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GLOSSARY
Arch : curved roof of an underground.opening.
Bulkhead : A barrier placed at a tunnel heading to
' prevent inflow of water or shattered
rock into the tunnel.
Centre-line : The line at the centre of the finished
concrete lining of circular cross—section;
" Drift : A small tunnel driven ahead of the main.
tunnel bore.
Grout : Mixture of cement, water and for special '
purposes, various additives, pumped into
fractured rock to fill voids, seal off
water flows, increase strength, etc.
Mole ¢ A tunnelling machine which cuts and abrades
a tunnel of circular cross-section. ‘
Permanent : A concrete or shotcrete lining of the
Support tunnel.
Pilot bore : A small tunnel opening driven in advance
(tunnel) of the maih,llarger bore.
Portal .t The entrance to a tunnel, commonly situated
in decomposed, weathered rock areas, as '
provisions for protection and support of the tunnel
entrance and approach.
Rock bolt : Steel bolt split at one end or with an expansion
head inserted into drilled hole in rock to
support rock.
Support : Any fabricated structure, steel, wood or concrete,

placed to prevent -failure of rocks or_ground’afound

underground opening.



Témporary

support

Tunnel face

Tunnel

section
Tunnel

support

Tunnel

machine
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Support placed to support tunnel rock‘or
ground until permanent support can be

installed:
The tunnel heading.

Outline of tunnel as measured at right

angles to the centre-line.

Wood, steel or concrete structures placed
to prevent collapse or failure of the

tunnel.

A device rotating on a horizontal axis with
cutting edges which enables excavation of a

tunnel of circular cross~section.
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INTRODUCT ION

The four kilometre twin-gore Du Toitskloof Tunnel is

situated in the Klein Drakenstein mountain range,

approximately 60 kilometres from.Capé Town, near the

town of Paarl. The tunnel will form part of the new

National road system, upgraded to a freeway standard,

linking Johannesburg and Cape Town.

The subject of this report is the construction of the

Du Toitskloof tunnel, with emphasis on the excavation

and construction of the soft ground tunnel, by means

of artificial ground freezing for ground support and

stabilisation. The soft ground section of the tunnel

being situated at the Western portal, and forming

approximately 168 metres - of the four kilometre main

tunnel.

The objectives of the repoft are:

1.

to investigate the general history of tunnelling

through the ages.

to investigate the general aspects and conditions

surrounding the Du Toitskloof Tunnel project.

to investigate the pertinent geblogical investiga-
tions and conditions which prevail within the tunnel

project.

to investigate the formation of the main tunnel within

the Soft Ground tunnel contract.

to investigate the application of the system of
artificialground freezing, inserting ground stabili-
sation, within the decéomposed-weathered granite zone

of the main soft ground tunnel project.
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6. to investigate the methods of testing and monitoring
the freezing process being applied to the soft

ground for implementing temporary support.

7. to investigate the application of a reinforced
Shotcrete lining against the frozen ground of the

Du Toitskloof Soft Ground tunnel.

8. to investigate the possible alternatives for the
excavation of the Soft Ground section of the Du

Toitskloof tunnel.

The information on which this report is based was gathered,
by means of conducting structured and unstructured inter-
views with various members of the Du Toitskloof Tunnel
projects professional team. Further information was gained
from consulting various magazine articles, repofts etc.,
these either being published or unpublished, and were
produced locally and/or abroad. Furthermore, information
gained from various sources was supported by readings made

from books concerning tunnelling operations and techniques.

The (south) Main Soft Ground tunnel contract was cbmpletéd'
in_1983, due to this, many of the original project members
have moved to various locations in South Africa, cauéing _.
difficulty in conducting constructive interviews. But
fortunately, some members of the contract, have settled ih
Johannesburg and Cape Town making interviews possible.
Furthermore, most of the original projects consultants are
still located in Cape Town and at the Du Toitskloof tunnel
site itself, this allowed for visits to be made to the
tunnel site itself, which proved to be very informative

and benefited the write-hp of this report.
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CHAPTER 1

INTRODUCTION AND HISTORY OF TUNNELLING

1.1

PURPOSE OF TUNNELS

Demand ! on passenger and goods transportation have
increased. with social development. Rivers,
mountains, seas etc. have been barriers which
have interrupted the flow of transportation of

passengers and goods.

To overcome these barriers,'man has developed methods
to overcome these obstacles, some of these methods may
be the construction of bridges spanning rivers and by
tunnels underpassing mountains and. even tunnels under-
passing seas, e.g. proposed tunnel underpassing the

North Sea.

These methods play an important,part in developing the

social unity of mankind.

The -purpose of tunnels is to achieve the direct trans-
portation of passengers and goods through barriers.
Depending on the type of barriers to overcome and the

type of transportation to be achieved, tunnels can be

classified into various types.

These various types of tunnels are grouped according

to the purpose fulfilled by the tunnels.

The types of tunnels can be grouped into two main

groups, namely:

_ 1) CONVEYANCE TUNNELS

Examples of these are: tunnels from industrial
supply (Watervtunnels),
hydroelectri¢ power station

tunnels and tunnels for the
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transportation of

public services.

ii) TRAFFIC TUNNELS

Examples. of these are:.railway .tunnels, road
tunnels, pedestrian tunnels,

subway tunnels under cities.

DEVELOPMENT OF TUNNELLING

From prehistoric times men have made use of underground

space, both natural and manmade, for a multitudevof needs.

The beginning of man's efforts to go underground by means

of subterranean excavationé-have been lost in thé haze of
antiquity. Becéuse of limited tools, much of the work was
carried out in very soft. rock and soft ground which hés
subsequently collapsed or been eroded away, so that no

evidence is now available.

Some of the earliest manmade subtefranean excavations are
the catacombs of Malta, Rome, Péris and Naplés; The cata-
combs were formed by the excévation of limestone areas
forming tunnels and niches which were generally used as

small chapels, meeting places and for bﬁrials,

The Bible makes reference to the Sinai copper‘mines,dpérated
since the Bronze Age 3000 BC, with further evidence of the
stone age flint mines. 13000 BC, formed in soft chalk areas

in Europe.

The ancient Egyptians obtained their gold from mines
excavated by slaves, further the'Hallstatt salt mine
positioned in the Austrian Alps, and which is still in.

operatidn,.détes back to 2500 BC. -

In the 4th century BC, in Asia Minor, Gorema, there are
remarkable remains of subterranean excavations forming
villages with many tunnels and caverns, these being

formed, by excavations being carried out by hand and with



the use of picks, in the soft tufa of the region.
These underground villages were connected by many

long tunnels. .

During the 4th century BC, in the Middle East,
especially in Egypt, aqueducts were excavated, to
carry water for many kilometres, beneath the desert,
to cities, some being as long as 12 kilpmetres,-and
are evident by the typical shafts being excavated at

irregular intervals along such aqueducts.

Many other tunnels were constructed in ancient times
in the search for precious metals, by the Aztecs,

Incas and by people of India, Persia and Egypt.

Tunnelling methods developed'slowly over the ages, the
first method of tunnelling was by hand; and with the aid
of some simple tools, such as picks and_écrapers, evidence
of these were found in flint mines of the Stone Age ‘
(Drawing No. 1; a Deer antler pick, simple tool for

excavation purposes).

At the beginning of the Bronze Age a new technique of

‘tunnelling was developed, using the wedging technique, .
this involves the use of wooden wedgésAsoakéd in water
and then driven into cracks of the rock structure, fhis

method was still in use up till the 18th century AD.

The early Egyptian tunnellers used the wedge and hammer
technique, driliing holes were made by means of bow _ |
drills and tubular copper and bronze driil bits with
abrasive cutting ends. This technique was supplemented by
the use of 1argevdolérite balls mounted on 5uspendéd'rams,'
which were used to spall off the rock face by striking the

rock face.

Another technique of tunnelling was developed at the end
of the Bronze Age, this was the teéhhique of fire-setting.

The technique of fire-setting occurred where a fire-wall



was built against the rock face to be excavated,

when the rock face becéme red hot, then the heated
rock face was wetted, by'spraying'it wet with water
or.sometimes even vinegar. (See drawing 2, typical
application of'the technique of fire-setting). This
caused the rock to spall off.due to the rapid cooling

effect of the water (vinegar) on the rock face.

During the dark ages there were no significant develop-

ments in tunnelling and few tunnels were .constructed..

Most probably the first of the modern civil éngineering
tunnels, was the construction of the Malpas tunnel on
the Loﬁquedoc canal, in Southwestern France;lbetween
1679 and 1681. it was 157 metres long, 6,7 metres
wide and 8,2 metres high, furthermore it was most‘ x
probably one of the first tunnels excavated-with the

use of gunpowder.

USE OF EXPLOSIVES IN TUNNELLING

The first signs of the use of explosives (gunpowder)
in the excavation of tunnels, occurred at the Malpas

tunnel on the Lonquedoc canal, in 1679.

In the following century many tunnels were excavated with -
the use of gunpowder, this was the start of a new era in
tunnelling, the use of explosives as a means of excavating

tunnels.

In the ﬁiddle of the 19th century many of the greathlpine
tunnels were constructed using gunpowder for excavatihgv
hard rock faces. One of:these tunnels beihg.the F;éﬁus
tuhnel, which was started in 1857 and compieted in 1870,
the tunnel was approximafe1y112 kilometres long and with

a rock coverage overhead of 1220 metres.

Another well known tunnel constructed'through the Hoosac
Mountains during the 19th century was the 8 kilometre long

Hoosac railway tunnel, in Western Massachusetts, started
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in 1858 and completed in 1874. The Hoosactunnel
construction introduced_the use of the mechanical
air compressor, and was also responsible for the
introduction of electric firing of the powder
charges, which bgfore was carried out with the use

of slow fuses, which often caused fatalities.

The invention of Nitroglycerine in 1847, was used

for the first time in the United States in the Hoosac -
tunnel in 1866. Nitroglycerine is a hazardous
substance, as it is very susceptible to shock, which

causes unsafe working conditions for its users.

In 1867, dynamite was introduced by Alfred Nobel, which
proved to be more handable by its users, and was used
for the first time in the St Goﬁhard Tunnel through the
Alps in 1872, and has been used in many tuhnglling
contracts ever since.

y
But dynamite has its disadvantages, in that it produces
lethal fumes after being used and it is costly, there-
fore further research was carried out to produce a more
suitable substance. Since 1950 a moré acceptable sub-
stance has been used, this is ammonium nitrate mixed
with fuel oil and detonated with a dynamite detonator,

this substance is safe to handle and place.

DEVELOPMENT OF DRILL HOLES (BLAST HOLES)

The methods in forming better more accurate and more
rapid, "blast holes" has developed greatly since the
Egyptians first used copper drill bits. Later the
Romans used iron drill bits which lasted until the
introduction of steel products, in the 17th century.
The use of steel drill bits and which were driven by
hand, achieved remarkable rates of drilling, but the

drill bits required frequent resharpening.

With the introduction of the mechanical compressed air

drill the rates of drilling increased, but at the cost
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of the steel drill bits, as the steel drili bits_
required more frequent Sharpening than before.

The problem now was tovdevglqp a drill bit from
some type of material that had properties of
extreme durability and hardﬂess, and that reqdired

minimal sharpening.

The discovery of tungsten carbide in Germany in thé
1920's and which was kept a secret until the end of
the Second World War, was the solution to the
problem, and tungsten is now used in virtually all

percussion drill bits.

DEVELOPMENT OF TUNNEL SUPPORT

The development of support to the walls and roofs of

tunnels, has advanced greatly over the centuries.

The support requirements generally depehd; on the types

of ground-rock that is to be excavated, as well as the

' required dimensions of the tunnel.

The early tunnellers tried to minimise the span of

tunnels, so that minimal or no support‘would be required

 for these tunnels.

The first known support of semi-subterranean structure,
was the use of whale bones and jaws to reinforce sod -
and stone walls of houses of the eskimo Denbigh culture

in 4000 BC.

Where minimal support was réquired, the use of wooden
posts and beams were used, and is still in limited use
today. But as requirements for larger spans in tunnels
were required, the tunnellers had to develop more advanced
permanent and temporary Support systems. Linings to
tunnels, i.e. supports,’conéisted of stone in Roman times,

and subsequently developed to the use of bricks, concrete

.and precast elements,'



Complex .timber support systems are still being used
today, especially‘for temporary support syStems, as
timber offers great flexibility in installation to
changing conditions in rock structure and suppbrt
requirements. The introduction of cast iron and
steel supports systems for tunnel linings, gave
tunnelling an advantage in that larger spans could
be constructed, as cast iron and steel members could
support greater loads. But the use of cast iron and
steel members removed the aspect of flexibility of
adapting the changing requirements within the rock

structure and support requirements.

In the 1940's, there was a major development with the
introduction of rock bolts, rock bolts can be used to
replace the traditional support systems and they can
also be used as temporary and permanent supporf systems.
A rock bolt is a bolt that is placed into. a predrilled
hole in the rock structufe; it can be embedded in the
rock strﬁcture by the use of:grout or with the use of
adhesives. Once the rbck bolt is held tight in its
desired position then a washer (metal plate) is abplied.
held against the rock structure with a bolt, the boit
can then tensioned so as to hold the rock faults, cracks _
together. Typical rock bolfs and application thereof |

(see diagram 1, a typical rock bolt).

Rock bolts assist the rock structure to provide its own
arching and beam effect within the tunnel profile.  Rock
bolts can be rapidly installed, so as to allow the rock
structure to maintain its integrity and not lose its
inherent shear and compressive strengths, which may be
caused by the opening of fractures and joints‘within the

rock structure.

Rock bolts can be installed as unstressed components, or
more commorily as prestressed components, which fulfil the
requirements of varying rock structures, shapes and sizes

of tunnels.
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7

Another method used to support rock faces, is the
use of wire mesh pinned to the sides and roof of the
tunnels and then the mesh is covered with shotcrete
(sprayed concrete), this was developed in the 20th

century, and is in common use in most tunnelling

bprojects of . today. The method preventsvthe rock

and/or ground face from relaxing and therefore allows
the rock structure to maintain its inherent strength,
so that the rock structure can support itself (see

diagram 2, application of rock bolts. for tunnel support).

TUNNELLING MACHINES

Tunnel bore machines, also known as moles of_TBM are
machines'that‘haVe_existed for many years, but have
been generally unsuccessful until recently. Tunnel

bore machines have been successful in general soft

" rock and/or soft ground excavations, but are becoming

more and more successful in very hard rock excavationms.

The major problems lie where the mole has.tb opefate in
various types of ground within a single project. A mole
is a machine that excavates a rock face with the use of
rotary cutters, as it advances along the proposed tunnel

profile.

The use of tunnel bore machines is very costly and is
used .in very few projects, they have mainly been used

in projects in Europe. -

ARTIFICIAL GROUND FREEZING

The art of tunnelling has. progressed over approximately

5000 years, from the arts of wedge and hammer, fire-setting _

etc. to the modern computerised tunnel bore machines..

But every project develops its own problems and difficultieé, '

as the method of tunnelling depends greatly on the ground

conditions to be excavated.



In some cases, especially where the ground is
decomposed and water-~logged, a freezing process
may be used, this enables the ground to achieve

certain suitable standards of stability.

But this method is generally used as the last
resort in the excavation of tunnels, as it is

very complex and timeous method.

Natural forms of freezing which aids the excavation
of tunnels, basements etc. have been utilised. For
example in Siberia, open cast gold mines arevexcaVated
during the winter months so that the walls of the mine

are stable due to the natural freezing of the ground.

Another example was in France in 1852, where a mine shaft
was sunk during the presence of severe winter frosts
which aided ground stability, without such conditions it

would have been impossible to excaVate such a shaft.

The first known use of artificial groﬁnd freezing to

stabilise the unstable waterlogged ground, occurfed in
South Wales coalfield, in 1862, and was carried out by
Siebe Gorman Co. Further developments were carried out

in 1880 in the Ruhr coalfield by the German engineer Potsch.

Due to extensive research and development of artificial
ground freezing, and with the aid of computerised testing
of the freezing process, specialised drilling méthods,fétc.,'
the freezing process can now compete favourably with other
improvement methods of ground stabilising, such as exten-

sive dewatering of site.

But one must remember the artificial ground freezing is a
very costly and timeous process, and should only be utilised

as the last resort.
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THE DU TOITSKLOOF TUNNEL PROJECT: AN OVERVIEW

2

.1

INTRODUCTION

The Du Toitskloof tunnel is situated in the. Klein
Drakenstein mountain range in the Western Cape.

The tunnel will form part of the national roaa link
(N1), between Johannesburg and Cape Town, and is
approximately 64 kilometres from Cape Town and a few
kilometres from the town of Paarl (see Mab 1, locatioh'
plan of the Du Toitskloof tunmnel). The firét.plans_fof -
the proposed tunnel were dréwn up as early as 1938, by ‘
the National Road Boérd, but due to the lack of funds
and the outbreak of the Second World War, the present
road pass was accepted for construction instead of the

tunnel.

By 1964, there were increasing traffic volumes over the
present Du Toitskloof ﬁass,.and there was an expected
economic growth within the Cape Peninsula in the years
ahead, therefore the spotlight was again'fbcused on a.
possible road tunnel through the Klein Drakenstein

mountain range.

By 1970, the National Transport Commission, appbintéd

the consultant engineers of Van Niekerk, Kleyn and Edwards
to invéstigate the possibilities of a road tunnel through |
the area, so as to upgrade the preseﬁtnroad system, to =

modern freeway standards.

