1 THE GEOLOGY OF OSLO REGION, SEEN FROM THE ENGINEERING
GEOLOGISTS VIEW

Fredrik L aset
Norwegian Geotechnical Institute

ABSTRACT: The geology of the Odo areais rather complex, with rock types from precambrian to permian
age. Theareaisaclassic ground in geological research, conssting of precambrian basement rocks,
cambrosiiurian sedimentary rocks, and of permian plutonic rocks and dike rocks. The caedonian folding
and the permian and younger block faultings made the Odo graben, with the younger rocks laying in
between the older basement. The differing rock properties with different need for support istherefore a
chdlenge for the geologica engineers and for the congtructors.

1 INTRODUCTION

The region around the inner Odofjord is the most densaly populated area of Norway. Because of al the
subsurface work caried out in this area the geologica conditions are wedl known, as well as the
engineering aspects.

This article describes the bedrock conditions in the Odo region, as seen from anengineering
geologist's point of view. The bedrock map, Fig. 1.1,
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shows that severa rock formations form the area. In the western and eastern parts of the map there are
Precambrian rocks. In between, there are cambrosilurian sediments, which in the lower parts are intruded by
Permian volcanic rock, both plutonic rocks and lavas.

The Odo region isin fact a graben, with fault zones aong the borderlines of the Permian rocks. The
fault zones mogtly have the direction northsouth. They are often crushed and squeezed, and should be
avoided for underground construction works. The fault zones can be quartz breccias, but are also crushed
zonesfilled with clay. Tunnels and caverns have crossed these fault zones severa placesin the eastern and
central parts of Odo, where oil and ware- house caverns are built, aswell as road and railroad tunnels.

The Odo Tunnel traverses one of the large zones, consisting of severd meters of clay, with asmall
rock overburden. Tunnd congruction through this zone required freezing of the zone before crossng.
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Fig. 1.2 Sratigraphic column showing the
Cambrosilurian strata in the Odo area

2 CAMBRO-SLURIAN ROCK; LAYERS OF
DIFFERENT PROPERTIES

In the cambrosilurian layers, severd tunnels and caverns
have been congtructed. These are mostly road and railroad
tunnels with stations, but also water and sewage tunnes with
pumping stations and trestment plants Stuated in the
sedimentary rocks. The sediments have ardatively
complicated stratigraphy, based on fossls. The layers,
however, aso have their characteristic physical properties. A
detailed dratigraphic mapping may therefore be useful dso
from the engineering geologist's point of view.

The cambro-dlurian geologica sequence in fact
consgs of three different periods. That is the cambrian, the
ordovician and the Slurian gtrata, which have been sediment
over aperiod of 170 mill. years. The sequence, mostly
conggting of limestones and shaes, folded in Caledonian
age, make up the low ground of Odo city and westward
aong the fjord. The thickness of the layersis aout 1000 m,
and can be divided into 10 main stages. On the precambrian
basement there often isathin layer of conglomerate. Stages
1 and 2 are dark shales, mosily alum shales. The swelling
and aggressive properties of the alum shae are well known,
and among the precautions taken are the use of specia
resstant concrete, and to take into account the swelling
pressure of the rock when exposed to air.

The dum shdeis found in the random parts of the
graben, that isfor ingtance in the lower eastern parts of
central Odo. In these areas, Permian dikes often may have
intruded the dum shde. They occur as Slls with remnants of
dum shdes asthin layersin between.

Thedum shdeisardatively sable rock, but in thin
layers between Permian slIs, where swelling pressures are
high and in contact with concrete, it can



cause congtruction problems. Necessary precautions have to be taken.

Stage 3 is shdes with thin benches of massve limestone. The so-called orthoceras limestone is one of
the layersin stage 3. This stage is hot known to give stability problems, but water leakage often occur
between the layers of shale and limestone.

Stage 4 isa dack of dternating layers of shale and nodular limestone. The shde can be rdativey
week, but this does not cause severe stability problems. The nodular limestone is of good strong qudity. In
some horizons in stage 4, thin layers of bentonite clay occurs. These are layers of volcanic ashes sedimented
in between the clays. The layers mostly have a thickness of some few centimeters, and may cause sability
problemsin atunne when they occur pardle to the tunnel. The bentonite may have gone through a
metamorphosis making it more like the surrounding shae and, therefore, not causing problems for tunnd
congtructors.

Stage 5 cons s of gastropod limestone and calcarious sandstone. Thisis anodular limestone with layers
enriched with sand. Tunnel gtability is good in this stage, but some of the sand layers may cause a
consderable drillbit weer.

Stage 6 isa stack of layers of shaewith alot of thin sandy benches in between. The shale wegthers
easly and aong the sandy benches the water leakage is considerable.

The stages 7, 8 and 9 are limestones and shaes of good tunnding quality.

Stage 10 isa sandstone, called the Ringerike sandstone. Thisis a brittle rock, and has consderable
fracturing. Along the fractured zones the fracturing is extreme, and the fracture planes may be filled with
clay causng poor tunnding sability.

Inthe layered rock of cambro-glurian ageit isimportant to find the optimal direction for tunnds and
caverns. That isadirection deviating from the strike of the rock formation. In the Odo region the dtrikeis
NE-SW.

The types of sedimentary rock of the cambro-silurian age have a bad reputation among the contractors
and engineers. Thisis not because of poor stability, but due to weethering the surface seemsto be very
fractured. Wesathering often occursin athin surface layer only, and the shale may therefore be massive and
strong a a shalow depth under the surface. These sedimentary rock types are not suitable as congtruction
meateria, eg. for top layersin roads or concrete fillings.

3 FAULTS AND PERMIAN DIKESIN THE CAMBRO-SILURIAN ROCK FORMATIONS MAY
CAUSE STABILITY PROBLEMS

Generdly, the cambro-silurian rock types cause no greater dability problemsin norma tunnding, but there
are dways anomalies. First and foremog, these anomalies are faults zones. In places there can be zones of
severa meters, fractured and often with clay fillings on the fracture planes. These zones may require heavy
rock support such as bolting, shotcreting and even concrete lining.

The mgor fault zones in the Odo area often have a N- S direction. However, there are dso zonesaong
the main drike direction NE-SW. The N-S zones are the easest to discover in theterrain, asthey form
depressions across the strike direction.

The drike faults are more difficult to detect, because the folding and the variety of rock types have
shaped hills and valleys dong this direction, regardless of the fault zones.

The daysin the fault zonesin cambro-Slurian rock usudly have a uniform compostion. They mosily
condgt of clorite and mica (illite). Smectite (swelling clay) occurs only in small quantities, and causes
therefore minor problems due to swelling pressures.

Igneous dikes occur particularly in the cambro-silurian sediments adjacent to plutonic bodies, with a
heavy concentration in certain areas around volcanic necks. The thickness of a dike can be from some
decimeters up to many 10's of meters. From the engineering geologist's point of view it is of great
importance to map these dikes. They often have heavy fracturing, and may have undergone metamorphism
that may have made them unstable. They aso can be water bearing and cause inflow of water into tunnels.
The most numerous dikes are in the area from the western part of Odo to the western suburb of Sandvika.
Nevertheless, the dikes may aso occur here and there in all rock formations, as well as in the basement
rocks. The main direction isasfor the main faults, N-S or NE-SW.



There are many types of dikes. The most usua ones are the maenaites and the diabases. The maenaite
isalight, massive rock and has usudly not undergone any metamorphism. It therefore causes few
engineering problems. The diabase is darker and is often fractured and methamorphised. Swelling clay may
be a problem in the diabases.

Other types of dike, such as quartz porphyry, syenite and rhomb porphyry are more rare, but they can
occur as dikes of severd tens of meters thickness. Some of the problems following the diabases aso occur
within these dikes.

4 PERMIAN LAVAS GIVE STABILITY- AND WATER PROBLEMSIN TUNNELS

The Permian lavas are mainly basalts and rhomb porphyries. They were formed as a series of lava Streams
one on top of the other. The lavas are hard and strong rock types, and well suited as gravel for road fill and
concrete aggregate. The conditions in tunnels due to the lavas can vary. In each lavalayer the top of the
stream often is porous and water bearing, and there can be ashes that are methamorphosed. A tunnel
crossing lava layers may have both water and stability problems, and since the lava streams are often
horizonta they can affect the tunndls over long distances.

5 PERMIAN PLUTONIC ROCK WITH SWELLING CLAY

Permian plutonic rock comesin avariety of types. The most common in this area are the Drammen granite
west of Odo, the syenite (nordmarkite) north of Odo and the larvikite south west of Odo. These rock types
arewell suited as gravel, and aso as building stone.

Zones in these rock types eadly methamorphose and form swelling clay minerals. Tunnéls built through
these rock types, especidly the granites, have had severe stability problems.
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2 UNDERGROUND CONSTRUCTION IN THE OSLO REGION

UIf Fredriksen
City of Oslo Water and Sewage Works

ABSTRACT: Thelife of the city of Odo and the sea has dways been closdly tied together. However,
the two have gradualy been separated through an increase in the road and railroad surface traffic. For
the city planners of Odo, it has therefore become a challenge to work for development that again
would tie the city and the fjord closer together. Thisis now about to be achieved through locating
magjor trangportation developments under ground. At the same time thisis a powerful contribution to
improving the environmenta conditionsin the city center, asis the localization of land consuming and
environmentally damaging ingalationsin rock caverns.

1 INTRODUCTION

Surrounded by hills and forests, the city of Odo is Stuated at the bottom of the Odo Ford. Theinner
part of the Odo Ford is, particularly in summer, one of the most important recregtiond areas for
nearly one million inhabitants of Odo and the surrounding communities. During the rest of the yeer,
the possibilities for hiking and skiing in the hills and forests around the city are among favorite leisure
activities of the citizens.

The built up areas of the centrd part of Odo consst mainly of 4-5 stores high buildings, built in
the second hdf of the 19th century. The greater part of these buildingsis founded on clay deposits.
Newer buildings in the city can be consderably higher, and are mostly founded on rock.

Asin mog cities, the planning and building of new houses, highways, public trangport systems,
fresh and waste water transportation and trestment plants and other infrastructure facilities confront the
city planners with a number of dilemmas.

In the 1980's, an architectural contest was arranged under the name: "The City and the Fjord -
Odo towards the year 2000." The main concluson drawn from this contest was that the city and the
fjord should be more closdly tied together by the remova of some of the barriers built up by heavily
trafficked main roads, railway lines and stations. As part of the main city plans, the remova of these
barriers has been an on-going process. The docks and traditiona works connected to sea transport have
been dlocated in the outskirts of the city, and the main roads and the railroad constructed under ground
in tunnels.

In the 1990's, politicians and city planners focus more strongly on environmenta aspects. One of
the mgjor dements in town planning today is to reduce the use of private carsin the city, aswdl as
avoiding parked carsfilling up the streets. The development of better mass trangport facilities will
encourage the people to use the public trangportation systems, and is therefore an important means to
reech thisgodl.



2 GOING UNDERGROUND

In the Od o region, working underground started nearly 1000 years ago by mining to extract Slver,
copper and lead from veins in the cambro-slurian sediments. There is alegend about mines under the
Old Aker church asfar back asthe 1100's.

Inthe 1500's, the mines were il in operation, and were described in severd documents by
such wdl-known mineralogists and metalurgists as Agricolaand Ziegler. Not until late in 1800 and
early in 1900 was underground space utilized used for other purposes. Gradualy the underground was
more and more utilized, firgtly for water regulation. The lakes in the surrounding area north of Odo
were joined by tunnels, and the water supply for the town was led through hills and heights to utilize
gravity. Findly, waste water was o led through tunnd s to treatment plants to avoid pumping.

Favorable construction costs, easy to obtain building space and reduced maintenance costs have
motivated municipa builders and others to take their congtruction plans underground.

3 RAIL SYSTEMS

The first metro or subway in Odo was opened for traffic in 1928. It was a2 km long twin tunnd from
The Nationd Thestre in the city center northwards undernegth the Royal Palace to the Mgorstua
suburb.

The origind congruction works started as early asin 1912. At that time, the knowledge of
ground subsidence was limited. As the tunneling works proceeded, a number of buildingsin the
vicinity experienced severd decimeters of settlement. The geotechnicians joined effortsin studying the
phenomena, arguing the reasons why and how to solve the problems.

The congtruction works hated and lega processes were initiated againgt the subway company for
economic compensation for the damage caused to buildings dong the tunndl route. This crushed the
financia schemesfor the project, and the subway was therefore delayed and not put to operation until
1928.

In 1954 the city government decided to start building a new subway, cdled the "Tunné-bane'.
The"T-bane" sysem, including four new lines from the eastern parts of town joined in one tunndl
terminating a the main railway station near the city center, opened in 1977.

Until 1980, the old and the new T-bane systems were not directly connected. Asfor the railways,
the only connection between the lines for southern and western destinations and the lines to the North
of Norway as well as abroad, was a gtreet line, making the car traffic hadt every time atrain was
moving dowly across the Town Hall square. There was an obvious need for an underground
connection for the two systems.

The central section of the two systems had a near pardld route, and the city transport authorities
and the nationd railway company NSB joined forces in building the part of the link that could not be
placed in arock tunnd. Through avery chalenging construction job, atwo stories high tunnel was
congtructed through a deep soft and quick clay depost in the city center. This linked the new and the
old subway systems together, giving the city atota of 95 km's of massral transportation, of which
more than 15 km are under ground, and opened for rapid and frequent railway transport through the
city.

Asin most European countries, the main objectives in the long term plans for railwaysin
Norway are faster trains, shortened lines and fewer gations. In these new plans, tunndswill be
extensvely used. The railway line from Odo city to the new airport under congruction north of the
city, will have congderable distances under ground. The longest tunnd is 14.3



km, and will be described in another article in this volume,

The southward railway line through the @stfold county, south east of Odo, will be dimensoned
for velocities of 200 km/h aso will have long distances under ground between Odo and Moss. Thisis
the railway connection to Sweden and the rest of the European railway network.

Through the congtruction of the "Ringeriksbanen”, the travel distance to Bergen, on the west
coast of Norway, will be shortened with 60 km. An extensive part of the 45 km distance from Odo to
Henefoss will bein rock tunnels. The nationd railway's plans for the years to come are ambitious.
They will be atota investment of more than NOK 7 hillion over a period of four to five years.

4 ROADS

The noise and fumes from road treffic are dements disturbing the environment. Thetrafficis
increesng dramaticaly in Odo aswdll as the surrounding aress. In addition to occupying vauable
areas in the city, traffic causes both air pollution and noise, and is aso the cause of many desths and
injuries. The traffic impact puts redtrictions on the use of areas that the planners and the inhabitants of
Odo would prefer to use for other purposes.

Removing alarge number of the private cars from the streets and into tunnels has severd
advantageous effects. In addition to a considerable reduction in pollution and noise, street areas
previoudy occupied by vehicles can be utilized for other purposes. Going underground aso dlows for
extended traffic capacity without claming new and precious city center aress.

Odo isan old town with ruins dating to around years 1000 A.D. To preserve these old town ruins
and restore the areas around them as a cultura heritage, the highways and railroads through the old
town are now located underground. Asfor the environmental impact, road tunnels have the advantage
that polluted air from ingde the tunnd can now be cleaned before release to the atmosphere. All the
new tunnels congtructed in the Odo areatoday have filter and cleaning systems installed.

Over the last 10 to 15 years, extengve congtruction activities have taken place in developing of
the highway and main road system in the Odo region. Thisis about to catch up with the need for
improved standards. This development has included severa new tunnds, as do the plans for future
development. After having had only one short road tunnd of less than 200 m length on the Ring-road,
severd mgor tunnels were built during the 80's and 90's. The most important of these being the
Vderenga Tunnd, the Odo Tunnel and the Granfoss Tunnel, of adtogether more than 8 km. The city
now has more than 10 km of road tunndls, and gpproximately the same amount is found in the nearest
communities outsde Odo. A comprehendve technicd development has taken place since the
Vderenga Tunne was built in 1988, with arather smple water and frost insulation and with only axid
fansfor ventilation. The tunnds now have smooth and easy to clean lining dements with frost
insulation. The new ventilation systems include eectrodtetic filters and use water for cleaning the air,
as described in alater article.

Road toll charges has made it possible to finance this renewal of road works, and the immense
increase in road capacity over the last years.

5  WATERAND SEWAGE TREATMENT

5.1 Drinking water supply

The modernizing of the fresh water trestment and distribution in Odo started in the 1960's. The Oset
treatment plant, opened in 1971, has a digtribution net of tunnels and main pipdinesin trenches. The
plant, consisting of caverns with avolume of 350,000 T buiilt in hard syenitic rock, was an
outstanding project at the time.



The digtribution system from the plant, located a few kilometers north of the city center, conssts
of severd kilometers of tunnels and pressure chambers. In the city of Odo there are more than 35 km
of freshwater tunnels reaching to the outskirts. The tunnels mostly have a smal cross section area -less
than 10nT. To agreat extent, the water isled through pipesin the tunnels to reduce the risk of
pollution.

In 1995, a new freshwater treatment plant is taken into operation in the eastern part of Odo,
producing freshweter satisfying the EU rules. Both the plants will be described in alater article.

5.2 Sewage and waste water treatment

The wastewater tunnels of Odo are from the period from the 1950's and up to the 1980's. Odo now has
more than 57 km of wastewater tunnels within its borders. From Odo, a 23 km long bored tunnel leads
to the main treatment plant on the west coast. The collecting tunnels to this plant include atota of 42
kmwith 40 inlets.

Plants for treeting waste are often Stuated in the vicinity of the coast. In Odo and the
surrounding communities the waste water has to be treated in the most efficient way, because of the
recregtional areas adong the coastlines of the Odo fjord.

The wastewater is trangported to two mgjor treatment plants, one on each side of the fjord.
Because of the hilly landscape and the intention to transport the waste water to the trestment plants by
gravity, usng as few pumping stations as possible, there has been an extended use of tunndls.

These plants would occupy vast areas of land if constructed above ground, and may produce
fumes and smdlls that are not acceptable to the public. Treatment plants for waste therefore are Situated
underground at severa locations in the Odo suburban aress.

The VEAS treatment plant at Semmestad, south west of Odo isthe largest one with avolume of
caverns of 400,000 n™. It handles sawage from 315,000 nT* people in the region, in addition to
commercia and industrial wastewater equivaent to gpproximately 250,000 people.

6 ROCK CAVERNS FOR DIFFERENT PURPOSES

A city founded on solid and sound rock can utilize the underground for nearly any purpose. To some
extent, rock caverns have also been used as storage and warehouses.

At the dockside in the eastern part of Odo, acomplex of 48 caverns with atota volume of
23,000 m® was opened in 1965. All kinds of goods are stored in these caverns, which have
temperatures from freezing to temperate. Old air-raid shelters are aso used for different sorage
purposes. Deep freeze stores are built in rock for storing ice cream, meat and fish. The volume of such
storage in the Odlo areais 160,000 nt.

Odo dso has huge rock cavernsfor toring ail products. The actud volume of these cavernsis
not released, but at the eastern harbor there are five caverns and more than 4 km of tunnelsfor the
dorage and didtributing system.

Severd sports hals and swimming pools have been built in rock cavernsin the Odo region.
Located in densely populated areas, these caverns are dso utilized to serve as bomb shelters. Odo has
two such hals and the nearest surrounding communities also have a couple of these combined sports
and svimming halls. A typical hall has avolume of 35,000 nt.

The Civil Defense Authorities has provided shelters for more than 50% of the population.
Because rock ingtallations give good resistance againgt attack, rock caverns are often used. Many are
dual purpose congtructions, in peacetime serving as sport hals or subway sations. Single purpose air-
raid sheltersin rock have also been built in Odo, but many of these are in bad condition due to poor
maintenance.



Electricity transformers, operating centers for telecommunications and other technica centers are
a0 often placed underground for protection against war and sabotage. The Odo Energy Board has
severd transformersin rock caverns, and plans are under way for more.

Severd other purposes, such as parking facilities, heeth pump facilities for remote heating
systems, traffic control centers, multipurpose tunnels and shooting ranges are typical examples of
facilities built underground.

7 FUTURE

The explaitation of the underground is ill initsyouth. To bein front of future development, the
planning authorities of the city of Odo are preparing legidation for regulating underground
congiruction, in the same way as above ground.

As congruction techniques continuoudy improve and an increasing number of activities are
attracted to aready densdaly developed areas, a prosperous future can be seen for the underground
congtruction.



3 WATERSUPPLY FORTHECITY OF OSLO

Gunnar Aging
Berdal Sgmme a.s.

Rolf Nakken
Independent Consultant

ABSTRACT: The City of Odo is supplied with drinking water from lakes in the surrounding forest
aress. Thewater istreated in severa plants before being transported to the municipa digtribution
network. This article describes two of the mgor treetment plants, in service from 1970 and 1994, thus
representing different stagesin technical development. Technicd solutions for each plant are
presented, together with a desgn comparison of the two.

1 INTRODUCTION

The water supply to the City of Odo is based on the utilization of surface water from the forest areas
surrounding the city. At present, the city has water sheds at its digposa covering atotal area of 330
km?. Because of the rugged terrain and suitable rock conditions around the city, water supply schemes
have been designed based on water transfer through rock tunnels. Owing to restrictions on land use, the
plants and reservoirs have been built underground in rock caverns.
This article describes two different water trestment plants administered by Odo Water and
Sewage Works (OWSW). Both plants play an important role in the water supply of the city:
0 Osat Water Treatment and Pumping Plant, in operation from 1970
0 Skullerud Water Treatment Plant completed in 1994. At the end of the article, acomparison is
made between the two plants with respect to design principles.

Fig. 3.1 3D drawing of Oset water treatment plant



2

OSET WATER TREATMENT AND PUMPING PLANT

2.1 General description of the plant

The Oset Water Treatment plant is based on the Maridal water shed with atotal area of 250 knt. Lake
Maridasvann is the intake reservoir.

The plant has a design capacity of 6 nT/sec. It consists of anetwork of basins and channdls. A

large part of these channdls are covered by concrete dabs designed to carry vehicular traffic loads. The
total floor areais close to 30,000 n.

The size and proportions of the halls as well as the layout were determined mainly by their

functions in the water treestment and pumping processes. In principle, the plant has been built as two
parale units, each of which can operate independently.

