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A B S T R A C T

In this study, a real-time measurement method for cutting forces of a mixshield tunnelling machine is proposed.
The strain of the cutter saddle is monitored and used to back-calculate the forces acting on the cutter. The normal
cutting forces are primarily analyzed in this study. Four resistance strain gauges are placed on the two free side
surfaces of the saddle with effective protection, two strain gauges among which are installed in the vertical
direction on one free side surface, and individual strain gauge is installed in the vertical and horizontal directions
on the other free side surface. Then strain gauges are punched out from the cutter casing and sealed to connect
with the data acquisition system. DataTaker DT80G intelligent data logger is employed as the core of the data
acquisition system. The data logger is powered by a chargeable battery, and equipped on the back of the cutter-
head and rotates with the cutter-head synchronously, which ensures continuous monitoring. The feasibility,
durability, and stability of the monitoring system are calibrated and demonstrated. Subsequently, this mea-
surement method has been implemented on the Herrenknecht mixshield machine at the Sanyanglu Tunnel in
China. Monitoring was performed from chainage at No. 416 to No. 432 ring segmental lining, which lasted more
than 20 days. A complete data set and corresponding tunnelling parameters of the mixshield were acquired.
Statistical and trend analyses are carried out, the distribution along the installation radius, as well as the cor-
relations between the cutting force and tunnelling parameters are analyzed. Results show that: (1) the cutting
force decreases with increasing installation radius, center cutters experience maximum loading, panel cutters
experience relatively equal moderate loads, and edge cutters experience the smallest loads; (2) the cutting force
increases with penetration rate following a linear increasing function in general, where the cutting force mainly
ranges from 20 to 70 kN; (3) after new cutter replacement, the increasing cutting force is in accordance with the
increasing cutter-head thrust forces, however with continuous excavation, the increase in cutting force is slightly
lower than the cutter-head thrust force, which may be due to cutter wear and mud cake wrapping; (4) the
consistency between the cutting force and the cutter-head thrust force is better than the consistency between the
cutting force and the cutter-head torque.

1. Introduction

The shield tunnelling is performed by cutting knives or even disc
cutters that equipped on the cutter-head. There are tens of scraper
cutters or even some disc cutters equipped on a mixshield machine
cutter-head. However cutting forces are generally unequal depending
on the installation position, advance parameter changes, cutter wear,
and mud cake wrapping conditions, anisotropic features and geological
variation of the tunnel face. The imbalance and uneven cutting forces of
the cutters may result in serious problems, such as intense cutter-head

vibration and serious cutter damage, which can reduce cutting safety
and efficiency.

Understanding the distribution of cutting forces provides a basis for
shield machine design and tunnelling optimization (Rostami, 2013;
Yang et al., 2016a). The distribution of cutting forces contributes to
geological conditions prediction, advance parameters adaptive adjust-
ment and TBM/shield machine performance prediction including cutter
wear and cutter-head vibration (Yang et al., 2016b, 2018; Huang et al.,
2018).

In previous studies, there are some cutting force prediction models
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for disc-cutters of hard rock TBMs (Full Face Tunnel Boring Machine),
but for scraper cutters of the EPB (Earth Pressure Balance Shields) or
slurry shield TBM, the load on the tools is commonly determined by
subtracting cutter-head friction forces and support pressures in the
excavation chamber from global thrust, and then dividing by the
number of excavation cutters. Such estimation calculated from global
thrust forces contains only limited information about the complex ex-
cavation processes, i.e. only the variation in mean cutting force. It is
therefore necessary to obtain the force on the cutters in real-time,
which may provide insight into predicting excessive loading, intense
cutter-head vibration and cutters damage.

Apart from the common ground deformation and failure monitoring
during tunnelling (Li et al., 2017; Zhou et al., 2017), currently many
scholars and TBM manufacturers are making efforts to develop cutter
monitoring methods, including monitoring of cutter rotational status,
temperature, wear, cutting forces and cutter-head vibration (Burger
et al., 2006; Shanahan and Box, 2011; Huo et al., 2015; Edelmann and
Himmelsbach, 2013; Lan et al., 2016; Huang et al., 2018). However,
most of these methods suffer from a lack of durability or are not able to
transmit data reliably. A method for continuous on-line cutter mon-
itoring and measurement is highly desired.

Numerous difficulties are encountered when trying to monitor
cutting forces due to the extremely harsh environment of the cutters.
Gobetz (1973) placed strain gauges on the roller of the disc-cutter,
cutting force data was obtained successfully for an excavation length of
12 feet. Results showed that cutting forces fluctuate severely, and peak
forces are much larger than previously thought. Hopkins and Foden
(1979) installed wireless transmitting strain gauges on cutters of the
raiseborer reaming heads. Samuel and Seow (1984) placed the strain
gauges on the roller of the cutters. Cutter loads were monitored for
20min. Results showed that the forces are dynamic, but frequency-
domain analyses showed that the frequencies of the forces are below
10 Hz. Zhang et al. (2003a, 2003b) installed strain gauges on the roller
of the cutters to measure and calibrate cutter forces and deformation by
Wheatstone bridge. Based on which the characteristics of cutter forces
are obtained, a positive correlation between the crack depth and cutting
force is presented. Entacher et al. (2012, 2013) placed the strain gauges
on the bolts of the saddle that holds the cutters, and cutter forces were
calculated by measuring the pre-tightening force variation of the bolts
during excavation. The in-situ results proved the feasibility and effi-
ciency of this monitoring method. Chen et al. (2015) placed strain
gauges on the sides of the disc cutter cushion block to measure the
cutting forces indirectly. Strain gauges installation positions were se-
lected according to numerical simulation results, indicating where the
strain gauge is sensitive to loading and insensitive to the load appli-
cation location. As a result, monitoring accuracy was enhanced.

Previous cutting force measurement methods of disc cutters pri-
marily involved installing strain gauges on the roller of the cutters.
However, such an installation pattern affects the cutter changing pro-
cess and advance rate, which is not suitable for repeated measurements.
The measurement methods proposed by Entacher et al. (2012, 2013)
and Chen et al. (2015) place the sensors on the bolts of the cutters’
saddle and cushion block of the disc cutter respectively, which do not
affect the cutter changing process during excavation, and can be used
for continued measurement. Such measurement approach has a great
deal of significances.

In the monitoring of cutting forces for disc cutters, the cutters roll
around the roller, so vibration should be taken into account during
measurement. However, scraper or shell cutters are embedded on the
saddles tightly. Even though scraper/shell cutters rotate with the cutter-
head, scraper/shell cutters and the saddles are relatively static, there-
fore cutting forces can be analyzed as a static problem if the measure-
ment is performed on the saddles.

Therefore, in this paper a new measurement method for cutting
forces of the mixshield shell cutters is developed. Strain gauges are
placed on the two free side surfaces of the cutter saddle to measure

cutting forces. This method has been implemented on a mixshield
machine at the Sanyanglu Tunnel of Wuhan Metro Line 7. The feasi-
bility, durability, and precision of this measurement method are cali-
brated and demonstrated. Subsequently, the measured forces are ana-
lyzed to improve understanding of the cutting force distribution on the
cutter-head and the correlations between cutting forces and tunnelling
parameters. The presented measurement method and monitoring re-
sults help to understand the interaction between the ground and the
shield machine, as well as improve performance prediction and op-
erational methods.

