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Abstract The intermediate linear cutting machine

(ILCM) is a machine designed to work on an

intermediate scale between the full- and the small-

scale. The reduced scale involves several advantages

compared to full-scale tests, especially in terms of

sample supplying and transportation. On the other

hand, it has an impact on the testing conditions,

resulting in a limitation of the cutting penetration and

spacing during the test, as well as in a smaller disc

cutter. This affects most of the results, which cannot be

directly used for the on-site machine performance

prediction. However, some experimental results pro-

vided in the literature show that the optimal spacing/

penetration ratio is not significantly affected by the

changes involved. On this basis, the results obtained

from ILCM tests should provide reliable information

about the optimal cutting conditions of a tunnel boring

machine in massive rock mass. The work performed

included the development of some improvements of

the testing rig, as well as a modified ILCM testing

procedure, according to the one typically used in

standard LCM tests. The results provide information

about the attitude of the tested lithotypes to mechan-

ical excavation by means of disc tools, including the

optimal cutting conditions. Additional work was

developed in terms of detailed characterisation of the

rock samples involved and assessment of the size

distribution of the debris produced during the ILCM

tests. Nevertheless, further tests are necessary, in order

to assess the consistency of the experimental proce-

dure employed and to investigate the scale effect.

Keywords Tunnel boring machine � Disc tools �
Linear cutting machine � Intermediate linear cutting

machine �Optimal cutting conditions � Specific energy

1 Introduction

Excavation by tunnel boring machine (TBM) in hard

rock is a very common technique, due to numerous

advantages gained both in terms of time and develop-

ment costs. The successful use of this technique goes

through a proper design of the TBM cutterhead and

cutters together with a reliable prediction of the

machine performance, all of which are strongly

dependent on the characteristics of the rock mass

(Benato and Oreste 2015; Innaurato et al. 2011).
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As known, the full-scale rock cutting test by means

of a linear cutting machine (LCM) is one of the most

reliable methods in massive rock masses for predicting

TBM performance as well as for optimising cutterhead

design and defining the appropriate machine operating

level.

The test involves the completion of a series of cuts

by selecting both the cutting depth and spacing in

advance. The cut is performed by holding the tool

holder and moving longitudinally the sample box with

a constant velocity. The action of the cutter, which is

free to rotate around its axis, concerns the upper

surface of the rock sample, which is exploited by

progressive levels of cutting. During the test, the three

orthogonal components of the force acting on the

cutter are registered: the normal force (FN), the rolling

force (FR) and the side force. The evaluation of the

debris produced after each cut together with the FR
allow defining the specific energy (SE). By performing

a series of cuts with different cutting geometry, the

optimum spacing/penetration ratio (s/p)opt can be

evaluated, namely the cutting geometry which

involves the minimum consumption of specific

energy.

LCM tests allow to define the penetration rates

obtainable for a given operating level of the machine.

In addition, they provide important information on the

design of the cutterhead layout as well as the required

thrust and torque. The results obtained are particularly

reliable under massive rock conditions, while further

research developments are needed to adapt the results

of laboratory tests in highly fractured rock formations

(Balci 2009).

Among the studies from the literature, Roxborough

and Rispin (1973) performed a series of rock cutting

tests with different types of cutters, diameters and

cutting geometries on Lower Chalk. Roxborough and

Phillips (1975) performed numerous linear cutting

tests on Bunter Sandstone using V-type discs with

different sizes and tip angles, varying the cutting

geometry. Snowdon et al. (1982) defined the (s/p)opt
ratio for different rock types. Sanio (1985) evaluated

the effect of rock anisotropy on the cutting process.

Rostami and Ozdemir (1993) used a large database

of LCM test results to define the average pressure in

the rock/tool contact area to be included in the

formulation of the CSM model. Bilgin et al. (1999)

used the results obtained from full-scale rock-cutting

tests to predict TBM performance in the excavation of

the Tuzla–Dragos sewer tunnel, Istanbul. Bilgin et al.

(2005), through the results of LCM tests, evaluated the

optimal cutting conditions and the related production

rate for a TBM used for the excavation of a tunnel in

sedimentary rock.

Chang et al. (2006) defined the (s/p)opt ratio for a

Korean granite. Balci and Bilgin (2007) compared the

results obtained from full-scale tests with those

achieved by small-scale tests. Gertsch et al. (2007)

evaluated the specific energy and cutting forces

through a series of LCM tests with a 1700 CCS disc

on granite. Balci (2009) compared the results from

full-scale tests with the TBM performance in fractured

rock masses. Bilgin et al. (2008) provided the cutter-

head design and performance prediction for a tunnel

project in Istanbul. Cho et al. (2010) used the results of

LCM tests to develop a numerical model to simulate

the rock cutting process with a disc cutter. Balci and

Tumac (2012) compared the results of LCM tests with

on-site performance and theoretical models to inves-

tigate the rock cuttability by V-type discs. Cho et al.

(2013) performed LCM tests on granites using a

photogrammetric method to measure the debris pro-

duced. Abu Bakar et al. (2014) analysed the relation-

ship among debris size, specific energy and cutting

geometry obtained from LCM tests on sandstone.

Copur et al. (2014) used the results of full-scale tests

for evaluating the performance of two EPB TBMs by a

stochastic approach. Tumac and Balci (2015) used, in

addition to the results of other studies, the results of

LCM tests on three different rock types to develop an

empirical model for the evaluation of the forces acting

on a CCS disc cutter. Yin et al. (2016) used the results

of LCM tests to analyse the effect of joint spacing on

the rock-cutting process. Pan et al. (2019) compared

the results of full-scale linear cutting tests, using a

432 mm CCS disc cutter in Chongqing Sandstone,

with field TBM data, for excavation performance

prediction. Pan et al. (2020) performed full-scale

linear cutting tests to check and modify a widely used

semi-theoretical model for disc cutter cutting force

prediction.