0]
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The plant comprises the following e ements (taken in the direction of flow):

Water intakes at depths of 30 m and 12 m, with tunnels, 22 n® and 10 m® respectively, leading to
the intake chambers. Chlorination point is located at the tunnel inlet

Raw water pumping station lifting the water to the operating level. Capacity 2 x 6 m3/sec.
Aeration chambers where fresh air isinjected into the water. Chlorination after aeration.

Retention basins of 19,000 7 volume.

30 Micro strainers.

4 pure water basins with a total volume of 50,000 . The third chlorination point before
entering the basins. The basins act as regulation chambers and chlorine contact chambers.

The design of the basins a Oset islaid out with a concrete floor on adrainage layer of coarse-crushed
stone, free standing concrete walls and a free span arch. This desgn minimizestherisk of
contamination from the groundwater.

15335
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Fig. 3.2 Typical sections of micro strainer, with concrete slab



Fig. 3.3 Typical sections of retention basin

2.2 Distribution
The water is distributed through three mains to the different areas of the city. Two are gravity mains
whilethe third isariser (Grorud main) fed from a high pressure pumping station with atotal capacity
of 1.3 mP/sec. against a head of 115 m.

From the pumping station, the water is pumped through a 1,500 mm diameter stedl pipe
embedded in concrete in a 2.4 km long tunnd to Arvollésen reservoir.

Arvoll&sen reservoir has a cross section of 100 -110 v and alength of 670 meters. Only the
floor has been concreted at this stage, but if it becomes gpparent that pollution from externd sourcesis
increasing, concrete walls and roof may be constructed.

2.3 Geology
All the excavations are located in Nordmarkite, an dkaine syenite rock common in the Odo area
Zones of weakness occur with a north-south orientation and a steep dip.

The orientation of the various hals was chosen such that they cross the weak zones at afavorable
angle.

Engineering geologists investigated the area before the final location of the excavations was
determined. The investigations were based on maps, aerid photographs and fidld work. No diamond
core drillings were used.

The extent of support work was determined as the work proceeded. Concrete lining was needed
a some particularly weak zones, but the main part required no other support than afew bolts.



2.4 Construction
Themain hals at Oset have afree span of 13.2 m and aheight of 16 m, i.e. a cross section of
approximately 200 nt. The halls were excavated in three sections. The top section was 8 m high,
giving an initia cross section of gpproximately 100 . Two 4 m benches were used to attain full
depth. The Arvoll&sen reservoir was excavated full face. Mogt of the excavated rock was crushed and
utilized by the municipdity.
The work comprised the following approximate quantities:

o Excavated rock volume 400,000 v’
Formwork 150,000 n?
o Concrete 50,000 n?®

o

2.5 Future developments

The existling water trestment processes at the Oset plant are not sufficient to meet the existing water
quality requirements. The plant will be upgraded with additiona trestment processes, which will
include filtration. Three different pilot filtration plants have been in operation for some timein order to
arrive & an optimal solution. However, there are till overall considerations to be made concerning the
role of the plant in the water supply master plan for Odo. The future capacity and priority for this plant
are not yet determined.
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Fig. 3.4 19871ayout versus 1991 |layout.



3 SKULLERUD WATER TREATMENT PLANT

3.1 General Description of the plant

After operating the Oset W.T.P. for 20 years, the Odo Water and Sewage Works ingtituted
comprehensve action to upgrade the water quality. As afirs step, the Skullerud Water Treatment
Mant has upgraded the water qudity for the south of Odo. This plant will be an auxiliary to the main
supply of water from the Oset plant.

A preliminary design for this project was findized as early asin 1987, and bidding documents
for the rock excavation and concrete structures contract were completed. However, this was postponed
due to funding problems.

In November 1990, the work was resumed. Plans were turned around and the papers from 1987
was to be sent out after a short review.

Reviewing the papers from 1987, there were afew important aspects of the plans that needed a
more thorough examination based on the elapsed time and the changes in genera requirements and
technical developments that had taken place.

A new preliminary design was undertaken and completed in March 1991, taking into account
changes in generd requirements and new technology.

Thefollowing changes are of interest:
1 The plant has amore compact design.

2 Thereis only one adit.
3 The adit is Stuated on plant property.

These changes dlowed the condtruction to start in the summer of 1991, as no lengthy property
acquirement was needed.

3.2 Rock excavation
The rock qudity of the Steis exceptionally good and there were no technical problems with the rock
excavation process. The contract was formulated to be an incentive to the contractor to blast to fine
tolerances. However, the rock excavation contract was sublet to another contractor, lacking the same
incentive.

This resulted in an excessve excavation and consequently the use of amuch larger volume of
concrete to be placed againgt rock surfaces.

Inaccurate rock excavation also caused problems as the positioning of the process equipment had to

be adjusted, at extra cost to the contractor.

The ceiling of the caverns was secured with fiber reinforced pneumaticaly applied mortar. Water
leakage problems, as dways, are the problem in rock caverns. They were solved by drip shields of
corrugated duminum plates and are working wdl in the process aress.

3.3 Concrete and steel structures

The concrete structures in the caverns consst mostly of water holding channels and basins and require
specia water tight concrete. The reinforcement was complicated and the geometry of the structures
difficult to form. The end result demanded ardatively smal amount of grouting to tighten up the
structures.



The preparation tanks for lime solution was of such a complicated form that it was decided to
change from concrete to sted which saved three months in construction time and gave a more flexible
solution that works well to day.

3.4 Layout

As mentioned, the revised layout is compact and the one adit (wide enough for two way traffic) that
presented a logistic problem during construction is more than adequate in the operation phase. All vital
areas in the plant may be reached with truck or fork lift truck. The delivery of al chemicasisreceived
as close to the adit as possible.

3.5 Piping
A condderable amount of piping has been fitted in the plant. Infact the piping contracts are only
surpassed by the congtruction contractsin size.

The main supply piping conssts of up to 1,600 mm sted piping, polyethylene coated and cement
lined. The piping iswelded and bolted in Sngle pieces so that al temperature forces are taken up by
concrete structures. This provide us with a minimum of supports. Process piping up to 1,200 mm is of
danless ged materid. Overflow piping up to 1,200 mm is of fiberglass materid.

Fig. 3.5 General view of the plant. (3D CAD drawing)



3.6 Process

The process has shown to be very robust and gives excellent results. The treated water satisfies dl
requirements for good drinking water and also dl EU requirements. Operating normdly, the plant
delivers 500 |/sec. by direct filtration which is adequate for the area it has been planned for. However,
if the main plant at Oset should break down, Skullerud Water Treatment Plant has an auxiliary function
to provide up to 2,300 I/sec. with aless comprehensive water treatment process. The processis
controlled by an automatic control system that is now working satisfactorily after aperiod of testing
and debugging.

3.7 Cost
Thetotal cogt of the plant that was finished in late 1994 isNOK 193 mill.

3.8 Plant data

The plant was officia 1y in operation on 24.11.1994. The raw water from lake Elvaga (195 meters
above sea levd) flows partly through atunnd and partly through a 1,000 mm steel pipe to the
Skullerud W.T.P.

3.8.1 Capacity 0-500 |/s (Normal operation)

Direct filtration (with Aluminum sulfete) in a 3-mediafilter (6 eg). Use of lime and carbondioxide for
corrasion control. Disinfection with sodiumhypochlorite. Back flushing of the filtersis done
automaticaly. The dudge (5%) is delivered through the municipa sewerage system to the Bekkelaget
sewage treatment plant, while decanted "clean” water is reintroduced to the raw water Side of the plant.

3.8.2 Capacity 500-2,300 /s
Microstrainers (3). Mesh openings 64 pm. Alkalizing with lime. Dignfection with sodium
hypochlorite.

3.8.3 Quality requirements
In accordance with the recommendations by the Nationd Ingtitute of Public Health and the EU
Directive 80/778.

3.8.4 Operating and monitoring

The operation of the plant is fully automatic, conssting of two independent production lines. The
centra control facilities are located in the control room in the adminigtration building, while severd
control satellites are placed a drategic Stesin the plant. The water treatment plant is operated by five
persons during daytime. At off-duty hours, emergencies are recelved at a 24 hour darm centra and
automatically relayed to the operator on duty. The operator has a portable computer with modem
connection to the control system at the plant.



3.8.5 Power supply

Two transformers, each of 1,600 kVa, are ingtdled. Voltageis 3 x 400 V. An emergency power plant
of 400 kVawill keep vita parts of the process in operation in case of power failure. Equipment that
requires continuous power supply is supplied with UPS (uninterrupted power supply).

3.8.6 Quality control
Bacteriologica tests by an accredited laboratory. Chemical water analyses at OWSW's centra

laboratory. Daily andyses at the plant laboratory (temperature, pH, Al, turbidity, color, chlorine
resdud).

3.8.7 Civil work

A volume of about 110,000 n7* rock was excavated. Thisincludes two low level reservoirs 2 x 15,000
T (220 m x 12 m), 178 m above sealevel, and ahigh level reservoir 7,000 nt®, 236 m above sealevel.
The rock caverns are secured by bolting and fibre reinforced pneumatically applied mortar. Water
channels and reservoirs have been an epoxy coating where they are exposed to water, and are painted
or dust treated on other surfaces. All floors are epoxy treated.

3.8.8 Chemical storage tanks
Sodium hypochloride 2 x 5 Lime 2 x 44 n Aluminium sulphate 2 x 36 nt® Polymer Ddlivered in
bags Carbon dioxide 1 x 40 P

4 DESIGN COMPARISON

Oset and Skullerud water treatment plants represent construction methods with atime difference of 25
years. Some differences in the design and congtruction methods are observed as aresult of the
technica development in this period. Some differences are mentioned below:
0 Generdly, the choice of solutions tend to move against more economic design principles.
0 Excavation methods are more or less the same. However, the equipment used to day is more
efficient with larger excavation capacities as aresult and benches are made higher.
0 Thedevelopment in rock support methods has been significant.

In the Oset project the rock support was not extensive. For the mgor portion of the rock surface area
the support was limited to rock bolting and some shotcrete in minor aress. Fault zones were supported
by in Stu concrete lining. As an additional security measure roofs of free standing concrete shell arches
were congructed in practicdly dl the hdls and basins of the plant. This solution was aso chosen to
take care of groundwater leakage from the rock. Experience from this solution is that where the rock is
free sanding without shotcrete or concrete lining, the rock surface tends to loosen with time, causing a
need for rather extensive scaling and support work above the concrete shell arches. This has been done
2-3timesin the period after the completion of the plant.

Asfor the Skullerud plant the rock surfaces, in addition to spot bolting, were shotcreted to a
much larger extent to make a permanent and complete rock support. Also weakness zones are
supported by shotcrete combined with rock bolts. Rather large amounts of sted fibre reinforced



shotcrete have been applied to the rock arch surfaces. No in situ concrete lining has been used. To
catch ground water leskages, light arch roofs of corrugated duminium plates are installed.

0]

In the Oset plant the water is conveyed through the different parts of the plant by concrete
channds, while in the Skullerud plant large diameter pipelines are used. Piping is not practica a
Oset, dueto the large capacity needed here.

Water channds and basins at the Oset plant are al congtructed using free standing concrete
walls. The reason for thiswas to have as much control over water leakage (in and out) as
possble. Asfor the Skullerud plant, the water basinsin the trestment sections are constructed
with rock contact concrete walls. It may be commented that this differencein the designisnot a
result of development of design, but just as aresult of individua consderations of the differences
for the two plants.
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ABSTRACT: Due to the combination of densely populated areas and narrow inlet of the Inner Odo
fjord, the fjord has become more and more polluted and |ess attractive as a recrestion area. To improve
the water quality, a sewer trangportation tunnd system and an underground sewer treatment plant were
congtructed during the 1980's. Except from the pumping station at Frognerparken, the flow through the
tunne system is by gravitation. Today's technology at the underground treatment plant isa
mechanical/chemical process which has been extended to include afixed film biological remova

system. To meet the new requirements to reduce outlets of phosphorous and nitrogen components,
process improvements and extension to the plant were necessary. Despite heavy underground
congtruction works, the plant has been in continuous operation with only a 10-20% reduction of
cgpacity during the extension works.

1 INTRODUCTION/ GENERAL REQUIREMENTS

Odo isstuated at the end of a 100 km long fjord with anarrow inlet. The exchange of fresh seawater
from the Outer Odofjord and the North Seaiis thus limited. Pollution from gpproximately onemillion
people ends up in the fjord. Thefjord is a popular recreationa areafor alarge number of people, for
fishing, boating and swimming in the relatively warm summer dimate of the Odo area

During the 1950's and -60's the pollution of the fjord from sewage was a growing problem. The
West- fjord Regiond Sewerage Authority (YEAS) was formed in 1978 with the mandate to plan,
implement and operate atrunk tunne system and aregiond treatment plant for the Western Greeter
Odo Region.

The prdiminary design of the trunk tunnel system was carried out during the late 1970's. The
main requirements for a sewage collecting system were to intersect alarge number of exising mains
and some exigting plants discharging into the sea, and trangport the sewage to a planned regiond
sewerage trestment plant. The design criteriaincluded sewer for atotal of 600,000 population
equivaents. The exigting sewers included both old pipelines containing mixed foul sewage and surface
runoff aswell as new separate systems.

2 CONCEPT DEVELOPMENT

2.1 Transportation system

During the early design stage, the main principles of an efficient trangport system had to be developed:
o anear-surface trunk pipdine sysem, or
0 anunderground tunnd system excavated in rock.



The near- surface system would include a large number of pumping stations and severd locd
overflows. The tunnd system located close to the shore line aong the fjord would make it possible to
intersect most of the sewers by gravitationd flow. Other possibilities including intermediate solutions
were aso studied.
An important basis for the choice between dternatives was the ground conditions of the area.

The specific conditions are described in alater section. In addition, the concept development involved
anumber of other parameters to be considered:

0 operation and maintenance cost

0 avalabletechnology

0 environmenta matters

o timeof completion

Based on thorough eval uations and considerations atunnel system was selected for the conceptua
design. The design followed afew smple and basic principles:
o Theflow should be by gravitation, and the intersecting system should consst of only afew main
pumping stations. Existing old pumping stations should aso be abolished, if possible.
0 Themain part of the system should consst of tunnels close to the shordline, and a aleve low
enough to catch mogt existing main sawers by gravity.
o Sdf-deaning effect should be achieved.
0 Tokeep costsa areasonable leve, the tunnds should be Stuated in solid rock.
0 With the sdlected tunnd dimengons, reservoir gpacity for levelling out the dally variation and
peak flows was achieved.
o0 Themethod of excavation based on tunnd boring machines (TBM) had the following
advantages.
- hydraulic gradients and cross-sections
- short construction time
- better conditions for making the tunnels watertight
- favorable cost
o0 Principdly the tunnds should be unlined. Rock support and reinforcement design should be
based on "design-as-you-go" principle, using mainly rock bolts and shotcrete.

2.2 Sewer treatment plant

During the design stages and feasibility studies, aspects such as land requirements, environmentd
aspects, construction and operational costs were assessed, and a possible site at Bjerkas hill was
selected. The area and volume of the Bjerkasen hill was relatively limited, and to find an optima
location, orientation and design of the caverns was a chalenge.

From topographical and geologica factors and parameters, an optimal location and orientation of
caverns and interconnecting tunnel system was found and design parameters as maximum width,
length and height were assessed. The maximum span width of the cavernsis 16 m and some caverns
have a height exceeding 20 m. Distance between caverns varies from 12 to 14 m.

From thorough studies and evauations, location of the outfal for treated effluent was selected at
adistance of 700 m from shore and at a depth of 50 m. Basicdly, two different concepts were
evauated:

0 Subsea polyethylene pipes anchored to sea bottom.
0 Subseatunnd with cross section of 10 nt, and vertical shaft to sea bottom at 20 m depth and 3
polyethylene diffusor pipes from a manifold further down to 50 m depth.



As congtruction costs were gpproximately the same for the two dternatives, the tunnel aternative was
sdlected to avoid anchoring difficulties for vessdls.

3 GEOLOGY

Reference is made to a separate article on the geology of the Greater Odo Region. The bedrock in the
western Odofjord areais mainly of sedimentary origin and consists of shaes and limestones of
medium strength. Generdly, the sedimentary rocks are densely jointed. Igneous dykes are quite
frequent, in some areas with thickness up to 20 m. The igneous rocks are much harder than the
sedimentary rocks. The sedimentary rocks are intensely folded, mainly with a northeast- southwest
strike, and a predominant set of north- south trending weakness zones exists. During glacid periods
trenches and valeys have been formed in the bedrock, and they have been filled with marine and
glacid deposits. The soil depodits are of recent geologica age, and include marine clays.

The clays may exceed 30 min thickness and are partly soft with alow shear strength. The soft
clays are very compressible and alowering of the groundwater level resultsin settlements. The
magnitude of the subsidence from lowering of the groundwater level may reach substantia vaues and
represents a potentia hazard to buildings with foundetion in the soil.

. ‘ 4 CONCEPTUAL LAYOUT AND ARRANGEMENTS
o . ) o

4.1 Transportation system

Thetunnd sysemisshown in Fig. 4.1. Thetotd length of
! thetunndsis gpproximately 42 km. Flow in the main tunnd
1 from Odo East (Fagerlia) to the trestment plant (YEAS), a
distance of 33 km, isby gravity. Sewage from the centrd
parts of Odo collectsin alower branch of the tunnd system
and is pumped to the westbound tunnel a Frognerparken
pumping station. The pumping Sation is Stuated degp in
rock. Accessto the two levels of tunnelsis through a500 m
long spird tunne (Fig. 4.2).

The main sawer pipdinesin the caichment areacarry
the sewage to a number of feeding pointsto the tunnel. In
most cases the feeding points are connected to the tunnd by
rased drill shafts of 500 to 1,200 mm diameter. Each feeding
point or inlet has been equipped with facilities for inspection,
flow measurement, lighting, weter for cleaning and valves
for diverting the flow in case of shutdown of the system.

Fig. 4.1 The tunnel system from Oslo
to the VEAS treatment plant

The longitudina section of the system shows the indination of the main tunnd of 0.75 m per
1000 m. Frognerparken pumping station, designed for amaximum capacity of 2.4 /s, lifts the
sawage 31 m. Eight large, submersible pumps are ingtdled in the station. At the centrd trestment plant
the sewage islifted againgt ahead of 22 m by dry-mounted pumpsin adry pump room.

Fecilitiesfor overflow have been ingdled a two points in the tunnel system. Remotely
controlled gates at Engervannet and Frognerparken may retain sewage water a pesk flows or divert the
flow to the overflow arrangements.



A vertilation system has been ingtdled to prevent
odor discharge in the vicinity of the feeding points and to

P =SNG ensure an acceptable environment for inspection and
> 1 mai ntenance crew.
i~
s s R 4.2 Treatment plant

t P . Fg. 4.4 showsthe layout of the syssem. The underground
Ll o e aeaisdivided in two physically separated aress.
i i— 1. Trafficareawheredl transport and loading/
o~ ' unloading of chemicas, dudge, grits and screenings
n ' takes place. Thisis obtained by roundabouts for

trucks and arrangements with conveyor belts.

2. Theplant itsgf with settling tanks, thickeners,
ventilation, screens and grit chambers has ready
access to the maintenance workshop and
adminigration building. The devation of the plant
itsdf is 6 m above sealevd, while the pumping

- dation recaiving effluent islocated at 15 m below
o sea level. The pump station is equipped with 8
' pumps, which -with a capacity of 7,2 nt per second
- pumps the effluent 22 m up to the treatment plant.

Fig. 4.2 3D drawing of the VEAS
treatment plant

— s
[[ J : Approximately 25,000 nf of plant areawas developed,
_ o _ giving 400,000 N7 of rock volume from cavern excavation.
Fig. 4.3 Longitudinal section of the Disposal of rock spoil from excavation was a minor

tunnel system problem. Thiswas utilized as landfill and fill for asmdl
boat harbor in the immediae vicinity.
P ‘ Outdoor congtruction was limited to an
ww R administration building, workshop and an auxiliary power
=) ﬂ}‘ﬁﬁﬂ | plant, beautifully set in asmal bay in the Odofjord. Lime
LICR storage tanks and a pier for recelving chemicas are

combined with transport activities for the industria activity
inthe area.

Fig. 4.4 The VEAS plant layout

5 CONSTRUCTION

5.1 Transportation system

The congtruction work was carried out under five contracts, involving atotal number of sx TBMsand
a"Midi Facer". Drill and blast was carried out where geometry was not suitable for full face boring.
Thetunne diameter varied from 3.0t0 3.5 m.



The rock conditions for TBM excavation were excedllent due to the medium strength rocks (UCS
generdly between 60 and 100 MPa), with low contents of wearing minerds and extensve jointing of
the rock mass.

Dueto the particular geology of the area, with anumber of buried valeysfilled with soft marine
clays, it was of utmost importance to prevent lowering of the groundweter level. Since lowering of the
groundwater could not be accepted, neither temporarily nor permanently, it was decided to use
grouting as abasis both for initid and permanent tightening of the tunnels. Criteria for water tightness
in each area of tunneling was eval uated, based on the potentid risk of damage to nearby buildings and
structures.

The TBMs had to be specidly equipped for a systematic probing ahead and pre grouting
procedure. The combination of tunnd boring and extengve systematic grouting was unique at that
time, and equipment and procedures were further developed during the early construction period.
Satisfactory results of water tightness were achieved on mogt of the tunndl lengths. Additiona grouting
was carried out to some extent. A full concrete lining was required for some 400 m tunnd in centra
Odo. Recharge wdls were ingaled in some areas for extra control of groundwater, but permanent
ingtallations have not been required.

Vauable experience from the extensive use of the various techniques and materias has been
gained from the project. To summarize, the conclusons were:

0 It has been possible to reduce leakages down to 1-2 liters per minute per 100 m length of tunnel

0 Pre-grouting isfar more efficient than post-grouting .

0 The use of cement suspensions under high injection pressures, gives an efficient large water
leakage reduction

0 Theuseof chemicasor micro cement suspensions was necessary to satisfy the tightness
requirements in some arees.

The pre grouting of the tunnelsin some areas was the dominating activity. Up to 2/3 of the costs and
time consumption was associated with thiswork.

