Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 410—425

CSRME

Contents lists available at ScienceDirect

Journal of Rock Mechanics and
Geotechnical Engineering

journal homepage: www.jrmge.cn

Full Length Article

Experimental study on the influences of cutter geometry and material on )
scraper wear during shield TBM tunnelling in abrasive sandy ground

Shaohui Tang *°, Xiaoping Zhang *”*, Quansheng Liu®", Qi Zhang®", Xinfang Li*",

Haojie Wang *"

2Key Laboratory of Safety for Geotechnical and Structural Engineering of Hubei Province, School of Civil Engineering, Wuhan University, Wuhan, 430072, China
bState Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan, 430072, China

ARTICLE INFO

Article history:

Received 26 December 2022
Received in revised form

7 September 2023

Accepted 19 October 2023
Available online 28 December 2023

Keywords:
Shield TBM
Scraper wear
Cutter shape
Metal material
Alloy hardness

ABSTRACT

When shield TBM tunnelling in abrasive sandy ground, the rational design of cutter parameters is critical
to reduce tool wear and improve tunnelling efficiency. However, the influence mechanism of cutter
parameters on scraper wear remains unclear due to the lack of a reliable test method. Geometry and
material optimisation are often based on subjective experience, which is unfavourable for improving
scraper geological adaptability. In the present study, the newly developed WHU-SAT soil abrasion test
was used to evaluate the variation in scraper wear with cutter geometry, material and hardness. The
influence mechanism of cutter parameters on scraper wear has been revealed according to the scratch
characteristics of the scraper surface. Cutter geometry and material parameters have been optimised to
reduce scraper wear. The results indicate that the variation in scraper wear with cutter geometry is
related to the cutting resistance, frictional resistance and stress distribution. An appropriate increase in
the front angle (or back angle) reduces the cutting resistance (or frictional resistance), while an excessive
increase in the front angle (or back angle) reduces the edge angle and causes stress concentration. The
optimal front angle, back angle and edge angle for quartz sand samples are a = 25°, § = 10° and v = 55°,
respectively. The wear resistance of the modelled scrapers made of different metal materials is related to
the chemical elements and microstructure. The wear resistances of the modelled scrapers made of 45#,
06Cr19Ni10, 42CrMo4 and 40CrNiMoA are 0.569, 0.661, 0.691 and 0.728 times those made of WC-Co,
respectively. When the alloy hardness is less than 47 HRC (or greater than 58 HRC), scraper wear de-
creases slowly with increasing alloy hardness as the scratch depth of the particle asperity on the metal
surface stabilizes at a high (or low) level. However, when the alloy hardness is between 47 HRC and 58
HRC, scraper wear decreases rapidly with increasing alloy hardness as the scratch depth transitions from
high to low levels. The sensitive hardness interval and recommended hardness interval for quartz sand
are [47, 58] and [58, 62], respectively. The present study provides a reference for optimising scraper
parameters and improving cutterhead adaptability in abrasive sandy ground tunnelling.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Tan et al., 2023; Xu et al., 2023; Zhang et al., 2023), there are still
uncertainties and challenges when tunnelling in complex geolog-

Although the shield-driven method has been widely used in
tunnel construction (Martinelli et al., 2015; Wei et al., 2020; Liu
et al., 2022; Lin et al., 2022; Shen et al., 2023; Sun et al., 2023;
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ical conditions (Barla, 2016; Gong et al., 2016; Hasanpour et al.,
2017; Acun et al., 2021; Zhang et al., 20214, b; Tang et al., 2021a,
b, 2022, 2023). Taking abrasive ground as an example, the
geological adaptability of cutting tools has not been completely
resolved due to the complex interaction between the soil and cutter
(Li et al,, 2017; Fu et al.,, 2021; Tang et al., 2020; Xia et al., 2021;
Zhang et al., 2021a). Frequent downtime for tool maintenance has
become a critical factor restricting tunnelling efficiency and con-
struction safety (Alavi Gharahbagh et al., 2013a; Barzegari et al.,
2015; Amoun et al., 2017; Conrads et al., 2018; Yang et al., 2021).
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Especially for long-distance tunnelling in sandy ground, irregular
particles with high quartz content squeeze and rub cutting tools
(Mirmehrabi et al., 2016; Tang et al., 2020; Zhang et al., 2021a).
Primary wear is reflected as microcutting and surface scratching
increases during the extrusion and friction processes (Kiipferle
et al., 2018; Wei et al., 2019; Farrokh, 2021). Moreover, ground
disturbance induced by shield tunnelling leads to sand liquefaction,
which reduces soil strength and collapses the tunnel face (Farhangi
etal., 2020). A large amount of residual sand is prone to accumulate
on the cutterhead edge (Koppl et al., 2015; Tabrizi et al., 2023).
Secondary wear presented as repeated grinding and surface pol-
ishing increases as residue sand rotates with the cutterhead
(Jakobsen et al., 2013; Barzegari et al., 2015; Farrokh, 2021). How to
design cutting tools with better geological adaptability to reduce
abrasive wear has become a critical challenge in sandy ground
tunnelling (Kiipferle et al., 2017; Tang et al., 2020; Zhang et al.,
2021a; Li et al., 2022).

As one of the important components of soil-tool tribological
systems, cutter geometry and material parameters such as geom-
etry, material and hardness have a significant influence on scraper
wear (Tang et al., 2020; Zhang et al., 2021a). In terms of cutter
shape, Huang (2010) analysed the effect of scraper angles on cutting
efficiency and found that scraper wear increases with increasing
front edge. Since the tests were conducted under the condition of
back angle 8 = 10" and metal material 45#, it is debatable whether
the results are suitable for scrapers with other back angles and
metal materials. Guo and Dai (2013) studied the relationship be-
tween scraper wear and cutter shape and optimised cutting effi-
ciency by reducing the front angle, increasing the edge angle and
dulling the cutter edge. However, the tests were conducted under
the condition that multiple parameters changed at the same time.
The variation in the half angle and alloy size significantly interfered
with the test results. Salazar et al. (2018) designed cutting tools
with sharp cone angles, and qualified cutting tool wear by
comparing the cutter edge before and after wear. However, the
impeller-shaped modelled scraper cannot characterize the front
angle, back angles and edge angle of the wedge-shaped shield
scraper. Xia et al. (2019) evaluated scraper performance by specific
energy consumption and load fluctuation coefficient, and analysed
the variation in scraper wear with cutter shape. The cutter shape
focuses on the cutter tooth arrangement rather than the cutter edge
angle. Hence, it is necessary to design modelled scraper with cutter
edge angles that agree well with those of the shield scraper to study
the variation in scraper wear with the front angle, back angle and
edge angle.

In terms of metal materials, Chen (2015) and Liu et al. (2020)
studied the relationship between material composition and cutter
performance and improved the wear resistance of cutting tools by
increasing the content of Ni and V or adding the trace element Nb.
The improved metal material is wear-resistant when manufactured
into a milling tool in the machining industry. However, whether it
can be utilized for cutting geomaterials in the tunnel industry is still
debatable. Kiipferle et al. (2017) revealed the correlation between
the metallographic structure and microwear mechanism, and
improved the tribomechanical properties of cutting tools by opti-
mising the surface treatment processes. Since the surface treatment
cannot change the internal structure of the metal material, the
improvement of wear resistance is relatively limited. Wei et al.
(2021) compared the wear resistance of cutting tools made of
WC-Co and Q235 and found that the wear rate of cutting tools
made of WC-Co was much lower than that of cutting tools made of
Q235. However, there is still a lack of parameters that can quantify
the relative wear resistance of cutting tools made of different metal
materials in abrasive ground tunnelling using a shield TBM.

In terms of alloy hardness, Zum Gahr (1988) and Axén et al.
(1994) explored the influence of alloy hardness on metal wear
and revealed the wear law of the transition from low to high levels.
However, this relation was obtained when the two friction pairs
were metal materials. Whether it is suitable for the contact be-
tween the cutter and geomaterials is unknown. Due to the urgent
requirements for wear-resistant cutting tools in tunnel excavation,
Alavi Gharahbagh et al. (2011, 2013b) Rostami et al. (2012) and
Mosleh et al. (2013) found that the variation in cutter wear with
relative hardness followed an inverted S-shaped curve, but an
optimisation method for the alloy hardness of cutting tools was not
proposed accordingly. Zhang et al. (2021a) studied the sensitive and
recommended hardness intervals and proposed a new optimisation
method for cutting tool hardness. Since heterogeneous sand was
utilized in the experiment, the recommended relative hardness of
alloy hardness and mineral hardness was unknown. Thus, it is
necessary to quantify the relationship between the recommended
alloy hardness and sand mineral hardness by using homogeneous
sand.

