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ABSTRACT

New powerplants, tunnels and darns are currently under construction at Meraaker to
triple the annual power production of a nearly 100 year old power scheme. A total
of 44 km tunnels with cross sections varying from 7 mz to 32 m2 have been
excavated in hard rock formations.

Ten kilometers were excavated by a High Performance Tunnel Boring Machine (HP
TBM). The remaining tunnels have been completed by the drill and blast method,
using modem proven equipment and procedures.

This paper gives special attention to the TBM drive and equipment selection,
including, planning, site organization and performance.

INTRODUCTION

Meraaker is located 80 km from Trondheim near the border to Sweden. Five small
hydro power stations were built in the years 1890 to 1915 to provide electric power
to the Meraaker smelter. In 1987 it was decided to upgrade and replace four of the
generating facilities, increasing the capacity from 200 to 590 GWh.

This upgrade is being achieved by collecting water from three lakes and several
rivers, feeding the water fust through a generating/pumping facility at Tevla, and
then through a combined tailrace/headrace tunnel and into a second power station at



416 1993 RETC PROCEEDINGS

Meraaker.

The excavation of the 44 km tumels was completed using three different types of
equipment: Pneumatically powered hand-held equipment, hydraulically powered
drilling jumbos and a 3 .5m diameter HP TBM.

The client requested the contractors to tender the job on the basis of excavating the
tunnels either by the drill and blast or by tunnel boring methods. All together nine
alternatives were required and submitted for the Meraaker bid.
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Figure 1 Overview of the Project

CONSTRUCTION SCHEDULE

The construction started September 1990, and the contractors shall by contract
deliver the power plants, tunnels and dams to North Trondelag Powerboard by
February 1994. By the end of 1992 all 44 km of tunnel work was completed,
approximately 9 months ahead of schedule.
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CONTRACTORS

The civil works were divided into two contracts to Norwegian groups:

The Tevla Power Station with 17 km of tumel and two rock fill dams were assigned
to the VSF-group, a joint venture consisting of als Veidekke and Selmer a/s.

The Meraaker Power Station with 27 km of tunnel was awarded to Merkraft, a joint
venture consisting of Eeg Henriksen Ardegg a/s and a/s Veidekke.

GEOLOGY OF THE TBM DRIVE

The rock types expected consisted mainly of Cambrian and Ordovician metamorphic
sediments with meta gabbro intrusions. The meta gabbro was considered extremely
hard and massive with unconfined compressive strength up to 300 MPa.

Six different rock types were anticipated along the tunnel.

Figure 2 Geological Cross Section

To obtain the best possible background for the tender, Merkraft supplemented
available geological information with its own comprehensive survey before and
during the tender period. The survey was carried out in cooperation with the
University of Trondheim, UNIT, and the Norwegian State Power Board, Statkraft.
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The results from the 10 km Torsbjorka-Da15a showed that the rock parameters varied
from a relatively soft phyllite with a Drilling Rate Index (DRI) of 60 and joint class
11 +, to a very hard meta gabbro with DRI 32 and joint class O+, according to the
UNIT Classification System Report 1-88 (See Table I and II).

The formations of graywacke and sandstone appearing as mixed face conditions, the
high rock strength and the wide variation in boreability characteristics became
important issues in the selection procedures for a TBM.

SELECTING THE TBM

Merkraft had gained hard rock TBM experience from more than 15 years of tumel
boring prior to Meraaker, using machines from the three major suppliers: Robbins,
Wirth and Atlas Copco. During the 1980’s also several major projects in Norway
were completed by various contractors in hard massive gneiss and granite by the
TBM method. These were all excavated using state of the art machines, designed
with capacities up to 222 kN (22.7 t) per cutter. Though most projects were
successful, technically and fmncially, actual field tests and studies showed that the
projects could have been done even faster: The Rate of Penetration (ROP) seemed
to increase nearly exponentially with increased thrust in the hard, massive rock
formations.

Experience showed that the complete machines including hydraulics, electrics, main
bearing, cutters and cutter housings were not really capable of sustaining the desired
and high levels needed in the massive, abrasive and hard rock types. It became
obvious that a substantial ROP gain could be realized if machines, as well as cutters,
could be designed to take higher loads.

In the softer rock formations several machines also showed torque limitations around
a sustained rate of penetration of about 5m per machine hour.

In 1989 the Norwegian State Powerboard, Statkraft, decided to acquire new
generation machines for the huge hydropower project at Svartisen. These were the
High Performance (HP) TBMs with capability to thrust up to 312 kN (31.7 t) per
cutter. During the period 1989-1992, three Robbins High Performance machines
were purchased and commissioned for more than 30 km of tunnels, with diameters
of 4.3, 5.0 and 3.5m.

