and SDBS solution on the surface of the montmo-
rillonite, kaolinite and illite and reflected the adhesion of
the different types of soils through the calculation results
of contact angles. This paper built the microscopic contact
angle model by the volume interfacial area method (Fan &
Cagin, 1995; Hautman & Klein, 1991).

The second part was calculating the adsorption energy
of water and SDBS solution droplets on the surfaces of
the montmorillonite, kaolinite, and illite and analyzing
the mechanism of how van der Waals forces and electro-
static forces influence adsorption energy. In this paper,
the energy released during the adsorption process is defined
as adsorption energy, and the adsorption energy is equal to
the solid-liquid interface interaction energy. In all interfa-
cial interaction systems, the interaction energy is mainly
provided by the intermolecular force and the interionic
force, namely, the van der Waals potential and the electro-
static potential. Therefore, the sum of the van der Waals
potential and the electrostatic potential is the adsorption
energy. Temperature calibration was carried out according
to the specific heat capacity of each box, and the energy
values of all systems were calibrated to the 25 °C (Heinz,
2010). For any frame configuration of molecular dynamics,
the adsorption energy (Eineraction) between the mineral sur-
face and water molecules can be calculated according to
the following formula (Ebnesajjad, 2010; Fan & Cagin,
1995; Guo et al., 2018):

(Esurface + Ewater) )

Einteraction = Esurface+water -

where Egifacerwaer 18 the energy of the whole interfacial
model, Egpe 18 the energy of a single mineral surface,
and E,.. 1s the energy of a single water molecule. If
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Fig. 7. Molecular model of (a) water (H,O), and (b) SDBS.

(c)

@cC
OH
®0
s
© ONa

(b)

¢ | Cluster

Water cluster {“ombinatorial

Clay mineral surface

moideling Liquid drop
\ ‘, 2 ‘. 3
> {ol Fniw;
RN

Clay “mi‘neal sfac¢ ‘

Wetting model

Fig. 8. Modeling process of microscopic contact angle.

Einteraction < 0, 1t indicates that there is adsorption between
the mineral surface and water molecules, and the more neg-
ative the value of Ejjeraciion, the stronger the adsorption
effect.

3.2.3 Calculation parameter setting and equilibrium
Judgement

(1) Calculation parameter settings

The canonical ensemble (NVT) was used to calculate the
molecular dynamics, the time step was 1 fs, the initial
velocity was set to meet the Maxwell-Boltzmann

distribution, and the temperature was set to be 25 °C
(298.15 K) using an Andersen thermostat. The total calcu-
lation time was 1000 ps, and a frame configuration was
output every 5 ps. A total of 201 frames of trajectories,
including the frame at time 0, were collected for data anal-
ysis. Related parameter settings involved in the energy cal-
culation are presented in Table 3.

In order to obtain a molecular configuration with low
energy and stable structure, it was necessary to perform
geometric optimization after the structure sketch was
drawn. The specific parameter settings for geometric opti-
mization are detailed in Table 4.
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(2) Equilibrium judgement based on the molecular
dynamics

The results of the molecular dynamics simulation must
be obtained after the system reaches equilibrium. There-
fore, in order to ensure the reliability of the results, the
equilibrium of the system was judged before analyzing
the calculation results. Taking the calculation model of
the microscopic contact angle corresponding to montmoril-
lonite as an example, the change curves of temperature and
energy in the process of molecular dynamics are depicted in
Fig. 9.

Figure 9 shows that the temperature and energy of the
system reached equilibrium within the simulation time.
The change in energy manifested as a rapid rise in the ini-
tial stage due to the introduction of kinetic energy. Subse-
quently, with the temperature control, the energy gradually
stabilized and reached the stable stage. The temperature
reached the target value quickly, which shows the efficiency
of the Nosé temperature control method. The other molec-
ular dynamics models in this paper also reached an analo-
gous equilibrium, but these are not presented here.

3.3 Experiment method

3.3.1 Contact angle test

The sessile drop method (Tohry et al., 2020) was used to
determine the contact angle of these clay minerals. The
packing density, surface roughness and degree of satura-
tion of the material all have a great impact on the measur-
ing results of the contact angle. In order to reflect the
hydrophilic and hydrophobic differences of the three clay
minerals from a macroscopic perspective, clay mineral par-
ticles were pressed into clay mineral samples with a thick-
ness of 2 mm and a diameter of 13 mm by DY-30 electric
tablet machine under the same sample production condi-
tions. Figure 10 depicts the process of the contact angle test
of the clay mineral surface.

