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Argillization is a process in which clay-bearing rocks disintegrate into the clay under the action of high temperature, pressure, and
water. When tunnel boring machines (TBMs) excavate in the mudstone, argillization takes place, causing the clogging of the TBM
cutterhead. As a result, the penetration rate drops gradually. Abnormal wear might occur. To investigate the evolution of
argillization of mudstone and cutter wear during the TBM tunnelling, a series of rotary indentation tests were carried out on the
self-designed experimental bench for different loading times. During the test, the temperature and penetration depth of disc
cutters were measured in real time. After loading, microstructures of cutting grooves, slacking mudstone, and worn cutter ring
were observed by stereomicroscope. Consequently, the evolution of argillization in mudstone and cutter wear were investigated.
Experimental results indicate that the argillization process of mudstone by disc cutter can be divided into three stages: mechanical
cutting stage, deterioration of mudstone and the formation of slackingmudstone stage, and adherence of slackingmudstone stage.
Specifically, at mechanical cutting stage, the rock was cut by cutter directly, causing high frictional heat. +en the microstructure
of mudstone was deteriorated due to the water-weakening mechanisms, temperature effect, and mechanical activation effect.
Finally, the slacking mudstone was adhered to the disc cutter. Correspondingly, due to the argillization of mudstone, the disc
cutter wear goes through the mechanical wear stage, argillization wear stage, and secondary wear stage in sequence. +is in-
vestigation reveals the rock cutting mechanism of TBM considering the argillization of mudstone. Furthermore, it provides some
references for design and operation of the TBM.

1. Introduction

+e TBM is commonly employed in the mechanized
excavation of tunnels [1]. During TBM tunnelling, owning
to the mechanical operation and friction between cutter and
rock, frictional heat is generated. In particular, when the
TBMs excavate in the mudstone stratum, the mudstone will
transform into the mud under the action of high temper-
ature, cutter pressure, and water.+is process can be defined
as the argillization of mudstone. A large amount of mud will
be adhered to the cutter and cutterhead, causing the “mud
cake” and the clogging of TBMs [2–4]. +e phenomenon
could also cause the flat wear of disc cutters; thus the wear
loss will increase dramatically. Frequent cutter replacement
leads to time delay and budget overruns, which seriously
affects the TBM construction progress. Consequently, it is of

high significance to investigate the argillization of mudstone
by disc cutter and cutter wear under the condition of
argillization.

Due to the complexity of geological conditions, adverse
stratums are frequently encountered during the TBM ex-
cavation. +erefore, many works have focused on the rock
fragmentation mechanism in various conditions, such as the
intact rock, jointed rock mass, and mixed face ground [5–8].
+e rock fragmentation mechanism by disc cutter differs
from that by other tools [9–11]. When the disc cutter
penetrates into intact rock, a crushed zone is firstly formed
under the compression of cutter tips. As loading progresses,
the minor crack and major cracks propagate from the
crushed zone. Once the cracks between disc cutters coa-
lescence with each other or reach to the free surface, the rock
chips are formed [12]. However, in the jointed rockmass, the
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cracking process by disc cutter exerts different features. Joint
spacing and joint orientation are main factors influencing
rock fragmentation. In detail, Liu et al. [13] conducted a
serious two-dimensional indentation test on jointed rock
with different orientations. +e experimental results reveal
that joint orientation will change the relative magnitude of
tensile and shear stresses along the trajectory of median
cracks. +e rock fragmentation modes for different joint
orientations can be divided into rock breakage by individual
cutter (0 deg), rock breakage by synergetic effects of cutters
and joint plants (30–60 deg), and rock breakage by syner-
getic effects of cutters (90 deg).+e cutting efficiency reaches
the maximum value at the orientation of 60 deg. Gong et al.
[14] investigated the effect of joint spacing on rock breaking
in the Jinping Hydropower Project. According to the field
investigation, it was found that big rock chips were usually
formed in the rock mass with thin layer, which means the
high rock cutting efficiency of TBM. In the mixed face
ground, the rock fragmentation process will become more
complex. Owing to the difference of physical andmechanical
properties between soft and hard rock, abnormal cutter
wear, face instability, muck transportation problems, and
ground settlement are usually encountered during the TBM
tunnelling [15–18]. However, the research on the rock
cutting mechanism in the clay-bearing rock is rarely re-
ported. In particular, when the TBMs excavate in mudstone,
the argillization mechanism is unclear.

