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TBM PROGNOSES FOR OPENGRIPPER AND DOUBLE-SHIELD MACHINES:
CHALLENGES AND SOLUTIONS FOR WEAKNESS ZONES AND WATER

TBM prognoser for apen-gripper og dobbelt-skjold maskiner: Utfordringer og lgsninger
for svakhetssoner og vann

Dr. Nick Barton, Nick Barton & Associates

SUMMARY

World records for drilandblasttunnellingfrom Norway we have at leastvo of them,and
world records for TBMadvance ratesom abroad providenumbers in meters per dger
week, angper monthwhich are difficult to believe foall who aredistant fromthese
tunnelingmilestonesUnfortunatelythere are contrargndundesirabléBM records, which
are occasionallyecurring events so not recstavhich see TBM stopped for yeandault
zonesor permanently buried in mountairidie many orders of magnitude range of
performance suggest the needs for better investigations, better choice of TBM, and better
facilities for improving the ground aheafi TBM, when probedrilling indicates that this is
essential. Control of water, and improved behaviosignificantweakness zones and faults
demand prenjection.Fortunately there are several signs that thisaly beingrecognized
by some TBM manfacturersAfter improved performance during the learning cuivieM

will generallydecelerate as tunnel lengthd time increases. This means tidependent
utilization, which is seldom quantifieédnother important item for correct prognosis is the
recanition thatreducedpenetration ratPR can sometimes occur when thrissincreasedy
the TBM operator, due to exceptionally resistant rock mass formations.

SAMMENDRAG

Verdensrekorder for inndrift i sprengte tunneler, miosav disse tunnelenigger i Norge, og
verdensrekorder for inndrift i TBM tunneler, utenlands, viser antall meter inndrifter per dag,
per uke og per mnd, som er vanskelige a fatte for alle som er langt borte fra disse milepaelene
innenfor tunneldrift. Dessverre finnes det ogtikk motsatte og ugnskede TBM hendelser,

ikke TBM inndrifter, som viser TBM maskiner som har statt fast i forkastningssoner i arevis
eller som er permanent etterlatt inne i fiellet. Denne enorme forskjellen timnBdfifter i

flere starrelsesorden, visesdvendigheten av mer omfattende grunnundersgkelser, riktig valg
av TBM maskin type og viktigheten av bedre muligheter til & forbedre bergmassekvaliteten
foran TBM borekronen nar sonderboringen viser at dette er helt avgjarende for inndriften.
Grunnvannsgntroll og forbedret inndrift i store svakhetssoner og forkastninger krever
forbehandling med forinjeksjon. Heldigvis er det tegn som tyder pa at disse signalene endelig
blir tatt hensyn til av noen TBM forhandlekgtter at gradvis bedre inndrifter opprias
oppstartperioden vil TBM maskinene generelt oppna avtagende inndrifter som funksjon av
gkende tunnellengder og medgatt tid. Bakgrunnen for dette er tidsaviuiémgiglse som

sjelden kvantifiseres i andsderegninger av inndrifEt annet viktig temar & akseptere at
redusert grad amntrengnings ratéPR) oppnas selv om skyvetrykket pa borekronen gkes av
TBM operatagrenpa grunn av en eksepsjonelt god bergmassekvalitet.
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INTRODUCTION

During the last 10 years, Norwegian contractors have led the world in the fastestdlrill
blast tunnelling rates, with 150m, 165m and even 176m in single 7x24 hour Wwid&kand
Veidekke have had consistent rates of more than 100m/week for severas masgRcific
projects, and at the Svea coalmine access tunnel, imazgure rocks requiring significant
amounts of bolting and shotcreg, LNS achieved 100m per week or more for 32 weeks,
duringa 54 week tunneling projewiith a36 nt crosssection ad 5.8 km lengthThis is
actually better thamanyTBM 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 burs, 703m in one week, and 2168 one month. Nevertheless, in the

record 3 to 4 m diameter class, the best mo
mont hly average is o6onlydé 1352m, found in t
detailed TBM world record advance ratatistics 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

0 ¢ u b ¢he rdean of three set§ data given for 3tm, 45m and 56m TBM, based on

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

| ar ger theamedneffodr setdsdata for 67m, -8m, 89m and 910m TBM.
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Figure 1 Using a logog-log plot of PR (penetration rate, left axis only) and AR (advance

rate in remaindepf plotted area) and time T (total hours), the synthegiredent world

record datafor 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 revead monthlydata

plots at AR = 1.7 m/hr for the 3 to 6m class, and at AR = 1.1 m/hr for thé@1aclass, and

this is shown with two small circles. The largeosseecircle to the right is 54 weeks for 5.8

kmat Svea Tunnehchievedduringthe LNS dril-and-blast record.This was driven in coal

measure rocks and obviously required significant gteting and boltingdue to varied Q.