In the present study, the newly developed WHU-SAT soil abra-
sion tester has been used to study scraper wear characteristics. The
modelled scrapers have been designed by retaining the overall
characteristics and ignoring the local characteristics of shield
scrapers. As a result, the cutter process of the shield scraper can be
simulated rationally. The influence mechanism of cutter parame-
ters on scraper wear has been revealed according to the interaction
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Fig. 1. The newly developed WHU-SAT soil abrasion tester.
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Fig. 2. (a) The cylindrical chamber, and (b) The modelled cutterhead.
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Fig. 4. Particle gradation curves of soil samples.

between sand particles and the cutter surface. Cutter geometry and
material parameters have been optimised to reduce scraper wear.

2. Test apparatus and soil samples
2.1. The WHU-SAT soil abrasion test apparatus

As shown in Fig. 1, the WHU-SAT soil abrasion tester is 2200 mm
in length, 1900 mm in width, and 2300 mm in height. The XK7130
CNC milling machine serves as the basis for the WHU-SAT tester. As
shown in Fig. 2a, the shaft with a diameter of 40 mm and a length of

Table 1
The front angles, back angles and edge angles of the modelled scrapers.

Scraper Front angle, a (°) Back angle, § (°) Edge angle, v (°)
1 0 15 75
2 0 25 65
3 0 35 55
4 0 45 45
5 10 15 65
6 10 20 60
7 15 0 75
8 15 10 65
9 15 20 55
10 15 30 45
11 20 10 60
12 20 15 55
13 20 20 50
14 25 0 65
15 25 10 55
16 25 20 45
17 30 10 50

300 mm is clamped in the drill chuck. The cutterhead with a
diameter of 220 mm is installed at the bottom of the shaft. When
the test apparatus is in operation mode, the modelled cutterhead
excavates soil samples in the cylindrical chamber at a rotation
speed of 0—500 r/min and a tunnelling speed of 0—50 mm/min. The
wide range of rotation speeds and tunnelling speeds supports the
analysis of the effect of tunnelling parameters on cutting tool wear.
The cylindrical chamber with a diameter of 280 mm and a height of
220 mm can be filled with soil samples with grain sizes corre-
sponding to clay, silt, sand and gravel (grain size <30 mm). As
shown in Fig. 2b, the modelled cutterhead consists of 5 spokes. A
total of 45 tool mounting holes are arranged following the Archi-
medes spiral pattern. The modelled cutterhead structure and
mounting hole distribution of the WHU-SAT tester simulate those
of the shield TBM. As a result, the working condition and wear
mechanism of the modelled cutting tool are similar to those of the
shield cutting tool.

As shown in Fig. 3, the modelled scraper consists of a cutter
edge, cutter body and connecting bolt with lengths of 10 mm,
10 mm and 40 mm, respectively. The front angle, back angle and
edge angle can be changed by loosening the bolt to change the
modelled scraper, which is favourable for exploring the effect of
cutter shape on scraper wear. The modelled scraper retains the
overall shape and simplifies the local feature of the shield scraper.
As a result, not only can the contact state between the soil and tool

Fig. 5. The modelled scrapers with various front angles, back angles and edge angles.
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Fig. 6. Variation in scraper wear with front angle under constant back angle.

be simulated, but also the wear mechanism of the cutting tool can
be revealed. The scraper is connected to the cutterhead by bolts
with a length of 40 mm. It allows the scraper to be easily removed
and replaced. Since the modelled scraper is much lighter than the
cutterhead, it can be weighed with a high-precision scale (0.001 g).
Moreover, under the protection of the cutting tool, the replacement
frequency of the modelled cutterhead can be minimized. It not only
reduces the test cost but also simplifies the manufacturing process.
Compared with existing tests, the advantages of the WHU-SAT test
are the rational simulation of cutterhead structure and scraper
characteristics, as well as the comprehensive and precise moni-
toring of tunnelling parameters. Details have been summarized by
Tang et al. (2022).

2.2. The WHU-SAT soil abrasion test procedure

When the soil abrasion test is conducted, the new modelled
scrapers are cleaned, dried and numbered. A high-precision elec-
tronic balance (0.001 g) is used to weigh the modelled scrapers. The
weighed scrapers are installed on the modelled cutterhead in turn.
Then, appropriate soil samples will be filled into the cylindrical
chamber to a height of 180 mm. Compaction is performed when-
ever the thickness is increased by 50 mm. After preparing soil
samples, the modelled cutterhead is installed at the bottom of the
drive shaft. It penetrates soil samples according to preset working
parameters such as rotation speed N = 150 r/min, tunnelling speed
V = 20 mm/min, tunnelling depth h = 140 mm and test time
T = 60 min. When the tunnelling depth reaches h = 140 mm, the
modelled cutterhead will stop penetrating and continue rotating
according to the preset rotation speed until the test time is

exhausted. Then, the modelled scrapers are disassembled and
cleaned to remove the muck on the metal surface. After being dried,
the worn scrapers are weighed three times by a high-precision
electronic balance (0.001 g). The scraper wear is quantified by the
weight loss before and after the test. The position coordinates,
rotation speed, tunnelling speed, motor power and cutterhead
torque are detected by the monitoring system, which promotes the
parametric study of the scraper wear process.

2.3. The quartz sand sample

The geological properties of natural sand are complex and
changeable. When it is utilized as a soil sample, multiple physical
and mechanical parameters are prone to change at the same time.
Scraper wear results are susceptible to disturbance under the
condition of uncontrollable variable parameters. To minimize the
effect of uncertainty resulting from variable soil parameters,
crushed quartz sand samples were utilized for the WHU-SAT tests.
The same crusher was utilized to crush quartz with a purity of
99.75% to ensure that the sand particles had a good agreement in
shape characteristics. Referring to the existing soil abrasion tests,
the quartz stone is crushed into sand samples with particle sizes of
0.125-0.212 mm, 0.212—-0.425 mm, 0.425-0.71 mm, 0.71—
118 mm, 1.18—2.36 mm, 2.36—3.35 mm and 3.35—4.75 mm. As
shown in Fig. 4, the mixed soil samples 1 and 2 can be obtained by
uniformly mixing them in mass ratiosof 1:1:2:2:2:2:2and 1:
1: 2 :2: 2 : 4: 4, respectively.
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Fig. 7. Variation in scraper wear with installation diameter under constant back angle.

3. Effect of cutter shape on scraper wear

06Cr19Ni10 and 45# have been widely used as cutter materials
in existing tests such as PSAI, SGAT, SATC, RUB, BJTU and CUGB
(Rostami et al., 2012; Jakobsen et al., 2013; Barzegari et al., 2015;
Kiipferle et al., 2018; Wu, 2020; Wei et al., 2021). To compare with
existing test results, the same materials were used in the present
study (Fig. 5). Their tensile strengths are 560 MPa and 580 MPa,
while their elongation rates are 43% and 18%, respectively. Under
the condition that their tensile strengths are similar, 06Cr19Ni10
with a higher elongation rate consumes more energy than 45#
when the same material mass is worn by sand particles. Details on
their cutter angles are illustrated in Table 1. The modelled scrapers
are installed in tool mounting holes by M8 screws. As shown in
Fig. 2, five tool mounting holes 5-1, 2-2, 4-2,1-3 and 3-3 are utilized
for scraper installation. Two mounting holes share one number.
They can be distinguished by L and R. L represents a scraper made
of 06Cr19Ni10, while R represents that made of 45#. The corre-
sponding installation diameters are 105, 122, 139, 156 and 173 mm,
respectively. The quartz sand used to analyse the effect of cutter
angle on scraper wear is the mixed soil sample 1.