Rock support and reinforcement works were necessary only on 7% of the total tunnel length.
Shotcrete and grouted rebar bolts account for most of the support works. In weak rock, reinforced
arches of shotcrete have been used and, as previoudy mentioned, only 400 m of the total TBM tunnd
length required an in Stu concrete lining. The rock support works were mainly carried out in weskness
zones, often in conjunction with the igneous dykes.

5.2 Treatment plant
The rock excavation was divided into two separate contracts:
1. Prdiminary contract for preparatory works, rock exploration and opening of access to the main
excavation (approximately 45,000 nt of excavation and 300 m tunnels)
2. Main contract for the underground excavation and civil works (350,000 nT rock excavation and
10,000 m* concrete works)

Besides ardatively shalow rock overburden and poor rock qudity, the bedrock in the area (nodular
limestones and shdle) is subject to eroson and disintegration when exposed to air.

Thus, rock support by systematic rock bolting, reinforced mesh (gpproximately 50% of the roof
area) and shotcrete has been necessary. Fibre reinforced shotcrete was not adequately developed at that
time. Rock support accounts for 30% of the excavation costs.

The subsea outfd| tunnd was excavated by conventiona drill and blasting with a cross section of
10 n? and indlination of 1:6. The bottom devation is a 90 m below sealeve. Exploratory drilling and



extengve follow-up during excavation was required. At the end avertica shaft of 50 m height was
excavated and asted manifold was ingtdled at the outlet opening.

6 EXTENSION OF THE TREATMENT PLANT

6.1 Introduction
The origind technology a VEAS isamechanica/ chemica process by which 97% of the phosphorous
and 65% of the organic matter is removed, whereas only 18% of the nitrogen compounds is removed.

Norway and the other North Sea countries have signed an agreement to reduce outlets of
phosphorous and nitrogen compounds in 1995 by 50% from the 1985 leve. In order to meet the strong
requirements from the authorities, improvement of the purification process to include biologica
trestment was necessary.

In co-operation with the SINTEF group at the Norwegian Ingtitute of Technology, and other
experts, VEAS has developed a new total concept for a compact solution for nitrogen remova,
reducing the need for volume increase in rock caverns to aminimum.

The extension included congtruction of four new dudge digester tanks above ground, 700 m
tunnel excavation, removal of 4,800 nT of concrete structures, volume increase for six rock caverns by
totally 54,000 n rock excavation, civil works and technical installations.

There was an overal requirement to keep the trestment plant in full operation during the
congtruction period, and a very high degree of qudity assurance induding monitoring and indructions
for careful blasting was required.

The extension works started in 1991 and will be completed in 1995.

6.2 Sudge digester tanks

The tanks are constructed in an open trench, excavated in Bjerkasen hill outside the treatment plant.
The dte geology is generdly of aamilar type and qudity as the rock caverns with limestones and
shaes, partly folded and faulted. The soil cover isrdatively shdlow in the area.

The trench width was gpproximately 50 x 50 m at the bottom and the design inclination was
goproximately 70° The maximum dope height was gpproximately 30 m. The excavation works
included approximately 15,000 n of soil excavation and 60,000 nT* of rock excavation.

During excavation of the open trench, avery poor rock quality was encountered and a serious
rock dide occurred in the northern dope. The dope inclination was decreased to approximately 55
degrees and considerable rock support by cable anchors, rock bolts and wire mesh was required.

The support was designed for a temporary period only, since the trench was to be backfilled by
rock fill after construction of the concrete tanks.

6.3 Tunnel system

The tunnd system included approximately 200 m of new access tunnd, interconnecting adits, service

tunne for drain pipes undernegth the caverns ( devation -15 m b.sl. ) with short, vertica shafts for

drain pipesto the caverns, smal adits between the caverns and transport and access tunnel to the rear

reTn12d of the caverns. Altogether, atunnel system of 700 m was excavated with cross sections of 20-25
Dueto ageneraly poor rock quality and partly shalow rock overburden, the tunnels were

supported by systematic rock bolting and fibre reinforced shotcrete.



6.4 Rock caverns
Fromthetotal of eight caverns, volume increase and recongtruction was required in Six of the caverns.

The volume increase was performed by bottom benching of 3.5 m, 7 m and 9 m depth down to a
deepest bottom eevation of -6 m b.sl. Remova of reinforced concrete floor and support of the
remaining wall structures was necessary before the rock excavation.

With aminimum distance of 12 m to exigting structures, ingalations and research equipment,
procedures for careful blasting were necessary. Vibrations during blasting should not exceed avaue
equivaent to 20 mm/s measured at the adminigtration building, 30 mmy/s a critical indruments and
ingtdlations and 50 mmy/s at pipes and concrete structures. Vibration levels up to 150 mm/swas
measured a less critica points.

Systematic rock bolting of rock walls, partly combined with shotcrete, were necessary as rock
support.

In order to prevent leakages from neighboring caverns during emptying and cleaning operations,
the concrete basins constructed after excavation were impervious.

Aswell asthe volume increase of the Six caverns, asmal adit with separate exit tunnel to the
adminigtration building was excavated for ingdlation of a gas engine for additiona power supply. The
engine was operated on gas from the dudge digesters.

The extenson works have so far been successfully performed without any damage. Thereisa
dight delay related to the completion of the eight caverns, and there has been a capacity reduction of
approximately 10-20% on the treatment plant.

7 OPERATION EXPERIENCE

The trestment plant and the western parts of the tunnel were commissioned in 1982 and the rest of the
tunne system was findized in 1986. Inspections have shown that no problems of solid waste
sedimentation exist and the system has worked satisfactorily since the start of operation. The operation
control, survelllance of the flow rates and the overflow arrangements have been functioning well even
for large storm flows, which have been experienced on some occasions during the years of operation.
The assumed maximum is estimated to 9.5 nv'/s, registered at a flow of 35 nt'/s.

In 1990 parts of the main tunndl were inspected prior to excavation of anearby road tunnel. In
this area a weakness zone had necessitated relatively heavy support work in the form of reinforced
shotcrete arches. It was concluded that the rock reinforcement (bolts and shotcrete) wasin good shape
and that no deterioration of the materials had taken place.

The overdl experience with the underground plant at Slemmestad has been good. There has been
aminimum use of land above ground and thereisfull control of discharges to the air without any odor
problems.

Minor water seepage into the rock caverns has been experienced and there is a certain seasond
variation due to the shalow location. These leakages are partly taken care of by locd drains, but do
dill cause some minor problems.

The shotcrete has been ingpected after 10 years and is generally in good condition.

By transferring direct outlets via the tunnd system and the VEAS trestment plant, the water
qudity in the Inner Odofjord isimproved sgnificantly. Vighility in the water during the summer has
increased and the fjord istoday attractive for swimming, beach activities and other kinds of recreation
activity.
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ABSTRACT: Astheresult of an explosve growth in traffic densty and decades of very low

investment rates in the road network, Norway's capital had become the traffic congestion of the nation.
The introduction of toll charges speeded up the development of a modern road system with adequate
capacity, reduced accident rates and damaging environmentd impacts. The main link in the sysemis
the Odo Tunnd, adud tunnel6-lane carriageway beneath the town center. Three Ring Roads serve the
through traffic and has a function as feeders for radid distribution to the town digtricts. A road network
to serve the future needs in Odo is about to be completed.

1 INTRODUCTION

Over the last 30 years, Odo has seen an explosive growth in traffic dendity. Asthis development was
foreseen, plans for large-scale urban motorway construction were made as early asin the 1960's.
However, only fragments of these plans were actudly redlized. Both the cogts of the motorways and
their impact on the urban structure became a hinder for political acceptance.

Instead, the public trangport network was improved. At that time, Odo was the only city with
less than one million inhabitants to have a subway system.

Today the Odo public transport system takes alarge portion of dl journeys. About 30% of all
passengers who cross the toll-ring are traveling by means of public transport. Closer to the center,
across the inner ring, this percentage rises to about 80%.

Because so much investment was made in the public transport network, road building camein
second place. Neverthdless, traffic continued to grow, and at a tempo that confirmed the prognoses of
the 1960's. The result was queues, jams and chaos most of the day. The peak of traffic on Odo's city
center ring camein 1986, when, in practice, capacity was exceeded al day long.

It was therefore decided to finance new roads in the Odo area by talls, in the same way asin
Bergen, Norway's second largest town, and atoll-ring surrounding the centra city was introduced in
1990.

2 PRESENTATION OF THE ROAD SYSTEM

The design of the prdiminary road network now being built is very different from that planned early in
the 1960's. Highway standards have been relaxed in order to achieve a better match with the
surroundings. The premises for road network design are now to a greater extent dictated by the
dructure of the city. Inthe 1960's it was the other way around. The city had to adapt to the road



network. At that time urban motorways were also meant to serve as atool for urban transformation in
line with the functiondigtic philosophy- a dissected city, divided into zones and with adrictly
segregated transport system.

The pattern of the main road system in Odo was established many years ago. Today'stask isto
improve parts of the road network that are environmentally unacceptable, and/or lack sufficient
capecity.

Heavy traffic on older roads and streets have the effect of destroying many urban areas. The new
primary roads are not a supplement to the existing roads and streets. They replace those that are
overloaded with traffic. Moreover, tunnels are being more frequently used than previoudy, to prevent
the destruction of the origina dense city structure. As much as 70 % of the new road network in Odo
will be tunnels

- srchange at Vestbanen
6. Ring |l
.

). Oslo Almport, Fomebu

Fig.5.1

Central Oslo Road Network

Yellow: Stage 1, the Oslo Tunnel (dotted) Red: Stage 2, the Vestbanen Interchange Green: Stage 3, the
Bjervika Bay Crossing



The most important link in the main road system in Odo, is the E18/E6 through the centra parts of the
city. Traffic on thislink, more than ADT 100,000 at some sections, had to use old streets through the
city and along the seafront. These old roads are now replaced by a new link, gpprox. 6.5 km long, with
three tunnels making atota of 4.6 km.

Moving from east to west we find the first project to be completed, the 0.7 km long Vaerenga
Tunnd (2). Thistunne was opened for traffic 1987/88, removing through-traffic from the old main
road, which now is closed for through-traffic.

The Vderenga Tunnd is now followed by the 1.4 km long Ekeberg Tunndl (2), leading traffic
around the Old Town -the origina Odo, which for along time has been ravaged as aresult of the
traffic impact. Roads, railroads and harbor constructions have wiped out most traces of medieval Odo.
New roads and tunnels under congtruction will remove traffic from the Old Town. Around the ruins of
the Maria Church a park will be established. A new erawill start in 1995, when the Ekeberg Tunnd is
opened for traffic.

Between the Ekeberg Tunnd (2) and existing E18 (3) atemporary connection will be
congtructed. In the future, this connection will be replaced by an 800 m long immersed tunnd across
the bays of Bjarvikaand Bigpevika Thislink will diminate the barrier between the city and the sea
front represented by the existing roads, and open up for a massive city development.

From Bjarvika and through the city center, we find the most complex project, the Odo Tunnel
(4). Stage one, finished in January 1990, embraces congtruction of a new six-lane highway through the
central part of the city. Thetotal length of this road section is about 3,000 m, with 1,520 m tunneled
through the bedrock and 270 m in cut-and-cover tunnels. Stage two was the congtruction of amagjor
subterranean interchange west of the central business digtrict, at Vestbanen (5). Ramps in bedrock
tunnels and cut and coverswill give connection between the Odo Tunnd and the Henrik 1bsen Ring
Road, Ring I, which encircles the central business digtrict. Thisring is partly completed, but some
tunndling remains. Plans are made for atunnel under the park a the Royd Pdace.

Fig. 5.2 The Oslo Tunnel with adjacent road sections.

Before the congruction of the Odo Tunnel, most of the through-traffic in Odo had to use roads
crossing the area between the town hall and the seaside. Eight lanes carrying 80,000 vehicles aday,
made it impossible to utilize the town hal square asintended; a place for people to mingle and enjoy
this popular area where the city meetsthe sea.

The Odo Tunnel aso replaces the road adong the sea front by the old Akershus Castle. This area
was of high environmenta vaue before the destructive impact of heavy through-traffic. The traffic and
the harbor activities gave the area an industrid image.



From the city center and westwards the EI8 is extended from 4 to 6 lanes, plus lanesfor bussesin
both directions. Near the Fornebu Airport, about 5 km from the city center, interchanges are
constructed for connection between the E18, the Granfoss link (Ring 3) and loca roads.

The Granfoss (7) link was completed in 1992. Two bedrock tunnels, atogether 2 km, of which
oneis congtructed under the Lysaker river, lead the traffic from the E18 and the Fornebu Airport to the
major ring road (Ring 111) around Odo. On thisring road construction works are till proceeding to
eliminate cgpacity problemsin some junctions. A section of the ring road passing through a densgly
populated areawill be replaced by a 1.5 km 4-lanetunnd in 3-4 years.

3  THEOSLO TUNNEL

3.1 Project

The Odo Tunnel was congtructed from March 1987 to January 1990 as two parald 1800 m long
tunnels of 3 lanes each, running through the centra parts of Odo from east to west. The Tunnd is part
of the project E18 route through Odo, with atotal cost of USD 200 mill. Asthe intention was to link
up the center of Odo to the waterfront, without a traffic barrier, this necesstated the location of the
main east-west connection below ground.
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Fig. 5.3 Geological map showing different rock qualities alonthe route.

Light green: Nodular Limestone Green: Clay shale
Dark green: Limestone

Grey: Alumshale

Brown: Meanitt

Red: Diabase/syenitt

Pink: Rhombic porphyry

A rock tunnel was chosen to reduce costs and avoid excavation of large sections of the center of Odo

with enhanced temporary traffic problems as result, access difficulties to downtown buildings as well

as posshilities of serious settlements of the same. Driving of the tunnds darted at 12 mb.sl. To

prepare for this, 181 m and 92m cut and cover tunnels were built at the west and east end respectively.
The rock tunnds are 1,520 m and 1,527 m long, south and north tunnel respectively. Dueto the

rock level the tunnel had to dip down to 47 m b.sl. At that point the rock surface is only 4.8 m above



the tunnd roof. The gradients were 45-50 %o.. Three cross tunnels were established for vehicles and
three for walking in case of emergencies. Bedrock tunnel ramps near both tunnel entrances link the
tunndl traffic to the city center. The cross section area of these branch-offsis 215 nt.

The cost of the tunnd was USD 81 miill, i.e. USD 53,500 per meter, ventilation, lightning, traffic
control and emergency equipment not included.

3.2 Technical challenges

3.2.1 Vibrations
Standard cross-sections vary between 88 n? and 153 n with a corresponding volume in normal
blasting rounds of 350-600 nr°. Nevertheless, the aim was to keep the vibrations a alevel where
damage to buildings was avoided. Thiswas very important as quite afew very old buildings worth
preserving were Stuated just above the tunnd, particularly in the grounds of Akershus Castle.

The contractors were required to gpply blasting techniques that produced vibrations below 80 pm
(0.08 mm) and velocity amplitudes less than 40 mm per second. These limits were haved in certain
aress, and in specia cases even lower. Normaly, buildings are not expected to sustain damage a
vibrations below about 200 m. There were no damage registered to buildings due to blagting.

3.2.2 Settlements/leakages

Buildingsin Central Odo constructed on overburden deposits, are supported partly on piles and partly
on refts . The possibility of seepage from these overburden depositsinto tunnels, and the subsequent
damages to buildings, have produced very stringent specifications for sedling the tunnels, both during
congruction and when in permanent operation.

The location of the Odo tunnd project determined the choice of congtruction methods and
linings to preserve the groundwater and pore water pressure at constant levels. VValuable experience
gained from saverd mgor underground facilities built earlier in central Odo, has been utilized on the
Odo tunnel project, reducing the risk of damage even further.

Sedling specifications are expressed in terms of maximum permitted seepage into the tunnels,
varying from 1.5 to 2.5 litres per. minute for every 100 meters of tunnels. After having beenin
operation for more than 4 years, the total amount of measured leskage is 2.31/min for every 100 ms of
tunnds, which agrees well with the presupposition.

Asfar as settlements are concerned, no subsidence exceeding 10 mm has been measured on any
building. On the other hand, high grouting pressures have raised some buildings up as much as 16 mm,
but with only small damage as aresult.

3.3 Construction techniques, bedrock tunnel

The Odo Tunnel was congtructed by conventiond drill and blast techniques. Full profile boring and
road header machines were found not to be competitive. A concrete lining was cast dong the full
length of each tunndl. Thislining will function in accordance with different principles.

In the west, where the tunnel runs through shae and limestone, the concrete lining provides the
permanent sed againgt water penetration, and the tunnd invert istherefore dso concreted. Concreting
took place not more than eight weeks after or 100 meters behind blasting operations. Temporary water
sedling was done by grouting.



In the eastern end, where the tunnd runs through gneiss'amphiholite and menaitt, only the sdes
and roof were concreted as a drained safety lining. Here, the permanent waterseding was done by
grouting. Mechanical sability of the rock is secured by bolting and shotcreting.

3.4 Grouting
The stringent set of specifications established for water seding in al phases of congruction was met
by systematic pregrouting prior to blasting. This was done through 20 meterslong holes bored in afan
shape ahead of the tunnel face. The distance between each grouting section was 12 metersin the west
and 8 metersin the eadt, giving aminimum overlgp of 8 meters for each section. The differencein
overlgp reflects the fact that pregrouting in the east provides the permanent sedl, whileit is temporary
in the west until the watertight concrete has been cast.

To prevent longitudina seepage behind the concrete, grouted sections were established every 50-
100 meters. In addition, contact grouting between concrete lining and rock was carried out.

3.5 Watertight concrete

The concrete lining was cast in direct contact with the rock or with shotcrete cover. On levelled invert,
one or two layers of sheetsfilled with bentonite clay were laid prior to casting. These sheets expanded
on contact with water and sealed any cracks that might occur in the invert concrete.

The concrete was of C40 quality, with 350 kg cement and 20 kg silica per n of mix. The water
cement ratio was 0.45 and the permeability was max. 1.10-12 nvs. The concrete met the requirements
for avery aggressive environment. Before the tunnel was opened, grouting of concrete joints and
cracks from the shrinkage was carried out. Experience shows that grouting as far down in the cracks as
possbleisimportant.

- BT » "L__'_- 35 |:"
" - Fig. 5.4 Watertight lining (top), with sealed
! f . concrete around the whol e cross-section
L= = - A= B 0B included the base. Total tunnel width is 12

meters. Drained lining (bottom). The concrete
lining is drained and the base is not concreted.



3.6 Fault Zone

At itslowest point the tunnel crossed afault zone. The rock overburden at this point was only about 4.7
m. The rock was highly fractured in 6-7 meters length of the roof in the northern tunnel, and in 13
meters length in the invert in the southern tunnd. The fractured zone consisted of very water senditive
aum shde. The tunnds spanned 14.3 and 15.5 meters respectively.

Lengths of 55 m in the northern tunnel and 60 m in the southern tunnel were defined as problem
zones and dedt with asfollows:

A 25 n? pilot tunnel was first driven through 42 m of the zone in the northern tunnd, from the
west end, then enlarged to full ares, al the time using reduced rounds. The remaining meters were
driven full face from the eastern sde. The rock support consisted of bolts ahead of the working face,
and radia bolts in combination with sted fibre reinforced shotcrete arches.

Pregrouting, excavation, rock support etc. was completed within five months.

Basad on experience from the northern tunnel and the expectancy of much worse rock
conditions, it was decided to freeze 28 m of the problem zone in the southern tunnel. The whole works
with the mobilization, the freezing operation, the excavation and the concreting of this part of the zone
took four months.

4  CONCLUSIONS
The experience from congtruction of the Odo Tunnel show that:
0 Thewater tightness of the tunnds gained was satisfactory.
0 Therewas minima damage to the surroundings .Rock grouting was an effective method to sedl
the tunnels,
o Grouting and cracks in the concrete lining was much more comprehensive than assumed.
0 Alsoinsengtive urban aressit is often technically feasible and less expensive to sedl
off tunnels by use of extensive rock grouting, as compared with watertight concrete lining.



6 VENTILATION AND AIR CLEANING TECHNOLOGY FOR ROAD
TUNNELS

Jan Eirik Henning
Directorate of Public Roads, Oslo, Norway.

ABSTRACT: In Norway, we have long experience with longitudina ventilation of road tunnels.
Longer tunnels and heavy traffic tunnesin densaly populated areas, however, require sometimes new
solutions. In 1989, research was initiated to evauate the possibilities to clean polluted road tunnel air.
Using eectrogtatic filters, we have developed the technology to extract polluted particles, with avery
high extraction rate. The article will also present how the Norwegian authorities plan to use air
cleaning technology (dust/soot and gas) combined with longitudina ventilation for road tunnels.

1 INTRODUCTION

On the nationd highways in Norway, 620 tunnels have been constructed amounting to a total distance
of 477 km. The longest is the Gudvanga Tunnd, Situated in Sogn og Fordane in the west of Norway,
with alength of 11.4 km. Another tunnd of 24 km is now being designed for the same area.

The mgority of the tunnds are built with the most smple form of longitudina ventilation,
namely portd to portal ventilation. Lately, however, environmenta considerations have caused the
condruction of tunnels of a greater length, aswell as many new tunnelsin urban aress.

If necessary, atunnd is divided into ventilation sections by use of shafts or Sde adits. This
makesit possible to renew the air indgde the tunnd. New technology adso makesit possible to clean the
polluted air in stages dong the length of the tunnd.

In 1989, aresearch program was started in Norway to determine the possibility of cleaning
polluted tunnel ar. Asaresult of this, the technology for extracting particle pollutions (soot and dust)
with a high extraction rate is now known.

The tests for apilot system removing NO, gasis going on, and has been ingdled in the Odo
tunnel Snce 1992. So far, after running for more than two years, the cleaning system for removing NO»
gas seems to be very promising, with a high extraction rate. We are now working with cleaning
technology for NOx-gas.

A proposed road tunnel, 24 km long, isnow initsfinal desgn stage, with longitudina ventilation
and no shafts. Inthis casg, it is planned to use new technology for ceaning polluted ar in acleaning
circuit ingde the tunnd, for both particles and NOx-gas.



