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Abstract The accurate prediction of rock cutting forces of
disc cutters is crucial for tunnel boring machine (TBM)
design and construction. Disc cutter wear, which affects
TBM penetration performance, has frequently been found at
TBM sites. By considering the operating path and wear of the
disc cutter, a new model is proposed for evaluating the cut-
ting force and wear of the disc cutter in the tunneling process.
The circular path adopted herein, which is the actual running
path of the TBM disc cutter, shows that the lateral force of the
disc cutter is asymmetric. The lateral forces on the sides of
the disc cutter are clearly different. However, traditional
solutions are obtained by assuming a linear path, where the
later forces are viewed as equal. To simulate the interaction
between the rock and disc cutter, a simple brittle damage
model for rock mass is introduced here. Based on the explicit
dynamic finite element method, the cutting force acting on
the rock generated by a single disc cutter is simulated. It is
shown that the lateral cutting force of the disc cutter strongly
affects the wear extent of disc cutter. The wear mechanism is
thus underestimated by the classical model, which was
obtained by linear cutting tests. The simulation results are
discussed and compared with other models, and these sim-
ulation results agree well with the results of present ones.
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Damage tensor

Undamaged elastic tensor

Stress second-order tensors

Three principal damage components
Elastic modulus and shear modulus
Vertical force acting on disc cutter
Normal force

Rolling force

Path correction terms

Wear correction terms

Average normal force acting on the disc
cutter

Inner lateral force and outer lateral force
Wear rate of energy

Boring distance

Abrasive volume of the disc cutter
Cutter radial wear extent

Number of revolutions per minute of the
TBM

Disc cutter radius

Installing radius of the disc cutter
Contact area

Cutter tip width

Tangential velocity of the disc cutter
Tunneling velocity of the cutter head
Friction power

Normal contact stress coefficients
Maximum contact stress

Penetration depth

Rock fragment path correction coefficients
Wear coefficients

Full arc length

Number of disc cutters used on the cutter
head
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n Parameter characterizing the material
brittleness

p Cutter penetration depth

t Boring time

w1, Wy Angular rotation and revolution velocities of
disc cutter

u Friction coefficient

¢ Angle of the theoretical contact arc

¢ Slip ratio

&1, &2, &3 Principal strain components

& Allowable tensile strain

A Lame constant

v Poisson’s ratio

O Rock uniaxial compressive strength

o Edge angle of the disc cutter

1 Introduction

Tunnel boring machines (TBM) play an increasingly
important role in hard rock tunnel excavation. For example,
they were widely adopted in two deep tunnels in Jinping II
hydropower station, China (Li et al. 2012); In the process
of rock breakage, the performance of the cutter directly
influences the work efficiency of the TBM. Most of the
calculation models for cutting forces are based on linear
path tests, while the running paths of cutter in engineering
applications are circular. This incompatibility may lead to
large errors, which may in turn cause engineering damage.

During tunnel boring machine (TBM) excavation, TBM
cutters roll across the tunnel face and continuously expand
the crushed zone immediately below. Cracks then initiate
from the crushed zone and propagate downwards and to the
side. Under the action of the rolling cutter, one or more
cracks may reach the free surface or propagate to meet the
cracks of the neighboring cuts. In these two cases, chipping
occurs. The first case, wherein the cracks reach the free
surface, is similar to the chip formation of a single cutter
indentation process. This process has been extensively
studied via numerical simulations and experiments (Cook
et al. 1984; Pang and Goldsmith 1990; Chiaia 2001; Liu
et al. 2002; Gong and Zhao 2005). The latter case, wherein
cracks propagate to meet the cracks of neighboring cuts,
involves the interaction between two adjacent cuts and is
directly relevant to the design of TBM cutter heads and
TBM excavation efficiency.

Currently, single disc cutters are the most commonly
used roller cutters for hard rock TBM because of their
highly efficient rock mass damage capabilities. Their
geometry and wear characteristics have significant effects
on the efficiency of energy transfer to the rock and the
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maximum penetration rate (Cigla et al. 2001). The wear
extent of disc cutter can be defined as the difference
between the original radius of the disc cutter and its radius
after operation (Rad 1975; Liu 2003; Wan et al. 2002).
When the wear extent exceeds a certain length, the disc
cutter is no longer effective for cutting rock. Statistically,
the dissipative expenditure of the cutter is at least one fifth
of the project cost, and the time spent replacing the cutter
accounts for almost one third of the total project time (Su
et al. 2010). Consequently, the effect of the disc cutter wear
condition on rock breakage is an important topic for
improving TBM working performance. One of the major
current research trends is the search for new technologies
to assist and improve TBM design. The present work
focuses on the numerical simulation of rock breakage by a
disc cutter using the explicit dynamic finite element
method (FEM) ANSYS/LS DYNA. This numerical tech-
nique is used to establish a method of estimating the disc
cutter cutting force by considering the effects of the run-
ning path and wear of the disc cutter.

Numerical modeling methods have been adopted to
investigate the mechanism of TBM rock fragmentation.
Numerical models able to accurately simulate the process
of rock fragmentation would facilitate the assessment of
the performance of TBMs. Cook et al. (1984) compared the
results of a numerical simulation (using a 2D FEM model)
with the experimental results for rock fragmentation
induced by an indenter. Bilgin et al. (2000) employed
Franc2D/L (2D linear elastic FEM software) to investigate
the effect of lateral stress on the cutting efficiency of two
materials (plaster and concrete) using chisel-type cutters.
Liu et al. (2002) and Kou et al. (2004) used the rock—tool
interaction code R-T?P to model the rock fragmentation
process induced by single and double indenters. This model
accommodates heterogeneous rock properties, and
dynamic cracking patterns were observed too. Baek and
Moon (2003) employed a heterogeneous model using the
finite difference method (FDM) to analyze the influence of
confining pressure and cutter spacing on the chipping
mechanism of rock. (Gong and Zhao 2005, Gong et al.
2006) studied the effect of joint spacing and orientation on
rock fragmentation using the 2D discrete element method
(DEM) based on Universal Distinct Element Code
(UDECQ).