Nevertheless, to carry out full-scale linear cutting

tests, a size of the rock samples of around 0.5 m3 is

necessary: indeed, supplying samples of such size may

be quite difficult and expensive; the big size of the

samples may also involve several problems in terms of

transportation, handling and positioning.
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To overcome these limitations, some testing meth-

ods with a reduced scale were developed (e.g. Rad

1975; McFeat-Smith and Fowell 1977; Balci and

Bilgin 2007; Innaurato et al. 2007; Bilgin et al. 2010;

Entacher et al. 2014; Liu et al. 2016). A number of

them consist of indentation tests, which, however, are

not able to simulate the rock-breaking mechanism by

disc cutters in detail; others involve the disc rolling,

but the large differences in terms of scale or testing

conditions may seriously affect the reliability of the

results when they are used for on-site performance

prediction. In this regard, a machine called

Portable Linear Cutting Machine (PLCM) was devel-

oped at the Istanbul Technical University, providing

results that are comparable to those obtained by LCM

(Bilgin et al. 2010, 2013; Balci and Tumac 2012): this

machine can be equipped with a 5.100 mini-disc and

can be used on smaller-sized samples (e.g.

0.2 9 0.2 9 0.1 m). The PLCM minimizes some of

the disadvantages of full-scale linear rock cutting

machine (FLCM) such as requiring experienced

manpower to run the tests, large blocks of rock

samples, which are usually difficult to obtain and

expensive, and time consuming procedures (Komakli

et al. 2020).

To develop a method that would combine the

reliability of a full-scale rock cutting test with the

convenience of a small-scale method, the Environ-

ment, Land and Infrastructures Department (DIATI)

of the Politecnico di Torino, in collaboration with the

Institute of Geosciences and Georesources of the

National Research Council (CNR-IGG), developed

the so-called Intermediate Linear Cutting Machine

(ILCM); it was designed as an LCM for use on rock

samples with an intermediate size between full-scale

tests (e.g. ten times larger) and PLCM (e.g. ten times

smaller).

The reduced size of the rock samples involves

considerable advantages compared to standard full-

scale tests. First, the supply is easier: the rock sample

can be obtained in a simpler way directly from the rock

mass under excavation, but also from an irregular

block found in the rock outcrops near the tunnel portal.

Rock blocks with the required size can also be found in

neighbouring quarries, if present, and can be easily

shaped. Moreover, the transportation is cheaper and

can be achieved by a standard vehicle. Sample

handling and positioning can be done by a rather

small rig.

The change of the sample size has an impact on the

testing conditions. Indeed, to carry out a series of

adjacent cuts without incurring edge effects, a limi-

tation of the disc penetration and cut spacing are

required. Such requirements suggest using a disc that

is smaller than those typically used on-site.

The reduction of cutting geometry and cutter size in

ILCM tests involves a change in terms of cutting

forces and specific energy which, consequently,

cannot be used directly for predicting the on-site

machine performance.

Experimental results from some literature studies

show that (s/p)opt is quite independent of the changes

made. In particular, the results obtained by Roxbor-

ough and Phillips (1975) show that the reduction of the

disc diameter involves a reduction of the normal cutter

force but does not significantly affect the rolling force,

the volume produced and, consequently, the specific

energy.

Snowdon et al. (1982) also found that the optimum

(s/p) ratio is independent of the cutting penetration.

Another aspect is the type and edge angle of the disc

cutter employed. In fact, in order to further reduce the

cutting forces during the test, a V-type disc is typically

mounted on the ILCM. This involves different cutting

performance compared to those obtained by the

constant cross section (CCS) disc cutter used on-site

(Tumac and Balci 2015). However, once again, some

studies proved that (s/p)opt is not significantly affected

by these changes. In fact, Bilgin et al. (1999) found

that, all parameters being equal, CCS and V-type discs

show a similar Specific Energy (SE) trend. The results

obtained by Roxborough and Phillips (1975) also

show that the optimum (s/p) ratio is not affected by the

variation of the edge angle, except for an angle of

100�, which results in a slight increase of the (s/p)opt.

On this basis, the results obtained from ILCM tests

should provide reliable information about the on-site

optimal cutting condition in massive rock mass. As for

the cutting forces acting on the cutters, they are subject

to a scale effect passing from ILCM to on-site

conditions; however, they may still be reliably

estimated by some analytical prediction models.

Nonetheless, further experimental analysis should

be performed to investigate in detail the impact of the

differences between on-site and laboratory cutting

conditions. If necessary, a correction factor should be

obtained to adapt the results from ILCM to the actual

TBM.
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In the following, the results of a series of tests

carried out on two types of rock are described. The

work performed also included some changes made to

improve the testing conditions and, consequently, the

reliability of the results.

In particular, compared to the first ILCM tests

reported in Rispoli (2013) and Cardu et al. (2017a, b),

the improvements adopted concern cutter edge profile,

sample containment and testing procedure.

2 Test Equipment

2.1 ILCM Structure

The Intermediate Linear Cutting Machine built at the

Politecnico di Torino and its main components are

shown in Fig. 1. The bearing structure of the ILCM

consists of a solid steel frame that includes two

coupled HEB beams arranged vertically, a transverse

beam housed inside the portal and a longitudinal

beam.

The vertical beams include three levels of housing

for the transverse beam, at a distance of about

300 mm, allowing the installation of a wide range of

disc diameters and the accommodation of rock sam-

ples with different thickness. The vertical movement

of the tool holder is obtained by a piston contained in a

vertical cylinder and driven by a 1.5-kW electric

motor, which acts on an endless screw with a stroke of

300 mm.

The movement of the piston during the test can be

prevented by an appropriate locking mechanism made

of two bolts, or cranks, located on the external

cylinder. A triaxial load cell is mounted between the

piston and the tool holder.

Currently, a 6.700 V-type disc is mounted on the tool

holder, which can also be equipped with a Plexiglas

cap to prevent debris ejecting. The sample-holding

structure consists of a sample steel box, which can host

a sample with a maximum base area of

890 9 470 mm and can be translated longitudinally

(e.g. cutting direction) and transversally.

The longitudinal movement of the sample box

along the guides of the longitudinal beam is provided

by a mechanical jack driven by a 15-kW electric

motor, which allows a cutting speed of about 1.5 cm/s.

The transversal translation for setting the cut

spacing is obtained through a manually operated

threaded screw. The control of the two motors is

obtained through an electric panel, which also includes

a remote control.

2.1.1 Disc Cutter

At first, a 6.500 V-type disc, produced by the Robbins

Company, with an edge angle of about 152� was

mounted on the ILCM. Such wide angle involved a

quite high normal cutter force acting on the disc, and

the cutter thrust capacity was already reached for low

values of cutter penetration. This condition affected

the comprehensiveness of the tests, by requiring cutter

penetration that was generally lower than 4 mm.