During the tunnelling, another important consideration
for TBMs is cutter wear. +e wear mechanism has been one
of the major subjects in both academic field and engineering
field. To date, it has been acknowledged that the wear
mechanism of disc cutter is classified as tribochemical re-
action, surface fatigue, adhesive wear, and abrasive wear
[19]. Among them, abrasive wear is the most common wear
form [20]. Ploughing, microcutting, microfatigue, and
microcracking are main reasons for the abrasive wear
[21, 22]. When disc cutters roll on the tunnel face, wear loss
is affected by many factors, such as properties of cutter,
geological conditions, and operational conditions [23, 24].
For example, on the basic of Cerchar test, Michalakopoulos
et al. [25] investigated the effect of steel hardness on Cerchar
Abrasivity Index (CAI), which represents the abrasiveness of
rocks. Afterwards, Macias et al. [26] developed a novel test
named Rolling Indentation Abrasion Test (RIAT) to sim-
ulate the cutter wear process in a realistic way. In this study,
the influences of rock types, CAI, Abrasion Value cutter
Steel (AVS), and mineral compositions on wear loss were
investigated. Considering that dry rock grounds, moist rock
grounds, or seawater might be encountered during the
tunnelling, Zhang et al. [27] investigated the wear behaviors
of disc cutter under drying, water, and seawater conditions
through linear cutter test. By comparison, it was found that
the water reduces the mass loss due to the lubricant effect,
while the seawater corrodes the cutter, leading to the ag-
gravation of wear. For the jointed rock mass and the mixed
face ground, Liu et al. [28] experimentally studied the in-
fluences of jointed orientation and the strength of interlayer
on the disc cutter wear. It was found that the cutter wear
reaches the minimum value at the jointed orientation of 30

deg. +e increase of the strength of soft interlayers is helpful
for decreasing wear loss. Besides, the cutter wear for different
cutterhead thrusts and rotational speeds was also studied.
Regrettably, on consideration of the argillization of mud-
stone, the evolution of the cutter wear is still unclear.

In the present study, to investigate the argillization of
mudstone and cutter wear mechanism during the TBM
tunnelling, a series of rotary indentation tests were carried
out on the self-design experimental bench. +e micro-
structures of cutting grooves, slacking mudstone, and disc
cutter for different penetration times were observed by
stereo microscope. Besides, the temperature on disc cutter
and the wear loss of cutter were measured. According to the
results, the argillization of mudstone and cutter wear during
the TBM tunnelling is divided into three stages; the
mechanism at each stage is revealed.

2. Experimental Design

2.1. Preparation of Rock Samples. +e mudstone taken from
Chongqing was selected as rock samples in the experiment.
Given the size of the test bench in this experiment, the
mudstone sample is cut into a cube with dimension of
100mm× 80mm× 80mm. +e flatness of the surface of the
sample is less than 1mm, as shown in Figure 1. +e physical
and mechanical properties of the mudstone samples are
listed in Table 1.

To investigate the evolution of the argillization in
mudstone and cutter wear, rock blocks were classified into 8
groups of each of these 3 rocks. In the experiment, it was
found that the penetration depth increases rapidly before the
loading time of 20min. Subsequently, the growth rate slows
down. +us, to investigate the evolution of argillization of
mudstone and cutter wear accurately, the penetration time
of each group is set as 5min, 10min, 15min, 20min, 30min,
40min, 50min, and 60min, respectively.

2.2. Experimental Instrument and Process. In the rotary
indentation test, a self-designed test bench was employed, as
illustrated in Figure 2(a). +e test bench mainly consists of
an electromotor, steel support, slide rails, a pair of weights,
and a reduced disc cutter. In detail, the size of the test bench
is 570mm in length, 300mm in width, and 300mm in
height. +e reduced disc cutter installed on the drive shaft is
driven by the electromotor. At the same time, the rock block
slides downward along the rails under the action of weights.
As a result, disc cutter penetrates into the mudstone rock
block. +e reduced disc cutter with diameter of 70mm
represents the 17-inch cutter (432mm) in the engineering
practice (Figure 2(b)). +erefore, the reduced scale is 1: 6.17.
+e reduced cutter is made of H13 steel with Rockwell
hardness HRC of 45± 1. In addition, D384M infrared
camera was used to measure the temperature on the cutter in
a real time. +e microstructures of rock blocks and disc
cutters can be observed by OLYMPUS SZX16 stereo mi-
croscope. +e infrared camera has a resolution of 384× 288
pixels, a measurement range of −20°C to 150°C, and a
thermal sensitivity of 0.04°C.
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Before the loading, the rock block was installed on the
slide rails. +e infrared camera was placed 0.5 m away
from the rock. After that, turning on the electromotor
and the infrared thermal imager at the same time, the test