3.1. Variation in scraper wear with front angle

The variation in scraper wear with front angle is illustrated in
Fig. 6. When the back angle is § = 10° (Fig. 6a and b), the scraper
wear decreases first and then increases with increasing front angle.
The front angle of the modelled scraper with the best wear resis-
tance is « = 25°. This is related to the variation in cutting resistance
and stress distribution verified by concrete cutting tests (Xu et al.,

2021). When the front angle is a = 0°, the front edge is perpen-
dicular to the excavation surface. The cutting resistance along the
sliding direction is too high to cause excessive wear. As the front
angle increases to a = 25°, the cutting resistance of the modelled
scraper decreases. Hence, scraper wear decreases with increasing
front angle. As the front angle continues to increase to o = 30°,
stress concentration will occur on the scraper edge due to the
cutting resistance distributed on the smaller edge angle. Thus,
scraper wear increases with increasing front angle. The outliers of
the modelled scrapers with installation diameters of D = 105 mm
are related to excessive weighing errors resulting from small wear
extents or intense surface scratches with angular coarse particles. A
similar phenomenon occurred in the subsequent analysis of scraper
wear with the cutter angle. When the back angle is § = 20° (Fig. 6¢
and d), the variation trend of scraper wear with front angle agrees
well with that in Fig. 6a and b. The front angle of the modelled
scraper with the best wear resistance is « = 15°.

Since scraper wear is related to cutting distance, installation
diameter makes a significant contribution to the experimental re-
sults. As shown in Fig. 7, the WHU-SAT test indicates that there is a
positive correlation between them. The larger the installation
diameter is, the greater the growth rate of scraper wear will be,
which agrees well with the test results by Mou (2019). The variation
in scraper wear with installation diameter is related to the increase
in cutting area and residue deposition. Since the number of
modelled scrapers for each installation diameter is the same, the
excavation area of each scraper increases nonlinearly with
increasing installation diameter. Under the intense squeezing and
scratching of angular sand, the primary wear rate of the modelled
scraper will increase. Moreover, sand particles move towards the
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Fig. 8. Variation in scraper wear with front angle under constant edge angle.

chamber edge under the rotary cutting of the modelled cutterhead.
The larger the installation diameter is, the greater the amount of
residual sand will be. Under the repeated grinding and polishing of
residue sand, the secondary wear rate of the modelled scraper will
increase. Hence, the growth rate of scraper wear increases with the
installation diameter.

As shown in Fig. 8a and b, when the edge angle is v = 55°, the
scraper wear decreases with increasing front angle. This is related
to the fact that cutting resistance decreases with increasing front
angle, and there is no excessive stress concentration while the edge
angle remains constant The front angle of the modelled scraper
with the best wear resistance is « = 25°. As shown in Fig. 8c and d,
when the edge angle is y = 65°, the variation trend of the scraper
wear with the front angle agrees well with that in Fig. 8a and b. The
front angle of the modelled scraper with the best wear resistance is
a = 25°, which does not change with increasing edge angle.

3.2. Variation in scraper wear with back angle

The variation in scraper wear with back angle is illustrated in
Fig. 9. When the front angle is &« = 0° (Fig. 9a and b), the scraper
wear decreases first and then increases with increasing back angle.
It is related to the variation in frictional resistance and stress dis-
tribution. When the back angle is ¢ = 15°, the angle between the
back edge and horizontal plane is small. Residual sand will grind
and scratch the metal surface when flowing along the back edge.
Hence, scraper wear is relatively severe under the condition of high
frictional resistance. As the back angle increases to § = 35°, scraper

wear decreases under the condition that the frictional resistance of
the residual sand to the back edge decreases. When the back angle
continues to increase to = 45°, stress concentration will occur on
the scraper edge due to the cutting resistance distributed on the
smaller edge angle. Thus, scraper wear increases with increasing
back angle. The back angle of the modelled scraper with the best
wear resistance is § = 35°. When the variation in scraper wear with
installation diameter is depicted, the gradually increasing growth
rate agrees well with that in Fig. 7.

When the front angle is « = 15° (Fig. 9c and d), the variation
trend of scraper wear with back angle agrees well with that in
Fig. 9a and b. The back angle of the modelled scraper with the best
wear resistance is § = 20°, which decreases with increasing front
angle. This is consistent with the angles of the modelled scraper
with the best wear resistance in Fig. 6¢c and d. Moreover, the
experimental study was compared with the concrete cutting test
conducted by Xu et al. (2021). The results indicate that when the
front angle is @ = 15°, scraper wear decreases as the back angle
increases from § = 0° to § = 20°. There is good consistency between
the above two experimental tests.

When the edge angle is constant, the scraper wear increases
with increasing back angle. This is related to the fact that the fric-
tional resistance of the residual sand to the back edge increases, and
there is no excessive stress concentration while the edge angle
remains constant. As shown in Fig. 10a and b, when the edge angle
is v = 55°, the back angle of the modelled scraper with the best
wear resistance is § = 10°. This is consistent with the angles of the
modelled scraper with the best wear resistance in Fig. 6a and b. As
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Fig. 9. Variation in scraper wear with back angle under constant front angle.

shown in Fig. 10c and d, when the edge angle is y = 65°, the vari-
ation trend of scraper wear with back angle agrees well with that in
Fig. 10a and b. The back angle of the modelled scraper with the best
wear resistance is § = 0°, which decreases with increasing edge
angle. They are consistent with the angles of the modelled scraper
with the best wear resistance in Fig. 8c and d.

3.3. Variation in scraper wear with edge angle

The variation in scraper wear with edge angle is illustrated in
Fig. 11. When the front angle is « = 0° (Fig. 11a and b), the scraper
wear decreases first and then increases with increasing edge angle.
This is related to the variation in the stress distribution and fric-
tional resistance. When the edge angle is y = 45°, stress concen-
tration is prone to occur on the scraper edge due to the cutting
resistance distributed on the smaller edge angle. Scraper wear is
relatively severe under the condition of stress concentration. As the
edge angle increases to y = 55°, scraper wear decreases under the
condition that the stress concentration is relieved. As the edge
angle continues to increase to v = 75°, the angle between the back
edge and the horizontal plane decreases to § = 15°. Scraper wear
increases under the condition that the frictional resistance of the
residue sand to the back edge increases significantly. The edge
angle of the modelled scraper with the best wear resistance is
v = 55°. This is consistent with the angles of the modelled scraper
with the best wear resistance in Fig. 9a and b. When the front angle
is « = 15° (Fig. 11c and d), the variation trend of scraper wear with
edge angle agrees well with that in Fig. 11a and b. The edge angle of
the modelled scraper with the best wear resistance is y = 55°,

which does not change with increasing front angle. They are
consistent with the angles of the modelled scraper with the best
wear resistance in Fig. 6¢c and d. When the variation in scraper wear
with installation diameter is depicted, the gradually increasing
growth rate agrees well with that in Fig. 7.

When the back angle is constant, the scraper wear decreases
first and then increases with increasing edge angle. This is related
to the variation in the stress distribution and cutting resistance.
When the edge angle is v = 50°, the stress concentration is prone to
induce excessive scraper wear. As the edge angle increases to
v = 55°, scraper wear decreases with the alleviation of stress
concentration. When the edge angle continues to increase to
v = 65°, the front edge decreases to « = 15°. Scraper wear increases
under the condition that the cutting resistance increases signifi-
cantly. As shown in Fig. 12a and b, when the back angle is § = 10°,
the edge angle of the modelled scraper with the best wear resis-
tance is vy = 55°. They are consistent with the angles of the
modelled scraper with the best wear resistance in Fig. 6a and b. As
shown in Fig. 12c and d, when the back angle is 6 = 20°, the vari-
ation trend of scraper wear with edge angle agrees well with that in
Fig. 12a and b. The edge angle of the modelled scraper with the best
wear resistance is y = 55°, which does not change with increasing
front angle. They are consistent with the angles of the modelled
scraper with the best wear resistance in Fig. 6¢c and d.

3.4. Optimisation of scraper shape

As shown in Figs. 11 and 12, when the blade angle is v > 55°,
scraper wear decreases with decreasing front angle and back angle.
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Fig. 10. Variation in scraper wear with back angle under -constant edge angle.

The scraper wear resistance can be improved by reducing the edge
angle. When the edge angle is v < 55°, scraper wear increases with
decreasing edge angle. It is not feasible to improve the scraper wear
resistance by reducing the edge angle. The edge angle of the
modelled scraper with the best wear resistance is y = 55°. As
shown in Fig. 8, when the edge angle is v = 55°, the corresponding
front angle of the modelled scraper with the best wear resistance is
a = 25°. The optimal angles of the modelled scraper are compared
with the actual angles of the shield scraper. As shown in Table 2, the
results indicate that the actual angles for abrasive sandy ground are
a = 20°—28° and vy = 53°—60°. The optimal angles of the modelled
scraper are within the range of the actual angles of the shield
scraper.