For this reason, a 6.700 V-type disc with a 60� edge
angle was mounted. The comparison between the

previous and current disc is shown in Fig. 2.

The sharper disc profile allows, compared to the

previous cutter, a considerable reduction of the normal

force for a given cutter penetration.

In order to avoid a premature damage of the roller

bearing, an average cutter force lower than 50 kN and

a peak cutter force lower than 100 kN are

recommended.

2.1.2 Sample Containment

In the first tests carried out by ILCM, the sample was

fixed on the box by means of small rock blocks and

wood wedges inserted at the base of the sample.

However, this solution involved several issues: first,

such containment method only affected the lower

portion of the sample, and hence the contrast forces

were not evenly distributed over the lateral surface of

the sample. This induced the detachment of rock

pieces near the sample edges at the rock/sample

contact area, and, sometimes, the creation of deep

cracks in the rock sample, making it unusable for the

test. Moreover, the sample fixing only occurred in the

cutting direction, enabling transversal movements,

especially during the execution of the external cuts. In

order to overcome these limitations, another method

was adopted, according to the available equipment. In

particular, the rock sample was cast within the sample

box, as shown in Fig. 3. Once the grout is hardened,

the sample is completely fixed by using bar clamps.
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2.1.3 Acquisition System

The acquisition system of the ILCM allows the

measurement of the following parameters:

• Three components of the force acting on the disc;

• Longitudinal displacement of the sample box;

• Vertical displacement of the piston.

The three components of the cutting force, namely the

normal cutter force (FN), the rolling cutter force (FR)

and the side force (FS), are measured by the triaxial

load cell, which has a range of 100 kN in the horizontal

directions (sensitivity around 0.2 kN) and 200 kN in

the vertical direction (sensitivity around 0.3 kN). The

load cell was calibrated by means of a controlled stress

path performed in a load frame, as reported by Rispoli

(2013).

The longitudinal displacement of the sample box is

measured by a wire-type displacement transducer,

which has a range of 2.032 m and a sensitivity of

Fig. 1 ILCM and its main components (Revised from Cardu et al. 2017a, b)
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around 0.3 mm. The longitudinal displacement is

especially useful in the data processing phase, to

detect the portion of the sample to be used for the

calculation.

Originally, the ILCM was equipped with a wire-

type transducer for measuring the vertical displace-

ment of the piston, which coincides with the vertical

displacement of the disc cutter. However, since low

values of penetrations are involved in the ILCM tests,

an improvement in the measurement accuracy of the

cutting penetration became necessary, and hence an

inductive displacement transducer with a range of

10 mm and a sensitivity of 0.01 mm was introduced.

In particular, as shown in Fig. 4, an aluminium frame

was specially designed to place the transducer,

enabling the measurement of the piston displacement

in relation to the external cylinder. In this way, the

cutter penetration could be carefully checked before

the cutting, but also during the test.

The machine allows the acquisition of all the

electrical signals measured by an electronic system

(Spider8) developed by HBM Company, which is

connected to a PC located near the ILCM. The signal

processing is provided by a dedicated software called

Catman (HBM Company), which allows, inter alia, to

set the acquisition frequency of the acquired signals

and to export data for processing.

Fig. 2 Comparison between the previous (left) and current (right) edge profile of the disc mounted on the ILCM

Fig. 3 Scheme of the sample containment (dimensions in mm)
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3 Experimental Procedure

In the first tests carried out by ILCM and reported by

Rispoli (2013) and Cardu et al. (2017a, b), the testing

procedure was quite different from that currently

employed. In particular, the previous tests only

involved the exploitation of the upper surface of the

sample, which had been rectified before the tests. As a

result, all the cuts were performed on a single level by

keeping the cutter penetration constant and varying the

spacing. This solution was required because of the

above-mentioned issues related to the method previ-

ously adopted for the sample containment, and

involved several limitations:

• Reduced exploitation of the sample;

• Cutting on a flat surface, which is not representa-

tive of the on-site cutting condition;

• Change of the effective cutting penetration during

the test due to the not perfect flatness of the sample

upper surface;

• Only one cut could be tested for each cutting

geometry.

For these reasons, a new testing procedure was

developed, thanks to the previously mentioned

improvements related to the cutter and sample

containment. Such testing procedure is inspired by

the methodology commonly adopted at the ITU

(Istanbul Technical University) laboratories for the

full-scale rock cutting tests (e.g. Bilgin et al.

2005, 2008, 2013; Balci and Tumac 2012; Entacher

et al. 2015): it involves a greater exploitation of the

sample by means of progressive cutting levels;

moreover, the cuts are performed on a preconditioned

surface, namely on a groove that was already created

in a previous cutting level.

3.1 Sample Setting

Before starting the test, the sample must be properly

arranged. First, it is moved to the box by means of a

hydraulic floor crane. Then, a dedicated plywood

framework is placed on the sample box, covered with a

plastic sheet, and sealed with silicon. The sample is

cast with a mineral-aggregate grout, which is mixed

for a few minutes by a mortar mixer and immediately

poured into the framework. After waiting 48 h, the

grout curing is completed, and the bar clamps can be

applied to completely fix the rock sample in the box.

Some steps of the sample preparation are shown in

Fig. 5.

As mentioned above, in order to reproduce the on-

site conditions, the cutting tests are carried out on a

pre-conditioned surface. For this reason, the sample

preparation also includes the conditioning of the first

levels of the sample (Fig. 6), which involves a series

of trimming cuts to eliminate possible unevenness in

the upper sample surface, and some conditioning cuts

to set the desired spacing between the cuts, which is

kept constant in all the cutting levels performed.

During this phase, the evaluation of the cutting

parameters may provide preliminary information on

the adequacy of the cutting geometry chosen, thereby

allowing any adjustments.