The test scheme of the contact angle of the clay mineral
surface corresponds to the molecular dynamics simulation
scheme. The contact angles between water and montmoril-
lonite, SDBS solution and montmorillonite, water and
kaolinite, SDBS solution and kaolinite, water and illite,
and SDBS solution and illite were tested.

Table 3
Setting of parameters related to energy.

Calculation parameters

Field of force

Results of setting
INTERFACE 1.5

Calculation method of charge Forcefield
assigned
Calculation method of van der Waals force Atom based

Cut-off radius from van der Waals force (nm) 1.25

Calculation method of electrostatic force Ewald

Calculation precision of electrostatic force 1 x1073
(kcal/mol)

Table 4
Calculation parameters for geometric optimization.

Calculation parameters Specific settings or

parameter values

SMART*
1x1073

Optimization algorithm
Convergence precision of geometric
optimization energy (kcal/mol)
Maximum force convergence precision of 0.05

geometric optimization (kcal/mol/nm)
Maximum number of iterations of geometric
optimization

10 000

3.3.2 Adhesion test

The influence of clay mineral type and water content on
the adhesion stress between soil and metal was studied
from a macroscopic perspective using an interface adhesion
pull-out test device, as shown in Fig. 11.

The main principle of the test is to measure the adhesion
stress and adhesion time when the metal is pulled up from
the soil surface by a pressure sensor. The test device is
mainly composed of an electric motor, support platform,
bracket, pressure sensor, sensor amplifier, pressure ham-
mer, soil box, base, and other components. The inner
diameter of the soil box is 6 cm, the height is 1.5 cm, the
diameter of the hammer is 5 cm, and the thickness of the
hammer is 0.5 cm. The maximum range of the pressure sen-
sor is 10 kg, the accuracy is 3%o, and the data recording
frequency of the supporting data processing software is
30 Hz.

The experimental study on the interface adhesion
between metal and soil is divided into two parts. The first
part investigates the relationship between the adhesion
stress and moisture content of montmorillonite, illite, and
kaolinite. There are three groups of tests. Different mois-
ture content ranges are taken for different soil samples,
basically covering the range from plastic limit to liquid
limit. The second part explores the effect of foaming agent
on the adhesion of montmorillonite, illite, and kaolinite
and obtains the relationship between the soil adhesion
stress and the foam injection ratio.

The prepared soil sample was filled into the soil box for
interface pull-out test. To ensure the flatness of the soil
sample, a scraper was used to remove the excess soil sample
on the surface of the soil box. Then, a round paper close to
the moisture of the soil sample was used to cover the sur-
face of the soil sample, and a flat iron was used to flatten
the surface of the soil sample. Slowly uncover the round
paper to avoid uneven test surface. The drawing rate in
each test remained constant (5 mm/min). The maximum
contact pressure between the press hammer and the soil
surface was stabilized at 15 N for 1 min, and then pulled
out at a rate of 5 mm/min. The test data during the test
were recorded by the pressure sensor. Five tests were con-
ducted in the same conditions, and the average value was
taken as the normal adhesion force.
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Fig. 9. Changes of system energy and temperature during the process

4 Results
4.1 Simulation results

4.1.1 Microscopic contact angle

The change of contact angles of the water droplets and
SDBS solution droplets on clay mineral surfaces at differ-
ent time is depicted in Fig. 12. The final calculation results
for the water and SDBS solution droplets on clay mineral
surfaces at 1000 ps are shown in Figs. 13 and 14. Figure 12
(a) shows that the contact angle of pure water on the sur-
face of the three minerals tends to be stable after 500 ps.
Calculating the average values of the data in the last
200 ps, the contact angles of water droplets on the surface
of montmorillonite, kaolinite, and illite minerals are 15.7°,
33.7° and 18.3°, respectively. Figure 12(b) shows that the
change trend of the contact angles of SDBS solution dro-
plets on the clay mineral surface at different time is consis-
tent with that of water droplets. After 500 ps, the values of
the contact angles of the SDBS solution droplets on the
three mineral surfaces tend to be stable. Calculating the
average values of the data in the last 200 ps, the contact
angles of the SDBS solution droplets on the montmoril-
lonite, kaolinite and illite mineral surfaces are 27.0°, 37.1°
and 25.8°, respectively.