Taking the risk by moving the bounds, Statkraft and The Robbins Company gained
invaluable experience showing that a “new standard” was possible by boring the
massive, hard rock conditions at Svartisen at high thrust levels.
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With the above experience in mind, the requirements by Merkraft for the TBM
selection were as follows:

The TBM should:

b Be able to efficiently bore through hard massive metagabbro,
greenstone, graywacke, mixed face conditions as well as the softer
phyllite.

b Be able to increase diameter to 4. 2m diameter without changing the
basic HP.

& Be built on proven concepts. A prototype was not wanted.

Merkraft intended to:

b Gain first hand experience with a new generation machine.

b Buy a machine not only for the Meraaker Project, but also for
future hard rock projects domestically or abroad.

These requirements lead the JV to the Robbins HP TBM, which was designed to
bore with an average cutterload of up to 312 kN (31.7 t)/per cutter using 19” cutters.

Fruitful and close cooperation with Statkraft and The Robbins Company gave the JV
the opportunity to further develop the HP concept and ideas, leading to the final
design and manufacture of Model 1215-265.

Brief Machine specifications:

➤ Maximum recommended butterhead load
● Cutterhead power

➤ Cutterhead RPM
➤ Number of cutters

w Machine weight

7899 kN (794.5 t)
1340 kW
(335 kW X 4)
13.4
25 single discs
Front loading,wcxlge
lock type housings.
Approx. 200 t
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MACHINE DEVELOPMENT CHANGES

The ongoing experience at Svartisen with the 3.5m diameter HP TBM 1215-257,
indicated unusually high wear cutter and cutter bearing seizures in the transition area
of the butterhead when the average cutterload exceeded 265 kN (26 t)/cutter. The
cutter profile andcutter spacing forthc 1215-265 were therefore revised and changed
according to Figure 3, to provide amoreeven load distribution and a closer spacing
in the critical zone.

Robbins 1215-257
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Figure 3 Spacing 1215-257 and 1215-265

By studying the cutter consumption on 1215-257, it was quite apparent that the
number of bearing seizures was too high at high thrust levels. This clearly limited
thepractical andeffective useofthe machine at fill ttist, andmeant extra cost and
downtime for cutter changing.

The modification turned out very satisfactory. The bearing seizures and high
cutterwear decreased substantially and to a very satisfactory level the 265:

In essence: This modification made impossible for the first time inTBM history to
bore effectively with a sustained load of 312 kN (32 ton) per cutter.

In addition to above, several modifications were made with on going input from the
Svartisen and the Hong Kong Cable Tunnel Projects, to make this an improved and
real HP TBM.
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BORING PERFORMANCE

Rate of Penetration (ROP):

The JV used a ROP (based on) operating at 265 kN (27 t) per cutter for the bid. It
meant in effect that JV only dared to consider a slight effect of the cutter profile
modification at a sustained operation, due to the Svartisen experience, to the large
extent of mixed face conditions, and to the extreme hard rock expected at Meraaker.

Station Number [kml

Figure 4 Actual ROP Over the Tunnel Length

Figure 4 shows that the JV assumption was much too conservative. In fact the 1215-
265 system managed more than 10 m per hour over certain distances. NO torque
limitation was observed and the TBM muck handling performed extremely well along
with a well matched backup.

Figure 5 also indicates that this machine out-performed the UNIT 1-88 prognoses.

ADVANCE RATES/UTILIZATION

Norwegian regulation related to Underground Works o~y to allowed Merkraft 100
shift hours/week. In spite of this program, the actual advance rates at Meraaker
averaged 253 m per week, or almost 100m more per work week than ever before
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achieved in Norway. The first four weeks after stafi-up the JV did more than I(
and the 10 ,000m long tunnel was finished six months ahead of schedule.
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The TBM utilization rates, defined herein as actual boring hours/shift hours, are
shown in Figure 6. The reduced utilization towards the end was due to lack of
mucking capacity over the last four km; this operation took place only with two
muck trains and one locomotive.

Obviously, the JV could have increased the average ROP and thus reduced the
construction time if another muck train, one locomotive and one California switch
had been made available since the boring in phyllite that gave the highest ROP
occurred in the latter part of the tunnel.
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Figure 7 Utilization Pie Chart

The results from Meraaker can be summarized as follows:

➤ Best ROP over one single shift
➤ Best shift (10 hour)
➤ Best day (2 x 10 hour shift)
➤ Best week (100 shift hours)
● Best month (430 shift hours)
➤ Average ROP
● Average weekly advance rate

CUTTERWEAR

9.54 machinethour
69.1 m
100.3 m
426.8 m
1358.0 m
6.4 machine/hour
253.0 m

Of the rock formations being excavated, the greenstone turned out to be the most
difficult to bore, and it caused the greatest amount of cutter wear and downtime for
changing cutters. The extreme variations of the mixed face conditions were also
major factors for the high cutter consumption.
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Figure 8 Cutter Life

The great variation in cutter life was surprising. Though the TBM never had a ROP
lower than 4 m per machine hour, the cutter life varied from about 300 m3 to 30 m3
per cutter ring due to the extreme variation in the face conditions.

