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Abstract

This key note lecture gives a survey of the diiferent ways the underground have been taken into
use. Examples show caverns used for living, for storing of food, drinking water, hot water, oil and
other liquid hydrocarbons, pressurized gas and air and nuclear and industrial waste. Also the use of
the underground for industrial and municipal installations like powerhouses, water and sewage
treatment plants and car parks are described, as well as caverns {or entertainment and recreation
like spartshalls and swimmingpools, A final chapter outlines the geotachnical engineering related to

planning and design of rock caverns.

1. INTRODUCTION.

it is well known that thers is a number of
natural caves or cavemns around the world.
Some of these wera probably man's first
dwellings. In a geotechnical society it is,
however, natural to define a cavern as a room
excavated in rock,

During the last two - three decades there has
been a rapid development in excavation tech-
niques for rock masses. Simultaneously there
has also been a rapid growth of our cities,
and an increasing awareness of the quality of
our evironment. This has led to an aimost
exponential increase in the use of the under-
ground. This is clearly demonstrated by the
facts that during the twenty years from 1967
to 1887 the number of cities with underground
metros increased from 30 to mere than 80,
and that the number of long highway tunnels
{longer than 3 km) has doubled from 28 in the
period 1970-80 to 56 in 1980-80.

Going underground is today an everyday
experience 10 a large number of people.

Thus there is a huge potential for taking the
underground, or the subsurface as it is often
referred to, into use. This paper will con-
centrate on caverns. It will show examples of
the varied use of cavermns which already can
be found in different parts of the world.

It will atso briefly outline an approach to the
planning and design of caverns which the
author will recommend.

A cavern may be used for:

1. Living

2. Storing

3. Industrial installations

4. Municipal installations

5. Entertainment and recreation
6. War protection

and a combination of these different pur-
poses. In the succeeding chaplers examples
of the different uses will be described.

2. CAVERNS FOR LIVING.

The cavern or the cave is often described as
man's first “house®. If it was not the first,
there are certainly plenty of proofs that some
of our predecessors lived in ¢caverns, soma
natural made, but the majority excavated with
simple tools. And for good reasons there are
still a lot of people living quite happily in exca-
vated cavemns. There are in fact good
reasons 10 believe that there is more people
living in cavems today than ever before in
history.
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Figure 1 is a picture from the Shanxi province
in China whera the Yellow River is eroding
actively in a loess formation. This rock is
easy 1o excavate even with hand tools, yet at
the same time it is strong enough to give
stable roofs and walls with dimensions that
give good sized living rooms. The picture
shows several rooms around an outdoor
patio. The total complex makes a good
"family house® with ¢ool rooms in summer and
warm in winter. According to local information
it is assumed that more than 50 millions are
living in cavems of similar types in China.
And China is not the only place in the world
where people are living in caverns.

In modem socisty there is an increasing
interest in utilizing the subsurface for
accommaodation, parily by digging the house
into the ground and cover it up, and partly by
using "semicavems® with a front towards the
open air, One good reason for the renewed
interest is the low energy consumption.
These techniques are excellently described in
a new and very comprehensive book by John
Carmody and Raymond Sterding called
“Underground Space Design®.

Fig. 1 Cave dwelling in the loess in China.

e

3. CAVERNS FOR STORING.
Caverns are being used to store:
Feod

- Grains and vegetables at rock or refri-
gerator temperatures.

- Fish, meat, icecream, elc., at deep free-
zer temperatures.

Water

- For general supply.

- Hot water for energy supply.
Oil and other liquid hydrocarbons
Pressurized gas and air

Industrial waste

Nuclear waste

Cthers

- Coal, sand, archivals, art, wine, beer, etc.
alc.
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Not all aspects of storage in caverns can be
dealt with in this paper. Only a few selected
items will be described in some detail.

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

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

3.1. Cold store caverns for food.

Favourable temperature conditions are one
reason for choosing the subsurface alternati-
ve. Another reasoen can be the favourable
insulation that rock masses around a cavern
can provide. The "walls® can, in many cases,
be regarded as being of infinite thickness,
Thus rock cavemns have for some time been
used as cold stores where, for instance, fruits
and vegetables have been stored at normal
refrigerator temperature, +(2 - 8)°C, and fro-
zen food like fish, meat and icecream have
been stored at so-called deep freezer tempe-
ratures -(25 - 30)°C.