begins. During the loading process, the temperature on
the cutter and the displacement of the rock block were
measured by infrared camera and displacement meter at
interval of 5 minutes, respectively. +us, the indentation
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Figure 1: +e size of mudstone specimen.

Table 1: +e physical and mechanical properties of mudstone.

Parameters Value
Destiny (g/cm3) 2.65
Elastic modulus (MPa) 1820
Uniaxial compressive strength (MPa) 8.65
Brazilian tensile strength (MPa) 1.32
Poisson’s ratio 0.23
Cohesion (MPa) 0.68
Internal friction angle (°) 32.2
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Figure 2: Schematic diagram of cutter rotary indentation tests. (a) Test bench; (b) the size of reduced scale disc cutter.
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depth can be obtained. During the tunnelling, the rock
powders, i.e., slaking mudstone, were collected in a real
time, which were generated due to the rotation of disc
cutter. To simulate the watering of cutterhead in TBM,
water was sprayed randomly on the disc cutter during the
experiment. +e water addition is 0.6 g/min. According to
the engineering experience, the average linear velocity of
disc cutter varies from 0.8 m/s to 1.7 m/s. +erefore, the
rotational speed of the cutter was set as 70 rpm. Generally,
Abrasion Value cutter Steel (AVS) test and Sievers’s J
value test [5] are employed to evaluate the rock abrasivity.
In these tests, mass of weight is 10 kg and 15 kg, re-
spectively. +us, the mass of weights in the present ex-
periment was adopted as 15 kg. After the experiment,
stereo microscope was employed to observe the micro-
structures of the rock cutting groove, slacking mudstone,
and the worn surface of disc cutter. In addition, the mass
of the cutter before and after the loading was weighted.
+ree repeated tests were conducted for each group.

It should be noticed that the motion mode of the disc
cutter in this experiment differs from that in engineering
practice. +e cutter revolves around drive shaft instead of
rolling on the rock. +e friction between disc cutter and
the rock is obvious. Hertz elastic contact theory has
pointed out that slip also occurs in the contact area be-
tween disc cutter and the rock when the cutter rolls [29].
In this study, the main purpose is to investigate the
argillization of mudstone. +us, the motion mode of the
disc cutter in this experiment will make the argillization
more obvious.

3. Experimental Results

In the experiment, microstructures of cutting groove, slaking
mudstone, and worn surface of disc cutter wear were ob-
served at 400 magnification. According to the photomi-
crographs, the porosity of cutting groove and average
particle size of slaking mudstone were obtained by the image
processing software ImageJ. Besides, the curves of wear loss
at different penetration depths were plotted.

3.1. Microstructures of Cutting Groove and Slaking Mudstone
during the TBM Tunnelling. +e photomicrographs of
cutting groove and slaking mudstone at different pene-
tration depths are shown in Figures 3 and 4, respectively. In
the figures, P/D represents the ratio of the penetration
depth P of the cutter to the diameter of cutter D. +e
experimental results indicate that when the loading time is
5min (P/D � 0.04), microcracks and abrasion mark occur
on the cutting groove (Figure 3(a)). In addition to loose
particles, a small amount of flaky aggregates is found in the
slaking mudstone (Figure 4(a)). Later, as the time increases
to 10–20min, the microcrack and abrasion mark disappear,
while some micropores appear on the surface of the cutting
groove. Besides, slacking mudstone gradually occurs; thus
the surface of cutting grooves becomes relatively flat as
shown in Figures 3(b)–3(d). Accordingly, at this stage, the

slaking mudstone becomes agglomerate. A small number of
micropores can be seen on the surface as shown in
Figures 4(b)–4(d). When the loading time exceeds 30min,
the slaking mudstone on the cutting groove surface dis-
appears, leaving some micropits and micropores. +e
skeletal particles are obvious (Figures 3(e)–3(h)). In this
case, the slacking mudstone expands and becomes looser
than those at loading time of 10–20min (Figures 4(e)–
4(h)).