4. Effect of metal material on scraper wear

As shown in Fig. 13, the front angle and back angle of the
modelled scrapers with various metal materials are « = 0° and
6 = 15°, respectively. Details on the chemical composition of the
metal materials are illustrated in Table 3. The tool mounting holes
and quartz sand samples are consistent with those in Section 3.

4.1. Variation in scraper wear with metal material

The variation of scraper wear with metal material is illustrated
in Fig. 14. The wear of the scraper made of 45# is the largest, fol-
lowed by the wear of scrapers made of 06Cr19Ni10, 42CrMo4 and
40CrNiMoA. The wear of the scraper made of WC-Co is the smallest.

The wear resistance of scrapers made of the above five metal ma-
terials is generally increased. The relative wear resistance of
06Cr19Ni10, 42CrMo4 and 40CrNiMoA agrees well with the
mechanism study by Chen (2012) and that of 45# and WC-Co is
consistent with the experimental results by Wu (2020). The outliers
of the modelled scrapers made of 40CrNiMoA with installation
diameters of D = 105 mm and 139 mm are related to the several
deep scratches of angular coarse particles. This can be verified by
scratch analysis on the scraper surface. As shown in Fig. 15, the
scratches on the above two scrapers made of 40CrNiMoA are
generally deeper and wider than those of the others.

The variation in scraper wear with metal material is related to
the chemical elements and microstructure. The chemical elements
of 06Cr19Ni10 are the same as those of 45#, but the content of Cr
and Ni is higher, which improves the plastic capacity (Wang et al.,
2014). The microstructure of 42CrMo4 is tempered sorbite, which
has better wear resistance than 06Cr19Ni10 with an austenite
microstructure (Habig, 1980). Compared with 42CrMo4, the lower
content of S and P makes 40CrNiMoA tougher (He and Wang, 2001).
Moreover, the addition of Ni promotes 40CrNiMoA with a higher
yield strength. WC-Co has a higher compressive strength and wear
resistance than the above four materials due to its dense hexagonal
microstructure (Khmyrov et al., 2017; Kiipferle et al., 2017). Hence,
the wear resistance of modelled scrapers made of the above five
metal materials increases in turn. In addition to metal material,
scraper wear is also related to installation diameter. As shown in
Fig. 16, scraper wear and its growth rate increase with increasing
installation diameter, which agrees well with that in Fig. 7.
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Fig. 11. Variation in scraper wear with edge angle under constant front angle.

4.2. Evaluation of relative wear resistance

The relative wear coefficient (defined as the ratio of the recip-
rocal of scraper wear) has been proposed to quantify the relative
wear resistance of the modelled scrapers made of different mate-
rials. The calculation equation can be expressed as

1/
1/0p

where RWC is the relative wear coefficient of the scraper made of
metal material a to that made of metal material b; d, is the wear of
the scraper made of metal material a; and dj is the wear of the
scraper made of metal material b.

As shown in Table 4, the relative wear resistance coefficients of
scrapers made of 45#, 06Cr19Ni10, 42CrMo4 and 40CrNiMoA to
those made of WC-Co were calculated. The results indicate that
they are distributed in the ranges of 0.443—0.65, 0.617—0.755,
0.644—0.784 and 0.634—0.87, with average values of 0.569, 0.661,
0.691 and 0.728, respectively. This means that the wear resistance
of scrapers made of 45#, 06Cr19Ni10, 42CrMo4 and 40CrNiMoA is
56.9%, 66.1%, 69.1% and 72.8% of that made of WC-Co, respectively.

RWC =

(1)

4.3. Optimisation of metal materials

Since the wear resistance of WC-Co is much better than those of
the other four metal materials, it is recommended as a metal ma-
terial for the modelled scraper cutting quartz sand samples. The
metal material of the modelled scraper was compared with that of

the shield scraper. The results indicate that WC-Co has been utilized
as a shield scraper material for abrasive sandy ground tunnels such
as the Nanjing Yangtze River Tunnel (Min et al., 2015), Sanyanglu
Metro Tunnel (Huang et al., 2018) and Sutong GIL Yangtze River
Crossing Cable Tunnel (Zhang et al., 2021a). The metal material of
the modelled scraper agrees well with that of the shield scraper.

5. Effect of alloy hardness on scraper wear

As shown in Fig. 17, the modelled scrapers are made of 45# and
42CrMo following the Chinese standard, which corresponds to
ASTM 1045 and AISI 4140 following the ASTM standard and C45
(1.0503) and 42CrMo4 following the EU standard. Their front angle
and back angle are « = 0° and § = 15°. Details on the chemical
composition are illustrated in Table 2. The alloy hardness can be
changed by heat treatment. For instance, the modelled scrapers
with Rockwell hardness (HRC) values of 24, 32, 38, 47, 51, 55, 58 and
62 are obtained from standard metal materials 45# and 42CrMo by
quenching and tempering at different temperatures. The heat
treatment process is determined according to the standard of the
China code for quenching and tempering of steel parts (GB/T
16924-2008, 2008). The tool mounting holes are consistent with
those in Section 3. The quartz sand utilized in this test is mixed soil
sample 2.

5.1. Variation in scraper wear with alloy hardness

As shown in Fig. 18, when the variation of scraper wear with
installation diameter is depicted, an inverted S-shaped curve is
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Fig. 12. Variation in scraper wear with edge angle under constant back angle.

formed. Taking the modelled scrapers with installation diameters
of D = 173 mm as an example, when the alloy hardness is HRC = 24,
the wear extents of scrapers made of 45# and 42CrMo4 are 126 mg
and 107 mg, respectively. As the alloy hardness increases to
HRC = 47, the wear extent of scrapers made of 45# and 42CrMo4
decreases slowly to 106 mg and 77 mg. Scraper wear is insensitive
to alloy hardness. When the alloy hardness increases to HRC = 58,
the curve experiences a jump, and the scraper wear decreases
rapidly to 51 mg and 37 mg, respectively. The Rockwell hardness
interval of HRC = [47, 58] is the so-called sensitive hardness interval
in abrasive wear mechanisms (Zhang et al., 2021a). As the alloy
hardness continues to increase further above the upper limit of the
sensitive hardness interval and reaches HRC = 62, the wear extent
of scrapers made of 45# and 42CrMo4 decreases slowly to 45 mg
and 29 mg, respectively. Scraper wear is insensitive to alloy hard-
ness. The outliers of scrapers with alloy hardness of HRC = 38 are
related to the surface polishing treatment, which slightly increases

Table 2
The front angles, back angles and edge angles of the welded scrapers.
Tunnel project Soil layer Front Back Edge
angle angle angle
) ) )
Nanjing Yangtze River Tunnel (Guo Coarse sand, 28 10 53

and Dai, 2013; Min et al., 2015)
Sutong GIL Yangtze River Crossing
Cable Tunnel (Tang et al., 2020,

sandy gravel
Fine silty sand, 20 10 60
medium coarse

2021a) sand
Shantou Bay Tunnel (Xu, 2015; Zhao Sandy gravel, 20 13 57
et al,, 2023) medium coarse
sand

metal wear resistance. The WHU-SAT tests have been compared
with similar MSTS tests (Zhang et al., 2021a). The general variation
trend of scraper wear with alloy hardness agrees well, while the
upper limit of the sensitive hardness interval of the WHU-SAT is
larger than that of the MSTS. This is related to the higher quartz
content of sand samples in the WHU-SAT than that in the MSTS. In
addition to alloy hardness, scraper wear is also related to installa-
tion diameter. As shown in Fig. 19, scraper wear and its growth rate
increase with increasing installation diameter, which agrees well
with that in Fig. 7.

5.2. Wear mechanism of modelled scraper

The tribological mechanism can be utilized to explain the sen-
sitive hardness interval observed in Fig. 18. According to Alavi

Fig. 13. The modelled scrapers with various metal materials: (a) 45#, (b) 06Cr19Ni10,
(c) 42CrMo4, (d) 40CrNiMoA, and (e) WC-Co.
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Table 3
The chemical composition of 45#, 06Cr19Ni10, 42CrMo4, 40CrNiMoA and WC-Co.

