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FOREWORD

The present publication, No. 25 in the English language series from the Norwegian
Tunnelling Society NFF, has - as always — the intention of sharing with interna-
tional colleagues and friends the latest news and experience in the use of the under-
ground. This time we want to show our various use of rock caverns, thus the title
“Norwegian Rock Caverns”.

One good reason for selecting this topic and title, is that next year, 2017, the World
Tunnel Congress (WTC) will take place in Bergen on the Norwegian west coast.
And the slogan for the congress is “Surface Challenges, - Underground Solutions.”
As we expect that many of the readers of this publication will take part in the WTC
in Bergen, we have included examples of rock caverns located in or near Bergen, -
Bergen known as “The city with seven mountains.” Technical excursions to many
of these caverns will be offered to the WTC participants.

On behalf of NFF we express our sincere thanks to the authors and the contributors
of this publication. Without their efforts the distribution of Norwegian tunnelling
experience would not have been possible.

Oslo April 2016

Norwegian Tunnelling Society, NFF - International Committee

Einar Broch  Elisabeth Grasbakken — Oyvind Engelstad ~ Gunnar Gjceringen
Editorial Committee
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O1. UTILIZATION OF ROCK CAVERNS IN NORWAY

BROCH, Einar

1 INTRODUCTION

During the last decades there has been a rapid devel-
opment in excavation techniques for rock masses.
Simultaneously there has also been a rapid growth of
our cities, and an increasing awareness of the quality of
our environment. This has led to an almost exponential
increase in the use of the underground. This is clearly
demonstrated by the fact that the number of cities with
underground metros has increased to more than 100.
Thus going underground is an everyday experience for
a large number of people around the world.

Utilization of the underground for other purposes than
traffic tunnels is not so well known for the general
public. This publication will therefore first of all try to
demonstrate how caverns excavated in rock may be used
in urbanised areas for a wide variety of purposes such as:

» Storing of oil, gas, food, water, industrial waste and
several other products.

* Municipal installations like treatment plants for
drinking water and sewage, and car parks.

* Industrial installations like powerhouses, factories,
telecommunication centres.

* Entertainment and recreation like sports halls, swim-
ming pools, art centres, theatres, etc.

» War protection - Air raid shelters.

A factor of importance which should be kept in mind
when Norwegian experience is being evaluated is the
enormous amount of tunnelling and rock excavation
which has been carried out in Norway during the last
50 - 60 years. A few figures may illustrate this:

* The number of railway tunnels is approximately 700,
the longest being 14 km, and the number of road
tunnels is approximately 900, the longest being 24,5
km, - the World's longest road tunnel.

* Norway has today 200 underground powerhouses and
4000 km of tunnels for the hydropower industry.

» The World’s largest cavern for public use, the Gjovik
Olympic Mountain Hall has a span of 61 m and can
seat 5500 persons, - see Chapter 5.1

In a highly competitive market this has led to very
cost-effective construction methods. In spite of high
salaries to the tunnel workers, Norwegian contractors
are probably producing the cheapest tunnels and rock
caverns in the world. This clearly favours underground
solutions for many purposes.

In the succeeding chapters examples of the different
uses of the underground will be described. As the
examples basically are from Norway, it is important
that the reader is aware that the bedrock in this country
is dominated by Precambrian and Paleozoic rocks. A
difference to be aware of for an international audi-
ence is also that the zone of weathering is deeper in
the rocks in most countries than in Norway as the
Norwegian rock surface has been exposed to late gla-
cial erosion.

Norway forms part of a Precambrian shield. Two
thirds of the country is covered by Precambrian rocks
(older than 600 million years), with different types
of gneiss dominating. Other rocks from this era are
granites, gabbros and quartzites. Approxi-mately one
third of the country is covered by rocks of Cambrian
- Silurian age. The greater part of these rocks are
metamorphosed, but to a very varying degree. Rocks
such as gneisses, schists and greenstones as well as
sandstones, shales, limestones and other nonmetamor-
phic rocks form a mountain range, which runs through
the central parts of Norway. In the geologically unique
Oslo region, the rocks are partly made up of nonmeta-
morphic Cambro-Silurian shales and limestones, and
partly of Permian intrusive and extrusive rocks. These
are the youngest rocks in Norway.

From an engineering geological point of view, Norway
may be described as a typical hard rock province. The
rocks have been subjected to folding and faulting,
which may have a great influence on the stability in
underground openings. Another complicating factor
is the irregular stresses in the rock masses, which are
due to the steep and irregular topography. Also high
tectonic and residual stresses are encountered.
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2 CAVERNS FOR STORING

Caverns are being used to store:

 Oil and other liquid hydrocarbons

* Pressurised gas and air

e Water

* Food

* Grains and vegetables at refrigerator temperatures.

» Fish, meat, ice cream, etc., at deep freezer
temperatures.

* Industrial waste

¢ Others: Coal, sand, archival, art, wine, beer, seeds, etc.

Selected aspects of storage in caverns are described in
this publication. Man has for centuries used the under-
ground for storage purposes. Good protection and a
constant climate have been important factors. Today
some additional factors may favour the choice. It may
be desirable to get for instance large tank farms for oil
and other hydrocarbon products out of sight. There
may also simply be a lack of land in built up areas. But
the most important factor is, of course, the cost of the
storage.

Excavation techniques for large rock caverns have been
constantly improved over the last decades, and hence
the relative costs have decreased. Cost comparisons
carried out in Scandinavia between rock caverns and
concrete or steel tanks for storage of liquids, indicate
that when the volume to be stored exceeds approxi-
mately 5.000 m?, the cavern gives the cheapest solution.
Cost curves also show that the cost per m3 of cavern
is reduced by 50% when the volume increases from
10.000 m* to 100.000 m>.

2.1 Oil and other liquid hydrocarbons

Storing large quantities of oil in unlined rock caverns is
a fully accepted technique all over the world today, and
the interested reader can easily find related literature.
(See also Article 2 in this publication). Let it only be
briefly mentioned that oil caverns in reasonably good
rocks normally has a span of 17 - 20 m, a height of
25 - 30 m and lengths from 200 to 500 m. Two to five
parallel caverns are quite common. To prevent leak-
age of oil and/or gas through the rock mass, a so-called
water curtain is usually established above and around
the caverns.