In Scandinavia the energy consumption for
deep freezer storages is 75% and for refrige-
rator storage only 25% of similar surface
siores. The peak energy requirements, and
thus the instaflations, are even more favour-
able. The deep freezer storage will need
50% and the refrigerator storage only 20%
capacity of similar surface stores.

Strongly reduced insurance rates are also
favouring the subsurface solution for cold
stores. This is due to the fact that the rock
mass surrounding the storage caverns contain
a big cold reservoir. In case of a breakdown
in the cooling machinery, this will act as a
reserve, Experience have shown that with
cooling machinery out of function for a couple
of weeks, an increase in the temperature of
only 2 - 3°C is measured.

3.2. Drinking water.

Next to the storage of oil and gas in cavemns
the most important is the storage of drinking
water. Figure 2 shows the lay-out of an un-
lined rock cavern tank in the author's home
city of Trondheim. The capacity of the tank,
20.000 m?, was obtained by the excavation of
two caverns with a width of 12 m, a height of
10 m and length 85 m and 110 m respec-
tively. Also the service section is put under-
ground. This is well accepted, but is not in
daily use as the operation is remotely con-
trolled.

o N
STEINAN_ ROCK_CAVERN TANK

Fig. 2 The Steinan rock cavern tank in
Troncheim. Total capacity 20,000 i’
{from Broch and @degaard, 1983).

-33-



Additional factors which may favour an under-
ground solution for drinking water tanks:

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

Constant and low water temperature.

- Low or no addition in price for a two cham-
ber solution.

The excavated rock masses may be used
for other purposes.

Low maintenance costs.

3.3. Hot water.

Development work on methods of bedrock
utilization in heat storage has been actively
pursued in Sweden for more than a decade.
The following three techniques realize the
practical application of heat storage tech-
nology:

Water filled rock caverns.
- Water filled in-rock pit.

- Bedrock activated through piped bore-
holes.

Two heat storages in water filled rock cavems
have been put into operation in Sweden,
Avesta, with a capacity of 15.000 m? and
Lyckebo with a capacity of 100,000 m®. The
Lyckebo cavern is used for seasonal storage
of solar energy in a solar heating system for
550 accommodation units. The store
operates in the temperature range +40 to
90°C. Itis charged from solar collectors, and
in tha initial stages by an electric boiler,

3.4. Oll and other liquid hydrocarbons.

Storing large quantities of oil in unlined rock
caverns is a fully accepted technique all over
the world today, and will thus not be de-
scribed in this report. The interested reader
can easily find related literature. A recently
published general report on the subjet is
Lindblom (1988). Let it only be briefly men-

tioned that oil caverns in reasonably good
rocks normally has a span of 17-20m, a
height of 25 - 30 m and lengths from 200 to
500 m. Two to five parallel cavams is quite
common. To prevent leakage of oil and/or
gas through the rock mass, a socalled water
curtain is usually established above and
around the caverns.

3.5. Pressurized gas and air.

There are basically two ways of storing large
quantities of natural gas economically; either
by compressing the gas, or by cooling down

the gas,- in the ultimate case down 1o -160 -
17¢°C where the gas tumns into liquified natu-
ral gas, LNG.

So far storage of LNG in rock caverns has not
been successful. There is some very challen-
ging research ahead which has 1o be done.
Cur basic knowledge about how rock masses
behave when exposed to these extreme
temperatures, needs to be improved. Such
research can only partly be done in the
laboratory, and even then with great diffi-
culties, Raliable design parametres can only
be obtained after testing done at a reasonabla
scale in the field. Also better knowledge
about heat transfer in and around LNG
caverns is needad.

Storing gas in a compressed condition has for
some time been done, but so far only for
pressures up to approximately 10 bars. If
natural gas shall be stored in rock caverns,
pressures in the order of 100 bars {(or per-
haps 200 bars} will be needed to give econo-
mical solutions.

