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When the shield machine passes through the clay layer, the clay debris cut by the cutter head usually adheres to the surface of the
cutter head and is easy to form mud cakes after extrusion, which affects the safety and efficiency of construction. For the structure
made of different materials, due to the different surface properties, the adhesion characteristics of clay are also different. So,
selecting proper materials for the soil contacting parts in the shield machine can effectively reduce the adhesion between the
structure and soil, decrease the clay adhering to the surface of the shield cutter, and reduce the possibility of further productions
of mud cake. Therefore, studying the adhesion properties of clay to different materials and understanding the adhesion rule of
clay to soil contacting structures are of guiding significance when selecting the materials of soil contacting parts. In this paper,
the adhesion properties of cohesive soil to commonly used construction materials were studied by a self-made adhesion test
device, including steel, iron, copper, aluminum, and engineering plastics (polyamide). According to the findings, the separation
process of adhesion between soil and the structure by an external force can be divided into four stages, which are the adhesive
elastic development stage, adhesive plastic development stage, failure stage, and detachment stage. The adhesion forces and the
amount of soil adhered to the structures made of the selected materials are found to vary from each other. The adhesion forces
ranked from high to low are, respectively, found on the iron, plastic, aluminum, steel, and copper surfaces. The material with
the most amount of adherent soil is aluminum, followed by iron, steel, copper, and plastic.

and so on, affecting the safety and efficiency of construction
[8=11]. Therefore, the soil adhesion on the cutter surface is

The shield construction method is widely used in tunnel con-
struction because of its high efficiency, environmental friend-
liness, and little impact on people’s everyday traffic life [1-3].
However, when the shield machine passes through the clay
stratum, the clay debris cut off usually adheres to the surface
of the shield cutter. After the compaction of the shield cutter,
the clay debris is very likely to form solid or semisolid blocks
(i.e., mud cakes) attached to the surface of the cutter. When
the mud cake occurs, the tools on the cutter can be stuck by
the consolidated clay, resulting in reduced tool penetration
when cutting the stratum [4-7]. In severe cases, the increase
of rotation torque of the cutter head can result in a signifi-
cant fluctuation of shield parameters, blocking of mud pipes,

one of the important reasons for the occurrence of the
mud cake [12-16].

Structures made of different materials have different sur-
face properties, causing various adhesion characteristics of
the clay to the structures [17, 18]. Adopting appropriate
materials can reduce the adhesion force on the interface
between the structure and soil effectively and lower the adhe-
sion degree of clay. Hence, using a suitable cutter material
can reduce the adhesion of clay debris to the surface of the
cutter and reduce further productions of mud cakes. There-
fore, it is instructive to study the adhesion characteristics of
clay to the structures of various materials and understand
the adhesion rule of clay to the soil contacting part.


https://orcid.org/0000-0001-5253-5865
https://orcid.org/0000-0002-3817-1759
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/3794889

v

(a) Liquid-plastic limit tester

Geofluids

(b) Laser particle size analyzer

FIGURE 1: Soil property testing equipment.

TaBLE 1: Physical parameters of used clay soil sample [23].

Plastic limit (%) Liquid limit (%) Nonuniform coefficient Dominant diameter (um) Silt particle content (%) Clay particle content (%)

21.26 37.5 7.52

47.87

66.92 7.38

With the clay soil samples taken from the DIN-TA04
section of the North Extension Project of Nanjing Metro Line
1, we designed and manufactured a set of devices for testing
the interface adhesion force. By applying a normal force to
the interface, the designed device can separate the adhesion
and determine the minimum force required for the separa-
tion. Meanwhile, we made a series of soil contacting parts
using steel, iron, copper, aluminum, and engineering plastics
(polyamide), which are all commonly used in construction
machinery as structural interface material. The soil used for
testing the parts had a moisture content of 23%. In the tests,
the change of tensile forces during the separation process and
the adhesion of soil on the structure surface after interface
separation were recorded, which was later used to analyze
the adhesion characteristics of clay to structures made of dif-
ferent materials. This study is aimed at providing some refer-
ence for understanding the influence of structural materials
on soil adhesion, guiding the reasonable use of soil contact
structural materials, and reducing the adhesion of soil on
the surface of machines and tools during construction.