2.2 Pressurised gas and air

There are basically two ways of storing large quantities
of natural gas economically; either by compressing the
gas, or by cooling down the gas,- in the ultimate case
down to -160 - 170°C where the gas turns into liquefied
natural gas, LNG.

So far storage of LNG in rock caverns has not been
successful. There is some very challen-ging research
ahead which has to be done. Our basic knowledge about
how rock masses behave when exposed to these extreme
temperatures needs to be improved. Such research can
only partly be done in the laboratory, and even then
with great difficulties. Reliable design parameters can
only be obtained after testing done at a reasonable scale
in the field. Also better knowledge about heat transfer
in and around LNG caverns is needed. Storing gas in a
compressed condition has for some time been done, but
so far only for pressures up to approximately 10 bars.
If natural gas shall be stored in rock caverns, pressures
in the order of 100 - 200 bars will be needed to give
economical solutions.

In Norway so-called air cushions have been used to
replace surge shafts and surge towers at several under-
ground powerhouses for 40 years. Unlined caverns
with volumes of more than 100.000 m* and pressures
of 78 bars are successfully operating without any air
loss through the rock mass. Examples are described in
Article 12 in this publication.

Figure 1: The Steinan rock cavern tank in Trondheim. Total
capacity 22.000 m’

The dotted lines indicate the topographical (A — B) and the
geological (B — D) restrictions for a favourable location.
(Broch & Odegaard, 1983)
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2.3 Drinking water

Next to the storage of oil and gas in caverns the most
important is the storage of drinking water. Figure 1
shows the lay-out of an unlined rock cavern tank in
Trondheim. The capacity of the tank, 22.000 m’, was
obtained by the excavation of two caverns with a width
of 12 m, a height of 10 m and length 85 m and 110
m respectively. Also the service section is put under-
ground. This is well accepted, but is not in daily use as
the operation is remotely controlled.

Additional factors which may favour an underground

solution for drinking water tanks are:

* High degree of safety, also against war hazards,
sabotage and pollution.

» Constant and low water temperature.

* Low or no addition in price for a two chamber
solution.

* The excavated rock masses may be used for other
purposes.

* Very low maintenance costs.

2.4 Cold store caverns for food

Favourable temperature conditions are one reason for
choosing the subsurface alternative. Another reason can
be the favourable insulation that rock masses around a

Figure 2: Pictures showing the entrance to the Steinan rock
cavern tank and the inside with water pipe, concrete dam
wall and shotcreted rock walls

cavern can provide. The “walls” can, in many cases, be
regarded as being of infinite thickness. Thus rock cav-
erns have for some time been used as cold stores where,
for instance, fruits and vegetables have been stored at
normal refrigerator temperature, +(2 - 5)° C, and frozen
food like fish, meat and ice-cream have been stored at
so-called deep freezer temperatures -(25 - 30)° C.

In Scandinavia the energy consumption for deep freezer
stores is 75% and for refrigerator stores only 25% of
similar surface stores. The peak energy requirements,
and thus the in-stallations, are even more favourable.
The deep freezer storage will need 50% and the refriger-
ator storage only 20% capacity of similar surface stores.
Strongly reduced insurance rates are also favouring the
subsurface solution for cold stores. This is due to the
fact that the rock mass surrounding the storage caverns
contain a big cold reservoir. In case of a breakdown
in the cooling machinery, this will act as a reserve.
Experience has shown that with cooling machinery out
of function for a couple of weeks, an increase in the
temperature of only 2 - 3°C is measured in underground
deep freezer stores.

2.5 Industrial waste

In Odda, the Boliden company, a major producer of zinc,
has by the Norwegian environ-mental authorities been
instructed to deposit the residues from the production in
a pollution safe place. The nearby steep mountains were
considered to be the ideal place for the construction of
rock caverns for storing of the residues. This project is
described in details in Article 7 in this publication.

3 CAVERNS FOR MUNICIPAL
INSTALLATIONS

Several municipal activities may be put underground.
Today the following types of installations are found in
rock caverns:

*  Water treatment plants

* Sewage treatment plants
» Car parks

* Infrastructure

3.1 Water treatment plants

Several Norwegian cities have located their water treat-
ment plants underground. One example is the Ulriken
water treatment plant in Bergen which is described in
details in Article 8 in this publication.

3.2. Sewage treatment plants
Also the sewage treatment plants have been put under-
ground in many of the Norwegian cities and towns.
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In the city of Trondheim with a population of 180.000
more than 90 % of the sewage is treated in two under-
ground plants, one located in the eastern and one in
the western part of the bay area. The first stage of
the Hovringen sewage treatment plant was completed
in 1978 as a primary treatment facility consisting of
trashracks, sand traps and fat skimmers, see Figure 3.
Later the plant was extended and chemical treatment
was included. The marine outfall in the Trondheim-
fjord has a depth of 50 m and is located 100 m from
the shore. Due to turbulence and mixing as well as
the stratification of the sea, the outlet does not give
any nuisance to the marine environment. The second
underground sewage treatment plant in Trondheim, the
Ladehammeren on the east side of the bay, was com-
missioned in 1992 and consists of three parallel caverns
with a span of 15 m. The total length of the caverns is
450 m and the total excavated volume is 10,000 m>.

Even though cost estimations may have shown that
construction costs for underground treatment plants are
higher than for similar on-the-ground plants, the under-
ground solu-tions have been chosen in many of the cit-
ies and towns in Norway. Favouring this choice is first
of all the wish to avoid the impact such big installations
may have on the environment. A valuable additional
benefit is the produced rock masses which there always
is a need for in an urban area.

3.3 Car parks

Car parks located underground is a common solution in
many Norwegian cities. Detailed descriptions of a car
park in Bergen are given in Article 11 in this publication.

