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ABSTRACT The disc cutters of shield machines exhibit unsatisfactory adaptability and performance during the
soft-hard varied strata tunneling process. To analyze the rotation state, cutting performance, and adaptability of disc
cutters during shield tunneling in soft-hard varied strata, the Holmquist Johnson Cook and Federal Highway
Administration constitutive models are introduced to numerically simulate the failure process of materials on the
excavation face and to calculate the load of disc cutters. Additionally, the parameters of the models are modified based
on laboratory disc cutter excavation test results. The results of numerical calculation can reflect the load level and the
behavior of the disc cutters during operation. The tangential loads of the disc cutters during the cutting of four typical
soft-strata excavation face models are numerically calculated, thus providing reference values for the starting torque of
the disc cutters. A greater penetration is suggested for soft-strata tunneling to allow the disc cutters to rotate smoothly
and continuously as well as to guarantee a better cutting effect. The disc cutters in the center of the cutterhead should be
specified with a lower starting torque to prevent uneven wear, rotation stagnation, cutterhead clogging, and other adverse

phenomena.
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1 Introduction

The shield tunnel machine has been widely used world-
wide to construct tunnels, e.g., highway [1], subway
[2—4], and water tunnels [5,6]. Compared with the mining
tunneling method, the shield tunneling method is more
efficient, secure, automated, and eco-friendly [7].
However, it is more sensitive to changes in geological
conditions, and the adaptability of the disc cutters and
cutterhead may be unsatisfactory when the stratum
properties change repeatedly. In particular, the cutterhead
typically fails to achieve the expected cutting effect when
the disc cutters on it encounter soft strata, such as broken
rock, soft rock, and soil layers. Furthermore, eccentric
wear often occurs owing to the unsmooth rotation of the
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disc cutters, which can significantly reduce the construc-
tion efficiency and restrict the application scope of the
shield tunneling method [8-13]. The low tunneling
efficiency caused by the unsatisfactory adaptability of the
disc cutters has become a major obstacle to the efficient
tunneling and long-distance tunneling of the shield
machine [14]. The cutting load of the disc cutters is a key
indicator for evaluating their operating state and cutting
performance in shield tunneling projects. However, the
disc cutter load changes significantly during the cutting
process, particularly in the soft-hard varied stratum
cutting situations; furthermore, measuring and sensing the
load of every disc cutter during the shield tunneling
process are extremely challenging. Therefore, a reliable
cutting load calculation method must be devised such that
the adaptability of the disc cutters during shield machine
tunneling can be investigated.
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Numerous investigations have been performed to
determine the rock-breaking mechanism and load calcula-
tion method of the disc cutter. Evans [15] elaborated the
interaction between a disc cutter and a rock. Nishimatsu
[16] analyzed the rock breakage and fragment generation
that occurred during the operation of a disc cutter. Yang
et al. [17] established a three-dimensional rock-breaking
model and derived an equation of contacting forces.
However, describing the dynamic cutting process of the
disc cutters using mechanical models is challenging.
Therefore, laboratory tunnel boring machine (TBM)
cutting tests were conducted to determine the load state
and boring effect of disc cutters operating in various
strata. Snowdon et al. [18] investigated the effect of
stiffness on the mechanical cutting characteristics of
sandstone, granite, and dolerite via a linear rock cutting
test and analyzed the load of the disc cutters at various
spacings, penetrations, and stiffness levels. Sanio [19]
experimentally proved that tensile failure instead of shear
failure was the dominant chip-forming mechanism based
on a set of sandstone cutting test results. Rostami and
Ozdemir [20] established a disc cutter load prediction and
optimization model, namely the CSM model, by
measuring the stress of the disc cutter ring when linearly
cutting granite. Cho et al. [21] presented the results of
linear cutting machine tests performed under various
cutting conditions to assess the performance of a TBM
disc cutter in cutting granitic rock in Korea. Pan et al.
[22] conducted several full-scale linear cutting tests to
analyze the effect of the confining stress on the cutting
force of the disc cutter and discovered that the confining
stress, if sufficiently large, can facilitate the rock-
breaking process of the disc cutter. To simulate the TBM
boring process more realistically, some rotary rock
cutting tests, which proved to be different from linear
cutting tests in terms of the cutting load and cutting effect
[23], were performed using various TBM rotary cutting
test devices. Martin et al. [24] reported that rotary rock
cutting tests allow TBM performance to be predicted
more accurately compared with typically used geotechni-
cal standard tests and full-scale linear cutting tests. Wu
et al. [25] investigated the rock fragmentation mechanism
and the efficiency of cutter ring insertion for improving
TBM excavation efficiency by conducting rotary cutting
using an inserted-tooth disc cutter with a diameter of 12
inches. Geng et al. [26-28] proposed an experimental
method to investigate the rock-cutting process of TBM
gauge cutters using a full-scale rotary cutting machine
and discovered that the cutting forces and specific energy
of the gauge cutter were lower than those of the normal
cutter. The studies above show that performing cutting
tests in a laboratory is crucial for determining the rock-
breaking mechanism and the load state of disc cutters.

