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Abstract

Clogging is a major geohazards risk in mechanized tunnelling through cohesive soils. Clay clogging results from the high adhesion
between the clay and metal. Based on the water film theory and Reynolds fluid equation, the interfacial adhesion between metal and
soil is simplified in this study as viscous hydrodynamic behavior between planes. Considering the influence of capillary force and the
viscous force of water film at the interface between metal and soil, a theoretical calculation model of interfacial adhesion between metal
and soil is established. The influence of water film thickness and separation rate on the interfacial adhesion between metal and soil is
qualitatively analyzed. Then, the adhesion stress between the clay and the metal surface was tested with a pullout test and the influence
of moisture content, pullout rates and types of clay minerals on the adhesion stress was analyzed. Finally, the calculation model of adhe-
sion force was compared with the experimental results. The calculation model of soil adhesion stress established in this paper can quan-
titatively describe the relationship between soil adhesion force and moisture content and can also qualitatively reveal the influence

mechanism of soil moisture content on adhesion stress.

Keywords: EPB clogging; Adhesion stress; Mechanics model; Clays; Mechanism analysis; Experimental test

1 Introduction

The earth pressure balance (EPB) shield construction
method has become the main construction method for
urban subways due to its advantages of safety, efficiency
and economy. However, when EPB shields pass through
clayey or silty soil ground, the cutterhead is frequently
clogged, causing a low tunnelling efficiency and accelerat-
ing cutter disk abrasion (Barzegari et al., 2020; de
Oliveira et al., 2019; Hollmann & Thewes, 2013; Thewes
& Hollmann, 2016; Zumsteg et al., 2016). One of the main
reasons of clogging is adherence of clay minerals to metal
surfaces (Kang et al., 2019; Peila et al., 2016; Zhang
et al., 2018). Therefore, the study of adhesion calculation
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in cohesive soils is necessary to prevent or decrease
clogging.

Adhesion is the tendency of dissimilar particles or sur-
faces to cling to one another. Thewes and Burger (2004)
analyzed four different interactive single mechanisms
between soil and metal and found that soil adhesion and
cohesion are the main reasons for the clogging of EPB
shields. These mechanisms include the inherent cohesion
of clay particles, bridging of clay particles over an opening
in the path of soil transport and low tendency of clay
towards dissolving in water. Moreover, Feinendegen
et al. (2010, 2011) evaluated adhesion using a cone pullout
test and developed a clogging risk assessment chart based
on the test results. Zimnik et al. (2000) studied the adhesion
law between soil and steel through improved direct shear
tests and analyzed the factors affecting the shear effect of
the section. de Oliveira et al. (2019) used bentonite, kaolin-
ite, and quartz sand as representative samples, modified by
foam agent, and tested the adhesion ability of soil before
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and after conditioning. Zumsteg et al. (2013) selected com-
mon kaolinite, illite and montmorillonite as base materials
to make soil samples with 20% clay content and analyzed
the soil adhesion from the perspective of shear rate.
Wang et al. (2020) analyzed the tangential adhesion
strength between clay samples mixed with kaolin and ben-
tonite and the metal surface when conditioned with foam.
Other researchers have tested the tangential adhesion abil-
ity of the interface between clay soil samples and metal by
means of normal compression (Peila et al., 2016) or a slider
test (Langmaack, 2000).

Although some progress has been made in the tests of
soil adhesion, the theoretical calculation of the adhesion
mechanism and adhesion stress cannot be ignored; the
answer to this issue will help solve the problems of farm
tool adhesion, shield cutter head clogging and mud cake.
Many researchers have proposed different theories about
soil adhesion. Of them all, water film theory is widely used
in the theory of soil adhesion mechanism. Water film the-
ory holds that water ring or water film is the main cause
of soil adhesion and assumes that there are two cases of soil
adhesion on a solid surface, namely, discontinuous water
ring and continuous water film. Baver (1956) and
Fountaine (1954) proposed the water film theory that the
soil adhesion force is produced by the water film medium
formed by the loosely combined water. Burbaum and
Sass (2017) considered the influence of water in an adhe-
sion test experiment and qualitatively analyzed the rela-
tionship between the adhesion stress and the capillary
force of the interface water film. Moreover, based on the
energy of the soil adhesion system, Jia (2004) analyzed
the relationship between the attraction force of the water
film and the thickness of water film. The soil adhesion force
can better explain the rules of soil adhesion in the contact
angle range from 0° to 180°. However, this theory still has
some shortcomings, researchers did not give the quantita-
tive calculation method of the soil adhesion stress between
the metal and soil.

In summary, although research on the adhesion between
soil and metal is not new, the test equipment and methods

Soil grain  Discontinuous water film

Metal

(a)

in the existing research are not uniform. Most of the
research is aimed at a specific stratum, and the universality
is not strong. In addition, there is almost no calculation of
the adhesion force at the interface between metal and soil.
Therefore, it is necessary to establish the formula for calcu-
lating the adhesion between metal and soil. This paper con-
siders the capillary force at the interface between metal and
soil and the viscous force of fluid to establish a calculation
model of soil adhesion. Then, through a pullout test, the
influence of factors such as moisture content and pullout
rate on adhesion stress is studied.