2. Project introduction

2.1. Project overview

Sanyanglu tunnel is a mixed-ground metro tunnel advancing
through Yangtze River, which is located in China’s Wuhan Wuchang
District. The Sanyanglu tunnel is one part of the Wuhan Metro line 7,
which extends from Yuanboyuan North to Yezhi Lake (Fig. 1) with a
total length of 31.3 km. The project is located beneath the Yangtze
riverbed and both river banks. The burial depth of Sanyanglu tunnel
ranges from 65m to 228m, and the average burial depth is 164m.
Sanyanglu tunnel consists of two parallel tunnels. The two tunnels are
both about 4650m long and have a diameter of 15.8 m. The tunnel
contains a highway on the upper level and a metro railway on the lower
level, as shown in Fig. 2.

The geological profile of the Sanyanglu tunnel is shown in Fig. 3.
The overburden is cohesive soil and sandy soil, while the soil sur-
rounding the tunnel is primarily fine sand, silt, and clay. The underlying
bedrock is primarily Cretaceous and Tertiary glutenite and silty mud-
stone. The UCS strength of the glutenite and silty mudstone is ap-
proximately 2.3 MPa.

2.2. The used mixshield machine

In order to cope with the mixed-ground, the two tunnels are ex-
cavated by two mixshield machines. The used mixshield machines
contain advanced conventional slurry technology, developed by
Herrenknecht Tunnelling Equipment Co., Ltd. The boring diameter is

Fig. 1. Map showing the main route of Wuhan Metro Line 7.
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15.8 m. It is the largest shield machine in China and is the third largest
shield machine in the world. The cutter-head is equipped with ap-
proximately 77 disc cutters/shell scrapers and more than two hundreds
scrapers (Fig. 4). Disc-cutters can be equipped on the cutter-head when
the machine encounters mixed-ground containing hard rocks. The disc-
cutters also can be replaced with other type cutters, such as shell cut-
ters. In this project, the disc-cutters wear seriously, so they are replaced
with shell cutters which are shell-shaped. The tunnel is supported by
segmental lining; the length of each segmental lining element is 2 m.

2.3. Problems during tunnelling

Mud cake is often produced during tunnelling and coats cutting
tools (Fig. 5), which will decrease excavation efficiency and cause un-
even wear on the cutters (Fig. 6). As a result, the initially equipped disc-
cutters are replaced with shell cutters (Fig. 7), and a high-pressure
water flushing system is equipped on the front of the shell cutters’
casing to remove the mud cake from the cutters. However, this treat-
ment is time-consuming. Therefore, shell cutters are used for mon-
itoring in this study.

Based on the measured cutting forces, the change in cutting force
versus tunnelling parameters can be obtained. Accordingly, the corre-
lation between cutting forces and the formation of mud cakes on the
cutters can be explored, providing a basis for mud cake treatment and
shield machine tunnelling improvement.

3. Measurement method development

3.1. Difficulties in cutting forces monitoring

There are significant interaction forces between the shell cutters on
the mixshield cutter-head and the soil/rock on the tunnel face. The
reaction forces imposed by the tunnel face act on the cutting tools.

Fig. 2. Cross section view of the Sanyanglu metro tunnel.
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Fig. 3. Geotechnical profile of Sanyanglu metro tunnel.

Fig. 4. Photograph of the cutter-head and different types cutting tools.

Fig. 5. Photograph of a cutter coated in mud cake.
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Therefore, in order to measure the loading state of the tools, sensors
should be installed on the loading face of the shell cutter. However, this
is not the case. During operation, the shell cutters experience intense
collision and vibration produced from interaction with the tunnel face.
Abundant slurry and mud soak the cutters producing a harsh environ-
ment. In order to ensure the strength of the cutter, the cutter structure
and its teeth cannot be changed. The harsh environment dictates that
the sensors cannot be placed on the cutters or their teeth. The con-
nection between the shell cutter, cutter’s saddle and its corresponding
casing are shown in Fig. 7. The shell cutter connects with the saddle
directly and fixed with bolts. Load on the cutter comes from the ex-
cavated ground and is transferred to the saddle through the square
embossment on top of the saddle. The elliptic embossment is used to
locate the connection between the cutter and the saddle. Therefore, the
square embossment interface between the saddle and cutter is the best
location to place a sensor (Figs. 7, 8).

Conventional vibrating, fibre Bragg grating, and piezoelectric

transducers are too large to be placed on the saddle-cutter interface.
Even micro versions of these transducers do not satisfy the size and
measurement range demands. Therefore, this measurement scheme
opts to place resistance strain gauges on the two free surfaces (S1 and S2
in Fig. 8) with robust protection. Resistance strain gauges are sensitive
and small enough to be used in the narrow spaces around the cutter.
Strain gauges monitor the strain on the saddle and back-calculate the
force on the cutters. The cutting forces are measured without changing
the cutter and saddle structure. Because the sensors are rotating with
the cutter-head, data transmission options should be thoroughly ex-
amine. Consequently, the monitoring system established based on this
approach is reusable.

3.2. Monitoring program

3.2.1. Load transmission path analysis
The connection between the cutters and the cutter’s base is shown in

Fig. 6. Photograph of cutters with different types damage.
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Fig. 7. Photographs showing the connections: (a) connection between the cutter and cutter saddle, (b) connection between the cutter saddle and its casing, and (c)
installation of the cutters on the saddle and casing.

S1

S2

S

Fig. 8. Photograph showing the location of contact forces on the cutter saddle.
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Fig. 7. The surface S of the cutter’s saddle suffers the cutting forces
imposed from the cutter (Fig. 8). In other words, the normal forces on
the cutter are equal to the normal forces on the contact surface S. The
normal forces applied on the cutter induce strain on the cutter’s saddle
(Fig. 8). Accordingly, strain gauges can be installed on this surface with
strong protection to measure cutting forces, but they are of great dif-
ficulties to be placed on this narrow surface. Therefore, if the strain of
the saddle is measured, then the normal forces on the cutter can be
acquired.

Also, there are two free side faces S1 and S2 on the embossment,
which are not in contact with the cutter (Fig. 8). Thus, two vertical
strain gauges are pasted on the free side face S1, and another vertical
strain gauge and a horizontal strain gauge is placed on the other free
side face S2 (Fig. 9). The horizontal strain gauge is used to supplement a
vertical strain gauge when it fails. Strain gauges are arranged evenly
and vertically centred on the free side surfaces.

Normal forces can be calculated by the average strain multiplying
by the Young's modulus of the cutter’s saddle. According to the force's
equilibrium condition, the cutting forces are equal to the saddle bearing
forces that calculated from the measured strain. This processing method
is presented in Section 3.3.

3.2.2. Monitoring program

(1) Strain gauge installation.

