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ABSTRACT 
 

When a tunnel is excavated with a tunnel boring machine (TBM) through a strong 
and abrasive rock mass, the cutter disc wearing and/or destruction has the most 
relevance both for the advancing rate and costs. In this work, a representative stretch 
of a real tunnel through strong and abrasive rock, have been studied recording the 
advancing rates, the number of stop for cutters changing and the number of cutters 
changed. The analysis of the diminishing of the advancing rate due both to the less 
performance of worn cutters and to time spent in changing the cutter discs is carried 
out. This analysis carried out for TBM’s is repeated for micro-TBM used in pipe-jacking 
in order to compare results and analyze the influence of cutter wear in a smaller 
diameter tunnel. 
 
 
1. INTRODUCTION 
 

Cutting tool wear is a subject that has been extensively studied because of the 
technical and economic implications it has on rock excavation. 

In the case of hard rock tunnelling with TBM, the wearing or destruction of cutter 
discs has a major influence. First, because the cutter discs are expensive tools and if 
the cutter wearing is high, the cost in cutters will be also high. And second, because the 
cutter wearing makes the TBM performance to diminish and consequently makes the 
costs to increase. 

Many attempts to develop methods or procedures to predict the wearing/damage 
of cutter discs have been carried out since the use of TBMs became more and more 
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generalized in tunnelling works. In Liu et al (2017) a general list of the most relevant 
studies is given: Ewendt (1992), Wijk (1992), Nelson et al. (1994), Gehring (1995), 
Rostami (1997), Bruland (1998), Dahl et al. (2007), Maidl et al. (2008), Bieniawski et al. 
(2009), Frenzel (2011), Wang et al. (2012), Hassanpour et al. (2014), Yang et al. 
(2015). After these authors, new relevant studies have been performed, as for example 
Geng et al (2017), Laín et al (2018), Yang et al (2019) or Young and Seungwon (2020), 
demonstrating the importance of the topic. 

In general, these methods predict the service life of cutters and can give results in 
different ways, for example: (a) rolling distance in m (length that a cutter can roll until 
maximum wear), (b) rock excavation volume per cutter in m3/cutter, (ratio of volume of 
rock excavated to the number of cutters replaced), c) cutter wear extent per cubic 
meter of excavated rock volume, in mm/m3 (ratio of wear at the cutting edge of all 
cutters to the total volume of excavated rock) or d) specific cutter consumption in 
cutters/m (number of cutters replaced per m of tunnel excavated). 

A typical analysis leads to predict the number of worn or damaged cutters for a 
given tunnel or stretch of tunnel. As the prize of cutter discs is known, this analysis 
allows to predict the cost in cutter discs, a relevant cost to be into account in hard and 
abrasive rocks. 

In general terms, the analysis of the cutters wearing is carried out independent of 
the excavation performance. Nevertheless, there are authors, as for example Rostami 
(1997), Bruland (1998) or more recently Yang et al (2019), that consider the delays, 
and consequently reduction of the excavation performance, produced by the cutter 
replacement.  

On the other hand, there are methods, for example Bieniawski et al (2009), that 
considers that both cutter wearing and performance are influenced by the abrasiveness 
of the rock. In this way the method predicts that when the rock becomes more abrasive, 
the performance diminishes and cutter wear increases, but both parameters are 
considered independent. 

The aim of this work is to analyze how cutter wear influences the TBM's 
advancing rate and costs, independently of other parameters.  

For this purpose, two sections excavated through highly abrasive rock in two 
tunnels of different diameters are studied. One is a 10 m diameter tunnel excavated 
with single shield TBM, and the other is a 2.2 m diameter micro-tunnel excavated with 
micro-TBM and pipe-jacking method. 

The possibility that performance and cutter consumption are not independent is 
also analyzed. This means that an increase in performance leads to a higher cutter 
consumption, but conversely, a higher frequency of cutter replacement will lead to a 
higher performance. This approach is also introduced in cost analysis. 

The problem is that the advancing rate is conditioned by so many parameters that 
it is not easy to establish that an increase in the replacement of cutters really means an 
increase in performance, as this increase in performance may be due to other 
conditioning factors. 