In Norway socalled air cushions have been
used to replace surge shafts and surge
towers at several underground powerhouses
for 20 years. The system is schematically
shown in Figure 3. Caverns with volumes of
more than 100.000 m® and pressures of 78
bars are successfully operating without any
airloss through the rock mass. Three out of
ten air cushions have been equipped with a
water curtain (or water umbrella).
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Fig. 3 Concept of powerplant with air cushion
surge chamber (from Goodalf & al.,
1988).

Based on quite comprehensiva studies of the
behaviour of the air cushions it has been
concluded that storing of gas with pressure of
100 bars or even more in large rock cavermns
is tully possible provided certain dasign rules
ara followed, Goodall et al. {1989).
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Fig. 4 Geomatry of Torpa air cushion surge
chamber with water curtain (from
Kjerhoit and Goodali, 1989).

One particular question of great economical
importance is how deep should a pressurized
gas cavemn be put. A safe answer is that the
water prassure in the rock mass should be
greater than the gas prassure in the cavern.
This will under normal conditions mean that
for a gas pressure of 100 bars the depth to
the cavern should be more than 1000 m, It
has, howsaver, been shown in the air cushion
study that lack of natural groundwater pres-
sure in the rock mass can be compensated
for by the use of water curtain, Kjerholt and
Broch {1992). A water curtain with a water
head twice as high as the rock mass over-
burden has been successfully operating at the
Torpa hydropower station since 1989. The
doughnut shaped air cushion and tha water
curtain is shown in Figura 4.

Pressurized air caverns are also an important
part of the socalled CAES-concept (Com-
pressed Air Energy Storage) for production of
peak hour electric energy, Goodall et al.
(1980).

3.6. Nuclear and Industrial waste.

Subsurface storage of radioactive or nuclear
waste has been much discussed during the
last decade. From the Nordic countries the
Swedes have in particular bean active in this
field. The first construction phase has re-
cently been completed for a final disposal of
reactor waste. The repository is situated in
the bedrock under the Baltic sea, with a rock
cover of about 60 m, The high-level waste
will be deposited in large concrete silos situ-
ated in cylindrical rock caverns 70 m high,
entirely surrounded by a clay barrier with very
low permeability, see Figura 5. The lower-
level waste will be stored in several 160 m
long rock caverns. The first construction
phase included the excavation of 430.000 m*
of rock and has given a total storing capacity
of 60.000 m*,
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Fig. 5 Tha insida of the silo is divided into 2.5 m square cells running
from top to bottorn. Waste package are placed in the cells, which
are then backfilied with concrets. Handling is totally automatic
using remolely controlled lifting equipment.
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Fig. 6 Lay-out of the cavern system for
storage of industrial waste at
Odaa (from Aarvoll et af.,
1986).

In Odda, the Norzink company, a major pro-
ducer of zinc has by the Norwegian environ-
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mental authorities been instructed 1o deposit
the residues from the production in a
poliutionsafe place, The nearby steep moun-
tain were considered to be the ideal place for
the construction of rock caverns for storing of
the annual production of 50 - 60,000 m? of
residues. A series of parallel caverns are
being excavated, one cavern approximately
each year, see Figure 6. The first one was
completed in 1985.

There is no doubt in this author's mind that
underground storage of waste is one of the
best ways of saving our environment for fu-
ture generations.

CAVERNS FOR INDUSTRIAL
INSTALLATIONS,

4,

Cavemns housing industrial activities or other
activities related to industry may roughly be
divided into the following categories:
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« Powerhouses
- Hydro power
- Thermal power

- Nuclear power

. Factories
. Laboratories

. Telecommunication centres

Floor area is often more important than
volume when cavermns are designed for indus-
trial installations. The shape may therefore
be different from caverns which are typically
designed for bulk storage (oil, gas, water),
Low, wide and often relatively short caverns
may be preferred by the planners. The
exception is the modern powerhouse with
vertical axis for the turbine/generator where
caverns with heights of more than 50 m may
be needed.

4.1. Powerhouses.

There are probably betwean 400 and 500
underground powerhouses around the world
today. Only a handful of these were con-
structed before World War ll. Since 1950 no
less than 200 underground powerhouses
have been constructed in the author's home
country. In mountainous ragions, like in Nor-
way, this means that practically all hydro-
power schemes include caverns. A consider-
able part of the existing rock mechanics and
rock engineering literature is therefore de-
scribing and discussing different aspects of
the planning, design and construction of
underground powerhouses.

