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SUMMARY  

 

World records for drill-and-blast tunnelling from Norway: we have at least two of them, and 

world records for TBM advance rates from abroad, provide numbers in meters per day, per 

week, and per month, which are difficult to believe for all who are distant from these 

tunneling milestones. Unfortunately there are contrary and undesirable TBM records, which 

are occasionally recurring events so not records, which see TBM stopped for years in fault 

zones, or permanently buried in mountains. The many orders of magnitude range of 

performance suggest the needs for better investigations, better choice of TBM, and better 

facilities for improving the ground ahead of TBM, when probe-drilling indicates that this is 

essential. Control of water, and improved behaviour in significant weakness zones and faults 

demand pre-injection. Fortunately there are several signs that this is finally being recognized 

by some TBM manufacturers. After improved performance during the learning curve, TBM 

will generally decelerate as tunnel length and time increases. This means time-dependent 

utilization, which is seldom quantified. Another important item for correct prognosis is the 

recognition that reduced penetration rate PR can sometimes occur when thrust is increased by 

the TBM operator, due to exceptionally resistant rock mass formations. 

 

SAMMENDRAG  

 

Verdensrekorder for inndrift i sprengte tunneler, minst to av disse tunnelene ligger i Norge, og 

verdensrekorder for inndrift i TBM tunneler, utenlands, viser antall meter inndrifter per dag, 

per uke og per mnd, som er vanskelige å fatte for alle som er langt borte fra disse milepælene 

innenfor tunneldrift. Dessverre finnes det også stikk motsatte og uønskede TBM hendelser, 

ikke TBM inndrifter, som viser TBM maskiner som har stått fast i forkastningssoner i årevis 

eller som er permanent etterlatt inne i fjellet. Denne enorme forskjellen i TBM-inndrifter i 

flere størrelsesorden, viser nødvendigheten av mer omfattende grunnundersøkelser, riktig valg 

av TBM maskin type og viktigheten av bedre muligheter til å forbedre bergmassekvaliteten 

foran TBM borekronen når sonderboringen viser at dette er helt avgjørende for inndriften. 

Grunnvannskontroll og forbedret inndrift i store svakhetssoner og forkastninger krever 

forbehandling med forinjeksjon. Heldigvis er det tegn som tyder på at disse signalene endelig 

blir tatt hensyn til av noen TBM forhandlere. Etter at gradvis bedre inndrifter oppnås i 

oppstartperioden vil TBM maskinene generelt oppnå avtagende inndrifter som funksjon av 

økende tunnellengder og medgått tid. Bakgrunnen for dette er tidsavhengig utnyttelse, som 

sjelden kvantifiseres i andres beregninger av inndrift. Et annet viktig tema er å akseptere at 

redusert grad av inntrengnings rate (PR) oppnås selv om skyvetrykket på borekronen økes av 

TBM operatøren, på grunn av en eksepsjonelt god bergmassekvalitet. 
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INTRODUCTION  

 

During the last 10 years, Norwegian contractors have led the world in the fastest drill-and-

blast tunnelling rates, with 150m, 165m and even 176m in single 7x24 hour weeks. LNS and 

Veidekke have had consistent rates of more than 100m/week for several months in specific 

projects, and at the Svea coalmine access tunnel, in coal-measure rocks requiring significant 

amounts of bolting and shotcreting, LNS achieved 100m per week or more for 32 weeks, 

during a 54 week tunneling project with a 36 m
2
 cross-section and 5.8 km length. This is 

actually better than many TBM project performances if one considers one year of tunneling. 

 

However, and of course it is a very big however, TMB have incredible current world records 

of 172m in 24 hours, 703m in one week, and 2163m in one month. Nevertheless, in the  

record 3 to 4 m diameter class, the best monthly average is óonlyô1189m, and the world record 

monthly average is óonlyô 1352m, found in the 4 to 5m diameter class. Thanks to some 

detailed TBM world record advance rate statistics provided by Robbins, it was possible to 

derive the record data shown in Figure 1. The 3 to 6m diameter class shown with the smallest 

ócubesô is the mean of three sets of data given for 3-4m, 4-5m and 5-6m TBM, based on 

assumed 24 hours, 168 hours and 720 hours. The 6 to10m diameter class shown with the 

larger ócubesô is the mean of four sets of data for 6-7m, 7-8m, 8-9m and 9-10m TBM. 