Due to the large amount of heat produced during TBM operation,
strain gauges should be heat resistant. Accordingly, BA120-3AA150
strain gauges are used in this study (Fig. 10) Strain gauge specifications
are listed in Table 1. The strain gauges are pasted on the two free side
surfaces S1 and S2. Strain gauges are connected to a Wheatstone half-
bridge or full-bridge circuit. The half-bridge circuit with a temperature
compensated strain gauge is used in this study (Fig. 11). The bridge
circuit equation is shown in Eq. (1).

≈ =U R R E a ε V1
2

(Δ / ) 1
2

· · ·0 (1)

where U0 is the output voltage, R is the initial resistance of the circuit,
△R is the resistance change, a is the sensitivity ratio, ε is the strain, V is
the supplied voltage. Other parameters of the circuit in Fig. 11: R1 is the
resistance of the working strain gauge, R2 is the resistance of the
compensating strain gauge, △R1 and △R2 are the resistance variation
of the two gauges respectively, R6 and R7 are constant resistances.

(2) Installation and protection of the cutter saddle and strain gauges on
the cutter casing and cutter-head after placing on the saddle.

After the strain gauges are installed on the cutter saddle, the saddle
is installed inside the cutter’s casing (Fig. 12a). The cutter canister is
full of water with a pressure of 3–5 bar. In order to sustain the water
pressure in the cutter canister, the strain gauge cables are merged and
passed through the dewatering hole. A seal joint is installed to prevent
leakage from the dewatering hole (Fig. 12).

During excavation, the two free side faces S1 and S2 will come into
contact with the surrounding soils, and suffer friction and collision with
the surrounding soils/rocks. Thus strain gauges should be carefully
protected and allows the gauge cables extending outside to connect
with the data acquisition system. In view of the vulnerability of the
strain gauges, multilayer protection is considered in the design. Firstly,
after the strain gauges were bonded to the two free side surfaces of the
saddle, a waterproof protection material ‘704-RTV silicone rubber’ is
put over the gauges. Secondly, a circular iron cap is glued with 302-
modified acrycate adhesive to cove each strain gauge to prevent mud
and gravel from damaging the gauges (Fig. 9). Finally, when the cutter
is equipped on the saddle, individual steel plate is welded on the side
surface of the cutter upon the gauges to further resist the rock blocks
(Fig. 13).

Because some cutters have already been installed on the cutter-head
at the beginning of this monitoring process, seven cutters that installed
along the same diameter in two arms are chosen to monitor, which
cover the complete radius of the cutter head (Fig. 14). The seven se-
lected cutters include two center cutters (No. 2-4 and 6-8), four panel
cutters (No. 18-20, 30-32, 37-39, 49-51) and one edge cutter (No. 69-
71). The cutter casing that equipped sensors is installed on the cutter-
head according to the monitoring cutters’ position (Fig. 15).

(3) Connection between the sensors and the data acquisition system.

The ‘DT80G’ that developed by Austria DataTaker Co. LTD. is em-
ployed as the data logger in this study. Temperature, voltage, current,
4–20mA loops, resistance, bridges, strain gauges, frequency, digital,
serial, and calculated measurements can all be scaled and logged with
DT80G logger. Because more than 30 strain gauges are needed, two
extended modules ‘CEM20’ are added to the data logger. A rechargeable
and replaceable battery is used to supply power for the data logger, thus
continuous power supply is realized to ensure real-time monitoring.
Additionally, a waterproof protective box is used to protect the CEM20
modules. The final data acquisition system is shown in Fig. 16.

Strain gauges installed on the cutters’ base are connected to the data
acquisition system. The data logger is fixed on the back of the cutter-
head, so that the sensors and the data logger can rotate with the cutter-
head. The sampling frequency is set as 30 s. The data logger is powered
by a changeable battery, which can be charged. Each charge is expected
to last 20 days and 30 rings, which ensures a lasting monitoring.

Strain gauges 

Fig. 9. Photograph showing the location of strain gauges placed on the em-
bossment of the cutter’s saddle.

Fig. 10. Photograph of the strain gauge.
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Moreover, if a wireless transmission module is added to the ‘DT80G’
data logger, the data can be transmitted wirelessly and in real-time.
Furthermore, the data can be transmitted to the control center outside

the tunnel through the optical fiber system on the shield tunnelling
machine. Monitoring may also be conducted via remote control (Huang
et al., 2018).

3.3. Data processing

(1) The mean strain εm of the saddle embossment is calculated using the

Table 1
Strain gauge specifications.

Model Resistance (Ω) Sensitivity ratio Temperature range (°C) Sensitive grid size (mm) Base size (mm)

BA120-3AA150 120 2.00 −50 to 150 3.0×2.3 6.9×3.9

Fig. 11. Diagram of the bridge circuit and strain gauge connection.

(a) 

(b) (c)

Seal joint 

Seal joint 

Dewatering hole 

Seal joint 

The merged 
cable of strain 

Cutter canister

Fig. 12. Photographs showing installation of the sensors in the cutter’ casing: (a) strain gauges cables passing through the dewatering hole and seal joint installation,
(b) picture after installation of the cable in the cutter’s casing, and (c) the seal joint.

The welded steel plate 

Fig. 13. Photograph showing the strain gauge protected by a welded steel plate.
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three vertical strain gauges.

=
+ +ε ε ε ε

3m
1 2 3

(2)

where ε1, ε2, ε3 are the strain of the three vertical strain gauges
placed on the saddle.

(2) The saddle is manufactured by high strength steel S690Q with a
Young's modulus E of 233.5 GPa, and Poisson's ratio μ of 0.3.

(3) The cutting forces are calculated by multiplying the mean strain
with the Young’s modulus.

=F ε E S k· · ·m (3)

where F is the cutting force, εm is the measured mean strain, E is the
Yong’s modulus, S is the area of the contact surface (80× 90mm) be-
tween the cutters and the saddle. ‘k’ can be seen as a coefficient which is
related to the effective bearing area of the head of the saddle, strain
gauges placement position and installation level. Where the Young’s
modulus E and the head area S of the saddle are both a constant,
therefore Eq. (3) can be written as:

=F K ε· m (4)

where the coefficient K=E S k· · , which will be determined by laboratory
calibration tests for each measurement cutter.

(4) The shield machine operational parameters especially the total
thrust forces, torque, penetration, rotational speed, advance rate,

chainage, and bubble pressure of the excavation cabin are recorded.
Operation events such as stoppage, increasing thrust forces, and
restoring excavation, which may influence the cutting forces are
recorded too. The monitoring program has been calibrated in the
laboratory.

3.4. Laboratory calibration test

In this measurement method, four strain gauges are placed on the
two free side surfaces of the saddle to measure the cutting forces acting
on the cutter. The strain gauges placement position and installation
level has great influences on the measured value. Therefore, the cutting
force signals from the attached strain gauges must be calibrated before
in-situ monitoring. The aim of the laboratory calibration is to establish
the mathematical relationships (Eq. 4) between the cutting forces and
the strain measured by means of the strain gauges on the cutter saddle.
The calibration system is schematically shown in Fig. 17.

