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This paper presents an original thermomechanical model of rock cutting with evaluation of tool wear. The model
has been developed within the framework of the discrete element method, which is a suitable numerical method
to study problems of multiple material fractures like thoseof rock cutting. The paper presents brief overview
of the theoretical formulation, calibration of the discrete element model, and a number of numerical results
obtained in simulation of rock cutting processes typical for underground excavation, using both roadheaders
and TBMs.

1 Introduction
Rock cutting is an essential process in underground excavation with roadheaders (Fig. 1a) as well as with tunnel
boring machines (TBM, Fig. 2a). Roadheaders excavate the rock by means of conical point attack picks (Fig.
1b) mounted on a rotating cutterhead supported by a boom which is independently movable in the vertical and
horizontal direction. In the excavation with TBMs, the rockis cut by means of cutter discs (Fig. 2b) installed
on a rotating cutter head, which is pressed against the tunnel face.

The objective of the cutting process optimization is to maximize cutting efficiency at an acceptable cost.
Cutting performance depends on many factors, like rock strength properties, rock abrasivity, ground conditions,
tool design and tool mechanical properties, cutterhead design and operational parameters.

Cuttability of specific rocks and performance of cutting tools can be studied experimentally. Scale-one
cutting tests with a single roadheader pick can be performedon the cutting testrig (Fig. 3) built in the laboratory
of SANDVIK Mining and Construction (Zeltweg, Austria). Therepresentative experimental procedure for TBM
cutter discs is based on the linear cutting test (Chang et al.2006).

Rock cutting process can also be analyzed by computer simulation. Numerical modelling of rock cutting
requires special non-standard approaches. Finite elementmodels based on continuum mechanics have seri-

a) b)
Figure 1: Roadheader: a) rock excavation with a roadheader,b) typical design of a point attack pick.
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a) b)
Figure 2: TBM design: a) general view of the Herrenknecht Gripper TBM, b) single disc cutter.

Figure 3: The cutting test rig at SANDVIK Mining and Construction in Zeltweg/Austria

ous problems in modelling discontinuities of the material occuring during rock cutting. An original numerical
model of rock cutting based on the discrete element method (DEM) developed within the Tunconstruct program
proved to be very useful in studying rock cutting processes.The DEM model is a suitable method to repre-
sent discontinuous material failure with multiple fracturing. Numerical model allows us to quantify cutting
forces, tool wear and tip temperatures of different cuttingtools in different types of rock under specific cutting
parameters. It can be treated as an alternative or supplementation to laboratory cutting tests.

2 Tool–rock interaction
For optimization of the cutting system for different rock conditions, understanding of the tool-rock interaction is
essential. In all rock cutting processes rock is desintegrated under the action of a tool. Rock failure mechanisms
depend on rock properties. The failure is initiated in the zone under the tip of the tool (a roadheader pick
or cutter disc of a TBM), where rock is crushed under high compressive stresses. Force exerted by the tool is
transmitted through the crushed zone to the intact rock and microcracks are initiated at the boundary between the
crushed zone and the intact rock. The cracks initiated at thecrushed zone propagate through the rock. Fractures
propagating to the rock surface separate chips from the intact rock. Chip formation is the most desirable failure
mechanism in the rock cutting, since it is favourable for thelow process energy and low tool wear.

Cutting forces depend on many factors, most important beingrock strength and brittleness, tool geometry
and its orientation, cutting depth and cutting velocity. The tool is subjected to dynamic loads coming from
the tool impacts on the rock surface as well as force oscillations due to chip separations. The tool design and
material must ensure its resistance to high impact loading.