Previous work on disc cutter wear prediction can be
divided into two categories. The first category involves the
development of a formula or rule to predict disc cutter wear
based on the TBM working parameters. For example,
Zhang (2006) developed a method to estimate cutter wear
by analyzing tunneling parameters. Based on a single factor
mechanical model of a disc cutter, an Empirical formula
was established to predict cutter wear condition. Zhao et al.
(2007) fitted the interactive rules between the field
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penetration index and cutting coefficient with different
boring performances according to on-site Qinling tunnel
boring data. The interactive rules could be used to identify
abnormal cutter wear. The second category of disc cutter
wear prediction studies utilizes a parameter to denote the
abrasion characteristics of the disc cutters as they cut into
rock masses. For example, Zhang and Ji (2009) introduced
the concept of an arc length wear-out coefficient to cal-
culate the disc cutter wear extent. The Colorado School of
Mines (CSM) model for TBM performance prediction,
developed by the Earth Mechanics Institute, estimates the
cutter life in terms of the Cerchar abrasivity index (CAL).
The Norwegian Institute of Technology (NTU) model uses
a specialized abrasiveness value (AV) to estimate cutter
life (Rostami et al. 1996).

Clearly, the aforementioned prediction methods are mostly
based on an empirical or semi-theoretical equation, a fitted rule,
or a testing approach. Earlier studies ignore the change in disc
cutter performance resulting from cutter wear and the operating
path of rock breakage. In this paper, based on the assumption of
a contact pressure distribution between the cutter ring and rock,
the path correction coefficient is introduced to amend the cut-
ting force. Likewise, the wear correction coefficient is also
introduced to amend the cutting force. Next, a theoretical model
that includes the disc cutter operating path and wear in the
boring process is proposed to estimate the cutting force by
incorporating the appropriate correction terms. The cutting
force acting on the rock is simulated by the explicit dynamic
finite element method (FEM), and the damage field of rock
breakage is also obtained. The results obtained via published
methods (Roxborough and Phillips 1975; Evans and Pomeroy
1966; Zhang 2008), via numerical simulation and via the pre-
sent model are compared.

We intend to describe a new model for evaluating the
cutting force and wear of the disc cutter during the tun-
neling process. In Sect. 2, a new formula for the cutting
forces that accounts for both the actual operating path of
the disc cutter and the disc cutter wear is derived. In
Sect. 3, a model for predicting the disc cutter wear extent is
proposed, and the effects of the boring parameters on the
wear extent are discussed. In Sect. 4, the numerical simu-
lation model of the cutting process is analyzed in detail.
Finally, the results obtained via published methods, via
numerical simulation and via the present model are com-
pared to illustrate the validity of the present model.

2 Mechanism of the Rock Fragmenting Process
by Disc Cutters

In the TBM tunneling process, the disc cutter is the primary
rock cutting tool and is subjected to high cutting loads. The
disc cutter is the main wearing part of the TBM, and its

performance directly affects the efficiency of the TBM and
the tunnel excavation progress. Therefore, studies on the
mechanism of the rock fragmenting process by disc cutters
and the cutting forces acting on disc cutters are highly
significant for the prediction of the excavation performance
of the entire TBM. In the following study, a new formula
for calculating cutting forces while disc cutter wear is
considered is derived.

2.1 Cutting Force Acting on the TBM Disc Cutter

Estimating the forces for cutting a certain type of rock with a
disc cutter is an essential aspect of TBM cutter head design
and performance prediction. The estimated cutting forces
can be utilized for many purposes, and their accuracy
depends on the level of understanding of the cutting process.

In early studies, the contact zone or contact area between
the disc cutter and rock surface was estimated based on
classical theories and the cutting geometry shown in Fig. 1.
This figure presents the generalized pressure distribution
within the contact area based on the cutting geometry,
including the disc diameter and depth of penetration.

As shown in Fig. 1, R is the disc cutter radius, ¢ is the
angle of the theoretical contact arc, and p is the cutter
penetration depth. The relationship between the depth of
cutter penetration, disc cutter radius and angle of the the-
oretical contact arc can be expressed simply as

p=R(1 —cos¢) (1)

Based on the distribution model of normal contact stress
along the long parabolic type contact arc (Yu and Qian
1990) at the interface between the cutting tool and rock
mass, the parabolic equation for the stress distribution can
be defined as follows (Yu and Qian 1990; Liu et al. 2013):

f(x) = ax* + bx (2)

where f(x) is the normal contact stress of an arbitrary point
on the contact arc; x is the corresponding arc length; and a
and b are undetermined coefficients. Substituting the cor-
responding arc length x, we have

£(0) = aR*6* + bRO (3)

The parabolic law shows that x = 0, 0 = 0, fix) = 0;
x=0L0=¢,f()=0;,x=12,0 = ¢/2, and f(l/2) = fnax
where [ is the full arc length, ¢ is the angle of the full
contact arc is radians, and fj,,x is the maximum contact
stress. We obtain the parabolic equation of the normal
contact stress distribution:

0 0

70) =4 5 (1-5) @

The force acting on an arbitrary infinitesimal of the
contact arc can then be expressed as

@ Springer
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0 0 0 0
0 0
= A/ max - ——]do 5
thutig (1-5) G)

where § is the contact area and T is the tip width. The
normal force F, and rolling force F; components of the disc
cutter cutting force can be expressed as follows:

¢ ¢ 0 0
F, = / dF cos0 = / Afmax TR — (1 — ) cos 0d0
0 0 ¢ ¢

:4fma(;TR <2Si;¢—cosq’>— 1) (©)

0 0
F. = dFsin0 = / 4frnax TR — (1 — —) sin 0d0
/ IR\ 5

4fmaXTR 2 —2cos ¢ i
5 () 7

In the above expression of the normal force F, and
rolling force F;, only the maximum normal contact stress
associated with rock mass parameters is considered. Sub-
stituting Eq. (1) into Egs. (6) and (7), the relationship
between the normal force F, and penetration p and the
relationship between the rolling force F; and penetration p
can be obtained as