4 CAVERNS FOR INDUSTRIAL
INSTALLATIONS

Caverns housing industrial activities or other activities
related to industry may roughly be divided into the fol-
lowing categories:

* Powerhouses for hydro, thermal or nuclear power.
* Factories.
* Telecommunication centres.

Floor area is often more important than volume when
caverns are designed for industrial installations. The
shape may therefore be different from caverns which
are typically designed for bulk storage (oil, gas, water).
Low, wide and often relatively short caverns may be
preferred by the planners. The exception is the modern
hydro powerhouse with vertical axis for the turbine/
generator where caverns with heights of 40 - 60 m may
be needed.

Figure 3: Lay-out of the Hovringen underground sewage
treatment plant.

Figure 4. Picture showing installations in one of the
Hovringen caverns

4.1 Powerhouses for hydro

Topographical and geological conditions in Norway
are favourable for the development of hydroelectric
energy. 99% of a total annual production of 140
TWh of electric energy in Norway is generated from
hydropower. It is interesting to note that since 1950
underground powerhouses are predominant. In fact, of
the world’s 600-700 underground powerhouses 200 are
located in Norway, and during the period 1960 - 90 an
average of 100 km of tunnels for hydropower projects
was excavated every year.

12
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Through the design, construction, and operation of
all these tunnels and underground powerhouses, valu-
able experience has been gained. This experience has
been of great importance for the general development
of tunnelling technology, and not least for the use
of the underground. The many underground power-
houses excavated in rock masses of varying quality
are to a large extent the forerunners for the varied
use of rock caverns which we find all around the
world today. Examples of underground powerhouses
are described in Articles 12, 13, 14 and 15 in this
publication.

4.2 Factories.

As early as in 1954 an ammunition factory at Raufoss in
Norway took into use nine big underground production
halls with a total floor area of 25.000 m?>. An under-
ground locomotive repair shop has also been used for a
long time in Oslo.

4.3 Telecommunication centres.

Such centres are really the nerve centres of modern
society, and should therefore be pro-tected as good
as possible. The use of the underground is thus the
evident solution. Excellent possibilities for climate
conditioning are also favouring this solution. Today
a number of underground telecommunication centres
can be found in Scandinavia. One example is shown
in the Figure 5: “Underground installations in Gjevik”
in Chapter 5 where cavern No. 3 is the local telecom-
munication centre.

5 CAVERNS FOR ENTERTAINMENT AND
RECREATION

A particularly interesting development in the last 40 -
50 years with regard to the use of the underground, is
the many rock caverns which have been excavated for
entertainment and recreation. Many of them are dual
purpose caverns. This means that, in the case of a fear
of war, they are quickly converted to air-raid shelters.
Thus part of the construction costs is covered by the
National Civil Defence Authorities. In the Nordic coun-
tries one will today find caverns for:

* Theatre and cinema

» Concert halls

» Sports halls and gymnasiums
* Swimming pools

* Ice hockey rinks

» Restaurants.

Some examples will be briefly described in this chapter.
Others are described in Broch and Rygh (1988).

Figure 5: Layout of the underground installations in Gjovik

5.1 The Gjevik underground complex.

In 1975, the first underground swimming pool with
international standards was opened in Gjevik, Norway.
This swimming pool was part of an underground scheme
which also in-cluded a telecommunication centre and head-
quarters for the local civil defence. As Figure 5 shows, the
entrances to these subsurface installations are close to the
main street of Gjovik. From the entrance lobby with ticket
office and cloakrooms, traffic is divided into two wardrobe/
shower sections for men and women respectively. Toilets
and saunas form parts of these sections.

In the main hall with a span of 20 m is the swimming
pool with 6 lanes of 25 m length and a children’s play
pool of 4 x 8 m. Separated by a glass wall is a small
gymnasium (also used as a meeting room).

Of special interest is the fact that the energy consump-
tion for running this underground public bath and swim-
ming pool has been reduced to approximately 50% of
what would have been necessary for a similar building
on the surface. Both this and the fact that there were
limited areas for building in the centre of the city were
important factors when the decision to put the swim-
ming pool underground was made. A total of 11,000 m*
of solid rock was excavated and transported to a nearby
marina under construction.

In connection with the Olympic Winter Games in 1994,
the Gjovik Olympic Mountain Hall was constructed
next to the swimming pool.The cavern is 91 m long,
has a maximum height of 25 m and the enormous span
of 61 m. This is by far the largest span in the world for
an excavated cavern which is being used by the public.
Figure 6 gives an impression of the size of the hall and
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Figure 6: Drawing giving an impression of the dimensions of Gjovik Olympic Mountain Hall and the public swimming pool.

the swimming pool. The applied support of the cavern
is given in detail in (Broch et al., 1996) and (Huang et
al., 2002). When ice hockey games were played, the
mountain hall had a seating capacity for 5500 persons.
Today, the Mountain Hall is being used for a variety of
activities such as concerts, hand ball games, exhibitions,
etc. has a maximum height of 25 m and the enormous
span of 61 m. This is by far the largest span in the
world for an excavated cavern which is being used by
the public. Figure 12 gives an impression of the size of
the hall and the swimming pool. The applied support
of the cavern is given in detail in (Broch et al., 1996)
and (Huang et al., 2002). When ice hockey games were
played, the mountain hall had a seating capacity for
5500 persons. Today, the Mountain Hall is being used
for a variety of activities such as concerts, hand ball
games, exhibitions, etc.

5.2 Holmlia sports hall and swimming pool.

In 1983, a combined underground sports hall and
swimming pool was taken into use at Holmlia, a new
suburban area in Oslo. During the planning of the area
it was decided that a modern centre for varied sports
activities should be built. In accordance with Norwegian
civil defence regulations, blast and gas tight shelters for

approximately 7000 people were needed near the centre
of the new development area. Furthermore, large amounts
of rock material were needed for the construction of roads
and parking lots in the area.

