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PROGNGOZOVANI VYKONU STROJU TBM PRI RAZBACH VE SKALNICH
HORNINACH S PASMY OSLABENI POMOCI TBM BEZ STITU
NEBO TBM S DVOJITYM STITEM
TBM PROGNOSES FOR HARD ROCK WITH WEAKNESS ZONES,
USING OPEN-GRIPPER OR DOUBLE-SHIELD SOLUTIONS

NICK BARTON

J

SHRNUTI

Dalekosdhlé posouzeni razby tunelovacimi stroji (TBM) s pouzitim
TBM bez stitu v porovnani s TBM s dvojitym Stitem, kde je popis hor-
ninového prostfedi méné presny, vytvari zdkladnu pro metodu pro-
gnézovéni nazyvanou Q. V prispévku jsou uvedeny nékteré poznat-
ky z Cetnych posuzovanych piipadd, nasledované kratkym dvodem
k empirickym metodam zaloZenym na klasifikaci. Udaje o vykonech
stroju TBM vychdzeji z informaci z asi 145 pripadu, respektive asi
1000 km razeb, jejichz celkové vykony jsou slouceny. Od vzniku této
metody se datovd zdkladna zvétSila tak, aby obsahovala data pro razbu
stroji TBM s dvojitym §titem ve tvrdych vyvrelych hornindch a s abra-
zivitou podobnou té, kterd je v pripadé popsaném déle v tomto piis-
peévku, konkrétné na dvou tunelech razenych v tvrdé horniné s pasmy
oslabeni, které se maji provadét bud pomoci TBM bez ititu, nebo
TBM s dvojitym Stitem. Pldnované tunely budou tvorit vysokorych-
lostni norskou trat'z mésta Ski do Osla. Majf se razit bud pomocf trha-
cich praci z nékolika Celeb, nebo pomoci TBM, které maji byt pouzity
na tunely délky 7,9 km a 9,6 km. Z divodu nebezpeti sedéni je nutno
v riznych mistech omezit pritoky vody. Data se sbirala vétSinou
pomoci klasifikace podle Q-histogramu vice nez 300 skalnich zérezu,
zatimco v pripadé pasem oslabeni se pouzilo refrakéni seismické pro-
filovani.

uvob

Ti, ktef{ znaji Q-systém klasifikace horninového masivu, budou zndt
fadu hodnot Q a pridavnd jména ,,slaby*, ,,uspokojivy*, ,,dobry* atd.,
uvedené na obr. 1. Namisto doporuceni pro zaji§téni vyrubu se vSak

zde uziva klasifikaéni diagram, podle kterého se zjistuji obecné trendy
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Obr. 1 Metoda Q-systém pro klasifikaci stability vyrubu a potieb jeho vystro-
Je se zde pouZivd k vyjddreni relativni obtiZnosti razby tunelu pomoci TBM,
s vystupy predstavy o rychlosti pronikdni PR a rychlosti postupu AR

Fig. 1 The Q-system method of classifying tunnel stability and support needs
is used here to indicate the relative difficulty of driving tunnels by TBM, with
curves to suggest PR (penetration rate) and AR (advance rate)

ABSTRACT

A wide-reaching review of TBM tunneling with open-gripper TBM,
as opposed to double-shield TBM, where description of ground is less
accurate, forms the basis of a prognosis method called Qsy. Some les-
sons from the numerous reviewed cases will be given, followed by
a brief introduction to the classification-based empirical method. The
TBM performance data base numbers some 145 cases or about 1000 km
of TBM tunneling, whose overall performance is synthesized. Since the
development of this method the data base has been increased to include
double-shield TBM driving in hard igneous rock, also of similar abrasi-
veness to the case to be described in this paper: namely two tunnels in
hard rock with weakness zones, to be tackled either by open-gripper or
double-shield TBM. The planned tunnels will form a high-speed
Norwegian rail link to Oslo from Ski in the south, to be driven either by
drill-and-blast from several fronts, or using TBM for 7.9 km and 9.6 km
long tunnels. Water ingress must be limited in various localities due to
settlement risks. Data collection was mostly by Q-histogram classifica-
tion of more than 300 rock cuttings, while some drilling and seismic ref-
raction profiling was utilized in the case of weakness zones.

INTRODUCTION

Those familiar with the Q-system of rock mass classification will
recognize the progression of Q-values and adjectives “poor’, ‘fair’,
‘good’ etc. given in Figure 1. However, instead of tunnel support recom-
mendations, the classification diagram has been used here to suggest the
general trends of penetration rate (PR) and advance rate (AR) with TBM
tunneling. Clearly the Q-system parameters RQD, Jn (number of joint
sets), Jr (joint roughness), Ja (joint alteration), Jw (joint water inflow)
and SRF (stress reduction factor) need additional machine-rock interac-
tion parameters, in order to tackle the much more complex field of TBM
tunneling, where PR can vary from extremes of 0.1 m/hr to 10 m/hr, and
AR can vary from 0.0 m/day to 125 m/day, or indeed from 0.0 km/yr to
16 km/yr. This is a demanding field for classification and for understan-
ding the special circumstances of TBM tunneling.

Figure 2 shows the scheme of classification that was developed by
trial and error analysis of many of the 145 cases derived from 1000 km
of TBM tunneling reviewed by Barton, 2000. Because open-gripper
cases formed the great majority, and significant detail had therefore
been given of the rock mass conditions and rock properties, this must
be considered the basis of the overall trends of deceleration with inc-
reased time period, shown in Figure 3. Experience with double-shield
TBM has since suggested a possible halving of these gradients.

The classic equation used to describe all TBM performance data is
following:

AR=PRx U (1)

(where U = utilization in a given time period, such as 24 hours, 1
week, or 1 month)

It may be noted in Figure 3 that U has been recast in the form Tm,
where T is (total) hours, and (-) m is the negative gradient of decelerati-
on seen in the performance lines in Figure 3. Therefore:

AR =PR x Tm 2)
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rychlosti pronikdni do horniny (PR) a rychlost postupu (AR) pfi razbé
tunelovacimi stroji TBM. Je jasné, Ze aby bylo mozné pustit se do
kdni PR muZe pohybovat mezi extrémy 0,1 m/hod a7z 10 m/hod
a rychlost postupu AR od 0,0 m/den do 125 m/den, nebo treba i 0,0
m/rok az 16 km/rok, je tfeba k parametrum Q-systému, kterymi jsou
ureni kvality horninového masivu RQD, pocet systému diskontinuit
JIn, &islo drsnosti puklin Jr, ¢islo vyjadfujici zvétrani puklin Ja, ¢islo
vyjadrujici vliv zvodnéni po puklindch Jw a Stress reduction factor
SRF (redukce podle geostatickeho napéti), pridat dalsi parametry vzd-
jemného pusobeni mezi horninou a strojem. Jednd se o oblast, kterd je
velmi obtiznd pro klasifikaci a pochopeni zvlastnich podminek pro
razbu pomoci TBM.

Na obr. 2 je uvedena klasifikace, kterd byla vyvinuta analyzou
pokus—omyl mnoha ze 145 piipadu ziskanych z 1000 km razeb TBM,
zkoumanych Bartonem v roce 2000. JelikoZ se valnou vétSinou jedna-
lo o razby pomoci TBM bez $titu, ¢imZ byl dén daleZity detail podmi-
nek horninového masivu a vlastnosti horniny, musi se to povazovat za
zdklad pro celkové trendy zpomaleni se zvetSujicim se asovym obdo-
bim (obr. 3). Dosavadni zkusenosti s TBM s dvojitym Stitem ukdzaly
na moZnost sniZzeni téchto gradientl na polovinu.

Klasicka rovnice pouzitd k popsani viech tdaju o vykonech TBM je:

AR=PRx U 1

(kde U = vyuziti v daném ¢asovém obdobi, jako je 24 hodin, 1 tyden

nebo 1 mésic).

Na obr. 3 je moZno poznamenat, Ze U bylo pretvoreno do formy
Tm, kde T je (celkovy) pocet hodin a (-) m je zdporny gradient zpo-
maleni, ktery je vidét na kfivkdch vykonu na obr. 3. Tedy:

AR =PR x T™ )

Ve $patnych horninovych podminkdch je hodnota (-) m silné
spojena se standardni hodnotou Q, kterd je vyznaCena na obr. 4.
Jesté pred pristoupenim k aplikaci Qsm pro porovnani metod
razeb pomoci TBM (TBM bez Stitu nebo s dvojitym Stitem a se
zafizenim pro posunovéni odtlatovdnim od osténi pfi pruchodu
pdsmy oslabeni) miZe byt zajimavé porovnat prumérny vykon
TBM s vykonem dosahovanym pfi pouZziti alternativy s pouzitim
trhacich praci.