2 Adhesion mechanism between microparticles

Clay that is dry or has less moisture content does not
easily adhere to the solid surface. Because water is the med-
ium that causes the clay to adhere to metals, it is necessary
to firstly understand the mechanism of the action of clay
and water. There is a stream of literature on this mecha-
nism (Lu et al., 2007; Tang et al., 2015).

When the soil is dry or loose and when the clay inter-
acts with water, water molecules are mainly adsorbed on
the clay surface or enter the clay mineral crystallization
layer, and the macropores between the soil particles con-
tain almost no water. With the further water absorption
of clay, water molecules enter the pores between particles
under the action of seepage force and permeation expan-
sion occurs, forming a diffusion electric double layer, and
the adsorbed water is transformed into weakly bound
water. The clay particles are connected by water film
(Grim, 1962). Water film theory is widely used in the the-
ory of soil adhesion mechanism (Baver, 1956; Burbaum &
Sass, 2017; Fountaine, 1954). In relatively dry soils, dis-
continuous water rings are formed at the soil-solid inter-
face. Each soil particle or aggregate has sharp corners,
which are adhered to the external surface by discontinu-
ous water rings, as shown in Fig. 1(a). At this time, there
is a point of contact between the soil particles and the
metal surface that is only manifested as intermolecular
force; there is almost no capillary force. However, in a
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Fig. 1. Interface contact state between soil and metal. (a) Discontinuous water film, and (b) continuous water film.
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(b)

Fig. 2. A liquid bridge system of metal, liquid, and soil. (a) Stereogram,
and (b) front view.

relatively humid soil, a continuous water ring is formed at
the interface between the soil and the solid. When the
water film is continuous, the soil particles are filled with
soil water, and there is a continuous water film between
the soil particles and the metal surface. At this time, there
is a capillary force between the soil particles and the
metal interface. As shown in Fig. 1(b), the water film clo-
sely links the two.

Capillary force is the additional pressure generated by
meniscus, which is mainly due to the surface tension of
the liquid. Generally, the soil in the stratum has a certain
moisture content, and the moisture content is determined
by geological conditions. When soil comes in contact with
the shield cutterhead, there are a large number of micro-
spaces or micro-cracks between the soil particles and the
metal, which will produce capillary force under the action
of liquid. The study found that capillary force is much
larger than solid intermolecular force, so the size of the
capillary force plays a leading role in the adhesion
between the micro-particles and the interface (Mitarai &
Nori, 2006).

Usually, a hydrophilic surface causes the liquid bridge to
form a concave liquid surface, while a hydrophobic surface
causes the liquid bridge to form a convex liquid surface.
The capillary force refers to the force that adheres the lig-
uid to the solid surface when separating the solid surface on
both sides of the liquid. When there is a liquid between the
metal and the soil, the liquid itself has a cohesive force due
to the adhesion force between the liquid and the metal and
the soil. Therefore, the metal, liquid, and soil constitute a
liquid bridge system that bonds and interacts with each
other, as shown in Fig. 2.

3 Adhesion mechanics model of metal-soil interface

This paper studies the mechanical behavior of plane-to-
plane viscous fluid. When the two solid surfaces are sepa-
rated in a short time, the viscosity of the liquid between
the surfaces will generate water film viscous force. The
equation proposed by Reynolds (1886) is an effective math-
ematical tool to describe the physical phenomenon of vis-
cous fluid lubrication. It is a special form of the Navier-
Stokes equation in fluid mechanics, which can reflect the
viscous force of water film. In this paper, it is assumed that
metal and soil are two rigid bodies, that is, no flexible
deformation occurs when metal contacts soil. At the same
time, it is assumed that the liquid bridge is in an equilib-
rium state during the separation of metal and soil, regard-
less of the effects of temperature, liquid evaporation, and
compression. The line that passes through the liquid and
is perpendicular to the surface of the metal and soil is
defined as the axis of the liquid bridge, the capillary force
of the liquid on the solid surface along the axis of the liquid
bridge is defined as F,, and the viscous force of the liquid
on the metal and soil is F,. When separating the metal and
soil that the liquid contacts, an external force F is required
to overcome the capillary force F,, and the viscous force
F,, namely:

Fy=Fmn+F,. (1)

The capillary force Fy, at the interface between metal
and soil is affected by the surface tension of liquid and
Laplace pressure. The magnitude of F,,, and F, depends
on the nature of the liquid, the thickness of the liquid film,
and the geometry of the interface. Figure 3 is a schematic
diagram of adhesion between metal and soil.

In Fig. 3, 0; and 6, are the contact angles with the upper
and lower planes, respectively; r; is the meridian radius of
the liquid bridge; r, is the azimuth radius of the liquid
bridge; and # is liquid film thickness.