The feasibility report, by the consultant engineers, was
completed in 1974, the report highlighted that.there'ﬁere
no other feasible routes, in producing a 'modern'vnatidn51 _
freeway over the surrounding mountains, other than of

4 kilometre tunnel through the mountain range. After
considering the recommendations of the ;eport,_the National

Transport Commission advised the consultant engineers to

prepare a contract for the construction of a pilot tunnel.
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GEOLOGICAL CONDITIONS WITHIN THE DU TOITSKOOOF TUNNEL AREA

The Du Toitskloof tunnel travels through three major
ground/rock types. At the eastern portal the tunnel

travels through dowvn-faulted quartzitic sandstone for 
approximately 600 metres, after which it enters the main

Du Toitskloof fault zone, thereafter it enters approxi- .
mately 3300 metres of fresh-solid graﬁite which forms

the major part of the tunnelling works. The last 168 metres
df the tunnel, from the western portal tfavels through a

decomposed-weathered granite zone, which is water-logged,

- _and very unstable ground conditions prevail in this zone.

This report covers the construction of the main Du Toits-
kloof through the decomposed-weathered granite zone, i.e.

the soft ground contract.

THE DU TOITSKLOOF PILOT TUNNEL

In July 1975, the tender for the cons;ructionvof the piiot_

~tunnel was advertised, and the contract was awarded in .

October 1975, to the consortium of Bomar-LTA. Bomar was -

. mainly involved in the underground works while: LTA was

responsible for most of the surface works. The contract
started on the 5th of November, 1975 and was completed in

March 1979. The final contract value was R7,4 million.

The main purpose for the construction of the pilot tunnel
was to investigate the geology along the line of the tunnel
and also to identify any major problem areas that might
affect the construction of the main tunnel. The'pilot 
tunnel is 4 kilometres in length and has a'cross—seétional
area of 10 m2 and the pilot tunnel is off-set from the'main

tunnel's centre-line by 36 metres.

After fourteen months of tunnelling within the pilot tunnel,
through the saturated decomposed granite'zone, approximately
62 metres ffom the western portal, severe problems in’the
conditions of tunnellihg began to occur. Up to this stage

of the works, tunnelling had been carried out by traditional
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soft ground tunnelling techniques.

In November 1976, a serious mudflow'occurred at

62 metres from the western portal, the cOntraétors
tried to overcome the problems by applyiﬁg techniques
such as, cement grouting, bentonite-cement grouting, |
etc., so as to try and seal off the water flowé{ In
February 1977, tunnelling began again, and‘after'a
further 3 metres, a iarge mudflow occurred forming:a
sinkhole from the surface 35 metres above (see
diagram 3, longitudinal section through the decompbséd
granite zone, illustrating the massive collapse), and
(see photograph 1, formation of the sinkhole at the

surface, above the pilot tunnel and 2, the mudflow

~within the pilot tunnel).

Subsequently, it was decided to complete the last

50 metres or so, by means of artificial ground freezing.

Excavation started again, Ain May 1977 using the techﬁique

of ground free21ng and was ‘completed in September 1977

where the tunnel had reached the hard granite, and conven=-
tional drilling and blastlng methods were used in the
excavation of the fresh—hard_granite} The contract was

completed, some 8 months after the official completion date.

THE WESTERN PORTAL

Excavations during 1973 and 1974, revealed problems in the»
surface talus and decomposed granite as a result of the
saturated conditions. This therefore called for a stabi-
llslng of the area in the western portal area by the con--
struction temporary retalnlng walls, tied back with ground
anchors, this was carried out before the excavation of _
the pilot tunnel was commenced (see photograph 3, temporary
tied-back retaining wall - western portal) and (sée '
diagrams 4 and 5: western portal: temporary tied-back

retaining wall).
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The western portal contract was awarded to Savage
and Lovemore, which'involved construction work to
form a stable portal area and will provide for the
future control buildings to the tunnel. ‘The con-
struction involved the erection of a piled tied back
retaining walls, which would form a stable vertical

face.

The height of the face is 21,5 metres and 57 metreév
in length with two wing walls of approximatély |
34 metres in length. The piles were installed by
Frankipile with Ground Engineering and Piling

carrying out the anchorage of the ﬁiles.

The western portal retaining wall contract was started
in November 1979 and was completed in July 1981, with.

the final contract value being R1,8 million (see

-photographs 4 and 5, western portal: piled_tied—back.

retaining wall).

THE MAIN DU TOITSKLOOF TUNNEL

The main Du Toitskloof tunnel consists of the excavation
and construction of a tumnel through the decomposed gfanite;

zone, the fresh-hard granite zone and the quartzitic sand-

stone zone at the eastern portal. The client and the consul—‘3a

tant engineers however decided to divide the main Du Toits-

kloof tunnel project into two contracts, one being the Soft

“Ground contract, the first to be started and the other being

the Hard Rock Contract.

‘The main tunnel contract was divided'into two parts due to

the very specialised work required in the Soft Ground tunnel

construction and also that the Soft Ground contract has many
unknown factors attached to it, i.e. it is considered a.

pioneering operation.

Furthermore, it was thought that one tendered, the lowest

bidder, might have been very capable in undertakihg the

excavation and construction of the Hard Rock tunnel, but
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may not have been adequately capable in undertéking

the specialised Soft Ground contract.

Therefore to promote the well-being of the project
and to protect the client, the main tunnel contract
was divided into two contracts. The report only

covers the Softhround contract.

THE MAIN DU TOITSKLOOF SOFT GROUND CONTRACT

Due to the instability of the saturated decomposed
granite encountered in the pilot tunnél contract,

it was decided by the client (NTC) and the consultants
(VKE), to utilise the technique of artificial grouhd
freezing, as the technidue had beeﬁ successfully used

in the construction of the pilot tunnel.

The soft ground contract involved the construction of

a lined tunnel, approximately 168 metres in length..

The tendering system for the Soft Ground contract was
split into two parts, one part being a prequalification
phase and the other part being a normal pricing of the

contract phase.

‘The contract was open for tender in February 1980, and

by September 1980, the consortia had been selected on
the basis of the prequalification tenders. Thevselegted
consortia were then permitted to submit p;iced tenders
for the Soft Ground contract which was completed in
December 1980. o '

In March 1981, the consortium of LTA Constrﬁction Ltd -
Shaft Sinkers (Pty) Ltd, in association with Foraky Ltd,

.as the ground freezing specialists, were awarded the

contract.

The Soft Ground tunnel contract commenced on the 1st of

‘June, 1981.
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2.6.1 Scope of the Soft Ground Contract

' The contract consisted of the excavation and_constru¢~'
tion of a 168 metre tunnel, with a.cross-séCﬁional
area of 122‘m2 within the standard tunnel profile,
while the cross-sectional area increased to 184 m? in

the eﬁlarged drilling areas.

'The tunnel was divided up into five stages, stages being

32 metres in length, exceptvin the 1astvstage (stage 5)
where the length increased to approximately 40 metres.

The last 8 metres of each of the stages, ode to four, was
enlarged for drilling opératioqs, to the following 32 metre

stage.

The last stage, of the five stages, was longer than 32 ﬁetres
as it incorporated a drainage géllery,'in the transition zone
between the decomposed granite and hard granite (see

diagram 6, longitudinal section fhrough the soft ground

tunnel, showing the five freezing stages).

2.7 IMPLEMENTATION OF THE FREEZING PROCESS

The artificial ground freezing involved the formation of

a frozen arch around the tunnel prdfile'with a frozen wall
thickness of 2 metres minimum and the formation of vertical =
bulkheads at the end of each 32 metre stage, with a wall |

thickness of 3 metres.

The frozen arches wereifdrmed with the insértion of horizontal
freeze tubes, at an inclined angle, from the start of each '_
section to the end of each section, allowing for the enlarge&
drilling areas, located at the end of each 32 metre section.
There were approximately 50 - 60 freeze tubes inSerted,vfbr
the formation of each 32 metre frozen arch (see diagram 7,
‘cross—section through 'frozen' soft ground‘tunnel) and

(see diagram 8, plan.of first 32 metre stage, shoWing

vertical bulkhead and position of freeze lances).
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.The frozen vertical bulkheads were formed with the
insertipn of vertical freeze tubes, inserted from
the surface, and each bulkhead becoming deepéf and
deeper, as the work moved from stége to stage, i.e. -
the vertical bulkheads were formed at greater depth-
within ;he»mountain slope, after each 32 metre stagé.
- There were approximately 22 - 25 freeze tubes

inserted, for the formation of each vertical bulkhead.

- The vertical and Hdrizontal freeze tubes were inserted

into pfedrilled holes, which required accurate align-

ment so as to promote adequate formation of the frozen

arch and frozen vertical bulkheads, i.e. so as to provide_'

structural stability within the tunnelling operations.

The freezing process was monitoried by the installation
of stratégically placed "observation" Holesv these holes
contained temperature recording devices —-therﬁogouples,
.which gave an indication of the ice growth. Other
temperature measuring techniques were also used to determine
the formation of the frozen ground (see diagram'S)-and (see

drawing 3, typical freeze tube circuit connections).

THE FREEZING PLANT

The freezing plant was imported from the United ' Kingdom,
and was operated by the freezing specialists,‘Foraky Ltd.
The freezing plant circulated a refrigerant thrbugh the -
freeze tubes, namely calcium chloride brine solution, at
a temperature of approximately ~40°C. The ffeezing_plant

" had a capability of producing 200 tpnhes'of ice pér day.

THE PERMANENT LINING TO THE MAIN SOFT GROUND TUNNEL

After the tunnel had been mechanically'excavated, a shotcrete
lining was placed, the excavation and placing of the shot-
crete lining (support) was carried out in 2 metre intervals,

along the length of each 32 metre stage.
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The permanent support, is formed of steel arches,
mesh and 1ayefs of shotcrete and has a final |
thickness of 450 mm, and was placed aﬁd»completgd.
‘before the freezing process of éach 32:metre'sfage

could be switched-off.

The main Soft Ground tunnel has become South Africa's ﬁost_‘i
expensive "'rands per metre' tunnel. But its contribution
to the cbmpleﬁion of thé main Du Toitskloof Tunnel has made
it justifiable, as the tunnel project has become one of
South Africa's most prestigious civil engineering projects'
ever undertaken. Furthermore, the Du Toitskloof Tunnel has"
become South Africa‘s longest road tunnel and probably the
longest in Africa, and has offered great experience to South
Africa's Construction Industry, especiélly in the art of

artificial ground freezing.
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CHAPTER 3

GEOLOGICAL ASPECTS OF THE DU TOITSKLOOF TUNNEL

3.1 INTRODUCTION AND DEVELOPMENT

The chain of mountains that stretches from Clanwilliam
in the north to Cape Agulhas in the south, and
partlcularly the Klein Drakensteinberge, Western Cape,
are the mountains that are in the spotlight for the

construction of the Du Toitskloof road tunnel.

At present; the national road link (N1) between Cape
Town and the areas of the north, passes over the Klein

Drakensteinberge.

Due to rap1d economic development  of the Western Cape
over the past years, the Department of Transport dec1ded
to upgrade the present national road system. The present
N1 is to be upgraded to a modern freeway standard, so
that the expected increase in transportatlon between the

north and south could be catered for.

The Klein'Drakensteinberge forms a barrier for the proposed
uplifting of the N1 to a freeway standard, therefore

investigations were started to overcome this barrier.

The consultants to the Du Toitskloof prOJect were VKE
(Van N1ekerk Kleyn and Edwards) who were appointed by
the Natiomal Transport Commrss1on4(c11ent),_to produce
solutions to the upgrading of the present Nl road system
over the Kiein'Drakensteinberge or produce alternative

solution to the problem.

After years‘df investigations, especially during 1971
and 1972, VKE consultants presented to the National
Transport Commission (NIC) the feasibility reports
regarding this matter.. The.reports stated two major
aspects; that the present N1 pass over the Klein Draken-
steinberge was uneconomical to upgrade to a modern .

freeway standard. Furthermore, that all the ppssible
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routes around the mountain range were impractical

‘and uneconomic to achieve a modern freeway standard..

' Therefore the only alternative solution was to

construct a twiﬁ-bore‘foad tunnel, this would ppgrade‘
the present N1 pass over Du Toitskloof to é modern
freeway standard. After feaéibility studies had_béen
carried out and presented to the NTC (1972), the_method‘
of the transportation link between the north and south_ 
by means of a 4 kilometre road tunnel tﬁrough the'Du

Toitskloof Area, was accepted by the client.

Detailed planning of the proposed tunnel was carried out
from 1972 to 1974, after which it was submitted to the

client for approval.

After approval, it was decided by the cqnsultants to
construct a pilot tunnel, in'lineyﬁith the proposed
main tunnels. The pilot tunnel would be used to‘oBtain
information that would enable VKE consultants, in asso-
ciation with the overseas consultants, appoiﬁfed by the
client, Electrowatt Engineering Services Ltd; Zuri¢h,
Switzerland, to desigh the method of conStru¢tion of the

main Du Toitsquof road tunnel.

One of the most important aspecfs of the preliminary work§ _
is the exploration of the geological conditions, .The gedegical o
environment decisively affects both the loads acting on fhé_ ‘ V
prbposed tunnel and the choice of the preferable.tunnelling

method(s) to be employed.

‘Before the pilot tunnel could be constructed,‘thé pilot -
tunnel location had to be determined by using the position
of the existing N1 mouﬁtain péss 10ca§ionvbutvthe final
position was defermined by the prevailihg_geological

conditions in the areas.’

The first method of obtaining the geoiogical conditions of

the prdpoéed tunnel locétion was carried out by the drilling -
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of exploratory boreholes in the reglon,'approx1mately

60 in number (see diagram 9, typlcal core sample

results obtained from an exploratory borehole) From

the borehole results and past geological Surveys, the
position of the pllot tunnel and therefore the main

tunnel could be plotted, the results obtained from the
boreholes, were the first indications of the geologicai
conditions present in thevtunnel 'area' (see map 2,
geological survey result showing granite outcrops within
the turnnel 1ecation)} The pilot tunnel, when excavated
and constructed would justify previous.geologicei results,
and further informatien will be obtained regérding factors
which would affect the design and construction of the main

tunnel, e.g. rock pressures, rock types, etc.-

Investigations carried out in the pilot tunnel will high-
light the possible problem areas in the construction of

the main tunnel.

The pilot tunnel was constructed by LTA/Bomar, and was
started in October 1974, and has a cross—sectional areav

9 _ . v :
of 10 m~, furthermore it was constructed down the centre- -

line of the proposed north main tunnel.

From all the geological investigations carried out, the
main geological features along the prdposea main  tunnel
route could be shown (see'biagram iO, longitudinal section
along the centre-line of the pilot tunnel) and (see '
diagram 11, geological sectional plan at the crown of the

tunnel).

Most of the 4 kilometre tunnel occurs in intact granlte

i.ef fresh granite. The tunnel also includes an area whlch
incorporates the main Du Toitskloof fault, this fault is
caused by the down-thrusting of the Table Mountain ser1es
(TMS) sandstones against the fresh granite zone. . The tunnel
also includes four zones of fractured granite,-whlch 1s_elso
very unstable when excavated and requires eXtravsupport
during the construction stage. These zones.of_fractufed

granite exist at. the western portal end and the eastern
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portal end.

At the western portél (Paarl area), there is a 20ne.

of decomposed-weathered granite, the decomposed—
weathered granite is overlain by transported granite -
and standstone talus, i.e. material»that‘has originated
from the main rock zones, but due to time has eroded
away - broken off, and éome to rest on top of the main

rock zones.

The decomposed-weathered granite area, is the area that
has caused a considerable number of problems in thé _
excavation of both pilot and main tunnels. This is due‘i
to the ground belng very unstable and water- logged. 'To
overcome this problem, the technique of art1f1c1a1 ground
freezing was applied. The technique stablllsed the
ground condltlons, enabling the excavatlon of part of

the pilot tunnel and 168 metres of the main south tunnel.

Furthermore it should also be noted, that the pilot tunnel

was also constructed to allow for the haulage of maperials

and personnel from the eastern portal area, as this would
eliminate large storage requirements at the’eéstern portal,
where space was limited. The pilot tunnel also allowed -

for the haulage of tunnel spoil to areas in the western
portal, where fill is required for the construction of the
~approach roads to the western portal. The pilot tunnel allows
for the drainage of the main tunnel, by cross connections
between the pilot -and main tunnel, the water was‘dralned
under gra&ity from the eastern portal to the. western portal.
The pilot tunnel also allowed for possible:delays in the
excavation of the main tunnel, as headings could be opened
from the pilot tunnel to.overcome delays; i.e. to allow for
continual excavation of the main tunnel. Finally, the pilot
tunnel also allowed for improvements to be made to the
“excavation and construction of the'main‘tunnel,,e.g. dewatering
applied from the pilot tunnel to areas in front of the main

tunnel's working face.
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GEOLOGICAL CONDITIONS WITHIN THE DU TOITSKLOOF AREA

In the Du Toitskloof tunnel area, there is_Wellington -
granite pluton, i.e. a body of rock that has,érysfalliSéd"
deep in the earth's crust and has been exposed by erosion;
and the Wellington granite pluton isvéovered by‘the

quartzites of the Peninsula Sandstone Formation.

The main tunnel cuts through approximately 3,4 kilometres
of the granite formation and approximately 0,7 kilometres

of the down-faulted quartzitic sandstones.