To quantitatively analyze the characteristics of the
cutting groove and the microstructure of the slaking
mudstone, the porosity and average particle size in Fig-
ures 3 and 4 are further measured by the image processing
software ImageJ, respectively. In ImageJ, the photomi-
crographs of cutting grooves were firstly transformed into
grayscale images. By setting an appropriate threshold, all
the micropores in the picture show as black spot. +e area
ratio of black spot to the whole picture is the porosity.
Besides, on the bases of reduced scale, the dimeter of each
particle in the pictures was measured. +us the average
particle size of the slaking mudstone in the picture was
obtained. +e results are plotted in Figure 5. In this figure,
it is shown that the porosity of the cutting groove
gradually decreases from 10.95% to 4.42% when P/
D ≤ 0.09 (5–20min). After P/D ≥ 0.13 (30–60min), the
value increases (Figure 5(a)). However, the inverse trend
is seen for the average particle size of slacking mudstone.
Specifically, the value increases when P/D ≤ 0.09
(5–20min). At P/D of 0.09, it reaches the peak point
(251.47 µm). In addition, the variance of particle size is
also greater than that at other moments when P/D � 0.09,
indicating that the particle size distribution is not uniform
at this time.

3.2. Cutter Wear Process during the TBM Tunnelling. +e
variation of cutter wear per revolution is plotted in Figure 6.
In this figure, cutter wear represents the average wear loss
per revolution during the loading times of 0–5min,
5–10min, 10–15min, 15–20min, 20–30min, 30–40min,
40–50min, and 50–60min. At the loading times of 0–5min
(P/D< 0.06), the cutter wear is 0.06mg/r. After that, the
value becomes decreased, and the minimum value is
0.025mg/r (P/D� 0.06). However, when the time exceeds
15min, cutter wear increases dramatically. +e maximum
value reaches 0.19mg/r (P/D� 0.18), which is 1.27 times
larger than the minimum value.

+e microstructures of the worn surface of cutter were
observed, as illustrated in Figure 7. At loading time of
5min, (P/D � 0.04), microcutting is obviously observed on
the cutter surface. In addition, some loose and flaky par-
ticles are found as shown in Figure 7(a). At the duration of
10–20min (0.06 ≤ P/D≤ 0.09), microcutting disappears
gradually. Instead, much slacking mudstone adheres to the
disc cutter as shown in Figures 7(b)–7(d). With the loading
processes, microcutting can be observed again as shown in
Figures 7(e)–7(g). Eventually, the worn surface of disc
cutter is covered by slacking mudstone as shown in
Figure 7(h).
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4. Discussions

In this section, based on the microstructure of cutting grooves,
slacking mudstone, and disc cutter for different loading times,

the evolution of argillization of mudstone and cutter wear
mechanism during the TBM tunnelling are analyzed. Specif-
ically, the argillization of mudstone is divided into mechanical
cutting stage, the deterioration of mudstone and the formation
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Figure 3: Evolution of microstructures of cutting grooves of rock blocks at ×400magnification. (a) 5min, P/D� 0.04; (b) 10min, P/D� 0.06;
(c) 15min, P/D� 0.07; (d) 20min, P/D� 0.09; (e) 30min, P/D� 0.13; (f ) 40min, P/D� 0.15; (g) 50min, P/D� 0.17; (h) 60min, P/D� 0.18.
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of slackingmudstone stage, and adhesion of slackingmudstone
stage. Correspondingly, due to the argillization in mudstone,
the disc cutter wear goes through the mechanical wear stage,

argillization wear stage, and secondary wear stage. +e
mechanisms of argillization and cutter wear considering
argillization at each stage are revealed.
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Figure 4: Evolution of microstructure of slaking mudstone at ×400 magnification. (a) 5min, P/D� 0.04; (b) 10min, P/D� 0.06; (c) 15min,
P/D� 0.07; (d) 20min, P/D� 0.09; (e) 30min, P/D� 0.13; (f ) 40min, P/D� 0.15; (g) 50min, P/D� 0.17; (h) 60min, P/D� 0.18.
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4.1. .e Evolution of Argillization by Disc Cutter.
According to the distribution of the micropores, slacking
mudstone on cutting groove, and the porosity of slacking
mudstone, the argillization process of mudstone by disc
cutter can be categorized into three stages, namely, the
mechanical cutting stage (P/D< 0.06), the deterioration of
the microstructure and the formation of slaking mudstone
stage (0.06≤P/D≤ 0.09), and adhesion of slacking mudstone
stage (P/D> 0.09).+emechanism of each stage is as follows.

