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Foreword

This Part of BS BOQS has been prepared unders the direction
of the Civil Engineering and Building Structures Stardards
Palicy Committes and is directed at general enginsaring
practitioners who may either b embarking on 2 eareer in
sewerage or be dealing with a particular aspect for the first
time. 1t is nat intencled to be exblaustive in any field but
sBts out to present guidance on basic principles and gaod
practice, indicating whare a more detailed and
comprehensive study may be made. B5 B005 supersecdes
and enhances CP 2005 | 1968, which is withdrawn, although
wame of the matorial incarporated ic a restatement af the
earlier text,
BS BOOG gives guidance on the planning, design,
construction, operation and maintenance of warks 1o
convey sewage, including slorm sewage, surface water and
teacle sfflugnts 16 a sewage (reaiment works, tidal waters or
ather linal place of disposal. Recommendations are given
for the repair, renovation and replacement of sewers,
Mary end users of 1his British Standard, such a3
governments, public authorities, sewerage autharities and
cansul tants, issue their own recommendations and
specifications tor sewerage which 8% 8005 is intended 1a
complemant rather than replace.
B5 BOOS i being published in six separate Parts, as follows,
Part 0. Intraduction and quide to data sources and
documentation

Part 1.* Guide o new sewerage canstruction

" Publihghael,

I I perpasateo

Pare 2.*
Part 3."

Guidde 1o pumping statians and pumping maine
Guide to planning and construction af sevenrs
in tunnel
Guide o design and eanstruction of Lidal
outfalls

Part 8.1 Rehabilitation of sewers
It has been nated that substantial one-part codes and quides
take alonp time to revise and if they are reviewed al
infrequent intervals, they tend to become out of date
quickly, especially ina field where technalogical
development is rapic. It is intended therefore to keep a
constant watch on new developments and to update
BE BODS, Part by Part, as soon as the work can be justified,
BS B301 sets out recommendations lor building drainage
and, while it relates generally 1o smaller pipelines, thare is
some overlap berween it and BS 3005, BS 6297 gives
recommendations for the design and installation of small
tewage treatment works and cesspools.
Apart fram Part O, which is directed more specifically at
the UK sewerage field, B85 8005 is for use both in the UK
and, in appropriate circumstances, ovarseas.
Suggestions for the imprevement of any Part of BS 8005
will be welcomed by the Secretary of SEB/43 at British
Standards Institution, 2 Park Street, London W14 28BS,

Part 4,"

Compliance with a British Standard does not of itself
confer immunity from legal obligations.
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Section one. General

1 Scope

This Part of BS BO0S provides guidance on the planning,
design and construction of sewers constructed in tuanel,
It includes quidance on tunoel linings and ancillary
matérials and recaommends permissible deviations for
internal faces.

MOTE 1. Far the parposes of (it Parg of 10 standaed & s
eomitrue ticd in tunnel means 3 prpe, conduit, or oulvert eanitructed
eviraiy Below ground level within an gxcavalion which s notL open
10 1he surlace pxoepl a1 access bl

NOTE 2 The titles af the pullications relereocd 1o in (his Port al
thies slandard are Histnd om the indide back cover. AlLention is
partculachy clraven 1o BS G164,

The 1iles ol standards publicatans nog relferind 1o in this Part of
A5 8005 but of interest as dealing with closely asigcialn pulbijecis
are listeg an appendis & of 05 BOOS * Part 1 1987

Crvher celpepnces will be lound thiaughoet the tnxt, indleaied by
bracketpd numbers thus [21], and these are lisied in the
mibliography o0 sppendis & ol (hea Pl

2 Definitions

For the purposes of this Part of B5 BO0S. the definitians
given in BS 4118 and BS 6100 apoly, tegethar with the
tollewing, some of which eslarge upon those given in the
atave stanclards,
2.1 primary lining. The lining required ta suppart the
ground for the life of 1he structure
2.2 secondary lining, Either!

fal a wunnel lining to provide decorative finigh, usually

combingd with waterproofing, or 10 improve the flaw
characteristics af a hydravlie tunnel; ar

[ 5]

b} & second structural tunnel lining.

2.3 preliminary lining. Lining provided 1o facilitate
applicatian of the primary lining.

2.4 temporary lining. A peeliminary lining which it not
relied upon Lo survive once the primary lining is
constructed.

2.5 competent ground. Seli-supporting ground which will
notdelarm significantly until the primary lining to the
tunnal has beer installed.

2.6 ground support. Any suppert required 1o secure the
graund until the primary lining is cormplete.

2.7 caulking, The operation of making a joint watertight
to withstand pressure usually by packing with a filling
material and ramming it home,

2.8 shield. A mobile steel structure, usually eylindrical,
to pratect minars excavating the tunnel and to enable the
tunnel 1o be eracied,

2.9 de-watering. The temporary lowering of groundwater
using deep wells or well points, depending on the
circumstances,

2.10 heading. An sccommodation turnel built to accept
a semaller service.

3 Abbreviations and symbals

Far the purposes of this Part of BS BODS the abbreviations
and symbols given in Part 1 of this standard apply.
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Section two. Planning, design, safety and choice of lining

4 Planning

4.1 Goneral

The princigal reasons for constructing a sewer in tunnel

ara as follows.
ta} Thesewsr has to be at suich a depth that pther
methods of construction are impossble or too castly.
b} Disturbance of the ground surface andfor disruption
af the general environment and traffic are to be
minimized.
lg) The route of the sewer need not follow the highway
or anan ground and consequantly a mare direet routs
may be lollowed. While a tunnel may be within or
auitsice tha highway, if tunnelling s used to reduce
traffic interference the shafts themselves should, if
possibibe, be gited off the highway.

There sre indications that tunnelling may on occasions ba

ecanamic in urban areas at quite shallow depths, 1t is

suggested that clients’ interests would be best served by

including the alternatives of trenching and tunnelling in

SENVEF EoREracts in built-up areas,

4.2 Preliminary location of route

The eost of a tunnel can vary widely depending on ground
canditions and, in urban areas, on constraints such a8 the
types of structures, Toundations and utilities in the vicinity,
The principal cbjective at the outset should be to establish
whether a tunnel scheme is a technically and economically
feasible solution to the engineering problemn in the
prevailing ground and other ervirenmental conditians.
The eorrect chaice of route is, theredfare, of crucial
impartance. Particular care needs 10 be exercised noar (o
mining works, made-up ground, derelict urban areas and
rubbish dumps.

A pumber of leasible tunnel routes may arise from a study
of existing recards, geclogical maps and Crdnance Survey
sheets. A& detailed survey and study of sach aption Is
regquired. There may be little choice in the location of tha
beginning and end of a tunnel sewer or in intermediate
connection points. Apart from this, the route plan should
follow the best tunnelling ground available, consistant
with the hydraulic design requirements and any legal
constraints [see BS BO05 : Part 0. Directness of route
may sametimes be a secondary consideration, e.g. if a
relief sewer or llood alleviation wnnel can be built ata
lower bewel and allowed to run full during its occcasional
use (to be emped by & small pump later), then the level
of the sewer should be constructed in the best ground
availatile, Where it is proposed that the sewer pass under

a canal, motorway ar railway, the responsible authaorities
should be consulted.

Sewer unnels may be constructied to curves but, if small
radii curves are proposed, consideration sheuld be given
1o the cost implications.,

4.3 Tapographical survey
The topographical survey should extend well beyond the

rone likely to be influenced by tunnelling and shaft sinking.

The mast reeent Ordnance Survey sheets should be used
for this purpose but details should be checked, and

amended &3 necessary on the ground, as change may have
occurred since the last revigion,

Sub-surface infarmation can be evan more crucial and
mere dilficult 1o obtain. For tunnel design, details of all
other tunnels or subways, with their shafts, and of deep
basements and deep piled {foundations should be almained,
In addition, borehales for water supply may exist balow
premises and, if undetected, eould compromise the works,
Boreholes can be traced through the abstraction licence
records of water supply authorities and eampanies and the
borehole records of the National Gegseiences Data Centre
ot the British Geologicsl Survey, Kegworth,

Settlements due to tunnelling can affect structures and
services near to the tunnel (ses alsa 10.2.1). Particular care
is needed in the case of gas mains, sewers and water mains
because of the dangers of fire, explosion and flaoding,
Such facilities are often in poor condition and cansideration
may have to be given to replacing and/ar resrouting thess
services before tunnelling commences.

The topographieal survey should also Identify posible
waorking shaft sites of sultable size and acesssibility.

4.4 Site investigation

4.4.1 Geotechnical uncarrainty. Regardless of the
thoroughness of the site investigation, there will always
iermain & degree of uncertainty in the ground conditions
far ail tunnelling projects. The uncertainty of these
geotachnical factors hat an influence on the choice of
tunnelling technigue ard also on the construction cost,
A detailed knowledge of the ground conditions is of
fundamental importance to the minimization of risk,
both technically and financially.
Various tunnelling methods carry different risks and may
require different degrees of site investigation. For instance,
the standard of geatechnical inflormation required lor
tunnelling machinas is much higher than for drill and blast
methods and, while full-face tunnel boring machines may
perform better than conventional techniques in uniformly
good rock conditions, they can be inflexible and
cumbarsome in faulted ground, There are well documentad
examples (see Athorne and Barrett [1] Athorne and
Snowdan [2]] where, over a complete twnnel drive,
potentially slower but more flexible wonelling methods
have achieved a better outcome than sophisticated
mechanical technigues.
4.4.2 Objectives. The chjectives of the investigation are 1o
provide the following information:
{a} the assessment of the techinical and economic meris
of altermative schemes;
|} the selection of the most suitable alternative;
{c} the preparation of an adequate, economic and safe
design;
{d] to allow construction cosis 1o be estimated and
difficulties and hazards that may arise during
construction 1o be forestgen and provided for,
To ellow these objectives to be achieved, the site
investigation should establish in three dimensions the
gealogical structure, the succession and character of the
strata present on the site, the ground water conditions and
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Table 1. Siages aof site investigation

e T -

[} Geological and enginesring enquirias,

| Stage ¥. Preliminery appreciation af site and ground eonditions |desk srudy)

Examination ol the following readily available information 1o assess feasibility, 1o select possilile routes, to make
preliminary estimates of cast and 1o plan mors detailed investigations,

tal Available information including neclogical and other maps and reports,

1e) Air photographs and surlace reconnaissance including examination of local gealogical Features and outcrops.
|' bl Interpretation tegether with recommendations for the araung investigation,

Stagn 2. Graund investgation belors Construct jan

investigation and selected tests,

(bl Main ground Hesiigation.

| al trial sections.

Ground investigation cam be divided into four subritages as follows,
L) Prelieminary ground investigation, An amaunt of wark, where required, sufficient to contfirm the feasibility
and to establish the approximate cost of the preject, ta narrow route options and to aid in the planning of the
main ground invistigation, It may include selecied boreholes or oper, excavations, pechaps a geaphysical

To obtain the information required far the finsl alignment, design and construction
of the tunnel, [t will usually include a pragramme of in situ and |aboratory tesis.

el Oeher investipations befare construction. For examgple, wrial shafis, teial adits, assessing and, if NECESSAry,

| recarding the condition of struciures and services, grouting trials, dewatering trials, rock bolt trials and monitaring

tell frtenpreration and recormmendations To enable ground investigation during construction to be carried aut.