3.4.1. Testing machine

(1) Loading machine

A RMT-150C rock mechanical testing machine is employed to apply
loads in the calibration tests (Fig. 17). RMT-150C is a servo-hydraulic
testing machine with digital feedback control that developed by In-
stitute of Rock and Soil Mechanics, Chinese Academy of Sciences. It is
mainly used for testing the mechanical behavior of rocks and concrete
materials. Various mechanics tests, such as uniaxial compression, uni-
axial indirect tensile, triaxial compression and shear tests can be per-
formed by this machine. Its main technical specifications are:

Multiple control modes: displacement, stroke, load and their com-
bination;
Four loading waveforms: oblique, sine, triangular and square
waves;
Multiple controlr patterns: manual, automatic, or programming

Fig. 14. Diagram showing the distribution of the monitored cutters on the
cutter head.

2-4#

6-8#

Fig. 15. Photograph showing the final installation of the monitoring system.

Fig. 16. Photograph showing the data acquisition system based on DataTaker
‘DT80G’ intelligent data logger.
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combinations;
Maximum vertical loads: 1000.0 kN;
Maximum horizontal loads: 500 kN;
Maximum confining pressure: 50.0 MPa;
Deformation rate: 0.0001–1.0 mm/s;
Loading rate: 0.01–100.0 kN/s;
Confining pressure applying rate: 0.001–1.0MPa/s;
Stiffness of machine frame: 5000.0 kN/mm.

(2) Data acquisition instruments.

The applied loads are recorded by the RMT-150C. In the meantime,
the strain of the cutter’s saddle is acquired and visualized by ‘DataTaker
DT80G logger’, which is described in Section 3.2.2.

3.4.2. Calibrating program
The calibration tests are performed mainly as following steps:

Step 1: Test preparations. To ensure the cutter is under even loads
and the applied forces can act on the saddle vertically, the normal
surface of the cutter is smoothed and a flat steel plate is welded on
the surface. A steel plate is placed on the bottom surface of the
saddle to transfer the loads from the saddle to the bottom of the
testing machine effectively.
Step 2: Installation of the testing system. Align the center of the
instrumented saddle, cutter and steel plates with the loading contact
center of the testing machine. Then install strain gauges on the two
free side surfaces of the saddle according to the measurement
method proposed in Section 3.2, i.e. stick two vertical strain gauges
in the center of one free side surface, and place one vertical and one

horizontal strain gauge in the center of the other free side surface.
Proper protection is conducted for these strain gauges.
Step 3: Connection of the data acquisition instruments. Set a com-
pensating strain gauge on a free piece of steel. The strain gauges and
compensating gauge installed on the saddle are connected to the
data logger ‘DataTaker DT80G’ to form a Wheatstone bridge circuit.
The sampling interval is set to 0.5 s.
Step 4: Testing. In order to find a set of mathematical equations to
be able to reliably convert sensor signals into cutter loads, a higher
number of loading cases are desired. The maximum cutting force is
estimated to be about 100 kN, thus the maximum applied load is set
to 150 kN. And in order to reflect the fluctuating characteristics of
cutting forces, multiple cyclic loading (loading to 150 kN) and un-
loading tests (150 kN→ 1 kN) with different rates (0.5 kN/s, 1 kN/s,
2 kN/s and 5 kN/s) are carried out (Fig. 18a). The loading-unloading
cycle under each rate is repeated with three times. The starting time
of each loading and unloading is recorded, so as to match the strain
gauge signal collected by DataTaker DT80G and the loading signal
recorded by RMT-150C. The cutting forces measurement instru-
ments that installed on the seven monitored cutters were calibrated.
Step 5: Data processing. The recorded loads and strain can be pro-
cessed to find their relations after the calibration tests finish.

3.4.3. Calibrating results
In this study, the compressive forces and the compressive strain are

set as positive. The strain values of the strain gauges were acquired
(Fig. 18b). Accordingly, the average strain is calculated. The test results
show that the obtained strain and the calculated average strain have the
synchronous fluctuation characteristics as the applied forces (Fig. 18a,

Fig. 17. Illustration of the calibration process.
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b), and according to Eq. (4), therefore a linear function ‘ = +F K ε b· m ’
can be used to calibrate the measurement system. However, by fitting
the applied forces with the measured strain, it is found that the linear

fitting function with intercept ‘b’ of zero is better on the whole:

=F K ε· m (5)

where the coefficient ‘K’ is the same as defined in Eq. (4), which
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Fig. 18. The applied forces and the induced strain: (a) the applied forces, and (b) the measured strain.
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represents the effective bearing area of the head of the saddle, strain
gauges placement position and installation level.

On the basis of Eq. (5), when the unit of εm is με, the calibration
coefficients ‘K’ of the No. 2-4 and No. 30-32 cutter are shown in Fig. 19a
and b, respectively. Using the same method, the coefficients for other
cutters of the seven instrumented cutter saddles were determined by the
calibration tests (Table 2). With these calibrated coefficients, compar-
ison between the applied forces and the measured forces indicates that
the calculated cutting forces are in good agreement with the applied

loads for repeat loading on the whole (Fig. 20a and b); only the cal-
culated cutting forces close to the peak are slightly lower than the ap-
plied loads, it may due to the discreteness of the measured strain near
the peak forces. After laboratory calibration, the seven instrumented
cutters and calibrated saddles were installed on the shield tunnelling
machine. Then the cutting forces can be measured.

4. Monitoring results at the Sanyanglu Tunnel

After laboratory calibration, the seven instrumented cutters and
calibrated saddles were installed on the shield tunnelling machine. The
cutting forces were measured at the location from No. 416 to No. 432
ring segmental linings (chainage: K3+218–K3+186), the shield ma-
chine advanced 32m (individual ring segmental lining is 2m long). The
complete monitoring results of cutting forces and the corresponding
shield tunnelling machine operational parameters during excavation
from No. 416 to No. 432 ring segmental linings are presented as follows
(Fig. 21 and Fig. 22). Particularly, the measured cutting forces at No.
423 ring are presented (Fig. 21c), which represent the typical cutting
force characteristics.

The corresponding tunnelling parameters during No. 416 to No. 432

Table 2
Calibration parameters for the cutting forces
measurement (unit of εm:με).

Cutter number K

2–4 0.56046
6–8 0.63602
18–20 0.55932
30–32 0.61946
37–39 0.58735
49–51 0.65147
69–71 0.64364
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Fig. 20. Calibration results and comparison between the calculated forces and the applied loads: (a) No. 2-4 cutter, and (b) No. 30-32 cutter.
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ring segmental linings are presented as follows (Fig. 22):
Besides the operational parameters listed in Fig. 22, other opera-

tional parameters such as rotational speed and advance rates are also
recorded automatically. The above figures (Figs. 21 and 22) show that
the operational parameters including thrust forces, torque, penetration
rate and rotational speed vary during the tunnelling process. As a result,
forces on the cutters change. Regarding the cutting forces variation
rules, it can be observed from Figs. 21 and 22 that: (1) the loading on
the tool oscillates, the maximum cutting force is 130 kN which is a
multiple of the mean load (about 40 kN), and the cutting force is nearly
constant during shield machine downtimes; (2) cutting forces are un-
evenly distributed depending on the cutter installation position, which
will induce cutter-head vibration; (3) the magnitude of the cutting
forces can be identified at every moment; (4) generally, forces decrease
with increasing installation radius, loads on the center cutter are the
largest (mean force= 55.698 kN), and forces on the edge cutters are
the smallest (mean force= 39.251 kN); (5) discrepancies among the
cutting forces on the panel cutters are relatively small. While cutting
forces are generally larger at the center of the cutter, sometimes the
cutting forces on the center cutter may be lower than the edge cutters or
the panel cutters, which is primarily related to the inhomogeneous
properties of the ground, cutter wear, and mud cake.