Within easy walking distance from the Holmlia railway
station and a shopping center, a small hill of gneissic
rock was the obvious place for an underground sports
centre. The rock cover was rather small, in certain
places only 20 m above the roof of the sports hall, but
was accepted by the Civil Defence Authorities. Figure 8
shows the general lay-out of the Holmlia Sports hall and
swimming pool as well as the main dimensions. The
sports hall is 25 x 45 m and is equipped for different ball
games. The swimming pool has 6 lanes of 25 m length.
A total of 53,000 m® of rock was excavated and the total
floor area, including the swimming pool, stands, gallery
and first floor above the entrances is 7,550 m?.

When completed in 1983, the total costs (including civil
defence installations) added up to 54 million NOK (7.5
mill. USD). Of'this total, 8% was for design, supervision
and administration, 67% for civil engineering works,
and 25% for heating, sanitary, ventilation and electrical
installations.
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Figure 7: Picture taken during the excavation of the Gjovik
Olympic Mountain Hall

Figure 9: The underground swimming pool at Holmlia

6 CONCLUDING REMARKS

Mountains and hills have often been regarded as obsta-
cles by city planners. There is no doubt in this author's
mind that the underground will become a more and more
valuable resource in cities and urban areas. Thus cities
and towns with easy accessible rocks of a reasonable
quality should have a great advantage. This introductory
chapter has given an overview how the underground
may be used in urban areas. However, only the fantasy

sets a limit to how the underground may be used.
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Storage caverns
Boliden Odda AS. Courtesy: Anne Hommefoss
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02. UTILIZATION OF THE UNDERGROUND FOR
INFRASTRUCTURE IN THE BERGEN REGION

GJZAERINGEN, Gunnar

1 INTRODUCTION

Norway is a country with a lot of infrastructure installa-
tions underground — road and rail tunnels, caverns, park-
ing facilities, water treatment plants and many others.

In, and near Bergen, the host city of WTC 2017, many
infrastructure installations are situated underground.

Bergen is a city and municipality in Hordaland county
on the west coast of Norway that is famous for being
surrounded by seven mountains and is often referred to
as the capital of Western Norway. It is the second larg-
est city in Norway with a population of nearly 270 000
inhabitants.

Bergen is “The Gateway to the Fjords of Norway” and
a well-established cruise port. It is an international city
packed with history and tradition, a big city with small-
town charm and atmosphere. Bergen likes visitors. And
Bergen is worth a visit. Welcome! Bergen is surrounded
by one of the world’s most spectacular tourist attractions
- The Norwegian Fjords, which have now been included
on UNESCO’s World Heritage List.

Bergen has given a warm welcome to its visitors for

more than 900 years. Bryggen, the old Hanseatic wharf,
has become a symbol of our cultural heritage and has

Fig. I and 2: City of Bergen.

gained a place on UNESCO’s World Heritage List. It
is architecturally unique and is perhaps one of the most
familiar images in all of Norway.

Since Bergen is situated on the coast and is surrounded
by a number of mountains, many tunnels of all kinds
have been built here.

2 TYPES OF CAVERNS

e Maremine cave, Bergen centre. Mentioned in the
novel written by Ludvig Holberg in 1741, The
Journey of Nils Klim to the World Underground.

* Telecommunication. Telenor’s telecommunications
centre in Heggebakken, Bergen centre.

* Stad shipping tunnel under planning

* Oil caverns. Statoil’s oil caverns with connection to
the pipeline from the North Sea with installations at
- Mongstad plant
- Sture plant
- Kollsnes plant

* Cod fish farms

* Water processing plant: Bergen municipality’s water
processing plant in Mount Ulriken

*  Water supply system: Bergen municipality’s water
supply syste’'m from Gullfjellet in tunnel

* Water and sewerage plants in tunnels: Municipal
water and sewerage in Bergen
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« Wastewater treatment: Bergen’s municipal waste-
water treatment
» Parking facilities underground:
- The Grieghallen-garasjen car park, Bergen
municipality
- The Klostergarasjen car park, Bergen municipality
- Haraldsplass hospital, Bergen municipality
- Sartor shopping mall, Fjell municipality
- Skansendammen, Bergen municipality
* Warehouses: Minde
» Light rail tunnels, Bergen Light Rail
* Environmental waste storage: Bergen municipality’s
environmental waste storage facility at Stend.
* Subsea road tunnels with pumping stations:
- Nygard tunnel
- Bjorey tunnel
- Bomlafjord tunnel
* Roadtunnels
* Two-waylanes
* One-way lanes
* + “Discontinued” road tunnels:
- Old road tunnels
- Dale- Modalen - Built from 1920 to1939
- Along the Eidfjord lake — Built in the 1880s
Haukeli — Built in the 1880s.
* Railway tunnels
* Old railway tunnels
* Underground military base: Fjell Fortress: Built by the
Germans during the Second World War ca 1941-1944.
* Powerplants:
- Evanger
- Modalen
- Matre south
- Matre north
* Water transport tunnels
» Cable Secure Tunnels for bridges
* Shelters in Bergen - Some combined with public
transport tunnels
* Defence caverns

3 MAREMINE CAVE

Maremine cave (hole), Bergen centre, is where Nils
Klim started his subterranean travels in the book The
Jouney of Nils Klim to the World Underground, written
by Ludvig Holberg in 1741.

Figure 3: The Maremine cave and the front cover of the book.

4 TELECOMMUNICATIONS CENTRE
Heggebakken Telecommunications Centre, Cappesvei
12a, Bergen is built inside the mountain Floyfjellet
and the decision to construct it was taken in 1973.
From controlled FM and television transmitters in the
Bergen area; the facility also includes telex and videotex
exchanges (Data Torg), data networks and mobile and
telephone exchanges for remote traffic and for parts of
Bergen. Telenor sold the surface building in Cappesvei
12A in 2002 for the construction of housing, but still
owns the underground facility in Heggebakken.

5 OIL AND GAS

Kollsnes gas processing plant

The Kollsnes Gas Processing Plant in Qygarden
municipality north-east of Bergen, was put into operation
in 1996 as a part of the Troll Project. Gas from the Troll,
Kvitebjern and Visund fields in the North Sea is treated
at the plant, at a capacity of 145 Sm* NGL (natural gas
liquids) and 69 000 Sm* condensate per day.