—

Stage 3. Cround investigation during comstruction

the earlier investigations, as follows,

construation,
() Probing ahead in tunnels,

trial sections,

| Observation and investigation, where necessary, continued during the construction phase to confirm and supplement

{a} Observations and records of ground conditions and pressure af water or gases should be made during

le] Other investigntions and records during construction, e.g. of ground water levels, extra boreholes, chservation
of ground movement and settlement, grouting trials, rock belt trials, monitaring of vibratians and monitaring of

td] Review and amendment of plans and sactions which i 3 continuous process throughout the work,

the presence of any special hazards. This involves examining
existing infarmation, making field investigations, taking
samples and carrying out in situ tests, as needed. This
includes a programme of laboratary 1ests 1o ebtain the
required informaltion on the properties of the site materials,
The investigation shauld also loeate any existing
undarground works and services,

443 Choice of construction method, The chaics of
parmanent structure and eonstruction method is dosely
related in tunnelling wark. 11 is, therelore. essential befors
wrvey work starts 1o determine the full range of relevant
design and construction parameters for which survey
infarmatian may be needed, The survey should then
estabilish, as far as is practicabis, the nature of the ground
inrelation to these parameters sg that the structure and
corstruction method adopted will be practicable and cost
elfeciive. Lack of information leading 1o the choice of 2
construction method wrang {or the tunnel lining Frally
selected s @ major problem which has to e over come by
the survey work.

4.4.4 Investigation programme. An eflective site
investigation is best achieved by carrying out the work in
three broad stages as shown in table 1, Each successive siep
aims to narrow the choice towards the best line and level
for the tunnel route as follows:

la} to indicate the next sieps required in tha

investigation;

Ikl 1o fill the gaps in existing knowledge of tha site;

el 1o confirm or correct earlier predictions,
In practice, each stage may not be sharply divided fram
that which follows it and either more or lewer stages may
e involved depending on the circumstances and magnitudes
af the warks, The programme should be flexible sa that it
can quickly adapt to changes accasioned by variation in
ground conditions from those predicted by the preceding
sieps of the investigation.

4.4.5 Methods of site invertigarion. The various methods o

available for carrying out the site investigation are listed in
table 1. As well as bareholes, consideration should be given




1o the use af trnal shafts and adits which can provide mare
positive infarmation than geophysics but which will be
maore localized and more expansive, It is impartant to
record the condition of nearby buildings, particularly if
Blasting is 10 be invalved ar if settdement damage iz poszible
during tunnel canstruction.

Boreholes may be required at every shaft and the method
af sinking larger shalts will be govarned by the nature of
the soil at that point, If additianal boreholes are required
at intermediate peints along the wnnel, they should be
sunk sufficiently clear of the proposed wnnel line to avoid
tater interference with the construction, either through
ingress of water or by foss of compressed alr, [1 3 important
to take borohales well balow the proposed twnnel lovel
because changes in design often result in an increase in the
depth of the tunnel. All boreholes should be grauted-up
atter the necessary information has been obtained,

Stable water lovels should be determined in permealla
strata, i necessary, by sealing the boreholes (o that lavel.
It cam be wusetul o keep representative samples of the
various sirata encountered. In stiffl clay and rock, as large
samples as possible should be obtained in arder that fissures
or painfed structure may be examined, Granular samples
should retain their finer components. Continuity of data
should be sought by comparing adjoining borehaoles, o.g.
elaystanes in London clay often follow a continuous
harizon which may be traceabla,

Following the main borehole investigation, it may be
worthwhile considering using geophysical methods, such as
seitmie ralraction, slang all or part of the prepased tunnal
line. These technigues may be able to show the form and
approximate depth of, for example, soil over bedrock and
may sarve to locate sgil-lfilled depressions or buried valleys
in the rock and help identily areas of difficulty, These can
then be investigated by further barehales.

4.4.6 Use of dara. The data obtained fram the desk
studies, boreholes and geophysics, where appropriate,
ihould be uted to produss gealagical sectians along the
proposed wwnneél route, The cross sections produced should
be geologically credible and it is prudent to undertaka this
waork with the help of an engineering geolagist,

The guidance given here is generally related to tunnelling
tar sewers but turther details on site investigation in general
are given in 85 5930, and for tunnels in particular by West,
Carter, Dumbleton and Laka [3].

5 Design
5.1 Selection ol wunnelling method

5.1.1 General. Tunnelling consists of the following two
basic and interactive processes:

{a) the excavation and removal of the ground; and

(b the maintenance of ground stability, including the

provision of tunnel suppart,
At its simplest, excavation can be carried out by hand using
spades and pneumatic tools in soft ground and drill and
blast methads in hard ground. Alternatively, full-face and
partial-face tunnel baring machines can be used where the
twnnelling works are of sufflicient magnitude to justily tha
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use of such plant. Whare uniferm ground conditions are
predicted, it is possible to tailor the canstruction methed
o suit thereby achieving rapid advanes rates and econamic
linfng design. Considerable sconomies have been achisved
in this manner In proven ground or where very thorough
site investigation has bean performed. However, the choice
of an inflexibln tunnelling method may result in delays 1o
the construction pragramme and an gverall increase in
e#xpensa in the event that adverse unexpected ground
tonditions ere encountered. |tis alio possible that the
safoty margin would be diminished.

Many tunnel drives can be expected 1o pass throogh a
range of ground conditions, of1en with both hard and 3ol
ground at the tunnel face simultanegusly, Tunnelling in
such conditions is at least awkward and atl worst it ean be
extramely difficult. There is therefore merit, where
possible, in selecting am alignment Tor the funne! whiech
either eliminates or minimizes the extent af such mixed
tace conditions (see 10,2.4 and 10.3),

5.1.2 Ground conditions. [See also BS 5930.) Soils likely
to be encountersd during tunnelling are as fallows.
(3} Mon-cohesiive. Sands, gravels, ballasts and silts. The
standard penetration tesg (see BS 1377) can be used 10
indicate the relative density of sands and gravels
(see 41.2.5 of BS 5930 : 1581},
(b} Cohesive, Clays end marls with up to 20 % gravel and
chalk having a saturation moisture content of 20 % ar
greater. Where the moisiure content is less than the
plastic limit the sail would be describied as stiff; wails
wetter than the plastic limit would be described as very
saft, soft or firm, depending on their undrained shear
strength (see41.2.5 of BS 5930 ; 1081},
(] Mixed, Sand and clay, sand and silt, nen-saturated
clays and gilis.
(d] Fills, Mixed materials of recent depesit such at
damestic refuse containing ash, vegetable matter, aic,,
and materials of varying content and compaction used
for embankments for railways, roads, etc.
fel Aock. Hard material of molegical origin ar other
cormparable hard inart material such as concrete,
Lrickwaork, eto, It also includes chalk witls & saturation
moisture content of less than 20 %. Bath comprassive
strength and discontinuities are impoertent determinants
of rockmass behaviour and their use is deseribed in
44.2.8, 44.2.7 and 44.2.3 of BS 5930 : 1981,
Comprehensive information on the description and
classification of soils end rocks iz given in section eight of
BS 5930 ! 1981,
In cammon funnelling usage, ground consisting af items
{a}, (b}, (e} and id} would be described as soft ground
while rock as described in item (e} would eonstitule hard
ground. A mixed face is one where soils and rock each
occupy part of the tunnel face.
To assess the method of excavation and lining of a8 tunnel
through the soils described in items {a} ta (e}, the lollowing
conditicns heve to be considered,
{1} Grownd stability. Stability at and above the tunnel
working lace is the first consideration in the building of
a tunnel during the construction phase whan a variety

o e Y
*
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of suppert either temparary ar permanent has 1o be
applied. In the long term, the tunnel lining has 1a be
capabie of sustaining the loads applied toit. The ability
af the ground 1o be selfsupporting even over quite shart
periods, Le. its stand-up time, is therefare impartant in
the choice of tunnelling method. (For cohesive soils sea
also appendix B regarding stzhility aumber]

(2] Presonce of water and level of permanent water
tabife. Ground and groundwater canditions are a
dominani engineering consideration in the choice of
turnalling methed, Thus the tunnelling systern chosen
hias 1o be capable af dealing with the ground conditions
ientified during the ground investigation. Particular
importance should be attached 1o any infarmation an
the conditions experienced in previously construcied
tunnels in the vignily,

5.2 Swructural design

The structural design of a sewer inotunnel difters trom the
design of a loadbearing pipe because altowance should be
made Tor any flexibility in the lining both langitudinally
and, transversely, the stresses caused during comstruction
may be more critical than thase ocourring in the completed
SEwWEr,

It all areas where buildings, railways, roads, services and
athér structures lie adjzcent to the line of the sewer,
discussion should be held with their gwners and the method
of construction thosen should be sueh as to limit the
ground movement to an acceptable amount. In the case of
railways, roads and serviees it is usually 3 statutory
regquirament that notice be given af the prapased sewer,

It is adwvizable and it may also be a statutory requirement
10 give ratice to owners of private buildings. In extrema
cases it may be necessary Lo underpin buildings overlying
the araa which may be affected by the tunnel

izea Morgan [d]],

The typed of tunnel lining available sre described in section
three and advice an their use as tunnel support is given in
10.2, 10.3, 10.4 and 10.5. In the UK it is seldom necessary
o deviate fram a conventional lining and to have to
produce an original lining design from first principlas,
Hevertheless a check should be carried out to ensure that
Jreclieted strosses and deformations lie within acceptable
imits,

1.3 Hydraulic design

‘e general principles of hydraulic design which should ba
olfowed for pipe sewers should also be followed Tor sewers
i tunnel. Howaever the economic size for constructian
urposes may e larger than that necessary for earrying the
lew, This may result in low velacitios and the depasition
lsolics. In these circumstances the invert of the sewer
iouid be shaped to ereate the required valocity at low

W,

i Safety

eference should be made to clause 17 of BS 8005 :
irt 10 1887 which outlines the legislative framework
iih regard to the health, safety and wellare of persons

engaged on the planning, design and construction of sewers
in tunnels, Detailed advice on safety in this field is
contained in B3 6164, Particular attertion is drawn to the
fact that the safety of wnonelling warks can depend
critically an the adequacy of the preliminary ground
investigation and tha proper interpretation of the results
cbtained {see 4.4). Ground investigation work should be

a3 comprehensive as possible and there should be the fullest
disclosure of all infermation, or of all gaps In information,
both factusl and interpretive, 1o those respansible for the
design and for the construction of the wnnel (see alse 7.3
of BS BOOG ; Part 1: 1987 and BS 5930},

The corstructors of the tunnel should repart 10 the
tesigners the occurrence of any unforeseen ground
conditions or the presence of water or gases which could
influence the safety of the permanent works, There is a
particular need 1o consider and guard against the possibility
of methane gas infiltration from geological or mining
sources below or near the proposed ling of any sewer
tunnel,

Additional safety hazards may arise where 2 new sewer in
tunnel is to be connected with, or constructed near to, an
existing sewer system or when thers are existing tunnels,
basements or other services nearby.