High contact forces and relative motion at the tool–rock interface produce high frictional forces. Intensive
heat generation at the frictional contact during cutting results in high temperatures of the tool surface. In some
cases temperature on the tool surface can reach as much as 550–800◦C, cf. (Verhoef 1997; Loui and Karanam
2005). High temperature may soften the tool material, whichcan lead to excessive tool deformation (Fig. 4a).
High temperature is also disadvantageous for the tool resistance to wear.
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a) b)
Figure 4: Typical failures of TBM cutter discs: a) excessiveplastic deformation, b) excessive wear (courtesy of
Herrenknecht AG).

a) b)

c) d)

Figure 5: Different roadheader pick failure mechanisms in cutting of hard rocks: a) abrasive wear, b) adhesive
wear, c) surface fatigue and abrasion, d) adhesion and fatigue

3 Wear of rock cutting tools
High tool wear is one of the principal obstacles that arise during the excavation by rock cutting. Changes of pick
geometry due to wear lead to difficulties in the tool penetration reducing thus cutting performance. Frequent
work breaks necessary for the tool change reduce the efficiency further. Increased use of cutting tools contribute
to overall cost increase. Therefore prediction of wear is important in the tool design and excavation planning.

Wear is a very complicated process of progressive loss of thematerial from the tool surface. It occurs in all
cutting tools, example of worn TBM cutter discs and roadheader picks are shown in Figs. 4b and 5, respectively.
Practical observations show that different wear mechanisms can occur in rock cutting tools (Akerman 2006).

Figure 5 shows different wear patterns of roadheader picks.Abrasive wear (Fig. 5a) is one of the most
important mechanisms in cutting of hard rocks especially inthe presence of quartzite. Scraping of the rock
surface leads to high temperatures, which softens the steelbody and hardmetal tip, resulting in increasing wear
of adhesive character (Fig. 5b). Adhesive wear is typical for heat generating rock of low abrasivity (Fig.
5d). In the field of rock and ground excavation it is very rare that just one wear mechanism occurs. Different
mechanisms can act in parallel, as it is shown for instance inFigs. 5c,d.

Wear of rock cutting tools depends on many factors, such as (Verhoef 1997): rock/soil properties (strength,
hardness, fracture properties, brittleness, abrasive capacity), tool characteristics (material properties, strength,
hardness, geometry), cutting process parameters (position of a tool with respect to rock (penetration depth, rake
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and cutting angles, cutting velocity, cutting forces, heatgeneration, cooling, temperature) to name the most
important ones.

4 Thermomechanical model of rock cutting
The numerical model of rock cutting developed within the Tunconstruct project, covers all the most important
phenomena identified in the previous sections, that is rock failure mechanisms, tool-rock interaction, frictional
heat generation, tool temperature increase and tool wear. Rock cutting is analysed as a thermo-mechanical
process. Thermo-mechanical model of rock cutting is shown schematically in Fig. 6. The tool-rock system is
considered. The main physical phenomenon analyzed in the mechanical problem is the interaction of the tool
with a rock leading to a failure of the rock characterized with discontinuous material behaviour. Interaction
forces between the tool and rock are determined. Simultaneously heat generated by friction between the tool
and rock is calculated and passed to the thermal model. Thermal model takes into account heat absorption and
conduction through the tool and rock as well as convective heat transfer on the free surface of the rock and tool
and heat transfer in the contact surface between the rock andtool.

A numerical model representing the thermomechanical phenomena described above has been developed
within the framework of the discrete element method (DEM) (Rojek 2007). Rock material is modelled using
the spherical (in 3D) or cylindrical (in 2D) discrete elements. The tool is considered to be rigid in our numerical
model assuming that its stiffness is sufficient to produce rock failure and its deformation is irrelevant for the
purposes of modelling of rock failure. The DEM is a suitable tool to model rock failure characterized by
numerous discontinuities (Huang 1999; Oñate and Rojek 2004). Discrete element formulation using spherical
or cylindrical particles was first proposed by Cundall and Strack (1979) and by Cundall (1988). In the present
work the computer code Simpact is used with the implementation of the discrete element algorithm (Rojek et al.
2001; Õnate and Rojek 2004).