The eastern portal is forméd.in rockvbf the Table Mountain
.group,.While the western portal is located in residual soil,.
or otherwise known as soft decqmﬁoSed granite which forms
168 metres of the tunnel excavation (see diagram 12, section
through decomﬁosed granite zone of the‘tunnelz westérn
portal) and (see photograph,G: easternkpor;alf quartzitic

sandstone).

The design and feasibility of the tunnel was determiﬁed

mainly from the values obtained by the geological investi-.

~gations. -

3.2.1  RESIDUAL (DECOMPOSED) GRANITE OF THE DU TOITSKLOOF
TUNNEL

3.2.1.1 The nature of the material

The granite iS'deéomposed into a residual soil to
a depth of up to 50 metres, at the western portal
(Paarl side). The mineral types that exist within
a sémﬁle of the residual granite; were kaolinite
the dominant product, with other minerals sdchwas

quartz orthoclase, minor plagioclase and mica.

According to the Irfan and Dearman's (1978) scale
of mass weathering grades in grapite, the granite’
encountered in this section of the tunnel, is a

granite that is completely to highly weathered granite.
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The residual soil showed remarkable strengths,
in the undisturbed state, but when the soil was
disturbed the soil lost its inherent strength

easily.

Generally residual soil (decomposed granite) has
the tendency to erode easily, but the major
problem occurs where the soil is accompanied by . .
excess water, then the residual soil deteriorates'
into a mud. Due to this, a ground stabiiisation

technique was used in the excavation of the main

soft ground tunnel.

Hydrogeological conditions

Def: The science that deals with subsurface

waters and related geologic aspects of. surface

waters.

The residual granite is affected more by the

hydrogeoiogical conditions compared to say the

fresh granite zones, found along the route of

the tunnel.

During the_construction of the pilot tunnel, it was
noticed that water—-flows and excessive seepages

were present along most of the residual.granite‘

section of the tunnel. The water-flows however

increased towards the zones of the weathered granite
areas. The water-flows became so extensive dufing
the construction Qf the pilot tunnel; that groﬁting'
was applied to try and reduce the water—flows,-but_
eventually the use of artificial ground freezing_Waé

applied to stop the water—-flows,etec.

There is a general presence'of watér.phroughout

this section, but the major flows occur.aiong‘the
weathere& granite zones, i.e. mainly between the -
fresh graﬁite and the weathered granite. ‘Examples

of flow rates that were recorded in the excavation '
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of the pilot tunnel in 1978, indicates
how extensive the fléw rate.is, namély '
8,1 litres/second was recorded in 1978;
while at present the flow rate has .
dropped to 6 litres/second, in the

decomposed granite region.

The excess water entering the tunnel'profile
is drained out through the western portal,

as there is a 0,87 gradient within the

- tunnel from west to east.

The chemical analysis of samples of ground

water, obtained from weepholes in the pilot

tunnel, indicates that the ground water
encoﬁntered has a mild aggressive property,
towards steel and concrete products
(Appendix 1, table results of chemical
analysis of watér éémple, in the western

portal zone).

Mineralogical-ahdvchemical tests carried out

on samples obtained in the decomposed and
weathered granite>areas of the tunnel,‘indicate
the types of minerais aﬁd chemicals present
within such samples (Appendix 2: re5u1ts.of_
mineralogical and chemical tests on samﬁles of

decomposed and weathered granite zones).

The behaviour of the Residual Granite during

the construction of the pilot tunnel

The tunnelling process through the residual"’
granite proved to be a difficult and complex
operation, as the ground encountered was unstable

and even more so when water-flows were encountered.

During the first 40 metres of the pilot tunnel
excavation, few water-flows were encountered and.

the over-head coverage of soil, i.e. overburden, "



—25-

was only 30 metreé; this all contributed

to relatively problem free excavation of
the first 40 metres of the pilot tunnel
from the western portal. As'fhe tunneliing
operations started to reach the Weathered 
granite zone, difficulties occurred as the
overburden had increased considerably and

water—-flows became more frequent.

A major problem oécurred in the excavation
of fhe pilot tunnei, an uncontroilablebmud
flow occurred approximately 65 metres from
.the western portal. The mud flow removed
approximately 2000 m> of soil in the .forma=~
tion of a sinkhole, and the sinkhole also
coincided with avprevious exploratory
 geological borehole, this may have aided
“the formation of the sinkhole. The borehole
may have caused.distufbaﬁce of the soil,vand
the hole could have eroded away to form a
sinkhole (see photographs 1 and 2; pilot

tunnel mudflow and sinkhole-fofmatioﬁ).

It was also séid that increases in water flows
and consequent e€rosion of the soil was acceler~
ated when the residual soil was diéturbed, for
example by excavation, drilling of boreholes,
grouting operations, drilling to provide drainage,
etc. V

After studying the collapse of the'pilot tunnel;
the researchers concluded that:the coliapse was
most probably due to an increase in stress and ‘
water pressure within the soil with increasing
depth, a change from primary stréss fo secdndary
_stress conditions due to excavations and the low
permeability and high érodibiiity of the in situ
material. Strong flows of water along the joints
in the soil caused rapid erosion, which increased

further as the flow paths were enlarged, the finalj
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effect was a mudflow and the formation

of a sinkhole.

Various techniques were attempted to
imprqvé the conditions for tunnelling,
such as extensive drainage, grouting of
fissures, well-points etc.; but all
these techniques only improved the situ-
ation slightly. The only possible

solution at this stage was to drive the

" existing 50 metres of the pilot tunnel

by means of artificial ground freezing,
with the tunnel being supported by steel
ribs - arches. As the residual graﬁite

and weathered granite was extremely _
saturated and very unstable when‘diéturbed,
and the best possible solution at the time
was the use of ground freezing which would

stabilise the ground.

The technique of ground freezing would seal
off all minor seepage areas and all zones

of water inflows, also the ﬁechniqué would
provide a frozen arch around the working
area. The ground freezing technique would
provide strength within thé_grouﬁd structure,
approximately 10 wPa at —ZCOC, which is |
approximately 80 times stronger, before

ground freezing was applied.

Weathered granite zones

The weathered granite ~zone is situated between

the decomposed granite and the fresh granite

zones. The rock at this stage of weatheriﬁg_
is classified in "Irfan and Dearman's grades»
in granite", as moderately weathered and grades
rapidly into slightly weathered rock, i.e.

towards the fresh granite zones.
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The colour of the weathered granite moves
from zones of brown and olive colour to
zones of blueish and grey for less weathered

granite.

In the weathered granite zone, the method of
excavation; was by means of blasting, which
was carried out in stages of i metre 1engths
along the weathered granite zone. Support
was applied with the use of rock’bolﬁs in

less weathered granite zones.

In areas where strong water occurred and the
granite was more weathered, additional support
was required, such as steel arches, shotcrete—

mesh, etc.

The degree of weathering of granite material
decreased from the beginning_bf the weathered
granite zone (from the western ﬁortal), to the
junction between the weathered granife_and

fresh granité.

3.2.2  SOLID (FRESH) GRANITE OF THE DU TOITSKLOOF TUNNEL

- The excavation (blasting operation) of the fresh
gfanite, constituted approximatély 83% of the
tunnel excavétion, and was generally excavated
with féw problems. Probleﬁs that did occur were

in the fault zones.
The granite types found at the Du Toitskloof
projéct, are, Porphyritic granite, fine-grained

" granite, and gnelssic granite.

3.2.2.1 Porphyritic granite:

Porphyritic granite was encountered for approxi-

mately 2 kilometres of the. pilot tunnel, which
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s approximately 507 of the excavated

material of the pilot tunnel, the rock

is medium hard.to‘hard, and softer areas
were encountered where weathering had
taken plaée. The colour of the granite

varies from grey, to grey with red and

ipink shades, plus spottings of black,

white and green. Types of minerals
present were .quartz, orthoclase, micro-

perthic, microline, biotite and chlorite.

This type of granite requires little or

no support.

Fine-grained granite -

Fine-grainted granite was encountered for

approximately 235 metres of the tunnel i.e.

67 of the excavated material of the pilot

tunnel.

Fine-grained granite is very hard rock and
varies in colour from reddish brown to greenish

grey. Minerals encountered in the granite

classification were quartz, orthoclase, muscovite,

chlorite. and biotite. The fine-grained'granite

required little‘or no support in the excavation

of the pilot tunnel, and fine-grained granite has .

a compressive strength of approximately 207 MPa,'v'
which provides adequate support if not fractured
badly, then the rock face may require rock bolts

for permanent support.

Gneissic granite

 Gneissic granite-was encountered over 730 metres

of the pilot tunnel i.e. apprOximaféiy 20% of

the excévated material of the tunnel.

The Gneissic granite is ''very hard" to "hard",
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and where this rock occurred in faults .
zones, support was required. Support
was in the form of steel arches and
shotcrete. The colour of the Gneissic
granite varies from grey, to grey-red,
and including green, white and black

spottings.

3.2.3 . FAULTS WITHIN THE DU TOITSKLOOF TUNNEL. .

There are two sets of faults, the one
being older than the other,  the older

one being confined to the granite ZOné,
the other fault being represented in

both the sandstone and granite secﬁipns

of the tunnel (see cross-section through
thnnel). The older faults devé}oped
within the granite zone before the depo-—
sition of the rocks of the Tablé1Mogﬁfain'
group, the younger set of faults developed

during the post-Cape phase of foldihg, .

3.2.3.1 The Du Toitskloof Fault

The Du Toitskloof fault -has resulted'due'to
the downward thrust of the sandstoné zone, .

which is side by side to the granite zone.

The width of the Du Toitskloof fault is
approximately 150 metres, and it is composed

of fractured sandstone and alﬁeredvgfanite,

the altered granite forming a band of 50 metres
within the fault. The altered granite consists
of soft rock, highly weathered and sheared
material, and consists of tHe_following materials:
quartz, orthoclase, calcite, clay, sericife and
chlorite. The fault is very susceﬁtible to erosion
when in contact with-water, but fortunétely_there
was ndt much water encountéred within this faﬁlﬁ

region.
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Shotcrete was applied as a Sprort,_but

due to the formations of cracks in the

vshotcrete, due to movement, steel arches

were placed, and a concrete floor was

cast over the altered granite zone, this

provided adequate temporary support, untii

the final concrete in situ lining is placed.

Faults in the granite zones '

“Approximately 47 of the granite_encounteréd

in the tunnel was fractured matefial, and
about 70% of this fractured material required’

permanent support, in the form of shotcrete

and/or steel arches. Threeicharacteristic

zones of alteration were present in the pilot
tunnel (alteration occurs where chemical and
physical changes affect the rocks and minerals,

during their lifetime).

1)  Zones of sheared granite with clay along

the fault contact, less than 300 mm wide;

2) Soft friable (easily crumbled).zones,

approximately 0,5 metres to 2 metres wide;

3) Fractured zones, approximately O;Z'to 4 metres

wide.

Investigations within the pilot tunnel showed that
fault widths were irregular and the degree of
deterioration of the materials within the faults

were also irregular.

Finally support requireménté to the faultbzones
are in the form of shotcrete and mesh applications
and included steel arches where the fault'zoﬁgs
were more unstable and reqdired additional support.
Some of the fault zones were in-tﬁe presence of '

water penetration, which caused additional problems,
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“and which were overcome with the placing
of plastic membranes, drainage facilities

etc.

In concluSibn, all the geological investiga-
tions in?oiving inspection, testing, .
monitoring, analysis of core Samples,'results;
solutions, alternative solutidns,'etc., which
were carried out within the pilot“tﬁnnei,'wés
mainly for the benefit of .the constfﬁction of
.the main Du Toitskloof tuhnels, so" as to‘Bé
able to attempt to produce a "perfect"'solﬁtion

to all tunnelling operations and construction.

The information obtained from these investigations,
testing, etc., were used by the‘conéultants etc.

to enable them to design éolutidns for all areas
Within the main tunnels, and to establish all "’
possible problem areas to which_appropriate

solutions could be applied.

The pilot tunnel is in fact an aspect of the
planning stage of the main Du Toitskloof tunnel

contract.
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 CHAPTER 4: THE DU TOITSKLOOF SOFT GROUND TUNNEL FREEZING PROCESS

4.1 7 INTRODUCTfON TO THE FREEZING PROCESS

The use of natural ground freezing has aided man
for centuries in the exploration of areas below
ground level, and was mainly experienced in

countries in sub-zero temperatures.

The first recorded use of theiteehnique‘ofvartificial-
ground freeeing was performed in the Sdﬁﬁh Wales coal-
~field in 1862, by the Siebe Gorman Company. ;Thiée
technique'was furfher developed by Potsch, a German
engineer at the Riihr coelfield in 1880. Generally
artificial ground freezing has developed slowly over
the years, but major developﬁents have occurred oVer
the past 25 years,‘especially developments in the fieidsbe
of refrigerents and reffigeration plants, which make -
the freezing process more economical and -of a higherx

success rate.

The art of groﬁnd freezing is becoming more’ahd mere'
advanced, especially in developments in the mdhitoring'
and testing of the artificial ground_freeziﬁg pr0cess,
in which highly.sobhisticated electronic eqqipmeht is

" being utilised.

The ground freezing system has been used in many
countries, especially in European regions, where the
environmental conditions and- dense building coverage -

makes this technique highly favourable.

The use of artificial ground freezing had never beeﬁ
performed in Africa, until the teehhique‘was utilised
in South Africa at the Du Toitskloof road tunnel

project (Cape).

The first application of the technique occurred in the:
construction of the pilot tunnel which has a cross=-
sectional area ef 10 m2 and a length of 3925 metres,
ground freezing was applied to the last 50 meﬁres of the

 soft ground section of the pilot tunnel. The technique
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was brought about due to a collapse (mudflow)
-earlier on in the construction of the pilot
tunnel. The pilot tunnel was completed in 1979,
and the knowledge gained of ground conditions,
construction problems, and general constructional
experience,'aided the project consﬁltants,and _
their associétes overseas, in designing the main ..
Du Toitskloof tunnel with the highest possible
success rate, considering the relatively. poor

ground conditions. present.

The major problems in design, was in the saturated
decomposed-weathered granite zone, situated at the
western portal (Paarl side) which involved the

excavation of unstable decomposed-weathered granite.

Due to the decompdsed—weathefed granité being water—
logged and very unsﬁablé when disturbed, and'as'the
freezing method was successfully carried out in the
construction of the pilot tunnel, the.teChnidue-of
-ground freezing was adopted for the construction of

the main soft ground tunnel. The freezing process:
involved the freezing of approximately 145 metres of
‘decomposed granite and approximately 11 metres of
weathered granite which underlies the decomposed granite
zone and overlies the fresh granite zone. The’difficulty'
in ground freezing increased as operations moved closer
towards the weathered‘granite zone, as.water_flow
increased along water paths and joint systems, making

ground conditions very unstable.

The freezing process wés.undertaken by Foraky Ltd, a -
"British/Belgium company who can be considered as the
leéding practitioners in artificial ground freezing

in the world today.

The contractors to the soft ground tunnel project were
the consortium'of LTA (Construction) and Shaft Sinkers,
and the consultants engineers for the project were

Van Niekerk, Kleyn and Edwards in association with
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Electrowatt Engineering Services, Zurich,
Switzerland and the client being the National

Transport Commission of South Africa.

The genéral construction procedure involﬁed.in,
the soft ground tunnél contract was thc drilling
and installation of-freeze,pipes, the-actoal'
freezing process, the excavation process and the
application of a shotcrete permanent lining to

the tunnel profile.

The main soft ground tunnel had a proposed doration

of 18 months and was originally planned to start on
the 1st March 1981, but was delayed as the tunnel
design had to be modlfled to accommodate the 1nsta11a-
tion of a main water pipeline within the tunnel. The
contract eventually Started on the 1st June, 1981 and

was completed on the 2nd June, 1983.
The main soft ground tunnel contract is the most
costly (Rands/metre) tunnelling contract ever under-

taken in South Africa and probably in Africa.

THE TENDERING PROCESS (SOFT GROUND TUNNEL CONTRACT)

After the construction of the unlined pilot tunnel had-
been complcted, the next stage of construction was the
construction of the main Du Toitskloof Tunnel. Due to
complexities experienced in the construction of ‘the
pilot tunnel, it was decided by the National Transport
Commiséion and suggested by the consultants, that the
main tunnel project (contract) should be divided into -

two parts, i.e. two contracts.

The first contract being the excavatidn.and construction'
of the soft ground sectlon of the maln tunnel by means -
.of-art1f1c1a1 ground freezing process.” The second contract
being the excavation and construction of the hard rock
tunnel by means of blastlng operatlons and the p1ac1ng of

an in situ concrete 11n1ng
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Due to the complexities involved in the soft
ground contract which required specialised
methods of tunnelling, it was decided to
adopt a two phase tendering system. This

was done so that the client (NTC) would be
assured that the chosén contractor pogsessed
adequate knowledge and skills ﬁhat were |
required in order to carry out such a complex

project.

The contract for the soft ground tunnel was

open to tender in February 1980.

The first phase of the two phase tendering system
invited all interested contractors (consortia) to

submit an unpriced prequalification applicatioﬁ'of

the works. This prequalification application by'

the consortia was asseSsed by the consultants and

the cliént, they evaluated the methods of‘constrhction,
the proposed equipment to be ﬁtilised and the general
abilities, experience and knéwledgélﬁeldvby the contrac—
tors of previous contracts. The proposed working pro-

gramme in carrying out the works was also analysed.