2. Materials and Methods

2.1. Properties of Soil Samples. In order to solve a series of
problems met in the shield tunnelling process of the Nanjing
subway tunnel, the clay soil samples taken from the DIN-
TAO04 section of the North Extension Project of Nanjing

Metro Line 1 were selected and studied in this paper. The lig-
uid plastic limit and particle size of the soil sample were
tested by the soil property testing device shown in Figure 1.
The obtained physical properties of the soil are listed in
Table 1, and the particle aggregation curve is presented in
Figure 2. According to the Code for Investigation of Geotech-
nical Engineering (GB50021-2018) standard, the tested soil
samples were classified as silty clay, and the size distribution
of the soil particles is relatively uniform [19-22].

2.2. Preparation of Soil Samples. As shown in Figure 3, in
order to prepare the soil samples required for the tests, the soil
was placed in an oven with a preset temperature of 105°C, and
the heating time was more than 24 hours. Then, the soil was
crushed in a crusher and sifted through a sieve with a pore
diameter of 0.5mm. Following that, pure water weighing
23% of the soil was added to the collected soil. The well-
stirred soil was then layered into a plastic box, and the surface
of the soil was levelled with a scraper, wrapped with plastic
film, and placed for more than 24 hours to make the soil sam-
ples. Before the tests, we measured the moisture content of the
soil samples, and those whose error between the measured
moisture content and the designed moisture content is less
than 0.5% were used in the subsequent tests.

2.3. Experimental Apparatus. To study the adhesion charac-
teristics of the cohesive soil to structures made of different
materials, steel, iron, copper, aluminum, and engineering
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FIGURE 3: Preparation of test soil samples.

plastics (polyamide) were selected and used in this experi-
ment to make the test specimens. In order to reduce the influ-
ence of lateral friction on the test results and make the soil
fully contact with the structure surface, we made 5 test cones
as the test specimens referring to other investigators’ work
[24, 25] (see Figure 4). The top angle of the test cones is
54.4°, and the generatrix of the lower cone is 35 mm. Before
the tests, the specimens were polished until the processing
trace was not visible to the naked eye; then, the surfaces of
the specimens can be regarded as meeting the manufacturing
requirements [26-28]. Detailed parameters of the test cone
are shown in Table 2.

Based on relevant testing methods provided by other
investigators, the adhesion force test device as shown in
Figure 5 was designed and fabricated, which was used as
the traction device to separate the contact and record the
tension in the separation process. In the device, the step-
per motor drives the electronic tension meter to produce
vertical displacement through the screw sliding table, and
the motor is controlled by the pulse generator and the
driver. The electronic tension meter is connected with the
extension rod and the test cone to produce a vertical displace-

ment, measure the tension in the testing process, and output
it to the computer.

2.4. Experimental Design. The cones made of steel, iron, cop-
per, aluminum, and engineering plastics were first plugged
into the soil mentioned above and pulled up at a rate of
5 mm/min, slowly applying the normal force to separate the
soil-structure interface. The tensile force change process
and the amount of soil adhesion on the structural surfaces
after interface separation were recorded. The test method fol-
lows the steps given below.

(1) Choose one of the test cones and connect it to the
electronic tension meter of the electric traction test
device by an extension rod

(2) Place the prepared soil sample just below the test
cone so that the center of the soil sample is aligned
with the tip of the test cone

(3) Connect the power of the electric traction test device,
connect the computer to the electronic tension meter
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FIGURE 4: Test cone.
TABLE 2: Parameter of test cone.