Toto porovnani je provedeno na obr. 5, kde je pti vhodné volbé
parametru ,,stfedni hodnoty* mozné vidét Q = Qrsy. To by nastalo

Penetration rate

Obr. 3 Trendy klesajici rychlosti postupu s rostoucim casem, odvozené
z analyzy 145 pripadu a asi 1000 km raZeb provadénych vétSinou pomoci
TBM bez stitu. Vsimnéte si, Ze rovnice pro vyuZiti je upravend jako AR = PR
x Tm, kde -(m) je zdporny gradient zpomaleni (tFi Sipky jsou vysvétleny
v textu)

Fig. 3 The trends of declining advance rate with increased time period, deri-
ved from an analysis of 145 cases and about 1000 km of mostly open-gripper
TBM. Note that the utilization equation has been re-cast as AR = PR x Tm,
where -(m) is the negative gradient of deceleration. (The three arrows are
explained in the text.)
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Obr. 2 Schéma Qp,, pro vystiZeni duleZitych vlastnosti horninového masivu,
parametru vzdjemného pusobeni mezi horninou a strojem a parametri vzd-
Jjemného pusobeni mezi horninou a feznym ndstrojem. Toto schéma bylo vyvi-
nuto metodou pokus—omyl a, jak si lze v§imnout, vétSina dodateénych para-
metri je normalizovdna podle typickych hodnot daného parametru. (viz text
s popisy parametrii Qyp,,)

Fig. 2 The Qyy,, scheme for capturing important rock mass properties, rock
mass-machine parameters, and rock mass-cutter interaction parameters.
This was developed by trial and error, and as may be noted, most of the addi-
tional parameters are normalized by typical values of the given parameter.
(See text for Q,p,, parameter descriptions)

Under poor rock conditions, (-) m is strongly linked to the standard
Q-value, as indicated in Figure 4. Before proceeding to the applicati-
on of Qmu to compare TBM tunneling methods (open-gripper, or
double-shield with push-off-liner capability in weakness zones), it
may be of interest to compare a moderate TBM performance to that of
the drill-and-blast alternative.

This comparison is made in Figure 5, where by suitable choice of
‘central-value’ parameters one may see Q = Qpy. For instance this
would occur when cutter force (F) was close to 20 tnf, when rock mass
strength (SIGMA) was close to 20 MPa, when cutter-life index (CLI)
, an NTNU, Trondheim abrasion parameter, was close to 20, when
quartz content (q) was close to 20%, and when the approximate biaxi-
al stress (Og) at the tunnel was close to 5 MPa, roughly representing
100 m depth with an assumed stress concentration factor of 2 (and rock
density averaging 2.5 gm/cc). This last factor captures the greater
effort required when stress levels become high in a deep tunnel, prior
to the ‘rock burst’ term SRF being activated, and thrust becoming
generally reduced for reasons of safety, as bursting is a time-dependent
phenomenon.

The drill-and-blast curve in Figure 5, which is assumed to decline
only slightly with increased time period, is based on Norwegian con-
tractor figures, where in the case of ‘perfect’ or consistently high-Q
conditions, a previous world record of 165 m/week, and a more recent
176 m/week was achieved. Consistent 105 m/week (whole project)
results have also been obtained. During a whole project, the distributi-
on of Q-value statistics are of course less than ‘perfect’. However in
many projects driven by drill-and-blast, the wider statistical distributi-
on of Q-values may make even 45 m/week a respectable overall result,
since various problems in fault zones, resulting in e.g. 10 m/week (or
sometimes even less), drag down the average performance.

THE OSLO-SKI TUNNELS

Q-histogram  statistics-based rock mass characterization of more
than 300 rock cuttings, totalling at least 6 km in length, was used to
estimate the likely ranges of rock mass qualities, for the two planned
tunnels linking the capital Oslo to the town of Ski, some 20 km to the
south. The planned 9.6 km and 7.9 km tunnels may be driven by twin
TBM of about 10 m diameter, or by single larger diameter TBM, or by
drill-and blast, with its more immediate water-inflow control using
systematic pre-injection. Since the tunnels are mostly in the range 40
to 80 m depth, and the rock cuttings (e.g. for local roads and
a motorway) were up to 15 m height, and depth of weathering was
mostly limited in the good quality gneisses, it was possible to obtain
a valuable source of rock quality data, for subsequent utilization in
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napriklad, kdyby sila pusobici na fezny ndstroj

(F) byla blizko 20 tnf, pevnost horninového £ Exceptionally | Extremely Very very | Ext. |Exc.
masivu (SIGMA) byla kolem 20 Mpa, koeficient 1 poor poor poor Poor | Fair | Good lg50d| good |good
Zivotnosti fezného ndstroje (CLI) (tj. parametr g :s-g

abraze podle norské univerzity NTNU € g8 L

v Trondheimu) byl kolem 20, obsah kfemene (q) 2 o7 RS

byl kolem 20 % a kdyby priblizné dvouosé napé- £ :g'g Any

t{ (Og) v tunelu bylo kolem 5 Mpa, coZ by zhru- 3 04

ba predstavovalo hloubku 100 m s uvaZovanym 2 'g-g Sy

faktorem koncentrace napéti rovnym 2 (a pra- T 01

mérnou objemovou hmotnosti 2,5 g/cm3). Tento 5 o ]

vvvvvv

posledni faktor vystihuje vetsi dsili potfebné pro 001 op2 003 004 .01 020004 01 2 3.4 1 2 34 10 20 3040 100 200 300400 1000
vysokou napjatost v hlubokych tunelech do té
doby, nez se zaktivuje polozka SRF — rock burst
(poruseni /pukani horniny diky vysoké napjatos- Rock mass quality @ = [@]x[ if-]:[i“L]
ti) a neZ je sniZzen osovy tlak z divodu bezpec- %t X0 ) KERE
nosti, jelikoZ ,,rock burst® je ¢asové zavisly jev.
Krivka pro pripad pouziti trhacich praci na  Obr. 4 Gradient zpomaleni (nebo sniZeni rychlosti postupu) je silné spojen s hodnotami Q v pFipadé
obr. 5, u které se predpoklddd, e bude pouze  Spatnych horninovym pomérii, které jsou vyznaceny Sipkou ve formé krize na obr. 3 (takzvané ,,neo-
pomalu klesat s ¢asem, vychdzi z ddaji od nor- Cekdvané uddlosti). Predstihové vylepSeni horniny které je schopné vylepsit efektivni hodnotu Q zlep-
skych tuneldii, kde byl v pifpadé podminek 57 izdporny gradient (-m)
totdln& dobrych nebo trvale vysokych hodnot Q Fig. 4 The gradient of deceleration (or declining advance) is strongly linked to the Q-values in the
case of poor rock conditions, which are marked by the arrow-in-the-form-of-a-cross seen in Figure
3 (so-called ‘unexpected events’). Pre-treatment, capable of improving the effective Q-value, will also
reduce the negative gradient of (-m)

dosaZen predchozi svétovy rekord 165 m za
tyden a poté i 176 m za tyden. Dosdhly se
i vysoké stdlé vykony v prubéhu celé stavby —
105 m za mésic. B€hem celé stavby je statistic-

ké rozdéleni hodnot Q samoziejmé horsi neZ ,totdlné dobré“. TBM prognoses of the planned tunnels through the better classes of
U mnoha staveb raZenych pomoci trhacich praci vSak $ir$i statis- rock mass. In the case of TBM tunnelling the highest quality rock may
tické rozdéleni hodnot Q muze udélat z vykonu 45 m za tyden result in slower progress, and more cutter changes.
tctyhodny celkovy vysledek, jelikoZ primérny postup je snizovan In addition to the logging of the numerous surface exposures, drill-
z divodu riiznych problémi v poruchovych pasmech, vedoucich core logging performed by the owner Jerbaneverket (JBV) and sejsmic
napf. k postupu 10 m za tyden (ndkdy i men$fmu). refraction measurements commissioned by JBV were also utilised.
Both the latter were focussed on the reduced rock mass quality expe-
LYZARSKE TUNELY V OSLU rienced when crossing assumed weakness zones and known faults.

The weakness zone velocities appeared to be grouped in three main

K odhadovdni pravdépodobnych rozsahu kvality horninového velocity ranges: 2000-2300m/s (6 cases, mean 18 m wide), 2500-

masivu pro dva pldnované tunely spojujici hlavni mésto Oslo 2900m/s (9 cases, mean 18 m wide) and 3200-3500m/s (4 cases, mean
s méstem Ski, nachdzejicim se asi 20 km JIZPe od Osla, se pouzila 20 m wide), so there was no apparent differentiation concerning width
charakteristika vice nez 300 skalnich zéfezi o celkové délce pfi- and velocity in general. The three following groups of velocities were
nejmen§im 6 km, zaloZend na statistickém vyhodnoceni Q-histo- therefore simulated in the Qv prognosis model as a starting point:
gramu. Plinované tunely s délkou 9,6 km a 7.9 km se mohou razit 2170, 2730 and 3355 m/s, to approximately represent the above ran-
dvéma stroji TBM o priméru asi 10 m, nebo jednim strojem ges. (A Qv input option for shallow tunnels, is to directly apply the
TBM o vét§im priméru, nebo pomoci trhacich praci, kde se dajf P-wave velocity in place of the Q-parameters. Recorded VP velocities

are automatically converted to Q-values, using the
empirical relations (Barton, 1995):

TBM ‘
200 |- Average rates of advance for TBM . VP =log Q. + 3.5 (km/s) 3)

f::,zi;ﬁ;:;ﬁ it,nt)il:r?;yo?::phe:;zﬁani::t (where Q. = Q x UCS/100 with UCS in units of MPa)
Q = 100/UCS x 10(VP-35) @)

than they do in D+B tunneling.
(when VP =3.5 km/s, and UCS = 100 MPa, Q= 1)
The data collection, principally using the Q-sys-
tem histogram method, was the first stage of input to
the Qv prognosis modelling of potential penetrati-
on rate PR and actual advance rate AR for the two
twin tunnels that may be driven by TBM. Laboratory
test data from NTNU/SINTEF of Trondheim, con-
cerning strength and abrasion parameters for the
mostly tonalitic and also quartz- and feldspar-rich
gneisses, were also combined with the Q-data statis-
tics to give estimates of potential TBM tunnelling
speeds. In general UCS values ranged from about
200 to 260 MPa, and CLI was an unfavourable 6 to
10 in general, meaning heavy cutter wear. Quartz
) ﬁ:_._,.--"l \ , , . contents vari‘ed from 25 to 35%, again unfavourable,
o 0.01 0.1 1 10 100 1‘6“00 meaning typically only 3m advance per cutter chan-
Q-VALUE

Obr. 5 Porovndni vfkonu raZby pomoci trhacich praci a prumérného vykonu TBM pro ruznd caso- ROCK MASS CLASSIFICATION OF ROCK

vd obdobi, kazdého vyjadieného jako funkce hodnoty Q (nebo hodnoty Oyy,,). Jejich velikosti se CUTTINGS

zde z diivodii uvedenych v textu povaZuji za stejné Almost 40 areas were selected along the approxi-
Fig. 5 A comparison of drill-and-blast tunneling and moderate TBM performance for different 1, qte planned line of the two tunnels, where rock
time periods, each as a function of Q-value (or Qg value), considered here to be of the same mag-
nitude for reasons explained in the text.