Chemical element Content (%)

454# 06Cr19Ni10 42CrMo4 40CrNiMoA WC-Co
C 0.42—-0.5 <0.08 0.38—-0.45 0.37-0.44
Si 0.17-037 <1 <04 0.17-0.37
Mn 0.5-0.8 <2 0.6-0.9 0.5-0.8
S <0.035 <0.03 <0.035 <0.025
P <0.035 <0.045 <0.035 <0.025
Cr <0.25 18-20 0.9-1.2 0.6—-0.9
Mo 0.15-0.3 0.15-0.25
Ni <0.25 8—-11 1.25-1.65
Cu <0.25
wC 92
Co 8

Gharahbagh et al. (2013b), Mosleh et al. (2013), Barzegari et al.
(2015) and Zhang et al. (2021a), cutting tool wear in quartz sand
is mainly abrasive wear, in which the relative hardness of worn
material compared to that of abrasive particles plays an important
role in the wear extent. When the hardness of worn material is less
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than 50% that of abrasive particles (He and Wang, 2001; Jian et al.,
2016; Zhang et al., 2018), the penetration depth of asperities on the
latter into the former is large. Once relative sliding occurs at the
contact surface, the wear extent remains at a high level. When the
hardness of worn material increases to approximately 50%—80%
that of abrasive particles (Bystrov, 2013; Bialobrzeska and
Kostencki, 2015; Jian et al., 2016), the penetration depth of asper-
ities on the abrasive particle into the worn material decreases
rapidly. As a result, abrasive wear decreases rapidly with increasing
alloy hardness. With a further increase in the hardness of worn
material to more than 80% of that for abrasive particles (Lin et al.,
2018; Zhang et al., 2018), the penetration depth of asperities on
the abrasive particle into the worn material is small. Microcutting
mainly occurs on the surface of the worn material. As a result,
abrasive wear remains at a low level, reflecting the transition law
from high to low wear levels (Alavi Gharahbagh et al., 2013b;
Mosleh et al., 2013; Zhang et al., 2021a).

For this experimental study, the modelled scraper and quartz
sand are worn material and abrasive particles in the soil-tool
tribological system. According to Alavi Gharahbagh et al. (2013b),
the Vickers hardness of quartz is approximately HV = 1123
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Fig. 14. Variation in scraper wear with metal material.
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Fig. 15. The microscope photographs of modelled scrapers made of 40CrNiMoA taken with the GAOSUO digital microscope: (a) D = 105 mm, (b) D = 122 mm, (c) D = 139 mm, (d)

D = 156 mm, and (e) D = 173 mm.
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Fig. 16. The wear extent of scrapers made of different metal materials varying with
installation diameter.

(corresponding to the Rockwell hardness of HRC = 71). When the
alloy hardness is HRC = [24, 47] (approximately 34%—66% of quartz
hardness), microscope photographs indicate that the scratch depth
of sand asperities to the scraper surface remains at a high level
(Fig. 20). Especially when the alloy hardness is HRC = 24 and 32,
deep failure zones occur on the metal surface of the modelled
scrapers. The modelled scraper undergoes severe microcutting
from sand asperities. Scraper wear is high and insensitive to alloy
hardness. When the alloy hardness increases to HRC = [47, 58]
(approximately 66%—82% of quartz hardness), there are mainly
middle and shallow scratches occurring on the cutter surface
(Fig. 20). The penetration depth of sand asperities to the scraper
surface decreases rapidly. The modelled scraper undergoes weak-
ened microcutting from sand asperities. As a result, scraper wear
decreases rapidly with increasing alloy hardness. The sensitive
hardness interval of the modelled scraper is HRC = [47, 58], which is
in the range of 50%—80% of quartz hardness. The scraper wear test
agrees well with the abrasive wear mechanism. As the alloy hard-
ness continues to increase to HRC = [58, 62] (approximately 82%—
87% of quartz hardness), there are mainly shallow scratches
occurring on the cutter surface (Fig. 20). The penetration depth of
sand asperities to the scraper surface remains at a low level. The

Table 4
The RWC of scrapers made of 45#, 06Cr19Ni10, 42CrMo4 and 40CrNiMoA to scrapers
made of WC-Co.

Installation diameter, D (mm) RWC

45# 06Cr19Ni10  42CrMo4 40CrNiMoA

105 0.545 0.632 0.667 0.632
122 0.633 0.633 0.655 0.704
139 0.65 0.667 0.703 0.684
156 0.571 0.755 0.784 0.87

173 0443 0617 0.644 0.753
Average value 0.569 0.661 0.691 0.728

modelled scraper undergoes slight microcutting from sand asper-
ities. As a result, scraper wear is low and insensitive to alloy
hardness.

5.3. Optimisation of alloy hardness

According to the Gurland relationship, hardness and toughness
are mutually restrained (Zhang et al.,, 2021a). The higher the
hardness is, the lower the toughness will be. When the modelled
cutterhead tunnelling in quartz sand samples, scraper wear can be
reduced by increasing alloy hardness. However, when excessively
hard scrapers with low toughness collide with coarse quartz par-
ticles, cutter edges are prone to crack under severe impact. Cut-
terhead inspection and tool maintenance resulting from abnormal
wear are critical factors restricting tunnelling efficiency. Scrapers
with high toughness should be selected as much as possible on the
premise that the hardness meets the wear resistance requirements.

Regarding the present soil abrasion test, when the alloy hard-
ness is HRC = [47, 58], scraper wear decreases rapidly with
increasing alloy hardness. It is effective in reducing the scraper
wear by increasing alloy hardness. However, as the alloy hardness
increases to HRC = [58, 62], scraper wear is small and insensitive to
the alloy hardness. It is inappropriate to continue to decrease
scraper wear by increasing alloy hardness. The recommended
hardness interval for the excavation of quartz sand samples is
considered to be HRC = [58, 62]. Thus, not only can scraper wear be
significantly reduced but cutter edge cracking resulting from the
continuous increase in alloy hardness can also be alleviated.
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Fig. 17. The modelled scrapers with Rockwell hardness (HRC) values of 24, 32, 38, 47, 51, 55, 58 and 62.

18 40
(a) —=—45% (b) —a— 45#
16 —e—42CrMo4 35 —e—42CrMo4
B4 B
g E 30
- )
5 121 5
2 Z 25
g 10 g :
& 8 '
5} 3 20
2 gl ' A .
HRC=47 ! & 47,
6 [ [ : N
D=105 mm I HRC=58% " D=122 mm ' HRC=SS,
4 v v v v —— — v v v T r v . .
25 30 35 40 45 50 55 60 65 25 30 35 40 45 50 55 60 65
Material hardness HRC Material hardness HRC
70 100
() —=— 454 (d) —— 454
” —e—42CrtMo4 90 —e—42CrtMo4
80
gﬂ 50 O ’gn 70
= < 60
£ w0 : .
= 1 z 50 :
5 | £
£ 30 ; £ 40 :
A ' A !
HRC=47, 30 '
20 C=47, .
: ! 20 : :
oL =139 mm .\ HRC=58! D=156 mm ' HRC=sS!
T T v T —t— T T 10 - - - - - — - -
25 30 35 40 45 50 53 60 65 25 30 35 40 45 50 55, 60 65
Material hardness HRC Material hardness HRC
1404 (€) —a— 454
—e—42CrMo4
1201

Scraper wear d (mg)
oc
S

Py
=1

'
'
'
'

¢
'
'
'
'
'
'
'
'
|

HRC=58!

D=173 mm
25 30 35 40 45 S50 55 60 65
Material hardness HRC

(4
>

Fig. 18. Variation in scraper wear with alloy hardness.



S. Tang et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 410—425

—— HRC=24 (y=-48.85+14.35¢"”"  R™=0.99)
|—@— HRC=32 (3=-50.00+14.28¢""* R™=0.99)
—d— HRC=38 (3=-1.97+1.05¢" "  R*=0.99)
- (“:_'*"c‘.s: 22,

HRC=47 (y=-19.72+5.57¢"**  R*=0.99)
|—@— HRC=51 ()=-25.69+7.65¢"""  R*=0.95)
——HRC=55 (4=-5.00+1.69¢"“ " R™=0.99)
——HRC=58 (=-40.09+19.45¢""* R'=0.95)
—@— HRC=62 ()=-6.36x10°+6.36x10%"" """
R’=0.92)

140 (a)

120

100

80

60

Scraper wear J (mg)

40

20
45#

120 130 140 150 160 170

Installation diameter D (mm)

100 110 180

423

140

—— HRC=24 (3=-27.90+6.81¢" """ R'=0.99)
—@— HRC=32 (y=-144.77+79.81¢"'*** R*=0.99)
120 1A HRC=38 (7=506.94-619.31¢""" R*=0.99)
19— HRC=47 (y=-93.31+48.90¢"" " R*=(0.99)
100 4—@—HRC=51 (3=1537.29-1621.55¢™ ™ R?=0.95)
——HRC=55 (y=188.61+142.41¢"*7 R*=0.99)
——HRC=58 (y=-12.76+3.87¢"* R?=0.95)
0
HRC=62 (y=-9.40+3.27¢""* R?=0.95)

(b)

o0
(=]
n

Scraper wear J (mg)

42CrMod
170 180

120 130 140 150 160

Installation diameter D (mm)

100 110

Fig. 19. The wear extent of scrapers with different alloy hardnesses varying with installation diameter.

