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The Wear of Tunnel Boring Machine Excavation Toolsin Rock
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Abstract: Some of the most important aspects in the studiyeofragmentation of rock due to the action of
TBM disks concern the abrasiveness of the rocklaadvear of the tools. The wear of the disks it fiaeans
that they have to be substituted, with consequiette on the efficiency of the excavation, on speed of
advancement and therefore, on the times and cbstsnstructing the tunnel. After having conducted a
detailed examination of the methods that have becestablished in scientific literature to assesgttgree

of abrasiveness of rock and the potential spegabtsf wear, the formulas that allow an estimatmbe made

of the mean advancement velocity of the excavatiaohine are presented, considering the effect af we
the tools and the necessity of substituting theyraiplying the Barton method to four different tyyué rock,

for three types of tunnel diameter, it has beesiptesto obtain the trend of the global advancemelatcity

of a TBM with variations of the GSI index. It hasdm possible to note how the CLI parameter, which
describes the potentiality of the rock to weardtsks, can influence the global advancement vgladithe
TBM to a great extent. Data obtained during themeconstruction of a tunnel in North Italy havedmdt
possible to compare the currently available calimrdanethods and obtain the CLI parameter throwagkb
analysis. A good agreement has been found, abbletaleen the Barton calculation method and thétef
Norwegian School, both of which have shown to ltiabie systems for the forecasting of the wearisksd

on a TBM and for the estimation of the advancerapeéd of the excavation machine.

Keywords: Tunneling, Tunnel Boring Machine (TBM), rock abrasiess, tool wear, construction time,
excavation rate, Cutter Life Index (CLI), bartorgfp, Geological Strength Index (GSI)

INTRODUCTION and how it works i.e., through impact or through
rotation and so on. This fact probably dependshen t
The technological, mechanical and geometricaklusive nature of the properties that cause the wkta
characteristics of excavation tools, together wiile  the tools in rock machining.
physical, mechanical and geostructural charadesisf Some aspects pertaining to the wear of disks
the rock, influence the effectiveness and the @ity  during the excavation of tunnels in rock using TBMs
of excavation machines (Caretial., 2009; Bellopedet  are analyzed in this study. After having presertted
al,, 2011; Oreste and Castellano, 2012). = most common rock characterization tests, with
__From both the technical and economic point ofreference to the wear of disks and illustrated the
view, abrasivity is one of the rock properties the¢  ethods used to forecast wear of the tools curyentl
most involved in tunnelling. Even if arockis M0b gy 4ijaple in literature, some data relative to wrear

_strong for mechanised_ excavation, tool wear ca f TBM disks, recorded during the excavation of
infact render the operation costly due to the thek tunnels in rock, are reported and commented.
a change in tools influences the time spent onsstop

and the cost of the tools themselves.

No standard test is universally used for the MATERIALSAND METHODS
measurement of the abrasivity of a rock and alarge
number of different tests are in fact today inuBke  Forecasting the productivity of TBM disks. There
difficulty of making standard tests is relatedtoe th are different ways of inducing fragmentation, or
different modes of the study of the tools in permanent deformation on rock material using a.tool
theinteraction with the rock: drilling, excavatidsy = According to a hypothesis by Hartman (1959) and
TBM discs and so on. The wear mechanism is in facMaurer and Rinchart (1960) and later summarised by
different according to the type of tool (drillingtbdisc)  other authors (i.e., Nishimatsu, 1972) and whichtils
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able to explain such complex phenomena, rock
destruction under a tool includes phases suchoak: r
deformation, surface crushing, formation of a
destruction nucleus, squashing and spalling ofrdick
bordered by the destruction nucleus and the fraekcr  Pulverized rock \ Chip formation
surface towards a free surface. In other words, the under the tool

nucleus (which may be cylindrical or spherical,.Fiy

acts like a fluid that is subjected to hydrostgtiessure

which pushes in every direction (Wittke, 2007).alf

free surface is sufficiently close to the tool, the
formation of chips takes place under a determined |  Fig 1:Chip formation due to TBM disk action (VK

Inducederacks
in the rock

(interactive tool). At small spacing/penetrationpjs 2007)
ratios, cracks propagating from one groove intevattt
the cracks produced by indentation of the cutteraséd Rostamiet al. (2002) obtained this value of P

in the neighbouring groove and chip formation oscur which is necessary for the rupture of rock and the

from grooves spread further apart. At s/p raties tre

larger than the critical value (s{p) grooves are too far 3
apart for the interaction to occur and chips fortn a P*D2.12,sf0°'0"s
applied force levels which are independent of any VRT
further increase in the groove spacing.