After the prequalification applications had been submitted,
the consultants and the client had to analyse maﬁy |
proposed freezing methods for the soft,gfound tunnel.

At the end of the day, two alternative methods were
selected and other methods were discarded due to reasons
of impractibility and methods being uneéénémical; The CWO:
alternatiQe methods that were accepted were, the first a
full 360° frozen arch support to ensure invert s;abilitY'x
of the tunnel pfofile, compared to the basic_horse—shée
shape of freezing. The second method was a vertical
drilling approach which. would result in the whole tunnel

cross—section being frozen..

After judgement of the prequalification applications, the
consultants and the client, nominated five consortia to -

tender for the second phase of the two phase tendering ‘
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system.

" The second phaSe of the two phase tendering system'
involved thé.Smeission of priced bills by the

nominated contractors. The priced bills had to‘be
based on the contractor's prequalifiéatidn applica-
tions, i.e. no major changes were'allowed.tp their

‘initial préqualificationvapplications.

The tender documents for the soft ground tunnel contract
allowed for the construction of the 168 metre section

to be constructed in five-32 metre stages, work beiﬁg
commenced from the‘western portai retaining wall. |
Furthermore, the 32 metre long stages of thé‘tunnel
required the formation of a peripheral in situ frozen
arch for the full 32 metre length. Furthermore the

arch was to be at least 2 metres thick, and existing

outside the 113 m tunnel excavation profile,

The creation of the required frozen arch c0u1d.be
achieved by the drilling of horizontal holes which

would take the freezing.tubes (freezing lances), and

these pipes would circulate évchilled brine solution * -

which would freeze the surrounding ground.

. A vertical in situ bulkheéd of frozen ground of 3 metres
thick was to be achieved at thé end of each'32'metre '
stagé. ‘This_would'provide Stability within the tunnel
face and would allow for the driiling‘qperatioh of the
horizontal holes for the next 32 metre stage, under more"
stable conditions. The vertical in situ bulkhead_of
frozen ground would be achieved by the insertion of -

vertical freeze tubes drilled in from the surface.

Within each 32 metre stage the last 8 metres of.the'
32 metres had to be enlarged to allow for the drilling
operations.of.the next 32 metre étage. The eniafgement
zone was a criticai area, as the span of the tunnel

increased rapidly requiring additional in situ support.
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The primary 8u§port to the 32 metre section of
the tunnel, had to be proVided after 2 metres or
less had been e#cavated i.e.support to the tunnel
profile had td be applied after not more than

2 metres of excavation had taken place. The
primary suppqrt consisted of reinfofced shotcrete,
stéel archés.and the thickness of the cbmpleted’

primary support arch is 450 mm.

Also required within the contract wés‘thevimplemen?.'
tation of an extensive draiﬁage system to the |
weathered granite contact face which was_achieved

by the drilling of a croés—drift-excavated»from within

the pilotltunnél.

After the five consortia's priced bills had been
evaluated, the winning tender was achieved by.the
consortium of LTA Construction, Ltd and Shaft Sinkers
(Pty) Ltd with the gfound freezing specialists (sub- -
contractors) - Foraky Ltd (Bfitish/Belgium cohpany),
in March 1981. |

Finally, the contract was awarded on the basis that
the construction‘of stage 1, was to be achieved by.

the use of a horseshoe-shaped frozen arch, and the

‘further 32 metre stages were to be conStruCted with

the implementation of a full 360° frozen arch as

temporary support.

PROPERTIES OF THE FROZEN SOIL

The properties of the frozen soil must be established
by elaborate laboratory tests. to determine such

aspects as the strength, thermal conductivity,'creep

behaviour of the soil, moisture content etc. of the

frozen soil.

The data gained from the above tests williprovide for
the establishment of an effective design solution for.

the final process of freezing the ground. .
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From tests, carried out in other artificial ground

freezing projects of the past, it can be stated that
the strength of the frozen ground increases w1th the
increase in partlcle size, with the increase 1n ‘the
water content of the soil, with the decrease of the
.temperature of the soil and with the increase in the

rate of free21ng

From testa‘carried out on samples of sandy soil and
clayey soil, it was shown that aahdy soii with a
mpisture content of IGZ_at -15°C has a strength of
15 MPa, while ciayey soil of the same temperature

and moisture content has a strength of 8 MPa.

'Furthermore, to obtain the correct: solutlon for the
design of the ice wall, one must con51der the economics
of the temperature vs strength vs creep behaviour vs wall
thickness, and which must be related to_the,methOd(s) of

excavation and the cycles (time) of the excavation process. -

THE TYPICAL MECHANICS OF ARTIFICIAL GROUND FREEZING

The appiication of the ground freezing proceés is carried
out. in certain steps which will be dlscussed below, but
the maJor application of ‘the process at the Du T01tskloof
tunnel project will be highlighted in later sections of

the chapter.

The ground is frozen by the circulation of a refrlgerant

(a cooled fluid) at very low temperatures, through a.
number of freeze tubes, whlch are dr111ed 1nto the requlred
freezing locatlon and are placed closely together i.e. p1pes
placed at mlnlmal_cc S. The extremely low temperature of
the refrigerant (freezing fluid) causes the ground- in the
immediatevvicinity of the pipes to begin to freeze. ‘After'
a certain duration, depending on‘the eirCumstances, e.g.
the type of soil, water flows etc., the amOunt of frozen -
ground area 1ncreases in a radial movement, i.e. from the
pipe outwards. At a certain stage, the frozen area around.

the pipe will link up with the frozen areas around the
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other pipes, this is in effect the start of the
formation of the ice wall within the soil.v After 
time the frozen areas around all the pipes, will
overlap with each 6ther, i.e. neighboufing pipes
frozen areas overlap totally forming the completion
stage of the‘formation of'the.ice wall (see

diagram 13, typical formation of an ice Wall'using

freezing lances).

The size of the ice wall is determined by the number -
of pipes circulating the cooled fluid and the spacings

between the pipes.

Where for example a thick ice wall'is'réquired such as.
the vertical bulkhead ice wall at the Du Toitskloof

soft ground project, the pipes are placed in parallel

and staggered. Where a_narrow:iée wall is required; such‘
as the ice arch at the Du Toitskloof project, then the
freeze pipes are aligned in single file (see diagraml4,

positioning of freeze tubes within a vertical bulkhéad),‘

. The temperature of the fefrigerant circulation through

the freeze tubes must be determined and must be‘co—ordinéted
with the required thickness of the ice wall and the time .

available for the freezing process. This specified feh@eré-
ture of the refrigerant will allow for the uniform formation

of the ice wall over the entire freezing area.

 Furthermore the area of freezing is usually limited only
to the areas outside the proposed excavation area, as
the freezing of proposed excavation material is wasteful,

uneconomical and serves no purpose.’

There are generally two ways-methods of inserting the
freezing tubes, so as to provide for adequéte clearaﬁce_f
in the process of excavating the tunnel area. The first
method relates to tunnels lying close to -the ground
surface. Here the freeze tubes are installéd from the
surface, to form a "tent-like" frozen area over the

perimeter of the tunnel. This.method»has'not been used
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at the Du Toitskloof projeét. The main advantage
of this method is that the installation of the
freeze tuBes is done very quickly and with ease,
compared to horizontal or undergfound«drilling‘
processeé. But this is all dependant on the ;ypevv
of soil encountered, e.g. drilling operation made
difficule if gféund contains boulders in line of.
the drilling operations. It is also dependant

on the restrictions that may exist on the_éufface
e.g. sloping ground, buildings etc., this may
prevent drilling operatipns (see diagram 15, tent-—
like frozen areas. for tunnel construction closé fo

the ground surface).

The second method is adopted where the proposed

tunnel ié located beneath the ground surface or

where it is impossible to implement method one,

i.e. surface installation of freezing tubes. The
method involves the insertion of freeze ‘tubes

drilled horizontally into the ground around thei
proposed tunnel perimeter. This.method.is'more
difficult to implement as the drilling of horizontal
holes requires great accuracy, So as to remain within
the required proposed freezing area (see}diégravaS);-
At the Du Toitskloof soft ground project, two meﬁhods
of installing freeze tubes were utilised, firstly
horizontal drill holes were undertaken, within the
proposed frozen arch area, thenvlengthlof-the holes
were approximately 32 metres. The.second‘method‘was'

' the drilling of vertical holes to take the freeze:
pipes for the vertical bulkhead. The drillingYOperétion
of the horizontal holes was carried out within fhé '
tunnel itself, while the drilling of the holes for

the vertical bulkhead was cafried out from the surface.

REQUIREMENTS FOR FREEZING PROCESS TO SUCCEED

There are certain requirements that- need to be fulfilledA
before an artificial ground freezing process can be

chosen and implemented.
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Firstly, the particles contained within the

soil have to be within a certain size range, 

namely 5/&0 to 15 mm, which relates to a'physiCal
range from silts to medium gravels, this particle
range will enhance good ground freezing possibilities.
Where larger than 15 mm particle_sizés.are encoﬁntefed,
then a more suitable method of ground stabilising:wou1d 

- be the use of grouting techniques.

A more important requirément is that the soil must
contain sufficient water-free water, so that the
application of the ground freezing:process will
allow for the formation of ice within the ground.
This is required as bonds need to be formed around
and between the particles,'SO that thé frozen area -
of ground becomes a "uniform whole", that enablés_

more stable ground conditions.

"But it must be remembered that excessive flowing:
‘water within the soil will cause problems in the
freezing process. As the water being cooled around
the freezing tubes is replaceJconstantly, By.uncooled
water, this therefore defies the process of freezing,
asvwatef movement musf be stabilised to a certain
extent within the proposed freezing area. It has
generally been accepted that it is better.to have more
water than too little wéter, as excess water éaﬁvbe
-reduced by certa}n technidues e.g. dewatering, and
the problem can also be overcome by using a high

capacity freezing plant.

Where thé soil possesses a water content below the
:desired value for the application of freeéing, then
this problem can be overcome by the applicatiqn of
injecting water and Chemicéls into surround soil.

The technique of injecting water and cheﬁicals‘into

the ground would only be applied if the water content
of the soil is just below the required value, otherWisé
the application of ﬁhe freezing pfocess would be

uneconomical.
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It is generally accepted that the heat éxtréction
process introduced by the ffeezing prdCess on thé
soil, has»to3achieve a desirable rafe of heat

extraction for-the freezing process to be success-—

fully applied.

Beforé the freezing process is selected, it is
vitally important that samples of the soil are
tested in laboratories, such as the freeziﬁg’of

an- undisturbed core sample of soil in an ordinary.
domestic refrigerator and to analyse the freéziﬁg~‘

effect on the soil sample.-

Other typical tests that should be carried out on
the samples are the strength of the frozen soil
at various temperatures, frost heave, time taken

to freeze soil to certain temperatures, etc.

The above tests will determine whether or not the
application of the freezing process will be success-—
ful and economical, for the project concerned. ‘The
tests will also enable the artificial ground v
freezing specialists to select the appropriate

refrigeration plant set-up for the project.

INTRODUCTION TO REFRIGERANTS AND REFRIGERATION SYSTEMS

In today's world of artificial ground freezing there

are generally two main methods of ground freezing.

The first method inyolves the storage of the substance
in a liquid state under pressure, at normal daily
temperatures, the liquid is then allowed to "boil"
within the freezing tubes, this is donevby releasing

the cbnfining_pressure of the storage vesselj(éontainef).

In order to convert the state of the substance from a
liquid to a gas, energy is required to split the - ’
~molecules of substance, i.e. liquid to gas phase. When

the temperature of the "boiling" process at atmospheric
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pressﬁre is lowet than the temperature of the
surrounding material, then heat (energy) will
be supplied by the Surroundlng material. .The
>Surr0und1ng material be1ng the freeze tubes and
the surroundxng_ground, will then cool down due
to the heat (energy) conversion process, from

‘the surrounding material to "substance"

The ideal substance for this method.is the use of
liquid nitrogen as liquid nitrogeh_"boils" at
atmospheric pressure and reaches a temperature of -

approximately -200°c.

The cepital'cost of establishing such a 1iquid':1
nitrogen freezing plant is low; but this is
generally caﬁceiled out by the relatively high
runping costs, and therefore the system becomes

generally unattractive.

The use of this method is generally utilised in smell
,prejects,,where amount of ground freezing required is
minimal and the duration of such projects is short.

The majqr disadvantage of using 1iquid.nitrogen is

that the substance is very dangerous and can produce
unsafe working conditions. While its méjor advantage

is that it is capable of achieving very low temperatures
which aids projects which encounter strong water flows
'w1th1n the 5011 i.e. it freezes the water present in the

.3011 atqrelatlvely fast rate.

The second method entails the utilisation of a refrigera-
tion plant system which allows for the continuous
recycling of the refrigerants, this method is used

generally in larger ground freezing contracts.

The system usually consists of a compression reﬁrigeratiOnv
piant whlch operates between -10°C and -60° C refrigerants
are used in this system, as the free21ng agent. In '
contracts, the refrigeration plant makes use of only'a

primary.refrigerant which is pumped from the plant through
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the freeze tubes and then reprocessed (cooled) at
the refrigeration,again. |
Plant
A more common procedure is the use of a secondary
refrigerant in conjunction with the primary refri-
gerant. This is done éo as to reduce costs, as the
cost of the primary refrigerant is very high. It
also provdes for the identification of leaks in the’
system, as the secondary refrigerant is usually -

easily detectable.

Generally, the setting up costs of a qompressidn r"
refrigeration plant is.expensive, but this is
1arge1y'off-set by tﬁe‘veryvinexpensive'running
costs, compared to the first method i.e. the

nitrogen freezing plant.

The primary'refrigerantiin the second method of
ground freezing, should possess the following
properties. It should be readily available and

not too expensiye, it must not be toxic, inflammablé
and corrosive. It must not be explosive when mixéd'
with air, the pressure of the refrigerént during the
refrigeration ﬁrocess should be approximateiy equal -
to atmospheric préssure_so as to minimise leakage in
the circulation network. Finally, the primary
refrigerant should be easily identifiable and detec-

table, e.g. should have a distinct smell'or'colopr.

A type of primary refrigerant still used widely today
is ammonia, even though it might not sarisfy,all_the
above requireﬁents. A more recent type of refrigérant
is the use of halocarbon refrigerants, which is |

derived from methane, ethane and includes freon.

Sécondary refrigerants act as a heétrexchangervbetween,.
the soil and the freezing plant. An example of a good-
secondary refrigéranr is calcium chloride brine solution,
which is cheap, provides for very safe working conditions

o
and can be used for temperatures to about -307C.
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ARTIFICIAL GROUND FREEZING COMPANY

The soft ground tunnel contract involves the
complex operation of artificial ground freezing,
due to the lack of grbund freezing specialists_in.
South Africa, expertise was sought abroad. The
artificial ground freezing company Foréky:Ltd,

were the sub-contractors to the main contractors,:
and were responsible for carrying out the freezing
process. Foraky.is a British-Belgium hased company,
and has vast amounts of knowledge in the art of
artifiéial ground freezing, they have been involved
in many well known ground freezing,in Europe and

) ) COMTRACTS .
America. In fact, Foraky Ltd is known as the leading

_company in today's world of artificial ground freezing

processes.

Foraky had to ensure and convince the consultants of

" the proposed project that their proposed methods of

freezing would achieve the minimum requirement i.e.
the 2 metre thick ice arch and the 3 metre thick

vertical bulkhead ice wall.

Many calculations were carried out in the Foraky
laboratories overseas, which clarified the consultants
requirements for both the ice arch and wall structural

thicknesses. A thermal analysis was also carried out

‘which indicated that the heat extraction required to

form the 2 metre frozen arch was 45 920 K cal/m3,

The required spacing of the freeze lances (tubes) was
also determined, this was very important, as ﬁhe.spacing_
of the freeze tubes had to promoté the adéquate forma-
tion of the ice arch andiice.wall. The spacing of the.
freezing tuBes within the ice arch had to be determined
over the full 32 metre length of each stage. The
spacing of the pipes were determined at the entry point
of the freeze tubes and at the end ofvthe 32 metre
section, so as to fulfil the structural requirements

of the frozen arch.. The difference in spacing at the
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beginning and end of the 32 metre section is due
to the fact that the holes to take ﬁhevfreezé o
lances had to be drilled at an angle So-as.to_ ‘
accommodate for the last 8 metreé of the 32 metré
section, which is avdrilllng enlargement area.
That is, larger spacings were required étvthoiénd'
or in the enlargement area of the 32 metre section
" of the'proposed frozen arch. After the above was
considered, the spacingbsuggested by‘Foraky‘were
0,92 metres centres at the start of the 32 metre
stage and 1,2 metres at the end of the 32 metre

stage.

After the proposals such_as,numbef of freeze holes,
position of holes, pattern of holes, diaméter'of
holes etc., had been submittedvby the freezing
specialists Foraky, the consultants had to check
the proposals, so as to see lf they.fulfilled‘thei:
requirements. .After this stage the. freezing |
speciélists were given the go-ahead to maké-the

necessary arrangements for sending over the equipment..

4.7.1 The Freezing Plant

The freezing plant woold provide the required |
fefrigeration process required to freeze the |
soft ground sections. Thé establishhent of
the freezing plant was the responsibility of
Foraky;'who had tolprovidé_all the réquired

machinery etc. so as to make the plant functiomal.