2\/R? — (R - p)?

arccos (1 — p/R)

_ 4fmaxT
~ arccos (1 — p/R)

+p—2R

(8)
R?— (R - p)2>
9)

Under actual operation, the disc cutter operating path for
rock breaking is an arc, and rock breaking induces wear in
the disc cutter. In most studies (Paul and Sikarskie 1965;
Roxborough and Phillips 1975), the forces on the two sides
of the disc cutter generated by surrounding rock are treated
as equal, i.e., F, = F3, which suggests that the lateral force
acting on the disc cutter is equal to zero, i.e., Fyi = F.
Meanwhile, in actual cutting processes, the disc cutter
operating path for rock breaking is an arc, and the shear
bodies on the two sides of the disc cutter differ. As a result,
rock failure on each side does not occur simultaneously,
and the lateral forces on the sides of the disc cutter are
clearly different F; # Fy,. This phenomenon also inevi-
tably leads to variation in the normal and rolling forces,
which affects the cutter’s performance. To address this
issue, we introduce a correction to improve the rock
breakage efficiency.

_ AfmaxT 2p
~ arccos (1 — p/R) \arccos (1 — p/R)

@ Springer

Based on the above analysis, we introduce the rock
fragment path correction coefficients k,, and k.. The
correction terms Fy, and Fy, can then be expressed as
follows:

24/R? — (R — p)*
o AT (\/R (R—p) +p_2R)

=k
" "Parccos (1 — p/R) | arccos (1 — p/R)

(10)

4fmax 2]7 2
Foy, = k; - —\/R*— (R—-
P Parccos (1 — p/R) (arccos (1-p/R) (R=p)

(11)

From the analysis above, in the actual rock breakage
process, the lateral forces acting on the inner and outer
cutter ring are unequal, i.e., Fyi # F,. Thus, the rela-
tionship between the lateral force on both sides of the cutter
and the normal force can be expressed as follows (based on
a large number of numerical tests).

Fy = —12.84+92.77¢~""" . sin[(m — 0.04) /0.167]
(12)
5 sin[(m — 0.336)/0.132)]

(13)
where m = 0.0942 arcsin 4'1’ 82;‘” +0.17, F,,, is the normal
force acting on the disc cutter, Fy, is the average normal
force acting on the disc cutter, F; is the inner lateral force,
and F, is the outer lateral force.

From a contact mechanics perspective, roll is the rela-
tive motion of two objects in contact around the axis par-
allel to a common tangent plane. Meanwhile, slip is the
relative displacement of the contact point between two
surfaces. It is clear that roll and slip are likely to exist
simultaneously. According to the relationship between
elastic deformation and friction, the contact area can be
divided into glue and slip zones, as shown in Fig. 1.

Under the partial slip condition, if the tangential force
increases to the limit of the friction force uF, the objects
have a sliding moment, and the contact zone width is 2a,
the tangential force can be expressed as follows based on
the friction law (Goryacheva and Goryachev 2006):

ST A (14

arm a

= —0.063 + 20.422¢ ™

T'(x) = uF ()

When the tangential force is below the critical friction
force pF, a glue zone is present in the center of the contact
region. Setting the glue zone width as ¢, the additional
force distribution in the glue zone can be expressed as

__cF (1_ﬁ>% (15)

T (x
() a an a?
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Fig. 1 Generalized illustration

of the contact area between a

single disc cutter and rock
Disc
Cutter

Rock Surface

Slip Zone

The tangential force can then be obtained by Egs. (14)
and (15) as

2uF 1 1
T(x) = T'(0) + T"(x) = 5 [(@ = )} = (& = 2]
a’n
(16)
and the total tangential force acting on the contact surface
can be determined as

c
z,uF—;,uF (17)

where F is the normal force of the disc cutter, Q is the rolling
force of the disc cutter, and u is the friction coefficient.

The slip ratio of rolling objects is the ratio of the sliding
distance to the total rolling distance. Therefore, the slip
ratio ¢ and slip speed S can be calculated according to
contact theory as follows (Tohnson 1989):

509
R ur

S=¢&v (19)

(18)

where V is the tangential velocity of the disc cutter, which
can be calculated by V = 27'ERIN, V = 27R'N. Here, R is
the distance between the center of the cutter head and the
disc cutter, i.e., the installing radius of the disc cutter, and
N is the number of revolutions per minute of the TBM.

According to the principle of friction, the sliding friction
power is the product of the friction force and the sliding
distance. The friction power W can then be expressed as
follows:

Inside Outside
Lateral Lateral
Force Fsi Force Fso
F2 F3
Slip Zone
W = uFSt (20)

where pu is the friction coefficient; ¢ is the boring time,
which can be calculated by = L/LVp; L is the boring
distance; V; is the tunneling velocity of the cutter head,
Vo = pmN; and m is the number of disc cutters used on the
cutter head for a given R.

According to Roxborough FF’s estimating formula
(Roxborough and Phillips 1975), the relationship between
the normal force F and rolling force Q is

o [
F 2R —p

(21)

By substituting Egs. (18) and (19) into (20), the friction
power W can be expressed as follows:

1
s
R uF

A proportional relationship between the abrasive vol-
ume of the disc cutter and the friction power was assumed,
with the proportionality being related to the material
properties. The wear rate of energy / was introduced as the
proportional relationship between the abrasive volume of
the disc cutter and the friction power. The wear rate of
energy was defined as the abrasive volume of the disc
cutter per unit of friction power under the experimental
conditions. Therefore, the abrasive volume of the disc
cutter M in the tunneling process can be expressed as fol-
lows (Li et al. 2011):

M=IW (23)

W = uFVvi (22)

where [ is the wear rate of energy and W is the friction
power.