This means that the results of these two sections studied are neither conclusive 
nor can they be generalized, but they do illustrate the relationship between these two 
variables and show a line of research that we believe could be interesting. 
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2. METHODOLOGY 
 
The negative influence of the rock abrasiveness is consequence of two problems 

which are dependent to each other. 
The first is the cutter disc wearing which implies a high cost due to the acquisition 

of cutters which in general terms are expensive tools. 
As it has been said above, there are several methods which allow us to estimate 

the cutter specific consumption cL or number of cutters worn per m of tunnel excavated 
(in cutters/m). Let us assume a tunnel that has advanced from an initial length L0 to a 
final length Lf. The total number of cutters worn Nc will be (cutters): 
 

         (1) 
The consumption can be related to the time defining the parameter replacement rate Rc 
or average number of cutters changed per day (cutters/day); if a is the performance or 
daily advance of the TBM (m/day), the cutter replacement rate is: 
 

          (2) 
 
On the other hand, if cu is the cost of a cutter (€/cutter), the expenditure on cutters Cc 
would be (€): 
 

          (3) 
The second is the diminishing the performance which also has economic 

consequences due to influence in fixed cost of the contractor companies. When the 
abrasiveness of the rock mass increases, the advance performance decreases and 
consequently the duration of the work increases. 

All work entails fixed costs that depend on time, regardless of whether the work 
progresses or not. Within this chapter are the salaries of the contracted personnel, the 
civil liability insurance policies, the rental of the machinery, the fees and tax required by 
the administration (for example, for discharges to the river), office rentals, quality 
control services. newspapers ... etc. The most important part is the one corresponding 
to staff salaries. 

The total time T (days) to excavate the tunnel from Lo to Lf (m) is, in days: 
 

         (4) 
 
If the daily fix cost is cf (€/day), the total fix cost during the period Cf is, in €: 
 

          (5) 
 
A typical value of daily fixed costs in tunnels advanced in Spain with TBM is in the 

order of cf= 30,000 €/day. 

The condition of maximum advancing rate or performance expressed as daily 
advance (m/day) will occur now when all the cutter discs of the cutter wheel have been 

𝑁𝑐 = 𝑐𝐿    𝐿𝑓 − 𝐿0  

𝑅𝑐 =  𝑐𝐿  𝑎  

𝐶𝑐 =  𝑐𝑢   𝑁𝑐  

𝑇 =
𝐿𝑓 − 𝐿0

𝑎
 

𝐶𝑓 =  𝑐𝑓   𝑇 
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replaced and digging begins. During the first few meters of advance all cutters are new 
and therefore it is as if they are not wearing. 

If the rock type remains unchanged, from that point on, the performance will 
decrease due to wear. The performance will tend to stabilize as soon as cutters start to 
be replaced due to the maximum allowable wear. The average advancing rate in that 
rock (m/day) will be reached after a sufficiently long time and will occur together with 
the expected cutter consumption/replacement in that rock (cutters/m).  

The difference between the maximum initial advancing rate and the average one 
will be a performance loss that can be attributed mainly to the abrasiveness of the rock. 
This loss of performance increases the tunnel excavation costs as the duration of the 
works increases. 

The increase in the cost per meter of tunnel will be the sum of the expenditure for 
the acquisition of new cutters and the increase in the fixed costs of the work due to the 
longer duration due to the decrease in performance and the downtime due to the 
replacement of cutters. 

      
 
3. TUNNEL EXCAVATED WITH TBM 
 
     3.1 Rock characteristics 
 

To carry out the analysis, a 238 m section of Lot 3 of the “Variante de Pajares” will 
be analysed through the highly abrasive quartzites of the Barrios Formation. 

The Barrios Formation is of Upper Cambrian - Lower Ordovician age. It is a 
formation composed mainly of white quartzite banks, very hard and compact, Toyos et 
al. (2009). Excavation of these quartzites has been very complex due to their extreme 
abrasiveness and the water inflow. The quartzites appear as a rock mass of medium 
strength with RMR= 23-62 and GSI= 54. The characteristics of the quartzites at the 
intact rock level are summarised in the Table 1. They are taken from Arlandi et al. 
(2009) and Rodríguez Ortiz (2009), and from our own experience. 
 

Table 1 Characteristics of the Quartzite rock from the Barrios Formation 
 

 

 
The average cutter disc specific consumption for the entire Barrios formation was 

0.544 cutters/m or 144.3 m3/cutter, according to Abascal (2009). The methods that 
most closely approximate this value are those of Ghering (1995) and Frenzel (2012), 
186.3 and 166.5 m3/cutter, respectively. 