Additionally, numerical simulation methods, including
continuous medium methods and the discrete element
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method have been attempted to determine the load state
of disc cutters operating in various strata. Liu et al. [29]
established a finite element model of rock breaking using
the R-T* software to simulate crack formation and
propagation during the cutting of single and double disc
cutters. Su et al. [30] attempted to identify a method for
determining the parameters of the Holmquist Johnson
Cook (HJC) constitutive model, based on which the
failure process of concrete cut by a shield tool was
simulated; additionally, they performed an indoor
concrete cutting test to compare and modify the HIC
model. Tan et al. [31] used the particle discrete element
method to establish a two-dimensional model of a disc
cutter cutting rock, investigated the dynamic response of
this process, and determined the relationship among rock
crack, penetration, and cutting force. Haeri et al. [32,33]
estimated the stress intensity factor and the final breakage
path in fractured rocks underneath a single disc cutter
using a modified higher order semi-infinite displacement
discontinuity method. Ren et al. [34] derived a semi-
theoretical equation for the inner side force exerting on a
cutter ring and analyzed the relationship between cutter
ring breakage and inner side force via numerical
simulations. Using PFC?, Wen et al. [35] performed a
numerical simulation of a disc cutter breaking rock under
different lateral pressure coefficients, cutter spacings, and
cutting depths, and then calculated the normal force,
rolling force, and damaged particle number. The studies
above show that numerical simulation methods are
important for investigating the rock-breaking mechanism
and calculating the load of disc cutters. However, the
methods above are targeted toward hard rock-breaking
conditions. The development of shield technology and the
expansion of its application scope have enabled disc
cutters to be used in soft-hard varied strata; hence, more
appropriate constitutive models must be developed to
numerically calculate the operating conditions.

In this study, the HJC and Federal Highway
Administration (FHWA) constitutive models are used to
numerically simulate the failure process of materials on
the excavation face in soft-hard varied strata, and the
model parameters involved are modified based on
laboratory excavation test results of a prototype disc
cutter. A load calculation method for disc cutters opera-
ting in soft—hard varied strata is devised; subsequently,
the cutting performance, rotation state, and adaptability of
the disc cutters are analyzed based on the calculation
results. The results obtained can serve as a reference for
the cutterhead design and operating parameter adoption in
soft-hard varied stratum shield tunneling projects.

2 Constitutive models for numerical
simulation

Owing to the different mechanisms of the disc cutter in
breaking hard rock and cutting soil (which are brittle and
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plastic materials, respectively), the appropriate constitu-
tive models should be adopted for numerical simulation.
The HJC [36] model was proposed for modeling the
crushing failure of concrete materials; it considered the
effects of strain rate, damage evolution, confining
pressure, crushing, and compaction of the materials. For
the soil material cutting process, the excess pore water
pressure, strain hardening and softening properties, and
strain rate parameters of the material should be
considered; hence, the FHWA model, which was
proposed to model the shear failure of soil [37], was used
to simulate the soil materials on the excavation face.

2.1 Holmquist Johnson Cook constitutive model

The HJC model comprises a strength model, damage
evolution model, and state equation.

2.1.1  Strength model
A strength model with normalized equivalent stress can
be expressed as

0., =[A(1-D)+Bp™](1+Clng"), €]

where o7, is the normalized equivalent stress; D is the
damage variable, whose value can be determined using
the damage model; p° is the normalized hydrostatic
pressure; £ is the strain rate; C is the strain rate influence
factor, which indicates the enhancement effect of the
strain rate on the material strength; 4 is the normalized
viscosity enhancement coefficient; B is the normalized
pressure hardening coefficient; and N is the hardening
index.