Test cone Steel Iron Copper Aluminum Plastics
Structural materials 304 steel HT200 gray cast iron H62 brass 7075 aluminum Polyamide
Roughness R, 0.2-0.8 um
Generatrix 35mm
Top angle 54.4°
Cylinder diameter 32mm
Cylinder height 30 mm
Cone area 1.6485-10 m*

through a data acquisition line, and check the opera-
tion of the device and data acquisition

(4) Move the test cone down slowly so that the tip of the
cone touches the top surface of the test sample

(5) Set the electronic tension meter to zero

(6) Open the electric traction test device and make the
traction test device slowly drive the test cone down
at a constant speed and make the lower part of the
test cone stab into the soil vertically

(7) Open the data acquisition software and start collect-
ing the tension data collected by the electronic ten-
sion meter

(8) Reverse the direction of the electric traction test
device, adjust the traction speed at 5mm/min, then
lift the test cone slowly at a constant speed until the
surface of the test cone is completely separated from
the soil, and finish the data sampling and save

(9) Select another cone made of other materials and
repeat the procedure above

No less than 3 repetitions should be performed for each
material test cone.

3. Results

3.1. Soil Adhesion to the Structure Surfaces of Different
Materials. At the beginning of the test, the soil tended to flow
around immediately after contacting the tip of the test cone.
With the compression process of the test cone, the soil
around the cone tip began to extend to the upper of the
cone surface, and the soil formed a contact surface with
the specimen surface (see Figure 6). The redistribution of
soil particles and soil water made the contact area gradually
increase, and water rings started to appear on the contact
surface until the water film formed the adhesive interface.
When applying an external force to the test cone, the adhe-
sion interface was broken along the weakest antistripping
plane. When the surface occurs inside the soil, the broken
soil adhered to the surface of the test cone and eventually
became the adhered soil [15].

It can be seen from Figure 7 that cohesive soil has differ-
ent adhesion characteristics on structures made of different
materials. As shown in Figure 8, under the condition of
23% soil moisture content and 26°C interface temperature,
among the five structure materials, after the separation of
the soil-structure interface, the amount of adhered soils at
the iron and aluminum surfaces are significantly more than
those of the other three materials. The adhered soil is
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FiGUure 5: Adhesion force test device.

FIGURE 6: The soil mass forms contact surface with the specimen
surface.

distributed on the whole surface of the cone, and a large pro-
portion is in the middle of the cone, which appears as clumps.
As for steel, copper, and plastic structures, the surface adhe-
sions were slight, and tiny soil particles remained on the cone
tips. Among the structures of five materials, the aluminum
structure surface attracted the most soil, with a density of
20.0 mg/cm?. It was followed by the iron structure, with a
density of 10.5 mg/cm”®, which was about 47% less. The den-
sities for the steel, copper, and plastic structures are similar
and relatively low, which is about 0.8 mg/cm” and only 4%
of the aluminum structure and 8% of the iron structure.

In the work of Deng, the investigator replaced the lower
box of the direct shear apparatus with plates of various mate-
rials to make a tangential adhesion testing device, which was
used to study the tangential adhesion relationship between
soil and the structure of various materials [29]. Similarly, he
found that soil adhesion test results were material dependent,
which was reflected in the adhesion interface’s failure modes
when the tangential failure occurred. In tangential interface
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Figure 7: The conditions of soil adhering to structural interface
material surface.

adhesion, the amount of soil that adhered to the iron surface
was the most after interface failure, followed by copper and
aluminum. Considering that his results were not completely
consistent with the findings in this work, the failure mode
of the adhesion interface may presumably affect the adhesion
of soil with structures of different materials.

After the tests, the trace of uniform and complete contact
with the soil can be clearly observed on the surface of each
cone. This indicates that the test device and the test cone
can be well used to test the adhesion characteristics between
cohesive soil and structure interface and can well show the
adhesion characteristics between soil and structure interface.
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FiGUure 8: The amount of soil attached to the surface of different
material structures.

3.2. The Characteristics of Soil Adhesion Force on Structures of
Different Materials. The soil was bonded to the structure sur-
face when they were closely contacted. By applying a normal
force on the contact interface, the connection can be sepa-
rated. The required minimum force on the unit area of the
contact interface is called the adhesion force [30], which is
expressed by F:

F=-, (1)

where F is the adhesion force and A is the contact area
between the soil and structure surface.