Within the DEM, it is assumed that a solid material can be represented as a collection of rigid particles/blocks
interacting among themselves in the normal and tangential directions. The normal and tangential contact forces,
Fn andFT , respectively, are obtained using a constitutive model formulated for the contact between two rigid
spheres. In the formulation presented, the elastic perfectly brittle model of contact interaction is used – with
initial bonding for the neighbouring particles assumed. These bonds can be broken under load allowing to
simulate initiation and propagation of material fracture.Contact laws concerning the normal and tangential
direction for the elastic perfectly brittle model are shownin figure 7. When two particles are bonded the contact
forces in both normal and tangential directions are calculated from the linear constitutive relationships:

Fn = knun , ‖FT‖ = kt ‖ut‖ , (1)

where:kn — interface stiffness in the normal direction,kt — interface stiffness in the tangential direction,un

— normal relative displacement,ut — tangential relative displacement.
The tensile and shear contact forces are limited by the tensile and shear interface strengths,Rn andRt,

respectively:
Fn ≤ Rn , ‖Ft‖ ≤ Rt . (2)

Cohesive bonds are broken instantaneously when the interface strength is exceeded either by the tangential
contact force or by the tensile contact force.

a) b)
Figure 6: Thermo-mechanical model of rock cutting: a) scheme of mechanical problem, b) scheme of thermal
problem.
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a) b)
Figure 7: Force–displacement relationships for the elastic perfectly brittle model: a) in the normal direction, b)
in the tangential direction

In the absence of cohesion the normal contact force can be compressive only (Fn ≤ 0) and tangential contact
force can be nonzero due to friction. In the present formulation the Coulomb model of friction is used. The
tool–rock interaction is also modelled using the frictional contact model.

Thermal phenomena during rock cutting are described by the heat balance equation. Particle-to-particle
conductive heat transfer rateQcont

ij is assumed in the form analogical to the Fourier equation

Qcont
ij = hcond(Ti − Tj) (3)

with hcond being the heat transfer coefficient between material particles, which can be determined as a func-
tion of the solid heat conductivity and particle configuration. Heat generation through frictional dissipation is
calculated using the following formula

Q
gen
i = χ |FT vT | , (4)

whereFT is the friction force,vT is the relative tangential velocity, and0 ≤ χ ≤ 1 is the part of the friction
work converted to heat.

Thermo-mechanical coupled problem is solved using the staggered solution scheme, in which the mechan-
ical and thermal problems are analysed separately. The two problems are coupled by heat generation process
– heat generated by friction is evaluated in the solution of mechanical problem and passed to the solution of
thermal problem.

5 Wear model
Evaluation of wear and its evolution is included in the numerical model developed. Quantification of wear is
based on the classical formula of Archard (1953), which is still widely used. It assumes that the wear rateẇ is
proportional to the contact pressurepn and to the slip velocityvT

ẇ = k
pnvT

H
, (5)

whereH denotes the hardness of worn surface andk is a dimensionless wear parameter. The Archard model was
derived originally for adhesive wear, the same form of equation, however, can be obtained for abrasive wear, cf.
(Rabinowicz 1995). Values of adhesive and abrasive wear constantsk for different combinations of materials
can be determined in laboratory tests. Influence of temperature on wear can be considered by adaptation of the
Archard equation (5) taking the hardnessH changing with temperatureT

ẇ = k
pnvT

H(T )
(6)

The tool wearw, i.e. the amount (depth) of removed material, is obtained byintegrating the wear ratėw in time

w =

∫
ẇ dt . (7)

The Archard law given by Eq. (6) has been implemented in the numerical algorithm. Distribution of wear on
the tool surface can be estimated and the tool shape can be modified according to the calculated wear.

Wear is a relatively slow process and it can be observed only after many work cycles. In the numerical
algorithm developed wear is accelerated using scaled wear constants. Thus visible wear is obtained after the
analysis of one cycle only.
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The developed numerical algorithm of wear evaluation takesadvantage of the tool discretization with dis-
crete elements. This allows us to easily modify the shape of the tool. The tool shape is changed eliminating
particles if the accumulated wear exceeds the particle diameter. The tool shape is modified continuously during
the analysis. Alternatively the tool surface can be discretized with finite-element-type mesh. In this case the
profile of wear and its evolution is evaluated on the discretized surface.

6 Determination of rock model parameters
Determination of rock model parameters is the first step in our simulation of rock cutting process. A set of mi-
cromechanical parameters has to be established to model required macroscopic properties of the rock material,
which will be considered in rock cutting simulation.

The most important macroscopic properties are Young modulus E, Poisson ratioν and compressive and
tensile strengths,σc andσt, respectively. Microscopic parameters are, in turn, all the constitutive model para-
meters governing the interaction between a pair of particles: the normal and tangential stiffnesskn andkT , the
interface strengths in the normal and tangential directions,Rt andRt, respectively.