4.1.2 Adsorption energy

When the liquid is adsorbed on the mineral surfaces, the
system releases a certain amount of energy, making the
whole adhesion system more stable. Figure 15 presents
the adsorption energies generated by the interaction
between water, SDBS solution, and clay mineral interfaces
at different moments.

It is obvious from Fig. 15 that the adsorption energies of
the six microscopic contact angle models are less than 0,
indicating that both water and SDBS solution will produce
adsorption when interacting with clay minerals. In this
paper, the adsorption energy data of each frame in the last
200 ps were statistically analyzed, and the average adsorp-
tion energy was used to evaluate the interaction between
the mineral surface and water or SDBS solution. The
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of microscopic contact angle simulation. (a) Temperature, and (b) energy.

adsorption energies of the water molecules on the montmo-
rillonite, kaolinite, and illite crystal interfaces are —1737.92,
—~124.17, and —1335.57 kcal/mol, respectively. The adsorp-
tion energies in descending order is montmorillonite, illite,
and kaolinite, which is consistent with the microscopic con-
tact angle simulation. This result indicates that montmoril-
lonite has the best hydrophilicity, followed by illite and
kaolinite. When surfactants are added to water, the adsorp-
tion energies of the water molecules on the interfaces of the
montmorillonite, kaolinite, and illite are —1502.43, —118.76,
and —1266.98 kcal/mol, respectively. The adsorption ener-
gies of water molecules on the interfaces of the three kinds
of clay minerals decrease in different degrees, but the order
of magnitude does not change. Montmorillonite is a kind
of clay mineral with strong water absorption and expansi-
bility. Its structural framework is negatively charged, but
the cation existing between layers is positively charged.
This kind of crystal structure is more likely to have electro-
static adsorption with water molecules. Therefore, the
adsorption energy of montmorillonite changes the most.

4.1.3 Electrostatic potential and van der Waals potential

In all interfacial interaction systems, the potential
energy caused by electrostatic forces and van der Waals
forces is electrostatic potential and van der Waals poten-
tial, respectively. The electrostatic potential and van der
Waals potential together constitute the adsorption energy
when water or SDBS solution interacts with clay minerals.
Figure 16 displays the electrostatic potential and van der
Waals potential of the interfaces among water, SDBS solu-
tion, and clay minerals at different time. The statistical data
of the electrostatic potential and van der Waals potential
from each frame in the last 200 ps were taken, and the aver-
age values were calculated. The results are presented in
Table 5.

As can be seen from Fig. 16 and Table 5, when the sur-
factant is not added, the electrostatic potentials are —
1933.11 kcal/mol between water molecules and montmoril-
lonite, —1904.36 kcal/mol between water molecules and
illite, but only —99.87 kcal/mol between water molecules
and kaolinite. It can be concluded that the absolute values
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Fig. 11. Interface pull-out test device. (a) Schematic figure, and (b) photo
of the device.

of the electrostatic potential between montmorillonite/illite
and water are much larger than that of kaolinite. When
surfactants are added to water, the absolute values of elec-
trostatic potential of the three clay minerals decrease in dif-
ferent degrees, but the influence on van der Waals potential
is small.

4.2 Experimental results

4.2.1 Contact angle of clay mineral surface

Figure 17 illustrates the contact angle test results of
water and 3% SDBS solution on montmorillonite, kaolin-
ite, and illite tablets, respectively.

The results indicate that during the wetting process of
the droplet and clay, the contact areas between the droplets
and the three common clay mineral surfaces increase grad-
ually, and the droplets finally spread on the solid surface,
showing high adhesion. Thus, whether the droplets were
water or SDBS solution, the three clay minerals showed
hydrophilicity during the contact angle test. The contact
angles of water droplets with montmorillonite, kaolinite,
and illite are 12.6°, 25.7°, and 17.2°, respectively, at the
moment of contact. The contact angles for montmoril-
lonite are not 0 because the samples swell rapidly after con-
tacting the liquid. The bulge of montmorillonite material
can be clearly seen in Fig. 10(c). The contact angles at
the moment of contact between SDBS solution droplets
with 3% mass concentration and montmorillonite, kaolin-
ite, and illite were 30.7°, 27.1°, and 47.2°, respectively.
When compared with water droplets, the contact angles
increased by 143.65%, 5.45%, and 174.42%, respectively,
as presented in Fig. 17(d) and Fig. 18. This finding suggests
that anionic surfactants can effectively reduce the adhesion
of water droplets on the surface of the material, and the
reduction is more obvious for montmorillonite and illite,
which have similar crystal structures.