2.1.2  Damage model

The deterioration of brittle materials induced by crack
propagation is converted into a damage variable D in the
HJC model, and the damage variable D is expressed as

Ae, +Au
D=) —& “'° 2
2 & Hy
g+ =Di(p"+T)” > EFyy, 3)

where Ag, and Ay, are the equivalent plastic shear strain
increment and the equivalent plastic volumetric strain
increment within one integration step in the numerical
calculation, respectively; &) + ! is the plastic strain of the
material under the current integration step; 7* is the
normalized tensile strength of the material; D, and D, are
the damage constants, which indicate the relationship
between plastic strain and normalized hydrostatic
pressure; and EFyy is the minimum plastic strain at the
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time of material failure.

2.1.3 State equation

The relationship between volume strain u and hydrostatic
pressure p in the HIC model can be classified into three
stages, 1i.e., elastic, compaction, and compaction
deformation. In the elastic stage, a linear relationship
exists between p and p, i.e.,

p=Ku, (p<p., u<p) 4

where K is the bulk modulus, p, is the limit for the elastic
hydrostatic pressure, and p. is the limit for the elastic
volumetric strain. In the compaction stage, the material is
compressed gradually and plastic volume deformation
occurs. Therefore, the relationship between u and p is
expressed as

p=p.+Kiu—p), (p<p, <) ®)

Kl = (pl _pc)/(l'[l _l’lc)a (6)

where K is the proportional coefficient of hydrostatic
pressure and volumetric strain in the material compaction
stage, p, is the hydrostatic pressure of compaction, and
is the corresponding volumetric strain. In the compaction
deformation stage, the material is completely crushed
without internal forces. Therefore, the relationship
between u and p is expressed as

p=Ka+KI+ K, @)

where K|, K,, and K; are pressure constants. As the
material may soften in this stage, the modified volumetric
strain p is introduced, which is expressed as

7= (= p)/(1+ ). @®)

2.2 Federal Highway Administration constitutive model

The FHWA model comprises an elastic constitutive
model, a yield criterion, the excess pore water pressure
characteristics, the strain hardening and softening
properties, and the strain rate effect.

2.2.1 Elastic constitutive model

The heading face material generates volume strain under
the cutting of the disc cutters. The bulk modulus of the
material defined in the FHWA model changes with the
volume strain and is expressed as

K;

K=——Fo—, 9
1+ KD n, ©)
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where n, is the porosity of the material, D, is the
stiffness control constant of the material before the pore
therein collapses, and K; is the void-free bulk modulus of
the material.

2.2.2  Yield criterion

The improved Mohr—Coulomb yield criterion is adopted
in this model, and the yield surface is expressed as

f=—psing+ | Lk*(0) +a?sin’p—ccosp =0,  (10)

where p is the hydrostatic pressure, ¢ is the internal
friction angle, ¢ is the cohesion, k(6) is the function of the
deviatoric plane angle 6, J, is the second invariant of the
deviator stress, a is the similarity between the modified
yield surface and the classical Mohr—Coulomb yield
surface.

2.2.3 Strain hardening property

The increment in ¢ can be expressed as a function of the
effective plastic strain of the material to describe the
nonlinear strain hardening performance of the material, as
follows:

A¢=H(1—‘p_‘pi)Agep, (1)

max

where H is the parameter that determines the nonlinear
strain hardening stiffness, NV is the fractional value of the
peak internal friction angle ¢,., ¢; is the initial internal
friction angle, and Ae,, is the effective plastic strain
increment.

2.2.4 Strain softening property

To describe the post-peak strain softening behavior of the
material, a damage criterion based on strain energy was
established by defining a criterion parameter to measure
the damage degree [38—41], as follows:

= Ilfi f pdeyy,

where p is the average effective pressure and &, is the
plastic volumetric strain.

(12)

2.2.5 Strain rate effect

The soil in the excavation face exhibits a high strain rate
under the cutting of the disc cutters, which can affect the
soil strength. The FHWA model interpolates between the
elastic test stress and the inviscid stress [42].
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where G, 1S the elastic test stress after material damage;
0 is the cohesionless stress; and V, and y are the strain
rate strength enhancement effect parameters, which are a
set of constants that indicate the material strength
enhancement effect of the strain rate.