3.2 Test Execution

A typical layout of a cutting test carried out by ILCM

is shown in Fig. 7. Each cutting level is indicative of a

single cutting geometry (e.g. spacing/penetration

ratio) since the penetration and spacing of the cuts

are kept constant within the same level. The spacing

Fig. 4 View of the ILCM with the aluminium frame used for

positioning the inductive transducer that measures the vertical

displacement of the cutter
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between the cuts is the same for the whole test,

whereas the cutter penetration can be changed from

one level to another, allowing the assessment of

different cutting geometries. Before starting the tests

in each level that will be used for the calculations (data

level), one or more conditioning levels should be

performed with the chosen cutting penetration, avoid-

ing any effect related to the cutting geometry of the

Fig. 5 Some steps of the sample preparation

Fig. 6 Sample conditioning

Fig. 7 Example of a testing layout during ILCM tests. In green: portions of the sample actually used for the calculations. In red:

portions of the sample that are subject to trimming, conditioning or side cuts
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previous data levels. In each data level, the side cuts

are not used for the calculation, in order to disregard

the effects of the sample edges.

Before performing each cutting level, the cutting

penetration is set by lowering the vertical piston and

checking the measure taken by the inductive trans-

ducer. Then, the piston is fixed on the external cylinder

by tightening the bolts of the locking mechanism

through a torque wrench. In this way, the vertical

displacements of the cutter during the tests are

extremely reduced. At this point, the cutting penetra-

tion is set, and the cutting level can be performed.

The rock cutting is always made according to the

same direction and sequence of cut, in order to avoid

consequences due to methodological changes. In fact,

the effects of a possible rock anisotropy should not be

assessed on a single sample, but through several

cutting tests, by arranging appropriate rock samples.

After each cut, the cutter is moved back down along

the groove just crossed, and then it is moved laterally

by acting on the threaded screw, according to the

chosen spacing. Then, after removing the debris

produced, a new cut can be performed. When the last

cut of the cutting level is carried out, the locking

system can be loosened, and a new cutter penetration

can be set.

The debris is collected by a vacuum, stored in a

sampling bag and properly catalogued for the follow-

ing analysis. To consider only the debris related to the

tested cutting length, the sample portions to be

excluded are marked by means of crayons (Fig. 8).

3.3 Data Processing

After performing each cut, the data acquired are

exported by the Catman software and stored in text

files. The data processing is generally implemented by

Microsoft Company (2020), and includes the assess-

ment of the relevant parameters within the portion of

the sample tested. In this regard, a series of VBA codes

were created in Excel by the Macro Recorder, in order

to automatically perform the processing operations

and to provide the results (Fig. 9).

The relevant parameters assessed through the tests

are summarised in Table 1.

4 Tests Performed on Carrara Marble

and Luserna Gneiss

The tests described in this study were performed on

samples of two metamorphic rocks (Northern Italy):

Carrara marble and Luserna gneiss. In the following, a

brief description of the two types of rocks is provided.

The Carrara marble sample, with a size of

500 9 400 9 250 mm, was provided by the quarry

called ‘‘Gioia’’ in the Tuscany region (Italy). This type

of marble, commercially known as Bianco Venato

Gioia, is on average isotropic, and its mechanical

properties, obtained in the laboratory as an average of

10 tests for each of the characteristics investigated, are

shown in Table 2.

The Luserna gneiss sample was supplied from a

quarry in the municipality of Luserna San Giovanni,

Turin (Italy). The sample has dimensions

Fig. 8 Some steps of the execution of a data level: marking the sample portion to be excluded from the calculations (a), performing the

data cut and collecting the debris that is not marked (b)
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500 9 400 9 250 mm. The lithotype has a fine-

grained gray/greenish background. It can show scat-

tered white crystals, whose dimensions generally

amount to several millimetres. The rock shows an

evident schistosity which, however, does not involve a

relevant anisotropy in terms of mechanical properties.

In this regard, its mechanical properties are better than

those of Carrara marble, as shown in Table 3.

Fig. 9 Screenshots of the Excel sheet before (a) and after (b) using the Macro specifically created

Table 1 Parameters

assessed through the ILCM

test

Parameter Symbol Unit Parameter Symbol Unit

Cutting penetration p mm Cutting coefficient FR/FN Cc –

Cut spacing s mm Penetration index FN/p PI (kN/mm)

Spacing/penetration s/p – Debris volume V cm3

Average normal cutter force FN kN Testing length ldata mm

Peak normal cutter force FNmax kN Specific energy SE MJ/m3

Average rolling cutter force FR kN Optimum s/p (s/p)opt –

Peak rolling cutter force FRmax kN

Table 2 Mechanical properties of Carrara Marble

Parameter Unit Average value

Density kg/m3 2695

Uniaxial compressive strength MPa 79

Brazilian tensile strength MPa 14

Elastic modulus (tangent) MPa 42.6

Elastic modulus (secant) MPa 33.8

P-wave velocity (average) m/s 4413

S-wave velocity (average) m/s 2634

Young’s modulus E ¼ 2Gð1þ mÞ GPa 45.7

Shear modulus G ¼ qV2
S

GPa 18.7

Table 3 Mechanical properties of the Luserna gneiss

Parameter Unit Average value

Density kg/m3 2611

Uniaxial compressive strength MPa 208

Brazilian tensile strength MPa 31

Elastic modulus (tangent) MPa 56.7

Elastic modulus (secant) MPa 38.9

P-wave velocity (average) m/s 4499

S-wave velocity (average) m/s 2757

Young’s modulus E ¼ 2Gð1þ mÞ GPa 47.6

Shear modulus G ¼ qV2
S

GPa 19.9
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The testing layout was chosen on the basis of the

assessment of the optimal spacing/penetration ratio.

However, the sample size and the cutter load capacity

should also be taken into account: the cutting sequence

was designed in order to perform the first levels with a

lower s/p ratio and then to gradually decrease the

penetration until reaching the (s/p)opt. The results

obtained from the first trimming and conditioning

levels showed that a cutting spacing of 40 mm is

appropriate for the purpose of the test and allows a

good exploitation of the sample surface without

exceeding the cutter load capacity. An s/p ratio

ranging from 7.3 to 11.4 was enough to detect the

optimal cutting condition. Five data levels with a

cutting penetration range between 3.5 and 5.5 mm

were performed. The change of the cutting penetration

applied between the data levels was typically around

0.5 mm and never exceeded 1 mm. In this way, only

one conditioning level was necessary before perform-

ing each data level. A testing length of 300 mm (60%

of the total cut length) was considered. On the basis of

the spacing chosen, two cuts for each data level were

used for the calculations, in order to avoid sample edge

effects. The testing layout is summarised in Table 4,

and the data level layout is shown in Fig. 10.