4.2.2 Effect of moisture content on adhesion

Soil moisture content has a strong influence on adhe-
sion. In order to explain the relationship between adhesion
and water content of different types of soil samples from a
macroscopic perspective, the relationship between water
content and adhesion of three types of soil (montmoril-
lonite, illite and kaolinite) was tested. Due to the large dif-
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Fig. 13. Final results of water droplets on clay mineral surface. (a) Montmorillonite, (b) kaolinite, and (c) illite.
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Fig. 14. Final results of SDBS solution droplets on clay mineral surfaces. (a) Montmorillonite, (b) kaolinite, and (c) illite.

ference in the liquid and plastic limits of the different soils,  have introduced the consistency index I related to the lig-
the fluidity of different types of soil samples may be differ-  uid and plastic limits of soil as the relative index of soil
ent under the same water content. Thus, many researchers water content (Bish, 1993; Guo et al., 2018; Heepe &
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Gorb, 2014; Kerisit & Liu, 2014; Li et al., 2019; Viani et al.,
2002; Zhang et al., 2014). Figure 19 shows the rule of vari-
ation of the adhesion stress of montmorillonite, illite, and
kaolinite with the change of consistency index.

Figure 19 clearly shows that the adhesion stress of each
soil sample manifests a changing trend similar to a normal
curve with the increase of consistency index Ic. The adhe-
sion stress is small when the consistency index is relatively
low or relatively high and large when the consistency index
is moderate. When the consistency indexes Ic of montmo-
rillonite, illite, and kaolinite are 0.585, 0.513, and 0.673,
respectively, the adhesion values of the three different types
of soils reach the maximum, which are 6.37, 2.31, and
1.94 kPa, respectively. In other words, the soil with a con-
sistency index in the range of 0.5-0.7 has greater adhesion.

4.2.3 Effect of foam injection ratio on adhesion
The foaming agent conditioning parameters are gener-
ally described by the foam injection ratio (FIR), that is,
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Fig. 16. (a) Electrostatic potential, and (b) van der Waals potential.

the ratio of the volume of injected foam to the volume of
soil (Hollmann & Thewes, 2013; Thewes & Burger, 2004;
Wang et al, 2020). The soil before conditioning
(FIR = 0%) takes the consistency index Ic = 0.625, and
the values of water content corresponding to montmoril-
lonite, illite and kaolinite are calculated to be
w = 102.89%, w = 28.03% and w = 26.98%, respectively.
Based on the above adhesion test results from the previous
section, when the drawing rate is 5 mm/min, the corre-
sponding adhesion stress is 5.39, 2.61, and 1.92 kPa, respec-
tively. Figure 20 presents the adhesion test results of three
types of soils under different foam injection ratios.

Figure 20 shows that the adhesion stress of montmoril-
lonite, illite, and kaolinite decreases with the increase in
FIR. The variation curves of the adhesion stress of mont-
morillonite and illite can be divided into three stages: slow
decrease stage (stage I), rapid decrease stage (stage II), and
stable stage (stage III). In the slow decrease stage, the foam
injection ratios of montmorillonite and illite are less than
100% and 20%, respectively. At this stage, the soil adhesion
decreases slowly with the increase of FIR because there are
fewer surfactants in the foam and so fewer active composi-
tion adsorbed on the surface of the soil microparticles or
into the water film on the soil surface. In the rapid decrease
stage, the corresponding foam injection ratios of montmo-
rillonite and illite are between 100% and 250%, and 20%
and 60%, respectively. At this stage, because of the active
composition contained in the foam, the soil adhesion stress
decreases rapidly with the increase of FIR. When the foam
injection ratios of montmorillonite and illite are more than
250% and 60%, respectively, the adhesion of soil tends to
be stable because the surface tension of the liquid film on
the soil surface is almost reduced to the lowest level. For
kaolinite, the soil adhesion decreases almost linearly with
the increase of FIR, which may be due to the high sensitiv-
ity of kaolinite to water and its weakest adhesion among
the three clay minerals. At the beginning of the condition-
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Table 5

Calculation results of electrostatic potential and van der Waals potential between water and clay mineral.