4.1.1. Mechanical Cutting Stage (P/D< 0.06). Once the disc
cutter penetrates into the mudstone, the water added on
the cutter reduces the adhesion of the clay on the cutter.
+e cutter directly contacts with the rock. +erefore,
under the normal force and rolling force, microcracks and
obvious abrasion mark appear on the cutting groove

(Figure 3(a)). Moreover, part of the rock is directly cut
into flake particles (Figure 4(a)). Due to the friction be-
tween hard mineral particles in rocks and cutters, cutter
wear is obvious.

Besides, at this stage, the friction between the cutter and
the hard rock particles will generate much friction heat. In
order to quantitatively study the friction heat, the variations
of the maximum temperature and the difference between the
maximum and minimum temperature on the cutter ring
were measured, as shown in Figure 8. In this figure, I, II, and
III represent the mechanical cutting stage (P/D< 0.06), the
deterioration of the microstructure and the formation of
slaking mudstone stage (0.06≤ P/D≤ 0.09), and adhesion of
slacking mudstone stage (P/D> 0.09), respectively. In the
mechanical cutting stage, the maximum temperature and
temperature difference on the cutter ring increase rapidly.
When P/D� 0.06, the maximum temperature and
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Figure 7: Evolution of disc cutter wear at ×400 magnification. (a) 5min, P/D� 0.04; (b) 10min, P/D� 0.06; (c) 15min, P/D� 0.07; (d) 20min, P/
D� 0.09; (e) 30min, P/D� 0.13; (f) 40min, P/D� 0.15; (g) 50min, P/D� 0.17; (h) 60min, P/D� 0.18.
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temperature difference reach 85.8°C and 44.9°C, respectively.
After that, the increase rates of both values slow down. +e
maximum temperature and temperature difference are
101.6°C and 50.9°C, respectively. Correspondingly, in the
mechanical cutting stage, it can be seen from the temper-
ature field of the cutter (point A) that the friction between
the cutter ring and the rock gives rise to high temperature,

and the temperature is significantly greater than the cutter
body. +e temperature distribution on the cutter ring is
relatively uniform, so the temperature difference is small at
this stage. After the mechanical cutting stage (points B, C,
D), the maximum temperature of the cutter ring gradually
increases, but the temperature distribution of the cutter ring
is uneven, and high temperature distributes at the contact
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area between the rock and cutter ring, causing the tem-
perature difference increases.

Based on the experimental results mentioned above, it is
concluded that the temperature on the cutter is determined
by the friction heat and water evaporation, as shown in
Figure 9. On the one hand, the temperature on the cutter is
mainly caused by the friction between the cutter ring and
mineral particles in the rock. Under the action of mechanical
cutting, the temperature of the cutter ring rises rapidly.
Subsequently, due to heat conduction, the temperature on
the cutter ring is transferred to the cutter body and the cutter
shaft. However, on the other hand, as the water addition and
the evaporation of water inside the rock absorb the friction
heat, the temperature on cutter ring far away from contact
area decreases. +erefore, the temperature distribution on
the cutter ring is uneven, resulting in the change of tem-
perature difference.+at is to say, the temperature difference
on the cutter reflects the relative effect of water evaporation
and frictional heat. +e more obvious the evaporation, the
greater the temperature difference. Finally, friction and
water evaporation reach at a dynamic balance condition, and
the temperature on the cutter ring keeps stable.

In engineering practice, the cutter rolls on the tunnel
surface for a long time, causing the high temperature. In
order to enhance the cooling effect of water, an appropriate
amount of refrigerant can be added in water. Besides, lu-
bricants can be added to the soil bin and the cutterhead to
reduce the friction between the cutter and the rock.