150

m/ week

ge, which are of course performed in groups.

exposures, most rock cuttings, were available for
classification. In each of these areas, about nine rock
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Obr. 6a, 6b Nahore: Priklad horniny s nejlepsi kvalitou na trase ddlnice nebo
v jeji blizkosti. Kvuli jejich masivni povaze by byla razba v nich pomalejsi.
Hornina je prikladem tfidy 1 horninového masivu. Dole: Priklad vice rozpu-
kaného horninového masivu, ve kterém by se razilo snadnéji

Figure 6a and 6b. Top: An example of some of the best quality rock along a
nearby motorway. Due to its massive nature this would be slower to bore, and
is an example of Class 1 rock mass. Bottom: An example of some of the more
Jointed rock that would be easier to bore

bezprostiednéji zvladat pritoky vody pomoci systematické predsti-
hové injektédze. JelikoZ tunely jsou vétSinou v hloubce pohybujici
se od 40 do 80 m a skalni zdfezy (napf. pro mistn{ silnice a ddlnici)
byly a7z 15 m vysoké a hloubka zvétrani byla v kvalitnich ruldch
véts§inou omezend, bylo mozné ziskat cenné zdroje dat o kvalité
hornin, které se ndsledné pouZily pfi prognézovéani vykoni TBM
na planovanych tunelech, které se mély razit v lepsich triddch hor-
ninového masivu. V piipadé raZeni pomoci TBM muZe nejvyssi
kvalita horniny vést k pomalej§imu postupu a potfebé vymén rez-
nych ndstroju.

Tab. 1. Priblizné rozdéleni trid horniny v tunelu Sever a tunelu Jih.
(Reprezentativni stiedni hloubky jsou uvddény v zdvorkdch.) Tridy s horsi
kvalitou horniny Q6, Q7 a Q8 byly posuzovdny podle rychlosti Vp z profilii
méreni seismické refrakce ve znamych pdasmech oslabeni

Table 1. Approximate distribution of rock classes in the North and South tun-
nels. (Representative mean depths are shown in parentheses). Poorer rock
classes Q6, Q7 and Q8 were evaluated by means of Vp from refraction seis-
mic profiles in known weakness zones

TUNEL / TUNNEL Ql Q2 Q3
Q>100 Q 40-100 Q 10-40
Sever / North L= 9.6km 500 2000 5000
(160) (120) (100)
Jih / South L= 7.9 km 200 1000 2500
(130) (110) (80)

q mean
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25110283
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i § F
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9284108
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Obr. 7 Celkem 38 oblasti, ve kterych se provddélo zaznamendvani do histo-
gramu Q, a to na osmi nebo deviti horninovych vychozech v kaZdé oblasti.
Celkové stiedni hodnoty Q jsou uvedeny po lokalitdch pokryvajicich tsek asi
20 km od severu k jihu. Oslo je tésné nad hornim okrajem mapy

Fig. 7 The 38 areas where Q-histogram logging was performed on eight or
nine rock exposures per area. Overall mean Q-values are shown by location,
covering some 20 km north to south. Oslo is just beyond the top of the map

cuttings were Q-histogram logged. Two examples of the rock are
shown in Figure 6a and 6b. The distribution of logging locations and
mean Q-values are indicated in Figure 7. An example of the actual
distribution of logging locations for the case of the planned 7.9 km
long South Tunnel, and more details of the Q-statistics for each area
with multiple rock cuttings is shown in Figure 8.

Altogether, five rock mass classes and three weakness zone classes
were modelled, the latter based on the core logging data and refracti-
on seismic measurements. Table 1 shows the estimated extent and typi-
cal depth of the different rock classes. The large amount of ‘good qua-
lity’ rock suggests limited tunnel support needs, but progress by TBM
will not be fast, and cutter change will be frequent.

A comparison of the Q-histogram logging of all the exposures used
to estimate the rock mass quality for Tunnel North of planned 9.6 km
length is shown in Figure 9a, and the result of focused logging of
weakness zones sampled in six boreholes is shown in Figure 9b. As
mentioned earlier, the results of several kilometers of seismic refracti-
on profiles was the eventual source of Qv modeling of three classes
of weakness zones, having successively reducing mean velocities. The
core logging was a form of ‘quality control’ of the seismic results.

WHY FAULT ZONES MAY DELAY TBM SO MUCH

There are unfortunately very good
‘theo-empirical’ reasons why major fault

Q4 Q5 zones are so difficult for TBM (with or
Q 10-4 Q 4-1 without double-shields). (Theo-empi-
1500 500 rical means that lack of belief will be
(80) (70) penalized). We need three basic equati-
ons to start with.). From previous
1750 1750 500 discussion:
(60) (30) (30)

AR = PRx U ,where U =T"
(see Figure 3)
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Obr. 8 Vybér z lokalit na trase tunelu Jih, ve kterych se provddely geologické
zdznamy. V okénkdch jsou uvedeny stredni hodnoty pro kaZdou z oblasti, ve
kterych se providély zdznamy na nékolika (8-9) mistech. Cisla jsou Fazena
v poradi: Onejéastéjsis Qstredni @ Qypicky rozsah

Fig. 8 An extract from the southern tunnel logging locations. Boxes show
mean values for each area logged, each in multiple (8 or 9) locations, with
numbers listed in the following order: Qumost frequent; Qmean, and Qyypica range
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(Due to the reducing utilization with time increase, advance rate
decelerates, but does so to a lesser general extent with push-off liner
double-shield TBM, where -m may be nearly halved: see later).
Obviously the time T needed to advance length L must be equal to
L/AR, for all tunnels and all TBM:

T=L/AR (&)
Therefore we have the following:
T=L/(PRxT")
This can be re-arranged as follows:
T = (L/PR)""*" (6)

This is a very important equation for TBM, especially if one accepts
that the deceleration gradient (-) m is strongly related to low Q-values
in fault zones, as shown by the empirical data in Figure 3. Equation 6
is important because negative (-) m values almost reaching (-)1.0,
make the component 1/(1+m) too large.

If the fault zone is wide (large L) and PR is low (due to gripper pro-
blems and collapses etc.) then L/PR gets too big to tolerate a big com-
ponent 1/(1+m) in equation 6. It is easy (in fact all too easy) to calcu-
late an almost ‘infinite’ time for passing through a fault zone using this
‘theo-empirical” equation. This also agrees with reality, in numerous,
little-reported cases.

The writer knows of three permanently buried, or fault-destroyed
TBM (Pont Ventoux, Dul Hasti, Pinglin). There are many more unre-
ported but privately referred cases, and their causes are probably
related in one way or another to the logic behind equation 6. So far

a Q- VALUES: (RAD 7 Jn) * (i [ Ji " [w [ SRF) -] Q Q- VALUES: *_(r / Jd * (w [ SRR =| Q@ b
Q (typical minj= f |1 180 (*/ 10 |/ 50 |~ 08B0 |/ 10 |=| 0.500 Q (typical min}= 10 |11 80 050 / 50 =|0.006
Q (typical max)= 100 (/] 40 {*] 40 (/] 10 [*1 100 [/] 10 |=]100.0 Q (lypical max)= 1 30 1101 /10 =]100.0
Q (mean value)= 9B |/ B4 1] 17 1413 (1075 /] 10 =] 107 Q (mean value)= 16: |/ 35 /15 =] 116
Q (most frequent)= | 100 '/ 80 * 15 / 10 * 066 f 10 =|11.00 Q (most frequent)= ] 15 |/] 20 |*{ 066 |/ 10 (=] 382
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Obr. 9a, 9b Porovndni zdznamii histogramu Q pro tunel Sever se zdznamy histogramu Q zaméfenymi na specifickd pdasma oslabeni odhalend v jadrovych vrtech
Fig. 9 a and b. A comparison of Q-histogram logging of the Tunnel North with focused Q-histogram logging of specific weakness zones exposed in core
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this equation seems to be absent
from other literature, as the ine-
g ? vitability of deceleration (-m)
Nk Bt & Assscabia am B does not seem to have been
TIME FOR TUNNEL COMPLETION [months] Site OFo-Ski morth fuamel accepted as a useful method of
—_— st OegA20R0 quantifying reduced utilization
Time (h) with increased time. .
| 10 100 1.000 10.000 100.000 TBM must follow a negative
10 10 m-value, even when breaking
—e—= world records, likel6 km in one
o= :: i 2t year, or 2.5 km in one month,
E 3 P even 120 m in 24 hours, since
= 2 é even here, PR is sure to be grea-
5 @ 7= o ter than the implied and remar-
g 1 a=is: 1 E —e—ms kable mean AR of about 5 m/hr
T 14 i E —— s for the record 24 hours period.
< 04 1Y 048 |_._.. The uppermost line of world
E 03 f 03 2 record performances seen in
02 o 02 g Figure 3 is therefore also sho-
01 0. e wing deceleration, but with a less
T DR steep gradient (-m).
6 st |~ | | pROGNOSES USING 0