However, fracture propagation occurs more easilyVhere:
because of some inter-granular defects, (micrdksrac 0. = The uniaxial compression strength of the intact
micro-fissures, micro-fractures), the presence of rock (in MPa)

schistosity, inter-strata planes, diaclases amtiris. The a; = The traction strength of the intact rock (in MPa)
actual start of one or other failure mechanismetfioee = S = The spacing between the grooves produced by the

depends on the scale of the phenomena that ivediol disks on the excavation face (in mm)
The disk action on the tunnel face is initially a ) _
phenomenon that occurs at a millimetric scale, isethe The same authors derived fdragging force of

rock portion involved has the same dimension asiphef ~ the disk):
the disk. As long as the disk penetrates the ribekscale
of the phenomenon reaches centrimetric values. B @
Different authors have set up methods that can be R =F 'ta"[’}
used to forecast the penetration per revolutioniiip)
function of the force { applied by the tool in the According to Rostamét al. (2002), the penetration
direction perpendicular to the excavation face. per revolution depends on the hauling forcg, fhe
One of the best known formulas is that by Rostamgeometrical parameters of the disk and excavatézm h
et al. (2002), according to which: and on the mechanical characteristics of the inack
(compression strength and traction strength).

F =TRgp P*Co{ip) Two more complex analysis techniques, that of the
N 2 Norwegian School (NTH/NTNU) (Bruland 1998);

Blindheim and Bruland 1998) and that of Barton
Where: (2000), allow the penetration per revolution of thsks

T = The width of the tip of the disk (in mm) to be forecast, while taking into consideration the
R = The radius of the disk (in mm) presence of the natural discontinuities of the noeiss.

® = The angle of contact between the disk and the _The Norwegian School, in particular, allows the
R-p Drilling Rate Index (DRI) to be determined in fumt_

rock: <P=ar000{ R J of the §o and SJ indices (Bruland 1998). It is possible

to obtain the following estimations of DRI from the
graph prepared by the author:

The penetration of the disk per revolution fud t
TBM head (in mm)

P = The mean pressure in the rock-disk contact arc (in
MPa) when rock rupture occurs with the formation
of chips

when§> 50:DRO (0.18 S+ 2.33) ,$
when§ > 50:DRO (5.88 InS- 14) S
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Table 1: Rock classification in relation to surfaceardness
(perforation strength) on the basis of an analgdiss200
rock samples (Daldt al., 2012)

SJ value Cumulative

(tenths of mm) (%)
Extremely high <2.0 0-5
Very high 2.13.9 5-15
High 4.0:6.9 1535
Medium 7.6-18.9 3565
Low 19.0-55.9 6585
Very low 56.6-85.9 8595
Extremely low >86.0 95-100

Table 2:Determination of the fracture class for the joiatel fissures
in function of the mean spacing between the discuoities
(Bruland 1998)

Distance between
planes of weakness (mm)

Fracture class
(joints or fissures)

0 R
0-I 1600
I- 800
| 400
Il 200
] 100
\Y 50

Sy is an index of fragility and it is based on impact
strength tests which involve dropping a weight éfkyy
onto crushed rock of a predefined size 20 times Th
other index is connected to the capacity of a rdiili
bit to perforate a rock sample (surface hardnelsg.
Siever J-value (SJ) is defined as the mean valubeof
depth of the measured drill hole (in 1/10 mm) o8 4-
drill holes after 200 revolutions of a 8.5 mm mtoie
drill bit.

whenK,, < 1:p0-2.2825%,+ 7.7135)— 1.48
whenK,, > 1:p0-0.3888% + 2.814k+ 1.5:

= kN
M. =250 disc

whenk,, < 1:p0-5.5428%,+ 13522 k- 2.34
whenk,, < 1:p0- 0.37381%,+ 2.92 k+ 3.0533
M., =300kN isc

whenk,, < 1:p0-8.2721% + 19.063,k -
whenk,, > 1:p0-0.38k,+ 291k + 54

2.79

Where:

k(-:‘kv = ks— tot'k DRI

M, OM ,[1+284= die o5 (1—ﬂ90.0%
176 11

S

= The spacing between the grooves produced by
the disks on the excavation face (in mm)

The diameter of the disc (in mm);

A corrective coefficient that depends on DRI

and k. (Bruland 1998):

ddisc
I(DRI

whenk_,, 0 0.36:K,, 0~ 0.0001.DRK 0.0247.DRI 0.02

whenk_, = 2:k,, 0-0.00007.DRI+ 0.0134.DRI 0.

Kstot 1S the coefficient that takes into consideration

The SJ parameter is also very important to evaluatthe presence of the rock mass discontinuities:

the wear of the TBM disks, which is obtained throug

the determination of the CLI parameter (see beyond)
Dahlet al. (2012) determined the SJ parameter on 3200

rock samples and defined a rock classification lon t
basis of this parameter (Table 1).