2.2.6 Excess pore water pressure

Based on the effective stress principle of soil, the internal
stress of the material exhibits the following relationship:

(16)

where p’ and u are the effective stress and pore water
pressure of the material, respectively.

pP=p-u,

2.3 Parameter assignments of constitutive model keyword
file

The material parameters of the finite element model were
assigned by defining the keyword files for the HIC and
FHWA models, in which the density p, shear modulus G,
tensile strength 7, and uniaxial compressive strength
(UCS) f, are measured based on a test standard [43]. In
addition, the strength parameters (4, B, and N), state
equation parameters (K,, K,, and Kj;), rate effect
parameter (C), and damage parameters (D, D,, and Fy )
are assigned using methods described in Ref. [30].

For the FHWA model, the elastic parameters (K and G)
of the material can be measured via triaxial compression
tests. Meanwhile, the strength parameters (¢ and ¢) are
measured via direct shear tests or triaxial tests. The
moisture of the soil can be measured using the drying
method. Additionally, the yield surface similarity 4 is
associated with the cohesion and internal friction angle of
the material and can be expressed as follows:

c
a = —cote.

20 a7

Meanwhile, the failure of the soil under the cutting of
the disc cutters is a typical problem involving high strain
rates. Therefore, the strain rate parameters (¥, and ) in
the numerical calculation should be calibrated based on
the excavation test results, and the other FHWA model
parameters can be set based on previous studies [37]. The
material parameters of the excavation face model were
determined by geotechnically testing the C30 concrete
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and soil used in the excavation test, which will be
described later. The preliminary values of the HIC and
the FHWA constitutive model parameters are shown in
Table 1.

Based on the model parameters in Table 1, for the
materials that exhibit a clear plastic deformation stage,
the FHWA model considers the yield criterion as well as
the strain hardening and softening properties. Meanwhile,
the HJC model primarily considers the damage and
crushing process, thus rendering it more suitable for the
evaluation of brittle materials.

3 Excavation test in soft-hard varied
strata

A prototype disc cutter excavation test in soft-hard varied
strata was performed, based on which the numerical
calculation results were verified and the parameters
adopted were modified.

3.1 Laboratory excavation test using prototype disc cutters

The test was performed on the excavation test platform
(Fig. 1) in the State Key Laboratory of Shield and Boring
Technology in Zhengzhou, China. This test platform was
used to conduct a laboratory full-scale cutting test using a
disc cutter in this study. In total, four disc cutters (18
inches in diameter) were installed on the cutterhead of the
test platform and successively arranged from the inside to
the outside of the cutterhead, from No. 1 to No. 4. The
measurement system comprised a load measurement
system, speed measurement system, torque measurement
system, and displacement measurement system, where the
load was measured by force sensors, the displacement by
guyed displacement sensors, and the speed and torque by
torque—speed sensors. The control system was formed by
the cutterhead advancement control system and the disc
cutter spacing control system.

To simulate the operating condition of the disc cutter
during shield tunneling in soft-hard varied strata in this
laboratory test, we established an excavation face model
using four different types of materials: C30 concrete, C15
concrete, M2.5 cement mortar, and soil (numbered 1, 2,
3, and 4, respectively, in Fig. 2).

The amount required of the materials was calculated
based on the “Specification for Mix Proportion Design of
Ordinary Concrete” (JGJ 55-2011) [44] and the
“Specification for Mix Proportion Design of Masonry
Mortar” (JGJ/T 98-2010) [45]. The ratio and dosage of
the materials are shown in Table 2.

Three concrete or cement mortar specimens (100 mm X
100 mm X% 100 mm) for each type of material listed in
Table 2 were prepared, and their UCS was tested using a
WAW-1000 universal testing machine. The curing
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Table 1 Parameter assignments of the HIC and FHWA constitutive
models

model type parameter type parameter value
assignment
HJC model basic parameters p (kg/m®) 2110
G (MPa) 8.75% 103
T (MPa) 1.62
£, (MPa) 24.45
strength parameters A 0.272
B 1.50
N 0.87
SFyax 20
state equation parameters p, (MPa) 1.78x 103
I 0.16
p. (MPa) 8.15
He 6.99x 107
K, (GPa) 9.23
K, (GPa) 141.24
K, (GPa) 136.50
strain rate effect parameters C 0.012
ESPO 1.0
damage parameters D, 0.04
D, 1.0
EFy 0.01
FHWA basic parameters p (kg/m®) 1408.7
model
Py (kg/m?’) 1.00
G, 1.80
elastic parameters K (MPa) 11.03
G (MPa) 5.09
D, 0
yield parameters ¢ (MPa) 221 %1072
0 () 24.4
a 2.37x 107
excess pore water pressure @ 0.033
parameters D, 0
strain hardening and AN 0
softening parameters
Dy 50%107°
@max (°) 40
strain rate effect parameters V, 0
y 0

conditions of these specimens were the same as those of
the excavation face model (covering and watering for
28 d at room temperature). The average UCS of each type
of material is listed in Table 3. Additionally, six cylindri-
cal saturated soil samples were formed; subsequently,
their shear strength parameters (¢ and ¢) and those of the
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soil were tested via conventional triaxial (consolidated
drainage) tests. In addition, the moisture and density of
the soil were tested based on the Standard for
Geotechnical Test Methods (GB/T 50123-2019) [46].