5. Discussion

5.1. Interpretation of the monitoring results

Section 4 shows the monitoring results of the cutting forces. In order
to pursue a more general rule, based on the large amount of data, the

relationship between the cutting forces, installation radius, penetration
rate, other tunnelling parameters, and construction events are ex-
amined as below.

5.1.1. Cutting forces distribution along the cutters’ installation radius
The measured cutting forces are analyzed along with the cutters’

installation radius. Cutters with different installation radii are chosen
for monitoring. The cutting forces from seven cutters (No. 2-4, 6-8, 18-
20, 30-32, 37-39, 49-51, 69-71), covering the complete radius, are
measured. All measured cutting forces of each cutter are plotted in one
column. Because the size of the data set is massive, data of each cutter
plot as a thick vertical line (Fig. 23). Then the data are subjected to
trend analyses in order to obtain the cutting force distribution rules
along the installation radius (Fig. 23).

With increasing installation radius, cutting force decreases (Fig. 23).
The distribution of the cutting forces along the installation radius fol-
lows a binomial law:

= − +F r r0.414 5.262 55.6982 (6)

where r is the installation radius (m), F is the cutting force (kN).
Measured data of each cutter obeys a normal distribution. The in-

tersection between the trend line and the cutting force columns in
Fig. 23 is approximately the mean force of each tool.

The Fig. 23 shows that:

(1) Cutting forces are not only related to geological conditions of the
tunnel face, they are also related to the cutter-head parameters such
as installation radius, spacing, and wear.

(2) Generally, cutting forces on the center cutter (No. 2-4) are the
largest (No. 6-8).

(3) Cutting forces of the subcenter cutter (No. 6-8) are larger than
forces on the panel cutters (No. 18-20, 30-32, 37-39, and 49-51).

In order to ensure a relatively even distribution of cutting forces, the
cutter-head stiffness should be enhanced, the spacing of the center
cutters can be decreased, and the spacing of the edge cutters can be
increased.

5.1.2. Correlation between the cutting forces and TBM advance parameters

(1) Correlation between cutting forces and penetration rate.

Penetration rate is one of the most important operational para-
meters influencing the cutting forces. During each excavation round,
the correlation between the cutting forces and the penetration rate is
analyzed. Because the data set is massive, trend analyses are performed.
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Results show that cutting force increases with increasing penetration
rate in general, which can be described by a linear trend line for each
tool. This is the general rule based on the massive amount of collected
data. In order to describe this relationship and predict the cutter
loading based on penetration, the relationship between the cutting
forces and penetration rate of each monitored cutter is analyzed
(Fig. 24a–g). The measured data points also follows a normal dis-
tribution. Fig. 25a, b shows the two-dimensional heatmap for the cut-
ting forces vs. penetration rate for typical center, panel, and edge cut-
ting tools, from which the probability density of the data points can be
seen.

The above Fig. 24 and Fig. 25 indicate that cutting force and pe-
netration rate mainly have a linear relationship, from which the cutting
forces can be estimated by the penetration in some extent. The corre-
lation between cutting forces and penetration rate for individual cutters
is shown in Fig. 26. Cutting forces of all individual cutters increase with
increasing penetrating rate (Figs. 24–26). The increase in average load
on the center cutter with penetration rate is the largest; the increase in
average load on the four panel cutters is similar, while the increase in
average load on the edge cutters is the smallest.

If only one best-fit line is desired to describe and predict the cutting

Fig. 25. Heatmap of the cutting forces versus penetration rates, and the corresponding probability density: (a) for a typical center cutter (No. 2-4), (b) for a typical
plate cutter (No. 30-32), and (c) for a typical edge cutter (No. 69-71).
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force, then all of the measured cutting forces are performed trend
analyses with penetration rate. However, under such treatment, the
precision of one fitting line is lower than fitting for each individual
cutter.

The above results indicate that:

(1) The penetration rate mainly concentrates between 5 and 15mm/r.
(2) The cutting forces generally increase with increasing penetration

rate.
(3) At the same penetration rate, in general, loading on the center

cutters is higher than loading on the panel cutters. Forces on the
panel cutters are larger than forces on the edge cutters. However,
this is the general rule. Because of the varieties of the tunnelling
parameters, geological conditions, and cutter wear, the loading on
the center cutters may be lower than the edge cutters.

(4) Cutting force primarily ranges from 20 to 70 kN. The above
Figs. 24–26 show that the mean cutting forces on a single cutter
concentrate between 50 and 70 kN, and the corresponding pene-
trate rate concentrates between 5 and 10mm/r.

In addition, the drillability is analyzed based on the acquired data.
Fig. 27 shows the relationship between the ratio of cutting forces over
penetration rate and penetration rate. The ratio of the cutting forces to
penetration rate represents the drillability of the face.

With increasing penetration rate, the cutting forces growth per unit
penetration decreases, which further indicates that excavation gets
easier with increasing penetration rate (Fig. 27).

(2) Correlation between cutting forces and thrust forces on the cutter-
head.

Cutter-head thrust force is another important factor relative to the
cutting forces. The correlation between cutting forces and thrust forces
on the cutter-head is analyzed (Fig. 28).

By performing trend analyses on the cutting forces versus cutter-
head thrust forces, it is found that cutting forces increase with in-
creasing cutter-head thrust forces in a linear relationship (Fig. 28). With
continuous shield excavation, the relationship between the cutting
forces, cutter-head thrust forces and the chainage are shown in Fig. 29.

Cutting forces vary with cutter-head thrust forces relatively syn-
chronously during the shield tunnelling (Fig. 29). Cutting forces in-
crease with growing cutter-head thrust forces, and decrease with de-
creasing thrust forces. For example, during tunnelling through the
chainage at No. 422 segmental lining, the measured cutting forces de-
creased; based on investigation of construction records from the shield
machine, it is found that the decrease in cutting force is due to a de-
crease in cutter-head thrust forces.

In order to further analyze the increasing magnitude between cut-
ting forces and cutter-head thrust forces, the cutting forces and cutter-
head thrust forces are normalized (Fig. 30).

Construction events such as ‘restoring excavation’, ‘increasing thrust
forces’ and ‘reducing thrust forces’ are also taken into analyses. Fig. 30
indicates that the amplification of cutting forces is in accordance with
the cutter-head thrust forces starting from the No. 416 segmental lining;
with further tunnelling, the amplification of the cutting forces is slightly
lower than the cutter-head thrust force, especially since the chainage at
No. 424 segmental lining, which may be related to mud package.