@ Springer
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By substituting Egs. (22) into (23),

R

The normal force F,, can then be obtained by Eq. (24) as
follows:

M

MV, 1
Fo = 2 ' ’
w>¢mR'NIL L [
- 1 T \/ 2R—p

According to Eq. (21), the rolling force of the disc cutter
can be determined as follows:

(25)

P
b MV R
" u2¢pnR'NIL |

(26)

Considering the effect of cutting tool wear on the nor-
mal force and the rolling force, we introduce the wear
coefficients k,,, and k.. The wear correction term can then
be expressed as follows:

MV, 1

Fow = knw . (27)
wrPpmR'NIL - S
w\/2R—p
MV, ZRP*P
Fro = ke 2 nR'NIL : (28)
won 1—,/1=1 /2
2R—p

where M is the bulk wear extent, which can be translated
into the radial wear extent according to the disc cutter
structural parameters; k,,, and k., are the wear correction
coefficients; and R is the disc cutter radius.

Therefore, considering the effects of the disc cutter path
and wear, the normal and rolling forces can be expressed as
follows:

Fn:an+an

AfmaxT
arccos (1 — p/R)

= knp

24/R2 — (R —p)*
( ) +p—2R

arccos (1 — p/R)

h MV, |
™ u2 arccos (1 — p/R)nR'NIL v~ i1 =
w'\/ 2R-p
(29)
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k 4fmaxT
P arccos (1 — p/R)

— /R — (R —p)z)
(30)

By substituting Egs. (29) and (30) into Egs. (12) and
(13), respectively, the lateral force acting on each side of
the disc cutter can be expressed as follows:

Fr:Frp+Frw:

2p
X -
arccos (1 — p/R)

+k MVo
™ u2arccos (1 — p/R)nR'NIL )

Fy = —12.84+92.77¢~""" . sin[(m — 0.04) /0.167]
(31)

Fyo = —0.063 4 20.422¢ 77 - sin[(m — 0.336) /0.132]
(32)

where m = 0.0942 arcsin ﬁ;zg +0.17, F, is the normal

force, and F, is the average normal force of the disc
cutter.

2.2 Damage to Rock Caused by the Disc Cutter

Fractures were observed directly by digital optical tele-
viewer during TBM construction, they exist ahead of TBM
face and tunnel sidewall, and the affected range is about
two times and 0.22-times tunnel diameter, respectively (Li
et al. 2012, 2013).

In this paper, the damage tensor is established based on
the strain state of the material (Zhang and Lu 2010), and
the damage evolution equation is derived according to the
elastic brittle constitutive relation and the corresponding
yield criterion to study damage to rock under the action of
the disc cutter.

2.2.1 Damage Variable and Damage Evolution Equation

Previous studies have shown that concrete material
damage during uniaxial compression is caused by tensile
stress and that the damage direction is orthogonal to the
loading direction, which indicates that the concrete
damage is anisotropic or orthotropic (Yu and Qian
1990). The properties of hard rock are similar to those of
the concrete material, and rock material can be consid-
ered orthotropic. In the principal stress space, it is
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assumed that the principle stress and the principle
damage axis coincide. The initial state of the material is
an isotropic linear elastic body, and the orthotropic
property was observed after damage. According to this
assumption, the damage tensor D and the stress tensor ¢
are second-order tensors. Suppose D;, D, and D3 are
three principal damage components. According to
the second law of thermodynamics and the physical
meaning of a damage variable, the damage variable can
be expressed as (Zhang and Lu 2010)

D :% %}Z[v%}ﬁ[vg”
AEETST
o S[PT F

where (x) = (|x| —x)/2; v is Poisson’s ratio; ¢, &, and &;
are the principal strain components; and ¢, is the allowable
tensile strain. At ¢ = &, the material is destroyed. &, is
obtained as the limit of the tensile strain in uniaxial tensile
tests. Finally, n is a parameter characterizing the material
brittleness, with larger values corresponding to greater
brittleness.

In uniaxial compression (o; > 0, 0, = g3 = 0), & > 0,
& = ¢ = ¢, and ¢ < 0. Thus, Eq. (33) becomes

r rqn Iqn
€ €
v—| +|vo—
Ec Ec
rqn Irqn
1 & e
Dy, =—=1|vo—| +|—
2 & &

1' I n /qn
S CRE

D, =

N —

(34)

2

The direction of the specimen damage is generally
consistent with the direction of compressive stress in the
same direction, which can be observed in rock specimen
uniaxial compression tests. This also coincides with
Eq. (34), where D; < D, = Ds. In addition, according to
Eq. (34), damage also emerges in the o5 direction. Because
the microcrack’s direction is not completely consistent
with the macroscopic crack direction during failure, the
direction of initial microcracks are somewhat random,
which is the meaning of D;.

2.2.2 Elastic-Brittle Material Damage Constitutive
Equation

The flexibility matrix of the undamaged condition is as
follows:

1079
A+2G A A
Eij = ;u )L + 2G ;L (35)
A A /. +2G

where 4 and G are the Lame constant and shear modulus,
respectively.
Therefore, in the principal stress direction,

o= (1+2G) (36)

According to the principle of energy equivalence pro-
posed by Sidoroff (An et al. 1991), for the damaged
material, the flexibility tensor is

E; = (1- D) *E;(1 - D))" (37)

where Ej; is the undamaged elastic tensor. According to
Egs. (35) and (37),

Ey; = (4 +2Goy)(1 — D) "(1 - D))"/2 (38)

According to the generalized Hooke’s law and Eq. (38),
the constitutive relations of elastic brittle damage can be
expressed as

e — (o] . [V o) o VO3
"TEQ—Dp)? EQ—=D)(1-D5) E(1—Dy)(1-Ds)
6 — — L0 n g1 . V03
2T T EQ-D)(1-Dy)  E(1-D,? E(I-Dy)(1-Ds)
e — — [Men] _ [ Vo) + g3
T E(-D)(1-Ds) E(I-Dy)(1-Ds) " E(1 - Ds)
(39)
That is,
_ _ v _ v
E(1—Dy)? E(1-D)(1-D2)  E(1—Di)(1-Ds)
D) 1 v
E=1"50-D)1-D)  E1-Dy’  E(1-D)(1-Dy)
v ) 1
CE(1-D\)(1-D3) E(1-Dy)(1-D3)  E(1—Ds)’
(40)

where ¢y, 0,, and g3 are the principal stress components;
€1, &, and &3 are the principal strain components; and Dy,
D,, and D5 are the damage components corresponding to
the directions of three principal stresses. Finally, E is the
elastic modulus. There are five independent components
because D; # D, # Ds.