According to Bruland (1998), the penetration perN

revolution p (mm/rev) should be estimated considgri
the equivalent fracturing factor k) of the rock mass for
different values of the equivalent thrust param@y,,):

M., =100KN / disc

when k,, < 1:p0- 0.52081 ¥, + 3.0521 k-
whenk,, < 1:p0- 0361k, + 2.38 k,+ 0.32

0.83

—150 kN

M., =150 KNZ.

whenK,, < 1:p0-1.1489k + 4.9531k- 1.20.
whenK,, > 1:p0-0.4533f, + 2.96.K + 0.09:

=200kN/,.
M =200 disc

ks-m{sti—(n—l).o.S%
i=1
Where:
= The number of discontinuity sets present in the
rock mass

Mg = The force acting on the disk (also known g F

ksi = A parameter that describes the presence of each
single discontinuity set in function of the angle a
(angle between the tunnel axis and th® n
discontinuity plain) and of the fracture class
(Table 2) (Fissure: non-continuous discontinuity;
Joint: continuous discontinuity)

Fissure class 0 or Joint class O:
K= 0.36

Fissure class | or Joint class 0-I:
whena < 40:k O 0.0133.a 0.
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when40< a< 90:k[O- 0.0005a& 0.0564:a 0.4

Fissure class Il or Joint class I:

whena < 40:k O 0.0158.a 0.
when40< a< 90:kO- 0.0005a& 0.0586a 0.1

Fissure class II-ll or Joint class I-II:

whena < 40k O 0.017,a+ O0.¢
when40< a< 90:k0- 0.0005a 0.0576@ 0.1

Fissure class Il or Joint class II:

whena < 40:k 0 0.02a 1.1
when40< a< 90:kO- 0.0007%& 0.0835a 0.2

Fissure class IlI-1V or Joint class II-11l:

whena < 40:k O 0.0248.a 1.t
when40< a< 90:k0- 0.0005a& 0.0622%& 0.8

Fissure class IV:

whena < 40:k 0O 0.0243.a+ 2.
when40< a< 90:k - 0.000¥a 0.0483a 2.1:

The penetration per revolution p (mm/rev) allows

0. = The uniaxial compression strength of the intact
rock (in MPa)

Fn = The force applied by the tool in the direction
perpendicular to the excavation face (in tpns

Once the value of gy is known, it is possible to
determine the net advancement velocity of the TBM,
PR (m/hr), on the basis of the following formula:

5

5\) QTBM

From this formula, it is possible to derive p
(mml/rev), if the rotation velocity of the TBM heasl
known:

PR=

1000
'60.RPM

p=PR

In addition, the Politecnico di Torino School
(Innauratoet al., 1990) has prepared a relation that
allows the penetration per revolution p (mm/revb®
estimated in function of the uniaxial compression
strength of the intact rocko/in MPa), of the
geomechanical quality index of the rock mass RSR
(Wickham et al., 1972) and of the diameter of the
tunnel D (m):

p040.410°*" - 0.047.RSR.[0.11.00 B+ 4] 3.

one to obtain an estimation of the net advancement Another interesting rock excavation estimation

velocity PR of the excavation machine (m/hr):

60.RPM
P 1000

where, RPM is the rotation velocity of the TBM heaad
revolutions per minute.
According to Barton (2000), it is possible to defi

method was introduced in 2006 (Pregil al., 2006;
Bieniawski et al., 2007; 2009; Bieniawski and
Benjamin, 2007). This method is once again based on
an examination of homogeneous sections, in terms of
the geomechanical characteristics. The RME is
calculated using five input parameters with the
following ratings:

an index, @gm, on the basis of the geomechanicale Uniaxial compressive strength of the intact rock

quality index of the rock mass Q (Barton, 2000)tiwi

material: 0-15 points

the RQD parameter estimated in the direction of the  Drilling rate index, DRI 0-15 points

tunnel axis):

ocC
S5ys Qm
Qren = QFi

N

Where:
Y. = The specific weight of the rock (in tohs®)

« Number of discontinuities present at the tunnel
face, their orientation with respect to the tunnel
axis and homogeneity at the tunnel face: 0-40
points

e Stand up time of the tunnel face: 0-25 points

* Water inflow at the tunnel face: 0-5 points

The sum of the ratings of the above parameters
(RME value) varies from 0-100 rating points: thgher
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the RME value, the easier and more productive the Innaurato and Mancini (1996) showed, on the basis

mechanical excavation of the tunnel by TBM. of in situ investigations and laboratory testsizitilg
The mean advance rate in a tunnel section (ARAMIni-disks on rock samples, that the wear of tasls

in m/day) is then obtained on the basisof the RMEClosely related to the HK75 parameter of the radke

value. ARA can eventually be corrected, consideringe€lation that connects the wear of the tools toHK&'5

the tunnel diameter, crew efficiency and adaptatiorParameter is of an exponential type, with a slighttal
to the rock. increase of the wear with an increase in the HK75

Each considered characteristic section of thd®arameter and the wear then increases in a remarkab
for high HK75 values.