Fig. 20. The microscope photographs of modelled scrapers made of 45# with installation diameter of D = 156 mm taken with the GAOSUO digital microscope: (a) HRC = 24, (b)
HRC = 32, (c) HRC = 38, (d) HRC = 47, (e) HRC = 51, (f) HRC = 55, (g) HRC = 58, and (h) HRC = 64.

6. Conclusions

In the present study, the newly developed WHU-SAT soil abra-
sion test was used to evaluate the variation in scraper wear with
geometry, material and hardness. The influence mechanism of
cutter parameters on scraper wear has been revealed by analysing
the scratch characteristics of the scraper surface. Cutter geometry
and material parameters have been optimised to reduce scraper

wear. The present study provides a reference for optimising scraper
geometry and material parameters. From the present study, the
following conclusions can be drawn:

(1) The influence of cutter geometry on scraper wear is related
to the stress state. Increases in the front angle, back angle and
edge angle decrease the cutting resistance, frictional resis-
tance and stress concentration, respectively. The optimal
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front angle, back angle and edge angle for quartz sand are
a=25° 8 =10° and vy = 55°.

(2) The wear of scrapers made of 45#, 06Cr19Ni10, 42CrMo4,
40CrNiMoA and WC-Co decreases in turn. It is related to the
chemical elements and microstructure of the metal material.
The wear resistance of scrapers made of the first four metal
materials is 56.9%, 66.1%, 69.1% and 72.8% of that of scrapers
made of WC-Co.

(3) The hardness and toughness are mutual restraints. It is
necessary for manufacturers to modulate the hardness to
just slightly above the upper limit of the sensitive hardness
interval. Hence, the modelled scrapers with hardness in-
tervals of HRC = [58, 62] are recommended for the excava-
tion of quartz sand samples.

The soil sample utilized in the present study is crushed quartz
sand. The variation in scraper wear with geometry and material
parameters should be validated with more natural sand samples in
future studies.
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Abbreviations

TBM Tunnel boring machine

PSAI Penn state soil abrasion tester

SGAT Soft ground abrasion tester

SATC Soil abrasion testing chamber
RUB Ruhr-University Bochum tester

CUGB  China University of Geosciences (Beijing) tester
BJTU Beijing Jiaotong University tester
MSTS  Multifunctional shield test system

WHU-SAT Soil abrasion tester developed by Wuhan University

References

Acun, S., Bilgin, N., Erboylu, U., 2021. Contribution on the understanding of EPB-TBM
drives in complex geologic structures. Tunn. Undergr. Space Technol. 107,
103646.

Alavi Gharahbagh, E., Rostami, J., Palomino, A.M., 2011. New soil abrasion testing
method for soft ground tunneling applications. Tunn. Undergr. Space Technol.
26 (5), 604—613.

Alavi Gharahbagh, E., Mooney, M.A., Frank, G., Walter, B., DiPonio, M.A., 2013a.
Periodic inspection of gauge cutter wear on EPB TBMs using cone penetration
testing. Tunn. Undergr. Space Technol. 38, 279—286.

Alavi Gharahbagh, E., Qiu, T., Rostami, J., 2013b. Evaluation of granular soil abra-
sivity for wear on cutting tools in excavation and tunneling equipment.
J. Geotech. Geoenviron. Eng. 139 (10), 1718—1726.

Amoun, S., Sharifzadeh, M., Shahriar, K., Rostami, J., Azali, S.T., 2017. Evaluation of
tool wear in EPB tunneling of Tehran Metro, line 7 Expansion. Tunn. Undergr.
Space Technol. 61, 233—246.

Axén, N., Jacobson, S., Hogmark, S., 1994. Influence of hardness of the counterbody
in three-body abrasive wear-an overlooked hardness effect. Tribol. Int. 27 (4),
233-241.

Barla, G., 2016. Full-face excavation of large tunnels in difficult conditions. J. Rock
Mech. Geotech. Eng. 8 (3), 294—303.

Barzegari, G., Uromeihy, A., Zhao, J., 2015. Parametric study of soil abrasivity for
predicting wear issue in TBM tunneling projects. Tunn. Undergr. Space Technol.
48, 43-57.

Bialobrzeska, B., Kostencki, P., 2015. Abrasive wear characteristics of selected low-
alloy boron steels as measured in both field experiments and laboratory tests.
J. Wear. 328, 149—159.

Bystrov, V.A., 2013. High-temperature abrasive wear of a rotary sinter crusher. Steel
Transl. 43 (12), 788—792.

Chen, H.H., 2012. Wear Resistant Materials Application Brochure. Mechanical In-
dustry Press, Beijing (in Chinese).

Chen, K., 2015. Key technologies for cutting tools of shield and their latest devel-
opment. Tunn. Constr. 35 (3), 197—203 (in Chinese).

Conrads, A., Scheffer, M., Kénig, M., Thewes, M., 2018. Robustness evaluation of
cutting tool maintenance planning for soft ground tunneling projects. Undergr.
Space 3 (1), 72—85.

Farhangi, V., Karakouzian, M., Geertsema, M., 2020. Effect of micropiles on clean
sand liquefaction risk based on CPT and SPT. Appl. Sci. 10 (9), 3111.

Farrokh, E., 2021. Primary and secondary tools’ life evaluation for soft ground TBMs.
Bull. Eng. Geol. Environ. 1-19.

Fu,]., Wy, D,, Lan, H., Ji, Z.Y., Li, W.X,, Xia, Y.M., 2021. Online monitoring and analysis
of TBM cutter temperature: a case study in China. Measurement 174, 109034.

GB/T 16924-2008, 2008. Quenching and Tempering of Steel Parts. Standards Press
of China, Beijing (in Chinese).

Gong, Q.M. Yin, L], Ma, H.S., Zhao, ], 2016. TBM tunnelling under adverse
geological conditions: an overview. Tunn. Undergr. Space Technol. 57, 4—17.
Guo, XJ., Dai, H.W.,, 2013. Study and Application of River-Crossing Technology for
Super-large Slurry Shield: Nanjing Yangtze River-Crossing Tunnel. China Ar-

chitecture and Building Press, Beijing (in Chinese).

Habig, K.H., 1980. Wear and Hardness in Metals (Verschleiss und Harte von
Werkstoffen), vol. 303. Carl Hanser Verlag.

Hasanpour, R., Schmitt, J., Ozcelik, Y., Rostami, J., 2017. Examining the effect of
adverse geological conditions on jamming of a single shielded TBM in Uluabat
tunnel using numerical modeling. J. Rock Mech. Geotech. Eng. 9 (6), 1112—1122.

He, J.A., Wang, Y.W., 2001. Material Wear and Wear-Resistant Materials. North-
eastern University Press, Shanghai (in Chinese).

Huang, 2010. Research on interaction with soil of TBM cutting-wheel tools and their
type selection design in gravel stratum. PhD Thesis. Beijing Jiaotong University,
Beijing, China (in Chinese).

Huang, X., Liu, Q.S., Chen, L., Pan, Y.C,, Liu, B., Kang, Y.S., Liu, X.W., 2018. Cutting force
measurement and analyses of shell cutters on a mixshield tunnelling machine.
Tunn. Undergr. Space Technol. 82, 325—345.

Jakobsen, P.D., Langmaack, L., Dahl, F, Breivik, T., 2013. Development of the Soft
Ground Abrasion Tester (SGAT) to predict TBM tool wear, torque and thrust.
Tunn. Undergr. Space Technol. 38, 398—408.

Jian, Y., Huang, Z., Xing, J., Liu, X., Sun, L., Zheng, B., Wang, Y., 2016. Investigation on
two-body abrasive wear behavior and mechanism of Fe-3.0 wt% B cast alloy
with different chromium content. J. Wear. 362, 68—77.