3 Analysis of the Abrasive Disc Cutter Wear
During TBM Tunneling

In general, material wear is related to the sliding contact,
and it may involve different mechanisms at various stages
of the mechanical process. Material wear depends on the
properties of the material surfaces, the surface roughness,
the sliding distance, the sliding velocity and the

@ Springer
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Disc cutter

Rock groove

Rock plate

(b)

Disc cutter

ok
C* Inside
oR

Qutside

Qutside Inside

Y
kx

Fig. 2 Rock-breaking process of the disc cutter. a Finite element model. b Boundary conditions

temperature. In the tunneling process, it is important to
reduce the disc cutter wear. Hence, abrasive wear is chosen
as the most relevant type of wear for this analysis (Rad
1975).

3.1 Model for Predicting the Disc Cutter Wear
Extent

The disc cutter wear is mainly caused by scratching
between the quartz and other hard particles in rock and the
tool surface. Therefore, to quantify abrasive wear through
constitutive equations, the initial broken point of rock and
the contact distance need to be determined. According to

Table 1 Material properties of the disc cutter

Parameters Values
Density, p (kg/m®) 8000
Young’s modulus, E (GPa) 210
Poison’s ratio, v 0.25
Friction coefficient, u 0.23
Wear rate of energy, / (mm>/7) 5E-5

Egs. (22), (23), the bulk wear extent of the disc cutter can
be expressed as

2pnR'NF,IL
M= IW — W PTR'NF,IL (41)
Vo
o o o | O
™ <t o | <
<t o ™ <
L
20
80

Fig. 3 Dimensions of disc cutter (unit: mm)

Table 2 Input parameters of the Johnson-Holmquist concrete model for rock (Holmquist and Johnson 1993)

Parameters Values Parameters Values Parameters Values

Viscous constant, A 0.79 Enhancement coefficient, B 1.6 Coefficient of strain rate, C 0.007

Harding index, N 0.61 Maximum equivalent stress, Spax 7 Uniaxial compressive strength, fC 48

(MPa)

Elastic limit hydrostatic pressure, 16 Volume strain corresponding to 0.001  Compaction hydrostatic pressure, 800
Perusn (MPa) Perushs Herush Prock (MPa)

Volume strain corresponding to Py, 0.1 Maximum tensile hydrostatic stress, 2 Bulk modulus, K; (GPa) 85
Hiock T (MP a)

Bulk modulus, K, (GPa) —171  Bulk modulus, K5 (GPa) 208 Damage constant, D, 0.04

Damage constant, D, 1 Shear modulus, G (GPa) 15 Minimum plastic strain, EF ., 0.01
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where M is the disc cutter bulk wear extent, V, is the
tunneling velocity of the cutter head, L is the total length of
TBM tunneling, p is the penetration depth of the disc
cutter, R is the installing radius of the disc cutter, R is the
radius of disc cutter, u is the friction coefficient, N is the
number of revolutions per minute of the TBM, F, is the
normal force acting on the disc cutter, ¢ is the angle of the
theoretical contact arc, and u is the friction coefficient
between the cutting tool and rock. Additionally, [ is the
wear energy, which is also the bulk wear extent on the

action of the frictional work under the specified
12
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Fig. 4 Curve of disc cutter radial wear extent changes with tunneling
distance
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Fig. 5 Effect of cutting depth on the disc cutter wear extent. For
using different penetration depth p = 3, 6, 9 and 12 mm to conduct
four computational models, when keep the installing radius
R =10m and the vertical force acting on the disc cutter
F =200 kN

experimental condition. For a given rock mass and disc
cutter material, / can be determined experimentally.

The wear of a cutting tool is a dynamic process and
increases with the boring distance in TBM tunneling (Du
and Gong 2012). This wear creates variation in the shape of
the disc cutter. Therefore, Du and Gong (2012) put forward
a model to estimate the cutter radial wear extent, which can
be calculated as

M=Ky K;-—-—- l (42)
r

Wear extent [mm]
S
| 3
L ]

A
2 :

T T T T T T T T T
0 200 400 600 800 1000
Tunneling distance [m]

1200 1400

Fig. 6 Effect of installing radius on the disc cutter wear extent. For
using different installing radius of the disc cutter R'= 1.0, 2.0 and
3.0m to conduct three computational models, when keep the
penetration depth p = 3 mm and the vertical force acting on the disc
cutter F = 200 kN
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Fig. 7 Effect of the normal force on the disc cutter wear extent. For
using different normal force acting on the rock F, = 100, 200 and
300 kN to conduct three computational models, when keep the
penetration depth p = 3 mm and the installing radius of the disc
cutter R = 1.0 m

@ Springer



1082

H. Yang et al.

where L is the total TBM tunneling length, /4 is the pene-
tration, R is the disc cutter installing radius, r is the disc
cutter radius, [ is the arc length after the disc cutter has
broken rock, and K is the correction coefficient (greater
than 1). Ky and K can be obtained from experiments or
practical construction experience, as proposed by Du and
Gong (2012). K, is approximately 1.2—-1.6 based on the
construction experience for the Qinling tunnel. This value
is usually determined by statistical or inverse analysis and
is an empirical parameter.