The same authors showed how an accurate
estimation of the degree of wear of the disks ®BM
machine can be obtained by conducting a detailed
analysis of the ordinate distribution of the micro-

ior oscal K abrasyvi h " ] hardness measurements in conjunction for the radk a
Microscale rock abrasvity characterization tests.  yhe excavation tool. By comparing each single micro

The first step towards the knowledge of thewe#udé of 15 qness value measured on the rock H{HWith all the
arock on a tool consists of a petrographic arglysorder  micro-hardness values measured on the excavatisn to
to determine the mineralogical composition of theHky), it is possible to determine the probability of
rockwith particular attention being paid to the temts of  HK, being greater than HK The degree of wear of the

quartz and other abrasive minerals such as feldspar tool can be associated to this probability.
laminated silicates. Other minerals, which are dones

present in small quantities, can also confer inaxnmntvear Table3. The most widespread tests for abrasivitymeasuresnent
. (Innauratcet al., 1990)
properties to the rock. —
Th d . . ducti Principle of measurement Test name
e secon step  consists in con ucmnglmpact tests Protodyakonov test NTI test

tunnel should be longer than 30 m, should not hav&/ay
significant variations in the RME and rock mass
quality (RMR value) and should have the TBM
utilization within 30-60%.

mechanicaltests on the rock (Table 3) (Innausttal., Attrition tests Dorry test Taber test
1990). Bit wear tests CHERCHAR test
The Department of Georesourcesand Land, . .. NTI test DIGET test
. . . . rillability Siever s test NTI test
(DIGET) at the Politecnico di Torino has performed CERCHAR test DIGET test
research on rock hardness at a micrometric scaf® si Rebound tests Schmidt impact
the Seventies. Rock hardness is expressed thrduegh t _ hammer test shore test
fi distribution of the hardness (Italian tdor Indentation tests Vickers test knoop
requency . ) test NCB cone indener test
UNI 9724, part 6), which measuredwith a Knoop scratch tests Mohs hardness CERCHAR test
penetrator (pyramidal shapeddiamond) under a Idad o
1.96 N at 40 points on the specimen. 12000
The micro-hardness value (HK), measured in MPa,
can be obtained from the following expression:
= HK75
HK O0—F . Z 8000
C,L 7
E HKS0
Where: s 40004
C, = A conversion coefficient, which is equal to 2 K35
0.070279 = Top 25p% of cases
: . . 1 ..’/' (ordinateldistribution
P = The force applied to the penetrator (if) kg
L = The maximum length of the sign left on the ¢elst "TTrTtrT T T 1
sample (in mm) 0 4 f 8 12 ?m 20
2550 75 100

The frequency distribution diagram obtained from
40 readings is used to characterize the rock (Ejg.

The same procedure can also be followed to test theijg 2: petermination of the HK75 parameter on the

N. of measurements

metal the tool is composed. It is important to tetae basis of the ordinate distribution of the micro-
the HK75 parameter, which Corresponds to the micro- hardness measurements conducted on a rock
hardness value with respect to which 75% of the sample or on the excavation tool (Innaurato and
conducted tests supply a lower micro-hardness value Mancini, 1996)
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Table 4: Rock classification in relation to abrasivenesse(th Bruland 1998). This test involves sliding a sampfe
capacity to produce wear of the TBM disks), on liasis the TBM disk, on which a 10 kg Weight is pressed,

of the analysis of 3200 rock samples (Dethdl., 2012 . .
z ples ( ) along a steel ring on which a powder of the testet

AVS (mg) Cumulative (%) . . . .
Extremely high =20 95100 is deposited contml_Joust. The test Ia_sts 1 mlraqtd
Very high 2.£3.9 8505 involves 20 revolutions of the steel ring. The lass
High 4.0-6.9 6585 weight of the TBM disk sample is measured at the en
Medium 7.618.9 3565 of the test. The AVS parameter is the loss in weigh
Low 19.6-55.9 1535 measured in milligrams. Dalgt al. (2012) classified
\éit%'r?]‘é"ly ow E%ggs.g ié‘r’ rocks with reference to their abrasiveness (orrthei

capacity to induce wear on the steel TBM disks)h{&a
4), on the basis of test results on 3200 rock sesapl