Shore Approach of the Troll Gas Pipelines

An important civil work at Kollsnes was the shore
approach of the Troll gas pipeline as shown in the figure
below. The work was executed from January 1991 to
December1995, and comprised 7500m tunnels to a
connection point for the Troll pipelines 3600 m from
landside and 200 m below sea level.

Figure 4: Shore approach of the Troll gas pipelines at
Kollsnes Gas Processing Plant.

The contract included also engineering and the
installation of two 450-ton riser packets. These riser
packets were installed and concreted into the piercing
shafts from the tunnel system at 165 m below sea level.
Piercing of a tunnel/shaft system into the sea at 165 m is
one of the deepest ever executed in the world, possible
the deepest. This contract was executed by AF Gruppen,
Oslo, Norway.
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The Sture Oil Terminal
At the Sture Terminal in @ygarden municipality,
approximately 60 km north-east of Bergen, the
construction work started in the autumn of 1984 with
Norsk Hydro as Operator.

The Sture Terminal was able to receive the first oil
brought ashore from the Norwegian Continental Shelf
in December 1988. This was the first crossing of the
Norwegian Trench by a pipeline at depths as low as
360 metres. The terminal was officially opened by the
King Olav of Norway on 30th March 1989. The Sture
Terminal receives crude oil and condensate through the
Oseberg Transport System (OTS) from the Oseberg A
Platform, via a 115 km long, 28” (71.1cm) diameter
pipeline, and crude oil from the Grane field through
Grane Oil Pipe (GOP) via a 212 km long pipeline, 29”
(74.0cm) in diameter. The terminal comprises two large
quay facilities able to handle large crude carriers up to
300 000 tonnes dead weight.

There are five crude oil caverns of dimensions
(length*width*height of 19*314*33meter) with storage
capacity of 1 million m*? (plan and cross sections, see
below).

Figure 6: There is also a LPG-cavern of 60,000 m* and
a ballast water cavern of 200,000 m?.

Figure 5: Sture Terminal seen from east.
Photo: Oyvind Hagen, Statoil

Figure 7: Mongstad Production Plant.
Photo: Helge Hansen, Statoil

Mongstad production plant

The construction of the Mongstad Production Plant
north east of Bergen in Lindds municipality was
started in 1972. The facilities comprise a refinery,
the Vestprosess NGL fractionation plant, a crude
oil terminal, a combined heat and power plant and
the world’s largest CO2 technology centre (TCM).
The refinery is the largest in Norway and has an annual
capacity of near 12 million tons of crude oil.

The crude oil terminal plays an important role in
Norwegian exports of this commodity to custom-
ers in North America, Europe and Asia. It provides
intermediate storage for more than a third of all
crude produced by Statoil on the Norwegian con-
tinental shelf, including the government’s share.
The Mongstad Production Plant has three quays able
to handle VCCL (Very Large Crude Carriers) of up to
300 000 dwt, and has six oil caverns blasted out in the
rock 50 m underground. The storing capacity of these
caverns is 1.5 million tons of crude oil. VOC facilities
are also in place. Every year 200 ships visit the terminal,
and if product tankers are included the figure comes up
to 1700 ships per year.
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The crude oil terminal accommodates storage of oil
from the Gullfaks, Statfjord, Draugen, Norne, Asgard,
Heidrun oil fields in the North Sea. The Mongstad
Production Plant has in addition piercing of the pipe-
lines from the Troll B and Troll C fields, where also
Fram, Kvitebjern og Gjea are connected.

Fig. 8: Method for the blasting of caverns and the
installation of water

In order to meet a very tough work schedule, the
contractor was allowed to carry out the caverns on a
”design-and construct contract” with the contractor,
Aker-Hoyer, responsible for the detail engineering. The
caverns are 33m high and 18 m wide, and there are
four caverns of 550 m in length and two of 330 m in
length. The weekly production had to meet a schedule
of 50 000 m* rock based on a two-shift arrangement.
The drilled holes above the caverns for the water curtains
(to hinder leakage of gas from the caverns into open air),
were 50 m in length with a spacing of 20 m parallel in
rows, and with internal distance to the next row of 68 m.
The ground water system has been equipped with perma-
nent non-stop automatic water infiltration system.

6 BRIDGE

The Nordhordland Floating Bridge

The Nordhordland Bridge consists of the world’s long-
est free floating bridge (2005), 1246 m, and a high level
cable-stayed bridge across the shipping channel of 32 x
50m. The floating bridge consists of a steel box girder
which is supported on 10 concrete pontoons and con-
nected to abutments with transition elements in forged
steel. The pontoons were designed in LWA concrete
LCS55 in order to minimize the self-weight and draft of
the pontoons.The floating bridge has the longest laterally
unsupported span in the world (2005). Extension of the
longest viaduct in Norway from 2 to 4 lanes by a separate
bridge parallel to the existing bridge, linked together with
an enclosure system beneath the superstructure.

Figure 9: The Nordhordaland Floating Bridge.
Photo: Arne Arseth

7 RAILWAY

The Ulriken railway project with Full Profile Boring
(TBM) for the new double railway tunnel through
Ulriken.

The new Ulriken tunnel from Arna to Bergen, 7.8 km
long, will be the first railway tunnel in Norway to be
constructed using a tunnel boring machine.

The contract has a value of NOK 1.3 billion..The tunnel
boring machine will have a diameter of 9.3 meters. This
is to date the largest TBM machine that has been used
to construct a railway tunnel in Norway.

Figure. 10: The new Ulriken tunnel from Arna to Bergen

8 HYDRO POWER

The Dale power plant.

The Dale power plant is the lowest of the power plants
in the Bergsdalsvassdraget river system. The water
resources in the Bergsdalen valley are exploited in ‘stages’
with power plants all the way down the valley. The
largest reservoirs, Torfinnsvatnet and Hamlagrovatnet, are
situated highest up. The drop from Hamlagre down to
Storefossdammen reservoir is exploited at Kaldestad and
Fosse power plants. Storefossen is the inflow reservoir for
Dale power plant, which is situated at the ‘lowest stage’.
In summer 1921, the year after the power company was
formed, hydroelectric power pioneers started work on
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Figure 11: The Dale power plant is the lowest of the power plants in the Bergsdalsvassdraget river system.