This author had the pleasure of writing a
general repont on underground power plants
for the ISRM symposium *Rock mechanics
and power plants” in Madrid five years ago,
Broch (1988). Atthat time it was only poss-
ible to find one underground powerhouse for
thermal power (Stenungsund in Sweden) and
two underground plants for nuclear energy
{Halden in Norway and Chooz in France). All
three plants were built more than 25 years

ago, and the author raised the questions:
What have we done wrong? Why are not
more thermal and nuciear powerhouses put
underground? It is difficult to reach a clear
answer when one sees how the hydropower
industry has taken the underground into use.

4.2. Factorles.

As early as in 1954 an ammunition factory at
Raufoss in Norway 100k into use ning big
underground production halls with a total floor
area of 25.000 m®. An undergrond locomotive
repair shop has also been used for a long
time in Oslo.

In Finland the Valmet company has utilized
rock caverns for machina assembly work-
shops for a long pariod. in fact, tha con-
struction of such caverns started already
during World War Il

4.3. Laboratorles.

A particularly interesting subsurface structure
is the research caverns at Otaniemi in Finland
They have a volume of 125.000 m® and a
floor area of 15.000 m?. The cavermns are built
to be easily converted to bomb shelters. The
daily operation is, however, taken care of by
the Technical Research Centre of Finland.
Vaatainen et al. (1991) describe the thermal
balance around these caverns. The investi-
gations consisted of computer simulations and
measurements taken over a two-year period,
and good agreements between simulations
and investigations were found. After approxi-
mately two years the heat loss is stabilized
and is in the order of 60 - 80% of the initial
heat loss.

4.4. Telecommunication centres.

Such centres are really the nerve centres of
modern society, and should therefore be pro-
tected as good as possible. The use of the
underground is thus the evident solution.
Excellent possibilities for climate conditioning
are aiso favouring this solution. Today a
nurnber of underground telecommunication
centres can be found in Scandinavia.
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From the Midtodden Intake

§. CAVERNS FOR MUNICIPAL
INSTALLATIONS.

Saveral municipal activities may be put under-
ground. Today the following types of
installtations are found in rock caverns:

*  Water treatment plants

Sewags treatment plants
Car parks

§.1. Water treatment plants,

In 1970 Oslo took in use & new plant for treat-
ment of drinking water with a capacity of sup-
plying half a million persons. The entire plant
is situated underground close to the shore of
the lake Maridalsvannet 5 km north of the
city centre at an elevation of 150 m above
sea level, Figure 7 and 8 show the general
lay-out and a vertical cross-section through
the Oset Water Treatment and Pumping
Plant.
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Tha nomical capacity of the plant is 6 m¥sec
and the retention time for the water is approx-
imately 5 hours. 350.000 m® of solid rock
(syenite) was excavated for the different
basins and tunnels. This gave a total fleor
area of 30.000 m* of which one half is paved
and one haif is wet.

5.2. Sewage treatment plants.

Also the sewage treatment plants have been
put underground in many of the Nordic cities
and towns, In the Stockholm area six plants
which are partly put underground, can be
found. Tha oldast parts of the Henriksdal
Sewage Treatment Piant date back 1o 1841,
This plant has today a capacity to serve &
population of 725.000 and can treat up to
370.000 m* of sewage and storm water per
day. 630.000 m® of solid rock has been exca-
vated, all by the drill and blast method.

~

Fig. 7 Lay-out of tha Oset Water Treatment and Pumping Plant.
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Fig. 8 A vertical cross-section through the Oset Water Treatment and Pumping Plant.

The Nordic ountries contain today in the order
of 15 - 20 underground sewage treatment
plants of various sizes. Figure 9 shows the
interior of g treatment plant in Trondheim.