Similar to above, the testing layout was selected

according to the range of (s/p) required to assess the

optimal cutting condition. However, the better

mechanical properties of the Luserna gneiss led to

some changes compared to the previous test. In

particular, the first cutting levels showed, as expected,

a considerable increase of the cutting forces for a given

cutting geometry; on this basis, a reduction of the

cutting penetration and, consequently, of the spacing

was required in order not to damage the disc cutter. A

spacing of 30 mm and a starting penetration around

4.5 mmwere chosen. A decrease of about 0.5 mmwas

then applied between one data level and the other until

the (s/p)opt was assessed. Six data levels with a cutting

penetration ranging from 4.3 to 1.8 mm were per-

formed. The testing length was, once again, 300 mm.

The lower cut spacing allowed analysing four data cuts

for each data level. In this regard, the Luserna gneiss

showed a greater difference in the cutting parameters

between one data cut and the other, compared to

Carrara marble. For this reason, the increase of the

number of cuts was useful to improve the reliability of

the results. The testing layout employed is summarised

in Table 5, and the data level layout is shown in

Fig. 11.

Table 4 Testing layout

adopted (Carrara marble

sample)

Level No Level type p (mm) s (mm) s/p ldata (mm)

1 Trimming 4.2 – 9.5 –

2 Conditioning 5.0 40 8.0 –

3 Conditioning 5.1 40 7.9 –

4 Data 4.9 40 8.1 30

5 Conditioning 5.5 40 7.2 –

6 Data 5.5 40 7.3 30

7 Conditioning 4.5 40 8.9 –

8 Data 4.5 40 9.0 30

9 Conditioning 3.9 40 10.3 –

10 Data 4.0 40 10.1 30

11 Conditioning 3.5 40 11.4 –

12 Data 3.5 40 11.4 30

Fig. 10 Data level layout used on the Carrara marble sample.

SC = side cut, DC = data cut, ldata = testing length
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The tests carried out allowed obtaining the grain

size distribution of the debris produced during the data

acquisition levels. Each level is made up of several

grooves having the same spacing (s) and penetration

(p). The grooves closest to the edges were not

considered for the grain size analysis, as potentially

subject to problems due to the edge effect. Further-

more, again to avoid these problems, only the central

part of the rock sample analysed with ILCM was

considered, i.e. the non-coloured portion observable in

Figs. 10 and 11. In detail, the debris of 10 acquisition

grooves performed in different levels on marble and

that obtained from 24 grooves performed in Luserna

gneiss were classified. In both cases, it was found that

the samples had common characteristics: basically,

flattened rock chips of different sizes and a high

percentage, on the total, of pulverised rock. The choice

of sieves (ASTM series) was made on the basis of the

procedure necessary for the definition of the Coarse-

ness Index (CI): it is a dimensionless number that

provides a comparative measure of the size and

distribution of the debris produced (McFeat-Smith

and Fowell 1977). It was originally proposed by

Roxborough and Rispin (1973) and then used in

several other studies (Altindaǧ, 2003, 2004; Tuncde-

mir et al. 2008; Balci 2009; Abu Bakar et al. 2014;

Mohammadi et al. 2020). Roxborough and Rispin

(1973) calculated the CI as the sum of the cumulative

weight percentages retained on each sieve used.

Therefore, high values of CI correspond to a larger

average particle size and lower rock fragmentation. In

this study, the calculation of this index was properly

revised as reported in Table 6. Compared to the

original approach, CI calculation referred to the

volume of the fragments. Moreover, different size

fractions were considered according to the aim to

analyse only the coarse portion of the debris.

Then, a column with the following sizes was

assembled: 25, 8, 2, 0.5 and 0.125 mm.

The execution of the tests allowed, first of all, to

carry out an assessment of the size of the debris

(Fig. 12). By neglecting any losses due to sieving

operations, the total mass of marble samples was

Table 5 Testing layout

used on the Luserna gneiss

sample

Level No Level type p (mm) s (mm) s/p ldata (mm)

1 Trimming 1.8 – – –

2 Trimming 2.8 – – –

3 Conditioning 2.9 30 10.3 –

4 Conditioning 4.4 30 6.8 –

5 Data 4.3 30 7.0 300

6 Conditioning 3.9 30 7.7 –

7 Data 3.7 30 8.0 300

8 Conditioning 3.4 30 8.8 –

9 Data 3.3 30 9.0 300

10 Conditioning 3.0 30 10.0 –

11 Data 2.8 30 10.7 300

12 Conditioning 2.4 30 13.0 –

13 Data 2.3 30 12.9 300

14 Conditioning 1.9 30 15.8 –

15 Data 1.8 30 16.3 300

Fig. 11 Data level layout used on the Luserna gneiss sample.

SC = side cut, DC = data cut, ldata = testing length
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1541.26 g, and that of Luserna samples was

1781.64 g.

The main difference is due to the coarser distribu-

tion of marble debris. In fact, the percentage of

retained on the sieves with an opening of 25.4 mm is

around 36%, whereas it is practically zero in the

gneiss. Another difference concerns the material held

in the sieve with 8 mm mesh, where the percentage of

gneiss is double compared to marble. The high

percentage of chips held in an ASTM-#8 sieve

depends on the typical layered structure of the gneiss,

which entails a reduced pulverisation of the rock,

which is instead relevant in the case of marble. In fact,

if in the case of gneiss, the values of the percentage

retained in the last four sieves tend to decrease

constantly, in marble there is a high amount of

material retained in the last two classes (0.125

and\ 0.125 mm). The analysis of the percentage

dispersion of retained for each sample also shows that

it is large for the higher classes, while it is low for the

others. This aspect can be justified on the basis of an

experimental study by Jeong and Jeon (2018) whose

results show that, as the depth of penetration increases,

the chips become larger and at the same time have a

wider particle size distribution.