The size of the freezing plant that would be
required to satisfy the reouirements in forming
‘fheiicé arch and wall timeouélj, had to benl |
chosen, from the following fangebwhioh:was'offered'
by Foraky. The range being 150 000, 300 000 and
900 000 K cal/houf Capﬁéity, péckaged freezingfunits.

After evaluation of the range offered by Foraky Ltd,

the consultants (VKE consultants) decided to utilise
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two 300 000 K cal/hour units,‘which_would
operate in parallel, so as to enable the
~adequate formation of the frozen areas
within a reasonable time interval. With

the above piant capabilities and an average
spacing of 1,10 metres between the freeze
‘tubes, it was calculated by the consultants
that the frost wall hetween the freeze tubes’
would close in approximately 13 days. While .
the formation of the 2 metre thick ice arch was
‘estlmated to form within a time perlod of '

46 days, for the fu11 32 metre sectlon

The entire freezing plant set—up and its
-components 1i.e. “pines, freezing lances etc.
was operated and controlled by Foraky Ltd
over the entire duration of the soft gr0und

contract.

ESTABLISHMENT OF THE FREEZING PLANT AND ITS COMPONENTS

The consortium of LTA-Shaft Sinkers was awarded the_.

contract on the 13th March, 1981.

Foraky Ltd planned to start work as early as pOSSIble

on site and by mid- May 1981, all the required equlpment.

for the freezing process had arrived by ship from

Britain 'and had been transported to the Du T01tskloof 51te."

Thevfoundations to the freezing_plant building were
started on the 26th May, 1981, after which the establish4
ment of the freezing plant began (see d1agram 16 freeze '

plant -layout).

The freezing plant consisted of two packaged freezing .
units, each comprising a two-stage twelve=-cylinder
reciprocating compressor driven'by.a 180 K Watt electric

motor.

The primary refrigerant that was used was anhydroué‘



_4 8‘_

‘ammonia, which has an advantage due to its
identifiable smell, which could be used to
locate leaks and was also chosen for economi-

cal reasons.

The secondary refrigerant that was used was a
calcium chloride brine solution and_had.to‘be
checked regularly to prevent the solUtion_from
becoming corfosive due to its»propefties as the
corrosive action would affect the freezing

components workability.

Due to the high technical aspects of the functioning
 parts of the freezing plant itself, this report will
_ not discuss .the components contained within the two

packaged freezing units.

4.8.1 Freeze Tubes (Lances) 

Once the-soil-preésufes, the required thick-
ness of the ice wall, the properties of thé
soil, the thermal energy required. to broduce
the ice wall in a given time at a certain
temperature, etc. had ail been determined,

then it ﬁas possible to determine such aspécts
as the diameter of freeze holes, the diameter
of the-tubes;’the spacing of the freéze tubes . -
etc. The final solution being thevmdét
economical and acceptable solution considering

the circumstances.

The freeze tubes used in the contract to freeze
.both the vertical-bulkhead ‘and the structural .

arch, were manufactured locéllyf

The most common sizes of,freeze tubes (lances)
used in today's artificial ground freezing
processes, are between 50 mm to 120 mm in
diameter and the size_of.the drilléd holes are

between 75 mm and 150 mm in diameter. Spacings
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between the freezing tubes can vary
between 0,5 to 2,5 metres, depending
on the area of freeze, size of freeze

plant etc.

The freeze tubes themselves, when used
in a circulation of refrigeraht-sysfem,
i.e. the recycling.of the refrigerants
from the freeze plant through the freéze
tubes and back to the freeze.plaht are
usualiy constructed in.the form of

. concentric’ tubes.

The outer casing of the freeze tﬁbes'(lances)
must be‘watertight; this is tested by meansf
of pressure tests. If the tubes are not air-
tight, then this will causévthe'secohda;y‘
refrigerant to leak into the surrounding soil.
When these leakages occur, then the éfficiency
of the freezing process decreases and méy '
ultimgtely prevent the:ground from freezing

adequately.

The freeze tubes consist usually of a seamless
outer tube made of steel and a steel inner tube..
The freeée tubes used in the soft ground contract
consisted of *-1,6 mm thick seamless - steel
tubes, where the outer césing: of the tube has

an internal diameter of 90 mm while the inner '
steel tube has an internal diameter of 50 mm.

The outer and inner ;ubés'were hydraulically
tested to twice their required working pressure,
which was required in4the.operation'of~the
freezing process. Final.pressure tests wéré
undertaken 6n the tubés‘after they had béen
installed into pre-drilled holeS-&i;hin the

soil and.before they were cemeﬁt.grouted'intb

the holes.

The secondary refrigerant used in the freeziﬁg :
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process was calcium chloride brine, which
was circulated from the freeze piantv
through the tubes and back to the freeze .
-plant. The direction of the secondary
refrlgerant within the freeze ‘tubes :
themselves can either be pumped through :
the inner tube or through. the outer tube,
but uSually it is pumped in the’ outer |

tube and then returned to the freeze plant.»

via the ‘inner tube.

The hosing used toftransbort the,secondaryb
refrigerantyfrom tbe_freezing plant tb'the1
tubes and back to the freezing plant
consisted of'high—pressureirubber fiexible'
hosing. The hoses were connected to the
'steelvfreezing tubes.(lances), by means bf.
a specially designed steel coupling ife.
the cbupling connected both the outer tube
(casing) and the inner'tube (lauce) to'the'
delivery and return-flexiblevrubber hosing

(see photograph 7, freeze tube connections).

The delivery and return of the brine solution
was'preSSure tested constantly at eacb freéze,
tube, and wasbmouitored at the freezing piant_
'(data-logger),>this was done so ae to be able
to check for any malfunctions, such as pressure

leaks within the tubes or around its couplings.

The average number of freezing tubes ueed'in»a
structured frozen arch was 55, while-in a
vertical bulkhead,-apprqximately 23 ‘tubes were

used.

The dr1111ng of the holes, to take the freeze
tubes has to be carried out with the utmost -
accuracy so that the max1mumvspac;ng of the
freeze tubes 1s not exceeded,'as inaccurate

placement of the holes would cause possible
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structural failure to the ice wall or
arch. Alternatively,'inaccurate' |
placement may'cause'the formation of

the ice wall or arch to exceed the
allowed time limit and thereby making"r
the freezing operation a very costly |

one.

Past experience has proved -that the
.contractors profit in artificial ground
fréezing projeéts can be greaﬁly'réduced

" if the freezing'holes?tubesbhave to Be"
redrilled due to inaccuréte.placement_of
the holes. The specialised drilling of
the freeze holeé will be further:diséuésed

in chapters to follow.

THE IMPLEMENTATION OF THE ARTIFICIAL GROUND FREEZING

. PROCESS

The following procedure was followed for each of the
five 32 metre stages of artificial ground freezing,
in order to allow for the excavation of the main Du

Toitskloof tunnel soft ground section.

4.9.1 Vertical bulkhead

The first vertical bulkhead was located at
approximately 33,5 metres from the wéétern
portai, the positions of the various freeze
‘holes that were drilled to take the freeze
tubes are shown (see diagram 8, general -
positions of freeze holes within a typical
vertical bulkhead layout) and (see Drawing 4,

vertical bulkhead freeze tube location).

The positions of the 'freeze holes within the
vertical bulkhead were designed so as to form
a 3 m thick frozen wall and also had to be

aligned, so as to accommodate for the drilling .
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.operation of the horizontal holes—tubes
withhthe arch, for the next 32 metre
section. That is, the holes within -
vertical bulkhead had to be placed in
an irregular pattern, in betweeh the

vertical bulkhead holes-freeze tubes.

'The holes located on the uphill side were
speced close together so as to prevent ‘
water movement penetrating the ice face
vi.e. the holes tubes are placed close
together to form a barrler agalnst water
flows from the uph111 face of the vertlcal_
bulkhead. | |

Furthermore,-the vertical bulkheed'wae :
-monitored durlng the freezing process by
the insertion of thermocouples into
predrilled observation holes. There were .
hormally 3 observation holes per‘verticel

B bulkhead two. of these hbleé were located -
| at each end of the vertical 1ce wall ‘while
one was located usually near the m1dd1e and
~uphill side of the- vertical bulkhead. The
freeze holes and the observation had the
same diameter and were drilled tohthe sdme

depth (see diagram 8 and_draﬁing‘4),_

After the freeze holes had been drilled, the
holes were then filled with bentonitevmud
which.provided ah insuiatien - contact eone_
between the freeze tubes and the surrounding
soil. The outer freeze tube was then placed
A1nto drilled hole, which displaced the
unnecessary bentonite mud, thereafter the

tubes were grouted in with cement. .

The above process was followed for the formation

of the other vertical bulkhead operationms.
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4.9.2 Formation of Frozen Arch (Horizontal

Drilling)

The drilling of the horizontal holes had
to be drilled for the full 32 metre length
of each stage, of the five 32 metre stages

of the soft ground tunnel.

The horizontal drilling operation was.
carried out with the use of é drilling
gaﬁtry which had,fwo mounted drilling

booms coupled to it, the gantry itself
was mounted on railway tracks for easy

mbbility.

The setting positions of the two driliing

booms were premérked on the drilling,gan;ry,

so as to accommodate for the precise lbcatioﬁ' o
of the holes to be drilled, this'@ould also
feduce the time in'setting and aligning the
driliingzrigs._ The permitted deviafion_fof

the drilling of the horizonta1.hoies was 17,
which calls for precision drilling, considering

that the holes had to be drilled_bve: 32 metres.

beblemg in maintaining this 1% deviation
occurred as the drill bits were‘often.deflected
by .possible in situ boulders, misaligned-cdnérété
ground . anchors of the4wespern portal»retaining _
wall, etc., this caused drilled holes to become
misdrilled and inaccurate. - The remedyvfor this
'pféblem of inaccurately drilled holes,IWas the
drilling of-extra ho1és,'sQ that there was a
'proper-édequate»ffanningf of freeze tubes. o as
to promote the formation Qf'the 2 ‘metre thich

by 32 metres long ice arch.

* During the first 32 metre stage, an extra seven'
freeze holes had to be»dfilled'to overcome the

above'problem. The total length of freézeﬁtubes
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used in the first 32 metre stage, was
approximately 1584 metres, distributed

over 50 freeze holes. The drilling of

the horizontal holes also included the
provision for 6 observation holes which -

~ were drilled parallel to,the'freeze holes.
As in the vertical bulkhead observatioﬁ_
holes, thermocouples were also placed in
the horizontal ice arch observation holes,
so as to monitor ﬁhe_température within the

ground.

The position of the'obsefvation holesvwas
determined‘by analysing the results obﬁainéd
from the difficulties encounﬁered in the
drilling of the horizontal freeze holes,
where there were large spacings between the
freeze tubes or where there was an expected
water movement to oceur, obsefvatidn holes
_were-drilled in these areas (see-drawing 3,

typical freeze tube circuit connection).

‘Due to the required accuracy in drilling.the

" freeze holes and the nature of the ground,

etc., problems were encountefed in the drilling

of the uncased hofizontalvholes. The holes

often collapsed before the freeze tubes cduld

be installed. Therefore attempts were made

with the use of an encased héle_system, esbecially
where the ground was very water-logged and
unstable, which proved to be successful in some

circumstances.

.After_the freeze tubes had been propefiy installed,
then the freeze tubes were connected to the
»freeiing plant process, with the use of couplings
connectéd to rubberbhoses. Each tﬁbe‘being cdnnected
to two hoses, one on inlet and one on outlet, i.e. ~
recycling of the secondary refrigerant, from thé |

freezing plant to the freeze tubes and vice versa.
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4.9.3 Pre-freezing operations of the vertical

bulkhead and the tunnel arch

The freezing process started operating on
.the 3rd September 1981, for the formation‘_‘
of the first 3 metre thick vertical bulk-
head ice wall, within the first 32 metre
stage of freezing. On the'21st‘Sébtémber,.
the freezing procéss for the structural

“ice arch was started, covering 32 metres.

The brine solution was circulated through

the pipes (hoses), arch tubes, at a'témper—
ature of -27°C and less, after approximately‘
two weeks of continuous freezing, sufficient
support had been accomplished by the fréezing
process, thereby allowing the first‘stagé of .

excavation to begin.

The first stage of excavation was the -excava-
tion and demolition of part of the western
portal retaining wall i.e. to allow for the
formation of the tunnel profile within the

western portal retaining wall.

After three weeks of continuous freezing, the
'ice formation of fhe icevarch was sufficient..
enough for the.excavation process to begin -
within the tunnel profile itself. Suppbrt:was
installed in the form of_shotcreté—mesh?steel
arches, so as to ensure safe working conditions.
The support was installed in 2 metre intervalé,
i.e. 2 metres of ground was. excavated, along
and within the tunnel profile, after which the
2 metres of tunnel profile was adequately

supported with the required shotcrete etc.

‘The rate of freezing of the vertical bulkhead
was undertaken at a slower rate than that of the

horizontal-arch holes, as it was not necessary
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to achieve the formation of the three
metre thick ice wall, so early in the

excavation of the tunnel.

It was noted during the freezing of

stage 1,btha£ water flows influenced

the rate of freezing and»the.tempera—

ture around the freezing tubes, causing

a longér and more intense freezing |
process to commence. This was caused

for example by an increase in‘fainfall in
the area, which caused greater waterflows
within the hillside; these waterflows caused
an increase in the temperature around the
fréezing tubes as monitored by the thermo-

couples, and therefore caused a loss. in energy; :

On the other hand, where well-pointing was |
carried out from the pilot tunnel, the tempera-
ture decreased significantly around the freezing

area, i.e. promoted a saving in energy.

The freezing process was implemented in the sameb
manner to the other 32 metre stages, with the
exception of sections 4 and 5, which were frozen
and excavated at the same time. This was doﬁe,
as a drainage area had beenﬂestablished within
the fifth stage against the weathered-fresh
granite zone, for the purpose of drainingvthe':
large amounts df water encountered'in_thiS'areé.
The drainage area in stage 5 was . enlarged so as
to accommodate for the drilling gantry, which
drilled holes from within the-drainage:areas
‘towards the horizontal holes of thevfoufth stage,
thereby forming a total frozen arch'ofbapproxi—
mately 50 metres in length. 'S.e_c‘t_ions 4 and 5 -
were excavated toggthér so as tobpromote‘a.saving
in time, as the prdject had fallen behind the
proposed programme somewhat, due to'délays in the

freezing process.
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After each 32 metre stage had been totally
excavated. and supported, the thawing‘

process began.

4.9.4 Thawing Procedures

The thawing process df the ice arch was
commenced after thé total 32 metre of
each stage had been excavated and properly
supported. A natural thawing process was
implemented where the freézing plant was
switched off, and the_circulatioﬁ.of brine
solution was cut-off from the horizontal '

freeze tubes of the frozen 32 metre arch.

The thawing process was monitored by the
_observation holes, by both horizontal and

" radial probes, housing thermocouples.

After the ground conﬁact zone between the
shotcrete suppdrt—lining and ground had
reached 0°C or greater, a grouting process
was commenced, where cement grout was injected
between the ground and the shotcrete lining,
so as to fill all voids that may have formed.
Voids were formed due to the expansion of the .
soil during freezing - ice_expands and.the
" contraction of the_soii during thawing. The
voids were filled with cement grout so as to
provide an equal distribution of loads on the
support lining, i.e. to promote a uniform load

distribution on the arch lining.

‘The thawing process of the first vertical buik—
head was dnly commenced after avsufficient’depth
had been excavated within the second stage; This
was done as the frozen vertical bulkhead provided
support for the horizontal dfiliing operations of
the sécond 32 metre stage i.e._pfovided work face
- support at the end of the first stage of the

tunnel.
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- The freeze tubes in both the vertical
:bulkhead and structural arch were not
removed .for reuse in the next stageé
of freezing i.e. in evéry stage ﬁew

freeze tubes were utilised.

The success of the freezing process"

: debended heavily on the proper and |
accurate monitoring of the freéze
process during the freeze. The next
‘section - Instrumentation and Monitoring
of thevfreezing process, will deal with

‘these aspects.

4.10 INSTRUMENTATION AND MONITORING OF THE FREEZING PROCESS

4.10.1 Temperature recording

The structural sﬁrength of the soft ground
tunnel profile could have been endangered

if there was an inadequate formation of ice, -
or also known as the formatioﬁ of an 'ice
window'; this could have brought about a

collapse in the structural ice arch.

‘Therefore it was necessary to establish a
comprehensive monitoring programme in line
with the freezing plant operations, so as_ﬁo
check the progress of the formation of the

ice arch and vertical bulkhead ice wall.

ASpects that could affect the formation of
‘the ice arch, etc. were water flows along

the periphery of the tunnel profile, which
would continually increase the temperature -
of the water which was being 'cooled' by
ﬁhe.freezingvprocess, i.e. water being cooied
so as to promote the formation of ice, was
being replaced by 'warm' water, which causes

problems in the freezing process. The devices
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that monitored these areas were éarriéd
out by the use of thérmocouples which
were placed within the observation holes.
The observation holes contained thermo-
couples at 2 metre centres along -the

‘entire 32-metre stage of freezing.

Monitoring the ice wall temperature and
the thickness of the ice wall against time
was achieved by correlating temperatures.

obtained from the thermocouples.