The rock surfaces are only supported locally
where needed by rock bolts and shotcrete.
Even though cost estimations may have
shown that construction costs for underground
treatment plants are higher than for similar

on-the-ground plants, the underground sofu-
tions have been chosen. Favouring this
choice is first of ail the wish to avoid the im-
pact such big installations may have on the
environment. - For the drinking water treat-
ment plant the safety aspect has also been
taken into consideration. A valuable additio-
nal benefit is the produced rock masses which
there always is a need for in an urban area.

Fig. 8 The interior of a sawage treatment plant in Trondheim,
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Fig. 10 Car park structurs in Sidney (from Pells et al., 1991).

5.3. Car parks.

In several cities around the world whera bed-
rock of a reasonable quality is easily access-
able, cavems have been excavated for car
parking. One of the newest is in Sidnay,
Australia, Pells et al. (1991). Close to the
famous Opera house and under the Royal
Botanic Gardens a car park consisting of a
twin spiral road wrapped around a central
intact core containing linking drives and
sevice tunnels is constructed, see Figure 10.
During construction a toroidal shaped cavern
is being created with an outer diametar of
71.2 m and inner diameter of 36,4 m and a
height of 32 m. Only 4 m cover of Sidney
Sandstone exists over the roof of the cavern.
The largest unsupported span is 17.4 m.

6. CAVERNS FOR ENTERTAINMENT
AND RECREATION.

A particularly interesting development the last
twenty years with regard to the use of the
underground, is the many rock caverns which
have been excavated for entertainment and
recreation. Many of them are dual purpose
caverns, which means that they in case of
warlear are quickly converted 1o air-raid
shelters. Thus part of the construction costs
is covered by the National Civil Defence
Authorities. In the Nordic countries one will

today find caverens for:

»  Theatre and cinema

. Consert halls

. Sports halls and gymnasiums
. Swimiming pools

. Ice hockey rinks

*»  Restaurants

Some examples will ba briefly described in
this chapter. Others are described in Broch
and Rygh (1988), Saari {1988) and Winquist
and Meligren {1988).

6.1. The Odda sports center,

In the smalt industrial town of Odda suitable
conditions for tha construction of a rock
cavern were found close to the outdoor sports
stadium and the junior college. Here the first
underground sports center in rock was com-
pleted in 1972,

Figure 11 shows the general lay-out with two
entrances, A and B. A leads to four
wardrobe/shower sections, while B leads to a
100 m sprint frack and a jumping ground.
This long tunnel is also used for shooting.
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Fig. 11 Lay-out of the Odda Sports Center (from Broch and Rygh, 1976).

The main half is 256 x 60 m which makes it
adequate for international handball games. It
can ba divided into three gymnasiums by
curtain walls, Tha hall has a gallery stand for
500 persons. 25.000 m* of solid rock was
excavated, giving an available floor area of
2.700 m%

6.2 The Gjavik underground complex.

In 1975 the first underground swimming pool
with international standards was opened in
Gjevik, Norway. This swimming pool was part
of an underground scheme which also in-
cluded a telecommunication center and head-
quarters for the local civil defence. As Figure
12 shows, the entrances 1o these subsurface
installations are close to the main street of
Gjevik.

From the entrance lobby with ticket office and
cloakrooms, fraffic is divided into two ward-
robe/shower sections for men and women
respectively. Toilets and saunas make parts
of these sections.

In the main hall with a span of 20 m are the
swimming pool with & lanes of 25 m and

children’s playing pool of 4 x 8 m.
Separated by a class wall is a small gym-
nasium (also used as a meeting room).

1 /
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Fig. 12 Lay-out of the subsurface installa-
tions in Gjevik (from Broch &
Rygh, 1976).
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Of special interest is the fact that the energy
consumption for running this underground
public bath and swimming pool has been cut
down to approximately 50% of what would
have been necessary for a similar building on
the surface. Both this and the fact that there
were limited areas for building in the center of
the town, were important factors when the
decision to put the swimming pool under-
ground was made. 11.000 m® of solid rock
was excavated and transported to a nearby
marina under construction.

The very latest development in Gjevik is, of
course, the construction of the Gjevik Olympic
Cavern Argna. The cavern is 81 m long, has
a maximum height of 256 m and the enormous
span of 61 m, by far the largest span in the
world for an excavated cavern which is going
to be used by the public. A special session

ey

NE

of this symposium is devoted to the de-
scription of the planning, design and con-
struction of his cavem.