0.03 0.03 e RN TBM
0,02 | 0.02 For each of the planned Oslo-
Ski tunnels, prognoses were
oM oM compared using hard rock open-
s Twisk:  Imonln He N gripper TBM and double-shield

Obr. 10 Predbéiny model Qyp,, 9 km dlouhého tunelu Sever, kde se pro jednoduchost predpoklddala konstantni vstupni
data u tonalitické ruly. Modelovani TBM bez §titu s prumérnym pritlakem na Feznou hlavu 28 tnf (viz ,,kostka) ve srov-
ndni s pritlakem 26 tnf v pripadé TBM s dvojitym §titem (viz ,,hvézda“). Pokud neni modelovdno predstihové vylepSovd-

vvvvvv

Fig. 10 A preliminary Qqrg,, model of the 9 kim Northern Tunnel with assumed-for-simplicity constant tonalitic gneiss
input data, and modeling of an open-gripper TBM with 28 tnf mean cutter thrust (see ‘cube’), compared to 26 tnf cutter
thrust in the case of a double-shield TBM (see ‘star’). The steeper lines represent weakness zones, with steeper Q-con-

trolled -(m) gradients, unless pre-treatment is modeled

Kromé dokumentovéni ¢etnych povrchovych vychozu se pouZi-
ly i zdznamy o jddrovych vrtech provedenych investorem
Jerbaneverket (JBV) a vysledky méfeni refrak¢ni seismiky, objed-
nanych investorem JBV. Ty byly zaméfeny na sniZenou kvalitu
horninového masivu, kterd méla byt zaznamendna pfi pruchodu
oc¢ekdvanymi pasmy oslabeni a zndmymi poruchami.

Zdalo se, Ze rychlosti v pdsmech oslabeni byly seskupeny do tri
hlavnich rozsaha: 2000-2300 m/s (6 pfipadud, v praméru 18 m Siro-
kd pdsma), 2500-2900 m/s (9 pripadti, v priméru 18 m Sirokd)
a 3200-3500 m/s (4 pripady, v priméru 20 m $irokd), takZe obec-
né neexistovala zjevnd diferenciace, co se tyka $itky a rychlosti.
Tri ndsledujici skupiny rychlosti se proto simulovaly
v predpovidacim modelu Qqpy jako pocdtecni body: 2170, 2730
a 3355 m/s, které mély priblizné predstavovat vySe uvedené rozsa-
hy. (Moznym vstupem pro Qmsm pro melce uloZené tunely je
i pfimé pouziti rychlosti vin P namisto parametri Q-systému.
Zaznamenané rychlosti VP se automaticky prevadéji na hodnoty Q
pomoci empirickych vztaht, Barton, 1995):

V, = log Qc + 3,5 (km/s) 3)

(kde Q. = Q x UCS/100, s hodnotou pevnosti v prostém tlaku
UCS uvddénou v MPa)

Q = 100/UCS x 10(VP-3.5) 4)

(kdyz V, = 3,5 km/s a UCS = 100 MPa, Q = 1)

Sbér dat, zejména pomoci metody Q-systému s pouZitim histogra-
mu, byl prvnim stupném vstupu do prognézy Qrsy pro modelovani
mozné rychlost pronikdni PR a skute¢né rychlosti postupu AR pro
vySe uvedené dva dvoutrubni tunely, které se mohou razit stroji
TBM. Udaje z laboratornich zkousek provedenych univerzitou
NTNU/SINTEF v Trondheimu, tykajici se parametri pevnosti
a abrazivity vétSinou tonalitickych a také kfemitych a Zivcovych rul,
se také kombinovaly se statistikou ddaju Q, aby se ziskaly odhady
moznych rychlosti razeb stroji TBM. Obecné se hodnoty pevnosti
v prostém tlaku UCS pohybovaly od asi 200 do 260 Mpa a koeficient
Zivotnosti fezného néstroje CLI byl nepfiznivy, pohybujici se obecné

TBM, where robust PC element
liner construction concurrent
with thrust from the grippers
gives a very fast method of tun-
nelling. This more expensive
method has the possible advanta-
ge of converting a possibly
‘poor’ PR (due to rock hardness)
into a ‘good’ AR, due to the high
utilization, despite frequent cut-
ter changes. With suitable design of gaskets it can also give a water-
tight and fully supported tunnel (after some initial leakage in the first
10 to 15 m from the face), and has been used with notable success in
some other high-speed rail projects through hard rock masses.

A preliminary Qv prognosis trial for the 9 km long ‘Tunnel North’
was performed with two assumed long stretches of uniform granitic
tonalitic gneiss. This is shown in Figure 10. The simulation with con-
ventional open-gripper TBM and need for subsequent (B + mesh +
final Sfr) lining, using conventional deceleration gradient (-m), gave
the longest line (see cube at 1.5 years: ‘fair’), while the other ‘half’
was modelled with an assumed double-shield TBM, using an appro-
priately reduced gradient (-m), resulting in ‘good’ performance of less
than one year (see star).

These differences were obtained despite respective 28 tnf and 26
tnf mean cutter force, giving the deliberate differences seen in PR.
Concerning the shortest steeply inclined line, a 20 m wide weakness
zone of reduced quality was penetrated with probably too high cutter
thrust in ‘one day’, but if supportable in this time, the reduced demand
on stand-up time (from last support) is positive. A wider 50 m more
serious weakness zone was finally modelled, using no pre-treatment
(i.e. the same poor properties as logged in an imaginary cored probe-
hole). This untreated weakness zone ‘terminated’ the project (line
well below x-axis), because of the ‘theo-empirical’ logic of equation
6, so that the accumulated time-line is not drawn, since of no practi-
cal interest.

Figure 11a illustrates the input data screen for the last of five rock
mass classes used to define the likely quality ranges of Tunnel North.
As may be noted, the first six parameters are the (almost) conventio-
nal Q-parameters, but with a specific requirement to consider the RQD
in the horizontal (visual scan-line) direction, and preferably also in the
planned tunneling direction. Anisotropically distributed RQD logged
conventionally in vertical holes therefore represents a potential source
of error if used to predict PR.

Figure 11 b illustrates the input data screen for one of nine weakness
zones that was modelled

The single-shield push-off-liner option, with its need to build
successive rings before resetting grippers, is assumed to have
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od 6 do 10, coZ znamenalo velké opotiebeni.

Obsah kfemene se pohyboval od 25 do i
35 %, coz bylo také nepfiznivé a znamenalo a) 5
typicky pouze 3 m postupu na vyménu fez- — IS B4 o
ného ndstroje, kterd se samozrejmé provadi
ve skupindch. m
KLASIFIK!\CE H(_)RNINO\’IEHO’N_IASI: 500 T 1500 | 5000 | 2000 | 500 | |
VU NA ZAKLADE SKALNICH ZAREZU -
C ey s ) ZONE [ 5 LITHOLOGY Class 1 granitic gneiss ZONE LENGTH | 500
Na predbézné pldnované trase uvede- i : INPUT DATA - :
nych dvou tunelt bylo vybrdno témér 40 ) i _ i . )
oblasti, ve kterych byly pro klasifikaci ¥ Ve
k dispozici skalni vychozy a vétSina skal- QDR [Fch Y < |SRF -m, RQD, (glen) (anvs)
nich zifezii. V kazdé z téchto oblasti bylo 1000 20 | 30 10 100 10 | 049 1000 28 '
zaneseno do Q-histogramu asi devét skal-
nich zéfezu. Dva piiklady horniny jsou r - - r -
vidét na obr. 6a a 6b. Rozdéleni mist odbé- Bo e lso B el @ o o on
ru vzorku a primérné hodnoty Q jsou znd- | (MPa) P | @) | % gea) | M 1
zornény na obr. 7. Pfiklad rozdéleni mist 2008 SRS O ER5 0TS S0 F0aTInia
odbéru vzorku pro pldnovany 7,9 km dlou-
hy tunel Jih a dalSi detaily ze statistiky Q i
pro kazdou oblast s mnoha skalnimi zdrezy b)
jsou zndzornény na obr. 8. As o
Celkem se modelovalo pét tfid horniny b
a tri tfidy pro pasma oslabeni. Tyto tfi tfidy b
vychdzely =z ddaju v  zédznamech m;
0 jadrovych vrtech a méfeni seismické T ] 5 T ] o] o |
refrakce. Z tabulky 1 je zfejmy odhadova- :
ny rozsah a typickd hloubka riznych trid ZONET| 7 LITHOLOGY | Type 1 weakness zone ZONE LENGTH | 10
horniny. Velké mnoZstvi horniny ,,dobré INPUTDATA
kvality” napovidd, Ze potfeba vystroje r [ ' 7 Ve
vyrubu bude mald, avSak postup TBM RQD J, I Jo  Jw  SRF -m, RQD,
nebude rychly a bude astd potieba vymé- : —5E ‘";‘_:"’ ""2"3"
ny feznych néstroju. ' 5
Porovnéani zdznamu o vSech vychozech — — —
v Q-histogramu A, pouzitych k posouzeni po 9. lso F q L] D n
. . 2 . CLI
kvality horninového masivu na tunelu VPa) Py | () % (MPa) | (m) %
Sever s planovanou délkou 9,6 km, je uve- 500 40 400 100 50 100 6.0

deno na obr. 9a, a vysledek méfeni zamére-

nych na pdsma oslabeni, provedenych na
vzorcich ze Sesti vrtd, je na obr. 9b. Jak
bylo uvedeno vyse, vysledky nékolika kilo-
metru seismickych refrakénich profila byly
kone¢nym zdrojem pro modelovdni Qrsm
tii tfid horniny v pdsmech oslabeni, kterd
ndsledné snizila prumérné rychlosti.
Zaznamy o jadrovych vzorcich byly for-
mou ,.kontroly kvality* vysledku refrakéni
seismiky.