3.1 Calculation of capillary force of liquid film

The capillary theory model holds that the capillary force
consists of two parts. One is the effect of the internal and
external pressure difference caused by the external surface
of the liquid, namely the Laplace pressure, as shown in
Eq. (2). The second is the effect of the surface tension of
the liquid on the two solid contact surface forces of the
metal and the soil, that is, the surface tension along the axis
of the liquid bridge.

1 1
Ap ==+, (2)
where Ap is the Laplace pressure, and 7 is the surface ten-
sion of liquid.
For the contact between soil and metal interface, r; is
the meridian radius of the liquid bridge; r, is the azimuth
radius of the liquid bridge. Usually, r; < r,, the pressure
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Fig. 3. Diagram of adhesion between metal and soil.

difference between the inside and outside of the liquid
bridge concave surface is:
Y
Ap =—. (3)
r
In equilibrium, the mean curvature radius of the liquid
bridge surface is equal to the Kelivn radius 7y:

(1) “

The expression of capillary force can be expressed by the
following equation (Fortes, 1982):

Fo=Ap-mr+7-sin0-2nr. (5)

Due to r; < r,, according to Eq. (4):
ry = rg. (6)

The relationship between Kelivn radius and liquid film
thickness 4 is obtained by (Bhushan & Ko, 2003):

h = r¢(cos B + cos 0,). (7)

It is assumed that the contact angles of liquid with metal
and soil are equal, namely 0, = 0, = 0. Combining Egs.

(5)~7), and (3):

2mrdy cos 0

n = ; + 2myr, sin 6. (8)

3.2 Calculation of liquid film viscous force

The Reynolds fluid equation is suitable for analyzing
adhesion force in the separation process of two contact sur-
faces. In order to simplify the research problem, this paper
makes the following assumptions: (1) the influence of body
force such as gravity and magnetic force can be ignored; (2)
the pressure does not change in the liquid film thickness, so
the liquid viscosity and density do not change; (3) com-
pared with the curvature radius of asperity on the rough

surface, the film thickness is small, so the rotational speed
can be ignored; (4) the liquid is a Newtonian fluid; (5) the
inertial force of the liquid film is far less than the viscous
force and can be ignored; (6) the effect of temperature on
liquid viscosity can be ignored; and (7) the liquid film thick-
ness is equal.

The general form of the Reynolds equation (Reynolds,
1886) is:

o (pF 0p\ 0 (o 0p
Oox\ n Ox ay\n Oy

0 0 Oh
_ 6[8 (Uph) + 5 (7o) +2p5] )

where U is the velocity of two solids in x direction; V' is the
velocity of two solids in y direction; # is fluid viscosity; p is
pressure; 4 is liquid film thickness; p is fluid density; ¢ is
time.

The expressions on the right side of the equation mean
the following. The first term represents the dynamic pres-
sure effect, which is U, p h and Vp in the x and y direc-

tions, respectively. The second term represents the
stretching effect, which is ph2Y and ph%—y”, in the x and y

Ox

directions, respectively. The third term represents the vari-
able density effect, which is Uhg—i and th—;’ in the x and y

directions, respectively. The squeeze effect is expressed as

oh
Por o’

When obtaining the adhesion force at the interface
between metal and soil, it is assumed that the y direction
is the liquid film thickness 4, r; + r» is half of the width
of the whole fluid layer, and the pressure difference between
the inside and outside of the liquid film is parabolic in the
whole fluid layer, as shown in Fig. 4. The equation consid-
ering only the squeezing term is:

i(h‘-@) flznd—h.

P o (10)
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Fig. 4. Distribution law of pressure difference inside and outside liquid film in fluid layer.

The above equation can be organized as:

d’p 1 dh
- . 11
dxz rlh:; dt ( )
Integral to the above equation:
1 (dh
p= —6nﬁ<a>x2+Cx+C1. (12)
The boundary conditions are:
When x =0, p = pac % =0, then C = 0;
When x==x(r +r), p=0, then

Cl = 61’]}%3 (%) (7"1 + 7’2)2.
Substituting Eq. (12) gives:

B 1 /dh\ , 1 /dh )
p= 611h3 (dt)x -I—611h3 (dt>(rl +r). (13)

Therefore, the viscous force is calculated by the liquid
film pressure difference formula (Cai & Bhushan, 2007),
namely:

F, = / 2nALdx.
The viscous force of the liquid film is:
(ri+r2)
F, = /
—(r1+r2)
After calculation, it can be obtained that:

_ 16mn(r) + r)* (dh)

(ri+r2)

2ap(ry + r2)dx = 2n(r) + 12) / pdx.