2 LIMIT VALUES FOR DESIGN AND CALCULATION

Thefallowing limits are used in the planning and calculation of ventilation requirementsin tunnelsin
Norway:

o CO 200,0 ppm
0 NOx 15,0 ppm
o0 NO; 1,5ppm

o Vishlity 1,5mgnt
Max ar veocity in tunndswith

0 unidirectiond traffic 10 m/sec.

0 bidirectiond traffic 7 m/sec.
Outsde the tunnd, we have the following limits:

Mean vaues over aperiod of time
1 hour 8 hour
Units mg/nT ppm mg/nT ppm
CO 25 21 10 9
NO, 0,20-0,35 0,10-0,17 -

Table 6.1 Recommended limit values for outdoor air

Public hedlth authorities have suggested a reduction of the limit for NOx (in table 1) to 0.1 mg/nt as
one hour vaue. The reason for thisis that NOx-gases seem to create health hazards other than those
earlier anticipated.

With the limits given in this chapter, @ther vishility or NO, will in most cases determine the
necessary capacity for a ventilation system. A reduction of the limit for NO, will increase the
requirements of fresh air and, accordingly, the requirement for ventilation power.

3 VENTILATION SYSTEMS
In Norway, we dways use longitudind ventilation sysems. If necessary, atunnd is divided into

ventilation sections by use of shafts or Sde edits. The most common solutions of longitudinal
ventilation are shown in Fig. 6.1.



Fig. 6.1 Common solutions for longitudinal ventilation

4 CLEANING TECHNOLOGY

For most tunnels, the effect of catalyst cleaning and lower emission from petrol fuelled vehicles, will
result in vighility and NO, becoming the important factors governing the necessary ventilation
capacity. There are severd reasons for cleaning tunne air, such as

the concentration of polluted air or the air velocity in the tunnd istoo high.

the concentration of polluted air outside the porta istoo high.

the process of land acquisition to build a ventilation tower becomes complicated, and
€CoNoMIC reasons.

O O0O0Oo

4.1 Particle Cleaning

In 1989, research was started in Norway to determine the possibility of cleaning polluted tunnd ar
with a combination of mechanica and eectrodatic filters. Asaresult of this research work, we have
now technology for extracting polluted particles (soot and dust) with very high extraction rate. So far,
we have ingdled dectrogatic filtersin three tunnelsin the Odo area -the Odo Tunnd, the Granfoss
Tunne and the Ekeberg Tunnd.

4.2 Gas Cleaning
In 1992, research was sarted to determine the possibility of gas cleaning. Thiswas done by ingdling a
gas deaning system in the Odo Tunnd. So far, after running for approximeately three years, the
extraction rate for NO; is very good. The conclusion from thisis that the NO, deaning sysem will
function over along time span. This is because the process for removing NO. gas from the polluted
tunne air isacatalytic reduction process using aspecia type of active cod.

We therefore do not need to reactivate the cod filter. The limiting factors are the soot and dust
particles that will clog the cod filter.

So far, if we wish to remove NO; gas from the polluted tunnd air, we have to reectivate the cod
filter after areatively short period of time, because thisis an absorption process. We are however
looking for another process as well.



Preliminary measurements on the active cod filter, based on VOC (Volatile Organic Carbon),
show that the extraction rate on these componentsis dso high.

5 EXPERIENCE FROM USE OF PARTICLE CLEANING SYSTEMS

So far, we have inddled equipment for paticle cleaning in three tunnds in the Odo area -the
Odo Tunnd, the Granfoss Tunnd and the Ekeberg Tunnel.

5.1 The Odo Tunne

The Odo Tunnd isahighway tunnd under the center of Odo, congsting of two tubes with six traffic
lanes. The length of each tube is 1,800 m. When opened in January 1990, the annua average daily
traffic was about 60,000 vehicles/day.

Thetunnd has alongitudina ventilation system with vertical shafts, connected to 20-30 m tall
towers for releasing the polluted air. The ventilation capacity is about 1,000 m*/s for each tunnel. This
requires the erection of ventilation towersin order to dilute the polluted air from the tunnels.

In order to improve the ar quality in the city, polluted air from the tunnelsis cleaned before
leaving the towers. In the Odo tunnel, both mechanica and eectrogtatic filters have been ingtaled.
Norwegian experience from high traffic road tunnels indicates that dust production is consderable
during certain periods of winter/spring season, primarily because of the extensive use of studded tires.
Even with ventilation towers for letting out polluted air, the soread of particlesisaproblem in the
outside area around the towers.
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Fig. 6.2 Ventilation system of the Oslo Tunnel in principle




Since the opening of the tunnels, the pollution has been monitored into and out of the tunnd. We have
aso monitored pollution intengty at different points in the city. These measurements have given us
information on the concentration of particles before and after the tunnel's were opened.

Experiences so far show that the cleaning system has a positive effect on the area around the
ventilation towers.

Thetest in the Odo tunnel showsthat it isrelatively easy to extract particles before emisson
through the ventilation towers. Thisin turn implies aclear postive effect on the environment
surrounding the emission points.

Research till now on different eectrodtetic filters show that certain filters have a high extraction
rate with an air veocity as high as 7 m/s. By increasing the air velocity through the filter, without
renunciation of cleaning effectiveness, the necessary filter area to clean the same volume of polluted
ar can be reduced. Thiswill reduce the construction and instalation costs. Increased dlowable air
veocity will in some cases dso make it acceptable to ingal the deaning unitsin the tunnd ceiling,
provided that the air volume to be cleaned is not too large, as described under 5.3.

5.2 The Granfoss Tunnel and the Ekeberg Tunnel
In these tunnels, the equipmert for particle deaning isingdled in a deaning circuit, as shown in Fg.
6.3.
The Granfoss Tunnd is gpprox. 1,000 m long, with an AADT of 15,000 veh/d. The Ekeberg
Tunnel is gpprox. 1,500 m long, with an AADT of 45,000 vetvd. Both the tunnels have one way traffic.
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Fig. 6.3 Cleaning circuit for tunnel air cleaning

The main purpose with this type of solution isto achieve better vighility conditions in the tunnd, but
aso to reduce the pollution and emission of particles (dust and soot) to the surrounding area of the
tunnd.

In these tunnels, the cleaning circuits are congtructed with sufficient length to inddl agas
remova system (NOx) as well.

A gas cleaning ingdlation may become necessary if the limit value for NO, is reduced in the
future. In many cases, a solution like thiswill be agood aterndtive to a ventilation tower.

5.3 Particle cleaning at points along the tunnel
Inthis case, we will indal the eectrodatic filters in the tunnel celling, as shownin Fig. 6.4.

In 1995, a similar system will beingdled in tunnd with alength of 3,800 m. Thistunnd has
two-way traffic, and atraffic volume of approx. 10,000 vehvday. The tunnel will be opened for traffic
in October 1995.
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Fig. 6.4 System for cleaning along the tunnel

Cleaning equipment will be ingaled at three stations dong the tunndl, making the distance between
the stations approx. 1,000 ms. Thisis a concept that we regard with great expectations, as it will
improve vighility in the tunnel and reduce the emissons to the environment.

6 A DESIGN EXAMPLE FORA 24 KM TUNNEL

This chapter gives an example of how we intend to use a deaning circuit for the cleaning of both
particles and NOx in atunnel 24 kmslong. The tunnel, between Aurland and Laardd in western
Norway, isnow initsfina design Sage.

For this project, so far we have decided to work with a concept to use the new technology for
cleaning particles and NOx- gases. An dternative to this solution could be to congtruct a ventilation
shaft risng approx. 1,200 m high. A section of the tunndl between Aurland and Lagdd isshown in

Fig. 6.5.
The tunnd will have bi-directiona traffic. Congtruction will start in 1995.
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Fig. 6.5 Section of the 24 kmlong Aurland-Lazrdal tunnel



Other data for the tunnd:

0 Tunnd cross section 47 nt

0 Hourly treffic design 500 veh/h
o Traffic vdocity 80 km/h
0 Heavy trefic 10%

Necessary fresh air volume (Q air) based on CO, NO; and vighility for the distance, 0-18 km (Fig.
6.5) is caculated to:

Qair Co =150 m’/s
Qair NO2 =250 mP/s
Qair vishility =300 m’/s

If we calculate the ventilation capacity in the traditional way, based on visibility (300 nv/s), this
would give ahigh ar velocity in the tunnd and require alot of booster fans. Ingdlation of cleaning
equipment for vighility and NOx in acircuit makesit possible to make Q air caculations based on CO
(150 m/s). A system for this, with acleaning circuit in position A,
isshownin Fig. 6.6.

A deaning circuit for both particles and NO, will cost about USD 4-5 milll.

Electric Electric room
precipitator NO, Cleaning
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Fig. 6.6 Cleaning circuit in the Aurland- Laerdal tunnel
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Fig. 6.8 Annual running costs based on electricity consumption

In this case, we must ingd| acleaning circuit with deaning equipment for particles and NO,. The costs
for acleaning circuit with ingtalation as described will be about USD 4 to 5 mill.

Fg. 6.8 dso shows annud running cogts if the caculations had been based on Q ar vighility
(300 m*/s) and Q air CO (150 n’/s) From Fig. 6.8 we can see that the annua running cost will be
reduced by about USD 0,58 mill. if the caculations are based on Q air CO. It has been decided to
ingal one or two cleaning circuits with cleaning equipment for particles and NO; in the tunndl
between Aurland and Laardd, provided that the tests with cleaning technology for NO, give good
results and acceptable codts.

REFERENCES
Directorate of Public Roads, Norway. Norwegian Design Guide Road Tunnels, Dec. 1990.
Berge, Kjdl Ottar & Henning, Jan Eirik, Directorate of Public Roads, Norway. Experience with
mechanical and dectrodtatic air cleanersin the Odo Tunnel Norway. PIARC XIXth World Road
Congress, Marrakech 1991.



Myran, Tom, SINTEF, Norway. Partikkelrensing i Odotunnelen, Statusrapport april 1991.
(Particle cleaning in the Odo tunnel) STF 36 FO1031.

SFT -rapport Dr 92: 16, Statens forurensingstilsyn, april 1992. Effects of ambient air pollution on
hedth and environment -air quaity guiddines.

Lotsberg, Gunnar, Public Roads Administration, Sogn og Fjordane. Lagda stunnellen, &
anleggsteknisk utfordring (The Laada tunnel a congruction challenge). Fjdlsprengningsteknikk,
Bergmekanikk, Geoteknikk 1993, Odo, Norway.

39



7/ THE GARDERMOEN RAIL LINK, FROM OSLO TO GARDERMOEN
AIRPORT

Tore Bréten & Ruth G. Haug
NSB Gardermobanen a.s

ABSTRACT: In October 1992 the Norwegian Parliament decided the location for the new Odo
internationd airport, nationaly serving the eastern region of Norway. Gardermoen islocated 50 km
east of Odo. At the sametime, it was agreed upon that the main feeder system to the airport should be
aral link. The new link, now under congtruction, runs both pardld to the existing track and at some
places makes shortcuts. The Gardermoen Line is supposed to serve both airport and intercity traffic.
Hence the line isto be completed al the way to Eidsvall, 66 km north east of Odo. Thiswas dso the
destination of the very first Norwegian railway built as early as 1854.

1 INTRODUCTION

Today there are gpproximatdy 770 tunnelsin the exigting railnet of the Norwegian State Railways
(NSB) with atota length of 260 km. There are 14 exceeding 3,000 m and a couple with alength more
than 10,000 m. In order to achieve an overdl high speed sandard, tunnels may be the only solution in
the future to manage the demand of curve shape, due to the Norwegian landscape recognized by high
mountains cut by valeys and fjords.

Thisrail link has the potentid of becoming the mogt profitable railway project ever launched in
Norway. In addition to providing by far the fastest passenger service to Gardermoen airport, theline, as
proposed by NSB, will be incorporated as part of the existing main rail network.

The Gardermoen Lineisthefirst step of upgrading the Norwegian rail net. Although 200 knvh
does not compare with European high speed train standards, it represents an upgrade to modem rail
technology in Scandinavia. The travel time from Odo to Gardermoen will be 19 min non-stop. The
line will be in operation from October 1998 when the airport is to be opened.

In order to meet modern requirements of speed, comfort, capacity and convenience, both
planning of the route and the technica solutions require extraordinary resources. Planning and
congtruction are led by NSB Gardermobanen A/S, a project organization founded in 1992 and
dedicated only to this task. The cost estimateis NOK 4,76 billion (1995). Most of the route will cross
through open farm land. An exception to thisis the first 20 km out of Odo. The trainswill be running
through a 14 km hard rock tunnel, then cross through a heavily inhabited area, before entering an area
with soft ground conditions. From Lillestram to Gardermoen there are soft, marine clays cut by many
rivers and ravines. North of Gardermoen there will be a short hard rock tunnel of 1.5 km. Thefirst soft
soil tunnd to be built in Norway for a hdf century islocated a Eidsvall and has alength of 500 m.
Safety and environmental considerations are aspects which are given overdl, mgor concern
throughout the whole project.
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Fig. 7.1 Thetotal budget for the Gardermobanen Rail Link is NOK 4, 760 million (1995)

3 PROJECT PRESENTATION

The two projects, including both the airport itsdf and therail link, have an overdl estimated budget of
gpp. NOK 20 hillion. The ground works for the Gardermoen Rail Link aone, including dl but balad,
degpersand ralls, are estimated to NOK 2,2 hillion. The exigting railway was built in the 1850's where
hand tools decided the route. Today the new line will cut sharp curves, increase limited speed potentia
and remove mgjor capacity bottlenecks. To achieve the speed leve, gradients must not exceed 15
m/1,000 m track. Curves must be relative moderate with a minimum radius of 2,400 m.

by
-u e

Fig. 7.2Principal work schedule -

The linewill provide not just a satisfactory airport feeder service, but so an excdlent commuter
sarvice to the suburbs it passes through. Hence the passenger anticipation for the first year of operation
is8 million passengers, or as much as 53 % of the airport passengers.

The project involves two hard rock tunnels and one soft soil tunnel in addition to 10 cut and
cover tunnds and 16 bridges. This paper is mainly dedicated to the tunnel works and in particular the
13,900 m long Romeriksporten tunnel, which is dready under congtruction. Thistunnel is the longest



public trangport tunnel ever built in Norway, hence many new technical aspects arises, and emphas's
on safety and emergency Stuationsisimportant.

3  THEROUTE

NSB prepared sudies of two principdly different solutions in the early stages of planning. One
dterndtive involved a direct line from Odo to Gardermoen in which the primary objective was
minimum travd time. The second principd solution places more emphasis on incorporating the
Gadermoen Line with exiding ral traffic, thus sarving exiging traffic junctions and densdy
populated aress. Both solutions have been presented in severa dternatives. The second dternative

was recommended by NSB and is now under congtruction.

The route is double tracked and follows the exigting line the firgt 2,5 km from Odo Centra
Station before the train runs through the Romeriksporten tunnel, passing close under both densdy
populated areas and important recreationd aress. In the eastern end, the tunnd is extended with a 500
m cut and cover tunnd and aralway junction system of connecting exit/entry ramps to the existing
rallway, in tota Sx tracksin section. At Lillestrem there are plans for alarge bus terminal connected to
the main train termind. The lineis planned as an open line pardld to the exigting tracks. From
Lillestrem the new double track isto be laid northwards, following the present main line with certain
deviations, until the Gardermoen Line branches off south of Jessheim. Here the Gardermoen Line runs
north west under the airport and northwards where there will be another rock tunnd. Just before
Eidsvoll, there will be a short soft soil tunnd in order to, among other reasons, preserve an old and
important higtoric Ste

Fig. 7.3 Map of the route

At Gardermoen Airport, the train station will be placed benegath the airport termind. The Station
will have four tracks traversing the concourse, and travelers will be taken to the check-in area by
escalators and lifts. There has been an effort in planning the airport with as short walks as possible.



4 THE ROMERIKSPORTEN TUNNEL

Size and length are the two mgor factors which make this tunnd unique.
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Fig. 7.4 The Romeriksporten tunnel

4.1 Geology

The bedrock dong the tunnd conssts mainly of avariety of gneisses. At the west end of the tunnd
there is a Cambro- Silurian strata where the route runs through aternate beds of clay shde and dum
shde before it crosses the main fault in the Odo region a Bryn. Both sdes of the fault are heavily
disturbed, hence there are taken specid precautions. The planisto cross this areain asow pace with
extensive pregrouting, short salvoes, shotcrete and afull in Stu concrete lining to be casted shortly
behind the tunnd face. Only 265 m of the tunne length is planned with afull concrete lining.

Exigting buildings are endangered by settlements due to ground weter drainage into the tunnel.
The methods used are pregrouting from the tunnel and water injection both from the tunne and from
the surface. Minor water seepage will be taken care of by the tunnd lining. The overburden varies from
6-120 m.

A joint venture of four companies was avarded the contract in June 1994. The partners involved
are Fagbygg A.S, Mdsdlv Anlegg A.S, Nor Entreprengr A.S, al of Norway, and PEAB Entreprenad
Véast AB of Sweden. The project group nameis SRG, Scandinavian Rock Group. The contract sum is
NOK 541 mill (1994) and is an unit price contract. The ground work contract involves drilling,
blasting, support, lining and preparation of the tunnel base with drainage and ballast mats. Balagt,
tracks and deegpers are done in one operation for the whole line. Electrical ingdlation is dso separate
contracts. Dr.Ing Aas-Jakobsen is the main consultant for the ground works on this part of the project.
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Fig. 7.5 Geological profile for the Romeriksporten Tunnel

4.2 Environment

Strong emphasisis put on environmental planning, both for the congtruction environment and for the
surroundings. Among others, there is arecycling system for the water used for drilling in order to use
aslittle water as possible, and to let little or no contaminated water out in the sewer systems. The
Client, GMB, is respongible for a continuous measuring program during the condtruction phasein
order to take care of vibrations and potential damage to nearby buildings. Settlement surveying and
video ingpection before congtruction start up is aso done on approx. 3,000 buildings aong the tunnd.
Exiging wells dong the route are located and tested for quality and inflow.



4.3 Excavation

The excavation is done by conventiond drill and
blast. Nevertheless, the contractor is continuoudy
working on improving the methods. Thisinvolves
research with different drill patterns, various drill
hole sizes and different types of explosives. 64
mm drill holes are used and the traditiona pattern
of large holes are replaced by many uncharged 64
mm holes. The length per round is 18 ft (app. 5
m), but the jumboes are able to drill upto 7-8 m
and gtill meet the demand of a smooth contour.

Due to rock stability and tunnd dignment, there Fig. 7.6 The Jumbo drilling rig
are severe demands to the rock surface. At the

bottom, the boreholes may not deviate more than 0,5 m from the contour. In the contour the explosive
concentration is reduced by use of tube charge, smaller amount of Analit in the holes, or detonating
fuse. The mgor part of explosive used is Analit , which ismixed at Ste to avoid dangerous transport.
The detonators used are Nonel-G/T 0-60 kg. The round can be divided in up to seven blocks. The
drilling is done by three new, Norwegian, Jumbo computer aided drilling rigs AMV 21SGBC from
Andersen Mekaniske Verksted. The drifters are Montabert HCO0.

An extensve research and development concerning the drill and blast techniquesin long tunnds
isgoing on in Norway in genera. Among others, thereis put great emphasis on durry explosives
which liberate less nitrogenous and poisonous gases. Another unique aspect by the Norwegian
drill/blast method is drilling done smultaneous to charging. The highly experienced tunnel workers
surely make their contribution to an effective round.

The support is done mainly by means of rock bolts, scattered and in systematic patterns, and
shotcrete to be used in co-ordination with the rock bolts. Estimated amount is 65,500 rock bolts and
16,000 m° of shotcrete. It is used both rock bolts fully grouted by cement based mortar and polyester
anchored rock balts. All rock bolts are gavanized sted bolts and, when needed, additionally protected
by powder epoxy. The shotcrete is a C40, both with and without sted fiber reinforcement.

The tunne cross-section is 105 m? which makes 1,600,000 theoretically, solid i to be
excavated. Therock massis transported to an old gravel pit and dumped for further refinement before
it is used as condruction materid for the railway adong the line further north. The contractor is doing
thisrock hauling with 20 new Volvo FH12 semi trucks. The hauling in the tunnel is done by 60 tons
Euclid dumpers from the tunnel face to areloading arrangement located at the bottom of the cross cuts.
The loader itself isanew hybrid Brayt XMed 53 which can be used either as diesd engine or
electricaly powered to improve the air qudity at the tunnel face.

The ventilation system is extengve, and includes as many as five tubes, each with a diameter of
1.8 m running into each of the cross cuts. It isatwo way system which will both bring fresh ar to the
tunne face and suck fumes from blasting and machinery out through separate tubes.

The excavation is done smultaneous on five tunnel faces. Thisis made possble by two cross
cuts of respectively 360 and 590 m. Plan of progressis estimated to 50 m/week per tunnel face ex.
permanent support. As of February 1995, 1,200 m of the main tunnd are excavated in addition to the
rel oading arrangements which alone amount to app. 25,000 .



4.4 Cross-section

The cross-section is 105 nf in generd, but
exceeds 170 nt a Stalsberg where thereisa
rallway junction. Severd factors influence the
cross-section. There must be structurd
clearance enough for two trainsto meset, with
the pressure which occurs both on train
passenger and on tunnd lining. Experience o
far indicate the more space available the better.
The Gardermoen Line will be served both by
modern high speed trains and exigting trains,
hence there are many considerations to be taken.
There must be sufficient space for tunnd lining,
interiors and electrical systems. And there must
be space enough to evacuate the tunnd in case
of an emergency. Researchin thisareais being
worked on.

4.5 Safety

In Romeriksporten the two cross cut tunnelswill "=
serve as evacuation tunndls for emergency and I

for maintenance work. Along both tracks there » SERCIENNG S T
will be asdewak with a continuoudy hand L e |
grip. Fireisregarded as the worst threat to Fig. 7.7 Railway junction at Stalsberg

safety and dl the new trainswill havefire

extinguishing equipment and a possibility to overrun the emergency brake. The latter, to in any case be
ableto run aburning train out of the tunnd. Already in the early construction phase, mgor planning is
donefor the safety dertness when in operation. An expert panel conssting of members from theloca
fire departments, hospital rescue teams, police, GMB and the NSB's safety personnel, is aready
working on preparedness measures.