The main reason for the cutting forces increase is smaller than the
increase in the cutter-head thrust forces is that the cutters cannot cut
the soil and rocks effectively after the cutters are coated with mud and
cutters wear with continuous excavation (Table 3). Mud cake, which
wrapped the cutters, increases the contact-frictional area between the
tools and the face; the cutter, wrapped in a lump of mud, is rubbing on
the face, leading to a decrease in cutting force.

(3) Correlation between cutting forces and torque of the cutter-head.

The correlation between the cutting forces and the cutter-head
torque is a linear fitting function (Fig. 31): cutting forces increase with
the increasing torque. Because the torque is generated passively under
the given cutter-head thrust forces and penetration rate, this relation-
ship between cutting forces and cutter-head torque is not very distinct.

The cutting forces and the cutter-head torque also can be normal-
ized (Fig. 32).
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The relationship between the cutter-head thrust forces and the
torque is shown in Fig. 33.

Although the cutter-head torque changes in keeping with the total
thrust forces on the whole, cutting forces are more in accordance with
the cutter-head thrust forces than the torque.

(4) Correlation between cutting forces and the rotational speed of the

cutter-head.

According to the recorded cutter-head rotational speed and the
cutting forces, the relationship between the cutter-head rotational
speed and cutting forces is shown in Fig. 34. The rotational speed
concentrates at 1.2 and 1.4 rpm respectively, so the correlation between
the cutting forces and the rotational speed is not evident.

Table 3
Cutter wear and mud cake after cutter changes.

Cutters number Cutter change
time

Photos Cutters wear Cutters state

2–4# 6th Sep.
(No. 436 ring)

2#: 3mm 4#: 3mm Excessive hard mud cake, 4# alloy teeth are lost

6–8# 6th Sep.
(No. 436 ring)

6#: 3mm 8#: 3mm Excessive mud cake, alloy teeth are lost

18–20# 10th Sep.
(No. 436 ring)

18#: 10mm 20#: 13mm Excessive mud cake and the four corners of the cutter alloy have
broken off

69–71# 9th Sep.
(No. 436 ring)

69#: 15–30mm 71#:
15–30mm

Excessive much mud cake, the middle alloy teeth have\broken
off
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(5) Correlation between cutting forces and the advance rate of the
cutter-head.

The advance rate is determined by the penetration rate and cutter-
head rotational speed simultaneously. However, the recorded tunnel-
ling parameters show that the cutter-head rotational speed concentrates
at 1.2 and 1.4 rpm. The correlation between cutting forces and pene-
tration rate is analyzed in above. In general, cutting forces increase with

the increasing advance rate (Fig. 35).

5.2. Comparison with the previous works

5.2.1. Comparison of monitoring methods
There were some previous attempts to develop cutter monitoring

approaches. For example, Zhang et al. (2003a, 2003b) proposed a cutter
forces testing methods on a Boretec DS 1.6 boring machine during field
boring in Äspö Hard Rock Laboratory, Sweden. A total of six strain
gauges were bonded on the shaft of each cutter. And each group of two
gauges was connected in a bridge circuit (Fig. 36) to measure a one-
orthogonal cutter force component, i.e. the normal force, tangential
force and side force, respectively.

Entacher et al. (2013) proposed a cutting force measurement
method for cutters on hard rock TBMs by placing sensors within the
saddle bolts (Fig. 37). Accordingly, the normal, rolling and side force of
the disc-cutters can be calculated from reduction of pre-stress in the
saddle bolts.

In contrast to previous measurement methods, there are many ad-
vantages of this approach: (1) the sensors are stuck on the saddle rather
than on the cutter itself, so that no holes need to be drilled on the cutter
or the saddle; (2) the sensors are placed on the two free faces of the
cutter saddle with protective devices; (3) temperature-resistant strain
gauges are used to resist the heat produced by excavation; (4) a half-
bridge measurement circuit which takes temperature compensation
into consideration is used in monitoring; (5) measurement can be per-
formed in real-time; (6) the measurement system won’t disturb the
excavation process, and won’t affect cutter changes.

5.2.2. Comparison of monitoring results
On the basis of the above monitoring methods in previous studies,

some in-situ cutting forces tests were carried out, and a lot of mean-
ingful results were obtained. The normal forces are primarily analyzed
in this study, so only the normal cutting forces are mainly compared
with previous results. For instance, Zhang et al. (2003a, 2003b) con-
ducted field cutter forces measurement on one front cutter and one
gauge cutter of the Boretec DS 1.6 boring machine in Äspö Hard Rock
Laboratory (Fig. 38). The acquired data during the first 7 min of boring
in casing 10 indicate that the maximum and mean normal forces on the
front cutter are 684 and 120 kN (Fig. 39a), respectively; the maximum
and mean normal forces on the gauge cutter in the same period are 104
and −1.2 kN (Fig. 39b), respectively. Most of the normal force on the
front cutter is concentrated in the region of FN=0–100 kN which obeys
a normal distribution (Fig. 40). It is also found that the average length
of the median rock cracks that generated by boring increases with in-
creasing normal forces on the button cutters. In other words, the larger
the thrust forces, the larger the penetration rate, the higher the cutter
forces, the longer the rock cracks. The tangential force and side force
have similar results.

Entacher et al. (2013) implemented the proposed measurement
method at the first TBM of the Austrian Koralm tunnel. Three cutters
were equipped with force measurement sensors. They are arranged
almost along one line with three different installation radii (Fig. 41),
one close to the center (at an installation radius of r=0.7m), one in the
face area (r=2.65m) and one close to the gauge area (r=4.2m). The
observed cutting forces cover the cutters’ different installation radii.
Under the tunnelling condition with a total thrust of about 8MN, cut-
terhead torque of about 1.3MNm at a rotational speed of about
2.3 rev/min and a penetration of 3.5mm/rev, the in-situ measured
normal forces of the cutters during three consecutive cutter-head re-
volutions are shown in Fig. 42. The results show that the normal forces
are uneven across the face and fluctuate, the peak and average force is
720 and 210 kN respectively for the center cutter, 900 and 110 kN for
the plate cutter and 820 and 85 kN for the outer edge cutter. For each
cutter, the mean cutting forces in different positions across the tunnel
face are different (Fig. 43), which dependents on the geological
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Fig. 33. Relation between the cutter-head thrust forces and torque.
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formation of the tunnel face.
Other previous in-situ measurement results (Hopkins and Foden,

1979; Samuel and Seow, 1984; Beer, 2009) also show that peaks of
cutting forces can be a multiple of the mean force, and that the dis-
tribution of forces across the tunnel face is very irregular.

Comparing the evolution rules that revealed in this study (as men-
tioned in Section 4 and Section 5.1) and the above rules in previous
field testing. They have the following characteristics in common:

(1) The cutting forces fluctuate during excavation.
(2) The peak forces are a multiple of the mean force.
(3) The force distribution across the face are uneven, generally the

mean force of the center cutter is higher than that of the plate
cutter, and the mean forces of the plate cutter is larger than that of

the gauge cutter.
(4) There is a concentrated area of stress distribution, and the data

points have normal distribution characteristics.
(5) With the increase of the thrust force and penetration of the cutter

disc, the force of the tool increases, and the length of the rock cracks
that generated by boring grows.