—(r1+r2)

F, (14)

8 dr
where ¢ is the time interval from the separation of solid sur-

face to the fracture of interfacial water film; % is the rate at

the time of metal separation from soil, i.e.,v; let v = %, then
Eq. (14) can be further simplified to:

16 ¢
F,= M (15)

e
Combining Egs. (1), (8) and (15), the calculation model
of adhesion force in plane-to-plane contact is obtained:

_ 2mr3ycosd 16mn(ry + )
== —

where F is an external force (the adhesion force between
metal and soil interface); 4 is the thickness of the liquid
film; r; is the meridian radius of the liquid bridge; r, is
the azimuth radius of the liquid bridge; 6 is the contact
angle; n is the viscosity of the liquid; and v is the speed at
which the metal is separated from the soil.

For water and soil contact, contact angle 0 is usually
very small, so take 0 = 0, then Eq. (16) is simplified as

F, + 2mr, sin 0 + : (16)

P 2mrdy N 16n11(r13+ r2)4v.
h h

In engineering, the adhesion stress P is usually defined as

the ratio of adhesion force F, to adhesion contact area S.

The adhesion stress P is used to characterize the strength
of the metal-soil adhesion, namely:

F
P=_—.
2]"2

(17)

(18)

3.3 Analysis of influencing factors of adhesion stress

In Eq. (17), r; is the meridian radius of the liquid bridge,
which is very small compared with the azimuth radius of
the liquid bridge, so it is neglected. For the value of the azi-
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Fig. 5. Effect of water film thickness and interface separation rate on adhesion. (a) Influence of water film thickness, and (b) influence of interface

separation rate.
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muth radius », of the liquid bridge, Mitarai and Nori
(2006) used the capillary length to describe the relative size
of the droplet gravity and capillary force:

ac = \/7(p18), (19)

where p, is the liquid density; and g is the gravity accelera-
tion. With the increase of soil moisture content, the soil
water film thickness and water film capillary length increase
in varying degrees. In this paper, the capillary length is
taken as the maximum value when the droplet gravity and
capillary force are balanced, that is, a. = 2.7 mm, so the

Rotating bolt

Support

Speed controller

Amplifier

Pedestal

Computer

(b)

Fig. 6. Interface pullout test device. (a) Schematic diagram, and (b) object pictures.

azimuth radius », of the liquid bridge is 1.35 mm. y is the
surface tension of water, 72.8 mN/m. 5 is the dynamic vis-
cosity of water, 0.001 01 Pa-s. Substituting the above con-
stants into Egs. (15) and (17), the relationship between the
adhesion stress P and the water film thickness / and the rate
v at the moment of separation of metal and soil is obtained.
Combined with the parameter setting of the later test, the
separation speed v is 5 mm/min, and the change rule of
the adhesion stress P with the water film thickness / is
obtained, as shown in Fig. 5(a). The thickness of the water
film # is 1 pm, and the variation of the adhesion stress Fj
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with the separation speed v is obtained, as shown in
Fig. 5(b).

It can be seen from Fig. 5(a) that when the rate of metal
and soil separation is constant, the soil adhesion decreases
with the increase of water film thickness. This is because
the thicker the thickness of the water film, the more free
water there is between the metal and the soil. At this time,
the capillary force and viscous force of the water film
decrease, and the bonding ability between the metal and
the soil decreases. Figure 5(b) shows that when the water
film thickness at the interface between metal and soil is
constant, the soil adhesion stress is linear with the separa-
tion rate, and the soil adhesion stress increases with the
increase of the separation rate.

4 Experimental study on adhesion mechanics of metal-soil
interface

4.1 Testing apparatus

In order to study the influence of clay mineral types and
moisture content on the adhesion force at the interface
between metal and soil from a macro perspective, an inter-
face adhesion pullout test device was designed for this
paper based on the previous work (Basmenj et al., 2016;
Sass & Burbaum, 2009; Thewes & Burger, 2005), as shown
in Fig. 6.

The main principle of the test is to measure the adhesion
force and adhesion time when the metal is pulled up from
the soil surface by a pressure sensor. The test device is
mainly composed of the motor, support platform, bracket,
pressure sensor, sensor amplifier, pressure hammer, soil
box, base, and other components. The lower part of the
rotary motor is connected to a rotating bolt, and the fixed
part is driven by rotation to move downward at a certain
speed. The pressure sensor is connected above the pressure

T T
Kaolinite

—Illite

Montmorillonite

Volume fraction (%)

0 Z
10° 10 102 102 107! 10°
Grain size (mm)

(a)

hammer, the external amplifier is connected, and the pres-
sure change is recorded by the computer. The soil box is
fixed on the platform by the lower bolt, and the soil box
is equipped with the test soil sample. 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 surface roughness of the contact surface
between hammer and soil is not considered. The maximum
range of the pressure sensor is 10 kg, the accuracy is %o, the
supporting data processing software data recording
frequency is 30 Hz, and the maximum motor speed is
50 r/min. After calibration, the speed of the hammer mov-
ing in the vertical direction can be determined.