Density (g/cm3) 2.6 

Compressive strength (MPa) 84 

Tensile strength (MPa) 7.3 

Poisson ratio 0.14 

Parameter mi 20 

Young Modulus (MPa) 18,290 

Abrasivity, CAI 4.5 - 5.0 
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     3.2 Basic features of the TBM 
 

The TBM was a single-shield TBM, manufactured by Wirth-NFM, with a hard rock 
cutter head with a total of 65 cutter discs 17” diameter (432 mm). The main 
characteristics and features are summarized in the Table 2, after Ferreras and Ferrero 
(2009). 

The TBM cutterhead and a new 17” cutter disc are shown in Figure 1.  
 

Table 2: Main TBM Characteristics 
 
 
 
 
                                             

 

 

 

 

 

   
 

Fig. 1: TBM cutter head and a new cutter disc 
 
     3.3 TBM excavation results 
 
     The section was excavated with a single shield TBM working 7 days a week. 
Figure 2 (left) shows the performance or advancing rate a (m/day) each day and Figure 
3 (right) shows the advance of the face L (m) as a function of time T (days). 

The total excavated length was 238 m in a total of 15 days with an average yield 
of 15.9 m/day. The length of the section, approximately 24 times the excavation 

Manufacturer Wirth-NFM 

Type Single shield 

Excavation diameter (mm) 9,900 

Shield diameter (mm) 9,850 

Total TBM length (m) 105 

Power (kW) 4,900 

Number of cutter disks  68 

Max rotation speed (rpm) 5 

Max penetrartion rate (mm/min) 80 

Max. Nominal torque (kNm) 25,250 

Nominal Trust 320 bar (kN) 115,000 
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diameter, is long enough to reach the typical performance for this rock. 
 

   
Fig. 2: Advancing rate (left) and accumulated tunnel face advance (right) 

 
Just before the start of the first section, the cutter discs had been checked and 43 

cutter discs had been replaced, so it can be assumed that the excavation on the first 
day was like the excavation with all new cutter discs. 

The section therefore starts with the cutters in relatively good condition, but due to 
the abrasiveness of the rock, the cutter wear is so high that after the first day 22 cutter 
discs had to be replaced (which represents 1/3 of the total number of cutter discs on 
the cutter head). 

Figure 3 (left) shows the number of cutter discs changed each day and Figure 6 
(right) shows the total number of cutters changed as a function of time. To advance the 
238 m, 106 cutters had to be changed with a consumption of 0.445 cutters/m, which is 
equivalent to 0.0057 cutters/m3 or 176.3 m3/cutter. On average, 7.1 cutters were 
replaced per day. 

The Figure 4 shows the wear of the edge of cutter discs when excavating this 
extremely abrasive rock. 
 

     
 

Fig. 3: Number of cutter discs changed a day (left) and accumulated (right) 
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Fig. 4 Difference between a cutter without wear and a cutter with heavy wear 

 
However, as can be seen in Figure 5 (left), two sections with different advancing 

rate can be defined. One comprises the first 7 days and about 100 m were advanced 
with an average throughput of 14.3 m/day. The next section starts right after the first 
change of a significant number of discs. It comprises the next 8 days and a total of 138 
m are advanced with a 20% higher throughput (17.3 m/day) than in the first section. 

On the other hand, the different consumption of discs in the two defined sections 
can be seen in Figure 5 (right). Thus, while in the first, 42 discs are consumed to 
advance 100 m (0.420 cutters/m), in the second, consumption is increased by changing 
a total of 64 discs to advance 138 m (0.464 cutters/m). 

 
 

   
 

Fig. 5: Accumulated advancing rate (left) and number of discs changed (right) 
 

At least as a hypothesis, we can associate the drop in performance in the first 
section with the fact that not enough cutter discs were changed to maintain 
performance. Indeed, fewer cutters were changed on the first few days, there were 
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three days when no cutters were replaced. But this was not because the abrasiveness 
of the rock decreased significantly as, in fact, the abrasiveness increased from 
CAI=4.47 in the first section to CAI=4.92 in the second section. 

If we accept that all other influencing parameters remained constant, this 
decrease in performance was mainly due to, overall, the operating cutters were more 
worn and it was logical to expect a lower performance, as indeed they were. In fact, in 
the second section, a greater number of replacements are carried out leading to an 
increase in performance. 