4.1.2. Deterioration ofMudstone and the Formation of Slacking
Mudstone Stage (0.06≤P/D≤ 0.09). Deterioration of the
microstructure of mudstone and formation of slacking
mudstone is an important process in the TBM tunnelling,
which determines rock breaking efficiency and cutter wear.
According to the microstructure of cutting groove, the
failure mechanism of microstructure of mudstone under the
action of cutter is summarized as follows:

(i) +e weakening effect of water promotes the for-
mation of slacking mudstone. Although the mi-
croscopic cracks generated in the mechanical
cutting stage have little effect on the permeability of
mudstone, they increase the free energy of the rock
surface and enhance the adsorption of pore water
[30]. +e water migrates towards the microcracks
under the action of adsorption force. Due to the
weakening effect of water, uneven expansion of
minerals [31, 32], dissolution of cements [33], and
destruction of mineral lattices [34, 35] will occur.
+e bond between the clay minerals and the particle
skeleton is deteriorated. +e cementation force
between them is reduced, causing the clay mineral
particles to separate from the skeleton of coarse
particles. Eventually, the mudstone disintegrates.
Zhang et al. [36] pointed out that the water ab-
sorption and expansion of soft rock can be divided
into cementing expansion and internal expansion.
Specifically, cementing expansion is caused by the

“effect of water film” on the surface of clay minerals,
as shown in Figure 10(a). At free state, due to the
electrostatic attraction on the surface of clay mineral
particles, a strong electrostatic attraction field oc-
curs around the particles. Under the action of
electrostatic gravity field, water molecules increas-
ing can be adsorbed around clay particles. +us the
thickness of water film on the surface of clay par-
ticles becomes increased. +e bond strength be-
tween clay mineral particles is weakened. In
contrast, cementing expansion typically occurs in
the illite, which leads to the expansion of soft rock
and reduction of mechanical strength. As shown in
Figure 8(b), the crystal lattice of illite consists of a
layer of aluminum and two layers of silicon. Besides,
an ion layer lies between the crystal lattice of illite.
+e water molecule particles can infiltrate the
counterion layer, causing the escape of ion.
+erefore, spacing between the crystal lattice in-
creases. As a result, the clay particles swell gradually.
+e water absorption and expansion of soft rock will
increase the distance between clay particles and
weaken the bonding strength of mineral particles.
+erefore, in Figures 3(b)–3(d), the slacking
mudstone gradually occurs on the cutting grooves.
Furthermore, the expansion of slacking mudstone
leads to the decrease in porosity of rock cutting
groove and the increase in average particle size of
slacking mudstone.

(ii) Temperature effect can promote the generation of
microcracks through thermal expansion. From the
change of cutter temperature, it can be seen that, in
the deterioration of mudstone and the formation of
slacking mudstone stage, the cutter temperature
gradually reaches the maximum value. +erefore,
thermal stress distributes inside the rock. When the
stress exceeds the tensile strength of the rock,
microcracks will appear inside the rock. +e coarse
particle skeleton-flocculation structure will be
destroyed. Furthermore, clay minerals and skeleton
particles will be separated. In addition, high tem-
perature can also improve the hydration reaction
rate of illite in mudstone, so the formation of
slacking mudstone is accelerated further.

(iii) Mechanical movement accelerates the argillization
process by mechanical activation. When the mi-
crostructure of mudstone deteriorates under the
action of water, it is also subjected to the mechanical
action of cutter, which is the main difference from
mudstone argillization under natural conditions. In
the process of argillization by disc cutter, the me-
chanical action reduces the particle size of mineral
particles, increasing its specific surface area and
surface energy. Under the action of mechanical
activation, the uneven expansion of mineral parti-
cles, cement dissolution, and mineral secondary
reaction process are accelerated [10]. In addition,
mechanical action leads to the redistribution of
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mineral particles, causing the damage of connection
between clay particles and coarse grain skeleton.
Mohammadabad et al. [37] found that the mineral
structure of chalcopyrite can be redistributed after
grinding, so the extraction efficiency is improved.
Similarly, the redistribution of minerals in mud-
stone in the test improves the activity of minerals,
which is conducive to the argillization effect.