4.2 Testing materials

4.2.1 Particle size distribution curve

In order to study and compare the adhesion characteris-
tics of different types of clay strata more comprehensively,
the composition of clay strata is simplified and analyzed.
Montmorillonite, illite, and kaolinite are the three most
common and widely distributed clay minerals as test mate-
rials. The particle size distribution of the three kinds of clay
minerals in a dry environment was tested with a laser par-
ticle size analyzer that measured the diffraction spectrum of
the particle group and computer processing. The particle
size distributions of kaolinite, illite, and montmorillonite
are shown in Fig. 7(a). The cumulative size distribution
curves of montmorillonite, kaolinite, and illite are shown
in Fig. 7(b). The figures show that the particle size distribu-
tion characteristics of kaolinite, illite, and montmorillonite
used in the experiment are very similar: all are unimodal,
and most of the particle sizes are below 0.1 mm. The aver-
age particle size of the surface area of montmorillonite,
kaolinite, and illite samples is 0.0089, 0.0033, and
0.0082 mm, respectively, and volume average diameter is
0.0337, 0.0203, and 0.0184 mm, respectively.

100

80 /r i
. //
. /
ARl
L

0* 107 1072 107! 10° 10
Grain size (mm)

(b)
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— Illite
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Fig. 7. Particle size distribution of clay mineral materials. (a) Grain size distribution curve, and (b) cumulative grain size distribution curve.
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4.2.2 Limit moisture content

The limit moisture content of the soil is an important
index to study its physical and mechanical properties and
engineering classification. The limit moisture content of
the soil samples was tested, and the results are shown in
Table 1.

4.3 Test scheme and procedure

4.3.1 Interface pullout test

The experimental study on the interface adhesion
between metal and soil was divided into three parts. The
first part was mainly used to study the relationship between
the adhesion force and moisture content of montmoril-
lonite, illite, and kaolinite. There were three groups of tests.
Three soil samples were prepared in multiple layers and
filled into the soil box in three times. After each filling,
the sample was compacted to minimize the retained air.
Also, the method to ensure the flatness of the soil sample
is: after scraping the excess soil sample on the surface with
a scraper, cover the surface of the soil sample with a round
paper that is close to the humidity of the soil sample and
use a flat iron to flatten the sample surface, then slowly
uncover the round paper to avoid the uneven test surface.
The pullout velocity in each group of tests remained con-
stant (5 mm/min) (Khabbazi Basmenj et al., 2017). Differ-
ent moisture content ranges were taken for different soil
samples, basically covering the range from plastic limit to
liquid limit.

In the second part, taking montmorillonite as an exam-
ple, the influence of pullout velocity on soil adhesion was
studied. The variation of montmorillonite soil adhesion
with moisture content under different pullout velocities of
0.5, 1.0, 3.0, and 5.0 mm/min was tested, and the relation-
ship between the maximum value of soil adhesion and
moisture content under different pullout velocities was
obtained.

The third part of the test was mainly used to study the
relationship between the adhesion force of montmoril-
lonite, illite, and kaolinite and the pullout velocity. A total
of three groups of tests were carried out. The consistency
index I, = 0.625 of each group of test soil samples was
taken to test the adhesion force at different pullout
velocities such as 0.01, 0.05, 0.25, 0.50, 1.00, 3.00, and
5.00 mm/min.

4.3.2 Interface pullout test procedures
After the soil sample was prepared, the test began. The
soil sample was compacted and filled into the soil box, as

Table 1
Limit moisture content of test soil samples.

Test soil samples  Plasticity index Liquid limit Plastic limit

(o) (%) (%0)

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

shown in Fig. 8, and then the pressure data were recorded.
The metal hammer moved down until the set pressure value
was reached to start timing and maintain a certain time
under the set pressure; the metal hammer moved upward
at a set speed until the hammer and the adhered soil were
completely separated from the surface of the soil sample
in the soil box. Recording of the pressure data stopped
when the pressure data output by the sensor no longer
changed. Each test was repeated 3 times, and the average
value of the 3 tests was taken as the test result. After the
test was completed, two soil samples of more than 10 g
were taken from the soil box and placed in the soil box
(Khabbazi et al., 2019). The moisture content was mea-
sured by comparing the quality of the soil samples before
and after drying, and the average value of the two test
results was taken.

4.3.3 Test data processing

Before the test, the pressure sensor connection line was
connected to the computer to observe the pressure test data
and set the initial pressure value to zero. The rotary motor
was then turned on, causing the metal hammer to move
downward until it contacted the test soil sample and the
initial pressure reached 15 N. Then the hammer stopped
moving downward, the metal hammer was kept in contact
with the test soil sample for 1 min, and the metal surface
was separated from the test soil sample at a rate of
5 mm/min. Finally, the test data were collected until the
pressure data output by the sensor no longer changed,
and the pressure data recording was stopped. The data col-
lected during the test was the pressure output by the pres-
sure sensor. The positive value was compression and the
negative value was tension. The test results are shown in
Fig. 9.