7 Preformed primary tunnel linings
7.1 General

There are at present no British Standards for segmented
tunrel lining components. Thess components are
predominantly manufactured in concrete but other
materials may be available, For precast concrete tunnal
segments reterence should be made te the Water
Authorities Association's Civil Engineering Specification
far the Water Industry [5].

A degree of protection egainst corrosive attack can be
achievad for all precast concrete linings. The concrete cover
to reinforcement should be carefully considered and
designed, as appropriate to the severity of corrosive attack.
The use of sulphate resisting cemants in accardancs with
the recommendations of BAE Digest 260 [B] Is satisfactory
in most coses {see BS B110). In severe cazes, the use of
applied bitumastic or epoxy eoatings or the use of
integrally cast protective systems will provide improved
pratection {see 5.17.1 and 5.17.2 of BS BO05 : Part 1 :
1887 and 9.4 of this Part).

7.2 Bolted preeast concrete sepmental linings (see figure 1)
Bolwed precast concrete segmental linings are steel
rainforced to accommodate t1emporary construction and
permanent loads, They are farmed of segments erected and
balted together, farming circular rings, each with a narrow
key segment at the soffit. They can be erected with or
without a shield, depending upon ground conditions. Once
erected they are sall-supporting, requiring no temporary
supporting framework. In some circumstances ralling of
the key may assist in maintaining the shape of the ring.
Suitable packing materials can be inserted in the joints,

and grummets are placed under the washers at the head and
nut of each bolt. The joints between the segments are
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MOTE. Thit i a typical nrrangemant and dimensians are shown anly for guidance

Figure 1. Devails and dimensions of typical boltod precast concrete tegmental lining
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designed to accommodate caulking matesials.

Production diameters range from 1.5 m upwards in
increments suited to most common applications. Standard
segments are generally capabile of withstanding normal
ipading at depths between 1.5 diameters and 258 m (tee 5.2),
Linings of greater strength can be abtained and the external
loading on the lining should be considered in #ach case,
Frecast conerete blocks can be used to fill the panels
berween the ribs of bolted precast segments 1o provide a
smoath internal finish when the tunmel is constructed to
close talerances. The precast infill blocks are wsually made
ol lightweight concrete Tor ease of handling and are fixed
in place with specially designed cement martar. Alter-
natively, a secondary lining af in fitu concrete ean bae
provided giving mare protection 1o the prirmary lining

isee 10.5).

Bolted stmoothbore Hinings are availatie and can provide a
primary structural liming whieh needs no secandary finish,
They are nat as vulnerabile to uneven ground loading ar
internal hydraulic surcharge as the unbolted versions.
Positive connection is generally achieved scrass tha
fgngitudinal joint only and the circle joint connection is
nenerally confined to dowels, Similar practical limitations
may apely to the use of these Hinings in dif ficult ground
conditions, as apply 1o non-bolted linings, and expert
aclvice should be abtained in such cases,

7.3 Unbaolted smoothbore precast concrate segmental
limings
Unbolted smeathbore precast eoncrete segmental linings
provide an econormic alternative to bolted linings for use
in circumstances where balanced ground loading can be
achieved, Depending on ground conditions they may aat
be suitable far use where significant internal hydraulie
surcharge pressures may occur, In order to transmit ground
loadings on to the fining it is essential that the annulug
between the extrados of the lining and the adjacent ground
is tilled with graut (see 10,11},
The unboelted lining is suitsble for a range of digmeters
generally between 1 m and 3 m. A number of proprigtary
designs have been develaped, suitable for use with or
without a sheeld, which breadly fall within the following
categories:

[a] those requiring temporary steel formers to assist

with ring erection and stzbility prier to grouting;

{1} those having dawels berween segments Tor tase of

erection which, bewng permanent, also give graater

rigidity 1o the permanent works;

[c] those not requiring any [Emparary sUpport or

permanent joint fixing.
Varigus shaped joints have been developed to enable the
lacation of segmont 1o sagment, 1o allow some degree of
flexitrility in the structure and to facilitate 1oad transfer.
A coulking groove is normally incorporated and in some
systems the joint profile is designed to accommaodate 4
uminous sealing strip,

"4 e = 10" Nfm! = 1O LPa

S

7.4 Expanded precast concrete segmental linings

[see figure 2)

Expanded linings were developed to be used for tunnels
construcied in firm and stiff clays and where the tunnel
size and route, length, grade, eic., enable rapid construction
to be considered. A number of designs have been used for
the construction of sewer tunnels over a range of diameters
between 1.2 m and 2.5 m while largar diameters have been
used in tunnels constructed far other purposes.

& tunnel shield has o ba weed for the construction of
expanded linings, ensuring that the profile of the axcavated
ground it 3 true sircle, Tha thisld |5 designed withaut a tail
50 that the rings can be built directly against the ground,
whieh has ta be self supporting 1o enable this to take place,
The normal method of expanding the lining is by the use
of wedne-shaped segments where the actions of the shield F
rams cawse the ring to expand.

The action of expanding the lining against the ground may
be facilitated by lubricating the concrete-taground
interface to reduce friction. As the linings are desigred 1o
expand to a nominal diameter, it is necessary to consider
the swell of the ground fram the time of excavation to the
time of the erection of the lining. Ta allow tar variations

it is necessary to accapt thai the [acking space can vary anel
that the wedge may nat always be driven home. &llowabie
deviations from line and level may need o be greater than
those for non-expanded linings.

75 Bolted cast iron segmental linings

Bolted cast iran segmental linings have good eorrasion
resistance and should be considered when severe ground
loading or water pressures exceeding 2 bar " are likely 1o
be encountered. A secondary Iining of in siw lining has
o be provided,

7.6 Pressed steel liner plates

Pressed steel liner plates can be used to provide initial
ground support during construction in seft ground
canditions but a primary lining has to be provided.

1.7 Concrete jacking pipes (see BS 5311 : Part 120}

Concrete jacking pipes are specified in B3 5911 : Part 120
and their crushing strengths are generally conmsistent with

class H in accordance with BS 5911 : Part 100. Also as

in B3 5911 : Part 100, pipes complying with Par: 120

can ba designad to meet mare onerous raquirements Tor
superimposed loads where necessary. Jacking pipes are

dasigned with the aim of transmitting jacking forces slong

the pipaline without damaging the pipes or their joints.

Tha joints are designed to produce the reguired flexibility
necessary for installing the pipeline under normal cond-

itiens and accommodating future grownd movement. The

joint also provides a high degree of watertightness. Where

it is safe and practicable to do so, any minoar leaks may be
sealed by caulking or oiher approved methods, Pipes in
accordance with BS 5811 : Part 120 are produced with a

range of lengths, diameters and joint profiles. Special 2
pipes are normally produced for use behind a jack ing

shield and at intermediate jacking stations,




BS BODS : Part 3 ; 1980
Section two

2820 0.d.

254010 .d.

l

B

Direchion
of

Drive

A
I

9x equal segments 1
1

Elevation of leading end

R r

i et

: ! i, I

:.",_ o

i it

'..' Tal.:' '
Section A-A

Al dimengions efe in millimetres.

MOTE, This is & typical sirangamant and dimensions are shawn anly lor guidance.

Figure 2. Details and dimentions of typical expanded precast concrete segmental lining

635

Wedge key




BS BOOS : Part 3 : 1989
Section two

8 Insitu primary tunnel linings

In situ primary conerete linings are constructed in rock
tunnels, The tunnels may require tlemporary support or,

if the rock is competent, it may remain unsupported. The
in situ concrete is normally constructed to the finished
interral profile,

The finished thickness is datermined by design parameters
and also to accommadate the appropriate method aof
placing and compacting the concrete, Timber or steel forms
are used and, for lang lengths of regular erass section,
Aurpose-made steel wwavelling fdrms ara narmally employed,
The concrete may be placed by hand or by conerete Aurmps
and compaction is normally achieved by internal vibrators
and by vibrators attached to the forms,

The concrete grade showld be specified by the designer for
the required strength and durability. Guidance on the
specification, production and assessment of concrete is
givernin BS BOOQ7, BE B110 ¢ Part 1 and B85 5328, The
minimum cement content should be 325 ko/m? [see 5.3 of
BS5 8007 : 1987, The concrete should be sulficiently
workabie to enable i 1o be placed without segregation and
1o be fully compacied within the formwark: 11 should
develop strength &t a rate which s sufficient 1o allow early
stripping af the {armwaork.

NOTE. Spraved concrele can he used as a mathad o temporary or
BErManEnl suppart 1o arock tunagl, 1t ean also be used o construct
the linighed profile within a primasy linenyg, Steel mosh ar fibre
reinforcement may be incamaramd This form afl cangtructian Is
broadily dependent lor its ellectivensss an the selection al the
Fppropriate concrete mix and on the oie ol g tkilled operator,
athersese maledal wattape can be hagh,

9 Secondary linings

9.7 Brickwork

Brickwark may be used either a5 a sacrificial or as protective
lining, where the sewage is considered 1o be harmful to the
permanent Limng, and may consist of either a full lining or

a linirg to the invert only, Good quality nonabsorbent
engineering bricks in accerdance with BS 3921 should be
used, and the joints should be pointed with cement mortar
ar a suitable epoxy mortar,

3.2 Concrete in situ
Thne recommendations for primary Hnings given in elause 8
ilso apply to concrete in sitw but the concrete thickness is
normally between 75 mm and 150 mm. The formwork may
be ribs and laggings, ribs and steel panels or a steal travelling
shutter,
With a static shutter, as the concrete is placed, shaped
imber lagoings normally about 4 m long are erected behind
ind are supporied by circular steel ribs, The soffit is
ompleted by placing key blocks of shuttering between the
op laggings immediately prior to the placing af the
onerete, However, curved steel panels may be wsed as an
lternative to timber laggings. The conerete is noremally
laced either by hand or with the assistance of a conveyar
ira small pump, Internal vibratars may be used to shoulder
*wel but thorough hand ramming is necessary in the crown.
e formwork should be siripped early enough to allow the
resh concrete 1o be given a smoath finish,
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A purpose-made steel travelling shutter may be used for
canstruction of long lengths of similar section. The shutier
consists of a sieel form which [s hinged 10 allow stripping
and a traveller which provides suppart during stripping,
maving and re-erection. The shutter may be either full
circle, ar it may be set on an invert section cast earl ier, The
shutter may alse be 'Tully telescopic’ allowing for
continuaus placement of the concrate ar it may be
desigred for ‘length work® where conerete is paured
eyclically to stop ends. Concrete is normaily place by
pump or placer, through aslick pipe carried in the crown,
Care is required in the management of concreting to
prevent segregation and windows should be provided in the
farmwork 1o enable inspection and supplementary
vibration. Stripping may be effected in a matter of hours,
A% s00n a3 the concrete is sulficiently cured to prevent
‘plucking’, and the surface should pot require significant
dressing.

8.3 Precastconcrete

Frecast concreta is not commaonly used for secon dary
linings due to the practical tolerances inherent in tunnel
griving, Hewever, if required for hydraulic reasons, precast
concrete half-round channel units can be installed on 2
concrete bed and with benching in the invert of segmental
tunnels.