It is most common to treat cutter consumption as an advanced length dependent 
variable by using the parameter specific cutter consumption in cutters/m. This is logical 
because the longer the tunnel length, the more wear and tear the cutter discs will suffer 
and the more cutter discs will have to be replaced. 

Hence, a typical approach in the planning phase is to estimate the specific cutter 
consumption in cutters/m for a given rock and multiply this specific consumption by the 
length of the tunnel section excavated in that rock. 

Thus, according to this approach, in the case studied, the specific consumption of 
cutters previously estimated for each section by one of the empirical methods proposed 
by different authors would be taken as a starting point. The specific consumptions 
0.420 cutters/m and 0.464 cutters/m would be the starting data. They would then be 
multiplied by the respective length of the sections to obtain the number of cutter discs 
consumed in total 0.420×100 + 0.464×138 = 106 cutters. 

Independently, using the prediction methods proposed by the same or other 
authors, we would obtain the advancing rates in the two sections: 14.3 m/day and 17.3 
m/day respectively. 

However, it must also be considered, as least as a hypothesis, that the change of 
cutters has an influence on the advancing rate. It is evident that the newer the cutters 
are, the greater their cutting capacity and the greater their net penetration and 
ultimately digging performance. 

With this approach, the analysis of the results of the sections studied would be 
slightly different. In the first section, a performance of 14.3 m/day was achieved with a 
cutter replacement rate of 6 cutters/day, while in the second section the performance 
was 17.3 m/day with a replacement rate of 8 cutters/day. In other words, a change in 
the cutter replacement rate can produce a change in the advancing rate. 

Therefore, another way to proceed in the planning phase of the work would be to 
simultaneously estimate the performance and the specific cutter consumption and 
obtain a cutter replacement rate. And work with these parameters if the replacement 
rate changes, the advancing rate could change. 

In the case under study, it would be estimated by different prediction methods that 
the daily advance yields 14.3 and 17.3 m/day respectively and the specific 
consumptions 0.420 and 0.464 cutters/m respectively from which the replacement rates 
of 6.0 and 8.0 cutters/m would be deduced. If increasing the replenishment, rate will 
increase the forward throughput. 
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     3.4 Economic analysis of the influence of rock abrasiveness 
 

Figure 10 (left) shows the average cumulative advancing rate and Figure 10 (right) 
shows the cumulative advance performance as a function of the length of tunnel 
excavated. Up to day 8 the performance decreases steadily while from day 9 onwards it 
increases. 

The two graphs of Figure 10 show that in the best conditions of cutter wear, i.e., 
when practically all the cutters are new, the performance is 20 m/day. If the rock were 
not abrasive and wear did not occur, the performance should remain constant without 
changing discs. However, cutter discs wear out and only if they are replaced can the 
performance be kept constant. Under normal conditions (i.e., with cutter wearing-
replacement process) the cutting performance tends to be about 15 m/day. 

Therefore, the abrasiveness of the rock means that the output drops from 20 
m/day to 15 m/day, with the consequent longer duration of the work (including 
downtime due to change of cutters). The extreme abrasiveness of the rock makes that 
the output drop occurs in only 5 days or 50 m of tunnel.   
 

   
 

Fig. 10: Accumulated advancing rate as a function of time (left) and length (right) 
 
The objective now is to determine the economic impact that the abrasiveness of 

the rock has on the costs of a tunnel, taking as an example the specific case of the 
advance in the Barrios quartzites. For this purpose, the main costs associated with 
cutter wear will be estimated assuming that the 238 m long section is excavated a) with 
an advancing rate of a) 15 m/day and b) 20 m/day. 

As seen above, the advancing rate, specific consumption and cutter replacement 
rate determined above were 14.3 m/day - 0.420 cutters/m - 6.0 cutters/day in the first 
section and 17.3 m/day - 0.464 cutters/m - 8.0 cutters/day in the second.  

Assuming that there is a relationship between performance (m/day) and cutter 
wear or cutter replacement (cutters/m or cutters/day), by interpolation, for the 15 m/day 
throughput, a specific consumption of 0.431 cutters/m and a replacement rate of 6.5 
cutters/day would be obtained, while by extrapolation for the 20 m/day throughput, 
0.504 cutters/m and 10.1 cutters/day would be obtained. 
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The first step is to quantify the economic cost of purchasing cutting discs. The 
price of cutter discs is between 1,000 and 3,000 € per cutter and an average price of 
2,000 €/cutter will be taken for this analysis. The results are shown in Table 3. When 
the daily advance drops from 20 to 15 m/day, the cutter consumption and lineal cost will 
also diminish from 0.504 to 0.431 cutters/m and from 1,008 to 862 €/m respectively. 