All in all, the overall downtime due to cutter changes was kept to a reasonably low
and acceptable level. This result was clearly due to the improved load distribution
with reduced cutter wear and damage made possible by the revised cutter profile
modification and spacing. It also meant that the crew could change cutters in logical
series and saving time for cutter changing.
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Figure 9 Cutter Changes
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MUCK TRANSPORT

The transport arrangement from the heading to the silo u~oading station consisted
of two muck trains, each containing nine 10m3 bottom dump mine cars. The two
trains were moved in shuttle by one busy 25 t !khoma diesel locomotive maintaining
an average speed of 25 km/hour turn-return heading on the 0.2-0.8 % uphill TBM
drive. Each train load had a capacity of tku-ee boring strokes, equal to 4. 5m tumel
production. An efficient rail bound back-up with towed California switch, designed
and delivered by MCS of Scandinavia, ensured a high production system.

The mine cars dumped the muck into a 300 m3 silo, placed within the mountain. A
subcontractor with commercial type trucks loaded and transported the muck down the
1:8 access tunnel and to the disposal area approximately 500 m outside the portal.

Due to high penetration rates of more than 10m per hour, the tunnel muck haulage
itself lacked adequate transport capacity on the last 4 km of the 10 km long drive.
However, the cost to install a bypass switch, an extra locomotive and extra persomel
was calculated by the JV to be higher than the ac~al cost of waiting. The weekly
advance rates were anyway far ahead of schedule, and no special bonus was offered
by the client for early completion.

ASSEMBLY/DISASSEMBLY

The 1215-265 TBM was featured at an open house during the June 1991 RETC in
Seattle. It was then shipped to Norway shortly afterwards in component sizes not
exceeding 87 t. The shipment arrived at the site on August 25, 1991 and the TBM
was assembled underground. Three and a half week later the TBM started boring.
Detail planning, experience and staff training, including schooling for key personnel
at the manufacturer’s plant, made this short TBM and backup assembly period
possible.

Once the tunnel was completed the butterhead was disassembled and removed
through an existing 100m long intake tunnel. The rest of the machine and back-up
was brought back to its original assembly hall on the tunnel rails.

SITE ORGANIZATION AND STAFF

Norway has long been internationally recognized for its low cost tumelling. Some
of the main reasons are the low number of staff, personnel flexibility, and the use
of modern and well maintained equipment. At Meraaker 16 men were employed,
each working the regular 33.6 hour per work week. This crew covered all
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operations including boring, rock support installation, mucking, work shop and cutter
repairs. It is clear that such a small crew should only be considered possible when
using an experienced, flexible, dedicated and a well paid crew.

The crew worked on a rotation system at the heading to improve teamwork and to
reduce reasons for absenteeism. One operator controlled the TBM and the filling of
trains from the backup mounted cabin. One mechanic, one electrician and one loco
driver were used for all the remaining heading work.

Using a bonus system the crew was paid based on actual production. This also
meant indirectly that the machine had to be properly maintained and repaired to
prevent downtime.

The TBM site management consisted of five persons, who also supervised the 5 km
long 20 mz drill and blast tunnel and tunnel intake construction.

ROCK SUPPORT

Merkraft’s site investigation during the tendering period indicated only a minor need
for rock support using the TBM method, It was quite surprising that the amount
actually needed ended up even less than anticipated: Over the 10 km length only 140
bolts and 44 m3 of shotcrete were used for supports. The client’s original estimate
included 900 bolts, 300 m3 of shotcrete and 200 m2 of liner plates for the TBM
tumel. On the drill and blast tunnels the bid documents turned out to be nearly
accurate with an average of 250 bolts and 33 m3 shotcrete per km. The average
production rates for the drill and blast tumels were approximately 80 m/week per
tunnel heading.

It might be noted that tumelling in Norway has traditionally used the rock as a
building material, using supports only as and when needed. The smooth excavation
provided by the TBM method and the small cross section were also additional major
reasons for the small amount of tunneling support required at Meraaker.
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SUMMARY

Meraaker Project has shown the way with a new standard in tunnel production, and
the Robbins High performance machines have brought a new dimension into tunnel
excavation of hard massive rock formations as well as for soft rock, The high
advance rates and reduced need for ventilation give unique possibilities for longer
tunnel drives, reduction of overall construction time and overall project savings.

The up front planning work, the right choice of machine and back-up, and the
experienced and dedicated staff were the main ingredients to the most successful hard
rock tunnel boring performance ever recorded.
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Table of Fracture Classes with distance

between planes of weakness.

Limestone

Calcerous shale

Green schist

Phyllite

Mica schist

Mica gneiss

Granitic gneiss
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Drilling Rate Index, DRI

Drilling Rate Index, DRIY for various rocks.

Table I
Reference: UNIT Hard Rock Tumel Boring

Figure 2,1, 2.3 Project Report 1-88
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Fractures per meter
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Table II
Reference: UNIT Hard Rock Tumel Boring

Figure 2.2, Project Report 1-88