8.4 Glass reinforced plastics (GRP]

GRP linings are very resistant to attack by a wide range of
chemicals and are particularly usaful for sucondary lining
of tunnels carrying aggressive effluents, They consist of
chopped glass fibres embadded in 8 palymer resin matrix
and are usually laminated (see 7.1],

The sections can bi made to almoest any shape and size.
Thay are light in weight and the laminate possesces high
tensile strenmgth, The intarior surface is very smooth and can
be pravided with an abrasion and slip-resistant invert if
required. The annular space between the GRP lining and
the main structural lining needs to be grouted as specified
by the manutacturer as the work proceeds,

A GAP lining can be designed as a fully structural lining
and/or pressure main in accordance with BS 5480, Most
features of these linings, including methads of jointing,
are proprietary and covered by patents. Reference should
be made to the manufacturer regarding utage technigues.

8.5 Fibre reinforced cement composites

8.5.1 General. The use of glass reinforced cement [GRC)
a8 3 tunnel lining is better known than linings containing
fibres of steel or polypropylene. The linings can be made
1o almost any required size and shape to fit as dosely as
possinle to the shape of the main structure, They are light
in weight, which facilitates handling and installation. Most
af these products are covered by trade marks and patents.
The annular space between the secondary lining and the
primary (structural} lining should be pressure growted as
the wark proceeds. The type of grout depends on the
circumstances of each ease and is likely to range from &
simple cerment/water mixtura through cement/sand/PFA
or bentonite mixes to sophisticated chemicsl grouts
designed lor special conditions.




8.5.2 Glags fibres, In the case of GRC panels referenca
should be made to BRE Digest 33 [7] .

Apart from tha vulnerability of the Partland cement matrix
to attack by selutions of acids and high corncentrations of
sulphate (both of which are very seldom met in normal
town sewage), there is still the question of the long-term,
G0 years and over, durability of the special alkall-rasistant
glass Tibres.

9.5.3 Steel fibrex Steel fibres can now be obtained as
either ordinary steel or stainless steel. As these are assumed
ta be (and in fact should be) uniformiy dispersed
throughout the matrix, their durability i unlikely 1o be
advarsely allected unless either the cement matrix is

chemically attacked or physical damage aceurs to the lining,

9.5.4 Polypropglene fibres. Palypropylene is inert in maost
conditions which are likely to be met in public sewers,
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8.6 Other materials

Purpose-made linings of plastics have been used 1o reling ar
1o renew the inverts of sewers. These materials are
corvenient to use where the surface of (he sewer has
detericrated, as they provide a wear-resistant surface, Thay
are usually built inside the sewer by balting them together
and 1o the fabric of the sewer, The annular space is then
grouted under pressure. For man-entry sewers it is
impartant that the surface of the invert s slip-resistant 1o
men wearing steel-studded boots,

Asa cheaper alternative to a brick: lining, the invert of &
tunnel sewer may be lined with flat tiles or channels,

In hotter climates overseas whare hydrogen sulphide or
othar corrosive gases may oecur in sewer 5, PVC has b=en
used to line sewers above the level of the wetied portion,
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Section three. Construction

10 Construction techniques

10.1 Ground treatment

10.1.1 General, Ground treatment may be used for one or
ather af the fallewing purposes.
{a] Groundwater control, in order to;
11) reduce ingress of water 1o manageable quantities;
12} enable tunnegls to be driven withaut eompressed
air prat reduced pressures;
(2] limit compressed air losses in ground which might
othervise be 1oo open far the mathod to be viable.
\b) Sod srabilizarian, in arder 1o
11 bring the soil to a condition 5o that the faces of
the excavations are abile 10 remain unsupported over
limited spans whilst temparary or permanent
supports are provided;
[2) prevent [oss af fine material carried by inflow of
water which could give rise to face instability ar
surface sertlemant.
Soil is most frequently treated by one ol the following
techniques:
{il the injection of grouts or chemicals;
{ii} Treazing;
[wil other specialist wechniques, e.g. displacement by
cement based pastes and mixing in situ with grauts
may also be used, Dewatering, using wells or well points
may be wsed either on ther own or in combination with
grouting treatments to reduce groundwater pressure,
Advice should always be saught Irom experts in both
ground treaiment and tunnelling before attempting ground
reatment. In selecting the appropriate method it is
acdwvitable at an early stage of design to give datailed
considération to the technigues of treatment and
construction and their influence on programme ond cost.
It may also be appropriate 1o select a specialist contractor
fo carry ouwt the ground treatment work so that the detailed
techniques af wreatment and construction and their
wnfluence on programmae can be agreed

10.1.2 Ground information requirements for ground
treatment. For twnnelling in unstable ground, treaiments
are, for economic reasons, recessarily conliried to small
volumes of ground local to the wnnel, Thus, 1o pre-
determine the likely elfects af varigus treatments, i1 is very
rmgartant 1o olan loreknowledge of the ground
charactensiics within the zones actually to be treated,

The influence af fines content on the cohesion and
permeability of potentially unstable soils is very significant
and unfortunately varies rapidly and sometimes signilicantly
within a stratum, which can make the difference between
success and failure of a specific lechnigue, Hence remarte
information can be misleading, &,g. the micro-fabric may
be strangly anisotropic which will have a major influence
on Fluid flow through pore spaces, Fabric detail can have
signilicant influence an the stability of a wnnel face
depending upan refative orentation and scale,

Site investigation has already bean consiclered (see 4.4,
Where ground treatment is envisaged, studies to determine

" The swve size which 10 % ol (he snil passes

such propertics as in situ strength parameters, both drained
and undrained, in situ state of compaction {dansity),
permaability and porasity and fabric description should
also be considered. For grouting treatments, in situ
pormenbility should be determined by methods simulating
grout injection to abtain information on local variations,
Here pumping tests from wells ere inappropriate since they
reflect only the permeability of the most open lenses and
are thus applicable primarily to freezing and ground water
control by pumping. Preliminary guidance on the fikely
range of permeability of common soil and rock 1y pes is
given in Cripps, Bell and Culshaw [B8] and should be
checked for specific sites.

For preliminary assessments of appropriate stabilization
technigues, the most useful types of information, to
support accurate and detailed strata logs, are particle size
distribution and index tests. Both are relatively easily and
ecanomically abtained, Their potential shortcaming is the
small size of sample and destruction of fabiric by mixing of
canstituent particles in disturbed samples, possibly with
loss af fines, whan samples are extracted from below the
water table, [T is important to grade the whole sample,
including the finer particles, since it is these which
dominate those properties sueh as cohesion and perme-
ability which determine the treatments that may be
appropriate. Strata fabric may be ascertzined at depth In
soils by continuous samplers of either the Delft type or by
the use of consecutive open drive or piston twbe samplers,
Thesa samplers are raturned Lo the laboratory where they
are split open, photographed and descriptions are made of
the core fabric. These deseriptions are extremely import.
antwhere mixed soil conditions are ancountered, partic-
ularly in the presence of thin bands of silt

Figure 3 gives guidance on the usuel ranges of possibic
treatments in relation to the fine end of the soil grading,
i.a. the 0,," af the soil, The coarsar fractions of the soil
have little influence except with respect to ease of
penetration by boreholes and drilling tools,

Good infermation on ground conditions and properties
helps to reduce the risk of cost and time over-runs whilst
facilitating better engineering decisions,

10.1.3 De-watering. De-watering s narmally effective in
tands and gravels which are free from clay or silt but may
be extended into the silty range of materials by special
taiiured,
Cecp wells are more usually installed when pumping from
depths of more than 6 m ar when a discrete aguiter, such as
a buried channel, is the source of water, The filter zone is
set within the sguifer and a submersible pump is set in a
surmp within the casing below the filter zone. In finer
materials drainage may be pssisted by the application of a
vacvum to the casing.
Well peints are narmally limited to a depth of B m by the
capacity of the headermain vacuum to lift water fram 1he
weell point fil ter level. |n finer materials the followlng two
techniquas ara available:
(3l the system may be installed some time fup 1o three
weeks| bafore excavation 1o allow long term drainage;
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[lz] a higher effective vacuum may be applied at the well
point filter by wsing an aductor system”,
Settlement problems may arise, depanding on ground
canditions, if fines are pumped from sails of heterogeneous
grading thereby inducing piping. Care should always be
taken that no fines are extracted by the cheice of filters
appropriaie to the sail surrounding the wells,
Tha lowering of this water table may alto induce settlement
by increasing effective stress even in sands, Consolidation
effeen are particularly impartant on normally consolidated
and weak organic soils,

10.1.4 Injeciion of grout and chemicals. Injection of
liquids of appropriate rheological properties can reduce
permenbility and improve the strength of cohesionless
soils, Matural arching around tunnels alse helpsif the sail
can be made dense enough to exploit it.

When tunnelling in ground which is naturally stable but is
subject to water inflow, it is necessary only to reduce
water inflow 1o manageahls quantities,

An annular treatment some distance outside the tunnel
excavalion can help by providing a water barrier to reduce
axit grodients at the tunnel exeavation. In mixed ground
conditions this barrier need not be continuous as it may
ke sullicient to treat only those coarser lanses which carry
the water, This 15 comparatively easy to achieve but care
has to be taken to onsure that filling course lenses or jaints
will not de-stabilize untreated zones of finer porasity by
imcreasing the hydraulic gradients thraugh them.
Instability of the ground may arise either from inward
flows ol groundwater or because of insufficient inherent
strangth in the seil. Strength can be improved either by
unitarm permeation 1o give particle to particle banding or,
sometimes at depth, large prassuras can be applied safely to
comgress and consolidate the ground. This technique is
applicable in soils of siit size, Finely fragmented rock or
sirmilar raterials, Improving the strength of a soil uniformly
b3 injection is comparatively difficult and requires careful
matching of grouting fechnique to ground type.

Cemept grout particles are oo large to pass between the
pora spaces of sands, ar gravels containing sand, without
disturbing the soil structure, 1t is enly possible to inject
epment of bentonite grauts into such materials by
fracturing them and so 1orming fissures, When the grouts
are thin and water-like these fissures are usually a few
millimetras wide and may extend tens of metres from the
point of injection in directions controlled by the state of
stress exicting in the ground, Particles are not bonded in
this procass and the Tissures may intersect contalned lenses
ol coarse open gravel which are then permeated by the
grout. Furthermore, fissures of grout often extend
wasiefully beyond the réstrictad zone of treatment
normally required around tunneis.