The excavation face model was bored after the curing
process when the load of the disc cutters was monitored
and recorded using the sensors and computer. The
operating parameter of a shield machine should be
controlled and adjusted accordingly based on the
properties of strata involved in tunneling projects.
Generally, the advancing rate (v) is set to 0.5-20 mm/min

Sl 4

—

ormwork

Fig.2 Excavation face model in soft-hard varied strata.

Table 2 Material ratio and consumption per cubic meter

material cement water sand coarse water—cement sand
type grade (kg) (kg) aggregate (kg) ratio ratio
C30 concrete 425 223 618 1023 0.47 0.37
Cl5 concrete 325 184 655 1271 0.61 0.34
M2.5 mortar 325 310 1450 - - -

Table 3 Uniaxial compressive strength of different materials

material type test strength (MPa)
C30 concrete 27.7
C15 concrete 12.1
M2.5 mortar 32
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and 0 and the rotation speed of the cutterhead (w) is set to
0.5-4 r/min. Meanwhile, the spacing between two
adjacent disc cutters (S) is typically 80—120 mm for a
cutterhead used for boring in soft-hard varied strata.
Therefore, to simulate the actual situation, the cutter
spacing was set to 100 mm, and the rotation speed and
advancing rate of the cutterhead were set to 1 r/min and
3 mm/min, respectively. To maintain the accuracy of the
test results, debris from the excavation face model should
be removed timely during the test. The excavation face
model of soft-hard varied strata after being bored is
shown in Fig. 2.

After being bored, the C30 concrete, C15 concrete, and
M2.5 cement mortar were crushed into fragments, and the
uniformity and fractal characteristics of the debris
generated by each material differed from each other. The
soil exhibiting plasticity was extruded between two
cutting paths and was not crushed. This type of plastic
material will accumulate on the excavation face and
adhere to the cutterhead if not removed timely. In shield
tunneling projects, the accumulation of plastic materials
on the excavation face may cause cutterhead clogging,
which can further deteriorate the boring ability of the
shield machine.

3.2 Comparison between numerical calculation and
tunneling test results

3.2.1 Numerical calculation of excavation face bored by
disc cutters

A finite element model of a one-eighth circumference
excavation face being bored by two adjacent disc cutters
(the diameter of the cutter rings = 18 inches) was
established, as shown in Fig. 3; the disc cutter spacing,
rotation speed, and advancing rate of the model were set
the same as those used in the laboratory excavation test
(S =100 mm; w = 1 r/min; v = 3 mm/min). In the
numerical calculation, the impact between the disc cutter

Fig.3 Finite element model of the excavation face and disc
cutters.



Fengwei YANG et al.

ring and excavation face was primarily considered. To
consider both the calculation efficiency and accuracy, the
material of the disc cutter rings was set to elastic—plastic,
and the other sections of the disc cutters were modeled as
rigid bodies.

One-eighth of the excavation face was modeled in this
study, and the HIC and FHWA model parameters were
assigned by defining the keyword files based on Table 1
to simulate C30 concrete and soil, respectively. Full
replacement constraints were applied to the bottom of the
excavation face model, whereas normal constraints were
applied to its side. Subsequently, the finite element model
was imported to LS-DYNA, which is a geometrically
nonlinear (large displacement, rotation, and strain)
calculation program, where the rotation and revolution of
the disc cutters were defined to simulate the cutting
process. After the excavation face cutting by the disc
cutter was simulated, the strain of the excavation face
after being bored was obtained, as shown in Fig. 4.

The maximum residual strains of the excavation face
models based on soil and C30 concrete were 0.67 and
0.28, respectively (see Fig.4). The residual strain
distribution reveals the difference between the brittle and
plastic materials, i.e., failure occurs when the strain of the
concrete material is small and the soil indicates a larger
extreme strain. Additionally, by comparing the residual
strain distributions from the numerical simulation, the
disc cutters based on the HJC model shows a larger
destruction scope.