A sandstone with the following macroscopic properties:E = 18690 MPa,ν = 0.23, σc = 127.8 MPa,σt =
12.3 MPa has been selected for experimental and numerical tests.Macroscopic material properties have been
determined by laboratory tests, unconfined compression test and indirect tension (Brazilian) test, performed
in the laboratory of Sandvik Mining and Construction GmbH (Zeltweg, Austria). Numerical simulation of
these tests will allow to determine the microscopic constitutive parameters for a material sample modelled with
discrete elements yielding the macroscopic properties of the real rock material. Figure 8 demonstrates failure
modes of the sandstone sample under compressive load obtained in the laboratory test and in the numerical
simulation. The failure modes obtained experimentally andnumerically for the Brazilian test are shown in
Fig. 9. A good agreement of the numerical solution with experimental results can be observed.

a) b)
Figure 8:Unconfined compression test: a) laboratory test, b) numerical simulation

a) b)
Figure 9: Brazilian test: a) laboratory test, b) numerical simulation

The micromechanical parameters have been determined usingthe methodology developed in (Huang 1999)
based on the Buckinghamπ theorem which allows to assume the dimensionless relationships relating the mi-
croscopic parameters to macroscopic properties. The dimensionless relationships have been determined taking
the results of numerical simulations of laboratory tests for a certain range of microscopic parameters. For
the rock considered the following set of micromechanical parameters has been found for the DEM model:
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contact stiffness in the normal directionkn = 1.61129 · 1010 Pa, contact stiffness in the tangential direction
kT = 0.3222 · 1010 Pa, cohesive bond strengths in the normal and tangential direction,Rn = RT = 0.29 · 105

N/m. The parameters are valid for the DEM model of discs of radii 0.262–0.653 mm, which were used in the
numerical simulations of laboratory tests. Dimensionlessrelationships allow to scale this parameters for DEM
models with other element sizes.

7 Simulation of rock cutting laboratory test
Validation of rock cutting model has been carried out comparing results of simulation of rock cutting with
a single roadheader pick to experimental results obtained in a laboratory test performed in the laboratory of
Sandvik Mining and Construction.

The scheme of the test rig is shown in Fig. 10a. A sandstone block is cut by a rotating tool. Mechanical
properties of a rock are the same as those determined experimentally in section 6: compressive strengthσc = 127
MPa and tensile strengthσt = 12 MPa. Performance of rock cutting is shown in Fig. 10b. Splitting of chips
typical for brittle rock cutting can be seen.

a) b)
Figure 10: Experimental validation of rock cutting: a) scheme of the test rig b) rock cutting test (laboratory of
Sandvik Mining and Construction GmbH, Zeltweg, Austria)

A numerical model developed for simulation of the rock cutting test is shown in Fig. 11a. The rock speci-
men is discretized using 30 750 cylindrical elements of radii r = 1− 1.5 mm. Microscopic model parameters
determined in the previous section have been scaled considering the change of the element size.
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Figure 11: Numerical simulation of rock cutting: a) numerical model, b) failure mode during rock cutting b)
cutting force variation

The cutting tool has been considered as rigid, allowing to take into account its surface only. For the rock–
tool interaction the following set of parameters has been assumed:kn = ks = 5 · 1010 MPa,µ = 0.5. Figure
11b shows the rock failure mode obtained in the simulation. Asatisfying accordance with the failure observed
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in the laboratory test can be seen. Figure 11c shows variation of the cutting force obtained in the numerical
simulation. The value of the force corresponds to the distance between subsequent cuts. In the laboratory test
the three components of the force on the tool tip have been registered, however, only its average values have
been made available to comparison in this paper. As it can be seen in Fig. 11c the mean cutting force from the
numerical analysis agrees quite well with the average experimental force (about 7000 kN).

8 Simulation of rock cutting with wear evaluation
Simulation of rock cutting with one pick of a roadheader has been analysed using a model shown in Fig. 12a.
A sample of rock and one pick of a cutter head have been modelled. Mechanical properties of the rock are the
same as for the sandstone studied experimentally and numerically in sec. 6. Material sample is represented by
an assembly of randomly compacted 92000 discs of radii 1–1.5mm. Model parameters used for sandstone in
Sec. 7 are assumed for the micromechanical model. The following set of parameters has been assumed for the
rock-tool interaction:kn = ks = 5 · 1010 MPa,µ = 0.4.