Another very common mechanical test for the = The Cutter Life Index (CLI) is estimated on the
evaluation of rock abrasiveness is the Cerchar tediasis of the AVS and SJ:

(CERCHAR, 1986), which was developed in France

in the eighties (Plinninger and Thuro, 2004). Téstt sJ\™
involves thrusting a steel punch (with a thrustctor CLl Dl4-(7j
of 70 N), with a particular conic shaped tip, agdia

rock iample. f the di f th ircl On the basis of the values obtained for SJ and
The measurement of the diameter of the circ CAVS, it is possible to indicate a variability fielfbr

produced on the deformed tip during the test allaws || This field ranges from a minimum of 10-15 for
index, the Cerchar Abrasivity Index (CAl), to béided.  yery aprasive rocks and which are very resistant to
The CAl parameter is in fact calculated as the meaRerforation (granites and gneiss), to a maximurBGsf
value of the diameters of the circles observed f@n t 9o for rocks with very low abrasiveness and vettjeli
deformed tips, measured in tens of millimeters. Theesistance to perforation (talcs and chlorite gshis
greater the abrasiveness of the rock, the higleevatue The CLI parameter can be used, together with the
of CAl. guartz contents of the rock, to obtain a modified
Maidl et al. (2001) were able to show how the wearestimation of the net advancement velocity PR (n/hr
of the tools is connected to the abrasivenesseofdbk  (Barton, 2000), considering the effect of wear ba t
(CAl) and to the uniaxial compression strength. Theperformance of the disks:
wear of the tools can be extremely variable: very in

some weak rocks, with a CAl value of around 2 and PR= >
very high in high strength granites, with CAI vauef i/QTBM [ﬂj(gzj
around 6. From the Maiddt al. (2001) diagram, it is CLIJ\20

possible to observe the following expressions fa t
specific disk cutter wear rate (SDCWR), expressed i
m® excavated from each disk, in function of the urahxi
compression strength (in MPa):

where, gz is the percentage of quartz containethen
rock

Furthermore, it is also possible to obtain an
estimation of the mean global velocity of the exatan
machine (AR in m/hr), considering all the necessary
when CAl= 2: SDCWRL] 1000020~ 0008, + 3094 machine stops, including those necessary to sutestit

when CAl= 3: SDCWR 18,00000705— 0.0056,+ 3.18¢ the worn disks:

800001&:5 - 00038+ 2.83% 2m+l T

when CAI= 4:SDCWRO 1

when CAl= 5: SDOWRD 160001~ 00038+ 2. where, L is the length of the tunnel (in m):
. .0000056% ~ 0.0038,+ 2.23 0.15 0.10
when CAl= 6:SDCWR 10 Y f=m [ﬂ] (iz]
CLI 20

Tool wear tests in the laboratory: One well known _ . .
wear test for tools that can be found in literatarel m Is a negative parameter that can be estimated n
which is used extensively, is the one that wasipaty ~ function of the geomechanlcal quality index Q arid o
the Norwegian School (NTH/NTNU) (Blindheim and the tunnel diameter (Barton, 2000): when
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0.2 N
Q<0.1:mOF0.9+ 0.2.(3 log Q)ﬁ.dTSBM] when K=
d 0.2
0.1< Qs 1:mU 0.5+ 0.3.(x log QﬁTSBM} ;when Nrem = The real number of disks on the TBM head
No =Typical number of disks on the TBM head:

0.2
Q>1:mD—O.2EdTBMj tgm is the diameter of the J
S

TBM
TBM (in m). N O—2_
Bruland (1998), on the basis of the CLI parameter, ° 2074
obtained the following expression, which can beduse
estimate the net mean time (in hours) between one Qnce H is known, it is possible to calculate the
substitution of a disk and the next one)(H mean global excavation velocity (AR in m/hr) frohet
following expression (Bruland 1998):
b = HokokoKeaK

" N 1000
TBM AR -
Tb +Tt +Tc +lem+Tbak+Ta
where, His the basic disc life (in hours) (Bruland
1998): Where:
_ o Ty = The time (hr) necessary for the
17 inch disk diameter: excavation for each km of tunnel:
T :1000
when CLI< 30:H 0O-0.0925] Cl4+ 6.165 Cl+ 0.6 * PR
when CLI= 30:H 0- 0.0044) Cl3+ 1.3333 Cl 67 Ty = The time necessary (hr) for the
rewrapping of the machine for each
. . . 1000.
19 inch disk diameter: km of tunnel: T, =Tltak
tiak = The time necessary for the

when CLI< 30:H O-0.14251 C4+ 8.308 Cl# 1.05 - . .
regripping (in minutes): usually