 
Table 3: Lineal cost related to the purchasing of cutter discs 

 

Legnth (m) 
Advancing 

rate (m/day) 

Cutters 
consumption 
(cutters/m) 

Cutters 
replacement 
(cutters/day) 

Number of 
cutters 

Cost of 
cutters (€) 

Lineal cost of 
cutters (€/m) 

238 20 0.504 10.1 120 239,904 1,008 

238 15 0.431 6.5 103 205,156 862 

 
The replacement of these cutters increases downtime. As a reference, the 

replacement of all cutters (68 discs) takes approximately 1.5 days of downtime. 
However, in this analysis it is not necessary to include the stoppages due to cutter 
changes because the number of cutters to be changed in the previous assumptions, 
100 and 120 units, are of the same order as those changed in the reality, and the 
calculation of the real days already includes the necessary stoppage days or shifts. 

As will be seen, the most important aspect is the longer duration of the work due 
to the decrease in performance. In fact, if there were no cutter wear, the output for this 
rock would be 20 m/day, but the average output was 15 m/day. Therefore, the duration 
of the work has increased and, proportionally, the associated fixed costs. 

It is necessary to consider the high fixed costs in this type of works, which include 
workers' salaries, rent and/or depreciation of machinery, insurance of all kinds, etc., 
which in the works analyzed are in the order of €30,000/day. It causes than the drop in 
advancing rate, from 20 to 15 m/day, increase the lineal cost from 1,513 €/m to 2,017 €. 
Calculations are summarized in Table 4.  
 

Table 4: Lineal cost related to fixed costs 
 

Legnth (m) 
Advancing 

rate (m/day) 
Duration of the 

work (days) 
Fixed costs 

(€) 
Lineal cost 

(€/m) 

238 20 12 360,000 1,513 

238 15 16 480,000 2,017 

 
The effect of abrasiveness on this stretch of quartzite in the Barrios Formation 

could be quantified as follows. Advancing with the hypothetical maximum performance 
of 20 m/day, the costs would be 600,000 € (2,521 €/m) while advancing with the 
average rate of 15 m/day the costs analyzed would amount to 686,000 € (2,879 €/m). 
In other words, in this specific case, abrasiveness represents an extra cost of 300 €/m. 

It is important to note that, when excavating in extremely abrasive rocks with a 
significant consumption of cutting discs, the cost of excavation is increased not only by 
the cost of cutters but also by the decrease in advancing rate. And it may be that, under 
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certain circumstances, it may be worth considering the possibility of increasing the 
number of cutter changes if this represents an increase in digging performance. This is 
because the cost of increased cutter consumption may be less than the savings due to 
reduced working time. 
 
4. TUNNEL EXCAVATED WITH MTBM 
 

4.1 Rock characteristics 
 

The area of the microtunnel studied is mainly made up of materials belonging to 
the Domo de Lugo unit (Galicia - Spain), of Precambrian age. They are 
leucogranodiorites or alkaline granites of two micas (Alba Series), with weathering 
degree II-III, of little thickness and great extension. They have a medium to coarse 
granular texture, showing no development of crystalline forms, with an average 
composition of quartz (33.2%), potassium feldspar (25.5%), plagioclase (28.1%), 
muscovite (9%), biotite (3%), and a series of accessory minerals (1.2%) such as 
tourmaline, apatite, zircon, garnet and rutile, the matrix being discoloured by alteration. 
The rock mass is of medium strength,with RQD= 48 and RMR= 40-60. The main 
characteristics of the quartzites at the intact rock level are summarised in the Table 5. 
 

Table 5 Characteristics of the Alba Series Granites 
 
 

 
4.2 Basic features of the MTBM 

 
The MTBM was a Herrenknecht 188 TB AVN series, with hard rock cutter head 

consisting of 13 cutter discs (5 simple and 8 double) 12” diameter (305 mm). The main 
characteristics of the MTBM are summarised in the following Table 6. The micro-TBM 
cutterhead and a double 13” cutter disc are shown in Figure 11. 