Storefossdammen reservoir - the first stage in a very
comprehensive and demanding development project.
Power production started in 1927. Six generators were
installed in all, the last of which started operation in
1951. From 1987 to 1990 BKK built a completely new
power plant inside the mountain at Dale. Four of the
generators at the old power plant were taken out of ser-
vice and replaced by one new generator. In 2007, a new
generator was installed in the new power plant, which
meant that the old power plant was no longer necessary.

Fig. 12: The production in the old plant started 1927 and
stopped in 2007 when the the new plant was established.

Technical data

Power plant Dale
Municipality Vaksdal
Catchment area 248.6 Km?
Inflow 680 Mill m?
Penstock, length 2.18 Km
Penstock, cross section | 45 M2
Height of fall 375 M
Output 146 Mw
Turbine 2 Francis
Average annual 677 Gwh

production

Construction
completed

1927 / 1951/ 1990
/ 2007
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9 ROADS

Eidslandet
The impressive scenery of Dale - Eidslandet with old road
tunnels built between 1920 and 1939.

Construction start: 01 August 1920
Opened: 21 October 1939

Length: 10430m

Tunnels: 1443m

Total Cost: NOK 1,220,000

Cost per linear metre of road: NOK 116

Figure 13,14 and 15: Map, and pictures from the old
tunnels.

The road construction of E39 from Réadal to Os
Purpose: The aim is to establish an efficient system
for the transport of goods and passengers. Our society
expects efficient traffic flow and regional accessibility,
as well as road safety in the network of main roads.

Length: New E39: 16,250 metres

Extent: In total, 18,000 metres of main road and 1300
metres of new county road with pedestrian and cycle lane
Financing: Road toll, national government

Total cost: NOK 6.2 billion, 2012 price level.

National Transport Plan: Mentioned in NTP 2010-2019.
Start: 2015

Estimated opening: 2020

Figure 16: Map of the E39 Os — Bergen project.

The new connection from Bergen to the island of

Sotra (west of Bergen).

* Proposal for mainland connection Sotra-Bergen
along the stretch from Kolltveit to Storavatnet was
drawn up in 2013/2014 and sent for further process-
ing in a country of mountains and Bergen municipal-
ity around the turn of 2014/2015.

* We hope that the zoning proposal will be finally adopted
by Fjell and Bergen municipalities by the end of 2015.

* Application for funding wil be sent when zoning pro-
posal has been adopted - and approved in Parliament,
hopefully during 2016.

* Work with land acquisition can start once the plan
has been adopted.

 Start construction work around the turn 0of2017/2018.

* Finishing of road project around the turn of
2021/2022.

The project will be one of three PPP projects in Norway,
and includes one four-lane bridge and three two-tube
tunnels.
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Figure 17 and 18: The old and the new connection
between Bergen and Sotra.

The Rogfast

Rogfast is the name of a
25-26 km long subsea tunnel
being planned to pass under
Boknafjord in Rogaland.
The tunnel will contribute to
shortening the travel time on
the Coastal Highway Route
E39 between Stavanger and
Bergen by about 35 minutes.
The project is now in the plan-
ning stage. In the Norwegian
National Transport Plan, it is
assumed that the start-up will
be in 2017, while locally there
is a desire to bring the start-up
forward to 2014 if possible.

Figure 19: Rogfast
subsea tunnels.— each
of approx. 28km , total
length 56km).

The Rogfast tunnel goes through an area of complicated
geology that has several thrust nappes and faults. The
tunnel will go through phyllite and mica schist and pos-
sibly also granitic and dioritic gneisses.

The projected tunnel is planned as a twin tunnel with a
cross-section of 2 x T 9.5. There will be an arm up to
Kvitsey and a two-level underground interchange. The
design speed will be 100 km/h and maximum gradient
will be 7%. The maximum depth will be 390 m. The tun-
nel will be ventilated along its length and three double
shafts are planned. The design fire will have a 100 MW

effect at the outset. A complete risk and vulnerability
analysis will be carried out to determine what standard
must be incorporated to achieve a satisfactory safety level
with respect to fire and other undesirable events. Roughly
speaking, Rogfast will generate surplus rubble and spoil
amounting to approx. 6 million m?. This must be utilised
for socially beneficial purposes and it is assumed that
most of it will be used as fill in the sea near where tun-
nelling begins. The fill areas will be valuable maritime
industrial areas after the project has been realised.

Municipal sub-plans have been approved in all three
municipalities concerned (Randaberg, Kvitsey and
Bokn.) Work has now started on zoning plans in all three
municipalities, and approved zoning plans are expected
to be ready early in 2013 for the entire project.

Byfjord and Mastrafjord

The western coast of Norway consists of many long fjords.
This article describes how two of these fjords are crossed
by two subsea road tunnels, 5,860 m and 4,405 m long,
respectively. The longer tunnel, the Byfjord Tunnel, is the
world’s longest and deepest subsea road tunnel, at 223
m below sea level. The paper describes the preliminary
investigations and geological conditions for the tunnels,
each of which has three lanes, and a total width of 11 m.
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Fig. 20: Byfjord and Mastrafjord subsea tunnels.
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10 WATER TREATMENT PLANT

The Ulriken water treatment plant

The work:

* Access tunnels and caverns to processing plant,
intake pipe, clean water reservoir.

* New processing plant in mountain with full purifica-
tion of drinking water

* New water intake in Svartediket

* New water pool in mountains 70 masl.

* Modification of existing pithead installations for access,
a support staff, the chemical replenishment, viewing
room and closed footbridge to underground facility.