450
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400 + o Present model
—a— F.F.Roxborough
350 v— Evans
é 300 A
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Fig. 8 The relationship between the normal force and the boring time
when the wear extent of the disc cutter w = 2.5 mm

—=— Numerical simulation
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—A— SJTU
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Max=25.05kN

Rolling force(kN)

Time(s)

Fig. 9 The relationship between the rolling force and the boring time
when the wear extent of the disc cutter w = 2.5 mm

@ Springer

3.2 Numerical Simulation of the Wear Extent
of the Disc Cutter

For modeling, we employed a V-shaped disc cutter of
440 mm (17 in.) diameter and 80 mm thickness (as shown
in Fig. 3), and the disc cutter installing radius was
R; = 1.0 m. As shown in Fig. 2, the rock plate inner radius,
outer radius and thickness are R; = 0.8 m, R, = 1.2 m and
h = 0.15 m, respectively. The above new model for wear
was used in the disc cutter material model, and the input
parameters for the cutter material model are summarized in
Table 1. For the rock material model, we basically adopted
the Johnson-Holmquist model (Johnson and Cook 1985),

60

—=— Numerical simulation

. Max=40.34kN
Pue / —e— Present model

Inside lateral force(kN)

-80 Min=-87.34kN

-100 T T T T

Time(s)

Fig. 10 The relationship between the internal lateral force and the
boring time when the wear extent of the disc cutter w = 2.5 mm

40 4 —%— Numerical simulation
—e— Present model ’

®
'] Max=37.77kN

Outside lateral force(kN)

Min=-22.46kN

-30 T T T T T T T T
0 1 2 3 4

Time(s)

Fig. 11 The relationship between the outside lateral force and the
boring time when the wear extent of the disc cutter w = 2.5 mm
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Fig. 12 Contour of rock’s Mises stress with different boring time and different penetration a 7=0.85s, p =095 mm; b 7T=09s,
p=156mm;c7T=095s,p=219mm;d7T=10s,p=437Tmm;eT=105s,p=437Tmm; fT=1.1s, p =437 mm

and the corresponding parameters are summarized by
Holmquist and Johnson (1993) as shown in Table 2. The
maximum tensile stress and maximum principal strain
failure criteria were selected. The maximum tensile stress
value is set to 2 MPa, and the maximum principal failure
strain is 0.6. The vertical force acting on the disc cutter is
F = 200 kN. The angular rotation and revolution velocities
of the disc cutter are w; = 1.5 rad/s and w, = 0.33 rad/s,
respectively. The disc cutter wear, rock-breaking process,
and boundary conditions employed in the numerical model
are shown in Fig. 2. In addition, to prevent unexpected
failure induced by reflected stress waves, an infinite
transmitting boundary condition (Century Dynamics Inc.
2003) was applied to each surface of the rock model except

for the upper surface. The disc cutter wear values estimated
by the present model and the formula proposed by (Du and
Gong 2012) are shown in Fig. 4.

Figure 4 indicates that the cutting tool wear generated in
the boring process can generally be divided into three stages:
initial wear, normal wear and sharp wear. In the initial wear
stage, the disc cutter wear extent increases with time, and the
slope of the curve increases gradually. As the slope of the
curve ceases to change, the wear enters the normal wear
stage, in which the wear increment is constant. The wear
extent then enters the third wear stage, in which the wear
extent increases sharply and the disc cutter must be replaced
to ensure normal tunneling driving. The wear extents pre-
dicted by the present model and the model proposed by Du
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Fig. 13 Comparison of rock’s Mises stress in different direction with
different time: a in the X direction, b in the Y, direction and ¢ in the
Z direction

and Gong (2012) in Eq. (42) are compared in Fig. 4. It can
be seen that the results obtained by the present model are
slightly different from those obtained by Eq. (42).

To study the effect of penetration depth on the disc cutter
wear, a series of calculations using different penetration
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depths was conducted. The values of p were 3, 6, 9, and
12 mm, and the values of L ranged from O to 1200 m. As
shown in Fig. 5, the change in the wear extent exhibits a
similar trend for different values of p. The increment of the
wear extent is rapid during the initial period of the boring
process. The rate of increment then slows and approaches a
constant value. Finally, the increment of wear extent
increases again, approaching a new, higher constant value in
the final stage. It can be further seen that the wear extent
increases with increasing penetration depth for the same
boring distance. As shown in Fig. 5, the tunneling distance
L has a strong effect on the wear of the disc cutter, but the
penetration p has a weak effect on the disc cutter wear.

A series of calculations was conducted using different
installing radii to assess the effect of installing radius R on
the disc cutter wear extent. The values of R were 1.0, 2.0,
and 3.0 m, and the range of L was 0—-1200 m. As shown in
Fig. 6, the change in the wear extent exhibits a similar
trend for different values of R. The increment of the wear
extent is large in the initial period of the boring process.
The increment of wear extent then slows and remains
basically unchanged. Finally, the increment of wear extent
increases again and approaches a new, higher constant
value in the final stage. It can also be seen that the wear
extent increases with increasing installing radius for the
same boring distance. As shown in Fig. 6, the distance
between the center of the cutter head and the disc cutter R’
has a strong effect on the disc cutter wear.

We conducted a series of calculations using different
normal forces acting on the disc cutter to investigate the
effect of the normal force F, on the disc cutter wear extent.
The values of F,, were 100, 200, and 300 kN, and the range
of L was 0—1200 m. As shown in Fig. 7, the change in the
wear extent exhibited a similar trend for different values of
F,. The increment of the wear extent is large in the initial
period of the boring process. The increment of the wear
extent then slows and remains basically unchanged.
Finally, the increment of the wear extent increases again
and approaches a new, higher constant value in the final
stage. It can be further seen that the wear extent increases
with the normal force acting on the disc cutter for the same
boring distance. Therefore, the normal force acting on the
disc cutter F, has a strong effect on the wear of the disc
cutter.