'The monitoring of the thermocouples (sensors)
was aided by a data—logger which scanned the
sensors automatically every 10 minutes; if
one of thé sensors was below the miﬁimal_
allowed temperature, the monitoring Sysfem
would alert the plant supervisor, whbiwould
check and make the necessary corrections,}so

as to maintain a steady flow of freezing;”_v

The data—iogger was connected to a computér
systém which recorded.all data, such.as soil
temperatures, water temperatures, fefrigerant
temperatures etc., and which could be recalled
and analysed at aﬁy'ﬁarticular time. _Further—
more, the computer and the dapa—logger providéd
a daily data sheef on the temperatures of each
observation hole related to time,vand also
plotted graphical data of each observation hole:
(see diagram 17, typi¢alvprint—out by_thé
freezing plant computér),(see graph 1, tempera-
tute graph for diverging freeze pipeé - hole 11)

and (see graph 2).

The longitudinal observation holes could only
give a generalised 'picture' of the tempefatufes'
within the ice arch.and vertigal bulkhead,
therefore it was necesaary, after sections of -

the tunnel had been excavated, to insert (drilled
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in) into the frozen tunnel profile,
extra thermocouples, so as to verify
the ice formation and the thickness
of the arch. These radial probes |
were also utilised to monitof the
thawing process, on completion of .
each,32-metre section of the soft
.gfound.tunnel (see diagram 18, the
placemént of radial probes containing
thermocoupies), (see drawing 5 and 6,
temperature monitoring probesrradial
and temperature mOnitoriﬁg probes

for vertical bulkhead).

Generally, the reqﬁired temperatures
~that had to be achieved within the
structured-ice arch and the vertical
bulkhead, as determined during the
'deéign stage of the project, had to -

be certified by the actual temperature
readings given by the above utilisation.
of thermocouﬁles within the observation
holes etc. These actual readings
compared to the planhed temperature
readiﬁgé, would establish if the
artificial ground freézing'pfdcess'wésv
operating according to>p1an and within

an acceptable time performance.

Furthermore, the temperatures obtained
from the observation holes ehabled
engineers to determine the moistufe

content of the soil,-gfound waterflows

and air pockets that may have .existed

in the zones where the freeze pipes

were situated. The different temperatures
reflect good'andvbad freezing areas;'alqng‘
the 1ce arch and verficai'bulkhead, which
‘could be the direct result of the above

aspects.
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When all the temperatures registered by
the thermocouples are edual to or belowv.
the required minimum temperature, thé AV
formation of the frozen soil is compiete N
and structurélly sound. When this stage.
is reached the'freezing'plants supply of
energy (heat extraction) is‘lowefed so as
to maintain the desired ice wall thiékness,
i.e. lowered so as not to prdmote'furthef

ice growth.

The desired thickness of the ice arch and
vertical bulkhead wall was determined by
-.measuring the distance between any two
points, where the two points must have ‘a
temperature of not less than or. equal to -3 C
The average temperature within the ice arch

andvfrozen bulkhead must ﬁot exceed —IOOC.

Finally, the consultant ‘engineers (VKE) carried
out further tests on the formation of the

frozen ground with the use 6f hand—heid'femperé;_
ture'reading equipment. The equipment consists
of a hand-held probe which is inserted into the
face of the ice wall during excavation and which
gave instantaneous temperature readings of the

1ce wall.

This instrument was mainly used to check the
results analysed from the observation hole'

readings contalnlng the thermocouples.

In conclusion thermocouples with@the.observation
holes wére analysed daily, so as to determine the
ice growfh (see graph 3, typicélvtemperature read-
ings obtained within the first 32 metre stage of
vfree21ng - freezing 1sotherm) As from the graph,
point A, shows that 0°c isotherm was reached after
62 days of actual freezing compared to a prédiéted

' 50 days of freezing.
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The radial probes drilled‘into the ice
arch gave an indication of the ice wall
arch thickness in respect to time (sée
diagram 18, the placement of radial

probes containing thermocouples). The
diagram, for ekample; at probe number 5°

at 16,5 metres!from the western portal
gave a reading of 3,5 metre ice,thicknessﬂ '
of the wall after 70 days of freezing}: |
These methods of temperature recorded

were applied to all the 32 metre stages

of freezing, so as to reassure proper

ice growth.

4.,10.2 Freeze holes testing

The drilling of the freeze holes were
tested, to determine their position and
accuracy in reépect to the proposed areas

of freezing. The tests were undertaken

with the use of a portable borehole
deflectometer, which . is an instrument

that is placed within the freeze tube and

is moved down -the tube taking readings every
metre, after.which the readings are plotted
and compared to the theoretical values (see
diagram 19, a typical portable borehole

deflectometer) and (see photographs 8 and 9).-

The portablé borehole deflectometer, aé,shown

in diagram 19, is applied in the following
manner. The inétrument is placed within thé‘
freeze hole, and lined up in a known straight
line direction. The instrumenf is‘thén'_
pushed or lowered in fhe case of the_vertical

" bulkhead freeze holes, into the freeze tubes._.x
Readings are recorded at evefy metre along the
freeze tube and readings are analysed by an

electronic device built into the deflectometer.
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Any deviations from the straight line
causes the front part of the defleeto—:
meter to deflect relative to the rear’
end, this is registered into a control
panel which records the informetion.

The pfoeedure of 1 metre interval
readings is continued until the end of
the freeze hole is reached (see.graph 4,
diéplacement determined by a portable

borehole deflectometer).

After all_readings have been teken,.it
is proeessed‘to produce co-ordinates X,
y and 2z in"space','which is plotted to
illustrate the position of the freeze
tubes wi;hin the tunnel profile (see
diagram 20, computer print—out of P.B.D.

"co~ordinates).

This will illﬁstrate whether the freeze :

tubes are at sufficient spacings and

whether adequate coverage of the proposediv
free21ng area has been achleved Where

the spacings between two freeze tubes was
greater than aiIOWed; an.extra'tubefwas _
inserted so as to give proper coverage of

the freeze tubes over the proposed free21ng
area (see -diagram 21, p051t10n of freeze

tubes within the tunnel profile, and deter-
mined with the aid of a porteble berehole
deflectometer). The positioning_of'freeze
tubes'caused‘problems during the construction
of the soft ground tunnel, especially the
horizontal freeze tubes, as they had to be
vdrllled in over large distances - approx1mate1y

32 metres.
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Ground heave measurements

Further testing was carried out in'the form
of ground heave me35urementé, these were
recorded at the surfacé, The ground heave
fécordings were carried out merely for
intefest sake, along the length of the

soft ground tunnel, as any "ground heave®

" would not affect ‘any obstacles on the'

4.10.4

sufface, such as buildings, roads etc. A
Ground heave measurements due to the forma-
tion - expansion - of_the icerwithin the
frozen_gfdund, were meésured by the installa-
tion of 'pins' levelled beforevfreezing’began
along the centre-line of the tunnel, on the
surface. After 10 weeks of freezing the .
pins reflected approximately 45 mm of gr0uﬁdf

heave.

Convergence of. tunnel lining measurements

Measurements were carried out to measure

convergence of the tunnel lining and creep

of the ice arch, this was carried out at

certain stages of the work, so as to detect
any movement which may have affected the
structural strength of. the tunnel. The

measurements were carried out at certain

‘time intervals, so as to allow for remedial

‘action, if problems had been encountered.

The maximum displacement of the tunnel
lining-support that was experienced was

approximately 12 mm (see graph-5, conVergence

of tunnel support-lining at 3,5 metres from

the western portal, with respect to duration). .

In conclusion, many other tests were carried out by

the contractor, sub-contractors and consultant engineers,

e.g. (see drawing 7, test for freezé tube coverage to

provide

adequate ice arch support), to determiﬁe how
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A5uccessfu11y the tunnel constructlon was- performlng,‘
I have mentloned the main monltorlng and testlng
‘methods above, whlch were " undertaken durlng the
‘constructlon of the maln Du T01tskloof soft ground

o~

tunnel
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CHAPTER 5: THE DRILLING OF THE FREEZE.HOLES AND THE
EXCAVATION OF THE MAIN SOFT GROUND TUNNEL

5.1 THE DRILLING OF THE HORIZONTAL AND VERTICAL
FREEZE HOLES ‘

The grouﬁd conditions encouﬁtered in the,weétetn
‘portal area of the Du Toitskloof tunnel project

caused problems in the excavation and constructioﬁ :
of the soft ground tunnel. The material encountered
in this area was decomposed-weathered granite'which"-
was saturated and due to these aspeéts was vefy‘
unstable and even more so when disturbed. ‘To over-
come these difficulties, it was decidédvby the
project consultants to utilise a ground freezing
techﬁique,,which would insert stability within. the

decomposed-weathered granite zones.

The artificial ground freezing technique called for
the holes to be drilledeithin tﬁe decomposed
granite zone, and which would contain the freeze
‘tubes - lances, in order to provide for the forma-

tion of frozen ground.

These freeze holes had to be drilled to great depths

in a vertical plane andrhorizontal plane for the
structural ice arch and vertical bulkhead'respeéﬁively, s
Due to the unstable conditions of the soil. and the |
great depths required by the freeze holes, specia1>
drilling techniques had to be applied;iso as to prdvide
for the most reliable and economical drilling of the =~
freeze holes. The_accurécyvof the drilied:fréeZe holes
was monitofed by the use of a portable borehole defleétor'“

-as described in the previous chapter.

Two methods of drilling the freeze holes were applied,
firstly, the horizontal holes within the structural
'frozen' arch, were achieved by utilising a drilling
gantry onto which two drilling.boomé wefe attached.'

Secondly, the vertical freeze holes within the vertical
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- bulkhead, were achieved b? utilising a truck-
mounted driliing rig. Both these methods of
drilling had to achieve an accuracy of not |
greater than 17 deviation from the theoretiqal
posifion of the freezé tubés; in respect to

the depth of the hole ﬂsee“gréph 4, displacement
determined by a portable borehole deflectometer). -
One of the major problems that cauéedvdisplacement
of freeze hoies during drilling was the presence
of'in situ material, such a§ granite boulders,
sandstone boulders etc. This type of in situ
material caused the drilling bits to reflect out
of the intended line of drilling and therefore

'causingvthe displaéements of the freeze holes.

The .diameter of the horizontal freeze ﬁoles were

150 mm and were drilled to an average depth of \
approximately 32 metres for all the 32 metre stages,
with the exception of stages 4 and 5. Here the
depths of the drilled holes increased somewhat,

s0.- as to accommddate for the overlap between the
horizontal freeze tubes of stageé 4 and 5 ﬁhich:

were excavated simultaneously.

The diametér of the vertical freeze holes were also'
150 mm and were drilled to a depth of approximately
30 metres in the first 32-metre stage of freezing.
However the depths of the holes increaéed_as each
new vertical bulkhéad was constructed, i.e. as each:
new vértical bulkhead was constructed higher.up'the |
hillside, the dépthé.of the vertical freeze holes

increased.

The vertical bulkhead freeze holes were drilled by
means of an Ingersoll Rand TH55 trﬁck-mounted rig

which was adaptéd so as to enable holes to be _
drilled without a tempbrary casing beihg blaced to
keep fhe holes 'open', so as to allow for the inser-
tion of the freeze tubes —’1ances - technique, “

known as a rotary mud flush technique.
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The horizontal freeze holes of the structural
ice arch were drilled by means of an air-
operated rotary drill rig, with a 150 mm
drag bit including rod'stabilisérs and foam
flush, this enabled the drilling of uncased

holes.

The horizontal holes within the first stage of
the five 32 metre stages were drilled with
relative ease, and were drilled without casing,
.using the 150 mm drag bit, this was'possible
due to there being a relatively low ground
water table. Foam was used as the_flushing
medium and the freeze tubes were inserted with -
relatiQe ease before the drilled holes could
collapse. The éequence of drilling the'holéé
into the proposed ice arch was started from the
crown of the tunnel, and proceeded.down either

side of the arch.

Problems occurred in the second stage of the five
32 metre stages, when the drilled holes collépséd
with relative ease,;here casing had to be used, so
as to overcome the problem. Investigation into
this problem showed that the sequence of»dfilliﬁg
the hdles 'piayed' a major role in the collapse of
the drilled holes. This was due to the fact that,
as the water content within the soil had incréased,
and the drilling operation disturbed the grodnd and
made the water concentratei}belqw the hole being
drilled. Due to this, the hole to be drilled next
below.thevprevious drilled hole, caused the sides
of the hole being drilled to collapse very easily,
and thereby disallowing the freeze tube to be
inserted. This was overcome byvthe alteratiqn.of
the drilling sequence, the sequence of drilling was
éoﬁmenced, from both 'bases' of the arch instead of
starting the drilling operations frqm the crown of
the tunnei. That i1s, the drilling operations‘now

started from the 'bases' of the arch and moved
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upwards, instead of from the crown of the tunnel

downwards. This procedure was maintained for

_the rest of the stages 6f'the five 32 metre

stages, except for the introduction of a third

drilling rig, mounted on the drilling gantry

-and the use of 'cop 62 hammers' for penetration

through the frozen vertical bulkhead of

stages 2, 3 etc.:

Finally, most of the problems encountered in

the drilling operations of the vertical bulk-

~head and horizontal holes-structured arch,

were resolved in the first and second étages
of the five 32 metre stages;_afterkwhichkthe‘
efficiency and production of drilling holes
increased cpnsiderably. But thevproduction. :
of inserting holes depended greatly on the
éccuracy at which the holes were drilled.
Here, the direction of the hﬁles depended
greatly on the accuracy at which the operator

aligned his drilling rig, as well as his .

‘control of the rate of feed and rotation of

the advancing drill bit.

After the holes for each stage had been drilled,

. the freeze tubes inserted and the freezing plant

" circulation commenced, the freezing operation

took an average of 4,5 weeks to freeze the
surrounding ground. The next operation after
this average duration of freezihg, was the

excavation of the soft ground tunnel.

EXCAVATION OF THE SOFT GROUND TUNNEL

After the tunnel arch had been frozen to a degree'

" that would provide_strudtural support-stability to

the saturated decomposed granite i.e. approximately

4,5 weeks, the excavation operations could commence.

The first stage of the excavation process of.the’
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project involved the demolition of part of the.
western portal retaining wall (see photographs 10
and 11),.so.as to allow ekcavationvto begin within
the decomposed granite itself i.e. within the
tunnel profile itself. The demolltlon of part of.
the retalnlng wall commenced on the 25th. September
1981 and had a duration of approx1mate1y two’ weeks
Then . excavatlon of the 'frozen' decomposed granlte
within the first stage of the tunnel programme, was 7
started on the 8th October 1981. Furthermore, while
the excavation was taklng place in the first sectlon,
the drllllng crew concentrated their work on the _ |
drilling of the second and th1rdvvertlcal.bulkheads‘
at the»ends of stages 2 and 3 of,the five 32 metre »

stages.

The excavation of the frozen ground within the frozen
structural arch was achieved with the use of an
electrical driven roadheader, (Anderson'Mavor rotary
cutting head),.which was mounted on the Boom of a
Poclain H0300 exeavator The roadheadwexcavated most
of . the frozen ground but concentrated its works on
the upper regions of the tunnel profile, while the
lower sections of the tunnel profile Was exeavated
when possible, with the use of a RH6 backactor (back~
hoe excavator) (see photographs 10, 11 and 12).

A major prohlem with the use of thetpoclain excavator
—roadheader cutter, was that the excauator was just
" too short to reach the crown of the tunnel. This
problem was overcome with the use of a portahle.ramp,
onto which the excavator moved so as to be able to
excavate the crown of the tunnel. Time deleys
occurred here, as the ramp hed to be moxed after eaoh

2 metres of excavation had been completed.

The excavated material within the tunnel was loaded
into dump trucks (tw1n-eng1ned Dux. dumpers), w1th the
use of a front-end loader, this material was used as

£i11 material for the surround approach_roads to the



._7 1_

.Du Toitskloof tunnel.

The finer details of the excavation works were -
carried out with the use of of the drilling »
gantry from which excavation works were under--

taken by hand.

The size of the excavated profile bf the ﬁunhe1
was the same for the first 24 metfes of the

32 metre sﬁage; thereafter the tﬁnnel profile

was enlarged_sb_as to'accommodate fdr>the'

drilling operation of the second'stage-ofbthev'
five 32 metre stages. This enlargement area
allowed for the'drilling‘aﬁd placing df.tﬁe,
horizontal freeze tubes for the next 32 metre
stage, the énlargement.area was containéd'withiﬁ"
the last 8 metres of each 32 metre stagé. All
five of the 32 metre stages were‘exéavaped in  "‘
the same manner as abové, with the exéeptioh.

that stages 4 énd 5 were undertakeﬁ'simultaneously.
The average duration for the completion of each |
32-metre stage; the exCavétion'and application bf':
the shoterete lining; took approximately 9 weeks.
The work -being done in three 8 hour shifts'pef;_v
day, starting on the Sunday at 11 p.m. and ending
on the Satﬁrday at 11 p.m; (i.e. weekly cycle).