¢ Tunnel (about 2 km)

Key data for the new facility

Average water production: 5201/ s

(equivalent to 45,000 m® / day)

Maximum water output: 9251/ s

(equivalent to 80,000 m® / day)

Volume water pool: 15.000 m*

Volume Haukeland Brac: 30,000 m3

Depth of new deep-water intake: 28 m

Water treatment process: Direct Filtration and UV radiation
Excavated rock volume: 120,000 m? (solid masses)

Fig. 21: Drawing of The Ulriken water treatment plant

11 THE BERGEN LIGHT RAILWAY

The Bergen Light Railway from the centre of Bergen
to Bergen Airport, Flesland.

The city of Bergen in Norway is building a light rail sys-
tem between the centre of the city and Bergen Airport at
Flesland. The project, being undertaken in three phases,
includes about 20 km of tracks. The first phase, with a
length of 9.8 km and 15 intermediate stops, has been
completed at an estimated investment of €175m. About
3.6 km will be added in the second phase and another 7
km in the third phase.

Figure 22: The Bergen Light Railway

12 UNDERGROUND PARKING FACILITIES

The Skansedammen underground parking facility

The new Skansedammen car park beneath the
Skansedammen pond was officially opened at 4 pm on
1 September 2015. Some swimming area is no longer
available, but the firechouse from 1903 is still reflected
in the water in all its glory.The decision to construct
the underground Skansedammen car park garage was
taken in 2003, some two years after the car park
company had proposed it. But then the Directorate for
Cultural Heritage issued a protection order for the pond.
Rounds of discussions followed, and eventually the
Ministry of Climate and the Environment overturned

Figure 23: The Skansedammen underground parking facility
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the order, allowing the city council, in 2010, to again
pass the proposal to build the car park.

The Skansedammen pond had previously been
swimming area and habitat of carp. In 2014 it was
over. The Aquarium was given the rest of the fish from
Skansekaia dam as alligator food. The new version
of Skansekaia dam is only 19.5 centimeters deep.
Under the pond is a car park with space for 193 cars.
It is zoned for residential parking, and was built to
eliminate street parking.

13 SHELTERS
In Bergen we have 26 shelters, and they are mostly
situated under ground.

The Sydnes Tunnel

The Sydnes Tunnel is a road tunnel in Bergen, Hordaland.
The tunnel runs in the city centre under the University of
Bergen between Nygéardsgaten and Bredalsmarken. It is
reserved for transit. The tunnel is also built to serve as
shelters during a crisis situation. Should such a situation
arise, the tunnel will be closed to traffic and used as
shelters. Refuge rooms can accommodate 3,500 people.
The Sydnes Tunnel replaced the older Nygérd Height
Tunnel which was completed in 1948.

Fig. 24 and 25: Map and picture from the shelter used as bu
tunnel.

Map of the shelter and a picture showing the massive
concrete doors are covered and barely visible if you do
not know that they are there. In a crisis situation, these
will be closed in a v-shape that makes them resistant to
pressure.

14 CONCLUSION

The caverns in the Bergen area meet many of the
different needs of the community, and show that the
underground has been used for centuries here. With all
the new tunnels under both planning and construction
we will continue to use the underground for many
reasons and with many aspects and prospects.
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The Follo Line Project
Grouting of bench at assembly cavern for TBM at Asland, the Follo Line project. Norwegian National Rail Administration.
Courtesy: Elisabeth Grasbakken
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03. PLANNING, DESIGN AND CONSTRUCTION OF LARGE

ROCK CAVERNS

ENGELSTAD, @yvind

1 INTRODUCTION

With continuous growth in population and increased
urbanization, the efficient use of surface space has
become more and more important. Utilization of the
underground space for infrastructure development and
storage offers a solution to some of the challenges. This
is also a fact in Norway, and throughout the last 100
years an increasing amount of infrastructure has been
moved underground as to free up space on the surface
for other purposes.

Figure 1: The prospected development in Urban vs. Rural
population (Source: UN Department of Economic and Social
Affairs, 2010)

Some of this infrastructure demand construction of
large underground opening in form of caverns. The
dimensions of these caverns span from small pump
stations and defence facilities to huge sport facilities
like the Gjevik Mountain Hall. As the importance
and dimensions of the caverns increase, the demand
for good planning, appropriate design and efficient
construction is essential. This article discuss the site
investigation and planning process, the design chal-
lenges and construction techniques involved for safe
and cost efficient development of large caverns.

2 PLANNING

2.1 Scope of planning

When planning an underground development like a rock

caverns there are many issues that needs to be taken into

consideration. Some of these issues are listed below:

* Purpose of the development

* Relation between the planned facility and other
infrastructure

* Size and shape of the development as well as pos-
sible future enlargement

* Possible conflicts with existing underground and
surface facilities

* Possible conflicts with future development in the area

* Property ownership

* Environmental impact

* Social impact

» Constructability and access to site

* Construction risk

* Operational risk

e Legal framework

* Economic framework

2.2 Planning process

The development of a project may follow different
paths, but in many cases the planning process follows
the steps defined below:

Screening Study

The main purpose of the screening stage is to clarify
the purpose and key demands forming basis for the pro-
ject as well as identifying the most suitable site for the
development. Some of the key activities are:

* Clarify purpose and basic demands

* Identification of potential sites for development

* Screening of sites (cost/benefit)

Pre-feasibility Study

The main purpose of this stage is to ensure that there is
sufficient potential to defend further site investigations
and study costs. Some key activities are:

* Development of basic concepts

* Overall schedule

* Rough cost estimation and economic analysis
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Feasibility Study

The purpose of a feasibility study is to clarify if the
development is feasible of not both from an economic
and impact perspective. Some of the key activities are:

 Basic studies within all relevant areas

+ Site investigations

* Development of design basis (all relevant demands
governing the design)

* Layout and optimization of size and shape of the
development

 Identification and layout of construction facilities,
spoil deposits and borrowing pits

* Constructability study

* Detailed cost estimation

* Risk assessment

* Schedule

* Economic and financial analysis

* Environmental and social impact assessment (ESIA)

* Clarification of access to land etc.

* Preparation of application for licenses and permits

Basic design and preparation of tender documents

The aim of this stage is to develop the project as to
enable tendering for construction and supplies as well
as processing of construction licences etc. some of the
key activities are:

* Basic design of all the main components in the
project

* Design calculations necessary for definition of key
dimensions, support measures etc. The level of detail
is governed by the risk assessment and demands
from licensing agencies.