4 Numerical Simulation of the Rock Damage
Process During Tunneling

The excavation of a massive rock by a boring machine is
usually analyzed by studying a single cutting tool. Char-
acteristic tools are commonly studied via laboratory tests.
According to the obtained results, analytical formulas are
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Fig. 14 Contour of rock’s Mises strain with different boring time and different penetration a 7=0.85s, p =095 mm; b 7=09s,
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applied to determine the parameters that describe the
behavior of the entire tunneling machine. This type of
study mainly relies on the tunneling experience of analysts
and experimental testing.

The numerical simulation of excavation is a relatively
new approach resulting from a breakthrough in the devel-
opment of new computational mechanics techniques. In
most numerical simulations of rock breakage by disc cutters
(Liu et al. 2002; Kou et al. 2004), the running path of the disc
cutter is linear. However, we know that the actual moving
path of the disc cutter is circular. Additionally, many
researchers (Liu et al. 2002; Kou et al. 2004) have analyzed
the cutting force without considering disc cutter wear, which
may affect the cutting force. Thus, we focused on the two
issues above when conducting the numerical simulations.

4.1 Validity of the Prediction Formula for Cutting
Force

The relevant parameters are assumed as follows. A V-shaped
disc cutter of 440 mm (17 in.) in diameter and 80 mm in

thickness is employed. The disc cutter installing radius is
R; = 1.0 m, and the inner radius, outer radius, and thickness
of the rock plate are R; =0.8m, R, =1.2m, and
h, = 0.15 m, respectively. The vertical force acting on the
disc cutter is F = 200 kN. The angular rotation and revo-
lution velocities of the disc cutter are w; = 1.5 rad/s and
w, = 0.33 rad/s, respectively. The radial wear extent of the
disc cutter is w = 2.5 mm, the path correction coefficients
are k,, = 1.01 and k,, = 0.433, and the wear correction
coefficients are kyy = 1.58¢ ®and k., = 6.74¢>. The rigid
model from the ANSYS/LS-DYNA library was used for the
disc cutter material model, and the input parameters for the
cutter material model can be found in Table 1. For the rock
material model, we basically adopted the Johnson-Holm-
quist concrete model (Johnson and Cook 1985) and the
corresponding parameters in ANSYS/LS-DYNA summa-
rized by Holmquist and Johnson (1993), as shown in Table 2.
The rock plate is simulated using finite element meshes,
namely, elements in ANSYS/LS-DYNA. The disc cutter and
rock employed the element SOLID 164 in the computational
model, and the element size of the rock is 5 mm.
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Fig. 15 Comparison of rock’s Mises strain in different direction with
different time a in the X direction, b in the Y, direction and ¢ in the
Z direction

We employed the *CONTACT_ERODING_SURFACE_
TO_SURFACE algorithm from the LS_DYNA library to
simulate the contact between the disc cutter and the rock. The

contact algorithm is a penetration contact algorithm. When
material failure occurs in the contact process, contact can still

@ Springer

occur for the remaining elements, which is mainly used for the
solid element surface penetration failure problem. In the rock-
breaking process, the failure of rock is highly nonlinear,
making the contact algorithm appropriate. In the definition of
contact, the disc cutter is regarded as the contact surface, and
the rock is regarded as the target surface. The contact static
friction coefficient is defined as 0.4, and the dynamic friction
coefficient is defined as 0.35. The material failure criteria of
the maximum tensile stress and the maximum principal strain
failure criteria were selected. The maximum tensile stress is
2 MPa, and the maximum principal strain failure is 0.6. The
disc cutter wear, rock-breaking process, and the boundary
conditions employed in the numerical model are shown in
Fig. 2. In addition, an infinite transmitting boundary condition
(Century Dynamics Inc. 2003) was applied to the rock model
surfaces, except for the upper surface, to prevent unexpected
failure induced by reflected stress waves and exclude the scale
effect associated with the finite dimensions of the rock model.
The predicted cutting forces of the disc cutter obtained by the
numerical simulation, the present model and the existing
formulas are shown in Figs. 8,9, 10, 11, allowing the accuracy
of the prediction formula proposed in this paper to be verified.

The cutting forces acting on the rock generated by a
single disc cutter with a certain wear extent are shown in
Figs. 8, 9, 10, 11. It can be seen that the cutting forces are
not constant and instead fluctuate around an average value,
which is consistent with the stress status in the actual rock
breakage process. This phenomenon may be caused by the
brittle property of the rock material. In Fig. 8, the mean
value of the normal force is 197.86 kN, and the maximum
value of the normal force is 438.81 kN. In Fig. 9, the mean
value of the rolling force is 6.33 kN, the maximum value of
the rolling force is 25.02 kN. According to the numerical
simulation results, the normal force is much greater than
the rolling force.

The normal forces obtained using the present prediction
model, the numerical simulation and the existing formulas
proposed by Roxborough and Phillips (1975) and (Evans
and Pomeroy 1966) are compared. The existing formulas
proposed by Roxborough and Phillips (1975) and Evans
and Pomeroy (1966) are as follows, respectively:

FR = 4o htan ovV2Rh — h? (43)
4
FE = §ach\/R2 — (R—h)*tana (44)

where Fy is the normal force, o. is the rock uniaxial
compressive strength, o is the edge angle of the disc cutter,
R is the radius of the disc cutter, and 4 is the penetration
depth of the disc cutter.

As shown in Fig. 8, regardless of whether the values are
obtained by the present model or by Eq. (43) proposed by
Roxborough and Phillips (1975) and Eq. (44) proposed by
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Fig. 16 Contour of rock’s damage with different boring time and different penetrationa 7 = 0.85 s,p = 095 mm; b7 =09 s, p = 1.56 mm;
cT=095s,p=219mm;dT=10s,p=437Tmm; e T=105s,p =437mm; f T = 1.1 s, p = 4.37 mm

Evans and Pomeroy (1966), the variation in the normal
force with increasing boring time exhibits a similar trend. It
also can be seen from Fig. 8 that the results obtained with
the present model differ slightly from those obtained by
Egs. (43) and (44). Specifically, the normal force obtained
with the present model is larger than that estimated by
Egs. (43) and (44), which does not consider the effects of
the disc cutter’s operating path and the disc cutter wear on
the normal force. Therefore, the circular running path and
the disc cutter wear may affect the normal force of the disc
cutter.