PROC MOHOU PORUCHOVA PASMA TAK VYRAZNE
ZPOMALOVAT RAZBU TBM

BohuZel existuji velmi dobré teoreticko-empirické duvody, pro¢
jsou velké poruchové zény tak obtizné pro stroje TBM (s dvojitym
Stitem nebo bez n¢j). (Teoreticko-empiricky znamend, Ze nedosta-
tek duvéry bude penalizovan.) Pro zalétek potiebujeme tii zaklad-
ni rovnice. Z predchozi diskuse vyplyva:

AR=PR@ U ,kde U=T" (obr. 3)

(Z diavodu snizujiciho se vyuZiti s rostoucim ¢asem se rychlost
postupu snizuje, avSak v menS$im celkovém rozsahu u TBM
s dvojitym §titem pohybujicim se odtlatovanim od osténi, kde hod-
nota -m muze byt téméf polovi¢éni: viz dédle.) Evidentné as T
potfebny pro vyrazeni délky L se musi rovnat L/AR u vSech tune-
1t a v8ech stroju TBM:

T=L/AR 5)
Méme tedy nésledujici vztah:
T=L/(PRxT")
Ten se da upravit takto:
T = (L/PR)!/1+m) (6)

Tato rovnice je pro stroje TBM velmi duleZitd, zvlasté pokud se

Obr. 11a, 11b Obrazovka srovndvajici vstupni data pro horninovy masiv nejlepsi kvality s daty pro pasma osla-
beni. Spodni ¢islo ukazuje sii
tridy 1. Ndsledujici pasma (nebo kombinované délky) zarazend do stejnych predpokladanych tiid, 5,4, 3,2 a
1 (od nejhorsi k nejlepsi) plus tiidy ruznych pdsem oslabeni modelovany tunel postupné dopliuji

Fig. 11 a and b. The contrasting input data screens for best quality rock mass and weakness zones. The
lower figure shows the simulation of 500 m of Tunnel North, consisting of Class 1 rock mass. Successive
zones (or combined lengths) of the same assumed rock classes 5 (poorest), 4, 3,2 and 1 (best, as in the figu-
re), plus the various weakness zone classes, gradually complete the modeled tunnel

laci 500 m dlouhého tiseku na tunelu Sever, tvoreného horninovym masivem

comparably steep (-m) deceleration gradients as in the (mostly)
open-gripper data base of Barton, 2000, as was synthesised in
Figure 3. The gradient of deceleration seen in the input data (-m =
-0.66) is appropriate to the low velocity of 2.2 km/s, which repre-
sents an appropriately low Q-value, as can be seen in Figure 12.

The cumulative time for the nine simulated weakness zones is near-
ly three months. In these simulations, no pre-treatment has been
modelled: neither the delay caused by pre-injection (doubled —m, app-
rox: see shortest arrow in Figure 3), nor the tougher boring through
improved rock on either side of a weakness zone, nor the faster boring
through the °‘Q-improved-by-grouting’ weakness zone itself. (For
a discussion of the possibility of effectively improving Q-parameters,
and therefore the effective Q-value itself, by high pressure particulate
pre-grouting, using for instance micro-cements with micro-silica, see
Barton, 2004.)

Figure 13 shows examples of the Qpy simulations for the planned
9.6 km long Tunnel North, showing the contrast of open-gripper and
double-shield predicted performance, with nine weakness zones to be
added to either solution. The reduced gradients of deceleration (-m)
seen in the case of the double-shield machine, are based on the back-
analysed results of four TBM (two Wirth, and two Herrenknecht
machines) which ‘competed’ with each other over a tunneled distan-
ce of 14 km each. (Adif, 2005). These four machines eventually for-
med twin tunnels of 28 km length during about 30 to 33 months of
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prijme tvrzeni, Ze existuje silny vztah mezi gradi-
entem zpomaleni (-) m a hodnotami Q
v poruchovych zondch, jak je vidét z empirickych Q, -« » \A «—» M Approx.
dat na obr. 3. Rovnice 6 je dulezitd, jelikoZ zdpor- Rock mass quality ~ Seismic velocity ~ Deformation modulus g
né hodnoty (-) m témer dosahujici (-)1,0, ¢ini hod- B T M =100." P T =10 10 o deform.
notu slozky 1/(1+m) piilis velkou. p 1o, +5.5 lnwen) e e O il R i moduli
J e-.h Po}ruchovg zOna s/lroka (Voelke L)a rych,losot Extremely Very Poor | Fair | Good |Ver¥| Ext. |Exc. MM
pronikdni PR je mald (z duvodu problému poor poor Good| Good |Good| (GPa)
s uchycovacimi rozpérnymi pisty, zdvala apod.), —
stdvd se pomér L/PR piili§ velikym na to, aby se &4 %‘:‘g&*ﬂ"@i‘ = &% 122 122:
v rovnici (6) dala tolerovat velkd hodnota slozky g XL | 30! 461
1/(1+m). Je snadné (vlastné aZ moc snadné) vypo- 2 75— |
" P . o . g 50 =0 == 50|17 32
¢itat pomoci ,teoreticko-empirické® rovnice 2 250=] 9 22
téméf neomezeny Cas pro pruchod poruchovou 2 40 ; i — 40| 5 154
zénou. To také v mnoha, mdlo oznamovanych, 5 — P2 = 3 10
pripadech odpovidd realité. 2 30 2 /1"0“// 30| 2 7
Autor tohoto prispévku vi o trech natrvalo % == v T 59
pohibenych TBM nebo TBM znicenych porucha- 2 20 = &N 20]95 3
mi (Pont Ventoux, Dul Hasti, Pinglin). Existuje @ 70 = Aoproximale 10 E'g p ;
mnoho ns:oznziom.er%}?ch, ayéa}k v sohukrvqml' zmino- ‘ # porosity n% | 0.4/104
vanych pripadu, jejichz pri¢iny maji néjakym zpu- I
sobem vztah k logice skryté v rovnici (6). Zd4 se, 0.01 0.1 1 4 10 4'0 160 460 1000
Ze tato rovnice dosud chybi v ostatni literature,
jelikoZz se zdd, Ze nevyhnutelnost zpomaleni dosud RQD J J p
nebyla akceptovdna jako uZitecnd metoda kvanti- Q.= T J' A SF:F ﬁ
fikovéani sniZzeného vyuziti s rostoucim Casem. B .
TBM must sledovat zapornou hodnotu m, i kdyz

se prekondvaji svétové rekordy, jako 16 km za
jeden rok nebo 2,5 km za jeden mésic, dokonce
i 120 m za 24 hodin, jelikoZ i zde je rychlost pro-
nikdni PR ur€ité vetsi nez implikovand pozoru-
hodnd prumérnd rychlost postupu AR 5 m/hod po
rekordni dobu 24 hodin. Nejvyssi ¢dra s vykony
svétovych rekordl na obr. 3 proto také ukazuje
zpomaleni, avSak s méné strmym gradientem (-m).

Obr. 12 Pomoci tohoto empirického diagramu se mohou rychlosti vin P pouZité v simulaci pdsem
oslabeni ddt do vztahu s hodnotami Q. Kdyby se byly seismické rychlosti mérily ve vetsi hloubce,
vykdzaly by vys$si hodnoty, av§ak hodnoty Q by se moznd nezlepsily. Vyssi by byly pouze moduly
deformace, Barton, 2002, 2006

Fig. 12. The P-wave velocities used in the simulation of weakness zones can be related to Q-valu-
es, using this empirical diagram. If seismic velocities had been measured at greater depth they
would have shown higher values, but Q-values might not be improved, just deformation moduli

would be higher. Barton, 2002, 2006

PROGNOZY POMOCI Qg

U kaZdého z pldnovanych tunelt mezi Oslo a Ski se porovnaly
progndézy pri pouZziti TBM bez §titu a TBM s dvojitym §titem, kde
pevnd konstrukce prefabrikovaného sklddaného osténi spolu
s pritlakem umoZznénym uchycovacimi rozpérnymi pisty umoznu-
je pouziti velmi rychlé metody raZeni. Tato ndkladnéj$i metoda md
mozZnou vyhodu pfemény eventudlné nedostate¢né rychlosti proni-
kéni PR (z divodu tvrdosti horniny) na dostate¢nou rychlost postu-
pu AR vysokym vyuZzitim, bez ohledu na Casté vymény feznych
nastroju. Pfi vhodném feSeni tésnicich paski muZe i zajistit vodo-
t€sny a plné vystrojeny tunel (po nékolika poldtecnich prusacich
v prvnich 10 aZ 15 metrech od ¢ela vyrubu). Tato metoda jiz byla
s pozoruhodnym uspéchem pouzita na nékolika dal§ich stavbach
rychlostnich trati prochdzejicich skalnimi horninami.

Pokus o predbéZnou prognézu Qv pro 9 km dlouhy tunel Sever
byl proveden s predpokladem existence dvou dlouhych tseka
s homogenni granitickou tonalitickou rulou (obr. 10). Simulace
s konven&nim TBM bez §titu a potfebou nédsledného osténi (kotvy
+ sité + definitivni dratkobeton) pomoci konvenéniho gradientu
zpomaleni (-m) vedla k nejdel§i Care (viz kostka po 1,5 roku:
,uspokojivy vykon“, zatimco druhd ,,polovina“ se modelovala
s predpokladem stroje TBM s dvojitym §titem a s pouZitim pfimé-
fené zmenSeného gradientu (-m), coZz vedlo k ,,dobrému* vykonu
razby krat$i nez jeden rok — viz hvézda).