In stage I of Fig. 9, the metal hammer has not yet con-
tacted the surface of the test soil sample, and the contact
pressure is 0; at point 4, the hammer contacts the test soil
sample and the contact pressure begins to increase. At
point B, the contact pressure reaches the set value and
holds for a certain time. At point C, the hammer begins
to move upward at a set speed, and the contact pressure
begins to gradually decrease. At point D, the contact pres-
sure is 0 and then becomes negative, that is, adhesion force
is generated. At point E, the adhesion force reaches the
maximum value, which is also the minimum tension value
required for the soil sample to detach from the metal sur-
face. This value is converted into the stress value of the
contact area as the adhesion force value; the hammer con-
tinues to move upwards. At point F, the hammer is com-
pletely separated from the surface of the soil sample.

4.4 Test result

4.4.1 Effect of soil moisture content on adhesion

According to the above theoretical analysis, adhesion is
the attraction force formed by water between soil and
metal interface, including capillary force and fluid viscous
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Fig. 9. Diagram of adhesion force test results.

force. Therefore, the change of soil moisture content has a
great influence on adhesion. In order to illustrate this rela-
tionship in different types of soil samples, the relationship
between moisture content and adhesion stress of three
types of soil (montmorillonite, illite and kaolinite) under
the same contact pressure was tested. It should be noted
that the selection limit of soil moisture content takes into
account the feasibility of the test, that is, when the soil is
fluid, the moisture content is no longer increased for test-
ing. Figure 10 shows the variation of adhesion stress of
three different types of soil with varying moisture content
(Wp is the plastic limit and Wy is the liquid limit).

With the increase of moisture content, fine-grained soil
transits from a semi-solid to a plastic state, namely plastic
limit, which is the lower limit of the moisture content in the
plastic state. The transition from the plastic state to the

(b)

Fig. 8. Adhesion force test process. (a) Contact between hammer and soil sample, and (b) metallic surface.

fluid state is the liquid limit, which is the upper limit of
the moisture content in the plastic state. The limit moisture
content of soil is an important index to study its physical
and mechanical properties and engineering classification.
Therefore, the plastic limit and liquid limit of soil are
marked in Fig. 10. The diagrams show that when the pull-
out speed remains unchanged (5 mm/min), the adhesion
stress of montmorillonite, illite, and kaolinite first increases
and then decreases with the increase of moisture content,
and the moisture content of the soil sample is close to the
plastic limit and liquid limit. The adhesion stress is low,
and the adhesion stress peaks at the intermediate moisture
content. When the moisture contents of montmorillonite,
illite, and kaolinite are 108.44%, 30.10%, and 26.68%,
respectively, the adhesion values of the three different types
of soils reach the maximum values of 6.37, 2.31, and
1.94 kPa, respectively. The adhesion at the interface
between metal and soil from strong to weak is montmoril-
lonite, illite, and kaolinite. When the moisture content is
less than the plastic limit, the adhesion stress of the three
soils is very small and close to 0. When the moisture con-
tent is greater than the liquid limit, the adhesion stress of
the three soils almost does not decrease with the increase
of moisture content, and the values are approximately
stable near 2 and 1 kPa, respectively. This is because when
the soil moisture content is lower than the plastic limit, the
adhesion stress at the interface between metal and soil is
mainly determined by the molecular force between the
solids. When the soil moisture content exceeds the liquid
limit, there is free water between the soil and the metal
interface, which reduces the interface adhesion stress
between the soil and the metal.

Due to the large difference between the liquid and plastic
limits of different soils, the liquidity state of different types
of soil samples may be different even with the same mois-
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Fig. 10. Variation of adhesion stress of different soils with moisture content. (a) Montmorillonite, (b) illite, and (c) kaolinite.

ture content. Therefore, scholars have introduced the con-
sistency index I. (I, = (W. — W.)/(WyL — W,)) related to
the liquid limit and plastic limit of soil as the relative index
of soil moisture content (Thewes & Burger, 2004; Thewes &
Hollmann, 2016). Combined with Fig. 10, the variation of
the adhesion stress of the three kinds of soil with the con-
sistency index is obtained, as shown in Fig. 11.

Figure 11 shows that the adhesion stress of each soil
sample shows a similar trend of a normal curve with the
increase of I.. The adhesion stress is lower when the consis-
tency index is lower or higher and larger when the consis-
tency index is moderate. The diagram also indicates that
the adhesion stress reaches the maximum when the consis-
tency indexes of montmorillonite, illite, and kaolinite are
0.58, 0.51, and 0.67, respectively; the consistency index of
the soil is relatively strong in the range of 0.5-0.7.

Figure 12 depicts the adhesion state of the metal surface
when the pullout velocity remains unchanged (5 mm/min)
and the adhesion stress of the three soil samples is the lar-
gest (the moisture content of montmorillonite, illite, and
kaolinite is 108.44%, 30.10% and 26.68%, respectively).

It can be clearly seen in Fig. 12 that montmorillonite
has the largest amount of adhesion on the metal surface,
followed by illite and kaolinite. This phenomenon is consis-

tent with the results of the adhesion force test, namely, the
adhesion stress from strong to weak of the soil samples is
montmorillonite, illite, and kaolinite. In addition, the metal
surface adhered not only to a small amount of soil, but also
liquid precipitation. In the soil box, a small amount of
water also escaped from the surface, indicating that water
plays an important role in the adhesion at the interface
between metal and soil.