5.2.1 The excavation of stages Alahd 5 of the

soft ground tunnel

The 168 metre soft ground tunnel was
divided up into five étages, each stage
béiﬁg 32 metres in length. Stages 1,‘2,.
and 3 were excavated and constrhéted in -
" the manner as mehtioned aboﬁe, while
stageé 4 éﬁdIS_Were’excavated and con*.
structed simultaneously, but:still |
adopting the manner in which 1, 2 apd 3

stages were excavated and constructed.
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The contractor was requireﬁ'to "drive'
a cross—drift from the pilot tunnel to
a position on the centre-line of the
future main soft ground tunnel,» At the
end of the cross-drift, on the centre—
line of the main tunnel;.a drainage’
gallery was established. The drainage
gallery was situated within the hard
granite zone just ahead of the soft
ground section of stage five, of the-
five 32-metre stages.

o |
Due to the formation of this drainage
gallerybin stage 5, the contractor, who
was at the time 'running' behind schedule
in the contract, decided to investigate
the possibility of freezing, excavating
and constructing the main tunnel from
'étage 5- toward the westérn'portal.v After
the .investigation and consultation with
the consultant engineers, it was decided

that the above procedure'would.be adopted.

The;drainage gallery had to be enlarged to
a rédius of approximately 8,5 metres, so
as to allow for the poéitiohing of the
drilling gantry, which wouid enable holes
to be drilled towards the freeze tubes of
stage 4. The fréeze tubes of stages 4 and
5 overlapped, so as to form a continuous
frozen arch from the drainage gallery to
the béginning of stage 4 on the western

portal side.

The method adopted in stages 4 aﬁd 5 brought
about the turning point in the soft grdund
tunnel contract, as it proQided a saving in
"contract time'", which therefore allowed the
contract to finish on time, instead of

finishing after the completiéanate.
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Furthermore, the fvery deep' verticél bulkhead

‘at the end of stage 4 was eliminated. .

Generally there‘wasva saving in cost, due to the
methods adopted in stages 4 and 5, but was off-
set slightly as a lafger_drainage gallery Was

required.

Finally; the excavation of .the soft’groundrtunnel
was e#cavated in 2 metre intervals, éfper each -
2 metre interval a reinforced shotcrete lining-
support was applied. The next chapfer will .
investigate the application of the reinforced -

shotcrete lining.
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CHAPTER 6: THE APPLICATION OF A SHOTCRETE LINING (SUPPORT)

WITHIN THE FROZEN SOFT GROUND TUNNEL -

6.1 GENERAL

The application of a shotcrete lining agéinst a
frozen tunnel wall was undertaken for the first
~ time in South Africa, in the Du Toitskloof soft
ground tunnel project. The consortium of LTA/
Shaft Sinkers played a méjor role; during the.
pricing phase of the two phase tendering system;
in the investigation of applying a shotcrete
lining onto a frozen surface. The consortium -
carried out tests on the application of a shot-
crete lining, on-a test model (tést tunnel).’
All these tests were carried out in Johannesburg,
and the tests were carried out 1n close_coﬂSulta— o
tion with the consultant engineers of the Du

Toitskloof project.

6.2 SPECIFICATIONS OF THE TUNNEL LINING (SHOTCRETE) -

- The specification1 of the tunnel lining called for

the following:

- at day 3, to have a strength of 11,25 MPa, i.e.
457 of the 28 day strength '

- at day 7, to have a-strength of 17,50 MPa, i.e.
70% of the 28 day strength -

- at day 28, to have a strength of 25,00 MPa

tested on a 50 mm diameter core sample

~ test cubes when crushed in both parallel and
perpendicular to the direction of application,
required a compressive strength 207 higher than

that of the core samples.
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- the required minimum cement content must be
350 kg/m3 for aggregate size greater than
6 mm and 400 kg/m3,for aggregate size less

than 6 mm.

~ the water/cement ratio must be within the’
range of 0,35 - 0,50, with the maximum

moisture content of the material to be 4Z.

" THE OBJECTIVES OF THE SHOTCRETE APPLICATION'TESTS

The objectives of the shotcrete..ap_plbica‘ti'or{tests’2

by the consortium of LTA/Shaft Sinkers in.Johannesburg,
were to determine fhe effects of 5ub—2ero\temperatUres'
on the setting time of the shoterete,vthe rebquﬁd'and
adherance characteristics of the shotcrete, the
strengths achievable'by the shetcrete on a frozen
surface, the rate of energy extractlon between the'
frozen wall and dlfferent thlckness of shotcrete, and
the effects of an insulation layer between the‘shotcrete

and the frozen wall.

" THE DESCRIPTION OF THE TEST TUNNEL FOR SHOTCRETE

APPLICATION TESTS

The test tunnel> was formed by_thé folloWing'compenents,

it consisted of steel arches, mesh, hessian, shuttering,

saturated decomposed granite, freeze tubes, observation

" tubes, thermocouples and a freezing agent of liquid

nitrogen at ~50°c.

A 3 metre shutter was erected which was coated with
polyurethane for ease of stripping, behind the shutter

a saturated decomposed granite was hand packed. Into -

- the decomposed granite, freeze tubes were located, at

400 mm centre, and also 20 mm dlameter tubes- were
1nsta11ed which contalned thermoc0up1es for temperature
recording purposes. These thermoc0up1e—tubes were
placed between 50 - 200 mm from the freeze tubes and

covered the full iength of the freezing zone. There .
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were 18 freeze tubes installed and 8 (thermocouple)
tubes, the forﬁer being activated by means of

liquid nitrogen as the freezing agent, so as to.
maintain a ground temperature of -ZOOC, 'Mesh was
then placed on the frozen surfabé with a 25 mm

spacing before the shotcrete was applied.

RESULTS OF SHOTCRETE TESTS

The test results were generally disappointing, as
the results did not fulfil the required specifica-

tion of the concrete lining as mentioned earlier.

Shotcrete of both high and low water/éement ratios
were applied, the former producing a very low
strength development within the shotcrete over time.
This was due to the great.bnergy extraction' from
the shot;érete by the frozen wall, which caused the
water molecules to freeze and thereby preventing

the shotcrete from garimgstrength.

More rewarding results were achieved with the applica-
tion of a 'dry mix" i.e. with a lowlhatef/Cement.ratio,
this was due to a sldwer rate in the temperature drop
of the shotcrete and thereby allowing more strength

to develop.

The shotcrete application generally‘gaVe good results
with reference to the placement of sound and dense .
- layer of shotcreﬁe; Furthermore,_it'was found'that
the shotcrete adhered well to the frozen wall, i.e.

had good bonding characteristics.

The use of an insulation layer between the ffozenﬂWall
and the shotcrete also‘produced'popr results in stfength
achievements, the insulator being formed of a layer-of
aerolite glass fibre placed between 2 layers of 0,25 mm

~ hyperlastic plastic sheeting.

Due to the above test results being generally negative,
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it became very apparent that the required specifi-

cations for the 1ining (shotcrete) were unattainable.

The potential contractors for Ehe contract éhared
their disappointing results with the conSUItaﬁt.

engineers (VKE consultants). The consultant éngine_ers3
were not too bothered by the -results, bﬁtgthey were |

prepared to take test results from control panels made

at ‘ambient temperatures as the criteria for acceptance

of the shotcrete, due to this, the required‘specifica—

tions became acceptable to the tenderers in phase two,

~of the two phase tendering system.

THE MATERIALS AND EQUIPMENT UTILISED IN THE FORMATION |

OF THE MAIN TUNNEL SUPPORT (REINFORCED SHOTCRETE)-

‘has a very high Na

The shotcrete was made up of cement aggregate sand,

.water and a Cement 'accelerator'

The cement used was ordlnary Portland cement supplied

locally, and stored in two 150 tonne silos. ‘An

‘accelerator was added, so as to iricrease the reaction.

time of the mix i.e. setting time of the shotCrete,iS

reduced (a shotcrete accelerator used).

The type of aggregate used was granite, as the cement

2O content, and the use of granite

‘would reduce the risk of alkali-aggregate reaction.

The aggregate was kept in covered bayé, this was done

' so as to maintain strict control over the moisture

content of the aggregate, especially as the'works'are_

situated in a very wet climate area.

The sand used is a very good quélity pit sand with
a high quartz content and the sand had a very low
water demand. The sand was also stored in covered

bays, so as to control its moisture content.
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The mix design  chosen for thevproduction of the

v 3
shotcrete was as follows:

* Ordinary portland cement = 450 kg/m3
* Aggregate (6,7 mm stone) = 608 kg/m3
* Sand = 1184 kg/m3
* Water/cement ratio = 0,45
* Acceleratdr : = 3% (by weight of cement for
‘ first 50 mm 1ayer of
shotcrete)

27 (for subsequent layers’
of shotcrete) ' »

A batch plant was used to produce the'shoterete; this
bwas done under very strict quality controls; the
shotcrete was mixed in a 0,5,m3 pan mixer, with an
output of 20 m3/hourL After being mixed, it was then
-conveyed from the batch plant to within the tunnel by :
4 m3 truck mixers. From the trucks it was fed into

a 150 litre pan'mixet, where the accelerator was mixed -
in according to the weight of the cemeént within the mix,
From the pan mixer it was conveyed by a small conveyor
belt to the gun (standard rotary drum type using a

9 round hole rotor dlscharglng into a 50 mm hose). The .

50 mm hose was connected to a nozzle which applies the

shotcrete, water to the mixture was added 2,5 metres back _

from the nozzle at a pressure of 500 kPa Tbe above
system produced shotcrete at a rate of 3 m3/hoﬁr; due
to the large amounts of shotcrete required, .two'ef ‘the
above systems were used S0 -as to produce a maximum - =

output of 6 m /hOur

The nozzle applied.the shotcrete onto the frqzen:walls
of the tunnel, which was applied in léyers, the layers

incorporating mesh reinforcement, steel arches, etc.
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THE APPLICATION OF THE PERMANENT SUPPORT (REINFORCED
SHOTCRETE) ONTO THE FROZEN MAIN TUNNEL ARCH

The shotcrete was applied to the walls of,the tunnel
with the above mentioned 'shotcrete piant', due to

the height and large area of the tunnel arch, the
application of shotcrete was aided with the use of

the drilling gantry. The drilling gantry provided.'
the appliers of the shotcrete, a working platform _
from which work could be -undertaken, in thesapplica-
tion of the shotcrete layers. The gantry:alsp aided
the workface in the erectien of the large steel arches

of the permanent support.

The following procedure was followed in the application
of the permanent support-lining (shotcrete), to the

walls of the frozen tunnel arch:

* The first step begau with the f1x1ng of a 11ght
weight mesh (2 kg/m ) to the frozen arch. The
mesh was fixed with the aid of 'cruciform' dowels,
made of 10 mm high tensile bars of lengths between
300 mm to 600 mm. The dowel had one end sharpened
and .a 'cross piece' was welded 50 mm from the_tep
of the exposed dowel. The dowel was hammered into
position, into the frozen arch, the dowel being
rigidly held in position as the ice reformed eround
the dowel. The mesh was then fixed onto the fcross_
piece' with a_spacing of 25 mm between the_frozen
wall and the mesh, spacer blocks were also used to
maintain an average spacing of 25 mm. To the first
layer of mesh, 'stools' were attached, this provided
for the fixing and spacing of ‘the second layer of

mesh, within the second layer of shotcrete. After

the stools were in place, the first layer of 50 mm

of shotcrete was applied. The first layer was allowed

to strengthen and harden before the application of the

second layer.
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* The second step began with the fixing of the
second layer of mesh, the mesh applied was a
'heavy-pre bent' mesh, varying from 10,28 kg/-m2
in the sidewalls to 6,58 kg/m2 in the crown of
the tunnel. This heavy pre bent mesh was.fixed‘
to the steel stools aé applied in step i, bf the - -
shotcrete application. Stools were also connected
to the secénd layer of mesh and protruded into the
third layer of shotcrete and positioned at ceﬁtres
of_500 mm - 1000 mm: The heavy mesh was then
‘covered with the second layer of shotcrete, 100. mm .

Cthick. | |

* The third step was the erection and installation
of heavy steel arches (29 kg/m) placed at 1 metre
centre, between the stools attached to the heavy
mesh, applied in the second step of the application
of the shotcrete support. The aféas‘betWéeﬁ_the_
'heavy,steel arches were then filled with_ZOO mm-
thick layer of shotcrete, these areas were.attaéhed
to the second layer of shotcrete.by the’installed

stools.

* The fourdlstép and final step was the application of
another layer of héévy mesh, which was attached to
stools, the stools béing welded to the steel arches.
Thereafter a final layer of'shptcréte, 100 mm thick
was'appliéd (see photograph 13 and 14, appiicatioh

of the shotcrete lining).

The final thickness of the reinforced shotcrete was
- 450 mm thick which formed the initial permanent lining
of the tunnel (see diagram 22, typical section through .

the tunnel lining appIied_within the soft ground tunmel). ° )

TESTING OF APPLIED SHOTCRETE: SECOND 32-METRE STAGE -

-The testing of the in situ shotcrete material was
carried out by the drilling of 100 mm diameter test:

cores within the tunnel lining. While the results
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obtained from fhe 'crushing test' applied to
these 'in situ' cores, was compared to 'crushing
tests' applied tovtést cores from specially
prepared test panels (e.g. similar to 'test |

cube').

- The average results of the tests on both the in

.situ and panel cores were very similar in the

'28 day strength tests', the average strength
being 50 MPa. At 3 days the strength of the
in situ shotcrete and the test panel shotcrete
was 28 MPa, while at 7 déys; the'strength_df

the in situ shotcrete was 46 MPa andﬂthe.test

panel shotcrete was 43 MPa (see diagram 23, .

"typical 100 mm diaméter test core).

The strengths achieved in_the actual appliéatibn 
of shotcrete to the frozen tunnel arch'cbmparEd

to the strengths achieved in the 'test tunnel'

- before the start of the project, differed greatly.

What were the possible reasons for this.

REASONS FOR HIGHER STRENGTH RESULTS DURING THE'
ACTUAL APPLICATION OF SHOTCRETE TO THE. DU TOITSKLOOF
TUNNEL

The reasons for higher strength results in the actual

application of shotcrete to the frozen soft ground

tunnel compared to the shotcrete applied to. the 'test

. 3
tunnel', can be summarised as follows:

* the saturated—~disturbed dec@mpoSed granite within
the test tunnel contained a higher water content
than the deqompdsed granite within the abtual
tunnel, which resulted in a higher cold transfer

to the applied shotcrete layer.

* the shotcrete was applied to a 'relatively warm'
surface in the main tunnel, as the surface tended

to 'heat up' after excavation, and thereby allowing
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for better strength achievements in the

shotcrete.

There was a steeper tempereture grédient in the .
test tunnel as the freezing agent used was
nitrogen compared to the brlne solution in- the
actual tunnel (i.e. nitrogen freezes the ground

at a faster rate).

The insulating ability of the first 25 mm of
shotcrete aliowed subsequent layers of shptcrete
to be generally unaffected by cold tfanSfer'
induced.by the freezing plant (i.e. the cold
transfer induced by the freezing plant was
generally not great enough to penetrate the

25 mm of shotcrete effectively).

‘The in situ cores drilled from the main tunnel
had to be trimmed so as to form a planar |
crushing edge i.e. to.eliow for a pfoper
crushing test to be applied due to this epprqxi—
mateiy 25 mm was removed, that is the layer-
affected by the frozen surface of the ice tunnel
arch. Therefore the shotcrete within the in situ

cores was generally applied close to ambient

temperatnres, and thereby givingigood;strength

results.

The cement content used in the shotcrete mix of-

the main tunnel (450 kg/m ) was hlgher than the
content used in the test tunnel (400 kg/m )s plus-
the tunnel shotcrete had an accelerator added to
“it (3% of cement weight), this therefore generated
more heat (i.e. from the mix reactlon) which
increased the temperature of the surroundlng ground

thereby allowing hlgher strength to. develop w1th1n

the ma1n ‘tunnel shotcrete.
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Finally, the application 6f'the permanent

tunnel support (reinforced Shotcrete) to the

main tunnel was carried out very successfully,

even though past trials had caused some concern
over the strengths of the shotcrete on a froién

. surface. Furthermore, due to theihigh strengthS'lr
achieved, it was decided that the aggregate content
be reduced by 50%, and thereby reducing the cost

of the néw mix désign. The application of the new
‘mix design also produced good strength results in

‘stages 3, 4 and'S of the five 32-metre stages.
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CHAPTER 7: ALTERNATIVE METHODS FOR THE EXCAVATION OF THE
MAIN SOFT GROUND TUNNEL

The methods available in the excavation of the soft_groﬁnd
tunnel depends largely on the prppérties of the material
'_pfesent'within the decomposed granite. Certain properties
within the'decomposed granite may restrict or'prevent.the
use of various methods of exéavatipn, butvthefdecomposed
granite may be made artificially acceptable to certéin
methods of excavation, by the implementation of grouﬂd-A
condition.improvement methods. Such ground condition.
improvement methods may include such aspects as_éxtensiQé
drainage of.the proposed excavation area(s),_thé freezing
of excavation area, the'implementation»of grouting ceéhniques

etc.

The following'methods may be considered as alternative methods
for the excavation of the main sofﬁ ground tunnel, aé oppbséd
to the artificial ground freezing method adoﬁted in both the
pilot tunnel and the main (south) Du Toitskloof soft‘gpoﬁnd

tunnel.

The alternative methods that could have been éonsidered for .

the excavation of the main soft ground tunnel are:

1. - The shield method:. full face excavation.

2. The use of ‘a tunnelling machine (mole).
3. Multiple heading attack method.

The utilisation of the above alternative methods of excavation
would depend heavily on the method's acceptability; cbnsidering
the conditions which surround the project.. Factors, such as

the_economicé (costs) of the method, the availability-of'thev

method locally, the skills required by the method, the success
rate of the method etc. all play a vital role in the seleétion
criteria of the method, to be adOptéd'in fhe excavatiqn of-the:

main soft ground tunnel.