K témto rozdilim se dospélo navzdory stfedni fezné sile fezné-
ho ndstroje 28 tnf, respektive 26 tnf, vedouci k rozdilam spatio-
vanym v rychlosti pronikdni PR. Co se tyka nejkratsi, strmé klesa-
jici ¢dry, 20 m Sirokym pdsmem oslabeni se sniZenou kvalitou se
pravdépodobné pronikalo s prili§ velkym feznym pritlakem béhem
»jednoho dne“, avSak je-li mozné zajistit v této dobé vystrojeni
tunelu, je sniZeny pozadavek na ,,stand-up time* (dobu, po kterou
muze vyrub zustat nezajistény méfenou od posledné instalovaného
zajisténi), pozitivem. Nakonec se modelovalo §ir§i, 50 m Siroké
vaznéjsi pasmo oslabeni, bez pouziti predstihového zlepSovani (tj.
s pouzitim stejnych Spatnych vlastnosti, jaké byly zaznamendny
v imagindrnim jadrovém vrtu). Toto neoSetfené pdsmo oslabeni
,kontilo“ projekt (¢dra hodné dole pod osou x) z duvodu ,,feore-

tunneling, linking Madrid to Segovia through predominantly gneissic
and very abrasive rock masses, also with high cover under the two
principal mountain chains.

All four machines were double-shield, giving simultaneous lining
and improved efficiency also through wide, but partly pre-treated fault
zones. Tough-sounding mean-PR of only about 2 m/hr were nearly
converted to ‘good’ final performance, due to these reduced gradients
of deceleration, roughly following the trend of the long arrow seen in
Figure 3. This was despite cutter change on average each 2.7 to 3.0 m
of tunnel advance, and the need for continuous water-cooling of the
cutter head.

Figure 14 reproduces the range of input data for the five rock
classes used to model Tunnel North, specifically for the double-shi-
eld simulation. Note that the assumed initial values of the decelera-
tion gradients (-m) are consistent with approximately half the gra-
dients seen in Figures 3 and 4, due to the greater efficiency achie-
ved in general, with double-shield TBM. The input data is followed
by calculation of the various parameters needed to calculate the
individual values of Qrgy, Which is related to PR and AR as below.
The estimate of rock mass compressive strength is (of course) app-
roximate, since no one knows these values, but it is sufficiently of
the right magnitude to give a useful comparison with the applied
cutter force.

PR =5 (Qrsm)-1/5 (m/hr) 7
AR =5 (Qrew)-1/5T"™ (m/hr) (8)
SIGMA =5Y Qcl/3 (MPa) )

Modelled rock mass strength (SIGMA) ranged from 19 to 101 MPa
in each simulation of the five assumed rock mass classes, due mainly
due to large variation in Q-value, and also due to a moderate range of
UCS or o, values.




TuHel

ticko-empirické“ logiky rovnice 6,
takZze ¢dra pro kumulovany ¢as neni
vynesena, protoZe neni prakticky
zajimava.

Na obr. 1la je zndzornéna obra-
zovka se vstupnimi daty pro posled-
ni z péti tfid horninového masivu,
pouzivanych pro definovdni pravdé-
podobného rozsahu kvality na tune-
lu Sever. Jak je mozno si v§imnout,
prvnich Sest parametrd je (témér)
rovno konven&nim parametrum Q,
avsak se specifickymi pozadavky na
uvéazeni tiid RQD ve vodorovném
sméru (smér pohledu) a nejradéji
také ve sméru pldnované razby.
Anisotropni rozdéleni tfid RQD
zaznamenanych konvencné ve svis-
lych vrtech proto predstavuje poten-
cidlni zdroj chyb, je-li pouzivdno
pro predikci rychlosti pronikani PR.

Na obr. 11b je zndzornéna obra-
zovka se vstupnimi daty pro jedno
z deviti pasem oslabeni, které bylo
modelovano.

U varianty s jednodilnym Stitem
opirajicim se o osténi, kde je potre-
ba stavét ndslednd kola osténi pred
prestavénim rozpérnych pistl, se
predpoklddd, Ze md srovnatelné
strmé gradienty zpomalenf (-m) jako
u databdze Bartona, 2000 pro TBM
(vétSinou) bez §titu, jak bylo synte-
tizovdno na obr. 3. Gradient zpoma-
leni uvedeny mezi vstupnimi daty
(-m = -0,66) je vhodny pro nizkou
rychlost 2,2 km/s, coZz, jak je vidét
na obr. 12, predstavuje vhodné niz-
kou hodnotu Q.

Kumulovany ¢as pro devét simu-
lovanych pédsem oslabeni je témér
tfi mésice. V téchto simulacich se
nemodelovaly 7ddné predstihové
Gpravy ani zpoZdéni kvuli predsti-
hové injektazi (priblizné dvojndsob-
né —m: viz nejkrat§si modelovand
Sipka na obr. 3), ani obtiznéjsi raZba
v horniné zlepSené na obou stranich
z6ény oslabeni, ani rychlej§i razba
v samotné z6né oslabeni s hod-
notami Q zlepSenymi injektdzi.
(Diskuse moznosti efektivniho zlep-
Seni parametru Q, a tedy samotné
efektivni hodnoty Q, pomoci vyso-
kotlaké predstihové injektdZe s pou-
Zitim drobnych &éstic, napriklad mi-
krocementu s mikrosilikou - viz
Barton, 2004.)

Na obr. 13 jsou priklady simulaci
Qrsw pro planovany 9,6 km dlouhy
tunel Sever, ukazujici kontrast mezi
predpovidanymi vykony TBM bez
Stitu a TBM s dvojitym Stitem s tim,
Ze ke kazdému feSen{ se mus{ pridat
devét pdsem oslabeni. ZmenSené
gradienty zpomalen{ (-m), které jsou
vidét v pripadé TBM s dvojitym §ti-
tem, jsou zaloZeny na zpétné analyze
vysledka &tyf stroju TBM (dva stroje
Wirth a dva stroje Herrenknecht),
které spolu soutézily, kazdy na délce
razby 14 km (Adif, 2005). Tyto &tyfi
stroje nakonec vytvorily dvoutrubni
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Obr. 13a, 13b, 13¢ Priklady simulaci pro pldanovany 9,6 km dlouhy tunel Sever, na kterych je vidét rozdil mezi predpo-
vidanymi vykony TBM bez stitu a TBM s dvojitym Stitem (ke kaZdému FeSeni je nutno pfidat devét pasem oslabeni)
Fig. 13 a, b and c. Examples of Qrg,, simulations for the planned 9.6 km long Tunnel North, showing the contrast
of open-gripper and double-shield predicted performance, with nine weakness zones to be added to either solution
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tunely o délce 28 km béhem 30 aZ 33 mési-
cu raZeni, spojujici Madrid se Segovii, pro-
chdzejici prevazné rulovymi, vysoce abra-
zivnimi horninovymi masivy vcetné vyso-
kého nadlozi pod dvéma hlavnimi horskymi
pasmy.

Vsechny Ctyfi stroje mély dvojity Stit,
ktery soucasné produkoval osténi. Ugin-
nost byla zlepSena i pfi priuchodu Sirokymi
ale Céste¢né predstihové upravenymi poru-
chovymi pasmy. Tvrdé znéjici primérnd
rychlost pronikdni PR pouze kolem 2
m/hod byla v dusledku téchto sniZzenych
gradienti zpomaleni téméf pfeménéna na
,dobry* konec¢ny vykon, sledujici zhruba
trend dlouhé Sipky na obr. 3. Bylo tomu tak
navzdory vyméndm feznych ndstroju
v pruméru po kazdych 2,7 az 3 m postupu
§titu a potrebé trvalého chlazeni fezné
hlavy vodou.

Obr. 14 reprodukuje rozsah vstupnich
tdaju pro pét tfid horniny, pouZitych pri
modelovédni tunelu Sever, konkrétné pro
simulaci TBM s dvojitym Stitem. VSimnéte
si, Ze predpokladané pocdte¢ni hodnoty gra-
dientt zpomaleni (-m) odpovidaji z divodu
obecné dosazené vyssi efektivity u TBM
s dvojitym §titem priblizné poloviné gradi-
entd na obr. 3 a obr. 4. Vstupni data jsou
nésledovdna vypoltem ruznych parametrl
potfebnych pro vypocet jednotlivych hod-
not Qmem, ktery se tyka rychlosti pronikani
PR a rychlosti postupu AR, jak je uvedeno
dale. Odhad pevnosti horninového masivu
v tlaku je (samoziejmé) priblizny, jelikoz
tyto hodnoty nikdo neznd, ale jeho velikost
je dostate¢né spravnd na to, aby se doslo
k pouzitelnému srovndni s aplikovanou fez-
nou silou fezného ndstroje.

PR =5 (Qmsw)-1/5 (m/hod) (7
AR =5 (Qpm)-1/5 T-m (m/hod) 8)
SIGMA =5Y Qcl/3  (MPa) 9)

Modelovana pevnost horninového masi-
vu (SIGMA) se pfi kazdé simulaci péti
predpoklddanych tfid horniny pohybovala
od 19 do 101 Mpa, hlavné z divodu velké-
ho kolisdni hodnoty Q a také z divodu
nevelkého rozsahu pevnosti v prostém
tlaku UCS nebo hodnot O.