Computational model Electrostatic potential

Proportion of electrostatic

Van der Waals Proportion of van der

(kcal/mol) potential (%) potential (kcal/mol) Waals potential (%)
Water-Montmorillonite —-1933.11 111.23 195.19 -11.23
Water-Kaolinite -99.87 80.43 -24.29 19.57
Water-Illite —1904.36 142.59 568.79 —42.59
SDBS-Montmorillonite -1697.28 112.97 194.85 -12.97
SDBS-Kaolinite -83.11 69.98 -35.65 30.02
SDBS-Illite -1836.59 144.96 569.61 -44.96

ing test, the foaming agent played a role in reducing
adhesion.

For montmorillonite, the FIR changes from 0% to
300%, its adhesion stress decreases from 5.39 to 1.42 kPa,
and the decrease percentage of the adhesion stress is
132.3%,; for illite, the FIR changes from 0% to 80%, its
adhesion stress decreases from 2.61 to 1.29 kPa, and the
decrease percentage of the adhesion stress is 165.0%; for
kaolinite, the FIR changes from 0% to 50%, its adhesion
stress decreases from 1.92 to 1.12 kPa, and the decrease
percentage of the adhesion stress is 160.0% (Fig. 20). Thus,
the adhesion decrease percentages are roughly the same for
illite and kaolinite and the lowest for montmorillonite. This
finding indicates that the conditioning effects of foaming
agent on illite and kaolinite are roughly the same. The
foaming agent has the weakest conditioning effect on mont-
morillonite, which may be due to the strongest intermolec-
ular forces between montmorillonite and water.

5 Discussions
5.1 Simulation and test of microscopic contact angle

As shown in Fig. 17(d) and Fig. 18, the contact angles of
water droplets with montmorillonite, kaolinite, and illite
are 12.6°, 25.7°, and 17.2°, respectively at the moment of
contact between water and clay minerals. Compared with
Fig. 12(a), the relative errors between the measured contact
angle data and the numerical calculation results for mont-
morillonite, kaolinite, and illite are 19.75%, 23.74%, and
6.01%, respectively. Figure 12(a) also shows that at the
same equilibrium time, the contact angle between the
montmorillonite surface and water droplet is the smallest,
indicating that montmorillonite has the best hydrophilicity,
followed by illite and kaolinite. The simulation results are
consistent with the measured data in the qualitative and
quantitative analysis.

The contact angles between SDBS solution droplets and
montmorillonite, kaolinite, and illite are 30.7°, 27.1° and
47.2°, respectively. Compared with Fig. 12(b), the relative
errors between the measured contact angle data and the
numerical calculation results for montmorillonite, kaolin-
ite, and illite are 13.70%, 26.95%, and 82.95%, respectively.
The measured contact angle data for illite are quite differ-
ent from the numerical calculation results. According to

the simulated data, compared with water droplets, the con-
tact angles increase by 71.98%, 10.09%, and 40.98%,
respectively. According to the measured data, compared
with water droplets, the contact angles increase by
143.65%, 5.45%, and 174.42%, respectively. This finding
indicates that SDBS can effectively reduce the adhesion
of water droplets on the surface of the material. The reduc-
tion for the two kinds of clay mineral materials with similar
crystal structures (i.e., montmorillonite and illite) is more
obvious, which is consistent with the measured law.

The simulation obtained contact angle is for a drop of
liquid on a single crystal of clay minerals. The measured
contact angle is that of a porous medium-soil tablet. The
measured contact angle is affected by the density, saturabil-
ity or surface roughness of the measured solid, and there
may be deviation in the value. In this paper, the measured
contact angle was compared with the simulated, and the
accuracy of the two values may be biased. But more impor-
tantly, the macroscopic and microscopic rules obtained
through the comparison of data are consistent.