4.6 Ventilation

The tunnd has agradient of two to four per. thousand, which is anticipated to give an airflow in
eastward direction of 1,5 m/s caused by the chimney effect. Because of the amount of frost in this
areg, it is expected that 2,5 km of the west end of the tunnel must have an insulated lining, wheress
thereis only need for 0,5 km insulated lining at the east end. These figures are connected with
uncertainties, and airflow will be measured soon after breskthrough. Fanswill be ingtdled in order to
overrun naturd ventilation, among others, in case of fire.




Fig. 7.8 Typical cross-section
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Fig. 7.9 Full concrete lining

4.7 Tunnel Lining

Water |eskage problems are not expected in the tunnel in general. Nevertheless, water seepage is not
dlowed on theralls. Henceit is expected that most of the tunnd must have awaterproof roof lining
which aso can serve the whole cross-section when needed. Thislining is planned as an insulated
shotcrete lining with sted mesh. The insulation mostly used today is extruded polyethylene (XPS dso
referred to as PE-foam) and serve both asinsulation and as formwork for the shotcrete. The lining is
bolted with rock boltsin an even pattern. A disadvantage is the number of perforations made by the
rock bolts, a convenienceis the flexibility of the sysem. The insulated lining in the entry zoneis
planned as precast concrete éements which will have both an insulation layer and amembrane to
prevent water seepage and hence ice building problems. The tunnel lining amount to 30% of the
congtruction cogt. There is extensve work done in this area today, both with research concerning



shotcrete and development of an optima water and frost protection, costwise and technicdly. In such
meatters, NSB uses the same set of rules as the Highway Department has done for some years, even
though the pressure Situation is quite different.

Fig. 7.10 Principal solution for tunneling in zones with and without frost.

4.8 Research and Devel opment

Since this project isthefirgt step of upgrading the Norwegian rail net, many new chalenges must be
met. All the contracts include a cal for smplifications and the Client wish to put strong emphasis on
development projects which might lead to new solutions. NSB Gardermobanen A/Sworks in close
cooperation with NSB in such matters. For the time being, severa development contracts are worked
on. One comprise new materias, usng rockwool as balast mats to prevent vibrations and structure
born noise. Another comprehensive project is connected to ballast bed contra asphdt bed in the tunndl.
A third islinked to water and frost protection.

5 THE BEKKEDALSH@GDA TUNNEL

The tunnel is double tracked with a cross-section of 111.5 n. The length is 1,590 m and the bedrock
consst of grey gneiss, typica for the area. The northern end of the tunnel runs under populated areas
with an overburden down to 10 m. Specid action will be taken concerning drill, blast and rock support.
The contract will include the same work as Romeriksporten, in addition to severd rail bridges, cut and
cover tunnels, retaining walls, crossover bridges and passways. The contract is now out for bid, and
will be awarded in May 1995.



5.1 Typical data for the Bekkedal shagda tunnel:

EXCAVAION ... 177,000 m®
Support, rock bolts ..o 9,000 piece
SUPPOIt, SNOLCTELE ... e e, 3,000 m>
CoNCrete liNING ......oeoveiee e 70m
Pregroutingw/sement ................cocee e eneensseel.. 120,000 kg
Tunnd liningw/ concrete dements,..................... 26,000 Y
w/ PE-foam w/shotcrete .................. 16,000 n?

6 THE EIDSVOLL TUNNEL

Thelocation of the tunnd isin alandscape of deep and steep ravine valeys. The bottom of aravineis
40-50 m lower than the mesa above. Max. dopeis 1:2,25. This areais formed by the glacier pulling
back some 10,000 years ago.

6.1 Ground conditions
The ground in the area consst mainly of medium fast to fast Sty clay, with pockets, lences and layers
of dlt and some fine graded sand. The Sit layers are not expected to be continuous, but might be
enclosed in the clay.

The ground water tableis 5 m below the surface. The pore pressure decreases with the depth.
This means that the measured pore pressure is below hydrostatic pore pressure. Free groundwater was
not found while doing the progpecting drills, but it's existence in Silt-layers, which might be found,
cannot be totally excluded.

6.2 General concepts

Thetunne hasatotd length of 492 m. About 460 m will be excavated as atunnd while the portas
will be cut and cover. The tunnel is single tracked with cross-section app. 50n? The tunndl will be
excavated through three steps, each time closing a complete ring of shotcrete. Stage 1 isasde gdlery
of the top heading. Stage 1 will be excavated in steps of 0,8-1,5 m. Stage 2 follows 10 to 50 m behind
stage 1, and opens the rest of the top heading. Stage 1 and 2 will be completed al through the tunnd
before the excavation and closing of the bench in stage 3. After completion of the excavation and the
shotcrete-gted rib lining, a complete reinforced 0,4 m thick concrete inner lining is cast in place dl
through the tunndl.

The contract was awarded to ajoint venture AFSHT Group consisting of the Norwegian
contractor AF Spesiaprogekt a.s and the German contractor Hochtief AG in December 1994. The
contract is a design/build contract amounting to NOK 117 mill. Condiruction start up is autumn 1995,
completion date July 1997.



Fig. 7.12 Ravine landscape at Eidsvoll

Fig. 7.11 Excavation of the Eidsvoll tunnel

REFERENCES:

NSB Gardermobanen A/S: The new Gardermobanen Line, Odo Centrd Station to Gardermoen
Airport. 19 min — al aboard.



8 HOLMLIA SPORTSHALL & SWIMMING POOL IN ROCK

Magne Dgrum
Fortifikagon A/S Consulting Engineers

ABSTRACT: Haolmlia Sport Hall and Swimming Poal is one of severd large ingdlationsin rock in
the Odo region. The facilities are serving in peacetime as gymnasums, svimming pools, bowling
halls, shooting ranges etc., and can in very short time be converted into wartime civil defense shdlters.

1 INTRODUCTION

Holmliais a new residence suburb in the southeastern part of Odo. At an early stage of the planning
phase, it was decided to build a modern sport center, including a swimming pool. The sport center
should dso be used as gymnasium for the junior high school in the area and for other socid activities.

According to Norwegian regulaions, air raid sheltersfor at least 20 % of the population had to
be built in the area. Large volumes of rock material were needed for construction of roads, parking
areas and as aggregate for concrete.

All these demands could be solved smultaneoudy by congtructing the civil defense air raid
shdlter in rock, desgned and equipped for gymnasium and swimming pool. In addition, surface areas
could be saved for other sports and leisure activities, and ugly and dangerous open quarries could be
avoided.

Fig.8.1 location in the Oslo area



Blasting and excavation of the facility started in September 1979, and was completed 18 months later,
keeping pace with the development of the outside area

Structurd works and ingtdlations were carried on for another 24 months, and was finished when
the people started to move into the new town.
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Fig.8.2 Local area map with location of hall

2 SITUATION AND ADMISSION

The sports hall islocated in asmal hilltop named Ravnasen. The main entrance is from the east Side of
the hill, and connected to the area center by pedestrian and bicycle lanes. The walking distance from
Holmlia Rallway Station is only 250 meters. Another entrance is from the south-west sde of the
hilltop, serving as entrance for the Holmlia Junior High school and for disabled persons. A parking lot
isat disposd for disabled persons.



Fig. 8.3 General view from Holmlia, with railway station and shopping center.

3 USE OF THE SPORTS HALL

The Technicd Divison of the Municipa Park and Sport Office for Odo is responsible for the
operdtion of the facility.

To support the operation gaff, the Office has entered into an agreement with the local sport clubs
for operation on Saturdays and Sundays.

The schoolsin the area are using the facility from Monday to Friday during school hours. Inthe
afternoons and evenings and Saturdays and Sundays, the gymnasium, running track and club rooms are
at disposal for the sports organizations.

In the afternoon and evenings from Monday to Friday and at daytime Saturdays and Sundays, the
swimming pool and saunas are a digposd for the public.
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Cross section locker rooms for sporis hall. Cross section swimming pool.

Fig 8.4 Plan-Basement/1st floor Lower part



The indadlations aso includes trim rooms (health club) and solariums. It has been consdered as very
important that the gymnasium can be utilized for other public activities, as big assemblies and concerts.
Big emphasis has therefore been put on acoustic trestment of the hal. In connection with the
swimming pooal, there is a privately operated health club, located on second floor above the locker
rooms. The guests and ingtructors are using the svimming pool with locker rooms, saunas and shower
rooms. On second floor, above the locker rooms for the gymnasium, 600 n is used as activity room
for theloca sport club. The entrance from south-west is combined with 260 m running track. The
facility is authorized as acivil defense air raid shelter for 7,000 persons.

GROUND FLOOR
1. Main antrance
2 Guard room(Ticket control
3. School entrance (South)
4. Blast and NBC protection
£ 80 matras tunning rack
B. Lobby
7. Plaza
8 Shop. Ticket control
4. Stands for sports hall
10. Swimming hall
11. Solarium
12, Locker roomsishowers for sports hall
13, Lockar ropme/showers far swimming
hall
14, Saunas with rest rooms
16, Trirm room
16. Passengar and ware |ift
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Fig. 8.5 Plan -1st floor
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Fig. 8.6 Plan 2nd floor

BASEMENT/GROUND FLOOR (LOWER PART)

21, Sports hall
22. Exercising equipment store room
23, Secratariat

24. Equalization water tank
25, Room for water purification plant
28. Passenger and goods [ift

patili]

Fig. 8.7 Cross sections




4 PLAZA

From the plaza it is admission to the locker rooms for gymnasium and swimming poal. In the plaza,
ticket sdle, technica control room, rest groups, shops, public phones etc. are located.

Fig. 8.9 Gymnasium
Fig. 8.8 Plaza

5 GYMNASUM

The hdl is 25 m wide and 45 m long, with amaximum height of 13 m. The hdl is giving sufficient

gpace for one handball court, 20 x 40 m. The hdl isin addition equipped for gymnastics, basketbal,
volleybdl and badminton The hall can be divided in up to 4 separate courts by folding partition walls.
One of the partition walsis aheavy acoudtic type. The two other partitions are mesh type. The galery
gives room for 350 spectators. Under the gdllery there are store rooms for exercising equipment, rooms
for referees, leaders and reserve players, and access stairs to the locker rooms. One of the stairsis
equipped with a specid lift for disabled persons.

6 SWIMMING POOL

The swimming hal is 20 x 37 m with a25 x 12.5 m swimming pool. The pool has 6 tracks, and is
congtructed according to the Deck Leve principle. The depth is varying from 0.9 mto 1.8 m. Normdl
operating temperature is 28 -29°C in the pool and 30°C inthe air. In direct connection with the hal are
firgt @d room, solarium and equipment store.

The men's and women's locker rooms have a capacity of 115 persons. In connection with the
locker rooms are showers, saunas and lavatories and separate locker rooms/shower rooms for the
indructors. Two separate family roomswith al facilities are Stuated with direct entrance from the
plaza to the svimming pooal.



Fig. 8.10 Svimming Pool

7 CONSTRUCTION AND MATERIALS

In 1979, the span of 25 m in the gymnasium was consdered to be close to the maximum from a
technical and economica point of view. The geotechnica conditions in the areawere therefore
thoroughly checked on beforehand by core drillings.

Therock ismosily conssting of grey gneisses with some variations in structure and compound.
The surface of the hill is very weathered. Both entrances had to be secured by bolting and on site cast
concrete. The tunnels and the hals were excavated without any specia problems.

Theroof in the gymnasium is secured by reinforced concrete arched beams, cast in contact with
the rock. The spacing between the beamsis 5 m. Between the beams, the rock is secured with sted!
bolts. The concrete beams have a cross-section like an inverted T, and are used as supports for precast
concrete dabs ingtalled between the beams.

The roof in the swvimming hal and on 14t floor above the technical roomsis secured by stedl
bolts and by monolithic cast concrete arched roof.

The roof above the 2nd floor of locker and shower roomsis secured by sted bolts and stedl fibre
reinforced concrete.

The roofs areindalled to protect againgt rock down fal and dripping from rock. The roofs are
covered with agphdt roofing. The leakage water is collected in gutters and conducted to the drainage
sysem.

Totaly the rock roof was secured by 2,000 bolts, varying in length from 1.5to0 4.7 m.
Approximately 1,500 n? walls are covered with shotcrete.

7.1 Walls and partitions

Because of the Civil Defense Regulations and safety aspects, use of combusdtible materidsis very
limited. Generally reinforced concrete is used for the interior construction. However, in the
gymnasium, partition walls and acoustic screens are made of wooden materids. Thewallsin the
shower rooms are covered with ceramic tiles. The other walls are painted.



7.2 Floors

The floorsin the sport hall and the south-west entrance have a specia sport covering. The svimming
pool and floorsin the svimming hall are covered with ceramic tiles. The res of the floors are covered
with homogenous vinyl. In the locker rooms a pecid no dip vinyl covering is used.

7.3 Cdlings

The cedlling in the sport hdl is covered with woven glass fibre materid and painted. The swvimming hdl
has an duminum rib ceiling. The rooms for rent on 2nd floor above the locker rooms have cellings
made of corrugated sted. The rest of the cellings are painted concrete dabs.

7.4 Doors and glass partitions
Doors and glass partitions have generdly an impregnated wood framework.

In the swvimming hall and locker and shower rooms, the doors are made of glass fibre reinforced
plastics. The rest of the doors are made of sted!.

Doorsin blast and gas barriers are made of concrete.

7.5 Protection level
The shelter area, has minimum 20 m rock overburden and is considered to withstand direct hits of large
conventional bombs and blast wave overpressure from nuclear explosions at a distance of afew
hundred meters.

The shelter will aso be fully protected againg effects of al known poisonous war gases and
radioactive fallout from nuclear wegpons.

8 TECHNICAL INSTALLATIONS

8.1 General
The technical ingalations are satisfying the demands on climatic conditions and interna milieu for
peacetime use as gymnasium and swimming pooal.

In addition the ingtalations shall satisfy the demands for use as a shelter for 7,000 people

The stable temperature inside the rock is very favorable for the energy economy. Especidly, it is
favorable for the swimming hdl, where there are no problems with humidity and condensation,
contrary to a conventiond svimming hal.

Big emphass has been put on energy saving inddlations, as heat recovery from exhaud air,
from waste water heat pump dehumidification of swvimming hal etc.

8.2 Ventilation and Air-conditioning System
The ventilation and air-conditioning system is located on 2nd floor above the plaza. Fresh air is
supplied from outside through a second floor above the main entrance tunndl.

The fresh air volume is varigble depending on the use of the facility and the number of vistors,
Thefresh air is preheated during winter operation (precooled during summer) in afluid circulation hest
recovery system. The system aso makes possible to utilize radiator heet from the emergency power
plant.



The preconditioned fresh air is supplied to anumber of air-conditioning units, serving different
aress of the facility. The air-conditioning units control temperature and humidity.

For the svimming hdl, a dehumidification system isingdled in connection with the
corresponding air-conditioning system. The condenser heet from the refrigeration machine is used for
reheeting of air after dehumidification and for heating of the pool water, thus covering the evaporation
heet 1oss from the pool and the hall by utilizing the heat pump effect.

The ventilation system for shelter operation is blast protected and hasfiltration system for radio-
activefdlout, biologica and chemica agents. (NBC- filters).

Fig. 8.11 From the air-conditioning plant

8.3 Heating System
The heset for operation of the facility in peacetimeis supplied from the didtrict heating system. In the
hesting centra in the basement, heat exchangers for hesting of utility weter, hegting of hot water for air
conditioners and swimming pool are installed.

From the heating centrd, the heat is distributed as secondary hest to the different parts of the
fadlity.

8.4 Swimming Pool

The svimming pool is equipped with adeck leve circulation system, with water supply through
nozzlesin the bottom of the pool to ensure an even didtribution of filtered and conditioned water. The
water is purified in sand filters, and active carbon filters, and is chlorinated, PH conditioned and heated
before supplied to the pooal.




Fig. 8.12 Svimming pool water purification plant

8.5 Automation and Monitoring

It isingtaled equipment for fully autometic control of the conditionsin the facility. From the operation
engineers office, dl technicd ingdlations can be monitored with reading of al important temperatures
and humidity levds, regidration of water qudity in the swimming pool and recording of mafunctions.

8.6 Sanitary System

The waste water is trangported to a pumping pit in the basement floor and is pumped out of the facility.
Black water from toilets and drain water from the showers have separate piping sysem. The drain
water from the showers are pumped through a heat exchanger for preheating of utility water. The
showers are of water saving type (pusht button with timer). To smplify the cleaning of shower rooms,
acentrd high-pressure washing system isingdled.

8.7 Electric and Electronic Systems

The main dectric power is supplied from the main municipa grid via atransformer station outside the
main entrance. Emergency power for shelter operation is supplied from an automatically operated
diesdl engine powered generator.

Theillumingtion fittings are generdly fluorescent. The illumingtion leved is approximately 400
lux. The saunas have eectric heaters. In the locker and shower rooms, eectric floor heating is
ingtdled, and in addition eectric hair and body driers.

All dectric ingalations can be remote controlled from the control room in the lobby. Also the
low voltage systems can be controlled from the control room.

There are ingaled door telephone system, emergency communication system, antenna system,
TV watch-over sysem, amplifier system, fire darm system efc.

A passenger and goods lift isinstaled between the floors. In addition achair lift for disabled is
ingtaled between the gymnasium and the locker rooms.

9 EXPERIENCE
Since start of operation in 1983 until end of 1994, only regular maintenance has been performed on the
technicd ingdlations. For the building congtructions the expenses for maintenance have been zero.

The energy consumption is far below that of comparable sport hdls and swimming pools owned
and operated by the Municipdity of Odo.

The annua energy consumption is average 1.92 mill kwh. Compared, a conventiona
aboveground facility has an average annud energy consumption of 3.0 mill KWh.

10 PROJECT INFORMATION

- Excavated rock volume, total 53,000 nt*
- gross floor area basement 1,620 mf
- gross floor area ground floor 3,740 n?



- gross floor area 1t floor 2,190 nt

- total floor area 7,550 n?
(Thefloor areaisincluding swimming pool, stands, gdlery and 1t floor above entrances)
- normd floor interva 30m

- gport hall, maximum heght 13.0m

- gport hdl width x length 25x45m

- sport hall free height 70m

- sport hall, court 224x45m

- sport hall, stand capacity, persons 300-350

- svimming hdl width x length 20x 37m

- swimming pool 125x25m

- swimming pool, lanes 6 pcs

- swvimming pool, depth 0.9-1.8m
- filter capacity, purification plant 150 m*/h

- showers, sport hall 70 pcs

- showers, swimming pool 28 pcs

- showers for operating staff 4 pcs

- fresh air blower capacity 43 200 m’/h

- NBC filter system capacity 25,600 m'/h

- emergency power unit capacity 300 kVA

- shelter capacity, persons 7,060

Costs:

Engineering fees, supervison, adminigration NOK 4,600,000
Excavation, rock securing and building constructions NOK 36,000,000
Hesting, sanitary, water purification ingdlations NOK 4,100,000
Ventilation, cooling ingt. NOK 4,200,000
Electro technicd ingdlaions NOK 4,800,000
Total cogt A = NOK 53,700,000

Approximatdy 20 % of the cost isfor extraingdlations for use as public shelter.



9 EKEBERG OIL STORAGE AND EKEBERGTANK
- CENTRAL OIL STORAGE FACILITIESFOR NORWAY

Asbjarn Fasker
Ekeberg Oil Sorage ANS

SUMMARY : After the Second World War the Norwegian Authorities started consdering a safe
sorage system for fuel in the Odo area. Oil Storage facilitiesin rock caverns were dready known from
Sweden. The rock under the Ekeberg hill in Southern Odo was of good quality, and close to the
exiding oil termina a Jursaya. The storage facilities built in rock caverns under the Ekeberg hill are
now the main oil storage facilities for refined oil productsin Norway.

1 INTRODUCTION

The main oil sorage facility for refined productsin Norway is located in rock under the Ekeberg hill in
Southern Odo in the harbor area. This storage facility was built in rock caverns of good qudity close
to the exigting ol termind a Sursgya

Thefacilities are used for temporary storage by the five largest oil companies operating in
Norway, and for gtrategic oil storage by the Norwegian Government. Each oil company has separate
storage chambers for different qualities of gasoline, diesd and kerosene.

In comparison with smilar storage facilities around the world, the ingtalations in the Ekeberg
hill are huge. Approximately 50% of the total amnua demand for petroleum products in Norway passes
through the caverns. For strategic reasons the detailed layout and information on total storage
capacities are not available to the public.



2 HISTORY

Shortly after the Second World War the Norwegian Authorities started considering a safe storage
system for fuel in the Odo area, secure againgt acts of war and sabotage. The final conclusion was that
the most suitable solution was storage in rock caverns.

Fig. 9.1 The Ekeberg oil storage and the Ekebergtank are located in the mountain next to the Jursgya
Oil Terminal

Smilar storage facilities had aready been developed in Sweden. It was found that by locating the
storage close to the ol terminal at Sursgyathe functions of strategic storage and ditribution termind
could be combined.

The planning started in the early 1960's with SENTAB as consultant, and the congtruction phase
was in two stages, carried out by Norwegian contractors and suppliers.

The first stage, Ekeberg Oil Storage, was constructed in 1966-69, and the second stage,
Ekebergtank, was added in 1975-78. The congtruction costs were NOK 42 million and NOK 74
million, respectively.

Both facilities consst of a series of excavated unlined caverns located below the groundwater
level. The presence of groundwater prevents leakage of volatile petroleum products, thereby
eliminating the need to line the caverns. The storage principle for the two facilities are different, as
shown in Fig. 9.2 and Fig. 9.3 and further explained below.
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Fig. 9.2 Sorage principle Ekeberg Oil Sorage

Ekebergtank

Prinmipgukiver | Frincipal slend
Froabi b i/ Prosdci s ——
Pl ahiPodn ol ——
W AW T —_—

Fig. 9.3 Storage principle Ekebergtank

3  STORAGE SYSTEM AND GROUNDWATER CONTROL

In Ekeberg Oil Storage the top level of the stored ail product is congtant while awater bed in each
cavern is constantly adjusted. The top of the cavernsis formed as a bottleneck with a constant cross-
section to minimize the surface level of the oil and reduce the evaporation loss. The waterbed conssts
of seawater pumped in from the fjord. When receiving ail products, water is pumped out from the
bottom of the cavern to avoid ail pollution. As a safety measure this water passes through an oil
separator before being discharged into the sea.