3.2.2 Parameter modification of HIC and FHWA models

For the boring of C30 concrete, the tangential cutter load,
whose direction is parallel to the excavation face, was
acquired from the laboratory excavation test and
numerical simulation, and the results are shown in Fig. 5.

Before the parameter was modified, the numerical
simulation results based on the HJC model fitted the
laboratory test results relatively well (see Fig. 5).

—3.354¢—04}

(a)
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However, the mean value and volatility of the former
were all lower than those of the latter. Because the strain
rate parameter C and damage parameter D, were assigned
empirically, several possible values were assigned to the
two parameters; subsequently, a set of values (D, = 0.02;
C = 0.06) was selected when the numerical simulation
results were similar to the test data. The parameter
modifying process is shown in Fig. 6. The tangential load
of the disc cutter load obtained via numerical simulation
based on the HIC model is shown in Fig. 5.

Similarly, the uncertain parameters in the FHWA
model were modified using the same method (V, = 1.1;
v =0.1), and the simulation results for the tangential load
of the disc cutter before and after parameter modification
are shown in Fig. 7.

4 Analysis of numerical simulation results
and adaptability of disc cutters

After performing parameter modification based on a
comparison with the laboratory test results, the cutting
process of the disc cutters was numerically simulated.
The load of the disc cutters when cutting different types
of strata under different operating conditions was
calculated, based on which the adaptability of disc cutters
during shield tunneling in soft-hard varied strata was
analyzed.

4.1 Analysis of disc cutter cutting performance in
soft-hard varied strata

The disc cutter is custom designed to break hard rocks
and comprises a narrow blade to provide sufficient rock-
breaking pressure. If soil layers or soft rock exist on the
excavation face, owing to their high plasticity and large
residual deformation, the materials above will not detach
easily after being cut by the disc cutter. Subsequently, the
residual soil or soft rock may accumulate on the cutter
shaft and compact gradually, resulting in disc cutter

(b)

Fig. 4 Residual strain distribution obtained from numerical simulations: (a) soil cutting numerical simulation based on the FHWA model;

(b) concrete cutting numerical simulation based on the HIC model.
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rotation stagnation and in some cases, cutterhead
clogging. Therefore, when performing shield tunneling in
soft-hard varied strata, the cutting performance of the
disc cutter in soft strata must be prioritized. The
simulation result obtained in this study shows that the
cutting depth (H) of the disc cutter rings significantly
affects soil cutting, as shown in Fig. 8.

Based on Fig. 8, significant strain concentrations
occurred in the element positioned near the two cutting
paths in the simulation. A comparison of the number of
remaining elements shows that as the cutting depth
decreased, the number of model elements between the
cutting traces that did not vanish during cutting as well as
the equivalent strain of these elements increased.
Therefore, when soil or soft rock layers are present on the
excavation face, owing to the non-adjustable disc cutter
spacing, an appropriately large cutting depth should be
adopted to ensure a better stratum-cutting effect.

4.2 Disc cutter load and its influencing factors

Based on the numerical calculation results obtained using
the HJC model, the curves of the tangential load of the
disc cutter over time under different cutting depths and
cutting speeds (determined by the rotation speed of the
cutterhead) were constructed, are shown in Figs. 9 and
10, respectively. To control a single variable on the disc
cutter load, the rotation speed was fixed to 1 r/min to
investigate the effect of the cutting depth, whereas the
cutting depth was fixed to 3 mm to investigate the effect
of the cutting speed.

Based on Figs. 9 and 10, when boring the rock stratum,
the tangential load of the disc cutter increased with the
cutting depth, and the load fluctuation intensified.
Meanwhile, as the cutting speed increased, the load of the
disc cutter increased and its fluctuation amplitude

start
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decreased. Based on Fig. 8, the disc cutter required
different durations to cut the same excavation face model
at different cutting speeds.

Based on the numerical calculation results obtained
using the FHWA model, the curves of the tangential load
of the disc cutter over time under different cutting depths
and cutting speeds were constructed, as shown in Figs. 11
and 12, respectively.

Based on Figs. 11 and 12, when cutting the soil
stratum, the tangential load of the disc cutter also
increases with the increase of the cutting depth and the
cutting speed. However, compared with the cutting rock
stratum situation, the cutting depth of the cutter ring in
the soft stratum has a greater impact on the load of the
disc cutter. It is found that the load of the disc cutter in
the soft stratum is only 1/80-1/100 of that in the hard
rock stratum. At this time, although the impact and
damage to the disc cutters caused by the cutting load are
small, the tangential load cannot provide the starting
torque, which causes more rotation stagnation of the disc
cutters.