4.4.2 Effect of pullout velocity on adhesion stress

Tests were conducted in order to study the effect of pull-
out velocity on soil adhesion. Taking the montmorillonite
soil samples as an example, the variation of adhesion stress
of the montmorillonite soil with moisture content
under different pullout velocities of 0.5, 1.0, 3.0, and
5.0 mm/min was tested, as shown in Fig. 13.

Figure 13(a) shows that under different pullout velocity,
when the soil moisture content is less than the plastic limit
(w = 51.11%), the soil adhesion stress can be ignored, as it
is basically 0. When the moisture content exceeds the plas-
tic limit, the adhesion stress increases gradually with the
increase of moisture content and will reach the maximum
value at a certain moisture content. When the adhesion
stress reaches the peak value, it decreases with the increase
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Fig. 12. Adhesion state of metal surface. (a) Montmorillonite, (b) illite, and (c) kaolinite.

of moisture content, and the slope of the decrease is steeper  regardless of the pullout velocity. Combined with the data
with the increase of pullout velocity. When the soil mois-  results of Fig. 13(b), the moisture content corresponding to
ture content is greater than the liquid limit  the maximum value of soil adhesion stress under different
(w = 189.18%), the adhesion stress remains constant,  pullout velocity is obtained. Figure 13(a) and (b) shows
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Fig. 13. Variation of soil adhesion with moisture content under different pullout velocities. (a) Relationship between soil adhesion and moisture content,

and (b) relationship between soil moisture content and pullout velocity.

that the maximum adhesion stress of soil is positively cor-
related with the pullout velocity, but negatively correlated
with its moisture content. When the pullout velocity is at
a low level, the moisture content corresponding to the max-
imum adhesion stress is greatly affected by the pullout
velocity. With the increase of pullout velocity, the moisture
content slows down and tends to be stable.

Figure 14 shows the adhesion state of the metal surface
at different pullout velocities (0.5, 1.0, 3.0, and 5.0 mm/
min) and the maximum adhesion stress of montmorillonite
(the corresponding moisture content is 144.17%, 115.76%,
113.58%, and 108.44%, respectively) (Khabbazi Basmen]
et al., 2017).

It can be clearly seen from Fig. 14 that the least amount
of montmorillonite adhered to the metal surface when the
pullout velocity was 0.5 mm/min. When the pullout veloc-
ities were 1, 3, and 5 mm/min, the adhesion of montmoril-
lonite on the metal surface increased, and the soil adhesion
on the metal surface was roughly the same.

In order to further study the relationship between adhe-
sion stress and the pullout velocity of different types of soil,
the consistency index I, = 0.625 was taken, and the corre-

sponding moisture contents of montmorillonite, illite, and
kaolinite were calculated as 102.89, 28.03 and 26.98,
respectively. The adhesion stress of the soil samples under
the conditions of pullout velocities of 0.01, 0.05, 0.25, 0.50,
1.00, 3.00, and 5.00 mm/min was tested. Figure 15 shows
the relationship between the adhesion stress and the pull-
out velocity of the three different types of soil samples.

Figure 15 shows that the adhesion stress of the three
types of soil is approximately linear with the increase of
the pullout velocity and then tends to be gentle. When
the pullout velocity is lower than 0.25 mm/min, the soil
adhesion stress is basically maintained at about 0.5 kPa,
and the soil adhesion stress has nothing to do with the pull-
out velocity and soil type. When the pullout velocity is
between 0.25 mm/min and 1 mm/min, the adhesion stress
of soil increases rapidly with the increase of pullout veloc-
ity, and the growth slope is montmorillonite, illite, and
kaolinite in descending order. When the pullout velocity
is greater than 1 mm/min, the adhesion stress of the same
type of soil is basically constant. When the pullout velocity
is 5 mm/min, the corresponding adhesion stresses are 5.39,
2.61, and 1.92 kPa, respectively.

(a) (b)

Fig. 14. Adhesion state of metal surface under different pullout velocities (montmorillonite). (a) 0.5 mm/min, (b) 1 mm/min, (c) 3 mm/min, and (d) 5 mm/min.

(© (d)
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5 Discussion

In Eq. (17), | is the meridian radius of the liquid bridge,
which is neglected as it’s very small compared with the azi-
muth radius of the liquid bridge, while the value of the azi-
muth radius r, referred to the conclusion of Mitarai and
Nori (2006), shown in Eq. (19). For other parameters, y
and # are both constant values which are the surface ten-
sion and the dynamic viscosity of water respectively. There-
fore, the adhesion force is related to the water film
thickness and the pullout velocity. It can be seen from
the test results of Fig. 15 that under the condition of certain
soil moisture content, when the pullout velocity is small,
the water film thickness of the soil in the test changes little
with the pullout velocity. When the pullout velocity is high,
the adhesion force in the test is almost no longer affected by
the pullout velocity, which is because the water film thick-
ness is affected by the pullout velocity.