5.2 Microscopic force and macroscopic adhesion

The forces between microparticles are analyzed from a
microscopic perspective, as given in Fig. 16 and Table 5.
Regardless of whether surfactant is added, the electrostatic
potentials between montmorillonite and water and between
illite and water are much larger than that of kaolinite. This
is because the structural skeletons of montmorillonite and
illite are negatively charged and the cations between layers
are positively charged. This type of crystal structure is
more likely to have electrostatic adsorption with water
molecules, which is also the main reason why kaolinite is
less hydrophilic than montmorillonite and illite. Regardless
of whether the surfactant is added or not, the adsorption
energy between kaolinite surface and water molecules is
mostly (70% or more) caused by electrostatic force, while
the adsorption energy between the surfaces of montmoril-
lonite or illite and water molecules is completely caused
by electrostatic force. Moreover, van der Waals forces repel
the adsorption process (van der Waals potential is posi-
tive). The adsorption between all three mineral surfaces
and water molecules is dominated by electrostatic force.

The adhesion between soils and the metal interface is
analyzed from a macroscopic perspective, as shown in
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Fig. 17. Contact angle test results of different clay minerals. (a) Montmorillonite, (b) kaolinite, (c) illite, and (d) contact angle magnitude at the moment of
contact.
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Fig. 18. Contact angles between droplets and different clay minerals at the moment of contact. (a) Water-montmorillonite, (b) water-kaolinite, (c) water-
illite, (d) SDBS-montmorillonite, (e) SDBS-kaolinite, and (f) SDBS-illite.

Fig. 19. The interface adhesion stresses between clay min-  small and close to 0. When the consistency indexes are less
eral and metal from strong to weak are montmorillonite, than 0.2, the adhesion stress of the three soils is approxi-
illite, and kaolinite. When the consistency indexes are mately stable around 2 and 1 kPa, respectively. This may
greater than 1, the adhesion stress of the three soils is very ~ be because when the soil moisture content is lower than
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Fig. 20. Conditioning effect of FIR on adhesion of three types of soil. (a) Montmorillonite, (b) illite, and (c) kaolinite.

the plastic limit, the interface adhesion between the soil and
the metal is mainly determined by the molecular forces
between the solids. When the soil moisture content exceeds
the liquid limit, there is free water between the soil and the
metal, which reduces the interface adhesion between the
soil and the metal.

Figure 20 shows that the surfactants in the foam help to
reduce the adhesion of the soil. This is because the surfac-
tants in the foam enter into the liquid film on the surface of
the soil, reducing the surface tension of the liquid film and
thereby reducing the adhesion between the soil and the
metal interface. This phenomenon can also be explained
from the perspective of contact angle. When surfactant is
added to the water, the contact angles of the three clay
minerals increase to varying degrees, indicating that the
hydrophobicity of the clay mineral surface is improved
and the capillary force and adhesion stress between the
metal and the soil are reduced.
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6 Conclusions

Three kinds of clay minerals (i.e., montmorillonite,
kaolinite, and illite) are taken as the research objects, and
the interface adhesion mechanism between metal and soil
and the conditioning of soil adhesion are systematically
studied by means of microscopic simulation and macro-
scopic test. The following conclusions can be drawn:

(1) The contact angle between a liquid droplet and a clay
mineral surface is a significant parameter to charac-
terize soil adhesion. The simulation results of the
microscopic contact angle are consistent with the test
results. Based on the values of the contact angle,
montmorillonite has the smallest contact angle and
kaolinite has the largest contact angle, with illite in
between. Furthermore, adding SDBS surfactant to
water can reduce the surface tension of the liquid film
and improve the hydrophobicity of the clay mineral
surface.

(2) The adsorption energies between water and clay min-
eral surfaces are less than 0 and will differ depending
on the kind of clay mineral. Montmorillonite has the
largest adsorption energy and kaolinite has the small-
est adsorption energy, with illite in between. The
adsorption energy is dominated by the electrostatic
forces between clay minerals and water molecules,
and the addition of surfactant has a great influence
on the electrostatic potential between clay minerals
and water molecules.

(3) The adsorption energy between microscopic sub-
stances reflects the adhesion between macroscopic
substances. Under the same consistency index, mont-
morillonite has the largest interface adhesion stress
and kaolinite has the smallest interface adhesion
stress, with illite in between. This finding is consistent
with the previous conclusion for adsorption energy.
In addition, surfactants in the foam ameliorate soil
adhesion.
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