Figure 9 shows the adhesion force vs. displacement
curves on interfaces of various materials. For each material,
three parallel test groups have been conducted. It can be seen
from the figure that the three groups of curves of each mate-
rial test are consistent. The maximum adhesion difference
was less than 5%, and the data test was stable and effective.
It can be seen that the adhesive forces of clay to structures
of different materials are different. Among the five materials,
plastic and iron cause the most significant adhesion forces,
with average values of 14.61 kPa and 14.85 kPa, respectively.
They are followed by aluminum, steel, and copper in order,
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and the corresponding adhesion forces are 11.08kPa,
6.74kPa, and 5.56 kPa, respectively.

For the structures of steel, copper, and plastic, which have
little soil on the surface of the cone after separation, only a
small further displacement (<1 mm) is needed to make the
soil adhesion drop rapidly and reach the abovementioned
failure stage. For the materials with more soil on the surface,
such as iron and copper, increasing the vertical displacement
of the test cone after the adhesion reaches the maximum
value can only make the adhesion slowly decrease for the first
2mm. After that, increasing the vertical displacement makes
the interface of soil and structure rapidly separate, and the
adhesion rapidly decreases.

The characteristics of adhesion force during the interface
separation between soil and each material structure were ana-
lyzed (see Figure 10). It can be seen from the figure that the
curves can be divided into four stages: elastic development,
adhesive plastic development, destroy, and detachment.

(1) Elastic Development Stage. At the beginning (point a),
the surface of the test cone is in complete contact
with the test soil, and there is a bonding pressure
between them. From this point, the applied force
gradually weakens the bonding pressure and causes
the rebound deformation to occur. When the tension
continues, the bonding pressure disappears
completely, and a drag force is generated on the con-
tact surface to overcome the pull-up force. Because
the soil is a natural elastic-plastic material, elastic
deformation occurs in a certain range of soil inter-
face, and the deformation reaches the maximum with
the increase of tensile force (point b). The results
show that there is a linear relationship between the
tensile force and the pull-up displacement at this
stage, and the slope of the stage is basically similar
for all the structures. Therefore, the soil deformation
at this stage can be considered elastic deformation.

(2) Adhesive Plastic Development Stage. After the elastic
development is complete (point b), the soil near the
interface begins to deform by further application of
pull-up force. At this time, the development of adhe-
sive force slows down, showing a trend of plastic
development until it reaches the maximum (point
c). Then, the adhesive interface begins to separate
along the weak surface, and with the increase of dis-
placement, the tensile force gradually decreases until
the tear develops to the maximum (point d). At this
stage, the tensile force decreases with the increase
of displacement, and the adhesive force develops
elastically.

(3) Failure Stage. At this stage, the expansion of the weak
surface completes at the d point, and the test cone
and soil begin to separate. When point e is reached,
the cone surface is completely separated from the test
soil, and the tension between the soil and the struc-
ture almost disappears. It can be seen from the figure
that the displacement at this stage is very small, so it
belongs to brittle fracture separation.
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(4) Detachment Stage. After the d point, the tension  cules need to consume energy to resist this attraction.
between soil and structure almost disappears  Therefore, molecules on the surface of a substance have more
completely. At this time, only a small number of  energy than internal molecules. The excess energy is called
cohesive soil attached to the surface of the structure ~ surface free enthalpy, also known as surface free energy.
contact with the soil body below. With the increase ~ The free enthalpy per unit surface area can be expressed by
of displacement, these contacts are completely sepa-
rated, and the tensile force is completely disappeared. G=0A. (2)

The surface free enthalpy G is the product of surface ten-
sion o and surface area A. The high energy material is obvi-
4.1. Formation of Soil Adhesion. Molecules on a material sur-  ously in a very unstable state, so the free enthalpy of
face are attracted to the interior of the material. These mole-  cohesive soil tends to decrease automatically. When the

4. Discussion
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cohesive soil is in contact with water, the free energy of the
soil interface is smaller than the sum of the surface free
energy of the original soil and water, which leads to the
decrease of the surface energy of the cohesive soil. This phe-
nomenon is called the wetting phenomenon. When the soil
has certain water content, the soil particles are wetted by
the soil water and form a water film on the surface of the soil
particles. When the water film thickness reaches a certain
value, the soil particles are wetted with the external structure
surface, which makes the soil particle water external structure
stick together, resulting in adhesion.