4.1.3. Adherence of Slacking Mudstone Stage (P/D> 0.09).
With the indentation of the cutter, the cementation force
between the clay particles and the coarse grain skeleton

decreases. Finally, the clay particles are taken away from the
rock. +erefore, micropores and micropits occur on the
cutting groove, and the porosity of the cutting groove surface
increases. After the formation of slacking mudstone, the
particle size decreases under the action of the cutter. Due to
the abrasive wear, microcutting and furrow occur on the disc
cutter. +us some slacking mudstone will be filled into
microcutting and furrow during the tunnelling. Eventually,
some slacking mudstone will be adhered to the surface of the
cutter, as shown in Figure 11. Furthermore, under the
friction between disc cutter and the rock, the internal shear
failure of the slacking mudstone occurs simultaneously [38].
+is will further reduce the free energy of clay minerals,
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conduction Temperature
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Figure 9: Schematic diagram of the change in disc cutter temperature.
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Figure 10: Swell mechanism of the soft rock: (a) cementing expansion; (b) internal expansion.
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causing the recrystallization and aggregation of crystal
particles. Under the high temperature and high pressure, the
hammer welding inside the mineral crystal will result in the
formation of slacking mudstone with high viscosity and high
density. +us the “mud cake” is formed.

4.2. .e Cutter Wear Mechanism considering the Argillation
Effect. In Section 3.2, it is seen that the microstructures of
the mudstone and worn surface of the disc cutter exert
various characteristics during the tunnelling process.
+erefore, on consideration of the argillization, it can be
speculated that the wear mechanism of disc cutter differs in
each stage. According to the distribution of microcutting
and the slacking mudstone, the evolution of cutter wear
considering the argillation effect can be divided into three
stages: mechanical wear stage (P/D< 0.06), argillization wear
stage (0.06≤ P/D< 0.13), and secondary wear stage (P/
D≥ 0.13). +e cutter wear mechanism at each stage is as
follows:

(i) Mechanical wear stage (P/D< 0.06): at the me-
chanical wear stage, abrasive wear is the main reason
for the wear loss of disc cutter. In Figure 7(a), obvious
microcutting can be seen on the surface of cutter.
Only some loose particles and flaky particles occur.
+is indicates that the slacking mudstone is not
formed at this stage. Under the normal force, hard
particles in the rock block pierce into the cutter.+en
the steel is removed with the rolling of cutter, leaving
the microcutting on the cutter surface [39].

(ii) Argillization wear stage (0.06≤P/D< 0.13): at argil-
lization wear stage, the slacking mudstone between
the disc cutter and the hard mineral particles inside
the mudstone reduces the wear rate of the disc cutter.
With the penetration of disc cutter, the slacking
mudstone is formed gradually due to the water-
weakening effect. Consequently, some slacking
mudstone is filled into the microcutting
(Figures 7(b)–7(d). As the slacking mudstone uni-
formly distributes on the cutter surface, the hard
particles in rock block and cutter are separated. +e
“separation effect” decreases the wear rate (Figure 6).

(iii) Secondary wear stage (P/D≥ 0.13): during the TBM
tunnelling, if the rock chips are not carried out in

time, the friction between rock chips and cutter will
cause the wear of cutter body. +is kind of wear
form is defined as the secondary wear. +e sec-
ondary wear increases the wear loss of disc cutter. In
the mudstone layer, with the formation of the
slacking mudstone, the secondary wear appears, so
the wear rate increases gradually (Figure 6). As the
test proceeds, the temperature on cutter ring ex-
ceeds 90 deg after P/D of 0.13 (Figure 8). In the
experiment, it is observed that the slacking mud-
stone adhered to cutter ring shrinks due to the water
evaporation. Consequently, the stickiness of the
slacking mudstone is reduced. +e slacking mud-
stone on cutter surface disappears gradually
(Figures 7(e)–7(g)). Due to the weakening of
“separation effect,” wear rate increases dramatically.
Finally, with the rolling of disc cutter, mechanical
effect, temperature, and the stickiness of the
slacking mudstone reach dynamic balance condi-
tion. All of these factors determine the mass of
slacking mudstone adhered to cutter ring. At this
moment, the slacking mudstone distributes on the
cutter uniformly (Figure 7(h)). On the other hand,
after P/D of 0.13, penetration depth exceeds 9.1mm
in this experiment, the cutter ring is caught in rock
block thoroughly, causing the wear of cutter body,
and the secondary wear occurs. +e combined ef-
fects of abrasion wear and secondary wear increase
cutter wear under the condition of argillization.
During the tunnelling of TBM in mudstone, when
the cutterhead is clogged, the friction between cutter
body and rock chips will lead to the secondary wear.
+erefore, measures are necessary to be taken to
prevent the clogging problems.