Table 6 Example of coarseness index (CI) calculation in this

study

Size fraction (mm) Retained (%) Cumulative retained (%)

? 100 1.4 1.4

- 100 ? 75 3.5 4.9

- 75 ? 25 46.8 51.7

- 25 ? 10 25.6 77.3

- 10 22.7 100.0

Total 100.00 CI = 235.2

Fig. 12 Size distribution of the debris analysed (top: Carrara marble; bottom: Luserna gneiss)
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The results obtained from ILCM tests performed on

Carrara marble and Luserna gneiss are summarised in

Table 7. Each value is indicative of a single cutting

geometry and, except for the peak forces, it was

obtained by averaging the results of the data cuts

within the cutting level to be assessed. The peak forces

(i.e. FNmax and FRmax) have instead the highest values

of the parameter for each cutting level. The standard

deviations of FN and FR are also reported. On this

basis, the overall tested length for each cutting

geometry was 600 mm (2 data cuts) in the marble

sample and 1200 mm (4 data cuts) in the Luserna

sample.

The relationship of normal and peak normal cutter

force with the cutting penetration for the two rock

samples tested is shown in Fig. 13. FN shows, for each

rock sample, a strong linear positive relationship with

p. The FNmax is more affected by local variations and

hence tends to increase with increasing p, but with a

less strong linear correlation.

Due to the different mechanical properties, Luserna

gneiss requires, for a given cutting penetration, higher

FN and FNmax compared to Carrara marble, despite a

lower cut spacing. In particular, FN shows an increase

between 20 and 30% from marble to gneiss; however,

should the cut spacing be the same, a higher difference

would be expected.

The slope of the linear trendlines of the peak normal

force is quite different between the two stones tested.

In particular, the FNmax trendline in the Luserna

sample shows a gradient approximately double com-

pared to that of marble, proving that a higher increase

of FNmax is expected in gneiss with increasing p. On

this basis, the limited cutting penetration chosen for

the test on the Luserna sample actually allowed not to

exceed the recommended cutter load capacity.

The high values of standard deviation of FN (around

30% of the average value) show that rock cutting by

disc tools is a dynamic process that involves a

continuous variation of the cutting forces acting on

the disc. Luserna gneiss shows on average a slightly

higher relative standard deviation (31.3%) compared

to Carrara marble (29.5%). This can be attributed to

the greater heterogeneity of the components of gneiss

(metamorphic polycrystalline rock) compared to

marble, which is homogeneous and almost 100%

made up of a single component (calcium carbonate).

The relationship of normal and peak rolling cutter

force with the cutting penetration is shown in Fig. 14.

Luserna gneiss shows, for a given cutting penetration,

rolling cutter forces higher than those registered in

Carrara marble, and the positive relationship with p is

almost perfect both for FR and FRmax, as proved by the

determination coefficients of their linear trendlines.

The marble sample shows a strong linear positive

relationship between FR and p, whereas a weaker

linear relationship is observed between FRmax and p.

The FR linear trendlines show a similar gradient in

both samples, whereas the FRmax linear trendline in the

Table 7 Summary of results obtained from ILCM tests on Carrara marble and Luserna gneiss (Cc cutting coefficient, CI coarseness
index, PI penetration index, V volume of the debris, SE specific energy)

Sample p

(mm)

s

(mm)

s/p

(–)

FN (kN) FNmax

(kN)

FR (kN) FRmax

(kN)

Cc

(–)

CI (–

)

PI (kN/

mm)

V

(cm3)

SE (MJ/

m3)

Carrara

marble

3.5 40 11.4 26.8 ± 7.5 52.1 4.2 ± 1.0 8.4 0.16 388.7 7.7 38.7 33.0

4.0 40 10.1 27.2 ± 8.5 55.0 4.5 ± 1.4 9.0 0.17 419.4 6.9 52.2 39.5

4.5 40 9.0 29.3 ± 9.5 59.2 5.0 ± 1.4 8.7 0.17 460.5 6.6 59.6 25.2

4.9 40 8.1 32.4 ± 9.4 54.4 5.9 ± 1.5 9.9 0.18 460.9 6.6 75.3 23.5

5.5 40 7.3 33.4 ± 8.9 67.3 6.3 ± 1.5 11.2 0.19 447.1 6.1 73.8 25.9

Luserna

gneiss

1.8 30 16.3 25.7 ± 7.5 54.4 3.5 ± 1.1 7.8 0.14 416.5 14.0 18.2 59.4

2.3 30 12.9 29.1 ± 10.0 74.5 4.1 ± 1.4 8.6 0.14 425.1 12.5 26.4 48.4

2.9 30 10.5 32.3 ± 10.3 77.3 4.8 ± 1.5 10.3 0.15 426.9 11.3 27.3 54.6

3.3 30 9.0 32.5 ± 10.1 68.2 5.3 ± 1.8 11.4 0.16 424.7 9.8 34.7 46.3

3.7 30 8.0 35.4 ± 11.6 79.5 6.0 ± 1.9 13.1 0.17 438.7 9.5 39.1 45.8

4.3 30 7.0 36.7 ± 10.4 87.1 6.5 ± 2.0 14.3 0.18 419,2 8.6 36.4 54.1
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Luserna sample shows once again a gradient consid-

erably higher than in Carrara marble.

The difference in terms of relative standard devi-

ation of FR between the two samples is more marked

compared to that of FN. In particular, Carrara marble

shows on average a relative standard deviation around

27%, whereas a value higher than 32% is on average

noticed in Luserna gneiss.

Figure 15 shows the relationship of FNmax/FN ratio

and FRmax/FR ratio with cutting penetration. Luserna

gneiss shows slightly higher ratios compared to

Carrara marble. FNmax/FN ratio ranges between 2.1

and 2.6 in the Luserna sample, whereas it is around 2 in

the marble sample, except for one data point. FRmax/FR
ratio is instead quite steady between 2.1 and 2.2. in the

Luserna gneiss, whereas it ranges between 1.7 and 2 in

Carrara marble.

Fig. 13 Relationship of average (a) and peak (b) normal cutter force with cutting penetration p obtained from ILCM tests on Carrara

marble and Luserna gneiss
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The relationship between cutting coefficient Cc

(Cc = FR/FN) and penetration is shown in Fig. 16. In

particular, as noted by Rostami and Ozdemir (1993),

Pan et al. (2018) and Gertsch et al. (2007), Cc

increases with increasing p. The linear relationship is

almost perfect, and the gradient is very similar in both

samples. However, Luserna gneiss shows, for a given

cutting spacing, a slightly higher Cc than that of

Carrara marble.