4.2. Soil Adhesions of Different Materials. Different structural
materials have different water wetting abilities, i.e., the ability
of water molecules to spread over a solid surface, which can
be expressed by the size of the contact angle [31, 32]. As
shown in Figure 11, the corresponding interfacial tensions
on the solid-liquid, liquid-gas, and gas-solid interfaces are
Og, OLy> and ogy, respectively. When each interfacial ten-
sion reaches balance, the resultant force is zero, and the
angle satisfies

Ogy =0g + 0y cos 0

(o2 —0
orcosd = I8V 9s1)

OLv

(3)

where 0 is the contact angle, also known as wetting angle,
which can be used to represent the wetting ability of liquid
on solid.

According to Figure 11, when ogy, > 0, cos 8 <0°, 90°
<0 <180°, the water has a weak wetting ability, and it
increases with the decrease of 6. When oy < 0, cos 6> 0°,
0 <0 <90°, the water has the largest wetting ability, and it
decreases with the increase of 0.

Therefore, the material with strong water adsorption
capacity has greater adhesion to soil clay. If the surface of
structural material is hydrophilic, the adhesion between it
and cohesive soil is strong and vice versa. The adhesion of
soil to the structure surface is determined by the surface free
energy of soil and material structure.

4.3. Adhesion of Soil to the Surface of Structure. From the
analysis above, it can be seen that when the soil and the solid
material surface contact under a certain pressure, the original
soil surface and the structural surface become an adhesion

interface, and the interfacial tension decreases. If the inter-
face needs to be separated, extra energy is required for the
adhesion system, and applying a normal force is the way [15].

When soil adhesion occurs, it involves the dynamic
change of the soil layer at a certain depth below the interface,
resulting in the occurrence of the weakest plane in the inter-
face layer. At this time, if the external adhesive force of soil on
the structure surface is greater than cohesive force, the adhe-
sion phenomenon occurs. These soils are adhered to or move
with the surface of the structure, causing the attached soil.
Moreover, due to the adhesion ability differences of different
materials, the amount of soil adhesion on the surfaces is dif-
ferent after the interface separation.

5. Conclusions

Based on the experimental results and phenomenon discus-
sion of soil adhesion to different material structures men-
tioned above, the main findings are as follows.

(1) Soil, water, and structure act together to form an
interface adhesion system. For the structure surfaces
of different materials, the wetting abilities of water
are different, causing different adhesion forces on
the surfaces. From high to low, adhesion forces are
observed on the iron, plastic, aluminum, steel, and
copper surfaces

(2) Applying normal force on the interface can separate
the adhesion, and the process can be divided into four
stages, which are elastic development, plastic, failure,
and detachment. For the materials with more
adhered soils after interface separation, the adhesive
force plastic development stage is relatively long.
For the materials with less surface soil, the stage of
plasticity development is very short. When the adhe-
sion reaches the failure stage, detachment occurs rap-
idly, resulting in brittle failure separation

(3) The soil is pulled off along the weakest antistripping
plane and moves on the surface of the cone. After
that, the soil usually adheres to the structure surface
and becomes adhered soil. Due to the adhesion
capacity difference of soil to different material sur-
faces, the amount of adhered soil is different after
the interface separation. Among the specimens, the
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aluminum structure surface has the most adhered
soil, and it is followed by iron, and the adhesion
on the steel, copper, and plastic surfaces is very
insignificant
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