The above mentioned alternative methods considering the
Du Toitskloof project background, will be analysed beIow,

for the method's acceptability in the Du Toitskloof soft ground

tunnel.
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7.1 THE SHIELD METHOD: FULL FACE EXCAVATION

7.

7.

1.1

1.2

General description of the method

‘Shield tunnelllng consists of a mOV1ng

metal casing (Shleld), which has a
'sharpened end' at the face of the ..
tunnel. The shield is driven forwafd

by the use of hydraulic jacks. The

- shield is driven in advance of the

permanent tunnel lining, which 5upport§
the groundlof_the tunnel around the
"construction' area.. The shield or.
metal casing is open at both ends, so
as to allow for the removal of the _3'
material at the tunnel face and aléo

to allow for the erection of the
permanent lining at the rear of the

shield.

- The shield method allows for the full

face of the. tunnel to be excavated it
offers a temporary mov1ng support w1th1n
the excavation and constructlonvareas, 1.g,

it eliminates all other forms of temporary.

- support requirements and it allows for

. speedy tunnel construction within a soft.

ground zone. The shield method doeé.not
apply hard rock excavatlons (see diagram 24

pr1nc1p1es of sh1e1d system).

Application to the Du Toitskloof Tunnel Project

The use of the shield method in the Du Toitskloof - -
project would be totally uneconomical;_even-
though it may have been practically acceptable..
The cost of manufacturing a shield to the diameter

of the main tunnel would be a very costly exercise,

and would be unacceptable for a mere 168'me;res of

tunnel, as the éhield'method‘céhnpt Be'adopted to

excavate the hard rock section of the tunnel,
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"which constitutes 95% of the tunnel

excavation works.

However, the use of the shield method
in the excavation.of the pilot tunnel
soft ground section, especially after
the collapse (sinkhole), could have
been feasible, aé the manufacture of
the shield would have been very

economical.

Finally, another problem thatvmay have

prevented the use of a shield method,

is that local experience in this method
is very limited and which would therefore

require the importation of expertise.

Due to the above reasons, the shield method

was not acceptable for the excavation and

" THE USE

construction of the Du Toitskloof tunnel

project.

7.2.1

OF A TUNNELLING MACHINE (MOLE)

General description of the method |

A mole is a very complex and sophisticatéd
machine which consists of a rotating "cutting
face'", which loosens the earthvor breaks the
rock at the tunnel face. The_rotating cutting
machinery is encased by a‘shiéld; which -
provides for temporary support around the
tunnelling machine. Molés are generally more
successful in soft rock and soft ground

conditions, but are generally unacceptable in

_very hard rock conditions, where conventional

methods of excavation are more acceptable and
feasible. Finally, a mole advances forward by

the cutting of the face of the tunnel, forming

a tunnel of circular cross—section (see diagram 25,
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26, and 27: typical tunnelling

machines - moles).

7.2.2  Advantages and disadvantages of cuﬁnelling

- machines which influences its acceptability

in the Du Toitskloof tunnel project

7.2.2.1 The advantages of tunnelling machines

* a smooth circular cross-section of the
tunnel is achieved with less support.'
required comparéd to where the tunnel
has been created by drilliﬁg and blasting,
i.e. thereAis no-blasﬁ damage and the rock

. structure is generally more stable.’

* There is minimal over-break to-the rock
surface, which thereby promotes. savings

in cost.

* The rate of tunnelling can be higher than_‘v
;conVentional methods of tuhﬁelling;,but
the rate is highly debendant on the suit-
ability of the ground or rock e.g. hard'foék"
' produces slower rates of tUnnéliing,;mikture
of soft ground and hard rock also:provides

slower rates of tunnelling. "

* Less manpower is required with the use of
tunnelling machines, but this could be
classed as a disadvantage in an industry

‘that requires labour intensive methods.

7.2.2.2 The disadvantages of tunnelling machines

* Tunnelling machines are not suitable for
tunnels of short legnths or for funnels_
with very large diameters i.e. the cost
factor here doés not verify the use of such
moles as compared to convenfional

.tﬁnnelling methods.
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* The initial cost of tunnelling

" machines is high, also considering
that the machine has to be manu-
factured abroad and imported, as the
technicut'knowlédge to produce suCh

machines locally is very limited.

% The operation of such machines would

require the importation of foreign

experts.

* Tunnelling machines cannot be adapted -
quickly to changing ground and rock
conditions, e.g. from soft ground to
hard rock reqﬁires replacement. of

different cutting teeth, etc.

* Costs in tunnelling in hard rock are
| very expensive and do not compare
with the relatiVely cheap fdrilling
‘and blasting' techniques in hard rock

tunnelling.

Application to the Du Toitskloof tunnel

project

From the above mentioned, advantages-and' '

‘disadvantages of the use of a tunnelling

machine‘(mole), an assessment can be made
to whether or not a tunnelling machine 1is
acceptable for the excavation of ‘the |
Du Toitskloof tunnél. Due to the large

diameter of the main tunnel and the costs

‘involved in the establishment of such

tunnelling machine i.e. large mole, initial
costs, -cost of expeftise required etc., the
use of such a tunnelling machine is totally

unacceptable.
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Furthérmore, due to the changing rock-ground
conditions expécted within tﬁe main tunnel, .

the requirement for thé project to be labour
intensive so as to reduce unemployment -in thef 
area and limited experience in the ihdustry ,

of such methods, the utilisation of a tunnelliﬁg '
machine is unacceptable . for such a 'one+offf

tunnel project.

It was established that more conventional

methods of tunnelling would fulfil the require-
ments of the Du Toitskloof project, esﬁeciélly
for the approximéte 3,8 kilometres of-hard.fock

tunnel construction.

7.3 MULTIPLE HEADING ATTACK METHOD

7.3.1 General description of the method

This method has many forms of carrying out phe.
multiple heading attack, and they are identified
by various names, such as the Belgian method,

the German method,_Italian methdd;, etc.

The multiple heading attack is generaily-applied  —
to soft ground tunnelling and the type Qf,methodi
vchosén-i;e.,German method etc., to cértyiout'the'
multiple heading attack, is determined by the -
prevailing ground stability‘conditioﬁé Within'the‘v'

proposed tunnel location.

Multiple heading attaqk.can_be used successfully
where ground conditions are unstable as:the - ‘
_ multiple heading attack provides for the ekcéyation
of a number of small tunnels (dfiffs) wiﬁhin theb
main tunnel cross~section, which are more easily
contained and managed in poor ground'conditioﬁs
(see drawing 8, typical multiplelheadihg attack,
which was applied to. the second main (north) soft h

ground tunnel at the Du Toitskloof tunnel project). -
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Ground stabilisation techniques, such as
cemént gr0uting, extensive.drainage:etc.,
are usually applied to the propoéed
tunnel zone, before the actual multiple
heading attack is applied for the excava-

tion of the main tunnel.

After the ground has been sufficiently
stabilised the exéavation.of the 'small'
tunnels (drifts) commences within the main-

tunnel profile, and the’éequeﬁce in which

‘the drifts are excavated depend on the type

of form chosen for the multlple headlng

,_attack

Application to the Du Toitskloof tunnel project

The multiple heading attack and the artificial
ground freezing methods were the two most
acceptable methods for the excaVation of the

168 metre soft ground section of the main

Du Toitskloof tunnel.

. Both -methods required ground improvement methods

tobbe applied, ‘such as extensive drainage,

dement grouting. The freézing_method”waszadopted
rather than the multiple headihgvattaékv as the
decomposed granlte was very saturated the o

application of the multiple heading attack. w0u1d

have imposed a greater risk factor in the excava-

‘tion of the soft ground tunnel. -Furthermore, the

technique of ground freezing had proved to be’very
successful in the excavation of the pilot tunnel
and this made it more acceptable for the excavatioh'

of the main soft ground tunnel.
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7.3.2.1 The second main soft ground tunnel -

(north soft ground tunnel)

During the_cdnstruction of the main hard
rock tunnel (south tunnél) undertaken by
" the consorﬁium of Concor-Hochtief (West
Germany), there was a proposal made by
the consortium to the client (NTC), for
the excavation of the (north), main
tunnel, which previously was not to be
-constfucted, as financial funds were
“insufficient. But due to a very reasénable'
quote for the excavation of the second main
“tunnel, the client decided to award the
contract for the second main tunnel-to;the
consortium. This brought about thé,need' .
for the excavation of the second main soft
groundvtunnel i.e. the north soft ground

-tunnel section.

'The consortium had to decide on the type of
method that was going to be utilised for

the excéva;ion of north soft grouhd.tunnell

‘After analysing the possibilities, a decision

was made to utilise a multiple heading attack
method instead of an artificial ground freezing
method. The former method was chosen'as the
decomposed granite had become relatively"stable"
compared to the initial conditions experienced

at the beginning of the tunnel project. The
decomposed granite had become "more stable'

due to the lowering of the water content'ﬁithin_
the soil i.e. the ldwering of the water table. |
The water table had beén'lowered due fbfthe
continuous drainage carried out wi;ﬁin th§

other excavated areas surrounding'the'proposéd
new main north tuhnel i.e; drainage'withih the
main soft tunnel, the pilot ﬁunnel etc. This
therefore provided a more.'dfy"decpmposed granite

zone.
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Furthermore, the ground freezing method

was not chosen as it .implied the |

re-importation of the fréeiing equipment,

which was costly and time'conSuming. A

brief explanation will now be given_of

the multiple heading attack'method‘appiiéd
" to the second soft ground tunnel section

(north main soft ground tunnel).

7.3.2.1.1 Multiple heading attack applied to the north

main soft ground tunnel

The multiple heading attack started in the
beginning of 1986 on thevnorthvmain soft

ground tunnel, the excavation involves the
sequential excavation of smail tunnels (drifts)
within the main tunnel profiie which will
finally form the excavated main tunnel (see
photographs 15, 16 and 17: position of'drifts

‘within main tunnel profile).

Before and during-this method of'excavation,
extensive dewatering (drainage) was»carriéd out,"
reducing the water content within tﬁe area. The
extensive drainage consisted of the iﬁstallation :
of "vacuum lances" within the area and ahead of

. each drift, usually in a 'fan' pattern (see-
drawing 8, typical multiple heading attack under-
taken at the north main soft ground tunnel - |
position of vacuum drainage tubes) ahd (see

photograph 18, typical vacuum lances).

After each drift had Beén excavated approximéteiyv
1 - 2 metres, 'temporary;paft permanent’ Support'.z
was applied in the form of mesh, steel_arches,.
shotcrete etc. The 'part permanent' support refers
to part of thé steel arches placed within'eachu
drift would form part of the final arch of the

‘main tunnel (see drawingISfftempotary-part.permaheﬁt

support' applied to the drifts.forming part of thév»
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“main soft ground tunnel subport) and
(photograph 19: application of drift

support).

The sequence of tunnelling oberations
within the main tunnel's profile, in.
the form of drifts. (small independent

tunnels) is as follows:

(Refer to drawing 8, typical multiple
heading attack undertaken at the north
main soft ground tunnel) and- (see

photographs 15 to 18).

Stage 1

‘As per drawing, parts 1 are éxcavated and
Supported firsﬁ, excavated and support
applied in' 1 metre interﬁals, the fouteff"
sides of the support arches fbrming part.

of the main tunnel's arch support.
Stage‘2

As per drawing, part 2 is excavéted and
supported, in the same manner as iﬁ'Spage 1,
bit here the crowns of the steel arches
‘installed as support ‘in the drift become

part of the main tunnel's arch support.

The excavation of the other parts i.e. 3, 4,
5, 6 and 7 are undertaken in the same manner,
until the final main tunnel's profile is . -

achieved.

Finally, I personally think that theiapplicétiqn
of the above method’is.very risky as.the nature
of the decomposed granite does not‘haVe a high -

load bearing capacity, which méy céuse.éértain3

sections of the tunnel works to collapse,
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.especially:iﬁ drifts 2 and 4.

Comparing'itlto the first (south) main .

éoft ground tunnel, where grouﬁd
ffeéiing was used, the groUnd freeziﬂg_'
“méthpd‘prOVidEd ample Support.before 3
excavainn within.the‘main punﬁel

- commenced.
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CHAPTER 8
CONCLUSION

The art of tunnelling has developed greatly over the yearsi
from tunnels being dug by hand, using fire setting; and
other primitive methods, to tunnels formed by the most

sophlstlcated "tunnelling machines' of today.

‘Tunnelling operations in South Africa have reached another
milestone with the construction of the Du Toitskloof tunnel.
The tunnel will be the longest road tunnel ‘in South Africa,
and is one of the most complex civil engineering projects

ever undertaken in the Republic.

The tunnel was a multi—contracr'projeCt, employing many
South African and foreign contractors. Though much of
the works incorporated traditional tunnelllng methods, the”
soft ground tunnel contract utlllsed a very 1nterest1ng and
complex system of ground free21ng for the- stablllsatlon of -

the surrounding saturated decomposed granlte

_Personally, having been on site on many occasions, I have '
observed the complexities that exist within 'such a tunnel

venture.

When considering the large cross—sectional area of the tunnel,
.and the very poor quality of the decomposed grenite experienced
on site;vlt is difficult to believe that a full face excavatlon

" cycle was possible, under ground free21ng applications. _The
de51gn requlrements and prec1se implementation of such a

freezing method in forming the frozen arch and vertical bulkheads,
providing temporary tunnel support was achieved with great '

sucess, although many problems did exist.

After having understood the problems that existed and the 11m1ta-
tions surrounding possible alternatlve solutions, the follow1ng
-approaches. could have been utlllsed‘ln resolving the significant

_problems:
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The drilling of horizontal freeze holes within the
proposed frozen arch caused great difficulties,
particularly in achieving the required allgnment

and accuracy of the holes'along the 32-metre seetion,

The probiem could have been prevented.by either eariy:
participation by nominated sub-contractor who waé

to undertake tests with various drilling maehinery

and accessories prior to the commencement of the
contract. Or, "shorterhlengths” of holes should have
been drilled, reducing the.tendency_Of the holes to
deflect out of alignment, e;g. l6-metre. stages'vgrvihg
16 metre hole lengths per stage. This a1ternat1ve
‘would increase the number of vertlcal bulkhead dr1111ngs,
but as the drilling of vertlcal holes were undertaken.
're1at1ve1y successfully, the alternative solutlon would

have been feasible.

Surveying freeze holes with the aid of a portable bdrehoieﬁ
deflectometer, proved to be very inaccurate at times, due

. to the sensitivity of the equipment.

It was made known to me that an alternative instrument;
capable of surveying such holes more accurately was not:

available.

I thought that as the dr1111ng of the horlzontal and vertlcalax
freeze holes was a major part and of great importance to
the success of the temporary frozen support, greater effort
should be made in research and development, to develop an

alternative instrumesnt _for future operations.

Leaks formed around joints/conneetions of the freezing

circuit.

Due to the freezing lancesvbeing manufacturedhlpcally, ahd
the lack of technology in beihg able to manufacturehSuch
'high standard' preSSure-coupling, experts should haye
realised the implications of such poor quality copplihg under

great pressure. Delays may have been‘prevented, if the
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pressure couplings had undergone proper pressure
testing prior to installation, then it would have
been realised at an earlier date, that altefnatiﬁé‘
high quaiity coupling were required from abroad.

All in all, in my opinion an example of poor planning}

*  Portable ramp required by roadhead, due to inadequate:
'reach' capabilities, in excavating the crown of the
frozen tunnel. The problem would have_been prevented
with proper planning of plant capabilities i.e. '
‘extension to the roadheader could havevbeen designed
and assembled prior to commencement of the excévatidn

stage.

Generally, the above problems could probably haﬁé'been prevehtéd
by adequate planning with proper insight into the requirements

of the soft ground tunnel contract.

Taking a look at the overall tunnel project, much knqﬁledge has
been gained by South African civil engineefing coﬁpanieé_oh

the complexities of tunnelling operations hﬁdef_tréditional

and advanced tunnelling methods, this alone has made the'prbjedt
a worthwhile exercise. Furthermore, due to theicompiexities of
the tunnel construction, much interest has dévelopéd abroad in
the outcome of the final prbject, which makes overseas construc~ -
tion companies aware of South Africa's construction induStryfs
capabilities, and may produce work for South African companies

abrqad.

The tunnel will boqst the standard of the nationai road system,'
~which will allow traffic to flow freely between Cape Town and
Worcester, and in the lohg term may encourage develppment'in
Worcester and the surrounding areas. Furthermore, road users
will benefit in savings of petrol costs, wear and tear and.
travelling time, due to the elimination of thé mountain.péss/

route.

"The tunnel will become another 'great' landmark in South Africa,
and will provide the country with a more efficient national

road system for the future, which is important for avdeveloping’ e



~-g8-

country.

Personally, even though the great cost of such a project
may not justify its ﬁegd, considering the state of the
.country at present where such capi:ai could have been

put to bétter use, benefitting the indi?idual more -
directly. However as ﬁnemployment'is increasing rapidly,_ 
such a project has provided many with work, thereby

providing some direct benefit for the 'man in the street'.

The civil engineering industry of South Africa has accom-:
plished the'constructiqn of é‘tﬁnnel that could be ranked-
as one of the world's top 20 tunnelling accomplishments,

considering the complexities of such a tunnel project.
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