In Ekebergtank the volume of the waterbed is
congtant while the surface level of the stored oil product
rises and fals depending on the stored quantities. Use of
this principle is possible because Ekebergtank is used to
dore aviation fuel and gasoils which are far lessvolatile
than autométive gasoline.

The caverns are located well below the seaand
groundwater levels with the degpest caverns extending
down to about Elev. -45m.

Extengve control measures have been
implemented to ensure that the groundwater is dways at
asufficient level. A water curtain conssting of drilled
holes connected to an open cand in arock tunnd has
been ingtdled to avoid any interconnection between the
caverns of Ekeberg Oil Storage and the lower elevated
Ekebergtank.

Groundwater leaking into the caverns of Ekeberg-
tank is collected and pumped to the harbor basin through
an oil separator.

4 ROCK CONDITIONS

The rock consigts of massive precambrian gneisses of
good qudity. Blasting operations and excavetion of
tunndls and caverns were carried out without mgjor
technica problems.

Limited rock support was needed and was carried
out by bolting and shotcreting. None of the facilities
required concrete lining.

5  TECHNICAL INSTALLATIONS

Fig. 9.4 Sorage cavern at Ekeberg oil storage.
The import pipeline is coming in at the top, the
product pumps are hanging at the top. The water
pipeline goes all the way down to the bottom. The
picture is taken during construction, before the
cavern was filled with water and gasoline.

Pipelines have been ingtaled in rock tunnels with easy access and adequate space for maintenance. In
totd there are 4 km of walkways and 35 km of pipes transporting petroleum products.

All operations are highly automated. The control center is located underground, from where the
entire facilities are operated and controlled, and is manned continuoudly.

High-voltage dectricity is supplied to transformers placed in rock. Separate large diesd
aggregates can supply sufficient eectricity in case of breakdown of the externa supply.

6 EXPERIENCE FROM OPERATION

The experience from 25 years of operation confirms the efficiency and safety of the fadilities. There
has hardly been any stop in the operations and no mgor accidents. Thisis remarkable as tankers arrive
amogt every day, approximately 350 ships per year, and products are pumped out from the caverns



continuoudly. The storage complex requires few people during operation, and the operating costs are
very low.



10 LARGE HEAT PUMP FACILITY IN ROCK CAVERN
-EFFICIENT SYSTEM FOR DISTRICT HEATING AND COOLING

Margaret Matte
Berdal Srgmme a.s.

ABSTRACT: A didrict hesting and cooling plant in Sandvika represents new ideas and solutionsin
the Norwegian energy sector. The plant produces and distributes energy to buildings in the town of
Sandvika, asuburb 10 km west of Odo. The energy is produced by heat pumps placed in arock cavern
located close to the sewage tunnd from Odo West (the YEAS tunnd, ref. Article No.4), utilizing the
sewage water as the main energy source. The project has a favorable environmenta impact:

0 Thecentrdized heat pump system ddivers energy with aminimum use of primary energy

Sources.
0 Noiseand ar pollution isvirtudly eiminated.

1 INTRODUCTION

Theideaof cregting adistrict hesting and cooling
system in Baaum Municipdity emerged together
with the plans to develop 300,000 n¥ of new
building land close to the town of Sandvika.

The system was developed and implemented
by the utility comparny Baaum Energy, which isfully
owned by the municipdity and with Hafdund
Engineering as the main consultant. Hafdund
Engineering is now a part of Berdd Stramme as.
After extensve studies it was concluded that a
digtrict hesting system based on heat pumps and
utilizing sewage water as the energy source would
provide the most economic solution. By choosing
heat pumps, digtrict heating could be combined

Fig. 10.1 Rock cavern with heat pump system

with digtrict cooling through a separate cooling distribution network. The economy of the project
suggested that both the new area and the exigting buildings in the town should be connected to the

system.

Preliminary design started in 1985 and the implementation was decided one year later. Thetime
schedule was very tight. Following detalled design, construction took place in 1987-88.
Ddlivery of heating and cooling to the first customer started dready in July 1988.



2  THEPROJCT

The energy production plant consists of two hegat
pumps ingaled in arock cavern which islocated
close to the main sawage tunnel YEAS from Odo
West. The plant produces hot and chilled water for
heating and cooling, respectively, and conssts of a
base load unit and a peak-load and emergency
unit. The heat pumps condtitute the base load unit
while the emergency unit is a separate facility of
ail-fired boilers. The latter unit aso provides pesk-
loads during the coldest winter days.

The hot and chilled water is distributed to
subscribers through a piping network placed in
trenches and partly in concrete culverts. Heat
exchangersin the buildings transfer the heating
and cooling to the interna systems in each building.

Fig. 10.2 Heat pump installations

3 ENERGY PRODUCTION PLANT

The two heat pumps each have a capacity of 7 MW for heating and 4.5 MW for cooling. Average
energy production per year is 60 GWh for heating and 14 GWh for cooling. By using the same heet
pumps for production of hot and chilled water, the economy of the project was enhanced both
regarding investment, operation and maintenance cogts.

The main energy source for the heat pumpsis raw sewage water in the Y EAS sewage tunnel.
Heset from the sewage is transferred to the heat pumps through two tube-heat exchangers. Electric
energy is supplied to the compressors to support the heat pump process. One kWh of dectricity is
required to produce 3 kWh of heat energy.

The heat pumps are placed in arock cavern which aso has space reserved for athird heat pump
unit. The emergency unit conssting of three oil-fired boilersis placed above ground in aformer boiler
house belonging to an old paper factory that had been closed down.

4  THEROCK CA VERN

The heat pumps are ingdled in arock cavern complex comprising acar park and apublic air-raid
shdlter, located in the hills of Hamangaasen close to Sandvika. The complex has two halls, crossing
each other perpendicularly. The lengths of the hdls are 60 meters and 40 meters with span widths of
12-14 meters, giving atota areaof 1,000 square meters. Two access tunnels lead to the hal system,
one for cars and the other for pedestrians only.

The bedrock in the cavern area consists of lime/sandstone and claystone in dternating layers. A
few weakness zones cross the hal system, but due to variable jointing of the rock some overbreak in
the cavern roofs occurred.

The caverns were therefore systematicaly supported with fibrecrete and bolting. The cavernis
located below resdentia buildings of 4-5 storeys. Careful blasting was therefore required with strict
requirements to the alowable vibrations.



The two access tunnels were congtructed through overburden and weathered rock and
immediately below existing structures. To secure these structuresit was decided to strengthen the soil

closeto the tunnel porta by ground freezing for temporary support in the construction period as
described below. Planning and implementation of the ground trestment was done by GEOFROST

A.S., aNorwegian company specidizing in ground freezing.
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SECTION A-a

Fig. 10.3 Temporary retaining wall by ground freezing

4.1 Temporary Retaining Wall by Ground Freezing
The main access tunnel was established into a steep dope consisting of about 10 m of soil above rock.
The s0il conggts of moraine with large boulders.

To gabilise the soil dopes above the tunnd portd a vertica wall formed as an arch was
established by freezing. The freezing pipes were carried into rock.



SECTION A= &

Fig. 10.4 Freezing pipes and excavation in front of tunnel portal

Fig. 10.5 Main access tunnel under construction

The soil in front of the wal was then excavated and the rock porta was blasted. A large diameter, 6
m, corrugated sted pipe was placed to form the access before soil was backfilled to re-establish the
dope.

Time required for the ground treatment was about one month: one week for drilling and placing
of pipes, one week for initid freezing, and two weeks for maintaning the freezing while the access
was constructed.



4.2 Temporary Tunnel Support by Ground Freezing
The secondary access tunnel crossed a soil dope of moraine below aretaining wall which was founded
in the sol.

Temporary support was established by freezing of wals and roof by horizonta freezing pipes.
The pipes were carried into rock for anchoring of the support structure.

The access tunnel was then blasted and excavated. It was assumed that the frozen soil arch could
only be exposed for one day before asted shield had to be in place. During thistime about 5-10 cm of
the frozen celling could disintegrate, because the moraine was unsaturated and contained little fines.

Drilling and placing of pipeswas donein two weeks, theinitid freezing required one week only,
while the maintenance freezing lasted for another two weeks for completion of the access tunnel.

Undernesth a secondary road the access tunnel was constructed during a weekend. Excavation
was performed and concrete e ements were put in place and backfilled for re-establishing the road
above the access tunndl.

Fig. 10.6 Temporary tunnel support by ground freezing



Fig. 10.7 Secondary access tunnel under construction

5 ENERGY DISTRIBUTION SY STEM

The heating and cooling are distributed to the consumers through separate pipeslaid in trenches or in
concrete culverts. In the new town area the pipes are placed in prefabricated concrete culverts below
dreet leve, together with other utilities for eectricity, water, sewage and telecommunication. Four
parald pipes are required for the didtrict heeting and cooling, two for leading hot and chilled water to
the consumers and two for the return water to the plant.

In the trenches the heating pipes congst of an inner pipe of steel and a casing of polyethylene
with an insulation layer of polyurethane in-between. The cooling pipes were made of polyethylene
without any insulation. In the concrete culverts, both pipes are minera wool insulated the stedl pipes.

Prior to designing the system the actua hesting and cooling requirements of each building to be
connected were thoroughly investigated. Computerized methods were used for efficient planning and
design, for sdection of pump strategy and pipe sizes, analysis of heat losses and dynamic analys's of
pressures and flows.



Implementation of the ditribution system was complicated due to extensive construction
activity, and topographic conditions which imposed restrictions to lay-out of the system and scheduling
of the construction work.

6 COMPUTER CONTROL SYSTEM

The entire facility is managed and controlled by an ambitious master control system, that minimizes
the operation and maintenance costs and optimizes the operation conditions. The control system
continuoudy monitors the facilities and produces systematic operation reports and other
documentation.

The master control system communicates with substations and metering stations in each building
through a separate communication network which is placed together with the distribution pipes. A
main computer in the control center communicates with programmable control in the buildings to
ensure that the use of dectricity and ol is minimized.

7 HEAT PUMP IS A CHOICE OF THE FUTURE

The energy systems commonly used to-day are not generdly energy efficient as concluded by the
World Commission on Environment and Development under the United Nations. This commisson set
up in 1983 was chaired by the Prime Minister of Norway, Mrs. Gro Harlem Brundtland, consisted of
policy makers and scientists from 22 countries, and was given the brief to formulate "a globa agenda
for change'.

The "Brundtland Report” proposed seven goas for the future, one of them isto meet essentia
needs for energy. Within this sector the report recommends the adoption of soft energy syssemswhich
it describes asthe best way towards a sustainable future. The most gppropriate methods of energy
conservation were found to be:

o combined heat-and-power (CHP, cogeneration),
0 heat pumps for both space heating and cooling,
o0 gmdl scae hydropower plantsin suitable Sites.

The energy efficiency of dectricaly driven hest pumpsis remarkable. For every kwh of
electricity fed into the system the output is 3-5 kWh. Primary energy sources are therefore extremey
well utilized by heat pumps which are particularly suited and economic for space heating and hot tap
water production. When the same hegt pump is utilized in addition for space cooling, the energy
consarvation as well asthe environmentd effect of the complete system is unique.

The heat pump will reduce emissions of carbon dioxide (CO,) when ail is subdtituted for heating
pUrposes.

A didrict cooling system eiminates air-conditionersin buildings and is therefore an important
contribution in the struggle to minimize the release of hlorfluorcarbon gases (CFCs) which can deplete
the ozone in the upper atmosphere.



11 UNDERGROUND AIR TRAFFIC CONTROL CENTER

Bard Bakkgord & lan B Hayer
PABAS Consulting Engineers and Architects

ABSTRACT: The most important el ement within a programme to undertake a modernization and
enhancement of the air traffic control servicesin South East Norway is the establishment of anew Air
Traffic Control Center for Odo FIR (Odo ATCC). The new air traffic control center is Situated
underground. Adminigration and training facilities are in buildings at ground level, connected to the

air traffic control center by atunnel. The article presents the design and congtruction principlesfor this
advanced computerized and vitd ingdlation in the Norwegian air traffic control system.

1 INTRODUCTION

Civil Aviation Adminigration of Norway (NCAA) is currently undertaking a comprehensive
programme for the modernization and enhancement of the air traffic control servicesin South East
Norway. The most important ement within this programme is the establishment of anew Air Traffic
Control Center for Odo FIR (Odo ATCC), which will provide both area and gpproach control services
within the area.

A naiond ATS Academy will be establish in conjunction with the ATCC. The ATS Academy
will be using the ATCC Simulator for both basic and advanced training of air traffic controllers. The
facility will dso provide for maintenance, development and testing of gpplication software and system
enhancements. The air traffic control center is Stuated underground, with tunnel connection to the
adminigtration and training facilitiesin buildings a ground level. Mgor operation systemns supporting
the ATC activities include the operationd ATC system encompassing radar data and flight plan data
processing subsystems, the ATS smulator system, the Voice Communication System and the
operationa Information System. Sub-system integration and control will be managed by a control and
monitoring system. All sub-systemswill be highly automated, and will meet srict avalability
requirements.

The inherent system capacities and flexibility, coupled with expansion capabilities, will ensure
that the new Odo ATCC will have the capacity to handle projected growthsin air traffic in asafe an
efficient manner well into the next century.

2 THE OSLO ATCC SYSTEM MISSION

The objective of Odo ATCC system can be described as following:
0 Toenhancethe safety of ar travel through the timely acquisition and presentation of flight
related data for use by air traffic controllers and support steff.
0 To support thetraining of air traffic controllers and support staff.



0 To support the maintenance, development and test of gpplication software as well as evauation
of revised operationa procedures. The Odo ATCC system will be composed from the following
ub systems:

1. ATCC Opertationa System, comprising acentra complex and interactive ATS-units.
2. ATS Smulator System

3. Control and Monitoring System
4. Software Maintenance and Devel opment System

3  PROJECT DESCRIPTION
Air traffic in Norway, measured in numbers of passengers, has increased by 82% in the course of the
last ten years. A total of 16.1 million passengers traveled through Norwegian airportsin 1991. NCAA
owns, operates and maintains 19 primary airports in Norway, some of them in cooperation with the
Minigtry of Defense. In addition, the CAA is responsible for overdl planning of non-government
owned airfieds (secondary airfields, short runway airfields and others).

The new control center built at Rayken, named ATCC (Odo Air Traffic Control Center) will
replace the present control center, located at Odo Airport Fornebu.
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Fig. 11.1 Map showing location of the new Oslo ATCC at Rayken



4 PROGRESS REPORT ON THE CONSTRUCTION PROJECT

In November 1987, the Ministry of Transport asked SBED to undertake the construction of Odo Air
Traffic Control Center, Odo FIR. The assignment of constructing the ATCC was based on room
requirements, prepared by PABAS on the ingtructions of the Civil Aviation Adminigtration of Norway
(NCAA).

A project team was constituted on October 1988. The forma application for building license was
forwarded to the authoritiesin March 1989.

The extensve blasting and excavation works started in August 1989, and the building license
was issued in January 1990. The building operations started in June 1990 and were completed and
approved in March 1992. The NCAA took possession of the buildingsin April 1992.

NCAA isrespongble for the radar, data, and communication ingdlations in the buildings. The
ingalation of these systems commenced in the autumn of 1992 and theinitid trid run of the smulator
took place in January of 1994. Normal operations are planned to commence in March 1995.

5 CONSTRUCTION WORKS

5.1 Basis for planning of facilities
0Odo ATCC, Rayken, comprises six different administrative and operation functions. These functions
are
a) Adminigtration Region Rayken, Air traffic control
East Norway.
b) Odo ATCC, including educationa and training facilities in this connection.
c) ATS-schoal (Air Traffic Control School for Norway).
d) ETATS-School. (School covering dl activities within the CAA).
€) CAA Air Navigation Department (operation and maintenance of data, radar information and
communi cations eguipment)
f) Operation and maintenance functions related to the facilities.

5.2 Location

At the time when the location for the new Odo ATCC was decided, the politica discussons for the
location of the new Odo Airport were intense. Independent of the find airport location, the ATCC was
located at Rayken, west of Odo.

5.3 Design of buildings

Design of facilities has been basaed on cost effectiveness studies, consderation of investment cost as
well as costs of operation and maintenance. Recognized and tested technical solutions for construction
materids and finish have been chasen. Buildings have been designed with congruction flexibility in
mind; i.e. expanson posshilities aswell as rearrangement of the layout, within given limitations The
rock cavern has been excavated large enough to alow for consderable expanson. Main accessis
through the centra hdl of the adminigtration building, with connection to the control center in rock
through an access tunnd.

5.4 Underground building

The main functions of the ATCC, i.e. the control room with associated support facilities, are located in
rock for protection purpose. Base area of the cavern is approx 2600 . The building in rock isin three
stories.



5.5 Administration building

The parts of the ATCC that do not need fortification protection are placed in the administration
building located outside rock, adjacent to the protected facility. The administration building has a base
area of approx 1810 n?, and is constructed in three stories.

5.6 Personnel quarters

A building with accommodation facilities has been constructed for externd CAA personnd saying a
the center for longer periods. This building is located near the entrance to the site. The building has a
base area of approx. 665 7, and is constructed in two stories.

5.7 Connection tunnels
To ensure that the ATCC functioned according to intentions and requirements, it was necessary to
congtruct connection tunnels between the different parts of the facility. Main accesstothe ATCCisa
tunnel from the adminigtration building. This access is made as a corridor with an internad ambient.
Access to support functions has been arranged as atunnel directly from the outside, to prevent
maintenance and repair work from interfering with norma operation of the control center. The
maintenance tunnel can be used by cars.
In addition to this maintenance tunnd, other tunnels have been constructed for ventilation
pUrposes.

6 ROCK CONDITIONS AND UNDERGROUND CONSTRUCTIONS

6.1 Therock cavern
The main rock formation of the areais Drammensgranitt, a strong red granite. The strength of the rock
has been decisive for the choice of width and shape of the cavern.

The main cavern was placed in amassve formation without any observed weak zones. The main
direction of the excavation is agpprox. 45° to the direction of the main cracks.

6.2 Rock support
The permanent rock support is based on systematic rock bolting, combined with 10 cm of shotcrete.
There was no need for heavy concrete lining.



Fig. 11.2 View of the building in rock cavern,

6.3 Underground building — structural system

Columns and beams in the middle of the building are made of prefabricated concrete dements.
Intermediate dabs and roof dab are made of presiressed concrete elements. The entire building is
enclosed in an envelope of Corten-sted to obtain full EMP-shidding.

6.4 Firerisk evaluation of building in rock
The continuous functioning of the facility is especidly important to air traffic sefety, in peacetime as
well asinwar.

Generdly, the building isfireproof and the furniture and equipment do not represent alarge fire
hazard. The interior to the largest possible extent is made of non combustible and fire-retarding
materids, which will not release toxic gasesin case of fire.

The building has been provided with afire darm system, and the most important rooms are
equipped with haon fire extinguishing systems. Electric cables are of non combustible and non toxic
type.

There are four exit tunnels which can be used for fire escape.

7 STRUCTURAL SYSTEMS

7.1 Administration building
The gtructurd system is made of prefabricated concrete e ements. Intermediate dabs and the roof dab
area are supported on beams and columns. Wind forces are distributed by the dabs to walls around
garways and end walls of the building.

The auditorium building is made of reinforced concrete poured in situ. The roof is supported on
frames of laminated wood.



7.2 Personnel quarters

This building has dso been provided with a structurd system of reinforced concrete poured in Situ.
However, the roof supporting dab is made of prefabricated concrete dements. The roof is made of
wood.

8 HVAC INSTALLATIONS

The HVAC ingdlations for the adminigtration building and the building located in rock are not inter-
connected but act as totaly independent units.

The philasophy behind both the planning process and the choice of HVAC systems has been
formed in close cooperation with the user.

The most important objective was to create atechnicd ingalation that would ensure continuous
operation, and a the same time provide flexibility regarding future dterations. Other consderations
were easy maintenance and energy efficiency. Hexibility hasto a great extent been achieved by
separating ventilation, heating and cooling systems, and by using standardized components.

Heat recovery and free cooling facilities have been introduced where feasble. Waste heat from
water chillersis used to cool ventilation air.

8.1 Cooling system
Ventilation air for technica facilities in the rock cavern building is cooled by means of chilled water
produced in three chiller units.

Chilled water is digtributed to cooling cails, fan coails, cooling ceilings and room coolers
throughout the building, in areas where cooling is necessary.

The cooling of condenser circuits for weter chillers takes place by usng three axia fanswith
variable pitch angles and drawing outside air through the condenser coils. A Ssmilar cooling system,
with two chiller units, has been ingdled in the adminigtration building.

8.2 Air-conditioning
The OPS Center istotaly air conditioned, with fully developed temperature and humidity controls.
Ventilation air is supplied a a constant rate and condition (20 °C and 50% RH).

Hesat loads in the different rooms are removed by use of chilled water recirculating through fan
coils or coaling ceilings. The generator room, the UPS room and other power rooms are cooled by
means of large room coolers, recirculating and cooling the room air.

8.3 Heating system

The adminigtration building is heated by convectors ingtaled on perimeter walls, and supplied with hot
water of 90- 70°C. The heating water is produced in a combined eectricd/ail fired boiler. The rock
cavern building is heated by smdl dectric panel hegters.

8.4 Sanitary installations

The buildings are connected to the domestic water and sewage system in Rayken. A new connection to
exiging facilitiesin Rayken (2 km long) center was included in the project. Sanitary ingtalations and
water supply are provided in accordance with standard Norwegian regulations.



8.5 Ventilation system

Conditioned air is supplied to the various rooms in accordance with Norwegian regulations. No
recirculation of air takes place. Heet recovery is performed by means of water circulating between air
inlet and outlet coils.

The adminigration building has four ar handling units supplying conditioned air. The
ventilation sysem is divided, to satisfy different requirementsin the various parts of the building.