6.3. Holmlia sportshall and swimming
pool.

In 1983 a combined underground sportshall
and swimming pool was taken into use at
Holmlia, a new suburban area in Oslo. Du-
ring the planning of the area it was decided
that a modern center for varied sports activiti-
es should be built. In accordance with Nor-
wegian civil defence regulations, blast and
gas tight shaiters for approximately 7000
people were needed near the center of the
new development area. Furthermore, large
amounts of rock material were needed for the
construction of roads and parking lots in the
area.

PLAN VIEWS AND CROSS SECTIONS OF HOLMLIA
-SPORTS HALL AND SWIMMING POOL S = 1:800
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Fig. 13 Pian view and cross-section of Holmlia sporishail and swimming pool,
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Within easy walking distance from the Holmlia
railway station and a shopping center, a small
hill of gneissic rock was the obvious place for
an underground sports center. The rock
cover was rather small, in certain places only
20 m above the roof of the sportshall, but was
accepted by the Civil Defence Authorities.

Figure 13 shows the general lay-out of the
Holmlia Sportshall and swimming pool as well
as the main dimensions. The spsortshall is
25 x 45 m and is equippad for different ball
games, The swimming pool has 6 lanes of
25 m. 53.000 m® of rock was excavated and
the total floor area, including the swimming
pool, stands, gallery and first floor above
entrances, is 7.550 n2

Whan completed in 1983 the total costs (in-
cluding civil defence installations} added up
to 54 million NOK (7.5 mill. USD). 8% was
design, supervision and administration, 67%
civil engineering works, and 25% heating,
sanitary, ventitation and electrical installations.

7. GEOTECHNICAL ENGINERING
RELATED TO CAVERN DESIGN.

The design and construction of a cavern is a
multidiciplinary task where engineers of diffe-
rent professions are involved. To this audi-
ence the problems related to geotechnical
and rock engineering, are of particular
interest. The geotechnica! engineer is in-
volved at different stages in the process and
for different purposes.

Duwring the feasibility study and the pre-
investigations he/she will take responsibility
for all geotechnical investigations and for
giving advice on where ground conditions are
favourable and where not for the cavern or
the underground complex.

In the design process the geotechnical engi-
neer will, based on the interpretation of the
results from the previnvestigations, have to:

1. find the optimum place and orientation
for the caverns,

2. find the best shape and dimensions of
the different caverns and tunnels,

3. plan supporting, lining, rock improvement
and treatment for the different parts of
the cavern complex.

Parallel with the designing it is also important
to make plans for further investigations which
have to be carried out during the construction,
for instance rock stress measurements, con-
vergency measurements, sampling of gouge
material from joints and faults, etc.

Like for all cther construction work the suc-
cessful construction of a cavern is to a large
extent the result of a thoroughly conducted
design. However, as underground con-
struction work always will contain a fair
amount of the unknown, flexibility in the con-
tracting system is equally important. When
unforeseen or changed ground conditions are
ancountered, it is necessary to change or
revise the design and the excavation pro-
cedure. This is normally accepted when con-
ditions get worse than anticipated, but it sho-
uld, of course, also be used when conditions
are better than the preinvestigations may
have indicated. This is the only way to obtain
the minimum costs. Dwring the construction
the rock engineer should therefore con-
tinuously evaluate the rock condition so that
at any time design improvements can be
made and the supporting systems revised to
fit the actual ¢onditions and not the assumed
conditions.

A look through geotechnical literature quickly
reveals that a majority of the papers related to
the design of underground structures are
discussing the shaping and the dimensioning
of caverns. One may therefore be tempted to
draw the conclusion that this is the field where
the contribution from the geotechnicat engi-
neer is most important. This is, however, not
necessarily true.

It one carefuly evaluates all steps in the de-
sign procedure and trigs to estimate where
the most crucial mistakes can be made, there
Is no doubt in this author's mind that it is
when the place and the orientation for the
caverns are decided. The cost reductions in
improving shape and dimensions of the
caverns are in general just marginal as com-
pared with improving the location and orien-
tation,
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A comprehensive paper discussing the diffe-
rent design steps for underground power
plants was published some years ago in "Wa-
ter Power & Dam Construction® (Broch, 1982},
Excerpts of this will be presented in the next
four sections.