Khmyrov, R.S., Shevchukov, A.P., Gusarov, A.V., Tarasova, T.V., 2017. Phase compo-
sition and microstructure of WC—Co alloys obtained by selective laser melting.
Mec. Ind. 18 (7), 714.

Koppl, F, Thuro, K., Thewes, M., 2015. Suggestion of an empirical prognosis model
for cutting tool wear of Hydroshield TBM. Tunn. Undergr. Space Technol. 49,
287-294.

Kiipferle, J., Rottger, A., Theisen, W., 2017. Excavation tool concepts for TBMs-
Understanding the material-dependent response to abrasive wear. Tunn.
Undergr. Space Technol. 68, 22—31.

Kiipferle, J., Zizka, Z., Schoesser, B., Rottger, A., Alber, M., Thewes, M., Theisen, W.,
2018. Influence of the slurry-stabilized tunnel face on shield TBM tool wear
regarding the soil mechanical changes-Experimental evidence of changes in the
tribological system. Tunn. Undergr. Space Technol. 74, 206—216.

Li, X.C,, Li, X.G., Yuan, D J., 2017. Application of an interval wear analysis method to
cutting tools used in tunneling shields in soft ground. J. Wear. 392, 21-28.

Li, S.C., Wan, Z.E., Zhao, S.S., Ma, P.F, Wang, M.L,, Xiong, B., 2022. Soil conditioning
tests on sandy soil for earth pressure balance shield tunneling and field ap-
plications. Tunn. Undergr. Space Technol. 120, 104271.

Lin, LK, Xia, Y.M., Mao, Q.S., Zhang, X.H., 2018. Experimental study on wear be-
haviors of TBM disc cutter ring in hard rock conditions. Tribol. Trans. 61 (5),
920-929.

Lin, S.S., Shen, S.L., Zhou, A.N., 2022. Real-time analysis and prediction of shield
cutterhead torque using optimised gated recurrent unit neural network. J. Rock
Mech. Geotech. Eng. 14 (4), 1232—1240.

Liu, W.B., Yang, X.F., Wan, Z., Wang, S.R., 2020. Analysis on the failure forms and
Improvement scheme for cutting tool of shield machine. Constr. Mach. Main.
(4), 35—37 (in Chinese).

Liu, LN., Zhou, W., Gutierrez, M., 2022. Effectiveness of predicting tunneling-
induced ground settlements using machine learning methods with small
datasets. J. Rock Mech. Geotech. Eng. 14 (4), 1028—1041.

Martinelli, D., Peila, D., Campa, E., 2015. Feasibility study of tar sands conditioning
for earth pressure balance tunnelling. J. Rock Mech. Geotech. Eng. 7 (6), 684—
690.

Min, EL, Zhu, W,, Lin, C,, Guo, XJ., 2015. Opening the excavation chamber of the
large-diameter size slurry shield: a case study in Nanjing Yangtze River Tunnel
in China. Tunn. Undergr. Space Technol. 46, 18—27.

Mirmehrabi, H., Ghafoori, M., Lashkaripour, G., 2016. Impact of some geological
parameters on soil abrasiveness. Bull. Eng. Geol. Environ. 75 (4), 1717—-1725.


http://refhub.elsevier.com/S1674-7755(23)00335-9/sref1
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref1
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref1
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref2
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref2
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref2
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref2
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref3
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref3
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref3
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref3
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref4
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref4
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref4
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref4
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref5
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref5
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref5
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref5
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref6
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref6
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref6
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref6
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref7
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref7
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref7
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref8
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref8
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref8
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref8
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref9
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref9
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref9
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref9
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref10
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref10
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref10
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref11
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref11
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref12
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref12
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref12
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref13
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref13
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref13
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref13
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref14
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref14
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref15
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref15
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref15
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref16
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref16
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref17
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref17
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref18
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref18
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref18
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref19
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref19
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref19
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref20
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref20
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref21
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref21
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref21
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref21
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref22
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref22
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref23
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref23
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref23
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref24
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref24
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref24
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref24
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref25
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref25
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref25
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref25
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref26
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref26
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref26
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref26
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref27
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref27
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref27
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref27
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref28
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref28
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref28
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref28
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref30
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref30
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref30
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref30
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref31
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref31
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref31
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref31
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref31
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref32
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref32
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref32
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref33
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref33
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref33
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref34
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref34
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref34
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref34
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref35
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref35
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref35
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref35
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref36
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref36
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref36
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref36
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref37
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref37
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref37
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref37
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref38
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref38
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref38
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref39
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref39
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref39
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref39
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref40
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref40
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref40

S. Tang et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 410—425 425

Mosleh, M., Alavi Gharahbagh, E., Rostami, J., 2013. Effects of relative hardness and
moisture on tool wear in soil excavation operations. ]. Wear. 302 (1-2), 1555—
1559.

Mou, J.W., 2019. Study on Wear Law of Earth Pressure Balance Shield Cutters in
Sandy Soils. MSc Thesis. Beijing Jiaotong University, Beijing, China (in Chinese).

Rostami, J., Gharahbagh, E.A., Palomino, A.M., Mosleh, M., 2012. Development of soil
abrasivity testing for soft ground tunneling using shield machines. Tunn.
Undergr. Space Technol. 28, 245—256.

Salazar, C.G.0., Todaro, C., Bosio, F, Bassini, E., Ugues, D., Peila, D., 2018. A new test
device for the study of metal wear in conditioned granular soil used in EPB
shield tunneling. Tunn. Undergr. Space Technol. 73, 212—221.

Shen, X., Yuan, D.J, Lin, X.T., Chen, X.S., Peng, Y.S., 2023. Evaluation and prediction of
earth pressure balance shield performance in complex rock strata: a case study
in Dalian, China. J. Rock Mech. Geotech. Eng. 15 (6), 1491—1505.

Sun, W.X,, Han, EC, Liu, H.L,, Zhang, W.G., Zhang, Y.M., Su, WJ].,, Liu, S.L., 2023.
Determination of minimum overburden depth for underwater shield tunnel in
sands: Comparison between circular and rectangular tunnels. ]. Rock Mech.
Geotech. Eng. 15 (7), 1671-1686.

Tabrizi, A.H.N., Darbor, M., Amoun, S., Shakeri, H., Chakeri, H., 2023. Evaluating the
effect of tool wear in soft soil using new TBM tunneling simulator device. ]. Test.
Eval. 51 (6).

Tan, X.Y., Chen, W.Z,, Zou, T., Yang, J.P, Du, B.W.,, 2023. Real-time prediction of
mechanical behaviors of underwater shield tunnel structure using machine
learning method based on structural health monitoring data. ]J. Rock Mech.
Geotech. Eng. 15 (4), 886—895.

Tang, S.H., Zhang, X.P,, Liu, Q.S., Chen, P, Sun, X.T., Sun, L., Dai, Y., Chen, S.T., 2020.
Prediction and analysis of replaceable scraper wear of slurry shield TBM in
dense sandy ground: a case study of Sutong GIL Yangtze River Crossing Cable
Tunnel. Tunn. Undergr. Space Technol. 95, 103090.

Tang, S.H., Zhang, X.P, Liu, Q.S., Xie, W.Q., Yang, X.M., Chen, P, Tu, X.B., 2021a.
Analysis on the excavation management system of slurry shield TBM in
permeable sandy ground. Tunn. Undergr. Space Technol. 113, 103935.

Tang, S.H., Zhang, X.P, Liu, Q.S., Xie, W.Q., Wu, X.L,, Chen, P, Qian, Y.H., 2021b.
Control and prevention of gas explosion in soft ground tunneling using slurry
shield TBM. Tunn. Undergr. Space Technol. 113, 103963.

Tang, S.H., Zhang, X.P, Liu, Q.S., Xie, W.Q., Wang, HJ., Li, X.F,, Zhang, X.Y., 2022. New
soil abrasion testing method for evaluating the influence of geological param-
eters of abrasive sandy ground on scraper wear in TBM tunneling. Tunn.
Undergr. Space Technol. 128, 104604.