(6) For each cutter, the mean cutting forces in different positions across
the tunnel face are different, which dependents on the geological
formation of the tunnel face.

The measured rules in this study are in agreement with previous
field testing results.

Fig. 36. Arrangement of strain gauges on the cutter shaft and bridge circuits (Zhang et al., 2003a, 2003b).

Fig. 37. Cutter force monitoring method for hard rock TBMs (Entacher et al.,
2013).

Fig. 38. Cutters layout and cutter-head of the Boretec DS 1.6 boring machine
(Zhang et al., 2003a, 2003b).

Fig. 39. The measured normal cutting forces: (a) the front cutter, and (b) the
gauge cutter (Zhang et al., 2003a, 2003b).
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5.3. Outlook for the developed measurement methods

5.3.1. Future improvements in measurement methods

(1) The cutting forces are not only related to the cutter-head para-
meters and the advance parameters, they are also associated with
the geological conditions of the face. Analyses of the correlation
between the tool forces and the geological formation of the face
need the rotational angle measurement of the cutter-head.
Unfortunately, in the field measurement in Sanyanglu Tunnel, the
angular transducers on this mixshield machine have been damaged.
As a result, the cutter-head rotational angle and the cutters’ posi-
tions cannot be measured at each monitoring moment. Therefore,
the correlation between the cutting forces with the geological for-
mations of the face was not obtained. Angular transducers can be
added for future monitoring, so that the measured cutting forces
can be drawn under each rotation angle. Cutting forces can be
analyzed relative to heterogeneous geological conditions, similar to
Entacher et al. (2013).

(2) At present, the strain gauge and the data logger are connected by a
cable. It needs reconnection when changing the cutter. It is trou-
blesome to reconnect the cable when changing the tool. In order to
cut off the connection between the gauges and the data logger
conveniently when changing the tools, an amphenol connector can
be equipped at the seal bore of the cutter casing where the data line
exits the casing. This connector links the sensor and the data logger
together. During cutter changes, the data line does not need to be
cut off. The connector can be unplugged, extending the life of the
monitoring system.

(3) In order to solve the difficulties of data acquisition and transmis-
sion, wireless strain gauges can be used to transmit data wirelessly.
Replaceable large-capacity batteries for each wireless strain gauge
can be replaced during maintenance if necessary to ensure a con-
tinuous power supply and continuous monitoring. A wireless
gateway can receive signals directly in the control room and display
results in real time.

5.3.2. Improvement of the analysis method

(1) According to the un-uniformity, un-embanlancy of the cutting
forces at different installation positions, correlation among cutter-
head vibration, cutter wear, cutter ring break, and the cutting forces
can be obtained.

(2) The relationship between field monitoring on cutting forces and
laboratory linear cutting tests is able to provide a deep under-
standing of rock fragmentation mechanisms.

(3) The cutting force distribution and correlations with tunnelling
parameters will provide important information for TBM perfor-
mance prediction.

(4) Because direct observation of the tunnel face geology is difficult,
usually prediction of upcoming geologic features is performed
through a manhole or the advanced borehole observation system. In
the future, results should be presented with respect to the geology
of the tunnel face. Anisotropic features and fractured areas can be
identified, such that cutter-head and cutter vibration and forces
information can be used to forecast the geologic conditions of the
tunnel face.

(5) When there is massive data from cutting forces, cutter wear, cutter-
head vibration, geological conditions, and operational parameters,
big data mining can be conducted to establish a correlation between
these parameters. Then according to the measured cutting forces
which are treated as a critical input parameter, forecasting cutter
life, cutter-head vibration, net advance rate, and geological condi-
tions can be performed, which will help produce a more intelligent
driving and safety control.

Fig. 40. Distribution of normal cutter forces of the front cutter during the first
seven minutes of boring in Casing 10. Where the percentage of sample time
record= sampling times with an equal FN/total sampling times (total sampling
times=40,858) (Zhang et al., 2003a, 2003b).

Fig. 41. The three sensor-equipped cutters on the cutter-head (Entacher et al.,
2013).

Fig. 42. Normal cutting force FN plotted versus time (Entacher et al., 2013).
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6. Conclusions

A real-time measurement method for cutting forces of shell-shaped
cutter on mixshield machines is developed, and has been implemented
on the Herrenknecht mixshield machine at the Sanyanglu Tunnel in
China. A large number of cutting force data is measured, and analyzed
relative to installation radius and corresponding tunnelling parameters.
The main conclusions are as follows:

(1) A measurement method for cutting forces is developed. Resistance
strain gauges are employed as sensors, which are pasted on the two
free side surfaces of the shell cutter’s saddle with robust protection.
The loading applied to the cutter saddle can be inversely calculated
on the basis of the measured strain on the cutter saddle. The mea-
surement method is calibrated in laboratory. Consequently, the
normal forces acting on the cutter are obtained according to force
equilibrium conditions.

(2) The presented measurement method is suitable for conducting
within harsh environments in shield tunnelling, and won’t be af-
fected by cutter changes or construction process. The data acqui-
sition system is installed on the back of the cutter-head, rotates with
the cutter-head simultaneously, and is equipped with continuously
charging function, which enables real-time continuous monitoring.
Unattended operation and remote control also can be realized.

(3) The proposed cutting forces measurement method has been suc-
cessfully implemented in the Sanyanglu Tunnel of the Wuhan No. 7
Metro line. Continuous monitoring was performed for more than
twenty days. The feasibility, durability and stability of the mea-
surement system are proved.

(4) In general, cutting forces decrease with increasing installation ra-
dius following a binomial function. The load on the center cutters is
the largest, and the load on the edge cutters is the smallest. Forces
on the panel cutter are fairly uniform. The maximum cutting force
on the center and edge cutters is 2.6 times the mean cutting force.
The mean cutting forces on the center cutters in approximately 1.3
times that of the edge cutters.

(5) With increasing penetration rate, cutting force increases. The cut-
ting force on individual cutters generally follows a linearly in-
creasing function with the penetration rate. The gradient on the
center cutters is 0.533 kN per 1mm/s penetration rate. The gra-
dient for the edge cutters is only 0.077 kN per 1mm/s penetration
rate.

(6) The correlations between cutting force and tunnelling parameters,
including penetration rate, cutter-head thrust force, torque are also
analyzed. The relationship between the cutting force and

penetration rate for each cutter is obtained and can be used to
predict the cutting forces in the future.

(7) During shield tunnelling, with increasing cutter-head thrust force,
the cutting force increases.

(8) The increase amplitude of the cutting force is in accordance with
cutter-head thrust forces overall. However, with further tunnelling,
the increase magnitude of the cutting forces is slightly lower than
the increase in magnitude of the cutter-head total thrust force,
which may be due to cutter wear and mud cake package.

(9) During this monitoring, because the rotational speed of the cutter-
head concentrates at about 1.2 and 1.4 rpm respectively, the re-
lationship between the cutting force and the cutter-head rotational
speed is not evident.