7.1. Location of the cavern.

As already stated the greatest risk for tech-
nical and economic disasters in connection
with underground structures lies in a wrong or
unwise choice of place. I should be remam-
bered that when the location is decided, also
the quality of the construction material, i.e. the
rock mass, has been selected. When desig-
ning caverns, it is often possible to choose
between several locations. This possibility
should always be fully appreciated and exploi-
ted.

First of all certain types of rock are less
favourable than others for the construction of
large caverns and should therefore be
avoided when possible. Such rocks may be
porous, friable sandstones, heavily sheared
shales and phyllites, karstic limestones,
jointed and/or porous volcanic rocks,
serpentinites, peridotites and other rocks that
have been exposed to high tectonic activity.

Secondly, faults and other weakness zones
should preferbly not intersect largsr underg-
round openings. The geological map must
therefora in addition to the different rock types
also include all weakness zones in the actual
area. Strikes and dips for these have to be
measured or caiculated so that their location
at the cavern level ¢an be found. This is
often a difficult and uncertain task. It is there-
fore advisable to have a construction contract
that allows for certain adjustments of

the final location of the cavern. Much money
and time can be saved in this way.

Too high or too low stresses may have an
adverse influence on the stability of a cavemn.
Under very low stresses the interlocking effect
between the blocks that make up the rock
mass is reduced. This may lead to difficulties
in establishing the necessary arching eflect
for selfsupporting roofs. A cavern should
therefore not be located too close to the

surface. Some tens of metres of overburden
is preferable.

Caverns are often located in valley sides. In
steep and deep valleys tha stresses inside the
rock mass are high and uneven. Thus high
tangential stresses may develop aiong
unfavourably oriented areas of the
underground openings. In exireme cases
they may cause slabbing and rock bursting
along roof or walls which again calls for extra
scaling and support. During the locationing
procedure one should therefore try to find
areas where the stresses locally may be
reduced. Such places ¢ould bae in protruding
noses along a valley side or in areas which
have been cut off or isolated from the rest of
the rock mass by major faults.

7.2. Orientation of the cavern.

If high stresses are unavoidable at the
selected location, it is imparative that the
caverns get a proper orientation, The least
slabbing and rock bursting is normally
obtained when the cavems are given a direc-
tion which is subparalle! to the direction of the
major principal stress. In a valley side the
major principal stress is commonly oriented
perpendicularly to the length axis of the valley
and often with a dip subparaliel to the valley
side. The worst possible orientation of a
cavern in a steep valiey side is therefore with
the length axis parallel to the vallay, an orien-
tation which is unfortunately not uncommonly
seen.

The jointing of the rock mass is the key factor
to take into consideration in addition to the
stress situation when the best orientation for
an underground opening is to be found. With
only one clearly developed set of discon-
tinuities, as in some shales and shists, the
least stability problems are experienced when
the length axis of the cavern is normal fo the
strike of this. Most rocks will, however, have
two or three sets of discontinuities like a bed-
ding or foliation plane and one or two sets of
cross joints. Most stable walls are cbtained
when the length axis is oriented approxi-
mately along the bisection line of the two
major steeply dipping joint sets, sae Figure
14. Paralielity with a possible third set should
be avoided.
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Fig. 14  Joint roselte with brief descriptions.
The dotfed ling indicates the orien-
tation of the length axis of the
cavern that will give least stability
problems.

7.3. Shape of caverns.,

When designing a rock structure, it is impor-
tant to keep in mind the fact that a rock mass
is a discontinucus material. Hence its ability
to withstand tensile stresses is very low.
Furthermora the stability is dependent on the
shear strength of the discontinuities, which
may be mobilized on these. A basic design
concept for underground openings is therefore
not only to find a favourable orientation, but
also to aim at evenly distributed compressive
stresses by giving the room a simple form
with an arched roof. It is important that in-
truding comers are avoided. The rock
masses in such corners will be in 2 de-
stressed state, resulting in over-break during
blasting or unstable conditions after blasting.