The swing velocity of the cutter head was assumed 0.2 m/s, andangular velocity 1.6204 s−1, which with the
distance of the tooth from the axis of rotation 0.7 m gives circumferential velocity 1.134 m/s.

Thermomechanical analysis with wear evaluation has been carried out. Results of the analysis are shown
in Figs. 12b–c. Failure of rock during cutting is shown in Fig. 12b. Failure, typical for brittle rock can be
observed. Temperature evolution is shown in Fig. 12c, the highest temperature is observed in the contact zones,
where the frictional heat is generated. The same area has maximum wear amounts as it is shown in Fig. 12d.

a) b)

c) d)
Figure 12: Simulation of rock cutting with one pick of a road header: a) model geometry, b) failure mode, c)
temperature evolution, d) accumulated wear on the tool surface

9 3D simulation of the laboratory test of rock cutting
2D simulation of a cutting process with point attack picks ofroadheader cannot predict all the three components
of the cutting force. This can be achieved using a 3D discreteelement model. Similarly as it was done for the 2D
DEM model in Sec. 6, the 3D DEM model has been calibrated usingthe methodology combining simulations
of the UCS and Brazilian tests with the dimension analysis based on the Buckinghamπ theorem.

The 3D numerical model is shown in Fig. 13. Material sample has been discretized using 71,200 spherical
particles. The results of the numerical simulation of the cutting test are shown in Fig. 14. Rock failure under
the action of the tool and splitting of chips can be seen in this figure. The cutting forces obtained in simulations
are plotted in Fig. 15. The numerical forces obtained are compared with average experimental forces. Quite a
good agreement can be observed.
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Figure 13: 3D numerical model of rock cutting

Figure 14: 3D numerical simulation of rock cutting
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Figure 15: Cutting force components – comparison of numerical and average experimental results

The tools used in the laboratory tests of rock cutting have special tips made of copper, a soft material which
is easily worn. This allowed us to obtain visible wear effects after few cuts (Fig. 16a). Evaluation of wear was
included in the analysis. Evolution of the tool wear predicted by the analysis is shown in Fig. 16b. It can be
seen that the wear pattern obtained in simulation agrees very well with the worn area observed in the tools used
in laboratory tests.
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a) b)
Figure 16: Wear pattern on the tool surface: a) laboratory test, b) numerical simulation

10 Simulation of the linear cutting test
The linear cutting test has been simulated. Figure 17a showsthe model geometry, consisting of the disc cutter
and a rock sample. Only the area of the cutter ring interacting directly with the rock is considered. A rock
sample with dimensions of400 × 150 × 50 mm is represented by an assembly of randomly generated and
densely compacted40449 spherical elements of radii ranging from 0.8 to 6.0 mm. The granite properties are
assumed in the simulation, appropriate DEM parameters being evaluated. The disc cutter is treated as a rigid
body and discretized with triangular facets. The parameters describing the disc interaction with the rock are as
follows: contact stiffness moduluskn = 10 GPa, Coulomb friction coefficientµ = 0.8. The velocity of the disc
cutter is assumed to be10 m/s.

Figure 17b shows the cutter disc during cutting. Normal contact force history is shown in Fig. 18. Numerical
results have been compared with experimental ones providedby Herrenknecht AG. A good agreement between
the numerical and average experimental values is clearly seen.

a) b)
Figure 17: Simulation of the linear cutting test: a) model geometry, b) simulation of cutting.

11 Concluding remarks
The numerical model of rock cutting developed within the framework of the discrete element model predicts
correctly cutting action of the tools in underground excavations with roadheaders and TBMs. In particular,
computer simulation allows us to estimate cutting forces, tool temperature and wear pattern under different
process parameters. A supplementation of the cutting testrig investigations by numerical simulations would add
significant advantages for further optimisation of the cutting tools and cutting process, since such simulations
would allow more detailed principal parameter studies in much shorter time and at lower cost.
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