Fig 9 compares the results of the rolling force acting on
the disc cutter obtained by the present model and existing
formulas proposed by Roxborough and Phillips (1975) and
SITU (Zhang 2008). The existing formulas proposed by
Roxborough and Phillips (1975) and SJITU (Zhang 2008)
are as follows, respectively:

Fr = 401’ tan o (45)

FR:FV(\/II%—&-M%) (46)

where Fy is the rolling force, Fy is the normal force, « is
the edge angle of the disc cutter, /4 is the penetration depth
of the disc cutter, u is the friction coefficient (0.02 in this
paper), D is the diameter of the disc cutter ring, and d is the
diameter of the disc cutter shaft.

As shown in Fig. 9, regardless of whether the values are
obtained by the present model by Eq. (45) proposed by
Roxborough and Phillips (1975) and Eq. (46) proposed by
SJTU (Zhang 2008), the change in the rolling force with
increasing boring time exhibits a similar trend. It also can
be seen in Fig. 9 that the results obtained with the present
model are highly consistent with those obtained with
Eq. (45), and the normal force obtained with the present
model is larger than that estimated by Eq. (46). Therefore,
the circular running path and the disc cutter wear may also
affect the rolling force of the disc cutter.
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Fig. 17 Comparison of rock’s damage in different direction with
different time a in the X direction, b in the Y, direction and ¢ in the
Z direction

It can be seen from Figs. 10, 11 that the change in the
internal or external lateral force, with boring time is similar
regardless of whether the values were obtained by the
numerical simulation or the present model. Figures 10 and
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11 also indicate that the maximum and minimum values of
the internal lateral force are 40.34 and —87.34 kN,
respectively, and the maximum and minimum values of the
external lateral force are 37.77 and —22.46 kN, respec-
tively. Thus, the internal lateral force varies to a greater
extent than the external lateral force. It is obvious that the
internal lateral force is larger than the external lateral force,
and this phenomenon is significant in the initial rock
breakage stage.

For a constant disc cutter driving speed, the increase in
the contact area between the disc cutter and rock upon
increasing wear gradually increases the cutting force. Thus,
in actual engineering applications (Yin et al. 2014), to keep
the tunneling speed constant, we must increase the thrust of
the hydraulic jack. According to the analysis above, the
simulation results are consistent with this.

4.2 Analysis of Rock Breakage Process Under
Different Penetration Condition

As the disc cutter breaks rock, the tip of disc cutter makes
contact with the rock and then induces the elastic defor-
mation of the rock in the initial stage. As the penetration
depth increases, the plastic deformation of rock occurs,
leading to damage accumulation in the rock. When the rock
is completely damaged, rock breakage occurs.

We cut the rock in a plane to observe the inner rock
breakage at 7 = 0.95 s. The contours of the von Mises
stress and strain of the rock for different boring times and
penetration depths are shown in Figs. 12, 14, respectively,
and the damage field of the rock is presented in Fig. 16,
where the time steps were 7' = 0.85-1.1 s. Figures 12 and
14 show the rock failure during the disc cutter rock
breakage process. The rock groove width is greater than the
tip width, which may be due to the brittleness of the rock
material, and the penetration depth of the disc cutter
increases with the boring time. The von Mises stress values
of the rock in the X, Y, and Z directions over time are
compared in Fig. 13. The von Mises stress of the rock
decreases with the values of X, Y, and Z, and the cutting of
the disc cutter into the rock makes the extrusion stress
increase gradually. When the stress reaches the yield
strength, the plastic deformation of the rock occurred,
followed by rock breakage, a decrease in extrusion stress,
and then the process cycle. Therefore, in the process of disc
cutter rock breakage, the rock constantly experiences
loading and unloading; thus, the rock breaking is a sudden
failure process, as shown in Figs. 13, 15.

The rock under the action of a single TBM disc cutter
can be divided into three zones, namely, the crushed zone,
the transitional zone and the intact zone, as shown in
Fig. 16.
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The rock damage in the X, Y, and Z directions over time
is shown in Fig. 17. It can be seen that the rock damage
decreases as X, Y, and Z increase, and the damage field of
the rock increases over time.

5 Conclusions

A model for estimating the cutting force on the disc cutter
in tunneling process is developed by considering the cir-
cular running path and wear of the disc cutter. This method
can be applied to improve the TBM penetration design.
The cutting force on the rock generated by a single disc
cutter is simulated by using the explicit dynamic finite
element method ANSYS/LS_DYNA, and the rock break-
age is discussed. The simulation results are analyzed and
compared with the cutting force prediction model and the
estimation formula proposed by Roxborough, Evans and
SJITU (Roxborough and Phillips 1975; Zhang 2008).
Moreover, a quantitative slip theory for rolling contact
considering the effect of tangential traction is also intro-
duced based on contact mechanics. An evaluation model
including the disc cutter parameters and boring parameters
is also discussed to estimate the wear extent of the disc
cutter.

It is shown that the wear extent increases with the
penetration depth for a given boring distance. The wear
extent also increases with increasing installing radius and
increasing normal force acting on the disc cutter. Thus, the
disc cutter parameters and boring parameters have a strong
effect on the wear of the disc cutter. A comparison of the
validity of the prediction models shows that the cutting
force prediction model presented in this study is superior to
the other models. Therefore, this prediction model can be
used to provide guidance for TBM design and application
in tunnel excavation.

Although the effect of the dynamic response of the
rock breakage on the cutting force has not yet been
considered research to introduce this behavior into the
present prediction model is underway. The model pro-
posed in this paper does not consider changes of rock
damage and mechanical parameters near disk cutter.
Moreover, a new cutting force prediction model con-
sidering mixed ground conditions should also be
developed.
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