Thickening cempentitious pastes, howeaver, limits extansive
travel in fissures and can inhibit farmation of fissures when
stitfensd to the consisteney of maortar. Such grouts can be
used to comprass unconsalidated ground to stiffen it. Such
grouts are also used behind tunnel linings {see 10.11).
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At shallow depths for particle bonding and water stopping,
permeation injections are essential and grouts have to ba
cartfully chosen to be capable of permeating the finer soil
types. Soils containing sand require a particle-free liquid
chemical grout. These i1 to weak gels in contrallabie 1imea
inteérvals of about 10 min to 890 min accerding o
proportions of their constituents and ground temperaturs.
The cost of injection usually increases considerably
according to the fineness of the sofl, as closely spaced
injection heles [1 m to 1.5 ml are needed for contiguous
gverlapping treatments. Since the range of injection fram a
single pipe is limited both by low permeabllity sand
maximum pressure applicable to avoid fracture and uplity
of the ground, the effectiveness of treatment is feast if the
initial permeability is at the low end of the appropriate
range of application,

Many of the materials used for chemical grouting are
considered to be unacceptable because of toxicity harards
[see CIR LA Report 95 [9]]. Tha main hazard is due to
temparary dctivities such as spillage of materials 1o drains
and washing down plant during application of treatments
rather than after injection and gelation in the ground. As a
result, chemicals currently wsed are restricted mainly 10
those based on sodium silicate of which there are many
variants,

Treatment is wsually given to both the ground, through
which the tunnal is to be excavated, and 1o an annular
zone surrounding it since this is more reliable than annulzr
treatment alone for all but large tunnels,

Treatment by injection can be carried owl aither fram
ground surface or fram the face of the tunnel. If treatment
ig-carried out from the surface, it may be earried out
independantly of tunnelling work, well ahead of
excavations. However, fram the face of the excavation,
practical constraints usually limit the distance trested
shead of the face to 2 1o 4 tunnel diameters. Since many
hioles are required at spacings in the range ol 1.5 mio 2 m
to form a co-axial truncated conical zone of treatment,
the time required lor treatment is frequencly much longer
than that for excavation. Disruption to the twnnelling cycle
makes this methed gererally uneconomic unless either
1ccess or depth preclude other ways.

Im fully decomposed rocks or unconsolidated soils,
unifermity of treatment is enhanced by use of valved
injection pipes {tubes amanchettes, ¢, pipes with sleaves
[see Bruce and Shirlaw (24] )], Their use is essential where
the width of treatment required s restricted to a few
metres. The technique constrains the entry of grout into
the ground to pre-determined positions and fo increases
the prospect of unifarm results.

All grouting, and permeation grouting in particular, is
highly sensitive to small variations in ground propertics.
Once grout leaves the injection pipe the only contral is on
pressure and rate of injection and the direction is
determined by aatural circumstances. For accurate
placement of growt, 11 follows that it is best to inject small
quantities at a time and to use a relatively closely spaced
array of injection pipes. One or more repatitions of

* A eduster i3 8 smple veniuri sysiem uring matue wmper gome three o five 1imas in rxcess ol the water 10 he ariracted and producing a
fagh lovel of vacuwm &l tha leval of the Tilter, The tysiem may alio b uied 1o increasa the depth at which 8 wellpoint syitam may be uied
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injection are alse essential for formation of cantinuous
blocks of treatment, as initial injections will naturally fiil
anly the mast open pore spaces. The quality af the result
vepends largely an these factors, which are diroctly related
e the cost ol the works.

1S Grownd fevering. The technique of ground freezing,
whereby the water in the ground is frozen, may be used 1o
stabilize running and weak ground andfer limit the ertry of
wedter into shaft or tunnel warkings during construction. It
may be carried out from the surface or from the tunnel face
depending upon local conditions,

Freezing is carried out by circulating refrigerated liquids

through pipes installed in the zone of ground to be frozen,

The liquid is wsually recirculated and re-cooled so that the

pipes consist of a concantric system with flow down the

centre and up the annulus. Sometimes, il the cooled liquid

18 gasenus at atmospheric pressures, it may simply be

evaporated within zach freeze-pipe during a single pass.

The range of soils to which freezing may be applied s wide

isee figure 3], [ts use in the coarser sails, particularly in

open giavels, i restricted by considerations of cost as the
freezing load may be excessive, with large volumes of
cantained water 1o be frozen, and with free movemant of
walter likely, High ground water [low may make the method
impracticable in clayey soils. The type of elay minerals and
their fineness sometimes inhibit freezing of pore water and
aceasionally cracking oceurs in frozen clay soils, thus
opening potential leakage paths and weakening tha material.

The treatment is best applied in any muoist or saturated rack

Fermation or in wezk, running, or heterogeneous bouldery

ground,

Ground investigation [see 4.4] should establish the sail

ty pes to be frozen and the volume of water in voids, The

soil need not be fully saturated but this is preferable. Saline

waters require freezing at depressed temperatures
demanding mare energy input. Freezing properties vary
with lithology and may require differing freezing loads or
freeze periods for speeillc strata®,

Soils such as silts are prone to ground heave because the

balance between capillary suctions and comparatively high

parmeability is such that water can be drawn into them
during (reezing. |1 uncontrobled, this can amount to 5 % to

10 % af their frozen depth, however, contrel techniques

are available which can limit such meovement to small

amounts. Heave arises from a continuaus formation of ice
lenses rather than fraom expansion of water on freezing,

On thawing, any extra weter drawn into the frozen zone

results insoftening of the ground and this has 1o be taken

inte account whan considering the leading on the
completed structure. Again the problem It most apparent
in silty sails of low plasticity. Thawing may also require
sevaral weeks 1o complete and may hinder subsequent
warks.

Two methods of freezing are commonly used as follows.
(al Brine freozing. The eireulating liquid is usually a
caleium chioride brine, cooled to temperatures of about
=25 "C e - 35 °C by means af 3 refrigeration compressor
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charged with ammania or Freon, For mast soils a1 1hege
temparatures hole spacings are wsually T mta 1.5 m. The
freazing period requiced is about 3 1o 127 weeks,
according to circumstances, in arder Tar the qrowing
frozen eolumns surrounding each freeze pipe to coaleps
and the resulting ‘wall® to gain suffisient thickness.

[b) Mitrogen freezing. This method is quick, with
freezing periods of 3 to 7 days, arising from frepze-pips
temperatures as low a5 - 100 °C to - 196 °C. After
evaporation in the cirewit the resultant gas is exhausted
to atmosphere well claar of aceess shafis and the like,
The single-pass non-recirculatory nature of the methad
is costly and because of this it is usually used sither for
small-scals works, 1o deal with emergency circumstances,
or ancillary to brine freszing, i.e, for accelerated
commencement or boosting at critieal poinis.

A sufficient thickness of frozen ground should be
maintained between the face being excavated and any
pipes thraugh which liguid nitrogen is being circulated,
At all times the atmosphere in the tunnel (o shaft] shauld
be menitered far oxygen deficiency. Appropriate
evacuation procedures should be established on-site prigr
to work starting and all persons in the twnnel (or shalt)
should be aware of these procedures.

10.1.6 Specialist techniques. Where comparatively small
rones of soils have to be stabilized and whare there iz
reasonable sccessibility for plant, the cost of establishing
freezing in silty ground may be prohibitive and grouting
inappropriate. In such cases treatments, which displace
natural soil and mix it in situ with cementitious grout or
rernove the soil and replace it with grout, are possily
applicable. This can be dane either with direct mechanical
mixing in sity by means af auger-like toals through which
groul is injected or by jet grouting, which employs a
rotating high pressure jet to erode and fluidize the sofl
replacing it or mixing it with grout simultaneously injected,
These systems are appropriate in sails ranging from silis
through to sandy gravals and in somg weak clays, Jetting is
restricted in strongly cohesive soils since these resist
erosion.

Both systemns praduce columnar masses of treaiment,
Contiguous columns provide structires of any shape, sub-
ject to accessibility of equipment, Multiple thickness af
columns may be necessary to reduee the risk of leakages
of unstable soil or water at improperly overlapped joints.

Jetting systems recirculate suspensions of soil or grout at
pressuras of 400 bar to B00 bar, If the recireulation system
becames choked at the borehole these high pressures can

be applied directly to the ground, resulting in considerable
heave of the ground.

The resulting treatments are comparatively uniform and
have the character of sisbilized soil cament with unconiined
crushing strengths upwards af 1 MN/m?.

The mechanical mixers can be used insoft clays wilh high
water content for lime stabilization.

"'Nare teos (hat in tropical eountries groundwater and ambiont soil temperatures may e much highar than v temperate zones.
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Expert specialist advice 15 necassary balare applying thesa
comparatively novel sysiems.

10.2 Preliminary tunnel swupport in soft ground

10.2.1 General, A shield is commanly used in soft ground
to protect the miners excavating the tunnel and to enable
the lining 1o ba arected. Exceptions are stable formations
such as stiff clay where the ground may be sufficiently
sirong 1o femain sellsupporting for the time taken to
axcavate il and erect a ring of lining.

The shield is propelled orward by jacking-off the already
erected primary lining and may also be fitted with face
jacks and boarding to support the excavation.

Precast concrete linings, a3 described in clauses 7 (o B,

are comrmonly used 1o provide both preliminary ground
support and the primary structural lineng of the twnnel,
Bolted and unbolted precast segments are erected within
the (ml skin @t the back of the shield. |n special
circumstances, shield driven tunnels ean be installed to
harizontal gr vertical curves using narmal segments packed
as necessary o, for mare severe curves, using specially cast
tapered segrments.

Tunmels located below the water tabile in cohesionless soils
with an undrained shear strength (¢, | [see appendix B) at
ar clote 1o 2ero, almost ahways need either internal support,
such as compressed air, or ground treatment to licrease the
strengih of the ground. Abowe the water table the apparent
cohesion deriving from the capillary larces in the water in
the voids of such soils is, in many instances, sufficient to
provide a stable face. Even when such farces prave
inadequate and instability develaps the measures needed
ta maintain support are not great and face bodards snd/or
sand tables are useally sulficient 1o contrel the ground.
Ag has been explained, the intreduction of a tunnel dis-
turbs the in situ stresses and inevitably causes movement
of the ground. This is usually only o prablem with soft
ground travelling in built-up areas where buildings can be
put at risk and services such as gas and water mains and
sewars can be encdangered. Guidance on tha estimation

of sattlements caused by tunnelling can be found in Atte-
well, Yates and Selby [10], 2"Reilly {11] and O'Reilly
and Mew [12].

When unstable conditions are likely 1o arise during
tunnelling, the metheds of construction have to make
provision either Tor support within the tunnel or increased
ground strength by treatment, although occasionally,

a combination of both techniques may be adopted. Ground
treatmant could consist of any of the technigues deseribed
in 10,1, Support within the tunnel is normally provided by
compressed air but closed:face technigues using either
prissurized fluids such as water/bentonite mixtures-or

earth-pressure balance sysiems are on the increase,
10,22 Compressed air

10.2.2.1 General In a wide range of soils varying from
weak clays to tands below the groundwater table, tunnel
face stability may be improved by applying compresied air,
This technique can alsa be used to reduce water inflow
tending to dry the face and thereby making excavation

and liring erection casier,
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The dealled statutory requirements which apply are set
out in Statutory Instrument Ma. 61 [ 13]. More recent
detailed recommendations are given in CIALA FRepart 44
[14] and also in BS 6164,

Although the maximum pressure permitted by Statutory
Instrurment No. 61 [13] is 3.4 bar, the technigue is more
commonly used at pressures below 1 bar, At working
pressures gver 1 bar more stringent canditions apply
including the necessity for steged decompression of
parsonnel and provision of medical locks and medical
attendants. These lactors impose economic penalties but,
because sewers are generally located at shallow depth, it is
unusual lor compressed air above 1 bar to be used for the
construction of sewers in tunnel.