When TBMs excavate in hard rock, the main mechanism
of disc cutter is abrasive wear, which is similar to that in
mechanical wear stage [22]. By comparison, it is found that
the cutter goes through mechanical wear stage, argillization
wear stage, and secondary wear stage when considering the
argillization. To compare the cutter wear under the condi-
tion of argillization and without argillization, a prediction
model proposed by Rabinowicz [40] is employed to calculate
the wear loss. In this model, it is believed that the main
reason for cutter wear is abrasive wear. +e wear loss is
obtained by

V � Ks

FnL

H
, (1)

where V is the volume of cutter wear, KS represents coef-
ficient of abrasive wear, Fn stands for normal force, L is the
sliding distance of the hard particles, and H is the hardness
of the steel. In this study, KS � 1.5×10−3, Fn � 150N, and the
hardness of the H13 steel is 1.949GPa.

According to equation (1), the abrasion wear without
argillization is 0.26mg/r. +e calculated result is plotted in
Figure 6. By comparison, it is seen that the abrasion wear
without argillization is much larger that under the condition
of argillization.+emain reason for this phenomenon is that

Slaking mudstone

200 µm

Figure 11: Slaking mudstone adhered to disc cutter.
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the slacking mudstone and water act as separating agent and
lubricant, respectively. +erefore, coefficient of abrasive
wear decreases significantly.

4.3..e Relationship between the Evolution of Argillization of
Mudstone and Cutter Wear. By comparing the evolution of
argillization of mudstone and cutter wear, it is found the
mechanical cutting stage and the deterioration of mudstone
and the formation of slacking mudstone stage basically
correspond to the mechanical wear stage, argillization wear
stage, and secondary wear stage, respectively. At the initial
stage of TBM tunnelling, effect of mechanical cutting is
obvious. Correspondingly, under the action of normal and
rolling force, abrasion wear occurs. Subsequently, with the
degree of argillization increasing, the slacking mudstone is
formed, and thus the wear rate slows down. When the
mechanical effect, temperature, and the stickiness of the
slacking mudstone reach dynamic balance condition, the
stickiness of the slacking mudstone is reduced, causing the
increase in the cutter wear rate.

5. Conclusions

+e argillization is frequently encountered during the ex-
cavation of TBM in the mudstone, which leads to the
clogging of the TBM cutterhead. To investigate the evolution
of argillization of mudstone and cutter wear during the TBM
tunnelling, a series of rotary indentation tests were carried
out on the self-design experimental bench. Subsequently,
according to the microstructures of cutting grooves and
worn surface of disc cutter, mechanisms of argillization and
cutter wear are revealed.+emain conclusions can be drawn
as follows:

+e argillization process of mudstone by disc cutter is
divided into three stages: the deterioration of mudstone
and the formation of slacking mudstone stage and the
adherence of slacking mudstone stage. At the me-
chanical cutting stage, the rock is broken mainly by the
cutting force. +e temperature on the cutter ring in-
creases rapidly. Subsequently, at mudstone micro-
structure degradation and argillaceous formation stage,
the weakening effect of water, temperature effect, and
mechanical activation cause the microstructure damage
of mudstone and formation of slacking mudstone.
Finally, at the adherence of slacking mudstone stage,
the slacking mudstone is adhered to the cutter surface
under the normal force. +e recrystallization of the
crystal particles will eventually lead to the “mud cake”
of the cutterhead.
Correspondingly, the wear process of disc cutter under
the condition of the argillization is categorized into the
mechanical wear stage, argillization wear stage, and
secondary wear stage. At mechanical wear stage, cutter
wear is mainly caused by abrasion wear. Subsequently,
the formation of slacking mudstone decreases the wear
rate due to the “separation effect.” Finally, cutter wear
increases by the combined effects of abrasion wear and
secondary wear. +e evolution of cutter wear

corresponds to the evolution of the argillization process
of mudstone.
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