ZAVERY

Diky dalekoséhlému zkoumdni piipada
pouziti stroju TBM a rozsahlému vyvoji
(metodou pokus—omyl) metody prognézo-
vani nazvané Qs (podrobnéji Barton,
2000) je mozné vypocitat trendy rychlosti
pronikdni PR, rychlosti postupu AR a doby
razby T pro razbu stroji TBM v riznych tfi-
dach horninového masivu (popsanych
pomoci Q) a v ruznych padsmech oslabeni
(popsanych pomoci Q nebo Vp). Pri vypo-
&tech, provadénych jednoduchym progra-
mem se snadnym zaddvanim vstupnich dat
grafickymi vystupy PR-T-AR pro kazdou
doménu a pro cely simulovany tunel, se
pouZivaji ruzné dileZité parametry komple-
xu stroj—hornina, jako je feznd sila ndstroju,
pevnost horninového masivu (vychazejici
z pevnosti v prostém tlaku UCS a hodnot
Q), koeficient Zivotnosti fezného ndstroje,
obsah kiemene a pdérovitost horniny.

R

ol G T3

Mick Barton & Associates

INPUT DATA
ZONE LITHOLOGY RQD Jn J; Ja Ju SRF my RAD, | ¥
1 Class5 granitic Tonaltic | 65,00 15.00 1.00 2.00 0.66 1.00 -0.10 B500 | 265 |
2 Class 4 granttic tonalitic | 9500 12.00 1.50 1.00 0.65 1.00 -0.10 9500 | 270
3 Class 3 granitic tonaltic | 100,00 3.00 1.50 1.00 1.00 1.00 01 10000 | 275
4 Class 2 granitic tonaltic§ 100.00 4.00 2.00 1.00 1.00 1.00 -0.12 100.00 | 280
5 Class 1 granitic gneiss | 100.00 2,00 3.00 1.00 1.00 1.00 012 | 10000 | 280
7
8
]
10
11
BASIC CALCULATION
ZONE LiTHoLGGY STABILITY ORIENTED ROCK MASS STRENGTH
Q Qo Qc QT SIGMAG| SIGMAR | SIGMA
1 Class5_granitic tonalitic 1.87 187 281 0.00 18.69 000 | 1969 ]
2 Class 4 granitic tonalitic 784 784 1568 0.00 3373 D00 | 3379
3 Class 3 granitic tonalitic 16.67 16.67 3447 .00 4462 00 |4462 |
A Class 2 granitic tonalitic 50.00 50.00 105.00 .00 6605 | 000 [6605
§  |Class 1 granitic gneiss 150,00 150.00 375.00 00 100,96 00| 100.96]
]
7
8
]
10
11
PERFORMANCE
ZONE |[LITHOLOGY PENETRATION TIME TO ADVANCE OVERALL PERFORMANCE
PR AR 2L 2T
1 Class 5 granitic tonalitic 525 277 . | PRL{av}
2 Class 4 granitic tonalitic 348 1.38|
E Class 3 granitic tonalitic 297| 0.78] . 000 950000 | 1257965 | 29104
E Class 2 granitic tonalttic 213 054 m h
5 Class 1 granttic gneiss 1.38] 040] 1242325
] 0.00 0.00] 0.00 ART [av)
7 0.00] 0.00] 0.00 0.00
a 0.00 0.00] 0.00 0.00 350 17.47
] 0.00] 0.00} 0.00 0.00 km manth 0.7552
10 0.00 0.00] 0.00 0.00
11 UE] 0.00] 0.00 0.00
Contract JBV Oslo-Ski
Site NORTH-TUNNEL push-off-liner technology
Date 09-Sep-09
e o, Iso F {CLl, g | % | D n L Vp
80.00 150.00 | 0.00 }22.00} 15002500} 350 | 10.00} 2.00 500 0.00
80.00 20000 000 {2400} 7.00 [2500f 400 | 10.00 | 1.00 1,500 0.00
80.00 20500 000 |26.00} 6.00 | 30,00} 500 {1000} 1.00 5,000 0.00
0.00 21000 000 |26.00} 6.00 |30.00} 6.00 | 10.00 | 1.00 2000 0.00
0.00 250.00! 000 |26.00} 500 |3500/! 8.00 | 1000} 1.00 500 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
Q GRADIENT
TBM m
0.79 -0.12
6.1 -0.13
13.49 -0.15
71.86 -0.17
615.15 -0.17
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

Obr. 14a, 14b Tabulkové uspordddni pro étendre, ktefi maji zdjem o zkontrolovani predpokladu celého roz-
sahu vstupnich dat pro pét tiid horniny pouZitych pri modelovdni tunelu Sever, konkrétné pro simulaci
TBM s dvojitym §titem. Vimnéte si toho, Ze pFedpoklidané poldtecni hodnoty gradientu zpomaleni (-m)
odpovidaji priblizné jedné poloviné gradienti zndzornénych na obr. 3 a 4, a to z toho duvodu, Ze TBM s dvo-
Jitym Stitem dosahuje obecné veétsi ii¢innost

Fig. 14 a and b. Tabulation for interested readers, who can check the whole range of input data assumpti-
ons for the five rock classes used to model Tunnel North, specifically for the double-shield simulation. Note
that the assumed initial values of the deceleration gradients (-m) are consistent with approximately half the
gradients seen in Figures 3 and 4, due to the greater efficiency achieved in general, with double-shield TBM




Hlavnim zjisténim a kvantifikace plynouci z analyzy 145 pripa-
da, predstavujicich asi 1000 km razeb vétSinou stroji TBM bez
Stitu je zjiSténi nevyhnutelnosti sniZeni rychlosti postupu razby
s ndrustem Casového intervalu, i kdyZ zdcvik na zaldtku praci je
ucinny. Klesajici vyuziti U se kvantifikuje jako T™, s gradientem
(-m) na pocdtku danym hodnotou Q tam, kde jsou horninové
poméry velmi $patné, av§ak vétSinou v kvalitnéjSich horninovych
masivech danym poméry abraze feznych néstroju.

Na stavbé Zelezni¢nich tunell mezi mésty Oslo a Ski je velké
mnoZstvi obecné relevantnich horninovych vychoza, které byly
detailné zaneseny do Q-histogramu. Zdznamy pokryvaly celkem
néco kolem 6 az 7 km horninovych vychozu, hlavné v silni¢nich
zdtezech, v celkem 39 oblastech, kdy kazdd oblast obsahovala 8
az 9 samostatnych horninovych vychozu. Kromé toho se proved-
lo selektivni zaznamenéni neddvnych jadrovych vrtd s kontrolou
zdznamu na misté, v dsecich se $patnou kvalitou, v sedmi riznych
vrtech provedenych tak, aby prochdzely pdsmy oslabeni.

Nejcastéj$im typem horniny byla podle zdznamua granitickd
tonalitickd rula, méné Casto se vyskytovaly kfemitd rula a Zivcova
rula, granitickd rula a amfibolity s pevnosti UCS > 300 MPa. Pro
modelovani prognéz pro stroje TBM se charakteristiky vSech
téchto horninovych typu popsaly pomoci péti tiid Q (Q1 az Q5),
s dal§imi tfidami pro pdsma oslabeni (Typy 1, 2 a 3, nebo nomi-
ndlni Q6, Q7 a Q8). Predpoklddané tridy horninového masivu Q1
az Q5, s predpokladem tfidy QI ve vétsi hloubce a Q5 v mensi{
hloubce, predstavovaly rozsahy kvality Q > 100, Q = 100-40,
Q=40-10,Q=10-42aQ =4-1.

Vstupni data pro modelovani reprezentativnich pasem oslabent,
kterd méla reprezentovat tyto tfi konecné tfidy, byla ziskdna ze
statistické analyzy méfeni rychlosti Vp pri refrakeni seismice.
Bylo zjisténo, Ze stfedni hodnoty rychlosti pro tfi hlavni skupiny
pasem oslabeni byly 2,2, 2,7 a 3,4 km/sec, s prumérnou §itkou od
18 do 20 m, kter4 se ale na celkem 2,4 km méficich profilu pohy-
bovala od 6 do 40 m. Pro kontrolu hodnot Q a rychlosti vin P byly
k dispozici i jddrové vzorky. Tyto jadrové vrty byly odklonény
tak, aby prochdzely pdsmy oslabeni. Metodou Qrsy se modelova-
lo devét pdsem oslabeni, v ,,generické* studii, pomoci ruznych
predpokladu pro feznou silu F.

Dalsimi dulezitymi vstupnimi daty pro vytvofeni modela ruz-
nych tfid horniny pro analyzu Qpy byly dvé akce univerzity SIN-
TEF v Trondheimu, kdy se provddély laboratorni zkousky vlast-
nosti neporusené horniny pro spolecnosti JBV a Multiconsult
s pouzitim jadrovych vzorku a ruéné€ odebranych/blokovych vzor-
ku. Obzvlasté se vyuzily informace o pevnosti UCS, obsahu kie-
mene a koeficientu Zivotnosti fezného néstroje CLI. Koeficient
CLI se v modelovani progn6zy Qrsw pouzivd dvakrat. U péti ,,nor-
malnich® tfid horniny Q1 az Q5 se pevnost v tlaku UCS pohybo-
vala od 250 MPa (u Q1) do 150 MPa (u Q5), obsah kiemene od
35 Q1)do25% (uQS5)aCLIod5 (uQl)do 15 (uQ5).

Modelovéni Qgw se provddélo na 9,5 km horninového masivu
pro tunel Sever a 7,7 km horninového masivu pro tunel Jih (vcet-
né odpoctu startovacich komor). Pdsma oslabeni se v sou¢asném
modelovdani modelovala samostatné, jelikoZ jejich rozsah je
v soucasné dobé predmétem pokraCujicich studii. Podle soulas-
nych predpokladi se pdsma oslabeni mohou vyskytovat v délce
100-200 m na kazdém tunelu, coz ddvéd predpoklddanou délku
9,6 km a 7,9 km pro pozd¢jsi kombinované modelovani.