Compressed air working requires installation of either shaft
ar tunnel locks and substantial mechanical plant and
stapdby equipment. Installation usually represents a
significant expense and can delay the start of tunnelling
unless planned from the outset [see also 10.6.2).

The choice of alr pressure for practical use is largely a
matter of judgement. Compressed air may be applied 1o
balance the hydrostatic pressure in the invert, This will
keep the face dry but the out-of-balance pressure in the
crown will tend to increase air loss and the risk of 3 “blow’,
or sudden |oss of air pressure, and consequent Immediate
reduction in face stability. It may be preferable 1o balance
thi hydrostatic pressure at some point below tunnel axis
thereby reducing the risk of a blow, praviding that the less
stable tunnel invert can be accommodated, During the
coursa of the tunnel drive, as topographical and geo-
technical conditions vary, so the pressure applied should
also be varied.

Air consumgtion is related to the permeability of the
ground, the pressure applied compared with the hydrostatic
pressure, the size of the tunnel and the length of tunnel
previously driven which is not completely sealed. Apart
from the consequences of a blow, air can also escape
through nearby boreholes and drains or even through
weaknesses caused by piling or basements, Due to the
intiuence of all these variables air loss can be expected to
vary from site to site. It is, therafore, necessary 1o provide
reserve compressed air plant on site,

Boreholes should be located well clear of the tunnel
slignment to aveid providing a direct route for air loss
{see 4.4],

10.2.2.2 Subagueous tunnels. For subagueous tunnels,
the site investigation should determine an accurate profile
of the river or sea bed. Suitable technigues are described
in 6.5 of B85 B00S5 : Partd : 1987,

In subagueous tunnels, the compressed air pressure to be
applied should be very carefully considered because the
cansequences of a biow may be very serious. There needs
to be sufficient ground resistance above the tunnel ta
provide an adeguate factar of safety againgt heave or a
blow. Tidal fluctuations, including spring or neap con-
ditions, should be taken into account. Previous case
histories should be reviewed and an appropriate lactor of
safety should be derived, as a matter of judgerment, after
consideration of all factors. In some circumstances, it may
be necessary o lay an impermeable blanket on the river
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Hmits on the vilirations caused by blasting and the time
when it is done.

in recent years, mechamical excavation using partial-face
tboom header] tunnelling machines and full-face tunnet
boring machines, has increased but a substantial length of
twnnel drive in uniform ground conditions is gengrally
needed 1o justify the use of full-face machines,

With all types of plant and equipment used in tunnelling
the danger of incendive sparking in rock formations Hkely
ta contain methane has 1o be recognized. Such consider-
atipns may renuire the use of explosion-protected electric
apparatus and the limitation of cutting tool peripheral
speads In rock formmations such as the Coal Measures in
Geeat Britain.

The campressive strength of rock which can be cut using
tha more wival type of boom header machine ie limited 1o
about 50 MPa to 60 MPa, in genaral terms, bul the spaging
of discontinuities also has a considerabie influence on
maching perlormance. The heaviest baom neaders can cope
with racks having strengths af up to twice the above values.
Full-dace tunnelling machines are capable of cutting
stronger rock but are unlikely 1o prove economic for
strengths much in excess of 200 MPa, partieularly if the
rock is abrasive and massive

Any temporary support applied to the tunnel periphery
has 1o be capable ol supporting the graund untll the
primary structural lining can be placed, which wsually
consiats af cast in silu concrete in sewer tunnels. The
remporary support s nearly always lefl in place and
therefore farms part of the permanent structure. The
rraditignal method ol temporary support in the UK has
been steel ribs and lagging. Mare recently rock bolts and
sprayed concrete have been used effactively as temparary
support in larger tunnels but, as yet, have only rarely been
used in the construction af sewer tunanels (see 10.3.4).
Where either ribs and lagging or rock bolts are used as
iemporary supporl to the periphery of the tunnel they have
19 be capable of stabilizing the grownd until the primary
lining is placed. Guidance on the design of temporary
support in rock 1unnels can be louad in Bieniawski [18]
and Heek and Brown [17]. Alternatively precast segmental
linings ar jacking pipes can be used to provide both
areliminary tunnel supporl and primary lining

simul taneausly,

10.3.2 Abs and fagging, Ribs (also called arches or steel
sets) are cold rofled from standard steel sections and are
usually fabricated in bwe or more sections o facilitate
handling and installation, In the UK, ribs are usuaily arched
in tunnels driven by dreill and blast although full circle ribs
may be used in sgueering ground and are also more suitable
lor circular machine driven lwunnels. Foot blocks are usually
placed at the feet of arches to transfer arch loads o the
wneel fiogr. Some typical rib profiles and sections are
given in BS 227 and in Craig and Muir Weod [18],
Langitudinal support between arches is provided by tiz
bars or spacers. Spacing henween arches is typically 1 m in
3 3 m diameter unnal, but would vary depending on
ground conditions between about half and ane-and-a-half

limes this value,

Lagging behind and spanning between the ribs can be of
corrugated stes| sheets, wire mash, stael bank bars and
trench sheets. The use of untreated tirmber inany guantity
should not be allowed because it may decay in due course
leaving a vaid behind the permanent lining. Rock loads are
transferred to the ribs via timber wedges, grouted bags or
packing arownd the tunnel periphery or directly through
the lagyging.

10.3.3 Aock bolts. Rock bolts may be usad elther as a
form al rock reinforcement or 1o suppart individual blocks
of rock in place. Many dilferent types ol rock bolt are
available, The most commonly used types are described by
Dougias and Arthur (18] and Hoek and Brown [17]. Reck
bolts are typically half 1o two-thirds the tunnel diameter in
length and installation is inevitably difficult in the smaller
sower tunnels. There are two main types of rock bolt as
follows:

{a] the point (mechanically) anchored balt; and

(b} the fully grouted (resin or cement mortar] balt.
Prior 1o the installation of rock bolts it is essential to scale
rock recently exposed by blasting. |1 is prabably not
practicabie or economic to install rock belts in wnnels of
less tham 2.5 m diameter.

10.3.4 Sprayed corcrete. Sprayed concrete conzists of a
mixture of cement, sand, aggregate and water that is
preumatically applied at high velocity from a nozzle onio
a surface, There are two different processes lor conveying
the material to the spraying nozzle as follows.

[a] The dry process, This is most commonly used in the
UK. The salids are mixed dry and are conveyad
preumatically to the nozzle where water is added,
under pressure in a fine spray, anly a fraction of a
second before placing the mixture. Additives to
aceslerate the setting of the concrate may be added 1o
the dry mix or to the water at the nozzle.

(b] The wet mix process. A low-slump caoncrete is
pumped at comparatively low velocity 10 the nozzle
where compressed air is applied to accelerate the
material 1o a higher velocity for placing.
The main advantege of sprayed concrete over poured
concrete i3 that it can be placed without the use of
farmwork and can be applied 1o alrmost any thickness to
suit the tunnel support requirements, [t can be used with
gr without reinforcing mesh and also in conjunctian with
rock bolts, steel ribs or any other form of temparary
support.
A major disadvantage of sprayed concrete, particularly
using the dry mix process, is that the quality of the
eancrete is very dependent on the skill of the nozzle
operator whe controls the amount of water that is added
to the concreta, A proportion of the sprayed concrete also
rebounds and can amount to as much as a third of that
applied, For effective spraying, the nozzle operator needs
to be abowt ¥ m to 3 m sway from the surface being
sprayed and, therefore, it is genarally not practicable to
spray concrete in tunnels smaller than about 3 min
diameter,
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The use ol sprayed concrete for tunnel suppart together
with details of spraying machines and mix designs is
cescribed by Hoek and Brown [17].

10.4 Methods available for primaey lining

10.4.1 Getleral. The priciary Lning usually has ta fulfil
several requirements, With a shield drive, the lining provides
a thrust block allowing the main rams to thowe the shisld
forward. Where 3 primary lining only is used it should be
designed 1o carry the worst cambinations of ground and
groundwater loading expected during the life of the tunnel.
Where a secondary liniAg is provided, this is commanly
designed {0 carry the groundwater pressure which may leak
thraugh the primary lining, The desigrer should be sure
that the combined primary and secondary linings are
capable al sustaining the mest advarse combinations
Expeciid.

M a secondary lining is not provided the primary lining has
to be fit to transpert sewage. The design may need to take
account of conditions when the sewer is temporarily empey
tor inspection as well as when under 1he designed operating
Arad. The smaathness of the finished lining influences the
sewer’s hydradlic capacity. Conventional balted preformed
segrments will normally réquire a secondary lining to provide
a satislactory surface linish, Smoothbore linings ar {see 7.2}
jacking pipes see 7.7 ean be used or an internal insitu
cancrete ning can be placed within the bolted segmental
lining, Linbaited smoothbore linings should not be used In
erodable ground where fluctuations af intarnal Auid
prossure may iead to the farmation of voids behind the
lining

Insome circumsianees the chaice of preliminary ground
support leads inevitably to a particular form of primary
lining. Faor instance, in hard rock where rock bolting and
mesh have been used as preliminary ground support it
wiould be vsual 1o ept for any in situ concrete lining.
Methads which employ shields and mechanized tunnelling
equipment for provision of preliminary ground suppart
generally result in a preformed segmental lining or jacking
pipas lining,

10.4.2 Preformed primary finings. Preformed segmental
reinforeed eancrete linings (see clause 7) are available in
aranga of itandard sizes, These take the form of either
balted ar smoathbore linings connected by proprietary
tixings or a range of either spigot and socket or butt-jointed
gipes for pipe jacking (see table 2}, For large projects of
where loads are more extrgime [t may be economic 1o design
1 special lining for the purpase. Althaugh cast fron
segmienial firings were used extensively in the past, they
are rarely wied at present, except under special
circumstances, because of thelr high cost.

Whether standard or special linings are to be vsed, it is
necessary to check that they are adeguate, both in the
temporary construction gendition and in the final design,
Guidance on the design of tunnel linings can be lound in
’Roaourke [20], Muir-Waed [21] and Curtis [22]. i
necessary, special linings can be designed 1o cope with the
specitic conditions, far example, chemical atack.

Im soft graound preformed segmental linings, as described
5.2, are the most wsual form of primary lining, Expanded
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preformed segmintal rings (see 5.4) may bie used whare 1he
stand-up time of the ground i:ljufl'icient to enabie a
camplete ring t8 be constructet in the ring width expasae
by the tail-less ghisld, Thay nreiui:e use af g shicld In arger
to tut a smoaifl profile and alfo to facilitate rapid erection
and final ring gampletion whigh may either be by jacking
or by the use of tapered wedge biocks.

Economies arg 6lten possible by the use af such expanted
rings and |'ap|':‘._|_ pragress rates ean be aghieved, The lining
may also be rdlatively cheap, as induced moments are Tonw,
dut to the lashe number of segments 1o reinforcement can
be minimized or absent altogether. Great eare has to be
taken, however, aver the dasign af the juint configuration,
which has to be able to aecept a degree of building
imperfection and yet tolerate high eantact stresses, The
high eontact stresses induce tensile forces within the
segments.