Air is supplied to the different rooms using ceiling mounted diffusors. In operation and control
rooms, the air is supplied using low impulse method, i.e. dightly chilled air supplied through floor
mounted diffusors.

The ventilation system for the rock cavern building is designed for secured operation. A reduced
amount of air is supplied through gas tight dampers and NBC filters. Most of the air is then revitdized
and recircul ated.

8.6 Fire protection

A separate smoke evacuation system has been ingaled in the
rock cavern building. Its main task isto prevent smoke from
entering the emergency exits. Thisis achieved by forced
evacuation of air from afire zone, and by pressure control of
the rest of the building.

Technica rooms and power supply room are equipped
with ahdon fire fighting sysem. At the time of congtruction
thiswas the only suitable type of ingdlation, as the power
supply was not alowed to be disconnected in the event of a
fire. In addition, a selection of fire resstant and non-toxic
materids has been used throughout the ingtalation, to prevent
the occurrence of poisonous gases.

8.7 Building automation
Electronic control devices of direct digitd type (DDC) have
been ingdled to provide building automation. The autonome
subcentras are connected via LAN to a central monitoring
system, with one work station in each building. More than
2,000 points are connected to the system and made available Fig. 11.3 Entrance to the main tunnel
on the monitoring screen.

The centrd monitoring system also contains a
programme for automatic status and darm transmitta to
externd subscribers viamodem.

9 ELECTRICAL INSTALLATIONS

9.1 Power supply

Electricity for the ingdlationsis provided by two subgations. The subgtation for the ingalationsin
the rock cavern building has two transformers, each rated a 800 kVA. The subgtation for buildings
outside has one transformer rated at 800 kVA and one at 630 kVA. The latter provides power for
heating purposes. Didtribution voltage is 400V, TN-S system.



An emergency power plant, conssting of three diesal-dectric units, has been built for the
ingalations in the rock cavern building, and important technica equipment in buildings outsde. Each
aggregateisrated at 700 kVA and covers 50% of the load. This emergency plant also contains a UPS-
ingalation for the supply of power to communications and computer equipment. The ingdlations
congst of three UPS-units connected in paralel. Each unit covers 50% of the load. The UPS units have
acommon battery bank, with a 100% load capacity or 530 kV A for 30 minutes.

For the main power distribution panels, circuit breakers of plug-in type are used. Themain
power pand for UPS-power supply has a double bus bar system to make servicing possible without
cutting the power to any circuit. Capacitors have been ingtaled for correction of power factor and a
harmonic absorber filter is placed on the UPS primary side.

9.2 Shielding

For EMP-protection, the vitd ingdlationsin the rock cavern building are within a sted shielded
building, and dl metdlic cables are protected by EMP-filters. For this reason, the ingdlations have an
extensive earthing sysem.

9.3 Power distribution
All main cables insde the buildings are placed on cable ladders or are contained in cable ducts. The
main equipment rooms have data floors wherein cable ladders and ducts are ingtalled.

9.4 Lighting installations

Throughout the planning process, grest emphasis has been placed upon the importance of minimizing
the operating expenses regarding al lighting ingtalations. For operation and simulating rooms, and
rooms where data terminals are ingtaled, specia care has been taken to avoid glare and reflection on
screens.

9.5 Cableinstallations for tele and data equipment
A flexible cable system covering all the buildings has been ingdled.

9.6 Supporting communication systems

A public address system covers dl the buildings, both for warning and genera information purposes.
The maintenance department has been provided with an additiond interna telephone system, which
makesit possible for the manager to reach personne whenever or wherever they are working.

9.7 Fire detection and fire extinguishing system

All buildings are controlled by an automatic, analogue, addressable fire detection system. Each

building has its own centrd unit, which can dert the locd fire brigade directly. Interndly, an darm

from the centra unit in one of the buildings aso activates the control pandsin the other buildings so

that darms are sounded throughout the ingtdlations. Displays are indaled a al centrd placesto

advise people where afireislocated. For the most important technical rooms, automatic haon
extinguishing systems are indaled. These are, however, limited to a minimum and are only installed
where other systems are not available. The halon systems are connected to the fire darm center, so that
the darm system cover the whole ingdlation.

9.8 Control system
An access control system covers the entrance and other important doors. This is connected to an darm
center. In addition an ITV-system has been ingaled.



Fig. 11.4 The Oslo ATCC administration building



12 SUPPORT METHODS AND GROUNDWATER CONTROL

Vidar Kveldsvik & Kjdl Karlsrud
Norwegian Geotechnical Institute

ABSTRACT: The paper describes rock support methods which are used in the Odo-region. Design of
rock support is often carried out using the Q-system as a useful tool. The most important method for
temporary and permanent support is based on use of rock bolts and wet process fibre reinforced
shotcrete. This method dlows for greeter flexibility in desgn and it does not influence the rate of drive
as ggnificantly as more rigid methods. Examples of use of rock support are given.

Underground excavationsin Odo require strict control of ground water leskage due to the
exigence of marine clay that is very susceptible to consolidation settlements and aum shae which can
undergo swelling. Permanent waterproofing is taken care of by pre-grouting rock mass or by in situ
cast concrete lining. Inroad tunnds, different types of eement cladding are in use. The most important
ones recently constructed, are described.

1 INTRODUCTION

The most frequently used rock support methods in the Odo region are the same as are used in Norway
in generd, i.e, rock bolts and wet mix sted fibre reinforced shotcrete. These methods dlow for a
grester flexibility in support design and save time, even in poorer rock mass. In generd the
sedimentary rocks with sills and dykes, gneisses and granites of the Odo field need some support, at
least spot bolting. Heavier rock support such as reinforced ribs of shotcrete or in Situ cast concrete
arches, are often necessary when traversing fault zones. Underground structures are usudly located at
ashdlow depth, and depressonsin the bedrock formed by weakness zones often result in little rock
overburden.

Depressions are generdly filled with a soft compressible marine clay. These deposits are very
susceptible to consolidation settlement as aresult of groundwater leskage into atunnel or cavern.
Alum shdes
can aso be found in Odo which, when drained, can undergo considerable swelling due to oxidation
and a breakdown of diagenetic bonds. Groundwater that leaks through alum shale can be extremely
aggressive. Underground excavations in Odo therefore require strict control of groundwater leskage.

Attention has focused on tunnd cladding for road tunnels more and more over the last 4-5 years.
The different types used in the Odo region are dways insulated to prevent the build-up of icein
tunnels during the winter.



2 ROCK SUPPORT

2.1 Methods and Materials

Typica support is usudly bolting and/or sted fibre reinforced shotcrete, &, Bolting is the dominant

form of rock support since it mobilises the strength of the surrounding rock massin the best possble
way. A combination of bolting and &, isthe most versatile support method yet devised. It can be
gpplied to any profile as either temporary or permanent support smply by changing the thickness of

the shotcrete applied and adjusting bolt spacing. In poorer rock masses a thick load-bearing ring can be
made of shotcrete, i.e, reinforced ribs of shotcrete, RRS, dlowing for further flexibility in spacing,
thickness, combination with bolts, etc. Cast concrete arches, CCA, are till in use but not as frequently
as before. The use of sted arches and ground freezing are other methods occasionally used for
Sahilizing the ground.

Both end-anchored and fully grouted rebar bolts are often used at the same site. End anchored bolts are
usudly ingtaled close to the face where immediate support is needed. If expansion bolts are used they
are normally grouted later to serve as permanent support. Resin anchored bolts are used as permanent
support with immediate effect at the face. Bolting combined with the use of stedl straps between the
bolts and eventudly shotcrete is dso used to some extent.

ROCK CLASSES

RQD |
i

Rock mass quality Q

SEI

REINFORCEMENT CATEGORIES

1) Unsupporned &) Fibee reinforced shulcroie and bolting. 9-12 cm, Sfr+B
1) Spot bobling, sb 7) Fibee reinforced shotcreic and bolung, 12-15 cm, Sir+B
3) Symematic boliing. B ¥) Fibee reinforced shoacrete, =15 om,

4) Systematic bolting, (and unscinforced shotcrese, 4-10 cm), B +5) reiniorced ribs of showcrete and bolting, Sir, RRS+B
5) Fibee reinforced shoicrete and bolting. 5-9 cm., Sir+B %) Cam concrese lining. CCA

Fig. 12.1 Rock mass classification and recommended support.

Wet process shotcrete replaced the dry processin the early 1980s. Stedl fibre began to replace
mesh as reinforcement & the same time. Today atypica shotcrete mix looks like this:
Portland cement (c) 450-550 kg/nt*



Slicafume (9 3-10% of cement weight

Aggregate 0-10mm

Padticizer 0.3-1 % of cement weight
Superpladticizer 0.3-1 % of cement weight
Sted fibre 50-90 kg/nT

Water/( c + 2-5) 0.40-0.45

Sump 15-18 cm

Air content <4%

Temperature 15-20°C

2.2 Designing Rock Support

The Q-system has frequently been used to design underground excavationsin the Odo region sSnceits
origin in 1974. An important fegture of the Q-system isthat it describes the rock mass qudity in terms
of numbers and this enables the user to design support for an underground excavation dependent on
the rock mass quality, dimensions and type of excavation.

Rock mass qudity is governed by severd different parameters. The most important ones
sgnificant to stability are represented in the Q-system and the Q-value is expressed by the formula:
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where the block szeisgiven as

RQD , degree of jointing
J number of joirt sets

n

the inter-block shear strength is given as

J, o joint roughness

J_ " joirt alteration or filling

and the active Sressis given as

J - Joint water pressure or leakage
KF rock stress conditions

Each parameter israted according to a set of tables. Q-vaue ranges from 0.001 for exceptiondly
poor quality squeezing ground up to 1,000 for "exceptionaly good” qudity rock whichis practicaly
unjointed.

The rock mass classfication is associated with support; recommendetions originally based on
212 case records. The support recommendations were updated in 1993 when the base was expanded by
1,050 new cases, mainly from road tunndls constructed during the last 10 years. The new cases include
widely distributed rock mass qualities between Q-values of 0.003 (exceptionally poor) to 200
(extremely good). The updated and simplified diagram for the design of support is shown as Figure



12.1. Balt length for systematic bolting, given on the right hand side of the diagram in Figure 12.1, is
based on the equation:

L?14701847B

where L = bolt length and B = the span or wall height. The Excavation Support Ratio, ESR, on the left
hand sde of the diagram is a factor which takes the purpose of the excavation into account. For
example, aroad tunnel would rate an ESR of 1 while a hydropower water tunnel would have an ESR
of 1.6.

2.3 Examples of rock support in different projects

Severd support methods were used in the Odo tunnel, two parald highway tunnels with across
section of 88-185 nt* under the central part of Odo. Typica support was S, and bolting as shown in
Figure 12.2.
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Figure 12.2 Typical support in sedimentary rock.

Table 12.1 showsthe use of &, and bolting and the Q-vaue digtribution in different rock types for the
Odo tunnd. The same information for the Granfoss tunnel (cross section 62-120 n?) and Nordby
tunnel (cross section 61 nf) is aso shown in Table 12.1. An indication of the effectiveness of S, and
bolting is shown in Figure 12.3. Even though the results from plotting the rate of drive againgt Q are
scattered, they indicate that the drive is not congderably reduced until Q is 1 or lower. In this project
only rock bolt spacing and shotcrete thickness were varied to follow the variation in rock mass qudity.
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Fig. 12.3 Correlation between Q and rate of drive in the Nordby tunnel
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Rock Except. | Extrem. | Very Poor Fair Good Very Bolts S
poor poor poor [%] [ %] [%0] good No./m m*/m
[%] [%] [%] [%]

O-s 2 5 21 45 22 5 0 6,4 3,1

O-g 0 2 6 21 39 30 2 2,3 1,1

O-m 0 0 0 39 57 3 1 3,5 1,3

G-s 0 1 15 59 25 0 0 7,2 2,1

N-g 0 2 16 13 35 34 0 4,7 0,8

O = 0dotunnel, N = Nordby tunnd, G = Granfoss tunnd,
s= clay shde, dum shde and nodular limestone with slis and dykes, g = gneiss and m = meanitt with
layers of dum shde.

Table 12.1 Q-value distribution and average use of Sfr and bolting per tunnel meter.
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Fig. 12.4 Vertical sketch through the fault zone.

A support method based on shotcrete and bolting was aso used in the Odo tunnd when crossing
the main fault zone a the lowest point of the tunnd. Figure 12.4 gives a schemdtic view of the
geologicd conditions. The total length of this tunnel section was 40 m and the cross section was 110
. Rock mass quality was "extremey poor”, Q = 0.01, for 25 m of the section, "poor” and "good" for
the remaining 15 m. The crushed dum shae which condtituted the central part of the fault zone was
sendtive to water and the clay above was sensitive to pore water pressure reduction. Therefore, avery
comprehensive pre-grouting programme was carried out before driving the tunnel through the zone.
The crucid point was identified to be the stand-up time or Sability immediatdly after excavation. It
was dso agod to minimize the total deformation in order to maintain the sdf - supporting capacity of
the rock mass as much as possible and to avoid water |leskage. Extensive use of spiting was consdered
essentia to achieve these god's as well asimmediate shotcreting after excavation. Reection curves for
ground and support, exclusive use of RRS, were cdculated and are shown in Figure 12.5.
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Fig. 12. 5 Reaction curves for ground and support.



Maximum support pressure in the roof given in MPawas estimated from the formula:
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r

Thereaulting design isillugtrated in Figure 12.6:

0 Thecross section was divided into 4 parts.

0 Part 1 wasexcavated through the whole section, then part 2 and 3, and findly part 4. Excavation
lengths were 2-3 m. Spiting (c/c=0.3-0.6 m), radia bolts (c/c=0.9-1.35 m) and 20 cm of fibre
reinforced shotcrete were applied after excavation of each step. Reinforced ribs of shotcrete
(c/c= 1-2 m) wereingaled consecutively during excavation of parts 2 and 3, and were prolonged
down the tunnd walls during excavation of part 4.

0 Thetotd number of RRS was determined by the progress of radia deformation.

0 Radia deformation stopped at 18 mm.

?15':,\'3'\ Uoﬂb

Cross section
Radial boits
| | Spilng
| 7
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| |
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Longitudinal section

Rainfarced rib of sholerels (ARS)

Fig. 12. 6 Excavation and support in "extremely poor" rock.



Ground freezing as temporary support has successfully been used in some critica casesin Odo.
The freezing operation can be carried out both from insde an excavation and from Street level
depending on which is gppropriate. In the twin tunnd crossing the main fault zone mentioned above,
the freezing operation was executed from one tunnd face, and the tunndl was driven from the opposite
face. The placement of the freezing tubes is shown on Figure 12.7. The thickness of the frozen zone
was designed to be a least 2 m with atemperature lower than -15°C. In terms of rock support, thisis
roughly equivaent to 20 cm of shotcrete.

Immediately after each blast (3 m), the roof and the walls were lined with 10 cm of shotcreted
for temporary support. The shotcrete on the face was 5 cm thick. The face was dso bolted in the
poorest part of the weakness zone. The permanent support, which was gpplied as soon as possible after
the temporary support, was a cast fibre reinforced concrete arch 65 cm thick.

Tunnd Boring Machines (TBM's) have been used in the Od o region to construct sewer tunndls.
The support needed in the TBM tunnelsis based on andlyses of 14 km of tunnel with adiameter of 3.5
m, and can be summarized asfollows:

0 Qlarger than 10: Generdly no support. Spot bolting and some shotcrete used for support of
small wedges.

o Qintherange5-10: Usualy no support. Only rock bolts were used when support was needed.

o0 Qintherange 1-5: For the most part shotcrete was used. Inafew cases shotcrete was combined
with bolts.

o0 Qintherange 0.5-1: For the most part shotcrete combined with bolts was used.

o0 Q lower than 0.5: Norma support was mesh reinforced shotcrete combined with bolts. In some

wider weakness zones, stedl rod reinforced ribs of shotcrete were used with a spacing of 1.0 m.

4745
Fig. 12.7 Perspective drawing of the freezing tubes.
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Fig. 12. 8 Layout of a railway tunnel.
Welded stedl liner plates have also been used in TBM driven tunnels for temporary support in
sections with poor rock. The sted liner plates were combined with, or interchanged with, shotcrete

based support to provide permanent support.

3 GROUNDWATER CONTROL

The Holmenkollen subway tunnd, which was completed in 1916, caused surface settlements of up to
35 cm in clay-filled depressions within 200-400 m from the tunnel due to groundwater leskage. Severe
damage was caused to many buildings in the area, especidly those which were founded on the steep
edges of clay-filled depressons. A tunnel driven under clay-filled depressonsisillustrated in Figure
12.8. Observe the piezometer ingtdlations along the tunnd. A comprehensive programme for
surveillance of pore water pressure, starting early enough to register the naturd fluctuaions, is

standard procedure. These observations are supplemented by precision leveling measurements on the
mogt critical buildings
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Fig. 12. 9 Impact on pore pressure and groundwater table (GWT) caused by tunneling.

Experience from rock tunnels constructed in Odo over the past 30 years or so, shows that it takes
avery smdl leskage into arock tunnel to decrease the pore pressure at the clay-rock interface and
initiate a consolidation process in the clay. The mechanism isillusirated in Figure 12.9.

Leakage, g At g
(l/min/100 m) (m)

<1 0
1-3 0-2
3-5 2-4
5-10 4-6
10 - 20 6-8

20 - 40 g-10 _

Table 12.2 Correlation between leakage and pore pressure
=40 >10 reduction.

The pore pressure reduction, 2Lk, a the clay-rock interface straight above arock tunne may
typicaly be as shown in Table 12.2 in relation to the groundweter leakage into the tunndl. The pore
pressure reduction typically decreases by 2 m per 100 m distance from the tunnel, and can therefore
influence areas hundreds of meters avay from atunnd. If no grouting is carried out, the leskage into



rock tunnelsin Odo will generdly be in the range of 20-40 liters minute per 100 m. This corresponds
to an overd| permesability for the rock mass of the order 10-5 cm/sec, or about 100 times more than is

typical for the clay deposits.
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Fig. 12.10 Correlation between settlement, soil thickness and ?UR for a given soil.

Figure 12.10 shows an example of total consolidation settlement as a function of soil thickness
for agiven pore pressure reduction at bedrock level. An example of how settlement devel ops with time

isshown in Figure 12.11.
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Fig. 12.11 Correlation between settlement, time and soil thickness for a given ?Ur.



Asonly afew centimeters of settlement are acceptable in order to avoid damage to buildings,
this means that the acceptable leakage can be as low as 1- 2 litresminute per 100 m tunnd in the most
sendtive aress.

The basic method for controlling the leekage of groundwater into tunnels and cavernsis pre-
grouting ahead of the face as shown schematicdly in Figure 12.12. Pre-grouting serves as temporary
waterproofing and often aso as permanent waterproofing. Pre-grouting is Sometimes supplemented by
post-grouting if the maximum alowed water leskage is exceeded. Experience shows that fairly good
results from post-grouting can only be achieved in pre-grouted areas. Post-grouting is no dternative to
pre-grouting. Generdly results from grouting have gradudly improved over the past years. The most
sgnificant improvement came when one started using ardatively high pump pressure, up to 3.5 MPa.
The use of high pressure grouting has also made it possible for an extended use of both standard
cement and fine grained micro- cements. These are far more economica than chemica grouts which
were more in use earlier. Recent experience from road tunnels shows that, based on pre-grouting with
cement, leakages can be reduced to about 2-5 litersminute per 100 m on average for atunnd with a
cross section of 60-100 nt. As discussed earlier, thiswill not be satisfactory in dl casesin terms of the
potential for settlements.

20m . B=12m,

—————

%Dulﬂd Holes for

Zone grouting

Fig. 12.12 Scheme for pre-grouting and lining.



Artificd infiltration of water, asillusrated in Figure 12.13, is frequently used to temporarily control
pore pressure during the congtruction phase. The groundwater infiltration holes are generaly drilled
deep into the bedrock to intercept the most significant water bearing zones under clay-filled
depressions. One tries to take advantage of the natural distribution system in the bedrock, represented
by permesble faults, igneous intrusions, etc., to re-saturate larger areas. This has been quite successful,
and in recent years, atificid infiltration has also been used as a permanent ingtdlation to stop
subsidence around older underground structures where grouting has not given the desired result.
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Fig. 12. 13 Artificial infiltration of water.
Cadt concrete lining has been necessary in the most sensitive areas in order to achieve an
acceptable level of leakage. The methods used for waterproofing a cast concrete lining are:

o0 Useof ranforced lining which is systematicaly grouted at the interface rock-concrete.
Reinforcement of the lining dlows the use of high pressure grouting, which isrequired to
achieve good results. Thistype of lining worked very well in aralway tunnd with a22 m span
gation, reducing leakage to about liter/minute per 100 m of tunndl.

0 Useof unreinforced lining which is waterproofed by pands of bentonite, notch band and
injection of notches and fissures. This has been fairly successful, however, since concrete shrinks
during cold periods in the winter, there are problems with dilatation of existing cracks which
causes new leakages.

0 Useof aPVC membrane and adrainage sheet installed on a smooth surface of shotcrete before
the lining is moulded. This method was used with success in aroad tunnel which was completed
afew years ago. In the late 1960s, a smilar method using an agphdt membranein an
underground railway station was a complete failure. The failure was probably caused by a
combination of complex geometry, difficult working conditions, inadequate planning, poor
workmanship and insufficient qudity control.

4  TUNNEL CLADDING

In road tunnelsit isimportant to protect traffic against dripping water and, more important, from the
formation of ice that can fal from the roof or build up on the road surface. To do thisand
smultaneoudy cregte a pleasant environment for users, different types of dement tunnel cladding is
used. Common to dl types of cladding is that they are insulated. Depending on the dimengioning of the
insulation, acladding might have to be designed to bear someice-load.

Figure 12.14 shows a sandwich eement lining with the insulation (extruded polystyrene) placed
between two layers of concrete. The waterproofing consists of a membrane. Experience with concrete
element cladding is generdly good and more of it will probably be seen in the yearsto come.