Modelovani Qpy se na kazdém tunelu provadélo v rozdéleni na
dvé Cdsti: nejprve se predpoklddala (nejpomalejsi) varianta s TBM
bez $titu, kde dochdzi k asovym ztratdm pri provadéni nezbytné-
ho zajisténi vyrubu skrz prstovy $tit TBM nebo za nim a pfi pre-
stavovani rozpérnych pisti na konci kazdého posunu vpred, které
vedly k zvySovani rychlosti postupu AR. Databdze 145 pripa-
da/1000 km od Bartona, 2000 tvotila zaklad pro modelovéni zpo-
maleni/vyuziti v zdvislosti na Case a na kvalité horniny v této
prvni sadé modelovani pro TBM bez §titu.

Ve druhé casti se predpokladal stroj TBM s dvojitym Stitem
s kontinudlni montdZi osténi z betonovych dilci v koncovém
§titu, v optimdlnim provedeni s dostate¢né masivnimi prvky pro
dodatkové pouZziti technologie pro posunovani jednoho S§titu
odtlacovdnim od osténi pred vstupem do pasem oslabeni, pfi
pruchodu témito pasmy a za nimi. Tato kombinace je predpo-
kladem pro polokontinudlni razeni mezi provadénim potfebné
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CONCLUSIONS

As aresult of a wide-reaching review of TBM case records, and
extensive trial and error development of a prognosis method cal-
led Qrpy (detailed in Barton, 2000), it is possible to calculate the
PR, AR and time-for-tunnelling T trends for TBM tunnelling
through different rock mass classes (described by Q) and through
different weakness zones (described by Q or VP). Various essen-
tial machine-rock parameters such as cutter force, rock mass
strength (based on UCS and Q), cutter life index, quartz content,
rock porosity, and the estimated biaxial stress concentration at the
tunnel face are used in the calculations, which are performed by
a simple program, with a user friendly input data keyboard, and
graphic PR-T-AR performance for each domain, and for the whole
simulated tunnel.

A key finding and quantification from the analysis of 145 cases
representing about 1000 km of mostly open-gripper TBM machi-
nes, is the inevitable decline in advance rate with time interval,
despite learning curve efficiencies at the start. The declining utili-
zation U is quantified as Tm, with the gradient (-m) initially given
by the Q-value where rock conditions are very poor, but mostly by
cutter abrasion terms in the better quality rock masses.

The Oslo-Ski rail-tunnel project has a large number of generally
relevant rock exposures, which were Q-histogram logged in detail.
A total of between 6 and 7 km of rock exposures, mostly road cut-
tings, were logged in a total of 39 areas, each area containing some
8 or 9 separate rock exposures. In addition a selective logging of
recent borehole core was performed, with ‘spot-check’ logging of
poor-quality sections in seven different holes drilled to pass
through weakness zones.

The most frequent rock type logged was the granitic tonalitic
gneiss, with lesser frequencies of quartz- and feldspar-rich gneiss,
granitic gneiss, and amphibolites, with UCS> 300 MPa.. For the
TBM prognosis modelling, the characteristics of all these rock
types were effectively represented in the chosen five Q-classes (Q1
to Q5), with an additional three weakness-zone classes (Type 1, 2
and 3, or nominal Q6, Q7 and Q8). The assumed Q1 to Q5 rock
mass classes, assuming Q1 at greater depth, and Q5 at shallower
depth, represented quality ranges of Q > 100, Q = 100-40, Q = 40-
10, Q = 10-4, and Q = 4-1.

The input data for modelling representative weakness zones to
represent these final three classes was obtained from ‘statistical’
analysis of the refraction seismic measurements of VP . Velocities
of 2.2, 2.7 and 3.4 km/s were found to be the mean values for
three major groups of weakness zones, with mean widths typical-
ly from 18 to 20 m, but varying from 6 to 40 m in a present total
of 2.4 km of profiles. Drill-core was also available for cross-chec-
king Q-values and P-wave velocities. These drill-holes were devi-
ated to cross the weakness zones. Nine weakness zones were
modelled with the Qv method, in a ‘generic’ type study, using
various cutter force F assumptions.

Other essential input data for setting up the models of the vari-
ous rock classes for Qrsw analysis, were the two SINTEF
(Trondheim) campaigns of laboratory testing of intact rock pro-
perties for JBV and Multiconsult, using core samples and
hand/block samples respectively. Particular use was made of
UCS, quartz content, and cutter life index: CLI is used twice in
the Qrsm prognosis modelling. In the five ‘normal rock’ classes
Q1 to Q5, UCS was varied respectively from 250 MPa down to
150 MPa, quartz content from 35 down to 25%, and CLI from 5
up to 15.

The Qrsm modelling was performed on 9.5 km of rock mass for
Tunnel-North, and 7.7 km of rock mass for Tunnel-South (with
subtraction of start-chambers included). Weakness zones were
modelled separately in the present modelling, as their extent is
currently under continued study. An assumed-at-present 100-
200 m of weakness zones may occur in each tunnel, giving assu-
med 9.6 km and 7.9 km lengths for later combined modelling.

The Qrsm modelling was performed in two parts for each tun-
nel: firstly assuming the (slowest) option of open-gripper TBM,
with time lost in necessary support through/behind the finger-
shield and when resetting the grippers at the end of each stroke,
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Gdrzby a vymény feznych ndstroju, a kdyZ se nefesi rizné pro-
blému v pasmech oslabeni (prazkumné vrty pred celbu, predsti-
hovd injektdz, dal§i zajiStovdni vyrubu, uvolnovéni fezné hlavy
apod.).

Trendy zpomaleni predpoklddané v této druhé sadé modelu se
touto t¢innou technikou, zaloZenou hlavné na zdznamech minu-
lych raZzeb v obdobi let 2003 — 2005 v ruldch a granitech na tune-
lech Guadarrama ve Spanélsku, kde &tyfi stroje TBM provedly
56 km razeb, zmenSily zhruba na polovinu. Celkove tyto tunely
prochdzely ve velké &dsti trasy rulami a trochou granita,
pod vysokym nadlozim. Zivotnost feznych nastroji byla velmi
kratkd, v priméru mensi nez 3 m postupu razby na vyménu néstro-
je. Rychlost pronikani PR byla nejcastéji kolem 2 m/hod.

Nicméné tunely se dokonéily asi za 30-33 mésicu, s primérnou
kone¢nou rychlosti postupu priblizné 0,55 m/hod. To predstavuje
gradient zpomaleni (-m) z rychlosti pronikdni PR na rychlost
postupu AR pfi rostoucim ¢asu v priméru -0,12, avSak nékdy az -
0,09, dokonce i -0,08. Bylo zji§téno, Ze diky schopnosti polokon-
tinudlni razby, pracuje-li se v uspordadani s dvojitym $titem (65-85
% C&asu), byly tyto hodnoty pfiblizné polovi¢ni ve srovndni
s hodnotami u TBM bez §titu, kde se pritlak ziskdvd pouze pomo-
ci rozpérnych pistu, kde neni 7adné zafizeni pro posunovéni odtla-
Covéanim od osténi pfi prichodu nekvalitni horninou.

Ddle budou uvedeny pouze vysledky modelovani tunelu Sever
o délce 9,5 km. Tento tunel ,,prochdzel” predpoklddanymi péti
tfidami horniny, v proménlivé hloubce, nejprve s pouzitim TBM
bez Stitu a potom ndsledovala druhd simulace pro TBM
s dvojitym Stitem respektive s jednoduchym Stitem, s moZnosti
posunu odtlaovdnim od osténi v nekvalitni horniné. Tyto dvé
simulace potfebovaly prvni 37,9 mésice a druhd 17,5 mésice pro
pruchod vSemi z ndsledujicich dsekd o délkach 500 m, 2000 m,
5000 m, 1500 m a 500 m, fazenych do zvolenych péti tfid horni-
ny Q1 aZ Q5. Rychlost pronikdni PR se pohybovala od 2,1 do 5,3
m/hod, pfi fezné sile ndstroji pohybujici se od 32 tnf u tfidy Q1
a7z do 22 tnf u tfidy Q5. V pripadé modelu TBM s dvojitym S§ti-
tem, respektive s jednoduchym Stitem s moZnosti posunu odtla-
Covanim od osténi se rychlost pronikdni PR pohybovala od 1.4
do 5,3 m/hod. Modelovana pevnost horninového masivu
(SIGMA) se v kazdé simulaci pohybovala od 19 do 101 MPa.
Odpovidajici hodnoty QM se pohybovaly od 0,8 do 77 u TBM
bez Stitu a od 0,8 do 615 (velmi tvrdd) pfi pouziti TBM
s dvojitym Stitem respektive s jednoduchym Stitem, s moZnosti
posunu odtlatovanim od osténi, byl predpoklddany pritlak
v tfiddch Q1, Q2 a Q3 omezen na 26 tnf na jeden fezny ndstroj
z duvodu predpokladu, Ze se pouZije osténi s ,,optimalizovanou*
tloustkou s prihlédnutim k tomu, Ze horninové masivy pfevazne
s Q = 10-30 by ve skute¢nosti vyzadovaly pouze minimdlni
vystrojeni vyrubu.

NICK BARTON, nickrbarton@hotmail.com,
NICK BARTON & ASSOCIATES, Oslo
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wing stretches of 500m, 2000m, 5000m, 1500m and 500m of the
five chosen rock classes Q1 to Q5. PR varied from 2.1 to 5.3 m/hr,
with cutter force F varied respectively from 32 to 22 tnf. In the
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shield/single-shield TBM with push-off-liner thrust limited to 26
tnf. per cutter assumed in Classes Q1, Q2 and Q3, due to the
assumption of using an ‘optimised’ liner thickness, bearing in
mind that the predominantly Q = 10-30 rock masses would actu-
ally need minimal support.
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