10.4.3 Primary {inings ploced in situ, An in sity cancrate
lining (see clawe B] may be used within a tuannl with
temporary ground support such as steel arches and lagging,
or rock bolts with mesh or spraved conersts,

Shuttering can ba in the form of ribs and lagging sfthough
for longer tennels it may be economie ta empioy a
travelling shutter,

Inrock, in situ concrete Is usually used 1o Torm a primary
lining. As well a5 supporting any loading fram the rack the
concrete acls 1o prevent deterioration and erosion of rach
and 1o provide the smooth finish required by hydraulic
contiderations,

Spraved concrate linings mav be applied 10 self-supporting
rock or to rock reinforced by rock bolts and mesh, so that
no other secandary lining i required. |n rack sxcavated by
drilk and biast the resultant finish would be expected ta be
uneven due to the unavoidable overbreak varistions,
However, in rocks cut by roadheader, 3 more even finish
may be achisved. A combination of 3 mass concrete invert
and spraved concrete arch may provide satisfactory surfaca
finish. Sprayed conerete can be reinforced with steel fibres
for extra strength and toughness,

10.5 Secandary linings and internal finishes

A gmooth internal finish s prelerred in sewers 1o satisly
hydraulic requirements of the sewer, When these conditinns
are not met by the prirmary lining then a secondary linirng is
placed within sither all or the lower half, The usual form of
secondary lining within 8 segmental tunnel is in sy
conerete. Infill panels may be used to improve the
hydraulic capability of ribbed segmental linings. The |
secondary lining can also be used as a sacrificial lining If the
sawer [s o carry corrosive liquids, Alternatively, a brick or
eeramic tile lining may be used with epaxy pointing as a
cereosion resistant layer, Precast concrete pipes or channels
are also used as secondary linings.

In variable or unstable ground or where reverse gradients
are critical it is efter difficult 1o drive the tunnel and erect
the prirmary lining to tight tolerances as required by
hydraulic design considerations, |n such circumstances it
may be appropriste 1o increase the internal diameter of the
initial tunnal and use the secondary lining to regulate the
prodile and so achieve the final alignment required,

(5]
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10.6 Shaf1sinking

10.6.1 Ground treatmernt, Situatians sometimes arise
where the soil conditions, as indicated by the ground
investigation, require some farm of treatment to be applied
bBetare shaft sinking con commance (sae also 10.1). The type
ef treatment applied is often influenced by the system of
shalt sinking adopted. The following include thase most
commaonly used;

la] sump pumping during excavation;

(] de-watering prior to and during excavation:

ol chemical or eement grouting:

It} chemical injection and stabilization:

(el graund replacement aof the defective 2ana;

1) ground freezing,
These and other ground treatment lechnigues, which may
be used in the tunnel drive itself, are described in 10.17,

10.6,2 Merhod of forming shaft, Shatts are usually
canstructed ih sdvaner af, and on 1he line of, tunnel
driving altheugh accasionally, it may prove eeonemical 1o
sink some of the shafts far manhales after cantinsaus
construction of the tunael. These shafts should normally
be sited in public ground and may be used to form access
manholes on the completed sewer, Theee are three common
methads al larming a shaft as follows.

[a] Excavating ring by ring and lining the shatt by under
pinning the previoushy construgted tings with the nest
consecutive ring built. Linings are usually of pracast
concrete but east iron segments or steel liner plates are
used in appropriate circumstances. The upper rings, at
grawnd level, are usually held in an insitu concrete
collar, The enmaining rings are grouted as each stage is
completed to Ml any vaids behind them so that the
cverall structure &3 in equilibrium.,

(bl Open caisson method, where normal practice is to
use segrmental rings. To start sinking a shaft, a segmental
cutting edge ring is erected at graund level followed by
a choker ring which bath have an external diametar
slightly greater than the nandard rings, Standard
segmental rings are then built abeve and the whole is
sunk to level in stages by excavating within, allowing the
fings 1o settle and building further rings at the top.
Sertlement may be under selfaweight but is vsually
assisted by kentledge weights which can also be used to
control verticality, The cutting edge may be constructed
of steel or of reinfaresd concrate, tha cholee depending
on ground conditions and the depth of the shafr,

A bentonite slurry is mainiained in the annular space
around the shaft, as sinking proceeds, to support the
grownd and lubricate the thaft extrados. The slurry s
kept topped wp and care has to be taken not 1o allow
its escape beneath the cutting edge, The bentonite s
displaced with grout when sinking is complata,
commienging at the bottem and working upwards in
continuous operatian. A concrete cutting edge is
narmally left in place while a steel cutting edge may be
recovered or left in place depending on ground
conditions,
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(e} Excavating and then placing a lining af in situ
concrete as work proceeds, This process i more
cemmon in rock strata and for ming shafts whers an
irregular shape may be required,
The air lock needed when driving a tunnel in compresied
gir may be located vertically in the driving shalt but is
more usually placed horizontally 51 the start of the tunnel,
Shafis sunk in advance of tunnelling, and thraugh which
the tunrel is to pass, are fitted with air decks,
Alternatively minimum-diameter shafts can be sunk 1o the
side of the tunnel when driving is complete and it may bo
necassary Lo ra-préssurize the tunnel to effect the
connection with the shaft. The choice of eption (& largely
a question of eeenamics and ground conditions at the
manhaole positions.

1W0.6.3 Access to shalt. Adequate means of access into and
egress from the bottom el a shatt should be provided,
Ladders with cages and rest platforms should be s talled
a5 well as any mitaRanical etank or hoist arrangements.
Where possible, the access part of the shaft should be
physically separated from the matarials handiing area,

10.7 Excavation

I hard rock. excavation is commanly achiesved by drilling
and blasting. In softer rocks, mechanical boring systems ars
available which are similar in principle 1o those used in
machanical-soft-ground tunmnalling. The systems wsed are
froquently associated with 2 particular method of support,
The least disturbance is caussd by 2 tunnal constructed
rapidly at depth with face support, if neeessary, and with
early exparsion or grauting of the lining,

In soft ground, the release of stress at the tunnel face will
allow some movement of the ground both laterally and
vertically which will result in subsidence at the surface,

The amount of mavement will depend on the method af
canstruction used and the care with which the tunnal it
driven. Expert advice from an experienced engineer should
be sought who would have available a soils report and
recommendations from a specialist in soils mechanies,

[T a shield is not used during excavation, other ground
suppart such as imbering may be necessary. In no cass
should the exposed working face remain unsupporied for a
sufficiently long period either to endanger 1ife ar the safety
of the tunnel. Tunnel driving in water-bearing graund may
require the use of compressed air, bentonite support or,
where the ground is particularly unsztable, ground trestment
using any of the methods deseribed in 10.7. In any of these
cases, in foft ground and whare the excavated profile is
irregular, @ bolted conoreta lining is generally used,

10.8 Headings

Headings are used for replacing and enlarging existing
conduits, in which case the hazards associated with working
in sewers should be taken inte account [see Sate working
in sewers [23] 1,

A heading is normally employed whera other tunnelling
techniques are unsuitable, As a nonctandsrd farm of
structure it is well suited to changes of direction and shape
not appropriate to prefabricated standard tunnelling
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designs. The cross-sectional area can be varied according to
the service or services 1o be earried, it is normally used in
short lengths and is capable of being used uncer a wide
variety of ground conditions, However, as for all tunnelling
methods, unlass carried aut under strict supervision the
subseguent effects of using this method may be setfizmant
and damage ta property, The support of the periphery of
the exeavation, whether timber or other materials should
be designed to prevent the loss of ground outside the
excavation line. Proper consideration should be given (o
the follgwing:

{a) soils information from barings;

(] the location and proximity af adjacent services and

water oourses.

[} adjacent struciures,
A heading may be réctangular, vrape zoidal or arched and i1
should be large enough 1o allow the etlicient layirg and
jointing ot the pipes ar gther construciians and the
subsaquent placing ol approved packing. The smallest size
tor proper working, allowing for man entry, is abeout
1300 mm clear height and 750 mm clear width at the
hottom but with space for ground supports 1o be
considared in addition, Timber is the most commaon form
of lemporary structural support,
The materizls used For packing the space between the
temporary ground suppart and the installed conduit should
not be placed until sach unit of thie latter has been laid and
inspected for ling, level and imtegrity. Great care shauld be
taken when packing a heading Lo elieninate voids and
pressure grouting may be necessary. Any timber 1o remain
i place should e pre-trested with a suitable prese rvative
{sae 10.2.4]. Testing should be carried out progressively,
When deswatering is nacessary the pracautions which are
marmally taken in open.cut construction should be
lallowed in consteucting headings, i.e. the prevention of the
removal of line material, the compaction or consalidation
af ihe ground and the grouting up of sub-draing on
completion, elc.
Cattlement may ocour later as a result of the detorioration
of buried timber,

10.9 Pipe jacking

Pipe jacking is 3 method ol sewer construction which
provides a strang monalithic prefarmed lining incorporating
flexible joints. It has considerable advantages when
campared with ather methads such as watertightness,

fewer joints, no requirements lor secandary lining and

goad flow characteristics.

The pipe jacking process consists of transmitting a
horizantal foree fram a vertical ground surface of ancharage
by means of large capacity hydraulic rams that jack pipes
farward, whilst excavation is taking placa at the shield face.
The material at the face is excavated either by machine or
manually by a skilled operator who alio controls the
direction of the pipeline. The excavated material is removed
algng the pipeline gither in tyred or rail mounted skips or
by conveyors or ducts.

The shield at the frony, which provides protection of the
warking space, is usually designed 1o enable the face 1o be

boarded as required and has mechanical or hydraulic rams
acting against the |ead pipe 1o effect steering, Deviations
from line and lewel are (o be expected but these should not
noimally exceed £ 75 mm in line and £ 50 mm in level.
Engineering supervision should be provided in arder 1o
contra! the accuracy of the pipeline and the vse of lasers
considerably assists this task.
In soft-ground conditions, remotely controlled methods are
now available for pipe jacking using bentenite or siurry
machines, This technique is especially suitable for tunnels
of non-man-entry size.
For pipe jacking, the thrust pit has 1o be long enough to
accommuodate the jacking rig, pipe and thrust wall. The
thrust pit may vary Lo accommodate the different types of
equipment and pipe lengths and diameters in use, but is
normally 4 rm 10 6 m long and 3 m to § m wide. Longer
pits may be necessary for mechanical shields.
The reception pit dimensions need only be sulfizient to
gnable the shield to be retrieved, Pipe jacking is regularly
carried out from 1he fallowing typas of thrust pit:

(al trench sheeted;

i} sheet piled;

{c} segmental shaft;

{d} battered excavation.
In shallow application or where jacking is taking place at
ground level, such as through an embankment, the jacking
reaction is ofter provided by construgling a purpose-madle
thrust block.
What is achievable In pipe jacking lengths is dependent
upen a niember of inter-related and variable factors as
follows:

[1) the arching and friction characteristics ol the ground;

[2) the self-weight and strength of the pipes;

(3] the diameter of the pipe;

(4] the type of shicld;

{5) the available jacking reaction,

{6} any specialist enginearing tachnigues wsed to lengthen

the distance jacked.
The use of intermediate jacking stations introduced into
the line between two special pipes, as the thrust proceeds,
reduces the jacking force required and assists in permitting
installation of long pipelinegs.
The pipe j2ek shield is designed to produce a small
overbreak to the external dismeter of the pipeline, By
injecting & lubricant inte this overbreak the Iriction farce
betwetn the pipaline and the surreunding soil can be
reduced, resulting i a reduction of the jacking force
reguired 1o install the pipeline.
The major constraint will be the nature of the ground and
water content, Inappropriate use may result in en aborted
push and costly recovery measures,
The pips jacking contractar will normally prefer to install
the pipeline in an upgrade direction. This enables any
water met at the face to be dealt with at the thrust pit.
Jacking down gradient can take place in wet conditions
by wsing face pumps to control the water.
Pipe jacked pipelines can be installed 1o harizontal and
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vertical curves dependent on ground canditions and pipe
design but thit is an aspect where specialist advice should
be abtained,

10,710 Auvger and thrust baring

Auger and thrust boring are methods of pipeling
canstruction for pipe of diameaters usually smaller than man-
entry site. Because of lack of accuracy, they ars usually
confined to shert lengths such as under road or rail
embankments or suburban streets.