Acknowledgements

This work was financially supported by National Natural Science
Foundation of China (Grant No. 41602326), the National Basic
Research Program of China (‘973’ Program, Grant No. 2014CB046904
and No. 2015CB058102) and China Postdoctoral Science Foundation
Program (Grant No. 2017M622515). Their support is gratefully ac-
knowledged. The authors are grateful to Fengbo Yuan, Linchun Wei,
Minggang Dong, Xingxin Peng, Lai Wei and Guangfeng Lei in the sen-
sors installation and in situ data collection. The authors also would like
to thank Shanghai tunnel Co., Ltd. for its cooperation in the in-situ
monitoring.

References

Beer, G., 2009. Technology Innovation in Underground Construction. Graz University of
Technology Institute for Structural Analysis, pp. 225–237.

Burger, W., Ihle, B., Messing, M., Köbele, T., 2006. Apparatus for detecting the state of
rotation of cutting rollers of a shield tunnelling machine. Patent number US 7,014,
271 B2.

Chen, C., Hou, Z.D., Fu, D.H., et al., 2015. An experimental measurement for forces acting
on TBM hobbing cutters. J. Exp. Mech. 30 (3), 373–380 (in Chinese).

Edelmann, T., Himmelsbach, C., 2013. Device for monitoring the state of rotation of a
disk cutter arrangement of a shield tunnel boring machine and disk cutter arrange-
ment for a shield tunnel boring machine. Patent number WO 2013/050010 A2.

Entacher, M., Winter, G., Bumberger, T., Decker, K., Godor, I., Galler, R., 2012. Cutter
force measurement on tunnel boring machines – system design. Tunn. Undergr. Space
Technol. 31 (5), 97–106.

Entacher, M., Winter, G., Galler, R., 2013. Cutter force measurement on tunnel boring
machines – implementation at Koralm tunnel. Tunn. Undergr. Space Technol. 38 (3),
487–496.

Gobetz, F.W., 1973. Development of a Boring Machine Cutter Instrumentation Program.
Final Report, United Aircraft Research Laboratories to Department of the Interior.
USBM Contract H0122072, UARL Rept. M-971373-10.

Huang, X., Liu, Q.S., Liu, H., et al., 2018. Development and in-situ application of a real-
time monitoring system for the interaction between TBM and surrounding rock.

Fig. 43. The averaged normal forces FN compared with the corresponding geological mapping (Entacher et al., 2013).

X. Huang et al. Tunnelling and Underground Space Technology 82 (2018) 325–345

344

http://refhub.elsevier.com/S0886-7798(18)30131-7/h0005
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0005
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0015
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0015
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0025
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0025
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0025
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0030
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0030
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0030


Submitted to Tunn. Undergr. Space Technol., Minor revision.
Huo, J.Z., Wu, H.Y., Yang, J., Sun, W., 2015. Multi-directional coupling dynamic char-

acteristics analysis of TBM cutterhead system based on tunnelling field test. J. Mech.
Sci. Technol. 29 (8), 3043–3058.

Hopkins, M.J., Foden, R.L., 1979. The in situ measurement of dynamic cutter forces on
raiseborer reaming heads. In: Proceedings of the International Conference on Mining
and Machinery, Brisbane, Australia, pp. 335–338.

Lan, H., Xia, Y.M., Zhu, Z.M., Ji, Z.Y., Mao, J.S., 2016. Development of on-line rotational
speed monitor system of TBM disc cutter. Tunn. Undergr. Space Technol. 57, 66–75.

Li, S.J., Feng, X.T., Li, Z.H., et al., 2017. In situ monitoring of rockburst nucleation and
evolution in the deeply buried tunnels of Jinping II hydropower station. Eng. Geol.
137–138, 85–96.

Rostami, J., 2013. Study of pressure distribution within the crushed zone in the contact
area between rock and disc cutters. Int. J. Rock Mech. Min. Sci. 57, 172–186.

Samuel, A.E., Seow, L.P., 1984. Disc force measurements on a full-face tunnelling ma-
chine. Int. J. Rock Mech. Min. Sci. 21 (2), 83–96.

Shanahan, A., Box, Z., 2011. TBM Cutter Instrumentation at Malaysia’s Pahang Selangor

Water Tunnel and Canada’s Niagara Tunnel Project. In: Proceedings of the World
Tunnel Congress 2011, Helsinki, Finland.

Yang, H.Q., Wang, H., Zhou, X.P., 2016a. Analysis on the rock-cutter interaction me-
chanism during the TBM tunneling process. Rock Mech. Rock Eng. 49, 1073–1090.

Yang, H.Q., Wang, H., Zhou, X.P., 2016b. Analysis on the damage behavior of mixed
ground during TBM cutting process. Tunn. Undergr. Space Technol. 57, 55–65.

Yang, H.Q., Liu, J.F., Liu, B.L., 2018. Investigation on the cracking character of jointed
rock mass beneath TBM disc cutter. Rock Mech. Rock Eng. 51 (4), 1263–1277.

Zhang, Z.X., Kou, S.Q., Tan, X.C., Lindqvist, P.A., 2003a. In situ measurements of cutter
forces on boring machine at Äspö Hard Rock Laboratory, Part I. Laboratory cali-
bration and in situ measurements. Rock Mech. Rock Eng. 36, 39–61.

Zhang, Z.X., Kou, S.Q., Lindqvist, P.A., 2003b. In-situ measurements of cutter forces on
boring machine at Äspö Hard Rock Laboratory, part II. Characteristics of cutter forces
and examination of cracks generated. Rock Mech. Rock Eng. 36, 63–83.

Zhou, H., Qu, C.K., Hu, D.W., et al., 2017. In situ monitoring of tunnel deformation
evolutions from auxiliary tunnel in deep mine. Eng. Geol. 221, 10–15.

X. Huang et al. Tunnelling and Underground Space Technology 82 (2018) 325–345

345

http://refhub.elsevier.com/S0886-7798(18)30131-7/h0045
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0045
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0045
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0055
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0055
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0060
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0060
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0060
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0065
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0065
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0070
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0070
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0080
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0080
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0085
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0085
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0090
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0090
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0095
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0095
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0095
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0100
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0100
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0100
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0105
http://refhub.elsevier.com/S0886-7798(18)30131-7/h0105

	Cutting force measurement and analyses of shell cutters on a mixshield tunnelling machine
	Introduction
	Project introduction
	Project overview
	The used mixshield machine
	Problems during tunnelling

	Measurement method development
	Difficulties in cutting forces monitoring
	Monitoring program
	Load transmission path analysis
	Monitoring program

	Data processing
	Laboratory calibration test
	Testing machine
	Calibrating program
	Calibrating results


	Monitoring results at the Sanyanglu Tunnel
	Discussion
	Interpretation of the monitoring results
	Cutting forces distribution along the cutters’ installation radius
	Correlation between the cutting forces and TBM advance parameters

	Comparison with the previous works
	Comparison of monitoring methods
	Comparison of monitoring results

	Outlook for the developed measurement methods
	Future improvements in measurement methods
	Improvement of the analysis method


	Conclusions
	Acknowledgements
	References