Figure 12.15 shows a so-cdled light weight cladding in the arch, i.e., dadding built up of panels
of 1 mm thick sheets of stedl and insulation to the required thickness. Each pand is3 m x 1 m (width x
height) and is held in place by fibreglass arches placed each third meter. The waterproofing is a poly-
ethylene foil and packing at the back of the panels. The panels are easy to replace in the case of
damage. Experience with light-weight cladding indicates that dimensioning for pressure and suction
forces from traffic must be taken very serioudy.
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Fig. 12.14 Concrete element lining.

Fig. 12.15 Light-weight cladding.

Ingtead of light-weight dadding in the arch, panels of polyethylene foam (PE panels) can be
used. The pands are mounted in bascaly the same way asisillugtrated in Figure 12.15, but only two
panels are necessary to cover the entire arch. No membrane is used on PE panels. For fire protection
and gahility, the PE panels are covered with 6 cm of mesh reinforced shotcrete. Experience with PE
pandsis generdly good, however, it is difficult to achieve complete waterproofing.
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ABSTRACT: Norway has congiderable experience of blagting in mountainous terrain. Previoudy,
most blasting was required in conjunction with the development of hydroe ectric power. Today,
however, most maor building projects are seen in conjunction with improvements to the nationd
infragtructure, and, in consequence, blasting isdmaost aways carried out in and around the mgjor
towns and cities. Economic condderations have led to consderable improvementsin blagting
techniques. Today, blasting operations require better follow-up routines than ever before, not only
because of the relative sophistication of modem techniques but aso because much more blagting is
now being carried out in densely populated and built-up areas. The adoption of larger diameter shot
holes and longer rounds has a'so led to the need for increased control of blasting procedures.

1 INTRODUCTION

Given the large numbers of building projects going on in built-up areasin Norway at anyone time,
many of which require large volumes of rock blasted from the mountains, damage directly attributable
to the vibrations set up by an explosion are very rarely seen. In dmost dl cases, blasting is subject to a
st of threshold vaues, and the explosive weight is thus set in proportion to measurable vibrations.
This leads us to the immediate conclusion that vibrations are not a problem and that modem blasting
practice is of sufficiently high standard.

2 CAUTIOUSBLASTING, CONTROLLED BLASTING

2.1 Special considerations

In dl cautious blagting, particular attention must be paid to the effect of the blast on the surroundings.
In other words, to preserve the local environment, it is essentia to maintain control of ground
vibrations, spatter and airborne shockwaves. Drilling and charging must aways be carefully planned,
caculated and followed up. Individud blasting operations must also be documented to enable them to
be reconstructed.

However, those working with blasting on a day-to-day basis know that thisis not dways as easy
asit seems - especidly those who have been cdled in after the event to check whether the blagting
operation has caused any damage. Where is the blasting record? What has happened to the vibration
measurements? Where can we find the ingpector's report. Quite often dl of these are missing. Whose
fault isit? Often it's al too easy to put the blame on the subcontractor or the head of the blasting crew,



but just as often it gppears that the future proprietor and, more particularly, his consultant should
accept alarge portion of the blame for falling to ensure that dl wasin order in the first place.

3 DETERMINATION OF THRESHOLD VALUES

Norwegian Standard (NS) no.8141 is applied to the determination of threshold vaues for vibraionsin
buildings.

NS 8141 dedls with the caculation of threshold vaues for blast-induced vibrationsin buildings
and gtructures, and these are used for the determination of the threshold vauesto be applied to any
particular blasting operation. They are set such as to obviate damage to nearby buildings/congtructions.
The standard is gpplicable to dl types of blasting operations in awide variety of environments, tunnels
and mines to crushing plants and building stes. The threshold values are set with aview to building
technology rather than human beings or any vibration-sengtive plant or machinery which may be
housed ingde the building.

The threshold values are set as the vertical pesk vaues of the vibration velocity.

3.1 What is the peak value ?
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Fig. 13.1 What is the peak value?

3.2 Threshold values

The threshold values of NS 8141 are based on extensive experience of the correlation between vertica

vibration velocity and the damage occasioned to buildings erected on a variety of foundation types.
The threshold vaue (v) indicates the vibrations set up by the blast at the leve of the foundation

V=V, X Fc X Fgx K
where
Vo  istheuncorrected pesk vaue of the vertica vibration velocity expressed in millimeters per

second. The value of vo depends on loca ground conditions.
Fc  isthe congruction factor.



Fq isthedistance factor indicating the distance between the point of the explosion and the point of
measurement.

F.  isthetimefactor indicating the length of the period during which the building is exposed to the
vibrations.

If blasting is to be carried out such thet the vibrations may give rise to resonance in a building,
as, for example, by the use of eectronic firing systems, the threshold vaues to be applied to the
operation should be determined with specia care.

L ocal ground conditions Uncorrected peak value of vertical vibration
velocity, Vo

Very wet ground/wet clay Edtablished separatdly

L oose dratified moraine, sand, gravel, clay

(seiamic veocity less than 2,000 nvs) 18

Solid gratified moraine, shae, soft limestone and

equivaent (seigmic velocity 2,000-4,000 m/s) 35

Granite, gneiss, hard limestone, dolerite (diabase)

and equivaent (seismic velocity over 4,000 m/s) 70

3.3 Uncorrected peak value of vertical vibration velocity, Vo
The uncorrected peak value of verticd vibration velocity Vo depends on loca ground conditionsand is
st on the basis of the following table.

3.4 Construction factor; Fc

The congtruction factor depends on the type and design of the building and of the materid of which it
isbuilt. Thisfactor is given by the formula

Fc=F, x Fm
where

Fp  isthebuilding factor, and
Fm isthefactor dependent on the type of materia used in the congtruction of the building

3.5 Building factor; Fp
For the present purposes, buildings are divided into the five categories indicated in the following table:




Category Type of building Building factor,
Fo
1 Heavy-duty edifices, e.g. bridges, harbor
quays, defences 1,70
2 Industrid and office buildings 1,20
Ordinary dwdling houses 1,00
4 Especidly vulnerable buildings, eg.
museums, buildings with high or of
particularly wide span 0,65
5 Higtorical monuments and ruinsin
fragile condition 0,50

3.6 Material factol; Fn,

The materias of which abuilding may be comprised are divided into three categories indicated in the
table below:

Category Principal materials Material factor, Fn,
1 Reinforced concrete, steel and wood 1,20
2 Nontreinforced concrete, brick, cavity
blocks, masonry, lightweight concrete
and thelike 1,00
3 Porous concrete 0,75

3.7 Distancefactol; Fq

The distance factor Fy is the shortest distance d between the point of the explosion and the building.
Fqisrectilinear between 5 and 200 meters. At distances of over 200 meters the distance factor is 0.5.
Distances of less than 5 meters should be assessed separately.
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3.8 Timefactol; F;
The time factor F; depends on the length of the period during which blasting isto continue. The chief
purpose of thisfactor is to distinguish between permanent and temporary operation.

Duration of construction Timefactor F
L ess than 12 months 1,00
Over 12 months 0,75

3.9 Other requirements of the Sandard

3.9.1 Requirements for measuring equipment
Thisis one of the more tricky aspects of the Standard, for it pecifies both how the insrument isto
monitor the vibrations and the frequencies which are to be measured. Here much can go wrong unless
everything is carefully check throughout the operation.

The discrepancy is greatest at short distances, i.e. from 0 to 20 meters. At distances greater than
20 meters, the discrepancy becomes rapidly smaller.

To be meaningful in the present context, a discrepancy must be large, e.g. between 100% and
150% off the measurement that would be given by an instrument caibrated in accordance with NS
8141.

3.9.2 Measurement and assessment
Perhaps as important as accuracy of measurement is the correct assembly and gting of the instrument
itself. Specifications are provided as to how this should be done.

Under specid circumstancesit may sometimes be desirable to extend the range of the
measurements carried out. Provisions for extended measurement are contained in the Standard.

3.9.3 Record of measurements
The last section of the Standard ligts the information which must be included in the records kept of dl
measurements carried out. (Note that this information must be provided!)
The report must:
o0 Specify the precise location of the instruments, the date, and the name of the person who carried
out the measurements.
0 Specify thetype of insruments used, including the date when the instruments were last
cdibrated.
Specify the sensor assembly, the background noise and the trigger level selected. Time checked.
Indicate the distance between point of measurement and blagting Site.
0 Describetheloca foundation conditions, design and congtruction of the building, geological
condition, and any other conditions that may be of sgnificance to measurement.
0 Indicate the vaues measured a specific points of measurement.
0 Givean assessment of the results obtained as compared with the threshold values ca culated for
the job.

o O



3.9.4 Calibration of instruments

NS 8141 aso specifies the cdibration routines to be gpplied to both instruments and sensors.
Cdibration is, of course, a sengtive issue among those who own or rent out vibration measuring
equipment. For those with access to UV S equipment the instrument itself is usudly enough, sinceit
can eadly be checked out in the field. With geophones, on the other hand, practicaly an entire
laboratory must be called in. Both types must be checked at least once every other year.

4  THE MEASURING EQUIPMENT OF TOMORROW

Until today, most changes made in thisfield took place in the actud instruments. However, with
information technology developing apace, it is natural that representatives of the industry keep dert to
any advances that are made. In our own particular field, for example, we have seen how a UV S 1500
ingtrument can be remote-controlled and programmed to transmit data directly to the PC by whichit is
controlled. We have recently developed software for the remote-control of aUVS 1500 for usein
Romeriksporten, the new railway tunnel to Odo's Gardermoen airport. Here, al readings will be made
viaa PC and the ingruments will be linked to mobile phones out in the field. The illustration below
shows thefirst verson of the program.
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Fig. 13.2 The instrument has been rung up via a mobile telephone. Displayed is the UVS 1500
directory.

We can a0 see how an ingrument could call up auser and provide information on the progress
of events: the party renting the instrument would aso be provided with a text-based pager, or else data
could be transmitted to a GSM mobile phone viathe SMS (Short Message System) service.

It will ds0 be possible to transmit datato our loca network at the Dyno office a Gullaug. Here,
datawill be stored for later retrieval by customers from their persond eectronic mailboxes.

Out in the field, wirdess transmission will enable sgnds to be sent from the sensors direct to the
indrument. This technique has dready proved itsdf in practice and is likely to become more common
during the years to come. The present range is about 200 meters but will surely grow larger.

Until today it has been common to measure vibration velocity and a number of supplementary
parameters as well. However, the trend in instruments has tended to reflect thet of eectronicsin



generd, which, in our case, has manifested itsdlf in the utilization of more advanced instruments by
ordinary users. In an effort to control the blast and adjust the round as accurately as possible, the
tendency today is to choose instruments that are becoming increasingly sophisticated.

In this context, it should not be forgotten that the switch to the Nond firing system hasin some
degree contributed to the need for accurate measurement.

Vibration measurement should enable recongtruction of achain of events after blasting.
However, conventiona measuring instruments are far from being able to provide us with aclear
picture of what has happened; redlity is more complex than that. What we can record is a gross
overamplification of an exceedingly complex process - and this should be remembered whenever we
determine a s&t of threshold vaues and, above all, sat about assessing and interpreting the
measurements after the blast.



14 PERCEIVED DANGER AND DESIGN OF UNDERGROUND FACILITIES
FOR PUBLIC USE @
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Rogaland Research

ABSTRACT: A common problem with underground facilities for public useisthe feding of danger
and entrapment they generate. This article discusses these reactionsin light of modern behaviora
theory explaining the development of phobic reactions. According to this view the mgority of phobic
reactions are aresult of two factors: A biologica preparednessto avoid certain stimuli and a learning
episode strengthening the avoidance behavior. A third factor, degree of perceived control, has
important modulating effects on phobic reactions. A biologicd preparednessto avoid Stuations
characterized by alimited posshility for escape can explain some aspects of the seemingly universa
negative associations that underground space evokes. Some of the consequences this theory have for
design of underground facilities for public use are discussed.

1 INTRODUCTION

The utilization of underground space for public use isincreasing both in terms of excavated space and
in terms of the number of activities performed in the buildings. Car parks, sporting and recreationa
amenities, libraries, shopping centers, restaurants, congregation centers, theatres and concert hals are
some examples of public facilities now being built underground.

A public facility is differentiated from awork place by: (I) the short time each person on average
will spend in the building, and by (2) theirregular and relatively infrequent vidts each person will pay
the facility. This means that psychologica aspects of being underground will differ from those found
in an underground workplace. While isolation and monotony are two common problems reported by
employees in underground workplaces (Sommer 1974; Hollon, Kendall, Norsted & Watson 1980;
Wada & Sagukawa 1990), long term effects of being underground will be of little relevance for people
usng public facilities.

The limited possibility for familiarization and hebituation in public facilities means that people's
experience of being underground more likely will be related to their preconceptions of underground
gpace. An understanding of people’ simage of underground
space will therefore be useful in predicting the most likely psychological responses to underground
fecilitiesfor public use.

The utilization of underground space for public use generdly evokes negetive associations.
Although the content of the associations varies historicaly and across cultures, a negetive image of
underground space seems to be quite widespread and consstent (Carmody 1992). This negative image
has been described and explained in different ways (Carmody 1992; Fairhurst 1976; Lesser 1987;
Paulus 1976; Williams 1990), but afeding of confinement and danger seem to be agenera and
important facet of the imagery evoked by underground space.

Attempts to explain the negative associations connected to underground space has so far lacked a
clear theoretica foundation, and the explanations have not been very ussful in determining what
Specific agpects of underground space produce the negative associations. This article discusses the



negative image of the underground in light of modem behaviord theory explaining the development of
phobic reactions. It will be argued that this theory can ad a more detailed undersgtanding of what it is
about underground space that evokes negative associations, and that this understanding may be helpful
in developing design solutions that ameliorate some of the negative thoughts and emotions generated
by underground space.

2 FEARS, PHOBIAS AND UNDERGROUND SPACE

A phobic reaction is commonly defined as a strong experience of fear in a Stuation where thereisno
obvious externa danger. The phobic reaction is accompanied with a strong urge to avoid the non-
dangerous feared Situation even though the person redlizes that such behavior isfoolish or irrationd.
Phobic reactions are among the most common forms of maladaptive behaviorsin people, and may in
many cases cripple the person's sociad and professiond life (Morris 1991).

According to modern behaviora theory the development of phobiasis aresult of two factors: (1)
A biologica preparednessto fear and avoid certain stimuli, and (2) alearning episode strengthening
the avoidance behavior. A third factor, degree of perceived contral, isimportant in modulating the
likelihood and intengty of phobic reactions.

The notion of biologica preparedness was first proposed by Sdigman (1971) to explain that only
some gimuli generate phobic reactions. According to Seligman people are prepared to develop certain
fears based on the biologica and evolutionary sgnificance of certain stimuli and Stuations thet are
tied to their sruggle for surviva. Stimuli thet frequently provoke phobic reactions have oncein
humankind's history indicated real danger, and natural selection has favored those among our ancestors
who have avoided them. Although the behavior is no longer adaptive, these simuli can il dicit fear
and avoidance in people because of physiologica predispositions. The biologica preparedness notion
has later atained experimental support (Ohman, Erixon & Lefberg 1975; Hugdahl, Fredrikson &
Ohman 1977).

Biologicd preparednessis not, however, a sufficient etiological factor in the development of
phobias. If it were we would al suffer from awide range of phobias. The second necessary factor -a
learning episode -isillugtrated in Figure 14.1.
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Fig. 14.1 The learning of phobic reactions.
(S1 = Fear-provoking stimulus, S2 = Initially neutral stimulus, s= stimulus with some featurein
common with S2.)



A fear provoking Situation of some sort (for instance being trapped between two floors) is paired with
aninitidly neutrd simulus ,(for ingance being in an devator). This leads to afear response. After the
learning episode the initidly neutra stimulus will, when presented aone, generate aresponse of the
same type as the one emitted during learning. Thisresultsin an "irrationd” fear of the initidly neutra
dimulus. The fear reponse will easly generdize to simuli that have some festure in common with

the new fear provoking stimulus (i.e. the fear of riding elevators will become a fear of enclosed
spaces).

Approaching the new fear provoking stimulus will result in intense anxiety, and this anxiety can
be reduced by avoidance behavior. Avoiding the fear provoking stimulus will thereby be rewarded and
reinforced by areduction in anxiety and discomfort. This has two important consequences: Firg, the
strengthening of the avoidance behavior means that the person will invest progressively more
resourcesin avoiding the feared stimulus. In extreme cases the avoidance behavior can become so
intense that it dominates the person's life. Second, the avoidance behavior will prevent the person from
experiencing that the fear arousing simulus is not redly dangerous, and thiswill in turn reduce the
likelihood of recovery.

An important modifying factor in the development and sustainment of phobic reactionsisthe
person's experience of control. Both the learning of phobic reactions and the degree to which the
feared Simulus gives rise to anxiety, seem to depend on the level of perceived control in aSituaion
(Beck, Emery & Greenberg 1985), and the degree of perceived contral isin turn closdy reated to
environmentd cues (Brehm & Brehm 1981). For example, being trapped need not provoke feer if it is
possible to cal for help by pushing a button. Being in enclosed spaces does not necessarily generate
anxigty in a claustrophobic (a person afraid of enclosed spaces) if the person has knowledge of
possible escape routes. This means that in the face of stimuli people are biologically prepared to fear
and avoid, theintensity of discomfort or fear will a least partly depend on other Situationa
characteristics or stimuli that influence peopl€'s perception of control.

The following three agpects of the behaviord theory explaining the development of phobic
reactions are particularly sdient to an understanding of peoplée's negative image of underground space:

1. The posshility for fully developed phobic reactions.
2. Thenotion of biologica preparedness.
3. Thelevd of perceived contral.

Reatively few people will experience intense anxiety while being in an underground facility.
People with developed phobic reactions will most likely avoid Stuations they are afraid of. Problems
can arise, however, if a person suffering from a phobiais forced to expose himsdf to the fear
provoking stimuli. If a claustrophobic has to drive through a tunnel on the way to work, this can be an
excruciaing experience. Phobic reactions, though limited in number, should therefore not be
underestimated in maintaining a negative image of the underground. Indeed, fear and panic reactions
in underground facilities may be an important part of the folklore connected to underground space.

The notion of biological preparedness gives some indications of what pecific aspect of
underground space people may try to avoid or be afraid of. By consdering the most common phobic
gimuli, in order to evauate whether they are aspects of underground facilities, it may be possible to
detect specific characteristics of underground space that people are predisposed to fear arid avoid.
Enclosed spaces, entrapment, darkness, crowds and getting lost are some common phobic stimuli that
can easily be associated with underground space. Therefore, the prevailing negetive image of the
underground can, at least partly, be understood as a response to certain aspects of underground space
that people are biologically prepared to avoid and fear.

It isnot difficult to imagine that perceaived control can be reduced in an underground facility for
public use. The number of escape routesis limited and the escape routes may be difficult to detect,



wayfinding in genera can be difficult, technologica aspects of underground space may be unfamiliar,
and people unaccustomed to underground space may experience alack of confidence in thelr
traditional coping behaviors because of the new and unfamiliar surroundings. Thus, areduced levd of
perceived control can also contribute to the popular image of underground space as dangerous.

3 SOME CONSEQUENCES FOR DESIGN

The possibility for sysematizing existing knowledge regarding underground design is perhaps the
magor advantage to be gained by using the behaviora theory of phobic reactions as a background for
discussing design of underground facilities for public use. Two broad categories of design
considerations emerge as particularly important.

Firgt, simuli that are known as common dicitors of phobic reactions should be given specid
attention when designing underground facilities. Which stimuli should be considered most important
will depend on the type of facility being designed. For instance; crowding and wayfinding may be of
relevance in designing a concert hal, while being done may evoke fear in an underground car park.

Second, underground facilities should be designed in away that enhances peopl€'s perception of
control. This can be done via a design that conveys relevant information to the users, and gives the
users a chance to act upon this informetion.

By applying results from environmenta psychology in the design of underground fecilities, it is
possible to reduce the impact of potentia fear arousing simuli and enhance peopl€'s experience of
control. Peoplée's perception of crowding, for example, has been related to the following architectura
factors: Shape of room, celling height, placement of activitiesin the room, partitioning of room(s),
Segting arrangements, brightness, presence of visud distracters ( eg. pictures on wals) and visua
access to escapes (e.g. doors) (Bell, Fisher, Braun & Green 1990, pp. 309-310).

Wayfinding can serve as another example. Ease of wayfinding is related to the degree of
environmentd differentiation ( e.g. variationsin form, Sze, colors, architecturd style), visud access
(the degree to which different parts of the environment can be seen from other parts), complexity of
spatid layout ( e.g. number of possible destinations and routes) and sign-pogting systems (Gérling,
Book & Lindberg 1986).

Detailed guiddines for design of underground facilities that seek to enhance peoples wdl-being
and comfort can be found e sewhere (Carmody & Sterling 1987,1991; Wise & Wise 1984; Ylinen
1988), and therefore will not be repeated here. It is noteworthy, however, that many of the design
guidelines, in addition to factors of relevance to people working in underground ingd lations, seem to
be related to common phobic stimuli or level of percaived contral. Lightning arrangements,
wayfinding, fear of confinement, perceived spaciousness and crowding are some important issues that
are addressed in the guidelines, and that are related to common phobic stimuli.

It should be noted that attempts to influence peopl€'s experience of danger and control raises
important ethica questions. It is possible to give people afase sense of security by manipulating
design. This can be achieved, for example, by smply placing an emergency exit sign on adoor leading
to adead end. Design of underground facilities should therefore not increase peopl€e s sense of security
at al costs. The a@m should be to give people a chance to assess reditically possible dangers and to
act in accordance with their assessment.

4 CONCLUSION

The behaviora theory of phobias seems to explain some important aspects of the negetive image
people have of underground space. Future research should address whether other aspects of thisimage



-such as underground space as a second best or lower status place -are related to the potentia fear-
arousing features of underground space.

The stimuli that may provoke fear in people in an underground facility exist in many above
ground buildings aswell, but the reduced leve of perceived control in an underground facility will
reinforce the effect of these simuli. Based on the behaviord theory of phobiasit is possible to draw
some conclusions regarding design of underground facilities for public use. Mary of the specific
design principles that can be deduced from the theory are dready well known, but can be systematized
and made theoretically understandable by applying modem behaviora theory.
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