 

 
 

Figure 1 Using a log-log-log plot of PR (penetration rate, left axis only) and AR (advance 

rate in remainder of plotted area) and time T (total hours), the synthesized present world-

record data for different sizes of TBM is shown, based on data provided by Robbins, for all 

sizes and several TBM manufacturers. The writer has converted day, week and month records 

(given in meters) to the form AR (m/hr) by dividing by assumed 24, 168 and 720 hours. Data 

from 8 countries are represented, chiefly USA and China. The record mean monthly data 

plots at AR = 1.7 m/hr for the 3 to 6m class, and at AR = 1.1 m/hr for the 6 to 10m class, and 

this is shown with two small circles. The larger crossed-circle to the right is 54 weeks for 5.8 

km at Svea Tunnel, achieved during the LNS drill-and-blast record. This was driven in coal-

measure rocks and obviously required significant shotcreting and bolting, due to varied Q. 
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CASE RECORD EVIDENCE OF DECELERATION  

 

There is an all too common habit of reporting utilization (U) of TBM without specifying the 

time period involved. An estimated average daily utilization is especially an insufficient form 

of prognosis. Since stand-stills are naturally excluded, the client may get an optimistic view of 

likely performance. Utilization is estimated from the classic and most used TBM equation: 

 

AR = PR x U                                                                                                                        (1) 

 

where AR = (actual) advance rate in m/hr, and PR = penetration rate (for uninterrupted 

boring) in m/hr. U is the fraction of time when boring has (or is expected) to actually occur, as 

seen on the traditional ópie- or pizza-diagramô. For convenience U is usually expressed as a 

percentage. Note that in Figure 2, U has been expressed as T
m
. This is explained in Table 1. 

 

 
 

Figure 2 Trends from open-gripper case records representing 145 cases and approximately 

1000km of TBM tunneling. The five typical ólinesô of performance are the same as shown in 

Figure 1. The source of this smoothed data is shown in Figure 3. Barton (2000). 

 

 

As illustrated by the world records of Figure 1, and as illustrated by 1000 km of mostly open-

gripper case records, summarized in Figure 2 from Barton (2000), there is actually a time-

dependent element in U which is conveniently ignored in a remarkable number of tunnel 

magazine articles and even in TBM prognoses. Since a client pays for a completed tunnel, a 

false impression of actual hours (T) is obtained if inevitable standstills are excluded. There are 

approximately 24 x 7 x 51 å 8730 hours of work in one year, and during TBM standstills the 

clock is still running, with tunnel completion likely delayed. When U is replaced by T
m
 more 

realistic prognoses are possible. Many TBM projects come in ólateô due to ignorance of this 

element of time / length.  
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Figure 3 A total of 145 case-records provided the above raw data for best (red), average 

(green), and bad-ground (blue) performance, plotted on a log PR ï log T ï log AR graph 

(Barton, 2000). óUnexpected eventsô appear to be strongly correlated to low Q-values, as 

seen more clearly in Figure 2. This aspect will be discussed later when discussing faults. 

 

 

Table 1  Deceleration gradients (-m) for the five trends-of-performance lines. A specific 56 

km of double-shield performance (two Wirth TBM, two Herrenknecht TBM) is also indicated, 

but as shown in a later case record, this (optimistic) and at best halving of gradient (-m) may 

not apply in tough cases, and is hardly evident in the record mean-monthly performances 

(small circles shown in Figure 1). An EPB machine may double these double-shield gradients. 

 
 

PERFORMANCE 

LINE  

 #
 

 

DECELERATION  

 gradient 

(-) m   (units of LT
-2

) 

 

WR (world records) 

1, 2, (good, fair) 

3, 4 (poor, extremely  poor) 

(trends from 145 cases) 

 

-0.13 to -0.17 

-0.17, -0.19 

-0.21, -0.25 

(ca. 1000 km of mostly  

OPEN-GRIPPER cases) 

 

DOUBLE-SHIELD 

(at Guadarrama) 

 

-0.08 to -0.12 

(4 x 14 km) 
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Figure 5  Sparvo Tunnel, driven by the worldôs (now only) second largest EPB (earth 

pressure balance) TBM of 15.6 m diameter has twin tunnels of 2.6 km length. There 

were 78 disc cutters due to significant sandstone and conglomerate sections of the 

tunnels, in addition to the numerous soft ground picks. Note that the range of PR was 

mostly 1 to 2 m/hr, and due to difficult conditions and use of moderate thrust, the 

deceleration m = - 0.16 to -0.31 for both tunnels. However, m was -0.38 during the 

learning curve, and -0.33 when exiting through bad ground. Due to risk of methane 

gas, operation was always  in closed mode, which of course increases delay and 

makes ïm more steeply negative.The mean cutter forces used in the weak sandstone 

and conglomerate/clay were 16.9 and 10.3 tons. M. Tanzini, pers. comm. 2013. 
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EVIDENCE  LINKING  Q -VALUES  WITH  TBM   PERFORMANCE 

 

When a TBM tunnel is driven in one predominant rock type, such as the granites described by 

Sundaram and Rafek (1998), there is a surprisingly good correlation of penetration rates (PR) 

with the Q-value, and with even simpler measures of jointing, such as the volumetric joint 

count, and even with mean joint spacing. The Q-data PR-correlation shown in Figure 6 is 

based on 2,825m of data analysed by the above authors, for medium to coarse grained granites 

with UCS in the range 130 to 246 MPa (mean 182 MPa) ï similar to that expected in the 

upcoming Oslo-Ski project. They also found that the average Jr/Ja ratio (joint roughness/joint 

alteration-filling) gave a better correlation of PR to Q than the ómost adverseô Jr/Ja ratio, as 

traditionally used when selecting suggested tunnel support and reinforcement for single-shell 

NMT (Norwegian Method of Tunnelling: Barton et al., 1992). 