The primary aim of the study was to test the

improvements made to the ILCM. The rock types

tested are not directly linked to current tunnelling

projects: however, some results of these tests can be

compared with some of those obtained from the TBM

excavation of the Maddalena exploratory tunnel (e.g.

Rispoli et al. 2018; Rispoli 2018), which is one of the

four exploratory tunnels under the Lyon–Turin high-

speed rail project. Indeed, this tunnel crossed the

aplitic gneiss of the Ambin complex (AMC), which

presents massive rock masses and has the same

lithology and very similar mechanical properties to

the Luserna gneiss.

By comparing the results obtained by ILCM tests

with on-site observations, some differences are

Fig. 14 Relationship of

average (a) and peak

(b) rolling cutter force with

cutting penetration obtained

from ILCM tests on Carrara

marble and Luserna gneiss
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observed. In fact, the Cc obtained from TBM exca-

vation in the AMC gneiss, for a cutting penetration of

2.2 mm (e.g. average rate of penetration (ROP)- in

AMC), is estimated around 0.035, whereas it reaches

around 0.14 in ILCM tests on Luserna gneiss. Such

gap, assuming that the mechanical and structural

properties of the two rocks involved are similar, is

likely due to variations in terms of cutting and cutter

geometry. The on-site cutter spacing, as well as the on-

site cutter diameter, was in fact more than twice that

used in ILCM tests.

Figure 17 shows the relationship of penetration

index PI (PI = FN/p) with cutting penetration and

average normal cutter force. In particular, PI shows a

strong negative linear relationship with p and FN in

Luserna gneiss, whereas it tends to decrease with a

weaker gradient in Carrara marble. These observations

clearly show how the field penetration index (FPI) can

Fig. 15 Relationship of FNmax/FN ratio (a) and FRmax/FR ratio (b) with cutting penetration obtained from ILCM tests on Carrara marble

and Luserna gneiss
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be affected by the operating level of the machine,

proving how this indexmay providemisleading results

if applied with significantly different machine operat-

ing levels, as noted by Farrokh et al. (2012). The PI

values obtained in Luserna gneiss are, as expected,

considerably lower than those observed in the on-site

excavation of the AMC gneiss, where an average FPI

of around 140 kN/mm was registered (Cardu et al.

2017b) In fact, the different diameter and edge profile

of the cutter, as well as the lower cutting spacing,

provide a drastic decrease of the FN required in ILCM

tests, for a given cutting penetration. Moreover, the

threshold value of the thrust was not exceeded in AMC

excavation, resulting in a further increase of the FPI

values recorded on-site. As for the PI trend, a negative

relationship between FPI and ROP was observed on-

site, according to the ILCM results, whereas a slight

positive trend was obtained between FPI and FN. Such

difference is attributable, contrary to what happens in

laboratory tests, to the properties of the rock mass that

can vary during the excavation on-site, and an increase

in the thrust of the machine is generally observed when

the rock mass boreability decreases.

The relationship of the debris volume V and the

specific energy SEwith cutting penetration is shown in

Fig. 18. The debris volume assumes a rather linear

positive trend with p in both samples tested. Marble

shows, as a result of a greater spacing between the

grooves, a debris volume higher than that of Luserna,

for a given cutting penetration and testing length. A

greater debris volume produced in the marble sample,

as well as a lower FR required, results in a lower

consumption of SE compared to the Luserna sample.

Figure 19 shows the relationship between specific

energy SE and spacing/penetration ratio (s/p), allow-

ing the determination of (s/p)opt for the two samples

tested. Carrara marble shows a minimum value of SE

with an s/p around 8, whereas Luserna gneiss shows a

more ambiguous trend. In particular, a minimum SE is

observed for (s/p) around 7–8; despite this, an (s/p)opt
lower than 16 can be expected for Luserna gneiss by

referring to the observed SE trend.

A further important aspect highlighted in Fig. 18

concerns the relationship between the coarseness

index (CI) and the specific excavation energy (SE).

The trend shows how, with the increase of CI, the

excavation efficiency is higher as the specific energy

decreases (Jeong and Jeon 2018). This aspect, observ-

ing the slope of the straight lines interpolating the

points representing the average values of the debris of

the two typologies of rock samples, is more evident in

the case of the Luserna gneiss.

The trend for both rocks, however, confirms what

was stated by Roxborough and Rispin (1973) and

Gong et al. (2007), namely, the inverse proportionality

between CI and SE.

Fig. 16 Relationship between cutting coefficient and cutting penetration obtained from ILCM tests on Carrara marble and Luserna

gneiss
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5 Parameters Attained from the Real Case

(Maddalena Exploratory Tunnel)

Although the rock types tested are not directly linked

to current tunnelling project, some results of the tests

can be compared with those obtained from the TBM

excavation of the 7 km long Maddalena tunnel (e.g.

Rispoli et al. 2018; Rispoli 2018), completed in 2017,

which is one of the four exploratory tunnels under the

Lyon–Turin high-speed rail project. Indeed, along the

first km this tunnel crossed the aplitic gneiss of the

Ambin complex (AMC), where the same lithology and

mechanical properties very similar to Luserna gneiss

are found.

The excavation was carried out by a 6.3 m diameter

Robbins ‘‘Main Beam’’ Gripper TBM, whose charac-

teristics are summarised in Table 8.

Fig. 17 Relationship of penetration index with cutting penetration (a) and average normal cutter force (b) obtained from ILCM tests on

Carrara marble and Luserna gneiss
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The tunnel crosses two main lithological units: the

Ambin Complex (AMC) for around 1 km, and the

Clarea Complex (CLR) for almost 6 km, with a

transition zone (AMD) of around 200 m. In detail, it

can be noticed that:

• AMC unit has the best mechanical properties. The

rock mass is massive, with RMR and GSI average

values over 70; joints are quite spaced and oriented

to favour the tunnel stability. AMC also presents an

overburden significantly lower than the other units.

• AMD shows quite variable mechanical properties,

generally lower than AMC. Rock mass properties

of this unit tend to decrease when the chainage

increases, showing that AMD is a transition zone

between the two main lithological unit crossed by

the tunnel.

Fig. 18 Relationship of debris volume (a) and specific energy (b) with cutting penetration obtained from ILCM tests on Carrara marble

and Luserna gneiss
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• RMR values in CLR are generally lower than 60,

the joints are less spaced, with an unfavourable

orientation. Moreover, overburden is substantially

higher.