when CLI= 30:H 0-0.0030 ClA+ 1.2483 Cl4 88.7 5:20
s = The length of the advancement step
ko, ko, krpve ky are the corrective coefficients that of the machine (in m): usually
take into account the diameter of the TBM, the tmar 1.2:2m
contents of the rock, the rotation velocity of theT, = The time (hr) necessary to change
excavation head and the number of disks, respégtive the disks for each km of tunnel:
_ 1000.¢
K, 0-0.0065.d,, + 0.20614, + 0.474 ° " 60.H, PR
ko, [0.00009.2- 0.0196.qz 1.734 O. te = The time necessary to substitute a

disk on the head (in minutes):
usually 56-100 min

Twm Tpakand T, = The times (hr) necessary for the
maintenance of the machine, for the
maintenance of the back-up and for
various other activities, for each km

gz is the percentage of quartz in the rock; foramic
schists, mica-gneiss, gneiss and granites with 27%,
the following equation should be used:

ko 0-0.00009.g2+ 0.004.dz 0.0192.4z &6 O of tunnel, per km di galleria:
_50/dpy
M RPM Tom 11.8036.PR— 27.539.PR+125.7

Toak01.6607.PR-21.539.PR+84.7
RPM is the rotation velocity of the head (in T,O(-5.PR+130)(-6.PR+210) with the most probable

rev/min): value: T,0-5.PR+155
1612
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RESULTS Three different tunnel diameters were considered

(small tunnel: 3.6 m; medium tunnel: 7, 2 m; large
The influence of the rock abrasiveness on the  tunnel: 10 m) and two different types of rock (ghiy
performance of a TBM: The wear of disks on a TBM abrasive granite, a slightly abrasive calce-schrgtpse

machine results in a decrease in the efficiencythef physical and mechanical characteristics, which are
excavation and also greater dead times in which theecessary for the utilized analysis method, arerted

machine has to be stopped in order to substitutéh Table 5. The CLI parameter was considered ty var
excessively worn disks which are no longer ablevdok ~ over a certain interval considered typical of theks
in a satisfactory manner. and three different values of the GSI index (froimick

An analysis of the influence of abrasiveness @n ththe geomechanical quality index Q was obtainedewer
construction times of a tunnel excavated with a TBMconsidered: 55, 70 and 85. The forge d€eting on the

machine and as a consequence, on the costs, igya véndividual disks was assumed equal to 140 kN; the
important aspect in the design phase. length of the tunnel (L) was assumed to be 1000 m.

In order to have a preliminary evaluation on the

effects of abrasiveness of the rock on the corsmuc Table5. Physical and mechanical parameters of the rocks
considered in the calculation necessary for théuatian

times of a tunnel with _a TBM machln_e, a calculatafn of the excavation productivity according to the t®ar
the mean global velocity of the machine has beedema analysis method
for different types of rock and for different tumne Rock type (1) granite (2) calce-schist
diameters. The method developed by Bartonwas wsed fy (tons/m?) 27 2.7
this purpose. ac (MPa) 80 40
CLI 10-25 30-70
gz (%) 40 20
02 1 dTBM=3.6m
M
02 4 o
\\
\\
01 A -
- -
= -
= | ~ Rock 1-CLI= 10
E 01 -
& - "--..____H_ — — - Rock 1-CLI=23
01 1 —_ S~ Rock 2-CLI =30
0 \——. —_— e Rock 2-CLI =70
00 : : . . . |
53 60 63 70 75 80 83
GSI
(@
02 1 dTBM=7.2m
02
.~
01 4 “Sa
) .
— -~ 4
E o 4 See Rock 1-CLI=10
e S~ — — —Rock 1-CLI=25
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Fig. 3:Trend of the global velocity (AR) with a variatimf the Geological Strength Index (GSI), for theetir
different diameters of the tunnel and the two typésock considered. Extreme CLI values of the ¢gpi
variability interval were assumed for the two typésock

Table 6: Percentage variations of the global v&Jo¢AR), with Field Data from a case higory in North |ta]y; The
respect to the mean value examined case concerns a tunnel in Piedmont (ltaly)

ggfk_tége/mameter 3.6m r.2m 10m  which is under construction close to the Alpineisha

1 +24.6% +97 1% +306% N ord_er to eliminate thg risk of a .Iarge Iandsllde
2 +18.4% +20.5% +14%  occurring at the present site of the national radeth
GSI=70 crosses the bottom of the valley. The tunnel, winak