* Development of function description, scope of work,
technical requirements, bill of quantities etc. for ten-
dering purposes.

* Contract strategy and prequalification of contractors
and suppliers.

* Contractual framework

* Tender documents

* Tendering and contract negotiations

Detailed design and construction

In the construction phase the design is adopted to the
conditions encountered and input from the different
parties participating in the construction. In many cases
(depending on the type of development) the installa-
tions in the caverns will be subject to design by EPC
suppliers, and there will be an initial phase where the
final dimensions and arrangement is settled through an
iterative cooperation process. As the contractor enters
the area of the cavern(s), in-situ mapping, probe drilling,
Lugeon tests, stress measurements etc. is performed and

the geological/geotechnical information is updated. The
final design of the rock support will be based on this
updated information. Normally the support is installed
as initial and permanent, where the initial support is
installed to secure safe working conditions and the per-
manent support is installed to supplement the initial sup-
port as to secure long term stability and serviceability.
For a cavern the dimensions are normally such that the
permanent support should be installed successively with
the benching, as to prevent excessive costs to provide
access at a later stage. In addition to the support, one
normally install and collect data from instrumentation
such as extensometers, inclinometers, load cells and
measured convergence as to analyse the stability and
function of the installed support.

Commissioning

In the commissioning phase the installations are tested
and put into operation. The as built documentation is
prepared as to form basis for the asset management.
Supplementary instrumentation for recording of data for
monitoring in the operation phase is normally installed
and tested in this phase.

Operation

In the operation phase the stability of the cavern and
the condition of the installations are monitored and
maintained based on an asset management plan. It is
important that all elements of importance to the stability
and integrity of the cavern is included as “maintenance
objects” and are monitored and maintained as planned.
Data from the instrumentation installed is monitored
and recorded on a regular basis and a warning system
based on triggers when the data pass certain thresholds
is normally applied.

2.3 Ground investigations

Deviation from assumed ground conditions is one of
the most common reasons given for cost and schedule
overruns in underground development projects. The
reason, is in most cases, insufficient ground investiga-
tions or that the parties have not put sufficient emphasis
on the ground conditions during planning, design and
construction.

Pre-construction investigation, often simply called pre-
investigation, is thus very important for evaluating the
feasibility of the project and for planning and design.
Among other good reasons for having a high focus on
pre-investigating the following factors are particularly
emphasized:

* Give input for analysing stability and estimating rock
support requirements
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* Provide input for evaluating alternative excavation
methods and selecting equipment/tools for excava-
tion and rock support

* Provide a basis for predicting performance and
capacities

» Provide basis for estimating cost and schedule.

* Provide basis assessing potential environmental
impacts such as surface settlement, ground water
lowering, vibrations etc.

» Give a basis for preparing tender documents

If the pre-investigations are insufficient or of poor quality,
reports and tender documents will not reflect a correct pic-
ture of the actual geological conditions. Conflict between
contractor and owner due to “unforeseen geological con-
ditions” will normally be the result of this, and in worst
case the project may end up in court with the extra costs
implied by this. High emphasis on investigation is there-
fore very important for all aspects of the project.

There is no straight answer to the question “what is the
correct level of ground investigations and analysis?”.
There are a many factors that influence the stability of
the rock mass and many of these are not easily measured
or quantified. In comparison with other construction
material like concrete and steel etc., the properties of the
rock mass are much more complicated to measure and
understand. The properties also vary greatly within a
rock type and between different rock types. The fact that
the rock mass is jointed and can be protruded by weak-
ness zones with varying degree of decomposition makes
the picture even more complex. Extensive site investi-
gations are often expensive and may times does not give
the desired insight. An experience based approach has
thus been the common approach in Norway.

It is common to distinguish between pre-investigations
for planning purposes and investigations performed dur-
ing construction for final design.

The goal of the pre-investigations is normally to obtain
information that can form basis for:

» Preparation of geological/geotechnical maps and sec-
tions in the area of the project

* Obtaining data about the properties of the rock mass,
e.g. distribution and composition of rock types, soil
cover, orientation and density of the dominating
crack systems, position and characteristics of weak-
ness zones, groundwater conditions etc.

» Obtaining data about rock stresses (magnitude, direc-
tion, anisotropy etc.)

» Conditions in critical areas like cross cuts, arcas with
low rock cover etc.

» Assess uncertainty and need for flexibility in design

» Assessing the influence on the surroundings (envi-
ronmental and social impacts, including vibrations,
deformation, groundwater lowering etc.)

The main factors governing the magnitude of the ground
investigations are:

* The stage of development

* Type of development

* Contractual arrangement for the construction (EPC,
Unit rate based contract (Fidic Red Book or similar))
The stability and safety demands during construction
and for the operation of the plant versus the degree
of difficulty. Eurocode 7 defines three Geotechnical
Classes (RC) from 1 to 3 depending on complexity
and consequence of failure, but does not take degree
of difficulty into consideration. The basic princi-
pal is however the same as in the former NS3480
(Norwegian standard for Geotechnical works), with a
classification based on degree of difficulty and dam-
age consequence class (CC). This principal is still
applied in Norwegian projects. The categorization is
given as follows:

Degree of difficulty
Reliability class | Low Medium | High
CC/IRC 1 1 1 2
CC/IRC 3 2

* Design life of the underground installation and the
possibility to do maintenance

* Cost and schedule risk perspective, signifying the
level of risk the developer is willing to carry into
the next step of development. This is normally
governed by a cost vs. benefit assessment, where
the value of additional information have to be bal-
anced with the cost of additional investigations
and studies

Pre-investigation tools are available for practically
any kind of ground condition and any kind of site
characterization. However, it is important to realize
that even when great effort have been made in the
pre-investigation, some uncertainty will still remain
regarding the ground conditions. Pre-construction site
investigations therefore always have to be followed
up by continuous engineering geological investigation
during construction.

Below is presented a schematic representation of nor-
mal pre-investigations for an underground project.
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