The distribution of net performance, excavation

parameters, rock mass boreability and cutting effi-

ciency registered is given in Table 9, and it’s discussed

below, with a special focus on the two main litholog-

ical units (AMC and CLR) crossed.

The average values of FN in AMC and CLR are

significantly different, showing two different machine

operating levels: the average FN in AMC is around 261

kN, close to the thrust limit of the cutters employed;

this shows the very good mechanical behaviour of the

rock mass encountered.

Fig. 19 Relationship between specific energy SE, coarseness index CI and spacing/penetration ratio obtained from ILCM tests on

Carrara marble (a) and Luserna gneiss (b)

Table 8 Main technical characteristics of the TBM

Recommended cutterhead thrust 12,800 kN

Maximum machine thrust 13,700 kN

Cutterhead power 2,202.8 kW

Cutterhead torque 2,082.9 kN�m
Cutterhead speed 0–10.8 rpm

Thrust cylinder stroke 1830 mm

Gripper total force 36,400 kN

Numbers of disc cutters 43 (2 for overcutting)

Disc cutters size 1700 (431.8 mm)

Average cutter spacing 76.8 mm
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As for the Field Specific Energy, AMC shows an

average value of around 60 MJ/m3, compared to about

35 MJ/m3 in CLR: this shows that the excavation in

AMC requires a consumption of SE that is almost

twice that of CLR. 60% of the data referred to AMC

are in the range between 50 and 70 MJ/m3, whereas

70% of the data related to CLR are between 20 and

50 MJ/m3.

The two main lithological units show significantly

different average values of s/p: higher than 40 in

AMC, compared to about 24 in CLR. This shows

relevant differences in terms of cutting conditions:

AMC was excavated by keeping s/p values much

higher than the typical s/p values suggested for

massive rocks, namely between 10 and 20, (Ozdemir

1992; Rostami 2008; Rostami and Chang 2017),

proving that the excavation of this unit did not occur

in optimum cutting conditions. In fact, when s/p values

are too high, the fractures that develop from the tool

paths cannot interfere, and this means that several

revolutions of the cutterhead are needed to allow the

chip’s formation. To improve the boring efficiency in

AMC, an increase of ROP would be necessary;

however, the excavation in AMC was performed

close to the cutter load capacity. On this basis, some

characteristics of the cutterhead employed were not

suitable to cross the AMC unit; reasonable s/p values

would be obtained by:

• Smaller cutter spacing: this would have, anyhow,

implied the increase of the number of cutters and

higher costs per unit volume of rock excavated.

Moreover, the average cutter spacing used falls

within the typical range recommended in hard rock

(when 1700 discs are used).
• Bigger cutters (i.e. 1900): it seems to be the best

solution, since it would allow a higher FN and,

then, the increase of ROP; bigger cutters would

also involve a longer cutter life. This choice is even

more logical by considering that 1900 discs have a

cutter limit 311 kN (Zou 2016), and the thrust limit

of the cutterhead would have allowed reaching a

350 kN fn. However, using cutters of different size

should be established at the design stage.

6 Concluding Remarks

In this paper, some laboratory tests performed by

ILCM on two different metamorphic rock types were

described and discussed. One of the aims of this work

was to assess the consistency of a new experimental

process. In particular, compared to the previous works

performed with ILCM (e.g. Entacher et al. 2015;

Gertsch et al. 2007), several changes were carried out

on the equipment and test procedure, in order to

improve the reliability of the results.

Using a sharper V-type disc (edge angle of 60�)
allowed reaching higher cutting penetrations without

exceeding the cutter load capacity.

Casting the sample within the sample box also led

to a significant improvement of the cutting conditions,

by avoiding sample pre-failure issues. Finally, the new

testing procedure significantly improved the reliability

of the test by performing the cut on a pre-conditioned

rock surface and involving a greater exploitation of the

Table 9 Summary of the distribution of excavation parame-

ters, net performance, rock mass boreability and cutting

efficiency parameters registered during the excavation of the

Maddalena exploratory (Rispoli 2018). FN, normal cutter force;

T, torque; RPM, rotational cutterhead speed; PR, penetration

rate; ROP, rate of penetration; FPI, field penetration index

Lithology Parameter FN
(kN)

T

(kN�m)

RPM (rev/

min)

P

(kW)

PR (m/

h)

ROP (mm/

rev)

FPI (kN/cutter/

mm/rev)

SE (MJ/

m3)

s/p

(–)

AMC Average 260.8 584.3 9.0 544.8 1.2 2.2 143.0 59.5 41.9

St. dev 17.1 138.4 0.6 121.9 0.5 1.0 54.6 13.2 15.9

AMD Average 234.3 659.4 8.6 590.9 1.5 2.8 93.2 50.1 29.6

St. dev 48.3 136.6 0.6 143.4 0.4 0.8 41.5 14.4 8.9

CLR Average 178.5 572.7 7.2 446.3 1.5 3.5 57.7 34.5 24.1

St. dev 46.6 207.4 1.4 205.8 0.4 1.1 28.2 12.6 7.9
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rock sample, similarly to the test procedure typically

used in standard LCM tests.

The results obtained by ILCM tests provided

relevant information about the aptitude of two litho-

types to be excavated by means of disc tools.

However, some differences between on-site and

laboratory cutting conditions did not allow to directly

compare all the ILCM results to on-site TBM exca-

vation, as proved by comparing the results from

Luserna gneiss with those observed during the TBM

excavation of the first part of the Maddalena

exploratory tunnel across the aplitic gneiss of AMC,

which shows characteristics similar to Luserna gneiss.

Nonetheless, on the basis of the assumptions

reported in the opening section, the optimal spacing/

penetration ratio should be not less affected by the

scale effect involved and can therefore provide

reliable information about the on-site optimal cutting

condition in massive rock mass. In this regard, the

optimal cutting condition of the marble sample was

obtained for (s/p)opt around 8. As for Luserna gneiss,

although a clear (s/p)opt was not defined, a value

between 8 and 13 can be considered according to the

results from ILCM tests, proving the low efficiency of

the cutting process during the excavation of the Ambin

Complex Gneiss (AMC).
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