21.3

CASE RECORD EVIDENCE OF DECELERATION

There is an all too common habit of reporting utilization (U) of TBM without specifying the
time perod involved.An estimatedverage daily utilization igspecially an isufficient form

of prognosis. Since stardglills 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)

whereAR = (actual) advance rate in m/hr, and PR = penetration rate (for uninterrupted
boring) in m/hr. U is the fraction of time when boring kasis expected) tactudly occur, as
seen on t he-otpizzadiid groamd . OPo reusoatlyexpreseed asrac e
percentageNote that in Figure 2, U has been expressed"agfis is explained in Table 1.
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Figure 2 Trends fronopenrgripper case records representing 145 cases and approximately
1000km of TBM t unnel iofpgformande are the sanee ag shqwn in a |
Figure 1. The source of this smoothed data is shown in Figure 3. Barton (2000).

As illustrated bythe world records of Figure 1, and as illustrated by 1000 kmostlyopenr
gripper case recordsymmarizedn Figure 2 fromBarton (2000) there is actually a time
dependent element in U which is conveniently ignored in a remarkable nuntbeneff
magazine articlegnd even in TBM prognoses. Since ardipays for a completed tunnal,
false impression of actual hours (T) isahbedif inevitable standstills are excludethere are
approxi mat el y 0Bodrsofxworkin one yedr, aréd duBiyTBM standstills the
clock is still running, with tunnel completion likely delay&@lhen U is replaced by™more
realistic prognoses apossible Many TBM projects come idateddue to ignorance of this
element otime / length

U

0l
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Figure 3 A total ofL45 caseecordsprovidedthe aboveaaw data forbest (red)average
(green), and badyround (blue)performanceplottedon a log PR log Ti log AR graph
(Barton, 200006 Une x pect ed e v e mglyscdrelatqr podow €yauessas be st r o
seen more clearly in Figure Zhis aspect W be discussed later when discussfaglts.

Table 1 Deceleration gradientsifn) for the five trendsf-performance lines. A specifi®

km ofdoubleshieldperformancgtwo Wirth TBM, twdderrenknecht TBM) ialso indicated,
but as showin a later case record, this (optimistiahd at beshalving of gradien{-m) may
not applyin tough cases, and is hardly evident in the record rmeantly performances
(small circles shown in Figurg). An EPB machine may double these dowhiield gradients.

PERFORMANCE DECELERATION
LINE gradient
# (-) m (units of LT?)
WR (world records) -0.13 t0-0.17
1, 2,(good, fair) -0.17,-0.19
3, 4(poor, extremely poor) -0.21,-0.25
(trends from 145 cases) (ca. 1000 kmof mostly

OPEN-GRIPPERcase}

DOUBLE-SHIELD -0.08 t0-0.12
(at Guadarrama) (4 x 14 km)
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Figure 5 Sparvo Tunnedlriven byt h e  w(@awlorlydsescondargest EPB (arth
pressure balance) TBM of Bomdiameterhas twin tunnels of 2.6 km lengifthere
were 78disc cutters due to significant sandstone and conglomerate sections of the
tunnels, in addition to theumeroussoft ground pickdNote that lhe range oPR was
mostly 1 to 2 m/hranddue to difficult condiions and use of moderate thrughe
deceleratiorm =- 0.16 to-0.31for both tunnelsHoweverm was-0.38during the
learning curve, and0.33 when exiting through bad grourialie to risk of methane
gas, operation waalways in closed mode, which of course increases delay and
makes m more steeply negatiidne mean cutter forces used in theaksandstone

and conglomeri/clay were 16.9 and 10.3 tof. 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 theegrdaedribed by
Sundaram and Raf€1998), there isa surprisingly good correlation of penetration rates (PR)
with the Qvalue, and with even simpler measures of jointing, such as the volumetric joint

count, and even with mean joint spacing. ThdaaPR-correlation shown in Figureié
based on 325m ofdata analysed by the above authors, for medium to coarse grained granites
with UCS in the range 130 to 246 MPa (mean 182 MPnilar tothat expected in the

upcoming OsleSki project. They also found that theeragedr/Jaratio (joint roughness/joint
alterationfilling) gave a better correlatioof PRt o