F (kN)

laboratory test result (disc cutter No. 4)

------ numerical calculation result (before modification)

- ——-numerical calculation result (after modification)
I N R R BRI SR

0 L L
0 1 2 3 4 o} 6 7 8
£(s)

Fig.5 Comparison and correction of numerical calculation
results based on the HIC model.

load numerically calculating

Does the simulation fit
the laboratory test data?

output numerically

end

calculating results

Fig. 6 Flowchart of the constitutive model parameter modification.
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4.3 Starting conditions of disc cutter in different stratum
types

To improve the bearing stiffness and reduce the damage
by vibration and impact load to the bearing, disc cutters
are generally pretensioned to reduce the clearance
between the ring and hub of the cutter rings. For a disc
cutter, a certain torque is required to induce its rotation,
which is known as the starting rotation. The starting
torque of the 18-inch disc cutters used in the laboratory
test was measured using an electronic torque wrench (see
Fig. 13).

0.20
0.15 +
z
< 0.10 (]
LL_
0.05 laboratory test result (disc cutter No. 4)
- --- numerical calculation result (before modification)
- -~ - numerical calculation result (after modification)
000 ! L ! L ! L !
0 1 2 3 4 5 6 74 8

1(s)

Fig.7 Comparison and correction of numerical calculation
results based on the FHWA model.
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The starting torques of the No. 1 to No. 4 disc cutters
used in this test were measured to be 39.6, 38.2, 41.1, and
42.6 N-m, respectively. After conversion, the minimum
tangential load required to start the rotation of all the disc
cutters in the test was 0.186 kN. In fact, the starting
torque of the disc cutters is typically set empirically
during shield tunneling, i.e., it is a fixed value for the
same cutting ring size under any stratum. For example,
the starting torque of all 18-inch disc cutters is set to 50
N-m. However, based on the findings above, disc cutters
exhibit different tangential loads under different strata
and tunneling parameters, and uneven wear occurs when
the tangential load fails to start the rotation of a disc
cutter. Furthermore, because the cutter ring profile is no
longer a circle, restarting the disc cutter rotation become
more difficult even if the FT is sufficiently large.
Consequently, the disc cutters will fail to cut the
excavation face as intended. If not addressed timely, the
uneven wear and rotation stoppage can result in crushing
failure on the excavation face and cutterhead clogging,
thus causing the cutting ability of the disc cutters to
vanish almost completely. Therefore, the tangential load
of the disc cutters must be calculated when performing
shield tunneling in strata of different strengths;
subsequently, the adaptability must be evaluated and the
appropriate starting torque for disc cutters in soft strata
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3
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6.
0.
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Fig. 8 Equivalent stress dynamic distribution in soft-stratum cutting: (a) 4/ = 1.0 mm; (b) /= 3.0 mm; (c) /= 6.0 mm.
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Fig. 9 Disc cutter load vs. time at different cutting depths
(based on the HIC model).
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Fig. 10 Disc cutter load vs. time at different cutterhead rotation
speeds (based on the HIC model).
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must be determined.
To provide reference values for the tangential load of

disc cutters under different strata and tunneling
0.5 : .
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Fig. 11 Disc cutter load vs. time at different cutting depths

(based on the FHWA model).
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Fig. 12 Disc cutter load vs. time at different cutterhead rotation
speeds (based on the FHWA model).

Fig. 13  Starting torque measurement of the disc cutter.
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parameters, the boring process was numerically
simulated; additionally, four types of typical soil and soft
rock materials involved in shield tunneling were
simulated based on the FHWA model. The parameters of
the FHWA model are listed in Table 4.

The tangential loads of the disc cutter when cutting the
four types of materials listed in Table 4 were calculated,
and the mean and variance of the calculation results are
shown in Figs. 14 and 15.

Based on Figs. 14 and 15, under the tunneling
conditions of this study, the maximum tangential loads of
the disc cutter when cutting strongly weathered sandy
conglomerate, sandy gravel hard soil, hard soil, and
ordinary soil were 0.55, 1.65, 5.04, and 6.34 kN,
respectively. As the cutting depth increased, the
tangential load of the disc cutter increased linearly in the
strongly weathered conglomerate and sandy gravel hard
soil, whereas the increase intensified gradually in the hard
soil and ordinary soil. In other words, the stronger the
plasticity of the material being cut, the greater is the
effect of the cutting depth. This is because, for the
materials with high plasticity, more model elements
remained in contact with the cutter ring after cutting was
performed, which is consistent with the actual situation.
For the strongly weathered conglomerate and sandy
gravel solid soil, the volatility of the tangential load of the
disc cutter increased with the cutting depth. Meanwhile,
when the penetration increased, the energy accumulation
and release processes intensified.