Tang, S.H., Zhang, X.P.,, Xie, W.Q,, Liu, Q.S., Wu, ], Chen, P,, 2023. A new evaluation
method to quantify the wear failure of irregular cutting tool during shield TBM
tunneling in abrasive sandy ground. Eng. Fail. Anal. 146, 107011.

Wang, Y.G., Xu, J.Y., Gao, B., Gao, C., Wang, Y., 2014. Wear-resisting property of 304
Stainless steel surface after infiltration of Indium and Copper alloys by Double
Glow technology. Adv. Mater. Res. 1030, 263—267.

Wei, Y.J., Zheng, X, Su, F, Li, M.M,, Li, F, Yang, Y.Y., 2019. Evaluation of cutting tool
wear of earth pressure balance shield in granular soil based on laboratory test.
J. Test. Eval. 47 (2), 927—941.

Wei, YJ., Yang, Y.Y., Tao, M.J., Wang, D.L,, Jie, Y.X,, 2020. Earth pressure balance shield
tunneling in sandy gravel deposits: a case study of application of soil condi-
tioning. Bull. Eng. Geol. Environ. 79, 5013—5030.

Wei, YJ., Yang, Y.Y., Qiu, T., 2021. Effects of soil conditioning on tool wear for earth
pressure balance shield tunneling in sandy gravel based on laboratory test.
J. Test. Eval. 49 (4), 2692—2706.

Wau, J., 2020. Study on the mechanical interaction and wear between shield cutting
tools and rock or soil. PhD Thesis. Beijing Jiaotong University, Beijing, China (in
Chinese).

Xia, Y.M., Shen, E, Chen, S.T., Chen, P, Sun, X.T.,, Ning, B., 2019. Influence of blade
shape and installation angels on cutting performance for scrapers of slurry
shield. ]. Cent. S. Univ. 50 (8), 1824—1832 (in Chinese).

Xia, Y.M,, Yang, M,, Lin, LK, Ji, Z.., Zhu, Z.M., 2021. Effect of blade angles on the
Shovel muck capacity and wear characteristics for TBM scraper. Arabian J. Sci.
Eng. 1-16.

Xu, G., 2015. Shantou Bay Suspension Bridge. In: Inspection, Evaluation and
Maintenance of Suspension Bridges Case Studies. CRC Press.

Xu, Y, Li, X.G, Yang, Y., My, J.W.,, Su, W.L, 2021. Dynamic response mechanism of
shield cutter in concrete cutting. ]J. Harbin Inst. Technol. 53 (5), 182—189 (in
Chinese).

Xu, D.M., Wang, Y.S., Huang, J.Q., Liu, S.J., Xu, S.J., Zhou, K., 2023. Prediction of ge-
ology condition for slurry pressure balanced shield tunnel with super-large
diameter by machine learning algorithms. Tunn. Undergr. Space Technol. 131,
104852.

Yang, Z.Y., Sun, Z.Y., Fang, K.D., Jiang, Y.S., Gao, HJ., Bai, Z.Q., 2021. Cutting tool wear
model for tunnel boring machine tunneling in heterogeneous grounds. Bull.
Eng. Geol. Environ. 1-15.

Zhang, X.H., Lin, LK, Xia, Y.M, Tan, Q. Zhu, ZM. Mao, Q.S., Zhou, M., 2018.
Experimental study on wear of TBM disc cutter rings with different kinds of
hardness. Tunn. Undergr. Space Technol. 82, 346—357.

Zhang, X.P,, Tang, S.H., Liu, Q.S., Tu, X.B., Chen, P, Li, EY., 2021a. An experimental
study on cutting tool hardness optimisation for shield TBMs during dense fine
silty sand ground tunneling. Bull. Eng. Geol. Environ. 80, 6813—6826.

Zhang, P., Chen, R.P, Dai, T., Wang, Z.T., Wu, K., 2021b. An AloT-based system for
real-time monitoring of tunnel construction. Tunn. Undergr. Space Technol. 109,
103766.

Zhang, X.P., Tang, S.H., Liu, Q.S., Wang, HJ., Li, X.F, Chen, P, Liu, H., 2023. Key
technology for the construction and inspection of long-distance underwater
tunnel for 1000 kV gas-insulated transmission line. Bull. Eng. Geol. Environ. 82
(1), 7.

Zhao, Z.Y., Cui, J., Liu, C,, Liu, H., ur Rehman, M., Chen, W.Y., Peng, Z.H., 2023. Seismic
damage characteristics of large-diameter shield tunnel lining under extreme-
intensity earthquake. Soil Dynam. Earthq. Eng. 171, 107958.

Zum Gahr, K.H., 1988. Modelling of two-body abrasive wear. J. Wear. 124 (1), 87—
103.

Dr. Shaohui Tang is a postdoctor at Wuhan University,
China. He is the winner of the first prize of the Hubei
Province Science and Technology Progress Award. His
research interest includes shield tunnelling control, cutter
wear evaluation and excavation volume calculation. Until
now, Dr. Tang has presided over several projects funded by
the National Natural Science Foundation of Youth Fund of
China, the Fellowship of China Postdoctoral Science
Foundation and the China postdoctoral Science Founda-
tion on the 74th grant program. He has published 15 SCI
papers.

Dr. Xiaoping Zhang is a professor at Wuhan University,
China. He is the Young Scholar of the Chang Jiang Scholars
Program. He is the winner of the first prize of the Hubei
Province Science and Technology Progress Award, the first
prize of the Natural Science Award of the Chinese Society
for Rock Mechanics and Engineering and the Qian Qihu
Award. His research interest includes rock failure analysis,
rock stability control as well as TBM intelligent tunnelling.
Until now, Prof. Zhang has presided over several projects
funded by the National Natural Science Foundation of
China, the Key Research and Development Program of
Hubei Province, China and the Natural Science Foundation
of Hubei Province, China. He has published more than 50
SCI papers as first or corresponding author.


http://refhub.elsevier.com/S1674-7755(23)00335-9/sref41
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref41
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref41
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref41
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref42
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref42
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref43
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref43
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref43
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref43
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref44
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref44
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref44
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref44
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref45
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref45
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref45
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref45
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref46
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref46
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref46
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref46
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref46
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref47
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref47
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref47
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref48
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref48
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref48
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref48
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref48
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref49
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref49
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref49
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref49
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref50
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref50
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref50
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref51
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref51
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref51
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref52
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref52
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref52
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref52
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref53
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref53
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref53
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref54
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref54
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref54
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref54
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref55
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref55
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref55
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref55
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref56
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref56
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref56
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref56
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref57
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref57
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref57
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref57
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref58
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref58
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref58
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref59
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref59
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref59
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref59
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref60
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref60
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref60
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref60
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref61
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref61
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref62
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref62
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref62
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref62
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref63
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref63
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref63
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref63
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref64
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref64
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref64
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref64
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref65
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref65
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref65
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref65
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref66
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref66
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref66
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref66
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref67
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref67
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref67
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref68
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref68
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref68
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref68
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref69
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref69
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref69
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref70
http://refhub.elsevier.com/S1674-7755(23)00335-9/sref70

	Experimental study on the influences of cutter geometry and material on scraper wear during shield TBM tunnelling in abrasi ...
	1. Introduction
	2. Test apparatus and soil samples
	2.1. The WHU-SAT soil abrasion test apparatus
	2.2. The WHU-SAT soil abrasion test procedure
	2.3. The quartz sand sample

	3. Effect of cutter shape on scraper wear
	3.1. Variation in scraper wear with front angle
	3.2. Variation in scraper wear with back angle
	3.3. Variation in scraper wear with edge angle
	3.4. Optimisation of scraper shape

	4. Effect of metal material on scraper wear
	4.1. Variation in scraper wear with metal material
	4.2. Evaluation of relative wear resistance
	4.3. Optimisation of metal materials

	5. Effect of alloy hardness on scraper wear
	5.1. Variation in scraper wear with alloy hardness
	5.2. Wear mechanism of modelled scraper
	5.3. Optimisation of alloy hardness

	6. Conclusions
	Declaration of competing interest
	Acknowledgments
	Abbreviations
	References