Auger boring entails the advance of a stee! outer tube
within which a seraw auger both removes the spoil and
carries it back into the pit. The (ube cannot be steered
and the location should be carefully chosen to avoid
abstructions or ground conditions which could divert the
line as a true line and level isextremely difficult to achiave,
Further sections of pipe and auger screws are connected as
the line advances until breakthrough is achisved,

Thrust boring is sometimes used as 3 misnomer for auger
boring or pipe jack ing. The term is uswally applied ta
mechanicsl mole devices which force their way through the
ground powered by dir or hydraulios. They are generally
incapabile of being steered and are subject 1o the same
limetations a2 auger boring, The devica is oftan 50 mm to
100 mm in diarmatér, I3 larger thrust boring is required,
enlarging comes are pulled back and forth through the
initial bore to compress the greund round the bore until
tha roquired diameter is achicved

10.11 Grouting
When non-expanding linings are used, particular attention
shauld be paid 1o filling the annulus Tormed during
canstruction between the extrades of the lining and the
adjacent ground, The essential regquirements {or such
linings are:

{al 1o ensure that the ground loading is transferred to

the lining in @ manner consistent with the structural

design; and

{b] 1o limit any ground movements and water ingress,
In the caxe of bolted linings, the frequency of the grouting
should be determined after due consideration has been
given to the stability and characteristics of the ground
fallowing the release of stress by excavation. In any avent,
grouting should be carried gut at least once per shift,
with shield-driven {lex|ble-smoothbore segmental
construction, the grouting operation should be undertakan
immediately Tollowing the exposure of the built ring to the
ground beyond the limit of the shield tail. As in any
migthod of construction, the efficiancy of tha grouting will
contribute 1o the watertightness of the tunnel. The
principal technigues which may be employed are as
follaws:

(1) the pressure application of cementitious grouts;

{2} the placemant af granular material follawed by the

imjection af either cementitious or chemical grouting

material into the interstices of the granular fill;

(3) the pressure application of flexible chemical grout.

Pressures in excess of 7 bar should be avoided 50 35 not

to distort or damage the fining.
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The placement of granular materials and graut should be
verified valumetrically and related to the calculated volume
of the annulus. Cast iron or precast concrete linings are
usually provided with pre-formed holes 1o assist in grouting,
In casas where the tunnel is lined with & primary lining of
brickwork or conerete plased in sit, holes may be drilled
thraugh these materials for grouting purposes. Alternatively,
grout ducts may be built-in during construction,

It is usual to grout at the outside of an in situ concrete
lining, either in a rock tunnel or within a segmental lining,
1o seal any voids. Exploratory hales are drilled in the ares
of the erown at regular intervals and voids grauted 1o
refusal. Additional holes may be required at some locstions.
Normally, caulking (see 10.12.4) s careied out after
grouting, but in some cases this may have 1o precede the
grouting operation to aszist in the retention of the grout
under adverse conditlons. In these cases the integrity of

the coulking should be checked on complation of the
grouting operation. Special procedures for eaulking are
required whera compressed air is used.

10.12 Waterproofing segmental linings

10.12.1 General. Waterproofing it expensive and time
consuming and the cost of producing a totally watertight
tunnel should be a consideration for the desion engineer
and promoter. |t may not be necessary for a tunnel o be
completely watartight.

Although grouting behind the tunnel lining is not
specifically designed as a seal against water intrusion it can
assist in this respect and can be supplied with waterproaling
additives. Hewever, due to shrinkage and ground movement
the grovt can develop teaks and it is therefore normal 10
undertake other waterproofing methods, Choice of lining
systern may be influenced by the degree of watertightness
to be achieved,

It should be noted that no grouting is wsed during the
construction of expanded pracast coneréte segmental linings.

10.12.2 Grurmmets. Precast concrete and eazt lron balted
segments have shaped bolt hole recesses designed (o
dccommodate grummets made from sisal hemp
impregnated with a mineral gel. Plastic grummets have alio
bean used.

The grummets are placed under the washers 3t the head
and mut of each boit and, as the bolt is tightened, the
material flows into the balt hale to Torm o seal.

10.12.3 Cauiking. Segmantal linings are usually provided
with caulking grooves, In dry conditions these are filled
with sand-cement mortar with or without a waterproofing
additive. In wet conditions a compound of cement and
asbestos-free fibrous fillers, loosely braided into the farm
of a cord, may be used for caulking. The compound is Firsg
dampened with water before being compacted inta the
joint using a hammer and caulking teol. In extremely wet
conditions lead wool caulking may hava 1o be used 1o
ensure watertightness, :

COther proprietary brands of caulking snd sealing materials
are available.
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10.12.4 Jaint gaskets, For high water pressures, segmental
linings are provided with gasket grooves between the balt
hele and the extrados of the segment. Accurately-made
chigroprene rubber or natural rubrber, formed into
rectangles with moulded corners, are [ixed into the gasket
graoves with adhesiva, Segmgnts may need 1o be made
thigker to accommaodate the groaves in the circle and cross
joints.

A high degree of accuracy in erecting the segrments,
together with a high standard of cleanliness, is required for
the gaskets to e completely effactive,

10.12.5 Sealing straps. Some precast segmental linings have
specially profiled joints that are designed to permit the use
ol bitumingus or a similar jointing strip, which is applied to
beth longitudinal and circumf{grential joints, The effective-
mess of tha seal achieved depends on the accuracy of
erection and the genaral standard of cleanliness.

10,12.6 Hydrophilic seals. Jaing seals of hydraphilic-rubber
composition, which expand up to 10 times in volume an
eantact with frash water ean be placed in either specially
formed grooves in the cireular and radial segment jaints ar
fixed to the face of the segment joint with adhesive,

The seal absorbs the water leaking theough the segment
joint causging the seal 1o expand anc effectivety stopping
any turther leakage. Care has to be taken that the seal is

net dislodged during the installation of the segmenits,

11 Permissible deviations

Where 3 winneal is to have a secondary lining, permissible
deviations far the primary lining may be specilied with
regard 1o the nature af the wark,

Where the avoidance of reverse gradients is eritical, suitable
limits should be detailed. However, the deviations given in
table 3 are maximum germissible deviatons, which may

be imareved upon by imposing strirgent controls on
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warkmanship, for the internal face of any shalt, pipe-
line ar tunnel.

Table 3. Recommended permissible deviations for
internal faces

Fasturg Maximum recemm-
anded parmimible
davistian®

General

Verticality of shafts 1 in 300

Finished dlameter of tunnels £ 1%, but not

and shafig exceading

50 mm
Maximum lip batween edges of 5 mm

adjacent segments

Turinels where a secandary H'm"n_'q is te be proviged

Ling {shield drive] £ 75 mm

Lina (hand drive) £ 50 mm

Level (shield drive) + 50 mm

Level (thand drive} £ 25 mm

Pipe facking

Lire £ 78 mm
I Level * 50 mm
| Angular deflection between < 05"

pipe joints

Secondary lining within 2 tennel or pipejack
4+ 20 mm
£ 10 mm

Line
Level

* |n variable or unstable ground it may be spprepriale te allow
a larger tolerance a3 regards lewels,
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Appendix B. Stability number

A converient indieation of the short torm stability of tha
twnngl face and its wicinity is the ‘stability number’, This
figure is derived from the differonce berween the external
and internal pressures divided by the undrained shear
strength and is dimensionless. The stability number, N it
is derived fram the follewing equation;
fa; =a+)

r"'
where
is the total vertical pressure at the twnnel axis
including surcharge and ground water;
i1 the temporary sUpport pressure above atmosphere
in tunnel, ea.q. compressed air or bentonite slurry;
is the undramned shear strength.

Oy
fr

Cu
The equation was developed by Broms and Bennemark
[26] ard as quoted in Craig and MuirWood [18] . See
also Somerville [2B] .

Previously @ value below 6 was considered to give stable

conditiens although, in stitt fissured cays, the shear strength

indicated by 3B mm diameter samples needs to be reduced
to allow far the effects of liisuring,

More recently it has been shown [see, for example,
Atkinson and Mair 1881 [27]] that the situation is more
complex and depends on the length of tunnel behind the
face before full suppaort is provided by a grouted or

expandad lining. For shallew tunnels with an unsupported
length (P] of threa to four tunnel dismeters (0] behind the
face. Figure 4 shows that the stability number at tunnel
collapse needs to be belpw 3, whereas deeper tunnels with
lining suppert up to the face are probably stable up to g
value of 8.

NOTE. 11 should be remermbered that, in this context, a sheeid

doewes not utually support the ground, 13 primary purpose being 1o
pratpet the unnellars and anabls the lining 1o ba srscied

[see 10,2, 1),

It should be noted that conditions are most stable when
ithe amount of unsupported ground between the face and
lining is a minimum, Additional stability is obtained by
reducing the area of face unsupported at any time [see
Davis, Gunn, Mair and Seneviratne [28]). Thus If tunnel
diameter (0] is halved the C/D ratio is automatically
doubled, ]

Localized instability at the tunnel face is related to the
following formulat:

{0
G,

v
where

T i% the unit weight of sail;
0 is the diameter of tunnel:
¢, is the undraiped shear strength as above,

—
i . s~ Unsupported ground
4 4
‘Il:l B o RES =i
‘J mmi—L[ning
0
= g P70 values
E
z b7
£ o
é L E ./—//—_
]
? g

1 z
' £/0

O 18 the dizmetar af the wurnei; & i the unsupported length,

WMETE 1, This graph has been taken fram Alkinsan and Mair [28].
MOTE 7. Where € i3 the eover, be, the depith o the twnnal grown [rom the ground surface;

Figure 4, Influence of heading geometry on stability number at wonel collapsa

e

* Thg tame value al the dimensioniess numier is oblained uting any consistent set of units, For example, both pressure and sirengeh are

in Il.N.frn:'.

§ The farmula s dimnnsontess, The same vafos i obiained using any consistent set of units. For exsmple, unit weight in kN/m3, diameter

in metres and strengih in kh/mE,
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