Q

t han

t he

0 mass t

traditionally used when selecting suggestethel support and neiorcement for singkshell
NMT (Norwegian Method of Tunnellindarton et al., 199

adve

Whenlogging more than 300 exposures and seven cores drilled through weakness zones, the
writer also logged all the principle Jr/Ja ratios in the form-tfiggograms, as input Oslo-
Ski prognoses, which were describadarton and Gammelsaeté010.
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Figure 6 In a project involving only granite, consistent correlation of penetration rate with
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Figure 7The traditional Qsystem adjectives are clearly not correct for describing TBM
performanceas Qvalues significantly more tharO3re adverse for PR, due to lack of joints.
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CUTTER LIFE AND THE EFFECT OF HIGH Q -VALUES AND HIGH STRESS
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Figure 8The longitudinal profile for th€2 x 14 kmGuadarrama TunnelADIF, 2005)
Theseweredrivenin 28to 33 monthby f our 6 c o mlped TBMY Thé blug and b | e
green statistics show mean cuttdrange frequency (m/cutter) for two of thekid lots, with

strong correlation to tunnel depfminimum m/cutteunder two mountain rangeanhd
thereforeimplied correlationto the level of confiningtressin the predominantly harend
abrasivegranites and gneisse8bundant fracture zonds 6 z d m a < t uandfadils s 6 )

( 6 f adivie amoditive contribution to reduced cutter wgaseverallocations
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Figure9T he Ol earning curveb per(Seommmpnaédm i n t he
diameterand 5 knlong doubleshield TBM being drivem massive granites with very high

RMR (and Q) valued he cutter change frequency in this 5 km project was also typically 2 to
3m/cutterA common f eat ur e o finitiady |l@verrPR and lgwecARrduwee s 6 i <
toinitially poorer utilization: ie. a steeper deceleration gradiefinf. Rock cover wag00

500 m,half that of the mountainous Guadarrama tunnels. The 56 km experiencené&foar
competing TBM at Guadarrama showedimilar mean PR = 2.0 m/hr to this 5km caget

the generakfficiencies of the doubkhield method allowed overall performance to reach

0 g o ek @llipse with crodseyond 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 280ms, 2

in 1 week, 970m in 1 monfFhese are well below world records (Figure 1) but very good.
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The cutter life statisticef the two projects destxed in Figures 8 and @mphasie the
importance of the NTH/NTNU cutter life index CLI, which has baenmportant part of the
writeros pr egfromte start. @o alnerhber@f occasions, the results of NTNU
rock testing and especially CLI results have beguestedwhere Qg is being used at a
foreign project.

Figure 10 The cutter lifandex CLI,developed at NTH/NTNU n t h eis af ifnBo@taints
performance indicator, especially when combined with measures of the degree of jointing,
such as joinlCd aNTH or t heNTKQ1994. RMR val ue.

A combination of four factors: low Cl(bs for granite, granitic gneiss, quartzite), high quartz
content, high UCS (obviously linked with these rock types) and massive sparsely jointed rock,
with for instance Qalues>1 00, and RMR > 80 is an inevitahb
change statics. When the above factors are combined with significant depth of cover, the
additional confiningpressurecting &rossthe face of the tunnel, and directly adding to the

difficulty of chip formation, many cause cutter life to dip below 2m/cutter,cemdccasion

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

shift, and besides theme forreplacement of say 10 cutters, there will be the aéffedt that

for someof the 10 to15 hours of boringnambe of cutters will have becormmibstandard.

While on the subject of maintenance shifts, it is unfortunately a fact of life that in the case of
doubleshield TBM which areonvenientor allowing simultaneou®G-element ring

assembly, there will only begtpossibility of observingnd approximately logginthe rock

conditons when the machine has stopped for cutte
cutters and saurike conditions at first, are not nductive to easy Q or RMR or

NTH/NTNU joint class napping.The writer haseen a consultant at some TBites where

only the smallest engineering geologists get tahegdata in the confined space, and must

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

It is therefore remarkable that certain authors who will not be named, both in Norway and
Italyande | sewher e, are happy to present otheroés
of PR statistics and @ values, when in realitthe only rock mass qglity logging was at

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

the rock could not be observed while boring. Worse Qillvasmostlyobtained by
subsequergstimation from RMRogging, since original authors were nat firstaware of

Qmeus 0 t heac tdirwed Ir yobrpvelsthis amaid basis folcritique? ddt of the

case record data seen in Figure 3 were obtained fromgrjpgrer TBM projects, where rock
massconditions wee well described on a continuous basiad notonly by themost agile

engineering geologists at walpaced intervals.