1 +26.2% +29.2% +¥30.0%  a global length of about 1 km, is being excavatethe

2 +18.5% +21.3% +22.1%  rocky substrate below the body of the potential
(135' =85 1+26.3% +30.8% +36.4% landslide and it will be part of the new nationahd

x . 0 x . 0 x . 0 . -
5 119 6% 121 6% 1231% which will take the place of the present one. The

construction of the tunnel has foreseen the exeavat
of an advance pilot tunnel, with a diameter of @.@nd

The results of the calculation, in terms of mean_ length of 876 m, using a TBM machine. The rock

global velocity (AR), expressed in m/h and are refib  ¢rogsed by the tunnel is made up of minute gneiss a
in Fig. 3 for all the considered cases. The peagt mica-schists: these are ancient pelites that have
variations of the mean global velocity (AR), with undergone a polymetamorphic process. The main

respect to the mean value, are given in Table 6. geomechanical characteristics of the rock ams
From Table 6, it is possible to note how the[110 MPa;y = 2.65 f/m® qzZZ40%.
variations in the CLI parameter, in a typical inerfor The purpose of the pilot tunnel was to optimize

the two considered rocks, lead to remarkable variat and reduce the use of explosives in the subsequent
in the global advancement velocity of the TBM (AR). final section enlargement phase and also to provide
In particular, the variation produced by the CLI is detailed information on the excavated rock volurnmes
always greater than + 18%, compared to the meareval order to drastically reduce the knowledge uncetyain
and can even reach + 36% in very abrasive rocly witdue to the lack of investigations (This zone cartrot
elevated GSI and large tunnel dimensions. Similaentered at present).

values were obtained also through the calculatigh w The TBM utilized for the excavation of the pilot
the Norwegian School method. tunnel is of an open type, with 17” diameter disks.

The exact evaluation of the CLI parameter, which  During the excavation, the machine working data
characterizes the rock as far as wear of the ekioava were monitored and all the substitutions of worn
tools is concerned, is therefore necessary inipedigt  disks were recorded. The mean force applied to each
all tunnels excavated by TBMs in order to be able t disk was 16.7 tons Moreover, geological surveys
have a reliable estimation of the construction §raed  along the pilot tunnel have made it possible to
costs. The failure to evaluate the CLI parametethef establish the GSI of the rock at different chairmge
rock along the tunnel layout could lead to relevembrs  The GSI measured along the entire layout of thetpil
in the estimation of the construction times andscos tunnel varied between 50 and 60.
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Fig. 4:Andamento della velocita media globale (AR) al aesi dell'indice Cutter Life Index (CLI), calcolata
secondo il metodo di Barton. Stima del parametraim€LI a ritroso, a partire dalla determinazioredlal
velocita media globale di avanzamento della maectegistrata in situ

12 4
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Fig. 5:Number of substitutions of the disks for the vasidunnel chainages. The final portion of the tuniel
which the number of substitutions of the disks wléghtly higher than in the first part of the laypis shown
in red circle

The total time necessary to construct the tunneinfluence on the global advancement velocity of the
was 49 working days and the mean global velocityTBM. If the AR values obtained from the calculation
(AR) was about 0.74 m~h The total excavation time are compared with the value actually measuredtin si
was 26970 min (449.5 h) and the mean value of éte n(0.74 m k'), the mean CLI along the layout can be
advancement of the machine (PR) was 1.94 m/h. determined: CLIP4. If the mean CLI had been 50, it

The evaluation of the CLI parameter for the rockwould have been possible to reduce the tunnel

along the layout had not been made before the ltuvase
excavated with the TBM. The typical range of vawiabf

the CLI for gneiss is relatively small (15+25), \ehit is

much larger for the mica-schists (15+70).

construction time to 35 working days; with a CLI78,
the times would have been reduced to 30 actualimgrk
days. Finally, with very elevated CLI values, butigh
are however within the typical variability interviakr the

The values of the global velocity (AR), with a rocks under examination, the pilot tunnel constouct

variation of the CLI, calculated according to thar®n
method, are reported in Fig. 4.

times could have been 30-40% lower.
Confirmation of the elevated abrasiveness of the

From an examination of the graph in Fig. 4, itrock and therefore of the low mean CLI values, ban
emerges that the CLI parameter has a significangbtained from an analysis of the data on the stitist
1615
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of the tools on the excavation head. The number of

The preliminary evaluation of the abrasiveness of

disks substituted at the various chainages can bthe rock and the capacity of the rock to wear ttudstis

observed in Fig. 5. From the figure, it is possitde
observe a greater wear of the tools in the ladtaeof
the tunnel. If the conditions of the disks at thBM
head at the end of the tunnel excavation are cerel
it is possible to determine the mean volume of roc
excavated by each disk during its useful workirig: li
V41130 n¥/disk. This value is much lower than the
mean value of 200-210 ¥disk, which represents the

of particular interest, both in order to evaluate t
reduction in efficiency of the disks because of marad
to determine the frequency of the substitution todf t
disks and therefore the dead times necessary fsr th
koperation. The repercussions of the wear of tlsksdi
on the times and costs of construction of a tumah
aspect very important.