 

When logging more than 300 exposures and seven cores drilled through weakness zones, the 

writer also logged all the principle Jr/Ja ratios in the form of Q-histograms, as input to Oslo-

Ski prognoses, which were described in Barton and Gammelsæter, (2010). 

 

 
 

Figure 6  In a project involving only granite, consistent correlation of penetration rate with 

Q-values (using mean Jr/Ja) is seen. Sundaram and Rafek, (1998). 

 

 

 

Figure 7 The traditional Q-system adjectives are clearly not correct for describing TBM 

performance, as Q-values significantly more than 30 are adverse for PR, due to lack of joints. 
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CUTTER LIFE AND THE EFFECT OF HIGH Q -VALUES AND HIGH STRESS 
 

 

 

 

 

  

 

Figure 8 The longitudinal profile for the (2 x 14 km) Guadarrama Tunnels (ADIF, 2005).  

These were driven in 28 to 33 months by four ócompetingô double-shield TBM. The blue and 

green statistics show mean cutter-change frequency (m/cutter) for two of the 14 km lots, with 

strong correlation to tunnel depth (minimum m/cutter under two mountain ranges) and 

therefore implied correlation to the level of confining-stress in the predominantly hard and 

abrasive granites and gneisses. Abundant fracture zones (ózonas fracturadasô) and faults 

(ófallasô) give a positive contribution to reduced cutter wear in several locations. 

 

 
 

Figure 9 The ólearning curveô performance in the first four months (see #1- #4) of a 5 m 

diameter and 5 km long double-shield TBM being driven in massive granites with very high 

RMR (and Q) values. The cutter change frequency in this 5 km project was also typically 2 to 

3m/cutter. A common feature of ólearning curvesô is the initially l ower PR and lower AR due 

to initially poorer utilization: i.e. a steeper deceleration gradient (-)m. Rock cover was 200-

500 m, half that of the mountainous Guadarrama tunnels. The 56 km experience from the four 

competing TBM at Guadarrama showed a similar mean PR = 2.0 m/hr to this 5km case, yet 

the general efficiencies of the double-shield method allowed overall performance to reach 

ógoodô (see ellipse with cross beyond the 20,000 hours, 32 months location over to the right 

side). The best day, week and month at Guadarrama are shown in blue: 62m in 24 hrs, 250m 

in 1 week, 970m in 1 month. These are well below world records (Figure 1) but very good. 
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The cutter life statistics of the two projects described in Figures 8 and 9, emphasize the 

importance of the NTH/NTNU cutter life index CLI, which has been an important part of the 

writerôs prognosis model QTBM from the start. On a number of occasions, the results of NTNU 

rock testing and especially CLI results have been requested, where QTBM is being used at a 

foreign project. 
 

 
 

Figure 10  The cutter life index CLI, developed at NTH/NTNU in the 1990ôs is an important 

performance indicator, especially when combined with measures of the degree of jointing, 

such as the óNTH joint Classô or the Q or RMR value. NTH, 1994. 

 

A combination of four factors: low CLI (as for granite, granitic gneiss, quartzite), high quartz 

content, high UCS (obviously linked with these rock types) and massive sparsely jointed rock, 

with for instance Q-values > 100, and RMR > 80 is an inevitable órecipeô for frequent cutter 

change statistics. When the above factors are combined with significant depth of cover, the 

additional confining-pressure acting across the face of the tunnel, and directly adding to the 

difficulty of chip formation, many cause cutter life to dip below 2m/cutter, and on occasion 

even below 1m/cutter. Clearly this will be a significant task for the daily/nightly maintenance 

shift, and besides the time for replacement of say 10 cutters, there will be the added effect that 

for some of the 10 to15 hours of boring, a number of cutters will have become sub-standard. 

 

While on the subject of maintenance shifts, it is unfortunately a fact of life that in the case of 

double-shield TBM which are convenient for allowing simultaneous PC-element ring 

assembly, there will only be the possibility of observing and approximately logging the rock 

conditions, when the machine has stopped for cutter change. The óinner climateô with hot 

cutters and sauna-like conditions at first, are not conductive to easy Q or RMR or 

NTH/NTNU joint class mapping. The writer has been  a consultant at some TBM sites where 

only the smallest engineering geologists get to log the data in the confined space, and must 

share their observations with colleagues (and with the consultants). 

 

It is therefore remarkable that certain authors who will not be named, both in Norway and 

Italy and elsewhere, are happy to present otherôs ódataô showing apparently poor correlation 

of PR statistics and Q TBM values, when in reality the only rock mass quality logging was at 

15, 20 or 25m intervals (each 24 hours) when the TBM was stopped for maintenance, because 

the rock could not be observed while boring. Worse still, Q was mostly obtained by 

subsequent estimation from RMR logging, since original authors were not at first aware of 

QTBM, so they óretro-activelyô estimated QTBM. Is this a valid basis for critique?  Most of the 

case record data seen in Figure 3 were obtained from open-gripper TBM projects, where rock 

mass conditions were well described on a continuous basis,  and not only by the most agile 

engineering geologists at well-spaced intervals. 