 
Table 6 Characteristics of the MTBM AVN 1800 

 

 

 

 

 

 

 

 

 

 

Density (g/m3) 2.49 

Compressive strength (MPa) 32.2 

Tensile Strength (MPa) 4.9 

Young Modulus (kg/cm2) 10,227 

Abrasivity, CAI 2.77 - 3.51 

Manufacturer Herrenknecht 

Type Shield 

Excavation diameter (mm) 2,265 

Shield diameter (mm) 2,150 

Power (kW) 250 

Number of cutter disks  13 

Max. Nominal torque (kNm) 554 

Nominal Trust 500 bar (kN) 5,000 
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Fig. 11: micro-TBM cutter head and a double cutter disc 
 
     4.3 MTBM excavation results 

 
In the case of the micro-tunnel, the section was executed by the pipe jacking 

technique using a micro-TBM with 2265 mm excavation diameter. Work was carried out 
6 days a week and stopped on Sunday. In the following analysis the Sunday stoppages 
are not considered, only the days worked are counted. 

Figure 12 (left) shows the advancing rate a (m/day) each day and Figure 12 (right) 
shows the face advance L (m) as a function of time T (days). The section analysed is 
61 m long (about 27 times the excavation diameter) and was excavated in 25 days with 
an average advancing rate of 2.4 m/day 
 

  
Fig. 12: Advancing rate (left) and accumulated tunnel face advance (right)  

 
However, as can be seen in Figure 13 (left), two sections with different yields can 

be defined. One comprises the first 16 days and about 35 m are advanced with an 
average throughput of 2.2 m/day. The next section starts right after the first change of a 
significant number of discs. It comprises the next 9 days and a total of 26 m are 
advanced with a 30% higher throughput (2.9 m/day) than in the first section. 
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Just at the beginning of the first section, 5 discs were replaced, and it can be 
assumed that the situation on the first day corresponded to the excavation with all new 
cutter discs. On the 16th day, another 5 cutter discs had to be replaced (which is 
almost 1/2 of the number of cutter discs mounted on the cutter wheel).  

Figure 13 (right) shows the number of cutter discs changed each day. To advance 
the 61 m, 11 cutters were changed with a consumption of 0.180 cutters/m (equivalent 
to 0.0450 cutters/m3). However, there is a difference in the specific consumption, as in 
the first section 5 discs are consumed and 35 m are advanced (0.143 cutters/m) while 
in the second section 6 discs are also changed to advance 26 m (0.231 cutters/m). At 
the beginning of the next section, 8 more discs had to be replaced. 

The drop in performance in the first section could be associated with the fact that 
not enough cutter discs were changed to maintain the performance. 
 

  
 

Fig. 13: Number of cutter discs changed a day (left) and accumulated (right) 
 

      
 

Fig. 14 Difference between a cutter without wear and a cutter with heavy wear 
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     4.4 Economic analysis 
 
     Figure 15 (left) shows the average accumulated advancing rate as a function of 
time. Up to day 16, the performance decreases steadily and only starts to increase after 
the replacement of new cutters. 

Figure 15 (right) shows the accumulated advance performance as a function of 
the length of tunnel excavated. Figure 15 shows how in the best conditions of cutter 
wear, i.e., when practically all cutters are new, the throughput is close to 5.0 m/day; 
however, in normal advance conditions (i.e., with cutter wearing-replacement process) 
the cutting performance tends to be around 2.0 m/day. 

Therefore, the abrasiveness of the rock means that the throughput drops from 5.0 
m/day to 2.0 m/day with a consequent longer duration of the work. To this must be 
added the replacement time of the cutters, which is 1 day (practically independent of 
the number of discs that are changed). 
 

  
Fig. 15: Accumulated advancing rate as a function of time (left) and length (right) 

 
A similar economic analysis can now be carried out as before. Following the same 

procedure, the first step is to quantify the economic cost of acquiring the cutter discs. In 
this case, it is a bit more complex because there are double and single (cheaper) cutter 
discs. The prize of the set of 13 cutters of the cutter head is of about 36,000 €. To 
simplify the problem, we do not distinguish between cutters and we will assume an 
average unit cost of 2,700 € per cutter disc. 

The advancing rate, specific cutter consumption and replacement rate of cutters 
determined from the experience were 2.2 m/day-0.143 cutters/m-0.31 cutters/day in the 
first section and 2.9 m/day-0.231 cutters/m-0.67 cutters/day.  