Among the analysis methods known in literature, th

mean volume of rock excavated in the medium abeasivstudies developed in this study have shown theitabf

rock. The low value of the back-analysed estimatibn

the mean CLI along the layout can therefore bgNTH/NTNU). The CLI

the Barton method and that of the Norwegian School
rock parameter plays an

confirmed by the numerous substitutions of the slisk important role in both of these methods and it ban

during the excavation of the tunnel and therefbyethe
limited duration of the disks in working conditions

determined through two distinct laboratory testat th
measure the surface resistance to perforationeofdbk

On the basis of the Norwegian School method andthe former) and the capacity to wear the toolsibse of

the equations reported above and considering Q4,=
drem = 3.6 m, the diameter of the disks 175N = 25,

gz = 40% and RPM = 10.6 rev/min, we obtaip H

6.24 hr. From the in situ data we can evaluate B.58

hr on the basis of the following equation:

( : j

PR V

Hn = T, - Hd
L3di, | PRY dy

vd

friction with previously powdered rock (the latter)

A parametric study that has been conducted for
different types of rock and for three tunnel diaengthas
made it possible to evaluate the important infleen€
the CLI parameter on the global advancement velofit
the TBM (AR). The extent of the variability of th&R
interval can exceed 70% of its mean value, with a
variation of CLI in tunnels with large diametens,very
abrasive and slightly fractured rocks. Howeverwis
considerable in all the examined cases.

The two previously mentioned methods were
applied to a case history of a tunnel with a small
diameter that has recently been excavated in North

From a comparison of the previously calculated!taly. From a comparison of the results of the

value (6.24) with that determined through
verification of the substitution of the disks duyithe
construction of the tunnel (6.58), it is possildeobtain
further confirmation of the CLI valud®4) also from
the Norwegian School method.

DISCUSSION

The rock fragmentation mechanism at
excavation face of a tunnel that is produced by th
action of the disks of a TBM is complex and isl stdt

completely understood. However, various different
literature for the
forecasting of the net advancement velocity and the

methods can be found in the

global velocity of the excavation machine, in fuoot

of the physical and mechanical parameters of tbk. ro
The most well known methods in the scientific

the

the Calculation with the Barton method and the dataties

to the advancement velocity actually recoded fa th
machine, it has been possible to back-analyse tanm
CLI parameter of the rock along the tunnel; adaptin
this value in the Norwegian School method, it waent
possible to obtain the net mean timg @h hours)
between one substitution of a disk and another. The
calculated value practically coincides with the dhat
was measured in situ, thus demonstrating the good
adherence of the two analysis methods to the real
%onditions of the excavation.

CONCLUSION

The studies presented in this study indicate hasv i
necessary to characterise the rock, as far asiedmass
and the capacity to wear the disks are concernleen vt
is necessary to proceed with the excavation ofnaeiu

community and the procedures adopted to determingsing a TBM. The determination of the CLI paramater
the rock parameters that result to influence theact results to be of fundamental importance ireoro
advancement velocity and therefore the efficienfy obe able to obtain a valid estimation of both theet and

the excavation, have been illustrated in this study

costs of the construction of a tunnel. Failing waleate
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the abrasiveness of the rock in the preliminaryigies Hartman, H.L., 1959. Basic studies of percussion

phase of a tunnel can lead to considerable detajisei drilling. Trans. AIME, 214: 68-75.
study and much higher costs than those forecasigagd Innaurato, N. and R. Mancini, 1986. Forecasting the
the design stage. rock abrasivity in the civii and mining

The Barton method has proved to be very useful to  technological fields. Proceedings of Eurock 96,
obtain a correct estimation of the advancement Turin, Italy, pp: 699-706.
velocities of the excavation machine (both theard  Innaurato, N., R. Mancini and E.R. Zaninetti, 1990.
the global velocities). The Norwegian School method  Una applicazione dellaclassificazione delle rocce

has instead been able to offer a precise foredatteo alla fresabilita delle stesse. Boll. Ass. Min. Sipba
frequency with which it is necessary to changedikks 1: 73-98.
and therefore of the influence of the dead timesMaidl, B., L. Schmid, W. Ritz and M. Herrenknecht,
necessary to allow these operations to be condusted 2001. Tunnelbohrmaschinen im Hartgestein.
the construction times of the tunnel. Verlag Ernst and Sohn, Berlin, ISBN-10:
3433014531, pp: 350.
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