In addition, because the FHWA model includes the
strain rate parameters that affect the dynamic strength of
the materials, the tangential load of the disc cutter
increased slightly with the rotation speed of the
cutterhead, and the volatility of the load decreased
gradually. Therefore, disc cutters with different
installation radii on the cutterhead should be set with
different starting torques. In particular, the disc cutters
with a low cutting linear speed in the center of the
cutterhead should be set with a smaller starting torque to
prevent uneven wear, rotation stagnation, cutterhead
clogging, and other adverse phenomena. The numerical
calculation results can serve as a reference for the
cutterhead design and operating parameter adoption in
soft-hard varied stratum shield tunneling projects.

Table 4 Parameter values of the FHWA constitutive model for different materials

soil type FHWA model parameter values

pkgm’)  K(MPa) G(MPa) c(kPa) ©(°) @mx(°) AN D,, v,
ordinary soil 1408 9.8 23 17.41 25.2 40 0 50x107° 1.1 0.10
hard soil 1514 51.8 22.1 13.35 27.6 42 0 50x107° 1.2 0.10
sandy gravel hard soil 1920 125.4 51.0 25.90 30.7 45 0 50x10° 12 0.10
strongly weathered sandy conglomerate 2050 208.5 112.6 42.00 34.7 45 0 501070 12 0.15




Fengwei YANG et al. Adaptability of disc cutters in soft-hard strata

8 —-v-- strongly weathered sandy conglomerate
7. —-+--sandy gravel hard soil T
=-*-- hard soil g
6 - —-=-- ordinary soil e
e
S5t =T ok
z -1 |
4l . .
(% 3L - _,.«E""
20 o _
=7 P
1 et -+~ 3
----------- o SEPUIUUERORESE |
0 | =P i TR bt .
1 2 3 4 5 6
H (mm)
Fig. 14 Mean and variance of disc cutter load vs. cutting depth.
6 —-v--strongly weathered sandy conglomerate
—-4--sandy gravel hard soil
S5to e--hardsoil .- -
—-w--ordinary soil | . _.—.—-="7" T
al i
~ T ™ N ek
v L =
g3l — Fommr e
(S =
2L
1+ e B -
S Eccfmmgmimmmmmx
0.50 0.75 1.00 125 150 1.75 2.00

 (r/min)

Fig. 15 Mean and variance of disc cutter load vs. rotation
speed of cutterhead.

5 Conclusions

In this study, the HIC and FHWA models were used to
numerically simulate the failure process of materials on
the excavation face in soft-hard wvaried strata.
Subsequently, the load of the disc cutters was calculated
and the uncertain model parameters in these two dynamic
constitutive models were modified based on laboratory
excavation test data. Next, the cutting performance,
rotation state, and adaptability of the disc cutters were
analyzed based on the calculation results. The main
conclusions obtained are as follows.

1) The load of the disc cutters and its variety during
shield tunneling in soft-hard varied strata can be
calculated via numerical simulation using the FHWA and
HJC constitutive models. Meanwhile, the uncertain
parameters (the strain rate parameter C and the damage
parameter D, for the HJC model; the strain rate
parameters V, and y for the FHWA model) were modified
via laboratory excavation tests.

2) Based on the modified FHWA model, the tangential
loads of the disc cutters in four typical soft-strata
excavation face models were calculated, which serve as
reference values for the starting torque of disc cutters in
soft-hard wvaried strata required in shield tunneling
projects.
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3) The calculation results showed that an appropriately
larger penetration cannot only increase the tangential load
of the disc cutter and ensure the smoothness of its
rotation, but also facilitate larger element equivalent
strains between cutting tracks and guarantee a better
stratum-cutting effect.

4) The tangential load of the disc cutter increased with
the cutting speed, as shown by the numerical calculation
results. The disc cutters with a low cutting linear speed in
the center of the cutterhead should be set with a smaller
starting torque to prevent uneven wear, rotation
stagnation, cutterhead clogging, and other adverse
phenomena.
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