By a simple extrapolation, we arrive at a specific cutter consumption of 0.119 
cutters/m and a replacement rate of 0.24 cutters/day for the 2.0 m/day throughput, 
while for the 5.0 m/day throughput it would be 0.495 cutters/m and 2.48 cutters/day. 

The results are shown in Table 7. When the daily advance drops from 5 to 2 
m/day, the cutter consumption and lineal cost will also diminish from 0.495 to 0.119 
cutters/m and from 1,328 to 310 €/m respectively. 

However, it should be borne in mind here that the days of stoppage contemplated 
in the real experience would be 2 to change a total of 10 discs. And the performance of 
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5 m/day would require at least 5 days of downtime. Therefore, when calculating the 
fixed costs for the 5 m/day performance, 3 additional days must be added. 

On the other hand, in the case of excavation using the pipe jacking technique with 
a micro-tunnelling machine, the fixed costs are in the order of € 6,000/day. Calculations 
are summarized in Table 8.  

 
Table 7: Lineal cost related to the purchasing of cutter discs 

 

Legnth (m) 
Advancing 

rate (m/day) 

Cutters 
consumption 
(cutters/m) 

Cutters 
replacement 
(cutters/day) 

Number of 
cutters 

Cost of 
cutters (€) 

Lineal cost of 
cutters (€/m) 

61 5 0.495 2.48 30 81,000 1,328 

61 2 0.119 0.24 7 18,900 310 

 
 

Table 8: Lineal cost related to fixed costs 
 

Legnth (m) 
Advancing 

rate (m/day) 
Duration of the 

work (days) 
Downtime cutter 

change (days) 
Fixed 

costs (€) 
Lineal cost 

(€/m) 

61 5 12 3 90,000 1.180 

61 2 31 0 186,000 3.049 

 
The effect of abrasiveness on this stretch of granite could be quantified as follows. 

Progressing with the hypothetical maximum throughput of 5 m/day, the costs relating to 
cutters and fixed costs would be 171,000 € (2,803 €/m) while progressing with the 
average throughput of 2.0 m/day the costs analysed would amount to 204,900 € (3,359 
€/m). In other words, in this case, abrasiveness represents an extra cost of around 
€556/m. 

It is important to note that, when excavating in highly abrasive rocks with a 
significant consumption of cutter discs, the cost of excavation is increased not only by 
the cost of the cutters but also by the decrease in the advance performance. And in the 
case analysed, the savings from hypothetical increased performance (1,869 €/m) would 
be greater than the expenditure on cutters to maintain that performance (1,018 €/m). 
 

As it can be inferred from above analysis, there are two differences between the 
work with large diameter TBM and very small diameter micro-TBM. The first is the fact 
that the replacement of cutter discs is more complex in the case of micro-TBM; this 
makes the cutter replacement downtime be bigger in this case. On the other hand, the 
relationship between fixed costs and cutter disc prize is 10 in the case of TBM and 3 for 
micro-TBM, and it must be taken in mind that the economic balance is better when this 
relationship is bigger. 
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5. CONCLUSIONS 
 

• In the case of hard rock tunnelling with TBM, the wearing or destruction of cutter discs 
has a major influence. First, because the cutter discs are expensive tools and second, 
because the cutter wearing makes the TBM performance to diminish and consequently 
makes the costs to increase. 
• In this work, an attempt to analyze how cutter wear influences the TBM's advancing 
rate and costs, independently of other parameters is carried out. The possibility that 
performance and cutter consumption are not independent is also analyzed. This means 
that an increase in performance leads to a higher cutter consumption, but conversely, a 
higher frequency of cutter replacement will lead to a higher performance. This approach 
is also introduced in cost analysis. 
• Two sections of two tunnels were analyzed. One related to a tunnel of 10 m in 
diameter excavated with TBM and another related to a tunnel of 2.26 m in diameter 
excavated with micro-TBM. 
• It is inferred that, under certain circumstances, it may be worth considering the 
possibility of increasing the number of cutter changes if this represents an increase in 
digging performance. This is because the cost of increased cutter consumption may be 
less than the savings due to reduced working time. 
• As the increase/decrease in performance may be due to other conditioning factors, 
the results of these two sections studied are neither conclusive nor can they be 
generalized, but they do illustrate the relationship between these two variables and 
show a line of research that we believe could be interesting. 
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