In order to compare the theoretical calculation results of
adhesion stress with the test results, the values of parame-
ters in Eq. (17) are shown in Section 3.3, where v is the
velocity at the separation time of metal and soil, consistent
with the value in the pullout test, that is, v= 0.5 mm/min.
As it is difficult to measure soil water film thickness under
different moisture contents, this paper assumes a linear
relationship between soil moisture content and water film
thickness and defines a constant 4 = Y.

For the montmorillonite soil sample, the test result of
maximum adhesion stress is 6.37 kPa, and the correspond-
ing moisture content w = 108.44%. The water film thickness
h is calculated as 0.95 pm by the formula of adhesion stress,
then the constant 4, = 1.142, Then, by referring to Fig. 5(a),
the calculation results of adhesion stress of montmorillonite
soil samples under different moisture content are obtained,
as shown in Fig. 16(a). For illite, the maximum adhesion
stress is 2.31 kPa, the corresponding moisture content
w = 30.1%, the inverse water film thickness /4 is 1.35 pm,
and the constant A, = 0.223. For kaolinite, the maximum

adhesion stress is 1.94 kPa, the corresponding moisture con-
tent w = 26.68%, the inverse water film thickness /4 is
1.45 pm, and the constant A; = 0.184. Similarly, the calcula-
tion results of the adhesion stress of the illite and kaolinite
soil samples under different moisture content are obtained,
as shown in Fig. 16(b) and (c).

Figure 16 clearly shows that the calculation formula of
soil adhesion stress derived in this paper characterizes the
change law of soil adhesion stress and moisture content
well. It also shows that the adhesion stress of the different
kinds of soil changes with the moisture content, but the
change range is not the same. This is due to the structural
differences of montmorillonite, illite, and kaolinite that
result in different forces between them and the water mole-
cules. Taking montmorillonite as an example, even when
the moisture content of montmorillonite reaches the liquid
limit, the adhesion stress of montmorillonite is still the lar-
gest compared with illite and kaolinite. In addition, mont-
morillonite has the strongest force and action energy on
water molecules, which in turn causes the largest viscosity
and adhesion of water film.

Combined with the theoretical calculation of adhesion
stress, the principle is explained: when the moisture content
is low, the soil adhesion stress is mainly determined by the
intermolecular force between the soil micro particles and
the metal interface, and the force is very small; when the
soil moisture content increases, the adhesion stress is
mainly determined by the capillary force generated by the
liquid bridge at the interface between metal and soil. When
the moisture content further increases to form a continuous
water film, the adhesion is mainly determined by the capil-
lary force generated by the liquid bridge and the water film
viscous force: the higher the moisture content, the thicker
the water film, the smaller the adhesion. When the water
film is very thick, part of the water in the water film is
not affected by the surface force field of the soil, and part
of the water in the water film has become free water. In this
case, the adhesion stress is mainly determined by the vis-
cosity of the free water, which is basically independent of
the thickness of the water film.

6 Conclusions

Based on the water film theory and the Reynolds fluid
equation, a model for calculating the interface adhesion
stress between metal and soil was established. Combined
with the calculation model of adhesion stress, the pullout
test between metal and soil was carried out, and the follow-
ing conclusions can be drawn.

(1) Moisture content has a decisive influence on the
adhesion force at the interface between metal and
soil. Montmorillonite has the largest adhesion stress
and the largest amount of metal surface adhesion
under the same conditions. If the consistency index
is used to describe the relationship between adhesion
stress and moisture content, the adhesion force of
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each soil sample shows a similar trend of normal
curve with the increase of I.. The adhesion stress is
lower when the consistency index is low or high and
larger when the consistency index is moderate, that
is, the adhesion stress is larger when the consistency
index is in the range of 0.5-0.7.

(2) When the adhesion reaches its peak, it decreases with

the increase of moisture content, and the greater the
pullout velocity, the steeper the slope. When the soil
moisture content is greater than the liquid limit, the
adhesion stress remains constant, regardless of the
size and pullout velocity. With the same moisture
content, the logarithm of adhesion stress and pullout
velocity of the three types of soil showed S-shaped
curve changes. When the pullout velocity is greater
than 1 mm/min, the adhesion force of the same type
of soil is basically constant, and the pullout velocity
has little effect on the adhesion stress.
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Fig. 16. Comparison of theoretical calculation and experimental results of soil adhesion stress. (a) Montmorillonite, (b) illite, and (c) kaolinite.

(3) The influence of water film thickness and metal-soil
interface separation rate on soil adhesion was qualita-
tively analyzed by the theoretical calculation model
of soil adhesion established in this paper. Combined
with the test results, the adhesion calculation model
can quantitatively describe the change law of soil
adhesion and moisture content and qualitatively
reveal the influence mechanism of soil moisture con-
tent on adhesion.
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