The shape of the roof of an opening at a
shallow or intermediate depth is designed
taking into consideration the orientation, the
number and the character of the joints, and
follation or bedding partings.

In deeper underground openings, the tan-
gential stresses may locally exceed the
strength of the rock, thus resulting in spaliing
or rock bursts. If the stress level is not too
high or anisotropic, it is advisable during the

deasign to avoid small curvation radii, as these
will lead to unnecessary stress concen-
trations. If, however, the stress level and the
anisotrophy is so high that rock bursts or
spalling may be expected, it will usually be
economical to design the opening o concen-
trate the stability problems, and in this way
reduce the areas which have to be supporied.

The design concepts based on these two
different principles are shown schematically in
Figure 15. Note that the principles in the
table imply that a stable sitvation for an
opening with high walls is obtained when the
opening is in rock masses dominated by mo-
derate horizontal stresses, and the length axis
of the opening is orientad normally to the
direction of the major principle stress. This is
also a favourable combination of level and
direction of stresses when a large span for an
opening is required.

7.4. Dimensions for caverns.

Dimensioning of undarground openings based
on detailed static calculations is usually not
carried out. This is partly because of the
problem of obtaining reliable parameters for
the material, and partly that transforming the
problem from threa to two dimensions is not
always either easy or accurate when the,
materials are as complicated as rock masses.
Dimensioning is therefore, 10 a larpe extent,
based on rules of experience from the numa-
rous openings in varying types of rock
masses under varying stress conditions,
Such experience may be quasiquantitatively
expressed in the form of a rock mass classifi-
cation system such as for instance the Q-
method introduced by the Norwegian Geo-
technical Institute, Barton et al, 1974.

Typical dimensions for cavems for power-

houses, cil, gas and water storage are:
Span ; 15-26m

Height: 20-50m

Length: 50 - 500 m
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Fig. 15 Design principles for underground openings in rock at varying stress levels,
and varying directions of the major principle stress when this is normal to the

fength axis of the opening.

It is the height of the underground opening
together with the quality of the rock mass and
the local stress conditions that decide the
thickness of walls between adjacent rooms.
Under reasonable conditions with properly
oriented rooms and normal demans for sta-
bility, it is a rough rule that the thickness of
the walls should be equal to the height of the
rooms. For low rooms, it is preferable to
have somewhat thicker walls {minimum thick-
ness 5 m) while somewhat thinner walls may
be accepted for high rooms.

For stability of walls, horizontal bedding or
jointing is favourable. On tha other hand, this
has a unfavourable influence on the stability
of the roof. As is often the case during the
design of underground openings, different
conditions may have contradictory influences
on various paris of the whole structures. Itis
the designer’s task, using a thorough col-
{ection of all relevant data, and recalling all
his experience, 1o balance carefully all these
contradictory aspects, in his effort to find the
best and most economical solution.

a CONCLUDING REMARKS.

This paper has hopefully given the reader an
idea of the great potential for the use of the
underground. Tha list of examples could
easily have bean extended. For the
interested reader there are several excellently
illustrated books published in recent years
avaitable. Two of them are already

referred to, namely the Finnish “The rock
engineering alternative®, Saari (1988) and the
Swedish "Going Underground®, Winquist and
Meligren (1988). Tha Norwegian Soit and
rock Engineering Association has since 1982
published 9 beoks on tunnelling and ditferent
aspects of the use of the underground. One
of the latest book on the market is the
American "The global review of underground
space '91/92" edited by S. Nelson of the
American Underground-Space Association.
Tha very latest is probably "Underground
Space Design® by John Carmody and Ray-
mond Sterling from the Underground Space
Center in Minnesota.

The use of the underground is a major item
for the International Tunneliing Association
(ITA}. This is therefore exposed in the name
of the Association's quaterly joumnal
"Tunnelling and Underground Space Techno-
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logy". ITA and many of its national member
societies are actively pursuing the use of the
underground by organizing national and inter-
national meetings and symposia on this and
related topics and publishing proceedings
from these events. I is thus in good ITA-
tradition that the Tunnelting Committee of
Korea is a co-organizator of this symposium.
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